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Abstract—This paper presents two single-phase to three-phase
conversion systems for a three-phase load application. The load is
connected to a single-phase grid through an ac–dc–ac single-phase
to three-phase converter. The single-phase rectifier is composed
of two parallel single-phase half-bridge rectifiers. The first pro-
posed topology is composed of a full-bridge three-phase inverter,
i.e., three-leg inverter, while the other topology is composed of a
two-leg inverter. Suitable modeling, including the circulation cur-
rent, and control strategy are presented. A pulsewidth modulation
(PWM) technique using a single or double carriers PWM imple-
mentation is presented. Proposed topologies permit to improve the
harmonic distortion. In addition, the P5L converter can reduce
the converter power losses. Finally, simulation and experimental
results are presented for validation purposes.

I. INTRODUCTION

BRAZIL is a country with continental dimensions and in
some regions (rural areas or remote locations) the power

distribution system is typically a single-phase type. The cost to
change from a single-phase to a three-phase power system is
often high due to the high cost associated with a three-phase
extension [1]. In rural or remote areas, the use of three-phase
induction machines is preferred instead of single-phase induc-
tion machines due to its advantages such as low cost, lower
volume, redundancy, etc. [1]–[3]. However, even if a three-
phase voltage source is available, a power converter is needed
to allow speed or torque control of the induction motor drive.
But, if only a single-phase utility is available, a single-phase
to three-phase (1ph-to-3ph) converter is indispensable to feed
a three-phase motor. Furthermore, nowadays some rural loads,
e.g., electronic power converters, computers, communications
equipment, etc., demand high power quality with sinusoidal
balanced three-phase voltages [4], [5].
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Fig. 1. Conventional 1ph-to-3ph converter systems. (a) Five-leg (5L) con-
verter. (b) Four-leg (4L) converter. (c) Three-leg (3L) converter.

The 1ph-to-3ph power converter based on a full-bridge diode
rectifier is a standard solution [1]. However, this solution pro-
vides high harmonic distortion and a low power factor. To solve
this problem, a controlled rectifier in place of the diode rec-
tifier is required. Such an alternative solution can provide low
harmonic distortion and a high power factor to the grid. The 1ph-
to-3ph converter based on a controlled rectifier is composed of
five legs (ten controlled power devices), as shown in Fig. 1(a).
It is denominated conventional 5L converter.

In order to reduce the cost and power losses in the power
converter, different configurations of 1ph-to-3ph converter with



ROCHA et al.: SINGLE-PHASE TO THREE-PHASE CONVERTERS WITH TWO PARALLEL SINGLE-PHASE RECTIFIERS AND REDUCED SWITCH 3705

a reduced number of power devices have been proposed in the
literature [1], [6]–[14].

Within that range of possibility, we can highlight the con-
figurations with four legs (composed of a full-bridge rectifier
and a three-leg inverter with a shared leg), denominated here
conventional 4L converter [see Fig. 1(b)], and the configura-
tion using three legs (composed of a half-bridge rectifier and
two-leg inverter), denominated here conventional 3L converter
[see Fig. 1(c)]. The 4L converter is proposed in [9]. The 4L
converter uses less switches than the full-bridge 5L converter,
but its dc-link voltage rating is equal to the 3L converter. For
the 4L converter, using constant frequency output voltage and
suitable control strategy, the dc-link voltage rating is the same
as the conventional 5L counterpart [9]. The conventional 3L
power converter uses only six power switches instead of ten of
the conventional full-bridge 5L power converter. However, it
increases the harmonic distortion of input current and twice of
the dc-link voltage is required [8], [10], [12].

With the reduction of the cost of the power switches, new
topologies using a larger amount of power switches have been
proposed [15]–[21]. Parallel converters are a promising solu-
tion for 1ph-to-3ph conversion systems, due to the reduction
of irregular distribution of power losses among the switches of
both rectifier and inverter, with the reduction of the current pro-
cessed by rectifier switches [22]. Additionally, the interleaved
technique can still be employed to improve the harmonic distor-
tion, reliability, and efficiency of parallel converters [16]–[19].

In [19], a 1ph-to-3ph converter system, with a parallel full-
bridge rectifier circuit, is considered to reduce the current pro-
cessed by rectifier switches. This configuration improves the
harmonic distortion and efficiency at the rectifier side, however,
it is composed of seven legs (a total of 14 power switches)
denominated 7L configuration, as shown in Fig. 2(a). An inter-
mediate alternative between the configuration presented in [19]
and the configuration 4L is proposed in [20]. This configuration
is composed of two parallel full-bridge rectifiers with a shared
leg between the inverter and rectifier circuits, it uses a total of
ten power switches, known as the 5La converter, as shown in
Fig. 2(b).

