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Abstract—This paper presents a single-phase to three-phase
power conversion system with parallel rectifier and series inverter
to cope with single-phase to three-phase asymmetry. Such con-
verter guarantees both reduction in the input current processed by
rectifier circuit and reduction of the output voltage processed by
the inverter circuit. It is worth mentioning that, in spite of propos-
ing a topology with features not yet observed on the technical
literature, this paper presents a comprehensive model of the pro-
posed converter, modulation strategy, and a general comparison
with the conventional configuration. Simulated and experimental
results are also presented.

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

I. INTRODUCTION

IN the past, single-phase to three-phase conversion sys-
tems were made possible by the connection of passive ele-

ments (capacitors and reactors) with autotransformer converters
[1]–[3]. Such kind of system presents well-known disadvan-
tages and limitations [3]. In those days, power electronics with
silicon power diodes and thyristors was just emerging. As de-
scribed in [4], 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 [5]. Looking at the semiconductor devices
used in the former controlled rectifiers [6] and comparing them
with the new technologies [7], it makes possible to figure out
the astonishing development. Beyond the improvement related
to power switches, it was also identified 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 [8].
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(a)

(b)

Fig. 1. Conventional single-phase to three-phase configurations: (a) diode
bridge at the input-converter side, and (b) controlled rectifier at the input-
converter side.

In the power distribution systems, the single-phase grid [9]
has been considered as an alternative for rural or remote ar-
eas [10], due to its lower cost feature, especially when compared
with the three-phase solution. In huge countries like Brazil [11],
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 ar-
rangement presents some advantages when compared to single-
phase loads. This is especially true in three-phase motor systems
with variable-speed drives due to their constant torque character-
istic [12]–[14]. In this scenario, there is a need for single-phase
to three-phase power conversion systems. The direct solutions
for the single-phase to three-phase power converters are pre-
sented in Fig. 1. Fig. 1(b) shows a solution for single-phase to
three-phase power conversion, in which all variables (e.g., input
power factor and dc-link voltage) at input–output converter sides
can be controlled, as observed in Fig. 2(b). On the other hand,
the configuration presented in Fig. 1(a) represents a cheaper so-
lution but without any control of the input current and dc-link
voltage, as observed in Fig. 2(a).

In general terms, a single-phase to three-phase power conver-
sion presents an inherent asymmetry, i.e., constant power at the
output-converter side (three-phase load) and pulsating power at
the input-converter side (single-phase grid), as highlighted in
Fig. 3(a). The direct consequence of this asymmetry is the low-
frequency voltage oscillation observed in the dc-link capacitors,
as well as the power switches of the rectifier and inverter op-
erate with different voltage and current ratings. Normally, the
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Fig. 2. Experimental results of the conventional single-phase to three-phase
power conversion. (a) Configuration presented in Fig. 1(a). (b) Configuration
presented in Fig. 1(b).

(a)

(b)

(c)

Fig. 3. Single-phase to three-phase power conversion. (a) Type of power
processed by rectifier and inverter circuits. (b) Solution employed in [15].
(c) Solution employed in [16].

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%).

three-phase motor-rated voltage is higher than that furnished by
the single-phase grid (considering the Brazilian voltages avail-
able, it is possible to identify: vin = 110 V, vout = 220 V, or
vin = 220 V, vout = 220 V - depending of the region), which
means that the rectifier circuit must boost the grid voltage to
guarantee the motor-rated voltage. Furthermore, the current re-
lation between input- and output-converter sides also implies in
converter asymmetry, i.e., (iin > iout).

Another important characteristic observed in the single-phase
to three-phase power converters that also has been considered
in this paper is the irregular distribution of power losses among
the switches of the converter, as observed in Fig. 4. It means
that, for a 600 V 50A class of insulated gate bipolar transistor
(IGBT), 63% of the total losses measured in the single-phase
to three-phase converter is concentrated in the rectifier circuit,
while the rest 37% is observed in the inverter circuit. 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 loss per switch gives an important parameter
regarding the possibilities of failures in the power converters.

