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Abstract—Single-phase to three-phase conversion using power
electronics converters is a well-known technology, especially when
the configurations and control strategies already established in the
technical literature are considered. Regarding the configurations
conceived over the years, it can be observed two main tendencies:
1) configurations with a reduced number of components; and
2) configurations with an increased number of components. The
search for topologies with a reduced number of components was
the trend over a long period of time. This can be, in part, ex-
plained by the high cost of the power switch when compared to
the capacitor used in the dc-link bus. Then, the converter leg was
sometimes substituted for the midpoint capacitor. However, as far
as the price of the semiconductor was going down, such tendency
has been changed, and now the configurations with an increased
number of components do appear as an interesting option, espe-
cially in terms of reliability, efficiency, and distortions improve-
ment. A comprehensive review of the two possibilities (reduced
and increased number of components) has been considered in this
paper. Also, the single-phase to three-phase ac–ac direct conversion
configurations and those which aim to reduce the dc-link voltage
fluctuation have been included. The goal of this paper is to provide
a complete range on the status of single-phase to three-phase power
conversion technologies to professionals and researchers interested
in this topic.

Index Terms—Power conditioning, power electronics converters,
pulse width modulation converters.

I. INTRODUCTION

IN THE power distribution systems, the single-phase grid
has been considered as an alternative for rural or remote

areas [1], due to its lower cost feature [2], especially when
compared with the three-phase solution. In huge countries like
Brazil [3], the single-phase grid is quite common due to the large
area to be covered. On the other hand, loads connected in a three-
phase arrangement present some advantages when compared
to single-phase loads. This is especially true when motors are
considered [4], [5], due to their constant torque, constant power,
reduced size, etc. [6]. There is a need for single-phase to three-
phase conversion systems in this scenario.
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In terms of application, the first thing that comes to mind
when it is considered a single-phase to three-phase conversion,
it is a three-phase motor drive system. However, the authors
in [7] claim that, in rural application, feeding a three-phase
induction motor is not anymore the main concern for the single-
phase to three-phase conversion. Due to the evolution of the
farm technology, some of the local loads (such as electronic
power converters, computers, communication equipments, etc.)
require high power quality, that is, sinusoidal, symmetrical, and
balanced three-phase voltage.

In the past, single-phase to three-phase conversion systems
were made possible by the connection of passive elements (ca-
pacitors and reactors) with autotransformer converters [8]–[10].
Such kind of system presents well-known disadvantages and
limitations [10]. In those days, power electronics with silicon
power diodes and thyristors was just emerging. As described
in [11], the so-called power electronics, with gas tube and
glass-bulb electronics, was known as industrial electronics, and
the power electronics with silicon-controlled rectifiers began
emerging in the market from the early 1960s.

Since the beginning of the solid-state power electronics, the
semiconductor devices were the major technology used to drive
the power processors [12]. Looking at the semiconductor de-
vices used in the former controlled rectifiers [13] and comparing
them with the new technologies [14], it makes possible to fig-
ure out the astonishing development. Beyond the improvement
related to power switches, a great activity in terms of the circuit
topology innovations in the field of three-phase to three-phase,
single-phase to single-phase, and three-phase to single-phase
conversion systems was also identified. [15]–[33] .

Among the single-phase to three-phase power conversion,
two main tendencies can be observed: 1) configurations with a
reduced number of components; and 2) configurations with an
increased number of components. The first one (topologies with
a reduced number of components) was the trend over a long
period of time, which can be explained by the high cost of the
power switches. Sometimes, the converter leg was substituted
for the midpoint capacitor. However, as far as the price of the
semiconductor was going down [34], such tendency of using
the dc-link capacitor instead of leg has been changed. Now, the
configurations with an increased number of components do ap-
pear as an interesting option, especially in terms of reliability,
efficiency, and distortions improvement. Those two possibili-
ties (reduced and increased number of components) have been
comprehensively reviewed in this paper. Also, the single-phase
to three-phase ac–ac direct conversion configurations (without
dc-link capacitors) and that one’s which aim reducing of the
dc-link voltage fluctuation have been considered.
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Fig. 1. Conventional single-phase to three-phase configurations. (a) Diode
bridge in the input converter side (C1). (b) Controlled rectifier in the input
converter side (C2).

The goal of this paper is to provide a complete range on the
status of single-phase to three-phase power conversion topolo-
gies to professionals and researchers interested in this topic.
Authors are not aware of any investigation providing the state
of the art given in this paper.

Two configurations will be considered as conventional ones,
as observed in Fig. 1. It is worth to mention that each config-
uration will be renamed in this paper in order to facilitate the
comparison: e.g., Fig. 1(a) will be called as C1, Fig. 1(b) will
be called as C2, and so on.

