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Abstract: This study proposes an ac–ac direct static power converter based on the switched-capacitor (SC) principle,
aimed at supplying a split-phase system from an ac single-phase voltage source. The main advantages of the
proposed split-phase SC converter are (i) the provision of three output voltages, two being equal to the input voltage
and one being twice the input voltage, (ii) balanced output voltages even under unbalanced loads, (iii) the absence of
magnetic elements in the power circuit, (iv) the stress voltages in all components being equal to the input voltage, (v)
the ability to be bidirectional, (vi) high efficiency and (vii) high power density. These characteristics make the proposed
converter suitable for modern applications where a split-phase system needs to be generated from a renewable energy
source, distributed generation system, uninterruptible power supply (UPS), battery bank, electric/hybrid vehicle, smart
grid or even the electrical grid itself. To verify the performance of the proposed converter, a 1 kW prototype was built
and tested with standard voltages, such as 110 V input voltage and 110 V/110 V/220 V output voltages. The efficiency,
output voltage regulation, tests with input voltages of 16.6, 60 and 400 Hz and other experimental results are reported herein.

1

Introduction

A split-phase system is a 3-wire single-phase distribution system that
can supply three single-phase voltages, which are provided by the
series-connection of two sources. Conventionally, a split-phase
system is generated by transformers with two secondary windings
(or autotransformers), as demonstrated in Fig. 1. In most cases, the
common central point is connected to the ground. This system is
the ac equivalent of the original Edison 3-wire direct current
system. Split-phase systems are used in North America for
residential and light commercial applications (120 V/240 V), in
Europe to feed farms and small groups of houses (230/460 V) and
in the United Kingdom for electrical tools and portable lighting at,
for instance, construction sites (55–110 V) [1–6]. An advantage of
this system is that lighting and small loads are connected from the
ends to a neutral wire (vo1 and vo2 in Fig. 1) and large appliances
are connected across the two-end conductors, and thus operate
with double the voltage (vo3 in Fig. 1). The split-phase system is
also employed to feed the trains in railway power-supply systems,
where the electriﬁcation system works at voltages as high as 15
kV–16.66 Hz (as exempliﬁed in [7]).
Recently, the number of renewable energy sources, distributed
generation systems, UPS systems, energy storage in batteries,
electric and hybrid vehicles and smart grids has been increasing
[8], and these systems employ power converters. Therefore, when
they need to be connected to a split-phase system, the conversion
from single- or three-phase to a split-phase can be carried out by
one static power converter.
Static converters based on the switched-capacitor (SC) have been
an important research topic for many years. Currently, the number of
topologies that use this principle is growing and the SC has been
employed in low and high power dc–dc converters [9–13],
resonant SC dc–dc converters [14–17], charge balancing circuits
for batteries [18] and hybrid converters as rectiﬁers [19], inverters
[20, 21], multilevel converters [22, 23], unidirectional dc–dc
converters [24–26], bidirectional dc–dc converters [27] and
indirect ac–ac converters [28, 29]. Interesting studies on models,
dynamics, efﬁciency and design of SC converters are presented in
[30–36]. Recently, the SC principle has also been used in direct
single- and three-phase ac–ac power converters [37–40], which
opened up a new ﬁeld for SC converters. SC power converters

(SCPCs) can achieve a signiﬁcant size reduction and increased
efﬁciency in relation to the conventional converters. Furthermore,
SCPC can operate in open-loop, they can be either unidirectional
or bidirectional and their operation principles are simple.
The aim of this paper is to introduce a direct ac–ac SCPC that
generates a split-phase system from an ac single-phase voltage
source. The proposed direct ac–ac converter employs only
capacitors and switches in the power circuit. It is bidirectional, the
output voltage follows the waveform of the input voltage, the
generation of the gate drive signals is simple and it works in
open-loop. The proposed topology is suitable for application in
houses, farms, commercial properties and devices where a
split-phase system must be generated from a single-phase ac
voltage source. A detailed analysis of the proposed converter,
equivalent circuits, design methodology and relevant experimental
results are reported herein.