Many configurations have been considered to deal with this
asymmetry, as in [15] in which a parallel rectifier circuit is
considered to reduce the current processed by rectifier switches
[see Fig. 3(b)], as well as to improve the harmonic distortion,
reliability, and efficiency at the input-converter side. With the
same philosophy, Jacobina et al. [16] proposes two single-phase
to three-phase ac–dc–ac converters paralleled [see Fig. 3(c)],
meaning improvements at input–output converter sides. To han-
dle with the low-frequency voltage fluctuation observed in the
dc-link voltage, Ohnuma and Itoh in [17] and [18] present a
configuration with a specific control method for a single-phase
to three-phase power converter with power decoupling function.
None of the configurations observed in the technical literature,
solve the whole asymmetry inherent of the single-phase to three-
phase power conversion, i.e., higher input current (iin ) and a
demand for higher output voltage (vout). Indeed, the configura-
tions observed in Fig. 3(b) and 3(c) reduce the current processed
by the rectifier current, but the voltage at the output converter
remains the same as in Fig. 1(b).

This paper presents a single-phase to three-phase power con-
version system with parallel rectifier and series inverter to cope
with single-phase to three-phase asymmetry, as observed in
Fig. 5. Such converter guarantees both reduction in the input
current processed by rectifier circuit (due to the parallel con-
nection) and reduction of the output voltage processed by each
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Fig. 5. Proposed single-phase to three-phase conversion system.

Fig. 6. Simplified model of the proposed single-phase to three-phase conver-
sion system.

inverter (due to the series connection). It is worth mentioning
that, in spite of proposing a topology with features not yet ob-
served in the technical literature, this paper presents a compre-
hensive model of the proposed converter, modulation strategy,
and a general comparison with the conventional configuration.
Experimental results are used for the validation purpose.

II. SYSTEM MODEL

This section will present the model of the proposed con-
figuration. Such a configuration is constituted by a single-
phase grid (eg ), one open-end three-phase motor, inductor filters
(L1a , L1b , L3b , and L3a ), converters 1, 2, 3, and 4, and two dc-
link capacitor banks (C12 and C34). If the legs are substituted by
pulsed voltage sources, the proposed converter can be modeled
as in Fig. 6.

A. Grid-Side Converter Model

From the system in Fig. 6, the following equations can be
derived to converters 1 and 3 at the grid side:

eg = r1a i1a + l1a
di1a

dt
− r1b i1b − l1b

di1b

dt
+ v1 (1)

eg = r3a i3a + l3a
di3a

dt
− r3b i3b − l3b

di3b

dt
+ v3 (2)

ig = i1a + i3a (3)

with

v1 = v1a01 2 − v1b01 2 (4)

v3 = v3a03 4 − v3b03 4 (5)

where i1a and i1b are the input currents of the converter 1, i3a

and i3b are the input currents of the converter 3, the symbols
r and l represent the resistance and inductance of inductors
L1a , L1b , L3a , and L3b . The voltages v1a01 2 and v1b01 2 are the
pole voltages of the converter 1, while v3a03 4 and v3b03 4 are the
pole voltages of the converter 3 and ig is the grid current.

B. Machine-Side Converter Model

From the system in Fig. 6, the following equations can be
derived to converters 2 and 4 at the machine side:

vab = v2a01 2 − v2b01 2 + v4b03 4 − v4a03 4 (6)

vbc = v2b01 2 − v2c01 2 + v4c03 4 − v4b03 4 (7)

vca = v2c01 2 − v2a01 2 + v4a03 4 − v4c03 4 (8)

where v2a01 2 , v2b01 2 , and v2c01 2 are the pole voltages of con-
verter 2, v4a03 4 , v4b03 4 , and v4c03 4 are the pole voltages of con-
verter 4, and vab = va − vb , vbc = vb − vc , and vca = vc − va

are line-to-line voltages of the machine.
For the voltage control of the motor, the following relations

are obtained:

v2ab = v2a01 2 − v2b01 2 =
vab

2
(9)

v2bc = v2b01 2 − v2b01 2 =
vbc

2
(10)

v2ca = v2c01 2 − v2a01 2 =
vca

2
(11)

v4ab = v4a03 4 − v4b03 4 = −vab

2
(12)

v4bc = v4b03 4 − v4c03 4 = −vbc

2
(13)

v4ca = v4c03 4 − v4a03 4 = −vca

2
. (14)

