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Abstract 8 

A switched-capacitor (SC) three-phase direct ac/ac converter is presented in this paper. It includes 9 

an additional inductor and two SC cells for each phase. Due to the introduction of the inductor, the 10 

output voltage can be adjusted. The proposed converter operates in fixed switching frequency. One 11 

of the features of this topology is that the voltage stresses across the switches and capacitors equal 12 

half of high-side voltage. In addition, self-balancing capability of capacitor voltages and simple 13 

modulation strategy are other characteristics. The main advantage of the proposed converter is the 14 

employment of unidirectional switches (a single MOSFET), which avoids the commutation 15 

problems in the bidirectional switches. A detailed description of the operation principle, 16 

quantitative analysis, and design considerations for the proposed converter is provided. Eventually, 17 

a prototype with 55V/220V and 3kW is designed to demonstrate the feasibility and validity of the 18 

proposed converter. 19 

Key Words 20 

Direct ac/ac converter, three phase, switched capacitor (SC). 21 

Introduction  22 

As the penetration of distributed renewable energy like photovoltaic and wind power expands, 23 

power quality concerns including voltage swell/sag and voltage fluctuations are attracting 24 

increasing attention 1. Moreover, the growth, diversity, and sensitivity of loads also impose higher 25 

requirements on power quality 2. Transformers, as commonly used devices in distribution 26 
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networks, can achieve voltage adjustment between power grid and equipment. If electrical 27 

isolation is not necessary, autotransformers are often employed to supply three-phase voltage to 28 

the loads. These devices have the disadvantages such as high cost, large size, saturation, and high 29 

inrush current 3. Furthermore, poor controllability and slow dynamic response fail to meet the 30 

voltage stability requirements of sensitive loads 4. Therefore, as a key equipment of renewable 31 

energy generation and utilization, the power electronic converter plays a vital role in resolving the 32 

above problems. The ac/ac converters, as an important branch of power electronic converters, are 33 

widely applied in industrial and commercial fields. The initial ac/ac conversion was performed by 34 

the employment of thyristor power converters, which can regulate the output voltage by 35 

implementing the phase angle control on the input voltage 5. Nevertheless, these converters present 36 

some notable drawbacks, such as low voltage gain, poor harmonic performance and low efficiency 37 

6,7. In order to avoid these disadvantages of the thyristor power converters, a large number of the 38 

PWM ac/ac converters have been proposed. These PWM ac/ac converters, as alternatives to 39 

transformers/autotransformers, can be generally divided into three categories: the indirect ac/ac 40 

converters 8-11, matrix converters 12-15 and the direct ac/ac converters 16-19. The indirect ac/ac 41 

converter is a two-stage power converter, which requires a dc link to decouple the input and output. 42 

Therefore, this converter can adjust both the amplitude and frequency of the voltage. However, the 43 

dc link increases the volume and maintenance requirements of the converter. Consequently, in 44 

applications where only voltage amplitude adjustment is required, the benefits of the indirect 45 

converters are not significant. Matrix converters can regulate both the voltage amplitude and 46 

frequency simultaneously, but they usually exhibit obvious drawbacks such as complex 47 

modulation strategies, low voltage gain and input current THD 20-22. Due to the absence of a dc link, 48 

the direct ac/ac converter is a single-stage conversion that has the advantages such as compact size, 49 

low cost, high efficiency, and high power density. This makes it more attractive for applications 50 

that only require adjusting voltage amplitude. The buck, buck-boost, and Cuk converters proposed 51 

in 18,19,23 have the characteristics of simple circuits and high efficiency. Nevertheless, due to the 52 

adoption of bidirectional switches, the components in the circuit may suffer from overvoltage 53 

stress, which can significantly degrade the reliability of these converters. Although the Z-source 54 

converters could achieve high voltage gain, they still have the commutation issues owing to the 55 

employment of bidirectional switches 24-26. 56 

The switched-capacitor converters (SCCs) were originally proposed for dc/dc conversion in 57 
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low-voltage and low-power applications 27,28. Subsequently, a variety of topologies have been 58 

applied in dc/dc, dc/ac and ac/dc. As most SCCs do not incorporate inductive components and only 59 

employ switches and capacitors, they present advantages such as simple structure, compact size, 60 

and high efficiency. Therefore, the SCCs have attracted widespread attention, and some 61 

applications have already benefited from them. The equivalent circuit models were developed in 62 

references 29-31 to facilitate the description and analysis of SCCs behaviors. Furthermore, several 63 

publications have discussed the impact of circuit parameters on SCCs, which can help to improve 64 

the performance of SCCs 32-34. Recently, the SC principle was introduced into the direct ac/ac 65 

converters. Reference 35 presents a single-phase direct ac/ac converter, which consists of two SC 66 

legs and can achieve a voltage conversion ratio of 1/2 or 2. It is characterized by the employment 67 

of unidirectional switches, differential connection and low voltage stress across the components. 68 

