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Abstract- This paper presents two single-phase to three-
phase conversion systems for a three-phase load applica-
tion. 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 proposed 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 modelling, including the circulation
current, and control strategy are presented. A pulse width-
modulation (PWM) technique using a single or double
carriers PWM implementation is presented. Proposed
topologies permit to improve the harmonic distortion.
In addition, it can reduce the converter power losses.
Finally, simulation and experimental results are presented
for validation purposes.

I. I NTRODUCTION

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 tofeed
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) Fivelegs (5L)
converter. (b) Four legs (4L) converter. (c) Three legs (3L)converter.
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The 1ph-to-3ph power converter based on a full-bridge
diode rectifier is a standard solution [1]. However, this solution
provides high harmonic distortion and a low power factor. To
solve this problem, a controlled rectifier in place of the diode
rectifier 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 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 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,
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
solution for 1ph-to-3ph conversion systems, due to the re-
duction of irregular distribution of power losses among the
switches of both rectifier and inverter, with the reduction of
the current processed by rectifier switches [22]. Additionally,
the interleaved technique can still be employed to improve
the harmonic distortion, 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
processed 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 fourteen power
switches) denominated 7L configuration, as shown in Fig.
2(a). An intermediate 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 5La
converter, as shown in Fig. 2(b).

In general the AC-DC-AC converter are designed by con-
nection 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
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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).

Fig. 3(a)] and the second one uses four legs, i.e., P4L converter
[see Fig. 3(b)]. The topology P5L was proposed in [23]. In
fact, the proposed topologies are obtained by the addition
of two parallel half-bridge rectifier with two known inverter
circuits. However, these topologies can improve the overall
performance of AC-DC-AC converter, such as the harmonic
distortion and efficiency, when compared to topologies witha
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 a smaller amount
of power devices in comparison with the 7L converter. Suitable
modelling, control strategy and circulation current control are
presented for validation purposes.

Among topologies addressed in this paper, the P5L topology
presents the best performance, because it can reduce: i) power
losses in switches, due to a reduction of the current in rectifier
circuit and ii) the harmonic distortion on the utility grid,
when the interleaved technique is applied. The P4L topology
reduces the harmonic distortion compared by 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
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Fig. 3. Proposed 1ph-to-3ph converter using a half-bridge rectifier circuit. (a) Parallel five legs (P5L) converter. (b)Parallel four legs (P4L) converter.

constant three-phase load type.
The paper is organized as follows. Section II, the system

model is presented. The control system and Pulse-Width
Modulation (PWM) strategy are discussed in Sections III
and IV, respectively. In Sections V, VI and VII the main
figures of merit used in the comparison of the topologies
discussed in this paper are analysed, i.e.,: 1) DC-link voltage
rating, 2) rectifier harmonic distortion, and 3) converter power
losses, respectively. The simulation and experimental results
are presented in Sections VIII and IX, respectively. Finally, in
Section X, the brings up the conclusions are made.

II. SYSTEM MODEL

The P5L configuration presented in Fig. 3(a) is composed
of two single-phase half-bridge rectifiers (rectifiers A andB),
a DC-link, a three-phase inverter and a three-phase motor or
a three-phase load. On the other hand, the P4L configuration
[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)

whererg1 represents the resistance of the inductor filterLg1,
lg1 represents the inductance of the inductor filterLg1, vg10

and vg20 are the pole voltages of the rectifiers A and B,
respectively,ig is the grid current andig1 and ig2 are the
input currents of the rectifiers A and B, respectively.

The previous model can also be expressed by using the
circulating currentio 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 voltagesvg andvo, respectively. Then, the
rectifier pole voltages can be calculated from desired voltages
(vg andvo) to control these currents. Considering circulating
current null and the equivalent inductorLg = Lg1/2 equal to
that of the conventional converter, the front-end model of the
configurations presented in Fig. 3 is identical to that of the
conventional 5L converter.
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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)

wherevs10, vs20 andvs30 are the pole voltages of the inverter,
vs1, vs2 andvs3 are the voltages of the three-phase load, and
vn0 is the voltage between the pointn and the DC-link mid-
point 0.

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

vs13 = vs10 (14)

vs23 = vs20 (15)

wherevs13 andvs23 are line voltages of the three-phase load.