In general, the ac–dc–ac converter are designed by connection
between known rectifier and inverter circuits, with exception of
ac–dc–ac converters using a shared leg. This paper addresses two
topologies of power converter to 1ph-to-3th conversion system.
The rectifier side uses two parallel legs (each leg represents
a half-bridge rectifier), as shown in Fig. 3. The first topology
presents five legs, i.e., P5L converter [see Fig. 3(a)] and the sec-
ond one uses four legs, i.e., P4L converter [see Fig. 3(b)]. The
topology P5L was proposed in [23]. In fact, the proposed topolo-
gies are obtained by the addition of two parallel half-bridge rec-
tifier with two known inverter circuits. However, these topolo-
gies can improve the overall performance of ac–dc–ac converter,
such as the harmonic distortion and efficiency, when compared
to topologies with a close number of switches (conventional
5L and 3L converter). These topologies improve the division of
power flow between the inverter and rectifier switches, which
can reduce the power losses at the rectifier circuits. They are also
more economically attractive, with lower cost, because they use

Fig. 2. Parallel 1ph-to-3ph converter. (a) With parallel full-bridge rectifiers
(seven legs denominated as 7L). (b) Parallel rectifier with a shared leg (five leg
denominated as 5La).

a smaller amount of power devices in comparison with the 7L
converter. Suitable modeling, control strategy, and circulation
current control are presented for the validation purposes.

Among topologies addressed in this paper, the P5L topology
presents the best performance, because it can reduce: 1) power
losses in switches, due to a reduction of the current in rectifier
circuit and 2) the harmonic distortion on the utility grid, when the
interleaved technique is applied. The P4L topology reduces the
harmonic distortion compared by the 3L converter and provides
the same harmonic distortion of the conventional 5L counterpart
in the single-phase grid, when the interleaved technique is also
adopted. The output three-phase ac voltages of the proposed
systems can be variable, to supply a motor with variable voltages
for achieving its speed and torque control, or with constant
amplitude and frequency, to supply constant three-phase load
type.

This paper is organized as follows. In Section II, the system
model is presented. The control system and pulsewidth mod-
ulation (PWM) strategy are discussed in Sections III and IV,
respectively. In Sections V–VII, the main figures of merit used
in the comparison of the topologies discussed in this paper are
analyzed, i.e., 1) dc-link voltage rating, 2) rectifier harmonic
distortion, and 3) converter power losses, respectively. The
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Fig. 3. Proposed 1ph-to-3ph converter using a half-bridge rectifier circuit. (a) Parallel five-leg (P5L) converter. (b) Parallel four-leg (P4L) converter.

simulation and experimental results are presented in Sections
VIII and IX, respectively. Finally, in Section X, the conclusion
is drawn.

II. SYSTEM MODEL

The P5L configuration presented in Fig. 3(a) is composed
of two single-phase half-bridge rectifiers (rectifiers A and B),
a dc-link, a three-phase inverter and a three-phase motor or a
three-phase load. On the other hand, the P4L configuration [see
Fig. 3(b)] is composed of a two-leg inverter instead three-leg
inverter of the P5L converter.

A. Rectifier Model

From Fig. 3, the following model is derived:

eg = rg1ig1 + lg1
dig1

dt
+ vg10 (1)

eg = rg1ig2 + lg1
dig2

dt
+ vg20 (2)

ig = ig1 + ig2 (3)

where rg1 represents the resistance of the inductor filter Lg1 , lg1
represents the inductance of the inductor filter Lg1 , vg10 , and
vg20 are the pole voltages of the rectifiers A and B, respectively,
ig is the grid current and ig1 and ig2 are the input currents of the
rectifiers A and B, respectively.

The previous model can also be expressed by using the cir-
culating current io introduced by

ig1 =
ig
2

+ io (4)

ig2 =
ig
2
− io . (5)

From (1) to (5), the complete system model is given by

eg =
(rg1

2

)
ig +

(
lg1

2

)
dig
dt

+ vg (6)

vo = rg1io + lg1
dio
dt

(7)

with

io =
ig1 − ig2

2
(8)

vg =
vg10 + vg20

2
(9)

vo =
−vg10 + vg20

2
. (10)

From (6) to (10), it is clear that the grid and circulating cur-
rents depend on the voltages vg and vo , respectively. Then, the
rectifier pole voltages can be calculated from desired voltages
(vg and vo ) to control these currents. Considering circulating
current null and the equivalent inductor Lg = Lg1/2 equal to
that of the conventional converter, the front-end model of the



ROCHA et al.: SINGLE-PHASE TO THREE-PHASE CONVERTERS WITH TWO PARALLEL SINGLE-PHASE RECTIFIERS AND REDUCED SWITCH 3707

Fig. 4. Control block diagram used for configurations P5L and P4L.

configurations presented in Fig. 3 is identical to that of the con-
ventional 5L converter.