Reference 36 proposes another non-differential bidirectional SC ac/ac converter composed of one 69 

SC and four bidirectional switches, which achieves the same voltage conversion ratio as reference 70 

35. The SCCs in the aforementioned references exhibit a fixed voltage conversion ratio. By 71 

introducing magnetic components, reference 37 develops a hybrid boost SCC that can adjust the 72 

output voltage by varying the duty cycle. A SC three-phase ac/ac converter was proposed in 73 

reference 38, which is derived from reference 36. It consists of three modules, each containing 3 74 

capacitors and 4 bidirectional switches. The modules can be connected in either wye or delta 75 

configuration. Reference 39 presents another SC three-phase ac/ac converter with open-delta 76 

configuration. Compared to reference 38, it achieves a one-third reduction in component count. 77 

According to reference 35, a reduced switch count SC three-phase ac/ac converter was reported in 78 

reference 40. Due to the adoption of the differential structure, the introduced dc component enables 79 

the employment of unidirectional switches, which reduces the number of switches compared to 80 

references 38,39. In summary, the results from references 35-40 are promising, and demonstrate that 81 

the SC ac/ac converter can provide a new and effective solution for replacing traditional 82 

autotransformer, particularly in scenarios where only voltage amplitude regulation is required. 83 

However, the SC three-phase ac/ac converters with adjustable output voltage have not yet been 84 

reported. 85 

This paper presents a SC three-phase direct ac/ac converter. An important characteristic of the 86 

proposed converter is the differential connection, which introduces dc components across all 87 

capacitors and switches. Due to no negative voltages across the capacitors and switches, 88 
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unidirectional switches can be employed in the converter. Without bidirectional switches, the 89 

converter requires only a simple modulation strategy to avoid commutation issues. Furthermore, 90 

the switches and capacitors in this converter only withstand low voltage stresses. The capacitors 91 

can achieve self-balanced voltages. On account of the inclusion of a small magnetic component, 92 

the converter can realize a controllable output voltage by varying the duty cycle. 93 

The rest of this paper is arranged as follows: in section 1, the topology of the proposed 94 

converter and PWM modulation strategy are presented. In addition, the operation of the proposed 95 

converter is analyzed. In section 2, the quantitative analysis is discussed. Then the design 96 

considerations of the key components are analyzed in section 3. Subsequently, the experimental 97 

results are reported in section 4. Finally, the conclusion is given in section 5. 98 

1. Description Of the Proposed Three-Phase direct AC/AC Converter 99 

1.1  Topology description and PWM modulation strategy 100 

 101 

Figure 1. (a) Proposed SC three-phase ac/ac converter; (b) PWM drive signals; (c) 102 

Simplified symbol for a module. 103 

The proposed topology consists of three modules with a wye connection. The input voltages 104 

(vA, vB and vC) are connected at points 2, 5, and 8, and the load voltages (vR, vS and vT) are available 105 

at points 1, 4, and 7. Each phase is represented by one module. For instance, phase A is denoted by 106 
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module A as illustrated in Figure 1(a). Each module is composed of an input inductor (Lin) and 107 

two symmetrical switched capacitor cells (2 switched capacitors, 4 output capacitors and 8 108 

switches). Therefore, the entire converter has 3 input inductors, 18 capacitors (C1~C18) and 24 109 

switches (S1~S24). Owing to the lack of available path for the current, direct ac/ac converters 110 

usually suffer from the commutation problems, which will lead to voltage spikes across the 111 

components 41. Hence, complex modulation strategy or snubber circuits are required to overcome 112 

this problem. Due to the absence of bidirectional switches in the proposed converter, this converter 113 

only needs a simple PWM modulation strategy to avoid the commutation problems. Consequently, 114 

the employed modulation strategy is shown in Figure 1(b), in which switches Seven and Sodd are 115 

driven in a complementary manner during one switching period. Besides, a dead time is needed to 116 