C. Circulating Current Model

Due to the parallel/series connection, the proposed system
shown in Fig. 5 has a circulating current among the converts.
The model of this circulating current can be defined as following:

0 = vza + v1a01 2 − v3a03 4 + v2j01 2 − v4j03 4 + vj (15)

0 = vzb + v1b01 2 − v3b03 4 + v2j01 2 − v4j03 4 + vj (16)

with j = a, b, c and

vza = r1a i1a + l1a
di1a

dt
− r3a i3a − l3a

di3a

dt
(17)

vzb = r1b i1b + l1b
di1b

dt
− r3b i3b − l3b

di3b

dt
. (18)

The equations of the input circulating currents of the convert-
ers 1 and 3 (io1 and io3) and output circulating currents of the
converters 2 and 4 (io2 and io4) are defined as

io1 = i1a + i1b (19)

io2 = i2a + i2b + i2c (20)
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io3 = i3a + i3b (21)

io4 = i4a + i4b + i4c . (22)

However, the circulating currents io1 , io2 , io3 , and io4 can be
represented by a single circulating current io , which means

io = io1 = io2 = −io3 = −io4 . (23)

From (15) and (16), it is possible to write

vo = vo1 − vo3 + (r1b + r3b)io + (l1b + l3b)
dio
dt

+
2
3

c∑

j=a

vj

(24)
with

vo1 = (r1a − r1b)i1a + (l1a − l1b)
di1a

dt
(25)

vo3 = (r3a − r3b)i3a + (l3a − l3b)
di3a

dt
(26)

vo =
b∑

i=a

v1i01 2 +
2
3

c∑

j=a

v2j01 2 +
b∑

i=a

v3i03 4 −
2
3

c∑

j=a

v4j03 4 .

(27)

D. Three-Phase Motor Model

A typical three-phase machine has been used in this study.
Selecting a fixed coordinate reference frame, the mathematical
model that describes the dynamic behavior of the three-phase
induction motor is given by

vsdq = rs isdq +
d

dt
φsdq (28)

vrdq = rr irdq +
d

dt
φrdq − jωrφrdq (29)

φsdq = ls isdq + lsr irdq (30)

φrdq = lsr isdq + lr irdq (31)

vso = rsiso + lls
d

dt
iso (32)

vro = rr iro + llr
d

dt
iro (33)

Te = Plsr (isq ird − isdirq ) (34)

where vsdq = vsd + jvsq , isdq = isd +jisq , and φsdq = φsd +
jφsq are the voltage, current, and flux dq vectors of the stator,
respectively; vso and iso are the homopolar voltage and cur-
rent of the stator, respectively (the equivalent rotor variables are
obtained by replacing the subscript s by r); Te is the electro-
magnetic torque; ωr is the angular frequency of the rotor; rs and
rr are the stator and rotor resistances; ls , lls , lr , and llr are the
self and leakage inductance of the stator and rotor, respectively;
lsr is the mutual inductance and P is the number of pole pairs
of the machine.

The dqo stator variables of the previous model can be deter-
mined from the abc variables by using the transformation given
by

wsdqo = Aswabc (35)

with wsdqo = [wsd wsq wso ]T , wabc = [wa wb wc ]T and

As =

√
2
3

⎡

⎢⎢⎢⎢⎢⎢⎢⎣

1 −1
2

−1
2

0
√

3
2

−
√

3
2

√
2

2

√
2

2

√
2

2

⎤

⎥⎥⎥⎥⎥⎥⎥⎦

.

Vectors wsdqo and wabc can be voltage or current or flux vectors
and A−1

s = AT
s .