Configuration C2 [see Fig. 1(b)] represents an interesting
solution for single-phase to three-phase power conversion, since
all variables at input–output converter sides can be controlled,
as observed in Fig. 2, while the configuration C1 represents a
cheaper solution but without any control of the input current
and dc-link voltage. Fig. 2(a) and (b) shows the results for
configurations C1 and C2, respectively. It is worth to mention
that these two configurations are considered as the reference
for the new proposals, i.e., the new topologies aim to generate
waveforms closer of the configuration C1 and far away of the
configuration C2.

A suitable control strategy employed to guarantee the control
objectives of the configuration C2 is depicted in Fig. 3. The
variables with “∗” in this figure mean the reference variables.
Notice from this figure that there exist three controllers and a
synchronization block. Such control strategy will be considered
as a reference to establish a figure of merit regarding the control
complexity.

Other important characteristic observed in the single-phase
to three-phase power converters which also has been consid-
ered in this paper is the irregular distribution of power among
the switches of the converter, as observed in Fig. 4. It means
that 63% of the total losses measured in the single-phase to
three-phase converter [see Fig. 1(b)] is concentrated in the rec-
tifier circuit, while the rest 37% is observed in inverter circuit.

Fig. 2. Experimental results of the conventional single-phase to three-phase
power conversion. (a) Configuration C1. (b) Configuration C2.

Fig. 3. Control block diagram of configuration C2.

Fig. 4. Converter power losses distribution in both rectifier and inverter units:
63% in the rectifier circuit and 37% in the inverter one. Power losses in each
switch of the rectifier (15.7%) and inverter (6.1%).

With those numbers, it is possible to measure the stress by
switch, which means that each rectifier switch is responsible for
15.7% of the total converter losses, while each inverter switch
is responsible for only 6.1%. The stress by switch gives an im-
portant parameter regarding the possibilities of failures in the
power converters. Almost all configurations presented in this
paper have this kind of trouble (considerable irregular power
losses distribution). The exception is for the configurations with
paralleled rectifiers, as will be described in Section III.

Different models for switch losses estimation have been
presented in the literature [35]–[38]. In this paper, the loss
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Fig. 5. Complete view of the paper organization.

estimation is obtained through regression model, which has been
achieved by experimental tests, as presented in [39]. The power
switch used in the experimental tests was insulated gate bipo-
lar transistor (IGBT) dual module CM50DY-24H (POWEREX)
driven by SKHI-10 (SEMIKRON). That switch losses model in-
cludes: 1) IGBT and diode conduction losses; 2) IGBT turn-on
losses; 3) IGBT turn-off losses; and 4) diode turn-off energy.

Following this introduction, the rest of this paper is orga-
nized in six sections. In Section II, configurations with reduc-
tion or elimination of components will be considered. On the
other hand, Section III presents those configurations with an
increased number of components. Applications of the single-
phase to three-phase conversion are brought up in Section IV.
In Section V, a general comparison among the configurations is
established, highlighting the main characteristics of each topol-
ogy. Finally, in Section VI, conclusions are given. The section
that deals with configurations with reduced number of compo-
nents (see Section II) will be divided in two sections. A complete
view of this paper organization is presented in Fig. 5. As far as
possible, in each section, the papers are presented in a chrono-
logical way in order to give readers the idea of the single-phase
to three-phase converter development.

II. CONFIGURATIONS WITH REDUCTION OR ELIMINATION OF

COMPONENTS

Component count reduction without dramatically changing
the quality of the converter waveforms was and still is the ob-
jective of many converter designers. This commitment is not
often possible, especially in those solutions which eliminate
many components of the converter. Even in these cases (radi-

Fig. 6. Configurations and harmonic spectrums of the capacitor currents.
(a) Full-bridge configuration. (b) Input half-bridge configuration. (c) Output
half-bridge configuration.

cal component reduction), the impoverishment of waveforms is
sometimes acceptable due to specific advantages presented in
the proposed converter.

A. Configurations With a Reduced Number of Semiconductors

1) Dc-Link Midpoint Connection: The dc-link midpoint
connection has been employed in many ac converters to guaran-
tee the reduction of the power switches. This means that at least
one of the legs, constituted by two power switches, is not longer
used. However, regarding cost reducing, this approach just make
sense if what is saved by the number of power semiconductor
devices is not lost in higher device ratings and more electrolytic
capacitor energy storage [40], [41]. Another important aspect is
the lifespan of the electrolyte capacitors, considered small when
compared to that of the switches.

To highlight the impact of the dc-link midpoint connection
over the lifespan and converter efficiency, the harmonic spec-
trums of the dc-link capacitor current for the conventional con-
verter depicted in Fig. 6(a) and the half-bridge configurations
presented in Fig. 6(b) and (c) will be considered.