2
2.1

Proposed split-phase SC ac–ac converter
Proposed converter

The proposed direct ac–ac converter based on an SC that produces
a split-phase system is presented in Fig. 2a. The circuit is
composed of four bidirectional switches and three capacitors
represented by S1, S2, S3, S4, C1, C2 and CS. Bidirectional switches
have to be used because the converter operates with alternate
current. The practical implementation of a bidirectional switch
employs two conventional metal–oxide semiconductor ﬁeld effect
transistor (MOSFET), as shown in Fig. 2b. This study uses a
model for the bidirectional switch, which can also be seen in Fig. 2b.
The principle of the converter operation consists of two main
stages: one when the capacitor Cs (switching capacitor) is
parallel-connected to the capacitor C1 (S1 and S3 ON) and another
when Cs is parallel-connected to C3 (S2 and S4 ON). The SC Cs
transfers its voltage to C1 and C2 and ensures voltage balance in
the capacitors even with unbalanced loads. An SCPC can operate
in three modes, which are deﬁned by the charge and discharge of
the SC as follows: complete charge (CC), partial charge (PC) and
no charge (NC) [41]. The best operation regions are in the PC and

IET Power Electron., 2015, Vol. 8, Iss. 6, pp. 918–928

918

& The Institution of Engineering and Technology 2015

Fig. 1 Typical split-phase system

NC modes and the waveforms described in this section, in the
operation stages, relate to the converter operating in PC mode.
The converter operates with a ﬁxed duty cycle of close to 0.5
(typical in an SC) and in open-loop. A dead time must be
implemented since the switches are series-connected (as a leg).
The converter uses gate drive signals, as shown in Fig. 2c. Hence,
when an ac–ac input voltage is connected at points ‘a’ and ‘b’, as
shown in Fig. 2a, its value is copied to vo1 (voltage between
points ‘c’ and ‘d’) and vo2 (voltage between points and ‘d’ and
‘e’), and thus vo3 (voltage between points ‘c’ and ‘e’) can be
obtained through the sum of vo1 and vo2, as illustrated in Fig. 2a.
The SC keeps the appropriate output voltages under both balanced
and unbalanced loads and the voltage stresses across the capacitors
and bidirectional switches are equal to the voltage vi. The main
theoretical waveforms in one period of vi are illustrated in
Figs. 3a–c.
The ground point is not shown in Fig. 2a; however, it can be
connected to point ‘d’ making the converter outputs similar to
those of a typical split-phase system (as illustrated in Fig. 1).
Alternatively, the ground point can be connected to point ‘e’ or ‘c’
or not connected to any point. In all of these cases, the converter
will function properly since the ground point does not modify the
converter operation and, in many applications, the proposed
converter can be used without it.

First stage: This stage starts when switches S1 and S3 are turned
ON and the capacitors CS and C1 are parallel-connected. The
capacitor C1 charges with the iC1 current supplied by Cs and vi.
The current iC1 is limited by resistances Ron from S1 and S3 and
the circuit presents ﬁrst-order behaviour (RC circuit). The C2
capacitor discharges on Ro2 and Ro3 and thus its current iC2 is
constant. Switch currents iS1 and iS3 are deﬁned by capacitors and
load currents, and therefore they present a constant and an
exponential component. The voltage across C1 (vC1 ) increases and
the voltages across C2 and Cs (vC2 and vCS ) decrease. Switches S1
and S3 are turned OFF at the end of the ﬁrst stage. This
topological stage and its main waveforms are shown in Fig. 4a.
Second stage: This stage starts when switches S2 and S4 are turned
ON and it is similar to the ﬁrst stage. CS and C2 are
parallel-connected, C2 charges with the iC2 current supplied by Cs
and vi. The current iC2 also presents ﬁrst-order behaviour. C2
discharges on Ro1 and Ro3, and thus its current iC1 is constant.
Currents iS2 and iS4 are also deﬁned by capacitors and load
currents, and therefore they present a constant and an exponential
component. The voltage vC2 increases and the voltages vC1 and vCS
decrease. Switches S2 and S4 are turned OFF at the end of the
third stage. This topological stage and its main waveforms can be
seen in Fig. 4c.
Converter during the dead time: These periods are deﬁned during
the dead time (tm) and they happen twice in one switching period.
There is no connection from the CS capacitor to the output
capacitors C1 and C2 during tm. Therefore CS charges with the ii
current supplied by vi and its voltage increases. The loads Ro1, Ro2
and Ro3 are fed by capacitors C1 and C2, and thus their currents
are constant and their voltages decrease. The main waveforms
during the dead time are illustrated in Fig. 4b.