III. MODULATION STRATEGY

The converter pole voltages depend on the conduction states
of the power switches. For example, v1a01 2 is given by

v1a01 2 = (2q1a − 1)
vC 12

2
(36)

where vC 12 is the dc-link voltage connected between the con-
verters 1 and 2; and q1a is the switching state of the top switch
for the leg on converter 1 connected to the inductor L1a .

The reference pole voltages v∗
1a01 2

to v∗
4c03 4

should be cal-
culated from the reference voltages defined by controllers, i.e.,
v∗

1 , v∗
3 , v∗

o , two among v∗
2ab , v2bc ,

∗ and v∗
2ca and two among

v∗
4ab , v∗

4bc , and v∗
4ca , which yields

v∗
1 = v∗

1a01 2
− v∗

1b01 2
(37)

v∗
3 = v∗

3a03 4
− v∗

3b03 4
(38)

v∗
2ab = v∗

2a01 2
− v∗

2b01 2
(39)

v∗
2bc = v∗

2b01 2
− v∗

2c01 2
(40)

v∗
4ab = v∗

4a03 4
− v∗

4b03 4
(41)

v∗
4bc = v∗

4b03 4
− v∗

4c03 4
(42)

v∗
o =−

b∑

i=a

v∗
1i01 2

+
2
3

c∑

k=a

v∗
2k01 2

+
b∑

i=a

v∗
3i03 4

− 2
3

c∑

k=a

v∗
4k03 4

.

(43)

Since the proposed converter has ten power switches, (37) to
(43) are not sufficient to determine the reference pole voltages,
then three auxiliary variables v∗

x , v∗
y , and v∗

z are introduced, that
is,

v∗
x =

1
2
(v∗

1a01 2
+ v∗

1b01 2
) (44)

v∗
y =

1
3
(v∗

3a03 4
+ v∗

3b03 4
) (45)

v∗
z =

1
3
(v∗

2a01 2
+ v∗

2b01 2
+ v∗

2c01 2
). (46)

The reference pole voltages can now be obtained directly
from (37) to (46), that is

v∗
1a01 2

=
1
2
v∗

1 + v∗
x (47)

v∗
1b01 2

= −1
2
v∗

1 + v∗
x (48)
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(a) (b) (c)

Fig. 7. Modulation signals at the grid side with: (a) μx = 0, (b) μx = 0.5, and (c) μx = 1.

v∗
2a01 2

= v∗
2a + v∗

z (49)

v∗
2b01 2

= v∗
2b + v∗

z (50)

v∗
2c01 2

= v∗
2c + v∗

z (51)

v∗
3a03 4

=
1
2
v∗

3 + v∗
y (52)

v∗
3b03 4

= −1
2
v∗

3 + v∗
y (53)

v∗
4a03 4

= v∗
4a − 1

2
v∗

o + v∗
x − v∗

y + v∗
z (54)

v∗
4b03 4

= v∗
4b −

1
2
v∗

o + v∗
x − v∗

y + v∗
z (55)

v∗
4c03 4

= v∗
4c −

1
2
v∗

o + v∗
x − v∗

y + v∗
z (56)

where

v∗
2a = −1

3
v∗

2ab +
1
3
v∗

2bc (57)

v∗
2b = −1

3
v∗

2ab +
1
3
v∗

2bc (58)

v∗
2c = −1

3
v∗

2ab −
2
3
v∗

2bc (59)

v∗
4a = −1

3
v∗

4ab +
1
3
v∗

4bc (60)

v∗
4b = −1

3
v∗

4ab +
1
3
v∗

4bc (61)

v∗
4c = −1

3
v∗

4ab −
2
3
v∗

4bc . (62)

To solve the problem of how to determine the refer-
ence pole voltages as a function of the reference voltages
(v∗

1 , v∗
3 , v∗

o , v∗
2ab , v∗

2bc , v4ab ,
∗ and v∗

4bc ), it is necessary to
choose the auxiliary variables v∗

x , vy ,∗ and v∗
z appropriately.