prevent the shoot-through issue. Regardless of the direction of the current, there is always a current 117 

path in the converter, which can improve the reliability of this converter. Figure 1(c) shows the 118 

simplified symbol to denote a module and will be used in Figure 4. 119 

1.2 Operation principle 120 

          121 

Figure 2. Operational stages for module A. (a) Stage I: even switches are in on-state; (b) Stage II: 122 

odd switches are in on-state. Circulating path for the inductor current iL during dead time. (c) 123 

iL>0; (d) iL<0. 124 

The proposed converter has the same three operational stages for each module in a 125 

switching period. Therefore, the analysis made here is only for module A during the positive 126 

half-cycle of the input voltage, which is shown in Figure 2. For the negative half-cycle, the 127 

module A presents the same operational stages except for the opposite current direction. The 128 

operational stages are described as follows. 129 
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Stage I (0<t<DTs) starts when S2, S4, S6 and S8 are in on-state while S1, S3, S5 and S7 are in 130 

off-state. The input inductor Lin is directly connected to input voltage vA and stores the energy. 131 

The capacitor C1 is in paralleled connection with C3. Similarly, the capacitor C4 is connected in 132 

parallel with C5. Capacitors C2 and C6 provide energy to the load during the whole DTs interval. 133 

Switches S2, S4, S6 and S8 are turned-off by the end of stage I. 134 

Stage II (DTs<t<Ts) starts when S1, S3, S5 and S7 are in on-state while S2, S4, S6 and S8 are in 135 

off-state. The input inductor L releases the energy. The capacitor C1 transfer the energy to C2 and 136 

the load. The capacitor C4 is charged by C6. As capacitor C3 has been discharging the energy in 137 

the stage I, it will be charged during this stage. Likewise, capacitor C5 will discharge the energy 138 

in this stage. Switches S1, S3, S5 and S7 are turned-off at the end of stage II. 139 

In order to prevent the shoot-through problem, it is crucial to add an appropriate dead time 140 

denoted as stage III between the above two stages. If the input inductor current is positive, the 141 

body diodes of S1 S3, and S8 can provide the circulating path for the inductor current as shown in 142 

Figure 2(c). In the same way, the body diodes of S4 S5, and S7 can conduct the negative inductor 143 

current as well, which is illustrated in Figure 2(d). One switching period consists of the above 144 

stages. 145 

1.3 Operation characteristic 146 

By observing Figure 1(a), it can be seen that the middle part of each module is a boost 147 

converter, connected with two SC cells. Thus, the theoretical voltage gain of the module A is 148 

represented by (1). The other two modules have the same voltage gain. 149 

 13 2

1
A

A

v
G

v D
= =

−
 (1)

 

150 

Considering the duty cycle D=0.5, the input and output voltages of each module are shown 151 

in Figure 3, where Vmax is the maximum value of the output voltage v13. For module A, the 152 

voltage v13 is applied to capacitors C2, C3, C5 and C6. Therefore, equations (2) and (3) can be 153 

achieved.  154 

 
2 3 5 6 13c c c cv v v v v+ − − =  (2) 155 

 2 3 5 6 maxc c c cv v v v V+ + + =  (3) 156 
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As mentioned previously, the capacitor C1 will be connected to capacitors C2 and C3 157 

respectively within a switching period and similarly, the capacitor C4 will be connected to 158 

capacitors C5 and C6 respectively during the same switching period. In other words, the switched 159 

capacitor C1 can maintain the voltage balance across C2 and C3, while C4 can keep the voltage 160 

balance across C5 and C6. This operation principle of module A can also apply to the modules B 161 

and C. Therefore, rearranging equations (2) and (3), and collecting terms, equations (4) and (5) 162 

can be yielded for module A. 163 
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 164 

Figure 3. Theoretical voltage waveforms of the proposed converter. (a) Input voltages; (b) 165 

Output voltages; (c) Voltages across capacitors; (d) Voltages across switches. 166 

 1 2 3 max 13

1 1

4 4
c c cv v v V v= = = +  (4)

 
167 

 4 5 6 max 13

1 1

4 4
c c cv v v V v= = = −  (5) 168 

As can be seen from equation (4), due to the differential connection, a dc component of 169 

1/4Vmax is introduced into the capacitors. Moreover, capacitors C1, C2, and C3 are in phase with 170 

the input voltage vA and have an ac component of 1/4v13. Therefore, the total capacitor voltages 171 