B. Inverter Model

The inverter model for the P5L configuration is given by

vs1 = vs10 − vn0 (11)

vs2 = vs20 − vn0 (12)

vs3 = vs30 − vn0 (13)

where vs10 , vs20 , and vs30 are the pole voltages of the inverter,
vs1 , vs2 , and vs3 are the voltages of the three-phase load, and
vn0 is the voltage between the point n and the dc-link midpoint
0.

While the model of inverter of the P4L configuration is given
by

vs13 = vs10 (14)

vs23 = vs20 (15)

where vs13 and vs23 are line voltages of the three-phase load.

III. CONTROL STRATEGY

The control system of the proposed converters has the same
objectives of the conventional one, i.e., dc-link voltage and
power factor control from rectifier circuit and load voltage con-
trol from inverter circuit. Additionally, the proposed control
system needs to regulate the circulating current between the
parallel half-bridge rectifiers. Fig. 4 shows the control block
diagram of the P5L and P4L converters proposed in this pa-
per. The capacitor dc-link voltage Ed (Ed1 + Ed2) is adjusted
to its reference value E∗

d utilizing a proportional integral (PI)
type controller. This controller provides the amplitude of the
reference grid current I∗g . To control power factor and harmon-
ics at the grid side, the instantaneous reference grid current i∗gx

must be synchronized with the grid voltage eg based on phase
locked loop scheme [24]. Control of the grid current is imple-
mented using a synchronous controller (a resonant controller
type) described in [25]. The block Rg represents this controller.
It defines the reference grid voltage v∗

g .
The circulating current (io ) is obtained by block Gpio from the

measured rectifiers currents ig1 and ig2 . This block is based on
(8). The circulating current is compared to its reference (i∗o = 0).
The error is the input of a synchronous controller (Ro ), and gives
in its output the voltage v∗

o .
Due to different dead-time switches, nonsinusoidal grid volt-

age or different capacitance, the voltage balance between the
split capacitors obtained naturally may not be satisfactory. Some
works have proposed solutions to voltage balance between the
split capacitors of the half-bridge rectifier [26]–[29]. One way
to minimize the voltage imbalance between split capacitors is to
add a current balance value i∗bal in the reference grid current. The
difference in voltage between the split capacitors (Ed1 − Ed2) is
input of the conventional PI controller. This controller provides
the reference current balance value (i∗bal). The reference grid
current is achieved by adding i∗gx with i∗bal (i∗g = i∗gx + i∗bal), as
discussed in [27]. The voltage balance between the split capaci-
tors is carried out, but it is necessary to apply a small distortion
in the reference grid current.

When a three-phase motor is used, control can be performed
by the field-oriented control (FOC) technique as shown in [30]
or volt/hertz control.

IV. PWM STRATEGY

The PWM methods can be based on classic sinusoidal mod-
ulation, scalar as well as on vector modulation approach [31],
[32]. In sinusoidal modulation, the gating signals are obtained
by comparing reference pole voltages with a triangular carrier
signal. In this paper, the PWM strategy for the rectifiers A and
B will be based on sinusoidal modulation. The gating signals
are obtained by comparing reference pole voltages with one or
two high-frequency triangular carrier signals [31], i.e., a single
or double carriers PWM implementation. In the case of double-
carrier approach (interleaved technique), the phase shift of the
two triangular carrier signals is 180◦. The reference pole volt-
ages of the rectifiers are obtained as follows.