The auxiliary variables can be chosen freely in a range de-
fined by the limits of the pole voltages [vC 12/2, −vC 12/2] and
[vC 34/2, −vC 34/2].

In order to simplify the auxiliary variables calculation, the
voltages v∗

x and v∗
y are first determined. From (47) and (48), the

limit values for v∗
x is

v∗
xmin ≤ v∗

x ≤ v∗
xmax (63)

v∗
xmax = v∗

c12/2 − max
{

v∗
1

2
,−v∗

1

2

}
(64)

v∗
xmin = −v∗

c12/2 − min
{

v∗
1

2
,−v∗

1

2

}
. (65)

Now, from (52) and (53), the limit values for v∗
y is

v∗
ymin ≤ v∗

y ≤ v∗
ymax (66)

v∗
ymax = v∗

c34/2 − max
{

v∗
3

2
,−v∗

3

2

}
(67)

v∗
ymin = −v∗

c34/2 − min
{

v∗
3

2
,−v∗

3

2

}
. (68)

Given v∗
x and v∗

y , the limits of voltage v∗
z are determined from

(49) and (51) and (54)–(56), i.e.,

v∗
zmin ≤ v∗

z ≤ v∗
zmax (69)

v∗
zmax = v∗

c /2 − max{Vz} (70)

v∗
zmin = −v∗

c /2 − min{Vz} (71)

with v∗
C = v∗

C 12 = v∗
C 34 and Vz = {v∗

2a , v∗
2b , v∗

2c , v∗
4a −

v∗
o/2 + v∗

x − v∗
y , v∗

4b − v∗
o/2+v∗

x − v∗
y , v∗

4c − v∗
o/2+v∗

x − v∗
y}.

Introducing the parameters μx, μy , and μz (0 ≤ μ ≤ 1), for
instance, voltage v∗

x can be chosen equal to

v∗
x = μxv∗

xmax + (1 − μx) v∗
xmin . (72)

The sequence for calculation of the reference pole voltages
from v∗

1 , v∗
3 , v∗

o , v∗
2ab , v∗

2bc , v∗
4ab , and v∗

4bc is resumed in the
following algorithm:
Step 1: 1) Determine v∗

xmax and v∗
xmin from (64) and (65);

2) choose μx ; 3) determine v∗
x from (72).

Step 2: 1) Determine v∗
ymax and v∗

ymin from (67) and (68);
2) choose μy ; 3) determine v∗

y from an equation similar
to (72).

Step 3: 1) Determine v∗
zmax and v∗

zmin from (70) and (71);
2) choose μz ; 3) determine v∗

z from an equation like
(72).

Step 4: 1) Determine the reference pole voltages from (47) to
(56).

Once the reference pole voltages have previously developed,
the gating signals can be obtained by a comparison of the pole
voltages with a high-frequency triangular carrier signal, as in
[19]–[22]. In this paper, gating signals were obtained comparing
pole voltages with a single or double-carrier-based pulse width
modulation (PWM).

The parameters μx, μy , and μz change the place of the volt-
age pulses related to v1 , v3 , vab , vbc , and vca . As an example,
when μx = 0 or μx = 1 is selected, the pulses are placed at
the beginning or at the end of the half period of the triangu-
lar carrier signal (Ts). On the other hand, when μx = 0.5, the
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(a) (b) (c)

Fig. 8. Modulation signals at the machine side: (a) μz = 0, (b) μz = 0.5, and (c) μz = 1.

Fig. 9. Control block diagram.

(a)

(b)

Fig. 10. (a) Weighted total harmonic distortion (WTHD) of rectifier voltage
for the proposed and conventional configurations as a function of μ. (b) WTHD
of the inverter voltage for the proposed and conventional configurations as a
function of μ.

pulses are centered on the half period of the carrier signal. The
change of the position of the voltage pulses leads also to change
in the distribution of the zero instantaneous voltages similar to
the distribution of the zero-voltage vector in the three-phase in-
verter [16], [19]. Consequently, μx, μy , and μz influence the
harmonic distortion of the voltages generated by the converter,
as well as its switching losses.