C1, C2, and C3 are equal, each consisting of an ac component and a dc component. Their 172 

maximum values are equal to 1/2Vmax, which is another advantage of the proposed converter. In 173 
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the same way, capacitor voltages C4, C5, and C6 have the same features, but they are out of phase 174 

with input voltage vA as described in equation (5). The capacitor voltages of modules B and C are 175 

the same as those of module A, except they are phase-shifted by -120° and +120° with respect to 176 

vA respectively as shown in Figure 3(c). All switches present the same shape as their 177 

corresponding capacitor voltages with the maximum value 1/2Vmax, but they are high frequency 178 

quantities. The voltage waveforms of the switches S1, S2, S3 and S4 in module A are illustrated in 179 

Figure 3(d). 180 

1.4 Module Configuration 181 

In order to maintain the differential characteristic between the input and output, the three 182 

modules can only present a wye configuration. However, the three-phase load can be connected 183 

through a delta or wye connection. Therefore, there are two possible configurations (wye-delta 184 

and wye-wye) for the proposed converter. Different module-load connections lead to different 185 

voltage phasor configurations. Considering D=0.5, the voltage gain and phase shift between the 186 

input and output voltages are analyzed for each configuration. The detailed results are listed in 187 

Figure 4. 188 
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Figure 4. Analysis of voltage phasor for different module-load connections(D=0.5) 190 

2. Quantitative Analysis 191 

2.1 Operational modes of the proposed three-phase converter 192 

According to the charging or discharging capacitor current, the SC cell can be categorized 193 
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into three operational modes: no charge (NC), partial charge (PC) and complete charge (CC) 30,31. 194 

The CC mode indicates that the capacitor will complete the entire charging or discharging process, 195 

which leads to a high current and thereby reduces the efficiency. Hence, the CC mode is not 196 

recommended. In contrast, there is a low constant capacitor current value in NC mode, which can 197 

help improve the efficiency. Nevertheless, a large capacitor or high switching frequency is 198 

required in this mode, which will increase the costs. Capacitors are only partially charged in the PC 199 

mode. Compared to the NC mode, PC mode demonstrates similar advantages while requiring 200 

relatively lower capacitance and switching frequency. Therefore, the PC mode is a good choice for 201 

SC cell 36. The charging/discharging capacitor current will approach zero within a time interval of 202 

5τ 36,42. τ is the time constant of the SC cell, which is represented by equation (8). To make the 203 

proposed converter operate in PC mode, the charging or discharging time interval must be less 204 

than 5τ, yielding. 205 

 5sDT   (6)
 

206 

 (1 ) 5sD T −   (7)
 

207 

 ( )(2 )DS on ESRR R C = +  (8) 208 

where RDS(on) is the conduction resistance of one MOSFET switch, RESR is the equivalent series 209 

resistance of a capacitor, C is the capacitance for each capacitor utilized in the converter (all equal 210 

capacitors). 211 

2.2 Equivalent circuit 212 

 213 

Figure 5. Three-phase equivalent circuit for wye-wye connection. 214 

Under the condition of a balanced three-phase load, a three-phase equivalent circuit model 215 

seen by the load side with a wye-wye connection between the module and the load is established 216 

in Figure 5. This model includes the input equivalent inductors Leq, the equivalent capacitances 217 

Ceq, the equivalent resistances Req and the output loads Zo. For analytical convenience, the duty 218 

ZoReqVip

Ceq

Leq
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cycle D is set to 0.5. The input line-to-neutral voltage is denoted by three voltage sources vip in 219 

wye configuration, which is four times the input line-to-neutral voltage from the grid side. The 220 

resistances Req represent the conduction losses caused by SCs in each module during the 221 

charging and discharging processes 33. Within each switching period, the voltage across the 222 

capacitor can be regarded as approximately constant.  223 

 224 

Figure 6. Proposed single-phase equivalent circuit. 225 

Since the proposed converter shares the same operational process as the dc/dc SCC, its 226 

equivalent resistance Req is similar to that reported in previous studies 32,33. As mentioned earlier, 227 

for module A, capacitor C1 is connected in parallel with C3 and C2 during DTs and (1-D)Ts 228 

respectively. Therefore, capacitor C1 can be equivalent to the value of DC1 and (1-D)C1 in 229 

parallel with capacitors C3 and C2, respectively 36. Likewise, capacitor C4 also has a value of DC4 230 

and (1-D)C4 to be connected to C5 and C6 separately. Considering D=0.5 and all equal capacitors, 231 

the equivalent capacitance Ceq for each module can be obtained in this manner. The parameters 232 

of the three-phase equivalent circuit seen by the load side are listed as follows 233 