III. C ONTROL 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
control from inverter circuit. Additionally, the proposedcon-
trol 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 paper. The capacitor DC-link voltageEd (Ed1 + Ed2) is
adjusted to its reference valueE∗

d utilizing a PI (Proportional
Integral) type controller. This controller provides the amplitude
of the reference grid currentI∗g . To control power factor and
harmonics at the grid side, the instantaneous reference grid
current i∗gx must be synchronized with the grid voltageeg
based on PLL (Phase Locked Loop) scheme [24]. Control of
the grid current is implemented using a synchronous controller
(a resonant controller type) described in [25]. The blockRg

represents this controller. It defines the reference grid voltage
v∗g .

The circulating current (io) is obtained by blockGpio from
the measured rectifiers currentsig1 andig2. This block is based
on equation (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 voltagev∗o .

Due to different dead-time switches, non-sinusoidal grid
voltage or different capacitance, the voltage balance between
the split capacitors obtained naturally may not be satisfactory.
Some works have proposed solutions to voltage balance be-
tween 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 valuei∗bal in the reference
grid current. The difference in voltage between the split capac-
itors (Ed1 − Ed2) is input of the conventional PI controlled.
This controller provides the reference current balance value
(i∗bal). The reference grid current is achieved by addingi∗gx
with i∗bal (i∗g = i∗gx + i∗bal), as discussed in [27]. The voltage
balance between the split capacitors is carried out, but it is
necessary to apply a small distortion in the reference grid
current.
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When a three-phase motor is used, control can be performed
by 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 is180◦. The reference
pole voltages of the rectifiers are obtained as follows.

Considering thatv∗g and v∗o are the reference voltages
determined by the current controllers (see Section III), from
equations (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)

The gating signals are directly calculated from the reference
pole voltages (v∗g10 andv∗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. WhereE∗

d is the reference
DC-link voltage withE∗

d = E∗
d1 + E∗

d2.
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The three-phase inverter (P5L configuration) can be com-
manded by using an adequate PWM strategy for three-phase
voltage source inverter (VSI) [32]. While for the two-leg
inverter (P4L converter) the PWM can be obtained with a
similar technique presented in [29], [33].

V. DC-L INK 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. WhereVg represents the amplitude of rectifier voltage,
whereasVs denotes the amplitude of the load phase voltage.

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

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)

whereτgk andτsj are the time intervals in which switchesqgk
andqsj are closed (withk = 1, 2 andj = 1, 2, 3), respectively,
andTs is the sampling time. Assuming that the reference pole
voltages are constant overTs, the time intervalsτgk 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 (23), (21) and (22) 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 equations (19)
and (20) and the rectifier currents by equations (4) and (5),
then the capacitor currentsic1 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 P5L con-
verter, 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 thereis
no low frequency circulating current (eliminated by 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 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 (28)
and (29).

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 220V/60Hz, load
power equal to 1.5kVA and the power factor equal to 0.8
lagging. The P5L, P4L and 3L converters have a low frequency
component at 60Hz (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
frequency (not shown in figure because both grid and three-
phase load frequencies are equal to 60Hz).

Another common feature among the studied configurations
is a component in frequency of 120Hz 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 by33% compared to
conventional 5L converter.
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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).
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Fig. 6. Simulation results - WTHD of the rectifier voltage for different
switching frequencies. (a) 4kHz. (b) 6kHz. (c) 8kHz. (d) 10kHz.

VI. H ARMONIC DISTORTION

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

WTHD =

√

∑Nh

h=2

(

Vh

h

)2

V1

(30)

whereV1 is the amplitude of the fundamental voltage compo-
nent,Vh is the amplitude ofhth component voltage harmonic
andNh is the number of harmonics taken into consideration.

The WTHD value has been obtained from digital simulation.
The simulation was developed for the mathematical model
and the PWM strategy described in Sections II and IV,

respectively. The simulation tool used was MatlabR©. The
simulation model was obtained from the parameter presented
in Table II with v∗o equal to zero.

TABLE II
PARAMETER OF WTHD ANALYSIS .