While Fig. 7 shows the modulation signals v∗
1 , v∗

1a01 2
, and

v∗
x at the grid side considering μx, μy , and μz equal to 0, 0.5,

and 1, Fig. 8 shows the voltages v∗
ab , v∗

2a01 2
, v∗

4a01 2
, and v∗

z at
the machine side with the same sequence of μx, μy , and μz .
Notice that at both cases, μ = 0.5 guarantees sinusoidal carrier-
based PWM with v∗

x , v∗
y , and v∗

z equal to zero, as shown in
Figs. 7(b) and 8(b). On the other hand, when μ = 0 or μ =
1 leads a nonsinusoidal reference pole voltages, however, the
resultant voltage v∗

1 and v∗
ab are sinusoidal as shown in Figs. 7(a),

7(c), 8(a), and 8(c). Additionally, with μ = 0 or μ = 1, the
distribution of zero instantaneous voltages are placed at the
beginning or at the end of the switching period, respectively.
The leading feature of PWM strategy with μ = 0 or μ = 1 is
a reduction of the switching frequency. For the single-phase
converter, there is no switching for a range of 180◦ while for the
three-phase converter there is no switching for a range of 30◦,
reducing switching losses.

IV. CONTROL STRATEGY

A. Control Block Diagram

The proposed converter has the same objectives as in the
conventional converter, as observed in Fig. 1(b), i.e., 1) dc-link
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

Fig. 11. Simulation results: (a) voltage and current of the grid, (b) input current of the converter 1, (c) input current of the converter 2, (d) circulating current,
(e) dc-link voltage in C12 , (f) dc-link voltage in C34 , (g) load currents, and (h) load voltages.

voltage control, 2) power factor correction, and 3) three-phase
voltage generation at the output-converter side. Additionally,
the converter control of the proposed system needs to control
the circulating current.

Fig. 9 presents the control block diagram for the proposed
system. The capacitor dc-link voltages vC1 2 and vC3 4 are ad-
justed to their reference values v∗

C1 2
and v∗

C3 4
using controllers

RC1 2 and RC3 4 (conventional PI-type controllers), respectively.
Those controllers provide the amplitude of reference currents
i∗1a and i∗3a . To control power factor and harmonic content
at the input-converter side, the instantaneous reference cur-
rents i∗1a and i∗3a are synchronized with the grid voltage, as
given in [23]. The blocks G − ig1 and G − ig3 have two func-
tions, i.e., synchronization with the grid (through a phase-
locked loop scheme) and generation of the sinusoidal refer-
ence currents. The control of the rectifier currents are imple-
mented by using the controllers indicated by blocks R1 and
R3 . Those current controllers can be implemented by using
linear or nonlinear techniques [24]–[26]. In this paper, we have
used double sequence synchronous controllers [27], as discussed
next.

The current controllers define the input reference voltages
v∗

1 and v∗
3 , which has been used in the PWM strategy. The

homopolar current io is controlled by using the controller Ro ,
that determines voltage v∗

o . Inverter voltages are defined by the
induction machine control, with the zero homopolar voltage.

B. Double Sequence Synchronous Controller

When the current is sinusoidal, a standard PI stationary con-
troller does not guarantee zero sinusoidal steady-state error. A
double sequence synchronous controller for ac variables were
used to overcome such difficulty. The simplified controller has
the following continuous-time control law:

dxa

dt
= xb + 2kiξsm (73)

dxb

dt
= −ω2

e xa (74)

v∗
m = xa + kpξm . (75)

In these equations, ξm = i∗ma − ima is the current error (m = 1
or m = 3) for the rectifier current, respectively; xa and xb are
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state-variables of the controller; v∗
m is the reference voltages; ωe

is the current reference frequency; and kp and ki are the gains of
the controller. This controller gives zero error in the frequency
ωe .