Considering that v∗
g and v∗

o are the reference voltages deter-
mined by the current controllers (see Section III), from (9) and
(10), we found

v∗
g =

v∗
g10 + v∗

g20

2
(16)

v∗
o =

−v∗
g10 + v∗

g20

2
. (17)

Writing (16) and (17) in matrix form

[
v∗

g

v∗
o

]
=

1
2

[
1 1

−1 1

][
v∗

g10

v∗
g20

]
. (18)
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TABLE I
DC-LINK VOLTAGE LIMITS

Configurations Input Limit Output Limit

5L Ed ≥ Vg Ed ≥
√

3Vs

3L Ed ≥ 2Vg Ed ≥ 2
√

3Vs

P5L Ed ≥ 2Vg Ed ≥
√

3Vs

P4L Ed ≥ 2Vg Ed ≥ 2
√

3Vs

The gating signals are directly calculated from the reference
pole voltages (v∗

g10 and v∗
g20), solving (18), we obtain

v∗
g10 = v∗

g − v∗
o (19)

v∗
g20 = v∗

g + v∗
o . (20)

Suitable modulation is obtained when −E∗
d/2 ≤ v∗

g10 ≤
E∗

d/2 and −E∗
d/2 ≤ v∗

g20 ≤ E∗
d/2. Where E∗

d is the reference
dc-link voltage with E∗

d = E∗
d1 + E∗

d2 .
The three-phase inverter (P5L configuration) can be com-

manded by using an adequate PWM strategy for the three-phase
voltage source inverter [32]. While for the two-leg inverter (P4L
converter), the PWM can be obtained with a similar technique
presented in [29] and [33].

V. DC-LINK CAPACITOR

A. DC-Link Capacitor Voltage

Considering that all the voltages are purely sinusoidal, the
voltage limit conditions of each configuration is shown in the
Table I. Where Vg represents the amplitude of rectifier voltage,
whereas Vs denotes the amplitude of the load phase voltage.

If the input voltage is equal to output voltage (i.e., Vg =
Vs), the conventional 5L converter has the best dc-link voltage
rating. The proposed P5L converter has the dc-link voltage 15%
bigger than the conventional 5L one. While conventional 3L
and proposed P4L converters require twice the dc-link voltage
of the conventional 5L one.

On the other hand, when the output voltage is double the
input voltage (i.e., Vs = 2Vg ), the proposed P5L converter can
operate with the same dc-link voltage of the conventional 5L
converter.

B. DC-Link Capacitor Current

From Fig. 3(a), the dc-link capacitor current for the P5L
converter can be given by

ic1 =
2∑

k=1

τgk

Ts
igk −

3∑
j=1

τsj

Ts
isj (21)

ic2 = −
2∑

k=1

(
1 − τgk

Ts

)
igk +

3∑
j=1

(
1 − τsj

Ts

)
isj (22)

where τgk and τsj are the time intervals in which switches qgk

and qsj are closed (with k = 1, 2 and j = 1, 2, 3), respectively,
and Ts is the sampling time. Assuming that the reference pole

voltages are constant over Ts , the time intervals τgk and τsj

can be written as a function of the reference pole voltages. For
instance, τgk is given by

τgk =
(

v∗
gk0

E∗
d

+
1
2

)
Ts. (23)

Thus, from (21)–(23), the dc-link capacitor current is given
by

ic1 =
ig
2

+
2∑

k=1

v∗
gk0

E∗
d

igk −
3∑

j=1

v∗
sj0

E∗
d

isj (24)

ic2 = − ig
2

+
2∑

k=1

v∗
gk0

E∗
d

igk −
3∑

j=1

v∗
sj0

E∗
d

isj . (25)

If the reference pole voltages are defined by (19) and (20) and
the rectifier currents by (4) and (5), then the capacitor currents
ic1 and ic2 can be written as follows:

ic1 =
ig
2

+
v∗

g

E∗
d

ig − 2v∗
o

E∗
d

io −
3∑

j=1

v∗
sj

E∗
d

isj (26)

ic2 = − ig
2

+
v∗

g

E∗
d

ig − 2v∗
o

E∗
d

io −
3∑

j=1

v∗
sj

E∗
d

isj . (27)

The first component of the capacitor currents, for the P5L
converter, is due to the grid connection at the midpoint of the
dc-link, the second component is due to the single-phase voltage
source, with twice of the grid frequency. The third component
is a consequence of the circulating current. Although there is no
low-frequency circulating current (eliminated by the controller),
it may exist with high-frequency circulating current due to the
interleaving technique. The last term is due to the three-phase
inverter.