3
3.1

2.2

Topological stages

The proposed converter presents two main topological stages and
two caused by the dead time, as shown in Fig. 4. The theoretical
waveforms of each stage for the positive half of vi are also shown
in Fig. 4, considering the SC operating in PC mode. The
waveforms for the negative half are similar; however, the voltage
polarities and current ﬂows must be inverted.

Quantitative analysis
Ideal static voltage gain

The sinusoidal input voltage (vi) is reproduced across the capacitors
C1 and C2, as indicated in Fig. 3a. Therefore the output voltages of
the proposed converter are composed of vo1 = vC1 , vo2 = vC2 and
vo3 = vC1 + vC2 . Hence, the ideal voltage gains are deﬁned by
gv1 =

vo1 vi
= =1
vi
vi

(1)

Fig. 2 Direct ac–ac converter
a Proposed split-phase SC ac–ac converter
b Practical implementation of bidirectional switches employing two conventional MOSFET and their model
c Gate drive signals considering the dead time
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The root mean square (rms) value of iCx in one switching period (TS)
can be written as


1 Ts 2
kiCx, rms lTs =
i dt
Ts 0 Cx

(8)

Deﬁning iCx and solving the integration gives

i2Cx, max Dx − i2LOAD x (1 − Dx )s

kiCx, rms lTs =

(9)

The rms value of iCx in one period of vi (ac input voltage) can be
represented by

ICx, rms

a Voltages from the input source and across the capacitors
b Output voltages
c Voltage across the switches

gv3 =

vo2 vi
= =1
vi
vi

(2)

vo3 vi + vi
=
=2
vi
vi

(3)

kiCx l = Vi, pk cos (vt)vCx

(11)

iLOAD x = Vi, pk sin (vt)GLOAD x

(12)

and

where GLOADx is the conductance ‘seen’ by the output ‘x’ (1 or 2)
and is given by

3.2 Voltage stress across the capacitors and the
MOSFET

GLOAD x =

The topological stages in Fig. 4, one of which is reproduced in
Fig. 5a, demonstrate that the vi voltage is applied across all
components. Details of voltages across the capacitors and the
MOSFETs are illustrated in Figs. 5a and b. Thus, the maximum
voltage stress across the components is the peak value of vi, with
vi being deﬁned as
vi = Vi, pk sin (vt)

(5)

1
2
+
Rox Ro3

ICx, rms


2
v2 Cx2 + GLOAD
x (1 − Dx )
= Vi, pk
2Dx

(14)

which provides the rms value of iCx in one period of vi.
The SC capacitor CS is parallel-connected with the input voltage
source, and thus its rms current is given by
ICS, rms = Vi, rms vCS

3.3

(13)

The deﬁnitions of (12) and (13) are also applied in (10), and thus the
integral is solved. Therefore the value of ICx,rms is given by

(4)

and thus
VC, max = VS, max = Vi, pk

(10)

Replacing (7) in (9) and the result in (10), ICx,rms is dependent on
〈iCx〉 and iLOADx. The circuit analysis allows these currents to be
deﬁned as

Fig. 3 Theoretical waveforms

gv2 =



1 2p
=
ki
l2 dvt
2p 0 Cx, rms Ts

(15)

Current stress in the capacitors
3.4

The highest current stresses are those of capacitors C1 and C2. The
waveform of their currents can be analysed in Fig. 5c, where ‘x’ is
the element ‘1’ or ‘2’, iLOADx is iox + io3, Ts is the switching period
and D is the duty cycle.
The waveform analysis in Fig. 5c allows the average value of iCx
in one switching period to be written as
kiCx l =

iCx, max Dx Ts − iLOADx (1 − Dx )Ts
Ts

kiCx lDx Ts − iLOADx (1 − Dx )
Dx

The waveform of the MOSFET current is shown in Fig. 5d. Its
analysis allows it to deﬁne that
iSx, max = iCx, max + iLOAD x

(16)

The rms value of iSx in TS can be written as
(6)

where iCx,max is considered as the average value of iCx in DxTs. This
is possible if the SC operates in PC or NC. Thus, iCx,max can be
written as
iCx, max =

Current stress in the MOSFET

(7)



1 Ts 2
kiSx, rms lTs =
i dt
Ts 0 Sx

(17)

Deﬁning iSx and solving the integration, kiSx, rms lTs is given by
kiSx, rms lTs =


2
iCx, max + iLOAD x Dx

(18)
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Fig. 4 Topological stages and theoretical waveforms at high frequency for the positive half-cycle of the input voltage
a First stage and its main waveforms
b Converter during the dead time its main waveforms
c Second stage its main waveforms