The discrete-time version of controller is given by

xa (k) = cos (ωeh) xa (k − 1) (76)

+
1
ωe

sin (ωeh)xb (k − 1)

+ 2ki
1
ωe

sin (ωeh) ξm (k − 1)

xb (k) = −ωe sin (ωeh) xa (k − 1) (77)

+ cos (ωeh) xb (k − 1)

+ 2ki [cos (ωeh) − 1] ξm (k − 1)

v∗
m (k) = xa (k) + kpξm (k) (78)

where h is the sampling period. Equations (73)–(78) were pre-
sented in [28].

When the load is balanced and a controller is employed to con-
trol the load current, the use of a single synchronous reference
frame has been proven to be the best choice [28]. However, the
use of a single reference frame is not the best choice when there
is unbalancing in the system. The controller structure used in this
paper is based on the utilization of two different synchronous
controllers: the positive-sequence synchronous controller (ro-
tating at ωe ) and the negative-sequence synchronous controller
(rotating at −ωe ). Both controllers operate simultaneously and
their outputs are added.

V. HARMONIC DISTORTION

The WTHD has been computed by using

WTHD(p) =
100
a1

√√√√
p∑

i=2

(ai

i

)2
(79)

where a1 is the amplitude of the fundamental voltage, ai is the
amplitude of ith, harmonic and p is the number of harmonics
taken into consideration.

Fig. 10(a) shows the WTHD of the voltage generated by
rectifier [ v1 +v3

2 for proposed configuration and vg = vg10 −
vg20 for conventional configuration [see Fig. 3(b)] as a function
of μ. The voltage generated by the rectifier is responsible to
control ig , which means that, this voltage is used to regulate the
harmonic distortion of the utility grid.

Notice that, with both single- and double-carrier based PWM
strategies, the WTHD of the input voltage is always lower than
that in the conventional one, and for a particular case in which
μ = 0.5, the WTHD is the same for both methods (single and
double carrier), but for the other values of μ the WTHD of the
proposed converter with double-carrier strategy is lower than
that with a single carrier.

On the other hand, the WTHD of the output voltage shows
that [see Fig. 10(b)] the single-carrier-based PWM is the best
option of implementation in the output-converter side.

Fig. 12. Simulated results: (a) single-carrier-based PWM with μ = 0.5 and
(b) double-carrier-based PWM with μ = 0.

VI. SIMULATION RESULTS

The simulation results were obtained with the grid- and
machine-phase voltages equal to 127 Vrms , dc-link voltage of
225 V, capacitance of 2200 μF, and input inductor filters with re-
sistance and inductance given respectively by 0.1Ω and 2.6 mH.
The load power was of 5 kVA.

Fig. 11 shows selected simulation results for the proposed
system. Such results were collected using double-carrier-based
PWM with μ = 0 [the best case for WTHD—see Fig. 10(a)]
for the input converters (converters 1 and 3), while a single-
carrier-based PWM with μ = 0.5 [the best case for WTHD—
see Fig. 10(b)] is employed for the output converters (converters
2 and 4). Fig. 11 highlights the main control objectives handled
by the proposed single-phase to three-phase power converter.
Fig. 11(a) shows the ability of the proposed converter to control
the grid current with a sinusoidal waveform and power factor
close to one. While Fig. 11(b) and (c) demonstrate that the input-
rectifier currents (i1a and i3a ) are in fact half of the grid current
due to the parallel connection at the grid side, Fig. 11(d) shows
the control of the circulating current. Both dc-link voltages are
under control, as observed in Fig. 11(e) and (f). As expected,



868 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 30, NO. 2, FEBRUARY 2015

Fig. 13. Simulation results with current transient: (a) grid current (ig ), (b) circulating current (io ), (c) machine currents, (d) current components isd and isq ,
(e) output voltages without LPF, (f) dc-link voltage (vC 12 ), (g) dc-link voltage (vC 34 ), and (h) input voltage.

there is a pulsating power at the dc-link capacitors due to the
type of power from the single-phase grid. Since the three-phase
power demanded by the three-phase machine is constant, the os-
cillating power from the grid appears at the capacitors. Fig. 11(g)
and (h) show the currents and voltages of the machine. Notice
that the load voltages were filtered with a low-pass filter (LPF)
to prove the converter’s capability to generate 127 Vrms .