A similar analysis may be obtained with the P4L converter,
but in this case, there is a load current component (is3) due to
the load connection at the midpoint dc-link, as shown in the
following equations:

ic1 =
ig
2

+
is3

2
+

v∗
g

E∗
d

ig − 2v∗
o

E∗
d

io −
2∑

j=1

v∗
sj0

E∗
d

isj (28)

ic2 = − ig
2
− is3

2
+

v∗
g

E∗
d

ig − 2v∗
o

E∗
d

io −
2∑

j=1

v∗
sj0

E∗
d

isj . (29)

Fig. 5 shows the harmonic spectrum of capacitor currents.
These results have been obtained with the parameters shown
in Table III, with load line voltage equal to 220 V/60 Hz, load
power equal to 1.5 kVA and the power factor equal to 0.8 lag-
ging. The P5L, P4L, and 3L converters have a low-frequency
component at 60 Hz (grid/load), because the midpoint of dc-link
voltage is shared with the grid and/or three-phase load. If the
electrical machine is operating with variable speed, P4L and
3L converters will have a harmonic component in machine fre-
quency (not shown in figure because both grid and three-phase
load frequencies are equal to 60 Hz).
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Fig. 5. Simulation results—Spectrum of the dc-link capacitor current. (a) 5L converter. (b) 3L converter. (c) P5L converter with single-carrier PWM (P5L1). (d)
P5L converter with double-carrier PWM (P5L2). (e) P4L converter with single-carrier PWM (P4L1). (f) P4L converter with double-carrier PWM (P4L2).

TABLE II
PARAMETER OF WTHD ANALYSIS

Voltage Rating 127V(RMS) Power Rating 1.5 kVA
Grid Voltage 1.0 pu Load Voltage 1.0 pu
Power Factor 0.8 (lagging) Load Current 1.0 pu
rg 0.01pu xg 0.1pu

Another common feature among the studied configurations
is a component in frequency of 120 Hz due to a single-phase
power supply. Moreover, the proposed configurations have a
reduction at high-frequency components in capacitor currents,
especially when double-carrier PWM is applied. For instance,
the RMS capacitor current of the P5L converter (with interleaved
technique) decreases by 33% compared to the conventional 5L
converter.

VI. HARMONIC DISTORTION

In this paper, the weighted total harmonic distortion factor
(WTHD) has been used to evaluate the distortion of the converter
voltage, because it is superior to the total harmonic distortion
factor to measure the quality of a nonsinusoidal waveform [34].
The WTHD is defined by

WTHD =

√∑Nh

h=2

(
Vh

h

)2

V1
(30)

where V1 is the amplitude of the fundamental voltage compo-
nent, Vh is the amplitude of hth component voltage harmonic,
and Nh is the number of harmonics taken into consideration.

The WTHD value has been obtained from digital simula-
tion. The simulation was developed for the mathematical model
and the PWM strategy described in Sections II and IV, respec-
tively. The simulation tool used was MATLAB. The simulation
model was obtained from the parameter presented in Table II
with v∗

o equal to zero.

Fig. 6. Simulation results—WTHD of the rectifier voltage for different switch-
ing frequencies. (a) 4 kHz. (b) 6 kHz. (c) 8 kHz. (d) 10 kHz.

Fig. 6 shows the WTHD of the rectifier voltages for the pro-
posed P5L [with single-carrier (P5L1) and double-carrier PWM
(P5L2)], proposed P4L [with single-carrier (P4L1) and double-
carrier PWM (P4L2)], and conventional 5L and conventional 3L
configurations for different switching frequencies (fsw). In this
analysis, the equivalent inductor Lg = Lg1/2 is equal to that
of conventional converters, Vg = Vs and the dc-link voltage is
obtained from the Table I.

From Fig. 6, it is possible to make the following conclusions:
1) the WTHD of the proposed P4L converter with single-

carrier PWM (P4L1) is always equal to the WTHD of the
conventional 3L one;

2) the highest values of WTHD are obtained with P4L1 and
3L configurations;

3) the best values of WTHD are obtained with the proposed
P5L converter with double-carrier PWM (P5L2);

4) the WTHD of the proposed P4L converter with double-
carrier PWM (P4L2) is equal to the WTHD of the con-
ventional 5L one;
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Fig. 7. Highlighting the PWM strategy implementation. (a) Conventional converters. (b) P5L converter. (c) P4L Converter.

5) the WTHD value of the P5L2 is always smaller than the
WTHD of the conventional 5L converter;

6) additionally, when fsw > 4kHz the WTHD of the pro-
posed P5L2 converter is smaller than the WTHD conven-
tional 5L one with fsw =10 kHz.

In fact, when we use the interleaved technique (double-carrier
PWM), the P5L and P4L configurations provide a reduction in
harmonic distortion of the voltage vg , consequently, in the grid
current [see equation (6)]. As shown in [31], this technique
does not affect the amplitude of harmonic components, but can
change the phase of the harmonic component between parallel
converters at the same frequency. Toward a better understanding
of the WTHD analyses, Fig. 7 shows the detail of modulation
of all topologies addressed in this paper. In this figure, the trian-
gular carriers PWM (vt1 and vt2), the pole voltages (v∗

g10 , v∗
g20 ,

vg10 , and vg20), and rectifier voltage (vg ) during a switching
period Tsw is highlighted.