3.5

The rms value of iSx in one period of vi is obtained from

ISx, rms



1 2p
=
ki
l2 d v t
2p 0 Sx, rms Ts

(19)

On substituting (7), (11), (12) and (18) in (19) and solving the
integration, the value of ISx,rms is given by

ISx, rms


2
v2 Cx2 + GLOAD
x
= vp
2Dx

(20)

Expressions (14) and (20) are approximate values because of the
deﬁnition of iCx,max; however, their errors are small when the SC
operates in PC or NC modes. These expressions also demonstrate
that the rms values of the currents in the capacitors and in the
MOSFET are dependent on the duty cycle and for this reason a D
value close to 0.5 (maximum value) and a short dead time are used.
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Equivalent circuit

The proposed converter, shown in Fig. 2, can be represented through
the equivalent circuit seen in Fig. 6, which does not consider the
variables provided by the commutation frequency. The equivalent
circuit allows a simple and fast analysis of the converter variables
of low frequency (input voltage frequency) to be carried out.
The elements from the equivalent circuit are:
† Rp: parallel resistances that represent the switching loss because of
the intrinsic capacitance of the MOSFET;
† Rs: series resistances which indicate the conduction loss in the
switches and capacitors;
† Ceqi, Ceqo,x: parallel capacitances which deﬁne the reactive power
ﬂow required by the converter; and
† Ro1, Ro2 and Ro3: resistances which indicate the loads connected to
the converter.
These elements are calculated as presented in [38] and the main
equations are described as follows.

921

Fig. 5 Analysis of the proposed converter
a Voltage stress across the capacitors
b Voltage stress across the MOSFET
c Waveform of the SC current in one switching period
d Waveform of the MOSFET current in one switching period

The series resistances are deﬁned by
Rs =


1 − e−1/fs t
1

·
2fs t 1 − e−D1 /fs t + e−D2 /fs t + e−1/fs t

The input parallel capacitances are obtained from

1
2COSS fs

CS
2

(25)

and the output parallel capacitances are deﬁned by

and the parallel resistances are given by
Rp =

Ceqi =

(21)

Ceqo1 = C1

(26)

Ceqo2 = C2

(27)

(22)
and by

t is given by
t = 2Ron CS

(23)

Thus, the selection of the SC capacitor, duty cycle, switching
frequency and MOSFET biases the values for the equivalent
circuit elements.

Ron = 2RDS(on)

(24)

3.6 Analysis of the proposed converter employing the
equivalent circuit

and Ron by

where RDS(on) is the static drain–source on-resistance of a MOSFET;
COSS is the output capacitance of a MOSFET and; and fs is the
switching frequency.

The analysis of the equivalent circuit supplies equations which can
be employed to design the proposed ac–ac converter. These
equations are shown in Table 1 and they provide important
information on the split-phase ac–ac converter. The variables f and
Reqo,x in these equations are the frequency of the ac input source
and the equivalent resistance of the load seen by the output ‘x’ of
the split-phase system, respectively, the latter being deﬁned by
Reqo, x =

3.7

Fig. 6 Equivalent circuit of split-phase SC ac–ac converter ‘seen’ by load
side

1
(1/Ro, x ) + (2/Ro3 )

(28)

Design methodology of the capacitors

The proposed converter is composed for capacitors
and thus the appropriate choice of capacitances is
the proper operation of the structure. The capacitors
characteristics of the proposed converter. One is

and switches,
important for
inﬂuence two
its operation
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Table 1 Equivalent circuit equations

Deﬁning a normalised capacitance (CN) as

Variable

Equation
gv, x =

real voltage gain

Reqo, x
Rs + Reqo, x + jvCeqo, x Rs Reqo, x

Ploss, Rs =

conduction losses

vi2 [1 − (vCeqo, x Rs )2 ]
Rs
2
Reqo,
x=1
x
2

switching losses

Ploss, Rp

input active power

Pi =
Qi =

input reactive
power
output active
power in v1 and v2



2
x=1
2

x=1

vi2


vi2

v2
=2 i
Rp

Reqo, x + Rs + Rs (Reqo, x vCeqo, x )2
(Reqo, x + Rs )2 + (Reqo, x Rs vCeqo, x )2
2
Reqo,x
vCeqo, x

(Reqo,x + Rs )2 + (Reqo,x Rs vCeqo,x )