 

1

1 1

1 ( 1)

2
(1 )

s

s s s

f

eq D D

s f f f

e
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f C
e e e


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− − +
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234 

  16eq inL L=  (10)
 

235 

  
3

8
eq

C
C =  (11) 236 

where fs is the switching frequency. To facilitate the analysis of different load connections, the 237 

proposed three-phase equivalent circuit can be simplified into a single-phase one as shown in 238 

Figure 6, where this single-phase circuit handles only one-third of the total output power. Its 239 

parameters can be calculated by using the equations mentioned above. The input voltage source is 240 

represented by vis, the conduction losses are denoted by Rs, the reactive power in the circuit is 241 

Zos

Rs

Cs
Vis

Ls

Iis
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represented by Ls and Cs, and the output resistance is denoted by Zos. Their specific values are 242 

listed in Table 1. 243 

Connections 

(module-load) vis Ls Cs Rs Zos 

wye-wye vip Leq Ceq Req Zo 

wye-delta vip Leq Ceq Req Zo/3 

Table 1. Parameters for single-phase equivalent circuit 244 

The analysis of the equivalent circuit illustrated in Figure 6 allows the derivation of key 245 

parameters, which are crucial for designing the proposed converter and will be discussed in the 246 

next section. These parameters also provide essential insights into the performance and 247 

characteristics of the proposed converter. 248 

2.3 Comparisons with other SC three-phase ac/ac converters 249 

Topology 
Proposed 
converter 

Ref. 
38 

Ref. 
39 

Ref. 
40 

Inductor count 1 0 0 0 

Adoption of 
bidirectional 

switches 

No Yes Yes No 

Switch count 24 24 16 12 

Frequency Fixed Fixed Fixed Fixed 

Capacitor count 18 9 6 9 

Voltage stresses Vp/2 Vp/2 Vp/2 Vp 

Voltage regulation Yes No No No 

Voltage gain 2/(1-D) 2 or 0.5 2 or 0.5 2 or 0.5 

Complexity of 
modulation 

Low Low Low Low 

Table 2. Comparisons between the proposed converter and other converters 250 

Table 2 lists some features comparisons between the proposed converter and other 251 

converters. Due to the adoption of an additional inductor, the proposed converter can regulate the 252 

output voltage compared to other topologies. The voltage gain of each module in the proposed 253 

converter is twice that of those reported in 38,39 at the expense of more capacitors and switches 254 

(D=0.5). The maximum voltage of corresponding topology in the high voltage side is represented 255 

by Vp. It can be observed from Table 2 that this paper shares the same advantage of low voltage 256 

stresses across the components with 38,39. Moreover, another advantage of the proposed converter 257 
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is the employment of unidirectional switches, which avoids the commutation problems of 258 

bidirectional switches and improves the reliability. 259 

3. Design Considerations of the Proposed Converter 260 

Based on the above analysis, the selection guidelines of the key parameters for the proposed 261 

converter are provided. The main specifications are as follows: output power Po=3kW, input 262 

line-to-neutral voltage Vin=55V, output line-to-neutral voltage Vout=220V, line frequency f=50Hz, 263 

input power factor PF>0.92 and duty cycle D=0.5. 264 

3.1 Input inductor selection 265 

The input inductor is used to reduce the ripple of input current. In each module, the voltage 266 

across the inductor is equal to the input voltage during stage I. Therefore, the inductance Lin can 267 

be expressed as 268 

 in
in

in s

DV
L

i f
=


 (12)

 

269 

where Δiin is the input current ripple. Considering D=0.5, the minimum inductance can be 270 

represented by 271 

 

23

2 %

in
in

o s in

V
L

P f i



 (13) 272 

where Δiin% is the ratio of Δiin to the input current, which is taken the value of 0.2 in this paper. 273 

3.2 Capacitance Calculation 274 

Neglecting the conduction losses, the input reactive power of the proposed converter as 275 

shown in Figure 6 can be expressed as  276 

 
2 26 6i s is os sQ fL I fV C = −  (14)

 
277 

Furthermore, the input power factor PF is represented by 278 

 
2 2

i
i

i i

P
PF

P Q
=

+
 (15)