All the signals are normalized by the dc-link voltage of the
conventional 5L converter. For instance, for the P5L converter,
the amplitude of the triangular signal is between−0.58 and 0.58,
because the dc-link voltage is 15% greater that the 5L converter,
while for 3L or P4L converters, the amplitude is between −1.0

and 1.0, because the dc-link voltage is the double. For both
proposed configurations, with single-carrier PWM, the pulse of
waveform voltage vg is not well distributed in half period of
switching, which increases the WTHD value. With a single-
carrier PWM, the voltages of the parallel legs (vg10 and vg20)
are the same, so there is no circulating voltage vo and there is
no cancellation of harmonic components. Furthermore, for P4L
converter, the waveform of vg is identical to the 3L converter,
thus justifying the same WTHD value.

A better distribution of generated pulses by voltage vg is
achieved when double-carrier PWM is applied. In the P5L con-
figuration, the pulse of voltage vg is centralized in half period
of switching and the amplitude of vg is smaller than that of
the conventional 5L converter. This feature ensures a reduc-
tion in WTHD value, as presented in Fig. 6. While for the
P4L converter, the waveform of vg is equal to the conventional
5L converter, this explains the same WTHD value. With double-
carrier PWM, since the waveforms of the voltages vg10 and vg20
are different, the phase angle of harmonic voltages changes, so
there is cancellation of harmonic components of voltage vg , as
well, there will be the voltage vo , which produces the circulating
current [see Fig. 7(b) and (c)].
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Fig. 8. Simulation results of semiconductor power loss estimation. (a) Con-
duction losses. (b) Switching losses. (c) Total losses. (d) Average losses in each
leg of the converter.

VII. CONVERTER LOSSES

Several studies have been performed in order to determine
the power losses in the power switches (IGBTs and MOS-
FETs) [35]–[39]. Two solutions are generally applied: 1) the
experimental measurement of power loss, with the aim of con-
structing mathematical functions from a regression model and
2) determining losses using linear IGBT and diode models. In
this paper, the losses estimation is obtained through of the re-
gression model, which has been achieved by experimental tests.
The tests were performed for different values of currents and
temperatures. All data of losses have been employed to obtain
the regression model, as presented in, [38] and [39]. Such a
regression model provides polynomial equations for the losses.

The instantaneous losses function of an IGBT dual module
CM50DY-24H manufactured by POWEREX driven by driver
SKHI-10 manufactured by SEMIKRON was determined. Then,
digital simulation provided by PSIM simulation software was
used to calculate the power losses in converters. The polyno-
mial equations were implemented using a DLL (dynamic-link
library) written in C (programming language).

Fig. 8 shows the semiconductor power losses for conventional
and proposed topologies obtained using switching frequency
equal to 10 kHz. The dc-link voltages are defined by the Table I,
with Vg = Vs . The load line voltage is equal to 220 V/60 Hz and
the load power is equal to 4.5 kVA with the power factor equal
to 0.8 lagging. Other parameters are addressed in Table III.

Figs. 8(a), (b) and (c) present the conduction, switching, and
total power losses estimation, respectively, as a percentage of
load power. In these figures, we can see that the proposed P5L
converter provides a reduction in total power losses compared
with the other configurations. However, the proposed P4L con-
figuration has the worst performance in this criterion.

As shown in [38], the regression model of conduction losses
is a function of the leg current, while the model of the

TABLE III
PARAMETER FOR POWER LOSSES ESTIMATION

Parameter Value

DC-Link Voltage (5L) 346 V
DC-Link Voltage (P5L) 399 V
DC-Link Voltage (3L) 691 V
DC-Link Voltage (P4L) 691 V
DC-Link Capacitance 1100 μF
Grid Voltage 127 V(RMS)
rg 0.1 Ω
lg 3 mH

TABLE IV
CURRENT RATINGS IN THE RECTIFIER LEG

5L 3L P5L P4L

100.0% 106.1% 49.9% 51.85%

switching losses is function of dc-link voltage and leg current
of the converter. Table IV illustrated the current rating in the
rectifier leg normalized by the current of the conventional 5L
configuration. Notice that, the current in proposed topologies
is almost half of conventional ones. Regardless of 3L and 4L
converters having a smaller number of power switches, they
need a dc-link voltage value that is twice the conventional 5L
one. Therefore, the switching losses are higher than that of the
conventional 5L converter.