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

rg 0.01pu xg 0.1pu

Fig. 6 shows the WTHD of the rectifier voltages for the
proposed P5L [with single-carrier (P5L1) and double-carrier
PWM (P5L2)], proposed P4L [with single-carrier (P4L1) and
double-carrier PWM (P4L2)], conventional 5L and conven-
tional 3L configurations for different switching frequencies
(fsw). In this analysis the equivalent inductorLg = 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 is possible to make the following conclusions:
• The WTHD of the proposed P4L converter with single-

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

• The highest values of WTHD are obtained with P4L1 and
3L configurations.

• The best values of WTHD are obtained with the proposed
P5L converter with double-carrier PWM (P5L2).

• The WTHD of the proposed P4L converter with double-
carrier PWM (P4L2) is equal to the WTHD of the
conventional 5L one.

• The WTHD value of the P5L2 is always smaller than the
WTHD of the conventional 5L converter.

• Additionally, when fsw > 4kHz the WTHD of the
proposed P5L2 converter is smaller than the WTHD
conventional 5L one withfsw =10kHz.

In fact, when we use the interleaved technique (double-
carrier PWM), the P5L and P4L configurations provide a re-
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Fig. 7. Highlighting the PWM strategy implementation. (a) Conventional converters. (b) P5L converter. (c) P4L Converter.

duction in harmonic distortion of the voltagevg, consequently
in the grid current [see equation (6)]. As shown in [31], this
technique does not affect the amplitude of harmonic compo-
nents, but can change the phase of the harmonic component
between parallel converters at the same frequency. Towardsa
better understanding of the WTHD analyses, Fig. 7 shows the
detail of modulation of all topologies addressed in this paper.
In this figure, the triangular carriers PWM (vt1 and vt2), the
pole voltages (v∗g10, v∗g20, vg10 andvg20), and rectifier voltage
(vg) during a switching periodTsw is highlighted.

All the signals are normalized by the DC-link voltage of
the conventional 5L converter. For instance, for P5L converter
the amplitude of the triangular signal is between -0.58 and
0.58, because the DC-link voltage is15% greater that the 5L
converter, while for 3L or P4L converters, the amplitude is
between -1.0 to 1.0, because the DC-link voltage is the double.
For both proposed configurations, with single-carrier PWM,
the pulse of waveform voltagevg 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 voltagevo and
there is no cancellation of harmonic components. Furthermore,
for P4L converter, the waveform ofvg is identical to the 3L
converter, thus justifying the same WTHD value.

A better distribution of generated pulses by voltagevg is

achieved when double-carrier PWM is applied. In the P5L
configuration the pulse of voltagevg is centralized in half
period of switching and the amplitude ofvg is smaller than
that of the conventional 5L converter. This feature ensuresa
reduction in WTHD value, as presented in Fig. 6. While for
P4L converter, the waveform ofvg is equal to the conventional
5L converter, this explains the same WTHD value. With
double-carrier PWM, since the waveforms of the voltagesvg10
and vg20 are different, the phase angle of harmonic voltages
changes, so there is cancellation of harmonic components of
voltagevg, as well, there will be the voltagevo which produces
the circulating current [see Figs. 7(b) and 7(c)].

VII. C ONVERTERLOSSES

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: i) the
experimental measurement of power loss, with the aim of con-
structing mathematical functions from a regression model and
ii) determining losses using linear IGBT and diode models.
In this paper, the losses estimation is obtained through of the
regression 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
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obtain the regression model, as presented in [38], [39]. Such a
regression model provides polynomial equations for the losses.

The instantaneous losses function of an IGBT dual mod-
ule CM50DY-24H manufactured by POWEREX driven by
driver SKHI-10 manufactured by SEMIKRON was deter-
mined. Then, digital simulation provided by PSIMR© simu-
lation software was used to calculate the power losses in
converters. The polynomial equations were implemented using
a DLL written in C (programming language).

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

TABLE III
PARAMETER FOR POWER LOSSES ESTIMATION.

Parameter Value
DC-Link Voltage (5L) 346V

DC-Link Voltage (P5L) 399V
DC-Link Voltage (3L) 691V

DC-Link Voltage (P4L) 691V
DC-Link Capacitance 1100uF

Grid Voltage 127V(RMS)
rg 0.1Ω
lg 3mH

Figs. 8(a), 8(b) and 8(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 com-
pared with the other configurations. However, the proposed
P4L configuration 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
switching losses is function of DC-link voltage and leg current
of the converter. Table IV illustrated the current rating inthe
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 conventional 5L converter.