From Fig. 6(a), the dc-link capacitor current is given by

īc =
τg1

Ts
ig − τg2

Ts
ig − τl1

Ts
il1 −

τl2

Ts
il2 −

τl3

Ts
il3 (1)
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where τg1 to τl3 are the time intervals in which switches qg1
to ql3 are closed, respectively, and Ts is the switching period.
Assuming that the reference pole voltages can be constant over
Ts , the time intervals τj (j = g1 to l3) can be written as a
function of the reference pole voltages. For instance, τg1 is
given by

τg1 =
(

v∗
g10

v∗
c

+
1
2

)
Ts. (2)

Thus, from (1) and (2), the dc-link capacitor current becomes

īc =
1
v∗

c

(
ig v

∗
g −

3∑
k=1

ilk v∗
lk

)
(3)

where v∗
g = v∗

g10 − v∗
g20 . Similarly, for the input and output half-

bridge topologies [see Fig. 6(b) and (c)], we find the following
relations for the dc-link currents:

īc =
1
v∗

c

(
ig v

∗
g +

1
2
v∗

c ig −
3∑

k=1

ilk v∗
lk

)
(4)

īc =
1
v∗

c

(
ig v

∗
g −

3∑
k=1

ilk v∗
lk +

1
2
v∗

c il1

)
. (5)

The expressions of the capacitor current for the input and output
half-bridge configurations are different to that of the conven-
tional one, since there is an extra component depending on the
grid current (input half-bridge) or the load current (output half-
bridge). Such extra component can be observed in the zoom of
Fig. 6. The dc-link high-frequency power losses are calculated
by

PHO
loss = 0.45ESR(100Hz)(IHO

c,rms)
2 (6)

where IHO
c,rms is the component of high order of the root

mean square (RMS) current on the dc link (with h > 50) and
ESR(100Hz) is the equivalent series resistance to frequency of
100 Hz. The ESR decreases with following parameters: rises
at high frequencies, reducing of the ripple of current, and in-
creasing temperature. The ESR can be considered constant for
frequency higher than 3 kHz. It is equal to 0.45 times of the
ESR value for 100 Hz [42], [43] . This means that PHO

loss depends
only of IHO

c,rms . Fig. 6 illustrates the harmonic spectrums of the
dc-link capacitor currents of the full-bridge configuration, input
half-bridge configuration, and output half-bridge configuration.
Such simulated results were obtained considering 1 p.u. for the
grid voltage and 1 p.u. for the load phase voltage. Furthermore,
1) the dc-link voltage equal to

√
3 times the amplitude of load

phase voltage [for topology shown in Fig. 6(a)], 2) the dc-link
voltage equal to two times the amplitude of load phase voltage
[topology shown in Fig. 6(b)], and 3) the dc-link voltage equal
to 2

√
3 times the amplitude of load phase voltage [topology

shown in Fig. 6(c)] have been considered. The low frequencies
observed in the dc-link capacitor current of the topology C2
present only the second harmonic component, while the half-
bridge topologies have a grid frequency component. On the other
hand, the input and output half-bridge configurations showed a
reduction of 24% and 8% in the high-frequency dc-link RMS
current compared with a full-bridge topology, respectively. This

Fig. 7. Economic single-phase to three-phase converter topologies for fixed
frequency output proposed in [45] and [46]. (a) Half-bridge without active input
current shaping (C3). (b) Half-bridge with active input current shaping (C4).

means that the half-bridge topologies have a reduction in the
dc-link high-frequency power losses.

Again, the use of the midpoint connection of the capacitors
is justifiable when the difference in the price of those devices
(capacitor and switches) is enough to be considered [44]. Next,
a review showing the appearance of single-phase to three-phase
converters using a dc-link midpoint as an alternative will be
given.

The works presented in [45] and [46] propose a family of
single-phase to three-phase converters to be used when the out-
put frequency is fixed and is equal to the utility grid (see Fig. 7).
Notice that Enjeti et al. [45], [46] propose five new configura-
tions, but just two of them will be presented in this section due
to the dc-link midpoint connection; the other ones will be shown
in Section II-A2. The topology in Fig. 7, in spite of reducing
the number of power switches dramatically—compared with
Fig. 1(a)—presents strong disadvantages: 1) the switches are
subjected to twice the peak voltage of the single-phase mains;
2) the VA rating of the capacitors in the dc link is higher es-
pecially due to the low frequency current; and 3) active input
current shaping cannot be obtained. This last disadvantage is
not observed in the converter in Fig. 7(b).

Soon after, authors in [47] presented a configuration similar
to that in Fig. 7(a), with a special approach for the machine
start-up procedure (a switch and a capacitor were added). The
impact of this kind of converter over the machine variables was
studied in [48].