Po1 =

(vi gv1 )2
Ro1

and

Po2 =

+

1
Rp

Po3

total output active
power

Po = Po1 + Po2 + Po3
PF =



Speciﬁcation

A design speciﬁcation was deﬁned with the objective of verifying the
performance of the proposed converter, which is:

mode (CC, PC or NC) and the other is the reactive power that ﬂows
through the converter. In this paper, the aim was to design the
capacitors considering the power reactive, since other parameters
can be set to adjust the operation mode.
The proposed converter has three capacitors, which can be equal
(CS = C1 and C2). The losses can be neglected (Rs = Rp = 0,
Pi = Po) in this analysis, and thus the input parallel capacitances
are given by
(29)

and the input total capacitance seen by the input voltage is
obtained by
(30)

The reactive power that ﬂows through the converter is deﬁned in [38]
and it is written as
Qi = 6pfCS Vi2

Design example

4.1

Po
Pi

Ctotal i = 3CS

The graph in Fig. 7 is based on (35) and it can be used to select the
capacitors of the proposed converter.

4

(vi gv2 )2
Ro2

Ceqi = 1.5CS

(35)

+ vCeqi
2

Pi

2
Pi + Qi2

h=

efficiency


1 − PF2
CN =
PF2



[v (g + gv2 )]2
= i v1
Ro3

output active
power in v3

PF

CS 6pfVi2
(34)
Po
normalised values for CS, C1 and C2 in relation to the input PF of the
proposed converter are obtained by
CN =

(31)

†
†
†
†
†
†
†
†
†

So = 1000 VA output power;
PF ≥ 0.96 power factor (capacitive);
Vi,rms = 110 V input voltage;
Vo1,rms = 110 V output voltage 1;
Vo2,rms = 110 V output voltage 2;
Vo3,rms = 220 V output voltage 3;
fi = 60 Hz frequency of ac voltage;
η > 95% expected efﬁciency; and
D = 0.4 duty cycle.

The proposed ac–ac converter is designed to operate in PC mode,
which requires that fst ≥ 0.1. Thus, for an adequate design the duty
cycle must be close to 0.5, the capacitor calculated according to the
desired reactive power and the switches and the switching frequency
selected so as to maintain fst higher than 0.1, while still keeping the
switch conduction resistance low (Ron) and the switching frequency
( fs) achievable in the practical implementation. In the following
sections, the voltage and current stresses across the components,
the choice of components and the choice of switching frequency
are presented.
4.2 Voltage and current stresses across the capacitor
and MOSFET
The maximum voltage across the components is the peak value of vi,
thus
√
VC, max = VS, max = Vi, pk = Vi, rms 2 = 155.56 V

(36)

Qi is a capacitive reactive power and it is not dependent on the load
type (similarly to the reactive power that ﬂows in a transformer
because of magnetising inductance). Therefore the maximum
capacitance that can be employed in the converter in relation to a
maximum value for the speciﬁed reactive power (Qimax) is given by
CS = C1 = C2 ≤

Qi max
6pfVi2

(32)

Thus, a design can specify Qimax as a percentage of Po and the
capacitor values are then deﬁned.
Capacitors can also be deﬁned by analysing a speciﬁed input
power factor (PF). On the basis of (31), the maximum capacitance
that can be used in relation to a value for the input PF, considering
a resistive load and neglecting the losses, is given by
Po
CS = C1 = C2 ≤
6pfVi2


1 − PF2
PF2

(33)
Fig. 7 Normalised capacitance of CS, C1 and C2 against input PF
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The current stress can be estimated based on the equations detailed in
Section 3.3 and considering a balanced load of 1 kVA on outputs 1
and 2 through
Ro1 = Ro2 = 23 V and

Ro3 = 1 V

(37)

The rms values of the current across capacitors C1 and C2 are given
by
IC1 , rms = IC2 , rms = 6.0 A

(38)

4.4

Choice of switches

The MOSFET that implements the bidirectional switches were
chosen with the aim of obtaining the appropriate fst and a low
conduction resistance. Thus, the MOSFET FQA62N25C was
selected, which has an RDS(on) value of 35 mΩ at 25°C (or 60 mΩ
at 100°C) and accepts up to 62 A. Its maximum drain–source
voltage is 250 V and its typical output capacitance (COSS) is 945
pF. The total conduction resistance of a bidirectional switch (Ron)
is twice the resistance of a MOSFET and, therefore, the resistance
Ron is 120 mΩ at 100°C.