 

279 

Based on the above equations and the requirement of the power factor, the maximum 280 

capacitance Cs can be obtained by

 

281 
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282 

Replacing equation (11) into (16), the maximum value for capacitors C1 to C18 can be 283 

expressed as 284 

 

2

2

2

18 4
(6 )

3 9

i

eq s is o

os i
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C C fL I P

fV PF



−
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285 

In addition, the charging or discharging time interval must be less than 5τ to ensure that the 286 

SC cells can operate in PC mode, as mentioned earlier. Considering D=0.5 and substituting 287 

equation (8) into (6), the minimum capacitance can be represented by 288 

 

( )

0.1

(2 )DS on ESR s

C
R R f


+

 (18) 289 

3.3 Switches and Switching frequency 290 

In order to obtain a low conduction resistance, a MOSFET IPDD60R037CM8, which has an 291 

RDS(on) value of 37mΩ, was selected to implement the unidirectional switches. By substituting the 292 

values of RDS(on), RESR and C into equation (18), the minimum switching frequency that ensures 293 

the converter operates in PC mode can be obtained by 294 

 min

( )

0.1

(2 )
s

DS on ESR

f
R R C


+

 (19)

 

295 

Furthermore, the feasibility of the switching frequency fs in practical implementation should 296 

also be considered. Therefore, the switching frequency fs was selected as 50kHz. 297 

Parameters Quantity Values 

Input line-to-neutral voltage 
(vA, vB, vC) - 55Vrms 

Line frequency f - 50Hz 

Output power Po - 3000W 

Output line-to-neutral voltage 
(vR, vS, vT) - 220Vrms 

Switching frequency fS - 50kHz 

Input inductor Lin 1 150μH 

Capacitors 

(C1~C18) 
18 60μF/4mΩ 

MOSFETs 

(S1~S24) 
24 

37mΩ 

IPDD60R037CM8 

Table 3. Main specifications and components of the prototype 298 
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4. Analysis Of Experimental Result 299 

To demonstrate the previous analysis and operation of the proposed converter, a 3kW 300 

prototype is built as shown in Figure 7. The specific experimental parameters of the prototype, 301 

which are based on the methodology in section 3, are summarized in Table 3. 302 

The experiments were conducted with D close to 0.5, and the input was fed by three-phase ac 303 

power. Figure 8 shows waveforms of the three line-to-neutral input voltages (vA, vB, and vC) and 304 

one output voltage (vR) for resistive load connected in a wye configuration. The output voltage vR 305 

is in phase with the input voltage vA. Furthermore, the amplitude of vR is nearly four times that of vA 306 

at D=0.5, which validates the voltage phase analysis in Figure 4. The line-to-neutral input voltages 307 

(vA, vB, and vC) and line-to-line output voltage (vRS) waveforms for the resistive load with delta 308 

connection are illustrated in Figure 9. As described in Figure 4, there is a 30° phase-shift between 309 

the vRS and vA, and the amplitude of vRS is 4 3  times that of vA. 310 

Three-phase AC power 

supply

RLC three-phase AC  load

Oscilloscope

Prototype

 311 

Figure 7. Picture of prototype. 312 

 313 

Figure 8. Experimental waveforms of output voltage vR and input voltages vA, vB and vC. 314 

vA[50V/div] vB[50V/div] vC[50V/div]vR[100V/div]
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The line-to-neutral output voltages vR, vS, and vT for the resistive load with a wye connection 315 

(48Ω per-phase) and line-to-neutral output current iR are shown in Figure 10. It can be seen that iR 316 

is in phase with vR under the resistive load. Moreover, the output voltages vR, vS, and vT are 317 

phase-shifted by 120° from each other.  318 

Figure 11 illustrates the line-to-neutral output current iR and line-to-neutral output voltages vR, 319 

vS, and vT for the inductive load (0.61 power factor) with a wye connection. As expected, the 320 

current iR under the inductive load lags behind output voltage vR. 321 

 322 

Figure 9. Experimental waveforms of output voltage vRS and input voltages vA, vB and vC. 323 

 324 

Figure 10. Experimental waveforms of line-to-neutral output voltages vR, vS, and vT and 325 

line-to-neutral current iR under resistive load. 326 

vA[50V/div] vB[50V/div] vC[50V/div] vRS[250V/div]

30°

vR[150V/div] iR[5A/div] vS[150V/div] vT[150V/div]
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 327 