In those configurations, the machine operation is limited since
the frequency is imposed by the grid (two machine phases are
connected directly to grid). Then, the single-phase to three-
phase converter with six switches, as observed in Fig. 8, was
proposed and first investigated in [49] and [50] with a com-
prehensive analysis considering different figures of merit and
deep comparison with the conventional converter. Years later,
Covic et al. [51] suggested some improvements in the control,
in terms of output voltage utilization of the circuit presented in
Fig. 8. Regarding the application, Cruise et al. [52] indicated the
topology in Fig. 8 as an alternative for motor drive systems in
the rural area. This circuit was also considered in [53] for high-
speed drive system and also in [54]–[58]. The authors in [59]
employ a synchronization technique to reduce the capacitor cur-
rent in the dc link; this technique was applied when the output
frequency is equal to the input one.

A configuration with two dc-link midpoint connections (with
two dc-link banks) was presented in [60]. This circuit operates
as a soft-switched ac–dc–ac with high-frequency isolation, as
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Fig. 8. Six switch converter proposed in [49] and [50] (C5).

Fig. 9. Configuration with high-frequency isolation proposed in [60] (C6).

Fig. 10. Single-phase to three-phase bidirectional converter with six switches
and a diode leg (C7).

observed in Fig. 9. Its main characteristics are operation with
zero-voltage switching, power factor control, and reversible
power flow.

A single-phase to three-phase converter with six switches and
a diode leg is presented in [61] (see Fig. 10).

Bellar et al. [62] proposed single-phase to three-phase four-
wire configurations with dc-link midpoint connection, as ob-
served in Fig. 11. The converter in Fig. 11(b) was also consid-
ered in the comparison presented in [62]. Notice that, in this
case, a four-wire three-phase load has been considered.

The work presented in [63] brings a set of additional three-
phase interconnections utilizing the B4 topology [see Fig. 12 (a)]
with the possibility to supply a three-phase machine with a
fixed or variable frequency. These configurations were named
in that paper as B4f, B4vf, and B4vfz and they are shown,
respectively, in Fig. 12(b)–(d). The main conclusions obtained
in [63] in terms of those configurations were 1) the possible
reduction in the capacitance under simple open-loop control
methods; 2) having 2/3 of the pulsewidth modulation (PWM)
switches as the conventional six-switch topology. Furthermore,
for applications requiring line frequency operation, the B4vf is
among the most practical. In some cases, the B4vfz may provide
an advantage over the six-switch topology, when low power
variable frequency, and rated power line frequency operation
will suffice.

From the six-switch converter (see Fig. 8), which employs
half-bridge connections at input–output converter sides, the au-

Fig. 11. Single-phase to three-phase converter with semicontrolled PWM rec-
tifier and four branch inverter proposed in [62] (C8 and C9).

Fig. 12. Configurations proposed in [63] (C10).

thors in [64] consider two configurations changing the position
of the half-bridge but using the same number of switches. The
first configuration (proposed in [65]) employs the full-bridge
converter at the load side and a half-bridge at the grid side [see
Fig. 13(a)], while the second one employs a half-bridge con-
verter at the load side and a full-bridge converter at the grid
side [see Fig. 13(b)]. Notice that both circuits have a shared-leg
between input and output converter sides. Furthermore, these
topologies were compared with that proposed in [49] and [50]
(see Fig. 4), and it was demonstrated that both present bidirec-
tional power flow, sinusoidal input current with power factor
close to one, and controlled output voltages. Unlike the conven-
tional configuration, the advantages of the proposed converters
are related to the reduced total harmonic distortion (THD) ob-
tained at the input or output converter sides, since it could be
chosen as the half-bridge for the input or output.

A comparison among a family of the single-phase to three-
phase four-wire converters was addressed in [66]. The circuits
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Fig. 13. Configurations proposed in [64] and [65] (C11).

considered in the work are depicted in Fig. 14. The use of the dc-
link midpoint and share leg between input and output converter
sides was the approach used to reduce the number of switches.
All the proposed configurations have bidirectional power flow
capability.

Table I shows the current and voltage ratings of the semi-
conductor devices for configurations C3–C12. A control com-
plexity is also considered in this table and it is compared to the
control block diagram used in the conventional configuration
(see Fig. 3). In this table, D and S means diode and switch,
respectively, i.e., 2D is two diodes while 4S is four switches.
For instance, the current rating of the semiconductor devices
in configuration C3 is two diodes with 2 p.u. and two switches
with 1 p.u. In Tables I–V, the load phase voltage is 1 p.u. and
the load current is 1 p.u. The grid voltage is also equal to 1 p.u.

2) Shared Leg Between Input–Output Converter Sides: The
connection in the dc-link capacitors midpoint, as observed in
the configurations shown in the last section, creates an extra
low frequency current with 60 Hz flowing through the capacitor
(see Fig. 6). This kind of connection must be avoided when
the lifespan, voltage fluctuation, and stress in the capacitors are
considered as critical issues.