Fig. 8(d) shows the average power losses in each leg
of converters (rectifier and inverter) normalized by the total
power losses. In fact, the reduction of the current processed
by rectifier 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 non-linear model of the power switches, even reducing
the currents in almost 50%, for P4L converter, the total lossin
the rectifier circuit is greater than the 3L converter [see Fig.
8(d)], thus justifying its worst performance among the studied
configurations.

(a) (b)

(c) (d)

Fig. 8. Simulation results of semiconductor power loss estimation. (a)
Conduction losses. (b) Switching losses. (c) Total losses.(d) Average losses
in each leg of the converter.

TABLE IV
CURRENT RATINGS IN THE RECTIFIER LEG.

5L 3L P5L P4L
100.0% 106.1% 49.9% 51.85%

VIII. S IMULATION RESULTS

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

Figs. 9 and 10 show the simulation results for P5L and
P4L configurations, respectively. Notice that the grid current
is sinusoidal 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 P5L converter. Notice that, a low-component frequency
of grid current and a second harmonic component appear in
the DC-link voltage. On the other hand, for P4L configuration
[see Fig. 10(a)] in addition 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 configurations 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 labo-
ratory. Steady-state operation mode has been considered inthe
experimental tests. The experimental set-up is based on two
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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.
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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.

sets of SEMIKRON manufacturer (each set consists of a power
converter of three branches based on IGBTSKM50GB123D
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 oscilloscopeAgilent DSO-X 3014A 100MHZ. The
following parameters were used: inductor filters equal to
6mH, DC-link capacitance equal to4400µF , DC-link voltage
190V (for P5L converter) and 240V (for P4L converter), grid
voltage 40V, an induction machine of 1.5cv (220V/60Hz), and
switching frequency equal to10kHz. A Volt/Hertz machine
control with machine frequency equal to 20Hz 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
guarantees the circulating current close to zero [see Figs.12(b)
and 13(b)]. Additionally, the proposed configurations provide

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

reduction currents of the rectifier circuit. In fact, the currents
of the rectifiers A and B (ig1 andig2) are half of the current of
the conventional one. Fig. 12(d) shows the DC-link voltagesof
split capacitors for P5L converter. In this case, a low-frequency
component of grid current and a second harmonic (due to
single-phase source) appear in both DC-link voltages (Ed1
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Fig. 12. Experimental results of the P5L2 converter. (a) Voltage and current of the grid. (b) Input currents of rectifiers Aand B and circulating current. (c)
DC-link voltage and load currents. (d) DC-link voltages.

andEd2), while the total DC-link voltageEd remain almost
constant. Fig. 13(d) shows that a low-frequency component of
load current appears in both DC-link voltages (Ed1 andEd2)
in addition to the low-frequency component of grid current
and the 120Hz 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 60Hz, because the midpoint
of DC-link capacitor is shared with the grid, and have a
component at 120Hz due to single-phase power supply. For
P4L converter, as the machine frequency at 20Hz, there
is a harmonic component at 20Hz [shown Figs. 14(c) and
14(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 fre-
quency RMS capacitor current can increase the lifespan of the
capacitor [18]. Similar analysis is achieved with the capacitor

current ic2. These outcomes are very close to the simulation
results and theoretical analysis.

X. CONCLUSIONS

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
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 conventional
and proposed configurations for different figures of merit. In
this table, the DC-link voltage, the WTHD and semiconductor
power losses are normalized by 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 re-
duces: i) power losses, due to a reduction of the rectifier
currents and ii) 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)
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Fig. 13. Experimental results of the P4L2 converter. (a) Voltage and current of the grid. (b) Input currents of rectifiers Aand B and circulating current. (c)
DC-link voltage and load currents. (d) DC-link voltages.
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Fig. 14. Experimental results - the spectrum of the capacitorcurrent 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.

reduces the harmonic distortion when compared with 3L con-
verter 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 in-
verter circuits. Simulation and experimental results havebeen
presented to illustrate the correct operation of the proposed
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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

converters.
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