and that across the SC capacitor is given by
4.5
ICS , rms = 1.2 A

(39)

The rms values for the current in all MOSFET are equal and
deﬁned by
ISi, rms = 7.7 A

4.3

i = 1, 2, ..., 8

(40)

Capacitance calculation

The capacitance values for C1, C2 and CS were deﬁned based on the
graph in Fig. 7, with the aim of fulﬁlling the PF speciﬁcation. The
speciﬁed value at rated power was 0.96, thus
CN = 0.29

Po
C = 21.7 mF
6pfVi2 N

The values of C1, C2, CS and Ron can be applied in the equations in
Table 1, and thus the efﬁciency of the proposed converter can be
predicted based on the switching frequency. This procedure allows
a switching frequency that provides a high efﬁciency to be
selected. In this case, the switching frequency selected was 100
kHz, and thus the expected efﬁciency at rated power was 97.3%.
The estimated conduction loss was about 23.9 W and the
switching loss was about 4.6 W.
The values deﬁned for CS, fs and Ron ensure a fst value of 0.48,
and therefore the converter operates in PC mode, as desired.

5 Prototype implementation and experimental
results

(41)

and the absolute values for the capacitances are
CS = C1 = C2 ≤

Choice of switching frequency

(42)

A value of 20 µF was projected for the three capacitors and each one
is composed of two parallel-connected capacitors of 10 µF/400 V/
11 A/equivalent series resistance (ESR) = 1.8 mΩ (CDE Cornell
Dubilier model 932C4W10 J-F). The capacitors selected are of
polypropylene ﬁlm, because the ac voltages will be applied on
them in the proposed converter. A constant reactive power of 273
VAR will ﬂows by converter.

A prototype was built to verify the operation of the proposed
converter according to the speciﬁcations detailed in Section 4.1
and is shown in Fig. 8a. The circuit provides two 110 V output
voltages in a split-phase conﬁguration from one 110 V input
voltage. The proposed converter operates in open-loop and
employs a simple gate driver circuitry (UC3525 pulse width
modulation (PWM) modulator), as shown in Fig. 8b.
The speciﬁc power and the volumetric power density obtained for
the prototype were 1.41 kW/kg and 0.7 kW/l. A similar 1 kVA
split-phase transformer presented 0.37 kW/kg of speciﬁc power
and 0.86 kW/l of volumetric power density. Thus, the weight of
the proposed converter is reduced by a factor of 3.8 and the
volume increased by a factor of 1.2 with regard to the equivalent
autotransformer.

Fig. 8 Prototype
a Photo (speciﬁc power: 1.41 kW/kg)
b Block diagram of the gate drive circuitry
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Experimental tests were carried out to verify the performance of
the proposed converter and the output voltages were measured as
shown in Fig. 2.
The system was tested under balanced and unbalanced resistive
loads. In the latter case, the following loads were applied: 500 W
on vo1, 100 W on vo2 and 400 W on vo3, and the input and output
voltages of the converter are shown in Fig. 9a (the output voltages
measured were vo1 = 105 V, vo2 = 107 V and vo3 = 212 V). The
output voltages are ﬁltered by capacitors C2 and C3, and thus the
voltage ripple at 100 kHz was 1% and the total harmonic
distortion (THD) was 0.3%. As expected, the voltages vo1, vo2 and
vo3 are in phase with vi, the amplitudes of vo1 and vo2 are similar
to that of vi and the amplitude of vo3 is twice that of vi. Therefore
it was veriﬁed that the aim of obtaining two output voltages (a
split-phase system) from one single-phase voltage source was
achieved. The output currents io1, io2 and io3 are presented in
Fig. 9b. These unbalanced loads are typical of a split-phase system
and even in these cases the proposed converter maintains regulated
output voltages.
Another important test was carried out to verify the performance
under different types of loads. An inductive–resistive load of 200
VA with a PF of 0.6, a non-linear load of 400 VA with a crystal
factor of 2.5 and a resistive load of 300 W were applied to outputs
1, 2 and 3, respectively. Even under these conditions, the output