In a general sense, the reduction of components without using
the dc-link midpoint connection, in ac converters, means in leg
shared between two stages of the converter [67]–[69]. Although,
a reduced switch count converter with nine switches has been
proposed recently in [70] for three-phase to three-phase con-
version, such configuration was conceived without any shared
leg.

Fig. 15 shows the configurations proposed in [45]. In these
configurations, there is no connection in the dc-link midpoint
with the objective of component reduction. The capacitor mid-
point connection observed in Fig. 15(b) is established for the
multilevel purposes. Such topologies were conceived to be used
when the output frequency is fixed and must be equal to the util-
ity grid frequency. Authors in [45] highlighted some advantages
of these configurations including the bidirectional power flow

Fig. 14. Configurations proposed in [66] (C12).

between input–output converter sides, which could be useful
in regenerative braking for motor type loads. The configuration
in Fig. 15(a) was also studied in [71] considering the start-up
procedure.

In [72], a synchronization technique applied to the converter
indicated in Fig. 16 was proposed. With this approach, it is
possible to supply the three-phase machine with the same rated
voltage of the conventional configuration, even with a shared
leg between input and output converter sides.

The technique presented in [72] can be applied in all ac–dc–ac
power converter configurations with a shared leg. As mentioned
before, with this technique, the power converter with a reduced
number of components will operate at the same conditions of
the conventional configuration, but both sides of the converter
must operate with the same frequency. The experimental results
presented in Fig. 17 highlight this situation. Fig. 17(a) shows the
power factor control of the grid current, while Fig. 17(b) shows
the dc-link voltage control and the output phase voltage. Notice
that, even using just four legs, the configuration C15 operates
with the same dc-link voltage as the full-bridge configuration
C2 would operate.
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TABLE I
COMPARATIVE OF THE CONFIGURATIONS WITH DC-LINK MIDPOINT CONNECTION

TABLE II
COMPARATIVE OF CONFIGURATIONS WITH SHARED LEG

TABLE III
COMPARATIVE OF CONFIGURATIONS WITH RECTIFIER SIMPLIFICATION

TABLE IV
COMPARATIVE OF CONFIGURATIONS WITH DC-LINK CAPACITOR ELIMINATION

TABLE V
COMPARATIVE OF CONFIGURATIONS WITH INCREASED NUMBER OF

COMPONENTS C24 TO C29

In [73], a set of configurations for single-phase to three-phase
four-wire converter was introduced. All configurations present
one shared leg. Some of those were considered as conventional
for comparison purposes and the proposed ones are depicted
in Fig. 18. All the proposed configurations have bidirectional
power flow capability.

Fig. 15. Single-phase to three-phase converter configurations without dc-link
midpoint connection proposed in [45]. (a) Full-bridge single-phase with active
input current shaping (C13). (b) neutral point clamped (NPC) configuration
(C14).

Fig. 16. Single-phase to three-phase converter with one shared leg (C15).

Table II shows the current and voltage ratings of the semi-
conductor devices for configurations C13–C16, as well as the
control complexity.

3) Rectifier Simplification: After presenting configurations
with a reduced number of semiconductors by using the dc-link
midpoint connection and shared leg, topologies, which reduce
the semiconductor devices by using other strategies, as, for ex-
ample, simplification in the rectifier circuit, will be carried out.

Itoh and Fujita [74] proposed two ac motor drive systems fed
from a single-phase grid, as observed in Fig. 19. Notice that, in
those configurations, the neutral of the machine is directly con-
nected to the grid neutral, which means 1/3 of the grid current
circulating in each phase of the machine. This current increases
the losses in the machine but does not affect its dq currents. Con-
sequently, the torque is unaffected by the grid current. Despite
this drawback, the systems present the merits of no inductor
boost requirement in the rectifier circuit and of reduced number
of switches.

Fig. 20 shows the experimental results of the configura-
tion C17. This configuration guarantees the same control goals
of that in configuration C2, i.e., power factor control [see
Fig. 20(a)], dc-link voltage control [see Fig. 20(b)], and bal-
anced dq currents applied to the machine [see Fig. 20(c)].
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Fig. 17. Experimental results of the configuration C15. (a) Power factor con-
trol. (b) Dc link and output voltage controls.

Fig. 18. Configurations proposed in [73]. (C16)

Fig. 19. Single-phase to three-phase without boost inductor proposed in [74]
(C17 and C18).

Fig. 20. Experimental results of the single-phase to three-phase converter
without boost inductor. (a) Power factor control. (b) Dc-link voltage control.
(c) dq currents. (d) Phase current of the machine.

Fig. 21. Configuration proposed in [62] (C19).