Fig. 12 presents another set of simulated results to demon-
strate the effect of the PWM strategies at the input side of the
converter variables. In this case, the parameters of the three-
phase machine were rs = 3Ω, ls = 14.0 mH, rr = 3 Ω, lr =
14.9 mH, lm = 59.9 mH, and two poles. The dc-link capaci-
tors are given by 4400 μF. This is indeed the parameters of
the three-phase machine employed on the experimental results.
Fig. 12(a) and (b) shows the rectifier currents ig , i1a , and i3a

with a zoom to emphasize the use of either a single- or double-
carrier PWM. Notice that the double-carrier-based PWM with
μ = 0 is equivalent to the interleaved approach, which allows
ripple reduction.

Fig. 13 shows simulation results with a step transient on the
isq component from 2A to 3A, the component isd was kept
constant. Since there is a step transient at the load side with the
increase of the current, more energy will be delivered by the
energy source, as observed in Fig. 13(a). The variables under
control, such as circulating current [see Fig. 13(b)] and dc-
link voltages [see Fig. 13(c) and 13(d)], keep following their
references even with the hard transient presented in Fig. 13(c)
and (d). It is worth mentioning that oscillation of the dc-link
capacitor voltages are reduced as compared to Fig. 11(f) and
(g) due to the higher value of capacitance. Fig. 13(e) and (h),

Fig. 14. Photo of the experimental setup.

in turn, show the output and input voltages generated by the
converters without the LPF.

VII. EXPERIMENTAL RESULTS

The system in Fig. 5 has been implemented in the labo-
ratory. The setup for the experimental tests is based on IG-
BTs from SEMIKRON controlled by a digital signal processor
TMS320F28335 with a microcomputer equipped with appro-
priate plug-in boards and sensors. Fig. 14 shows a photo of the
experimental setup. The machine used in the experimental setup
has same parameter of the machine used in simulation results.
The dc-link capacitors (C), switching frequency (f ), and input
inductors (Lg ) are given by C = 4400 μF, f = 10 kHz, and
Lg = 6 mH, respectively, the grid, machine, and dc-link volt-
ages are equal to 35 Vrms, 110 Vrms, and 195 V, respectively
and the frequency machine was 30 Hz.
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(a)

(b)

(c)

(d)

Fig. 15. Experimental results of the proposed configuration. (a) Voltage and
current of the grid (top), and circulating current (bottom). (b) Input currents in
converters 1 and 3 (i1a and i3a ). (c) DC-link voltage of each capacitor. (d) Load
voltages and currents of the motor.

The system shown in Fig. 5 has been implemented in the
laboratory. Steady-state experimental results for the proposed
configuration are shown in Fig. 15. The waveforms in this figure
are: 1) (top) grid voltage (eg ) and grid current (ig ) and (bottom)
circulating current (io ), 2) input currents of the converters 1 and
3 (i1a and i3a ), 3) dc-link voltage of each capacitor bank, and
4) (top) voltages and (bottom) currents of the three-phase motor
with open-end motor winding connection.

Fig. 16 shows experimental results for the proposed config-
uration highlighting the interleaved operation. Fig. 16(a), (b),
and (c) depict respectively, grid and rectifiers currents, zoom of
the point 1, and zoom of the point 2.

Fig. 16. Experimental results of the rectifier waveforms.

VIII. CONCLUSION

In this paper was proposed a single-phase to three-phase
power conversion system with parallel rectifier and series in-
verter to cope with single-phase to three-phase asymmetry. Such
converter guarantees both reduction in the input current pro-
cessed by the rectifier circuit (due to the parallel connection)
and reduction of the output voltage processed by each inverter
(due to the series connection). In spite of proposing a topology
with features not yet observed in the technical literature, this
paper presented a comprehensive model of the proposed con-
verter, modulation strategy, and a general comparison with the
conventional configuration. Experimental results are used for
the validation purpose.
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