Fig. 8(d) shows the average power losses in each leg of con-
verters (rectifier and inverter) normalized by the total power
losses. In fact, the reduction of the current processed by recti-
fier switches provides a mitigation in an irregular distribution
of power losses among the switches of the rectifier and inverter.
This could allow the application of the same switches in the
rectifier and inverter circuits. Furthermore, due to the nonlinear
model of the power switches, even reducing the currents in al-
most 50%, for the P4L converter, the total loss in the rectifier
circuit is greater than the 3L converter [see Fig. 8(d)], thus jus-
tifying its worst performance among the studied configurations.

VIII. SIMULATION RESULTS

In order to demonstrate the feasibility of the proposed topolo-
gies, digital simulations have been performed. The results are
obtained to the following conditions: dc-link voltage equal to
400 V (P5L converter) and 691 V (P4L converter), grid voltage
equal to 127 V, an induction machine of 2 kW (220 V/60 Hz),
and the switching frequency equal to 10 kHz. These results are
obtained with double-carrier PWM and Volt/Hertz control with
machine frequency equal to 30 Hz.

Figs. 9 and 10 show the simulation results for P5L and P4L
configurations, respectively. Notice that the grid current is si-
nusoidal with power factor close to one [see Figs. 9(a) and
10(a)], the dc-link voltage is controlled [as shown in Figs. 9(a)
and 10(a)] and the circulating current is null [see Figs. 9(c) and
10(c)]. Fig. 9(a) shows the dc-link voltage for the P5L converter.
Notice that, a low-component frequency of grid current and a
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Fig. 9. Simulation results of the P5L2 converter. (a) Top: voltage and current of the grid, bottom: dc-link voltage. (b) Top: input current of the Rectifier A,
bottom: input current of the Rectifier B. (c) Top: circulating current, bottom: load currents.

Fig. 10. Simulation results of the P4L2 converter. (a) Top: voltage and current of the grid, bottom: dc-link voltage. (b) Top: input current of the Rectifier A,
bottom: input current of the Rectifier B. (c) Top: circulating current, bottom: load currents.

second harmonic component appear in the dc-link voltage. On
the other hand, for P4L configuration [see Fig. 10(a)] in addi-
tion to the aforementioned components, there is a low-frequency
component of load current. A higher value of capacitance to the
dc link can mitigate this swinging. Furthermore, these configu-
rations provide a current reduction in the single-phase rectifiers
(half of the current of the standard topology) [see Figs. 9(b) and
10(b)], which can provide a reduction of the power losses.

IX. EXPERIMENTAL RESULTS

The proposed systems have been implemented in the labora-
tory. The steady-state operation mode has been considered in
the experimental tests. The experimental setup is based on two
sets of SEMIKRON manufacturer (each set consists of a power
converter of three branches based on IGBT SKM50GB123D
switches and a capacitor bank with access to the central point),
and a digital signal processor (DSP) TMS320F28335 with a
microcomputer equipped with appropriate plug-in boards and
sensors, as addressed in Fig. 11. The results were obtained by an

Fig. 11. Photo of experimental setup, DSP and a three-phase induction
machine.

oscilloscope Agilent DSO-X 3014A 100 MHZ. The following
parameters were used: inductor filters equal to 6 mH, dc-link
capacitance equal to 4400μF , dc-link voltage 190 V (for P5L
converter) and 240 V (for P4L converter), grid voltage 40 V,
an induction machine of 1.5 cv (220V/60 Hz), and switching
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Fig. 12. Experimental results of the P5L2 converter. (a) Voltage and current of the grid. (b) Input currents of rectifiers A and B and circulating current. (c) Dc-link
voltage and load currents. (d) Dc-link voltages.

frequency equal to 10 kHz. A Volt/Hertz machine control with
machine frequency equal to 20 Hz were used to obtain these
results.

Notice that, all control requirements have been established,
i.e., the control guarantees sinusoidal grid current with power
factor close to one [see Figs. 12(a) and 13(a)] and dc-link voltage
under control [see Figs. 12(c) and 13(c)]. The control guaran-
tees the circulating current close to zero [see Figs. 12(b) and
13(b)]. Additionally, the proposed configurations provide re-
duction currents of the rectifier circuit. In fact, the currents of
the rectifiers A and B (ig1 and ig2) are half of the current of the
conventional one. Fig. 12(d) shows the dc-link voltages of split
capacitors for the P5L converter. In this case, a low-frequency
component of the grid current and a second harmonic (due to
single-phase source) appear in both dc-link voltages (Ed1 and
Ed2), while the total dc-link voltage Ed remain almost con-
stant. Fig. 13(d) shows that a low-frequency component of load
current appears in both dc-link voltages (Ed1 and Ed2) in ad-
dition to the low-frequency component of grid current and the
120-Hz component. The performance of the proposed systems
is adequate.