However, the phase current of the machine presents low fre-
quency distortions.

In spite of Fig. 19(b) utilizes the dc-link mid-point, this topol-
ogy is considered in this section because its main feature is the
total elimination of the rectifier. Two modulation techniques (si-
nusoidal and space vector) were investigated in [75] for these
configurations.

Finally, a single-phase to three-phase four-wire converter with
reduced component count in the rectifier was proposed in [62],
as depicted in Fig. 21.

Table III shows the control complexity, current and voltage
ratings of the semiconductor devices for configurations C17–
C19.

B. DC-Link Capacitor Elimination

The matrix converter is a configuration with direct power con-
version from an ac grid to an ac load [76]–[81], which means a
power conversion with the dc-link capacitor elimination. Con-
figurations have been proposed for three-phase to three-phase,
three-phase to two-phase, and three-phase to single-phase con-
version using the matrix converter approach [82]– [84].

The use of the matrix converter philosophy in a single-phase
to three-phase conversion is more challenging than in the other
conversions due to the voltage variation of the input voltage.

The authors in [85] can be considered the pioneers in the
single-phase to three-phase conversion task without dc-link ca-
pacitors. The circuit proposed in [85] is presented in Fig. 22(a).
The advantages and disadvantages of this circuit can be sorted
as follows: 1) volts per hertz control capability; 2) input cur-
rent nearly sinusoidal; 3) third-harmonic components in the
output voltage; and 4) low voltage utilization. Years later, this
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Fig. 22. Single-phase to three-phase matrix converter: (a) proposed in [85]
(C20) and (b) proposed in [87] (C21).

Fig. 23. Single-phase to three-phase matrix converter presented in [90] (C22).

configuration was explored in [86] considering a new operation
strategy.

In terms of reduced component count, an improvement of the
work in [85] is proposed in [87], with the reduction of 33% of
the semiconductor devices. This configuration is presented in
Fig. 22(b). In spite of that reduction, it is possible to control
voltage and frequency of the three-phase motor. The disadvan-
tages are that the voltage gain in input–output relation is low
(just 63%) and low frequency harmonics are observed in the
motor currents. A single-phase to three-phase cycloconverter
was also presented in [88] and [89], where emphasis is given on
the model and simulation by using PSPICE.

The matrix converter in its standard arrangement appears
in [90]. This work dealt with the control and design methods for
a single-phase to three-phase matrix converter, as observed in
Fig. 23. Yamashita and Takeshita [91] propose a PWM strategy
for this converter, aiming to reduce the number of commutations,
while in [92] the delta–sigma modulator is employed, which is
compared with a PWM approach.

Another single-phase to three-phase matrix converter config-
uration is proposed in [93], as depicted in Fig. 24. The topology
proposed in [93] aims to reduce distortions in voltages and cur-
rents of the system proposed in [85] caused by the fluctuation
of the single-phase instantaneous power at twice line frequency.
Notice from Fig. 24 that the proposed topology has three addi-
tional bidirectional switches and one reactor.

Fig. 24. Matrix converter configuration is proposed in [93]. (C23).

Fig. 25. Single-phase to three-phase converter with an active buffer and a
charge circuit proposed in [101] (C24) and [102] (C25).

The configurations presented in [94] and [95] show a cy-
cloconverter with seven thyristors and one balancer capacitor.
These configurations cannot be applied in systems that demand
soft torque due to unbalanced currents observed in the motor.

In [96], a configuration considering a current source type
in the converter input side was proposed. Other works also
realized a single-phase to three-phase conversion using ac–ac
direct connection, as in [97] and [98].

Table IV shows the control complexity, current and voltage
ratings of the semiconductor devices for configurations C20–
C23.

III. CONFIGURATIONS WITH INCREASED NUMBER OF

COMPONENTS

An increase in the number of components in ac converter is
acceptable when benefits can be incorporated to the converter
itself, as in the case of interleaved [99] or multilevel configura-
tions [100], which improve the quality of the converter wave-
forms. Considering the single-phase to three-phase conversion,
the component count increase can be further justified by the need
of the dc-link voltage fluctuation reduction, which is no longer
observed in three-phase to three-phase conversion systems.

The reduction of the power ripple with a frequency that is
twice of the power supply was first investigated in [101] and
soon after in [102] and [103] (see Fig. 25). The authors proposed
configurations and the control method for a single-phase to
three-phase power converter with power decoupling function.
Such philosophy was also employed in a three-phase to single-
phase conversion system in [104]. The main advantage of the
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Fig. 26. Double rectifier stage proposed in [105] and [106] (C26).

proposed circuit is that it does not require a large reactor and
large smoothing capacitors in the dc-link part. The proposed
topology is constructed based on an indirect matrix converter
with an active buffer to decouple the power ripple.