Figure 11. Experimental waveforms of line-to-neutral output voltages vR, vS, and vT and 328 

line-to-neutral current iR under inductive load. 329 

The voltage waveforms for capacitors C1, C2 and C3 in module A are shown in Figure 12. It 330 

can be observed that the capacitor voltages are approximately equal to half of the peak value of 331 

output voltage vR, which is one of the advantages of this converter. Figure 13 shows capacitor 332 

voltages of C1, C7, and C13. Since the capacitors are in different modules, their voltages have a 333 

phase shift of 120°. The voltages across S1 and S2 in module A are illustrated in Figure 14. 334 

Similarly, the voltage waveforms of switches exhibit the same characteristics as the corresponding 335 

capacitor voltages. 336 

 337 

Figure 12. Experimental waveforms of capacitor voltages C1, C2, and C3 in module A. 338 

vR[150V/div] vS[150V/div] vT[150V/div] iR[5A/div]

vc1[50V/div] vc2[50V/div] vc3[50V/div]
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 339 

Figure 13. Experimental waveforms of capacitor voltages C1, C7, and C13. 340 

 341 

Figure 14. Experimental waveforms of switches S1 and S2 in module A. 342 

 343 

Figure 15. Experimental waveforms of line-to-neutral output voltages and line-to-neutral 344 

current for an unbalanced load. 345 

The line-to-neutral output voltages and current for an unbalanced load are shown in Figure 15. 346 

Although one module handles more power than the other two (1kW for two modules and 2W for 347 

one module), the output voltages can still be maintained balanced. This is due to the self-balancing 348 

capability of capacitor voltages. 349 

vc1[50V/div] vc7[50V/div] vc13[50V/div]

vs1[50V/div] vs2[50V/div]

Load step 

transitions

vR[150V/div] vS[150V/div] vT[150V/div] iT[10A/div]
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5. Conclusion 350 

This paper proposes a three-phase ac/ac converter based on SC principle. The main features 351 

of this converter are simple modulation strategy, low voltage stresses across the components and 352 

capacitor voltage self-balancing capability. Because of the adoption of an input inductor, this 353 

converter can adjust the output voltage. Furthermore, the employment of unidirectional switches 354 

overcomes the commutation issues of bidirectional switches. The operation principle of the 355 

converter is analyzed. Subsequently, the quantitative analysis and design consideration are 356 

conducted. At last, the experimental results verify the theoretical analysis and its advantages. The 357 

proposed converter is suitable as an alternative to the conventional three-phase autotransformer. 358 

Data availability 359 

The data that support the findings of this study are available from the corresponding author on 360 

reasonable request. 361 
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Figure legends 490 

Figure 1. (a) Proposed SC three-phase ac/ac converter; (b) PWM drive signals; (c) Simplified 491 

symbol for a module. 492 

Figure 2. Operational stages for module A. (a) Stage I: even switches are in on-state; (b) Stage II: 493 

odd switches are in on-state. Circulating path for the inductor current iL during dead time. (c) 494 

iL>0; (d) iL<0. 495 

Figure 3. Theoretical voltage waveforms of the proposed converter. (a) Input voltages; (b) 496 

Output voltages; (c) Voltages across capacitors; (d) Voltages across switches. 497 

Figure 4. Analysis of voltage phasor for different module-load connections(D=0.5). 498 

Figure 5. Three-phase equivalent circuit for wye-wye connection. 499 

Figure 6. Proposed single-phase equivalent circuit. 500 

Figure 7. Picture of prototype. 501 

Figure 8. Experimental waveforms of output voltage vR and input voltages vA, vB and vC. 502 

Figure 9. Experimental waveforms of output voltage vRS and input voltages vA, vB and vC. 503 

Figure 10. Experimental waveforms of line-to-neutral output voltages vR, vS, and vT and 504 

line-to-neutral current iR under resistive load. 505 

Figure 11. Experimental waveforms of line-to-neutral output voltages vR, vS, and vT and 506 

line-to-neutral current iR under inductive load. 507 

Figure 12. Experimental waveforms of capacitor voltages C1, C2, and C3 in module A. 508 

Figure 13. Experimental waveforms of capacitor voltages C1, C7, and C13. 509 

Figure 14. Experimental waveforms of switches S1 and S2 in module A. 510 

Figure 15. Experimental waveforms of line-to-neutral output voltages and line-to-neutral current 511 

for an unbalanced load. 512 