Fig. 14 shows the capacitor current (ic1) in the frequency
domain for the same set of experimental results presented in
Figs. 12 and 13. These results are obtained with single- and
double-carrier PWM. Notice that, both configurations have a

low-frequency component at 60 Hz, because the midpoint of
the dc-link capacitor is shared with the grid, and have a compo-
nent at 120 Hz due to single-phase power supply. For the P4L
converter, as the machine frequency at 20 Hz, there is a har-
monic component at 20 Hz [shown in Figs. 14(c) and (d)], since
the phase 3 of the machine is also connected at the midpoint of
the dc-link capacitor. Note that, the low-frequency components
are responsible of swinging of the Dc-link capacitor voltages,
as shown in Figs. 12(d) and 13(d).

Moreover, RMS capacitor current of the P5L converter is
always smaller than that of the P4L converter. When inter-
leaved technique is applied, the high-frequency components of
the capacitor current are attenuated. The lowest value of the
RMS capacitor current is obtained with the P5L converter with
double-carrier PWM. A smaller value in the high-frequency
RMS capacitor current can increase the lifespan of the capaci-
tor [18]. Similar analysis is achieved with the capacitor current
ic2 . These outcomes are very close to the simulation results and
theoretical analysis.

X. CONCLUSION

In this paper, two drive motor systems have been presented.
These systems are composed of an ac–dc–ac single-phase to
three-phase converter. The single-phase rectifier combines two
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Fig. 13. Experimental results of the P4L2 converter. (a) Voltage and current of the grid. (b) Input currents of rectifiers A and B and circulating current. (c) Dc-link
voltage and load currents. (d) Dc-link voltages.

Fig. 14. Experimental results—the spectrum of the capacitor current waveforms (a) P5L converter with single-carrier PWM. (b) P5L converter with double-carrier
PWM. (c) P4L converter with single-carrier PWM. (d) P4L converter with double-carrier PWM.
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TABLE V
COMPARISON OF ALL CONFIGURATIONS

5L 3L P5L P4L

Number of Switch 10 6 10 8
DC-Link Rating 1 2 1.15 2
Rectifier Current Rating 1 1.06 0.5 0.52
Number of Inductor 1 1 2 2
WTHD 1 4.29 0.51 1
Power Losses 1 0.99 0.76 1.01

parallel single-phase half-bridge converters without transform-
ers. Suitable model and control strategy, including the PWM
strategy have been developed.

Table V summarizes the comparison between the conven-
tional and proposed configurations for different figures of merit.
In this table, the dc-link voltage, the WTHD and semiconductor
power losses are normalized by the conventional 5L topology.

The results for P5L and P4L configurations were obtained
with double-carrier PWM, the condition that guarantees the
lowest harmonic distortion. Among these configurations, the
P5L topology presents the best performance, because it reduces:
1) power losses, due to a reduction of the rectifier currents and 2)
the harmonic distortion on the utility grid, when the interleaved
technique is applied. Furthermore, this configuration uses only
15% more of dc-link voltage rating that the conventional 5L
converter. The other drawback of the topology P5L is the use of a
greater number of inductors compared with the conventional 5L
one. On the other hand, the P4L topology (with double-carrier
PWM implementation) reduces the harmonic distortion when
compared with the 3L converter and provides the same value of
WTHD when compared with the conventional 5L converter.

Additionally, the proposed systems permit to reduce the
switch currents of the rectifier and the irregular distribution of
power losses among the switches of the rectifier and inverter cir-
cuits. Simulation and experimental results have been presented
to illustrate the correct operation of the proposed converters.
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Brazil, in 1963. He received the Graduate degree
in electrical engineering, in 1990, the Master degree
in industrial engineering in 1997, the D.Sc. degree in
electrical Engineering in 2010, from the Federal Uni-
versity of Campina Grande, Campina Grande, Brazil.

Since 1993, he has been with the Federal Insti-
tute of Science and Technology Education of Paraiba,
João Pessoa, Brazil, where he is currently a Professor
of electrical engineering. His research interests in-
clude induction machine drives, converter, modeling

and simulation of electrical machines and converters.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