voltages remained regulated, as can be seen in Fig. 9c.
The voltage measurements were vo1 = 108 V, vo2 = 106 V and vo3
= 214 V. The equivalent circuit of the proposed converter showed
a small series resistance (Rs). Therefore there is only a small
voltage drop on Rs with a non-linear load, and thus the non-linear
current causes an insigniﬁcant distortion in the voltages (THD
were lower than 1%). The output currents io1, io2 and io3 are
shown in Fig. 9d, where io1 is the lag, io2 is a typical non-linear
current and io3 is a typical resistive load.
One advantage of the proposed converter in relation to
conventional converters is that it can operate within a wide range
of frequencies, with no change in the design. This is because the
power circuit does not have magnetic elements. The converter
was tested, applying input voltages of 16.66 Hz (Fig. 10a)
and 400 Hz (Fig. 10b), to verify this characteristic. The input
voltage vi and output voltages vo1 and vi2 for both cases are
properly regulated.
The experimental efﬁciency curve obtained is shown in Fig. 11a
and it is clear that for a wide range of loads it was higher than
96%, the rated power was 95.8% and the maximum value was
97.2% at 40% of load. The output voltage regulation curves for
vo1, vo2 and vo3 in Fig. 11b show that the voltage drop in the rated
power was < 3.5% (3.85 V). The input PF curve for resistive load
in Fig. 11c shows very good agreement between the calculations

Fig. 9 Experimental results
a Input and output voltages (vi, vo1, vo2 and vo3) under resistive and unbalanced loads
b Output currents (io1, io2 and io3) under resistive and unbalanced loads
c Output voltages under different types of loads: inductive–resistive (vo1), non-linear (vo2) and resistive (vo3)
d Output currents under different types of loads: inductive–resistive (io1), non-linear (io2) and resistive (io3)
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Fig. 10 Experimental results
a Input (vi) and output voltages (vi, vo1, vo2) for an input voltage of 16.66 Hz
b Input (vi) and output voltages (vo1, vo2) for an input voltage of 400 Hz

Fig. 11 Experimental results
a Experimental efﬁciency curve for the proposed converter
b Experimental regulation curves for output voltages vo1, vo2 and vo3
c Experimental input power factor curve for resistive load
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Table 2 Quantitative comparison between the proposed converter and
an equivalent split-phase transformer
5
Characteristic

gain
specific power, kW/kg
density POWER, kW/l
maximum efficiency, %
efficiency at rated power, %
regulation, %
input PF
weight, kg
volume, l
cost

Proposed converter

1:1:1
1.42
0.7
97.2
95.8
97
0.96 (capacitive)
0.7
1.42
1 pu

Split-phase
transformer
1:1:1
0.37
0.86
93.5
90.5
91%
0.99
(inductive)
2.7
1.16
0.2 pu

6

7

8
9

10

11

and experimental measurements. The PF is close to one ( > 0.96) at
rated power.
A quantitative comparison between the tested prototype and a 1
kVA split-phase transformer of low cost is shown in Table 2. The
results verify that the proposed converter has a better performance
than the split-phase transformer.

12
13

14
15

6

Conclusions

A split-phase direct ac–ac power converter based on the SC principle
has been introduced and veriﬁed. The converter outputs, which are
two series-connected voltage sources, were used to implement a
split-phase system and to supply three output voltages from one
single-phase voltage source (two equal to and one twice the input
voltage).
The main notable characteristics of the proposed split-phase
converter based on the SC are that: (i) it carries out direct ac–ac
conversion; (ii) it employs only capacitors and switches in the
power circuit, which can improve its efﬁciency, power density,
speciﬁc power and the circuit can operate with input voltages in a
wide range of frequencies, without requiring changes in its design;
(iii) the three output voltages provided by the converter follow the
waveform of the input voltage and they remain balanced even
under unbalanced, inductive and non-linear loads and (iv) the
converter operates in open-loop with a constant duty cycle of close
to 0.5 and the stress voltage in all components is equal to the
input voltage.
When the proposed converter is compared with a commercial
split-phase transformer (usually of low cost), the main advantages
of the proposed converter are related to the weight, speciﬁc power,
efﬁciency, regulation, absence of magnetic elements and range of
operation frequency. The main disadvantages are associated with
the cost, reliability and operation temperature. Further studies need
to be carried out to address these drawbacks, which are frequently
evident when power converters are compared with conventional
technologies.
The proposed split-phase converter based on SC is suitable for
modern applications around the world where a split-phase system
needs to be generated from a renewable energy source, distributed
generation, UPS, battery bank, electric/hybrid vehicle, smart grid
or even the electrical grid itself. It can also be used in devices and
traditional applications where currently conventional transformers
and autotransformers are employed.

7
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