On the other hand, the single-phase to three-phase converter
is characterized by the irregular distribution of current (and con-
sequently of the power) among the semiconductor devices of the
input and output converter sides (see Fig. 4). The conventional
configurations (see Fig. 1) require rectifier power switches with
current and power ratings larger than those switches in the in-
verter side.

This aspect has been considered in [105] and [106], with the
proposal of a single-phase to three-phase with two parallel rec-
tifiers, as observed in Fig. 26. In spite of increasing the number
of components, such topology presents the following merits: 1)
reduction of the rectifier current; 2) THD improvement in the
grid side due to interleaved technique; and 3) reducing of stress
in the dc-link capacitor and fault tolerance capability in the rec-
tifier circuit. A circulating current appears in the rectifier stage,
due to parallel connection, which was controlled by a proposed
algorithm in [105] and [106].

Fig. 27 shows some experimental results for configuration
C26 highlighting the interleaved operation. Fig. 27(a)–(c) de-
picts, respectively, grid and rectifiers currents, zoom of point 1,
and zoom of point 2.

With the same philosophy, Jacobina et al. [107] propose a
single-phase to three-phase converter composed of two parallel
single-phase rectifiers and a shared leg between the input and
output converter sides, as shown in Fig. 28. In applications
where the input and output frequencies are equal, this circuit
presents the following characteristics: 1) reduced power rating
of the rectifier switches, which means switches operating at
equivalent power rating; 2) reduced costs if the price of switches
with different power ratings is higher than the cost of switches
with close ratings; and 3) fault tolerance in the rectifier circuit.

Other solution employing parallel connection of the ac–dc–ac
single-phase to three-phase converter was presented by Jacobina
et al. [108]; this configuration is depicted in Fig. 29.

Table V shows the control complexity, current and voltage
ratings of the semiconductor devices for configurations C24–
C29.

Fig. 27. Experimental results of the double rectifier stage proposed in [106].

Fig. 28. Parallel rectifier with shared leg proposed in [107] C(27).

Fig. 29. Parallel ac–dc–ac single-phase to three-phase converter proposed
by [108] (C28).

IV. APPLICATIONS

Many of the single-phase to three-phase topologies presented
before have been used in different applications, for instance,
power converter operating as an active power filter to reduce the
amount of power processed by the switches, as done in [109].
This and other applications will be considered in this section.

The configuration proposed in [7] brings the idea of the active
power filter applied to single-phase to three-phase conversion,
as observed in Fig. 30. In fact, the configuration used in [7]
was the same (in spite of the LC filter) of that in [45], but the
final application and control was totally different. In this study,
it was possible to improve the power quality for both linear and
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Fig. 30. Single-phase to three-phase system operating as an active power filter
proposed in [7] (C29).

Fig. 31. Single-phase to three-phase converter operating as a universal active
filter (C30). (a) Single-phase to three-phase active power filter proposed in [111].
(b) Single-phase to three-phase active power line conditioner proposed in [112].

nonlinear loads [7], as well as to guarantee the power factor
correction. This approach was also considered in [110] for a
three-phase to a single-phase conversion. A typical application
for the system proposed in [7] is found in rural areas supplied by
a single wire with earth return system. The main advantages of
this system are 1) the power converter processes just a fraction of
the load power and the energy necessary to regulate the dc-link
voltage; and 2) none source at the dc side in the normal operation
(if island mode operation is needed, a dc source must be available
at the dc link to supply the load). Its main disadvantage is that
the line-to-line voltage amplitude of the three-phase load is
limited to the amplitude of the single-phase voltage. This could
be minimized considering a delta connection of the three-phase
load.

To solve the problem related to the low amplitude of the
load voltages, Dos Santos, Jr., [111], [112] propose a universal
power filter to be used in single-phase to three-phase systems, as
depicted in Fig. 31(a) and (b). Both converters are conceived to
compensate grid voltage distortions, and harmonic and reactive
power drained by the load. The difference between these circuits
is related to the position of the series and shunt filters. Notice

that, in Fig. 31(a), the series filter is located at the grid side,
while the shunt active power filter is located at the load side.
Instead, in Fig. 31(b), the series filter is located at the load
side, and the shunt active power filter is located at the grid
side. The energy processed by each converter is lower than that
processed by conventional topologies, since part of the power
goes through the line. Consequently, the power ratings of the
proposed systems are lower when compared to the conventional
one. Other configurations were also established considering the
same approach, as in [113] and [114].

Another possible application for a single-phase to three-phase
converter is in electric traction where auxiliary fans and pumps
need to be operated from the single-phase mains [45], or in
[115] where it is considered as an auxiliary ac motor drives in
electric locomotives (the application in a locomotive was also
considered in [116]) and agricultural applications in rural areas.

The works in [117]–[120] explore the application of the single-
phase to three-phase converter in a cogeneration system. The
application of the single-phase to three-phase converter in a
distributed generated plant with emphasis on maximum power
pointer tracker was also presented in [121].

The application of the single-phase to three-phase converter
in uninterruptible power system was treated in [122], while
in [123], a single-phase to three-phase power converter with a
mechanical three-terminal switch was proposed. The position of
this switch must be selected depending on the speed motor oper-
ation. The authors of this work suggest air-conditioner systems
as a possible application.

A fault tolerant system for a single-phase to three-phase con-
version was evaluated in [124] and [125].

V. GENERAL COMPARISON

This section aims to bring a general comparison among the
single-phase to three-phase configurations presented throughout
this paper. This comparison includes the elements (switches,
diodes, capacitors, etc.) employed in each configuration as well
as their main features, like capability to provide the single-phase
to three-phase conversion with input current shaping, output
voltage with variable frequency, and fluctuation reduction in
the dc-link voltage. Table VI shows a summary highlighting
the more important points for each configuration. In this table,
“∗” in some configurations means that they are employed in a
single-phase to three-phase with four-wire conversion.

Notice that, regarding the number of unidirectional switches
used in each topology, the configuration C3 presents the small-
est number of devices, two configurations (C4 and C10) employ
just four switches, seven configurations (C1, C5, C7, C11, C13,
C18, and C28) are conceived with six switches, one configura-
tion (C24) with seven switches, eight topologies (C6, C8, C9,
C12, C14, C15, C17, and C25) use eight switches, five configu-
rations (C2, C16, C19, C27, and C29) are implemented with ten
switches, and one configuration (C26) with 14 switches. Four
configurations (C20–C23) do not use unidirectional switches.
The other characteristics of each topology can be observed di-
rectly in the table.
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TABLE VI
GENERAL COMPARISON AMONG CONFIGURATIONS

Fig. 32. Simulated results for (a) configuration C5, (b) configuration C28, and (c) configuration C2.
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The comparison analysis among the configurations presented
in this paper can be summarized considering the effect of com-
ponent count reduction and increase in the converter waveforms.
It is evident that both solutions (reduction and increase) affect
other figures of merit of the converters, such as price and lifes-
pan of each configuration. Indeed, it is possible to establish a
rule among the configurations presented throughout this paper,
i.e.,

1) component count reduction implies in a direct possible
reduction of the initial price of the converter, as observed
in Fig. 8 (configuration C5) and an impoverishment of the
waveforms qualities, as observed in Fig. 32(a);

2) increasing the number of components implies in a direct
rising prices of the converters, as observed in Fig. 29
(configuration C28) and it implies in an improvement of
the waveforms qualities, as observed in Fig. 32(b).

Fig. 32(c) shows the same set of the waveforms for the con-
ventional configuration—configuration C2. Such simulated re-
sults represent, in a general way, the influence of the approaches
(component count reduction or increase) employed by authors
in the technical literature.

VI. CONCLUSION

The proposal of this paper was to provide a state of the art
for single-phase to three-phase conversion system, showing the
most important configurations and their characteristics. It was
observed two main tendencies over the years, i.e., configurations
with reduced number of components and configurations with in-
creased number of components. Such configurations were sorted
throughout this paper and compared with each other. The gen-
eral comparison among the configurations includes character-
istics and elements employed in each topology. More than 110
papers were cited and the configurations were chronologically
distributed in each section.

Among the configurations with a reduced number of semicon-
ductors (C3–C19), the dc-link midpoint connection was found
to be common in the first topology proposals (C3–C12); it was
justified by the high price of the power switch compared to
that of the dc-link capacitor. The other solution observed, when
a semiconductor devices reduction is required, is the configu-
rations with shared leg between input–output converter sides
(C13–C16) which could be an interesting solution, especially
when the input–output frequencies are equal.

In spite of single-phase to three-phase configurations with dc-
link capacitor elimination (C20–C23) have been considered by
many authors, it seems to be an unattractive option, especially
regarding the applications in rural or remote area, since the high
power density and reduction size obtained with the capacitor
elimination is not a prime requirement in this kind of application.

The configurations with increased number of components
(C24–C29) are an interesting option for single-phase to three-
phase systems due to its inherent characteristics, such as THD
improvements, high reliability, and efficiency. Furthermore, it
is possible to solve a specific problem observed in single-phase
to three-phase systems, i.e., dc-link voltage fluctuation (C24,
C25).

Due to the power distribution system scenario in huge coun-
tries like Brazil and due to the advantages of the three-phase
connected load (e.g., motor), instead of single-phase one, it sug-
gests that single-phase to three-phase power conversion systems
continue to be used in rural areas. In terms of future research,
the configurations with increased number of components seem
to be a trend due to their specific advantages.
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