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Abstract- This paper presents two single-phase to three- e.g., electronic power converters, computers, commuboitsit
phase conversion systems for a three-phase load applica-equipment, etc., demand high power quality with sinusoidal
tion. The load is connected to a single-phase grid through balanced three-phase voltages [4], [5].
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 Single-Phase - _Recfier DC-kink _Inverter Three- Phase
composed of a full-bridge three-phase inverter, i.e., thre- ¢—| 41{} —nG
leg inverter, while the other topology is composed of a two- z — 1
leg inverter. Suitable modelling, including the circulation e 0 1
current, and control strategy are presented. A pulse width- +
modulation (PWM) technique using a single or double T_”é 4@; _“a}

(@
Single-Phasew M Thj’\jg;i;/;a:e

g

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 presentd
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. Thstc
to change from a single-phase to a three-phase power system Single-Phase  Rectifier
is often high due to the high cost associated with a thresgha =
extension [1]. In rural or remote areas, the use of thresgha
induction machines is preferred instead of single-phagdeadn
tion machines due to its advantages such as low cost, lower e
volume, redundancy, etc. [1-3]. However, even if a threasph
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 singlegse
to three-phase (1ph-to-3ph) converter is indispensabfedd Fig. 1.  Conventional 1ph-to-3ph converter systems. (a) Fégs (5L)
a three-phase motor. Furthermore, nowadays some rural,loa@dnverter. (b) Four legs (4L) converter. (c) Three legs (Bhjverter.

Inverter Three-Phase
L A
Machine
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The 1ph-to-3ph power converter based on a full-bridge Rectifier 4
diode rectifier is a standard solution [1]. However, thisuioh
provides high harmonic distortion and a low power factor. To ~ *"&
solve this problem, a controlled rectifier in place of theddio -
rectifier is required. Such an alternative solution can jl@v LN Three Phase
low harmonic distortion and a high power factor to the grid. iy K 41{} —|lGi
The 1ph-to-3ph converter based on a controlled rectifier is + B 1 .
composed of five legs (ten controlled power devices), asshow @E =
—né 1} -}

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 coneert
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 reetifi

and a three-leg inverter with a shared-leg), denominatee he (a)

conventional 4L converter [see Fig. 1(b)], and the configura Rectifier A Inverter

tion using three legs (composed of a half-bridge rectifi@ an  sigre-piase ~ T’”Ajsjh’fjfje
two-leg inverter), denominated here conventional 3L caeve Grid _M} 4@ — +l4|{} —uG '
[see Fig. 1(c)]. The 4L converter is proposed in [9]. The 4L i T )
converter uses less switches than the full-bridge 5L cdemer L 0

but its DC-link voltage rating is equal to the 3L converter. < _

+_ 1
For 4L converter, using constant frequency output voltage a _”& 4@; 4%} T 43} E.ina}
suitable control strategy, the DC-link voltage rating ie Hame
as the conventional 5L counterpart [9]. The conventional 3L Rectifier B
power converter uses only six power switches instead of ten (®)

of the conventional full-bridge 5L power converter. Howeve
increases the harmonic distortion of input current and ewicf ig. 2. Parallel 1ph-to-3ph converter. (a) With paralldl-bridge rectifiers
. . . seven legs denominated as 7L). (b) Parallel rectifier withared-leg (Five

of the DC-link voltage is required [8], [10], [12]. leg denominated as 5La).

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 promisifig. 3(a)] and the second one uses four legs, i.e., P4AL ctaver
solution for 1ph-to-3ph conversion systems, due to the rsee Fig. 3(b)]. The topology P5L was proposed in [23]. In
duction of irregular distribution of power losses among thfact, the proposed topologies are obtained by the addition
switches of both rectifier and inverter, with the reductidn of two parallel half-bridge rectifier with two known inverte
the current processed by rectifier switches [22]. Additilgna circuits. However, these topologies can improve the oleral
the interleaved technique can still be employed to improyerformance of AC-DC-AC converter, such as the harmonic
the harmonic distortion, reliability, and efficiency of pHiel distortion and efficiency, when compared to topologies waith
converters [16-19]. close number of switches (conventional 5L and 3L converter)

In [19] a 1ph-to-3ph converter system, with a parallel fullThese topologies improve the division of power flow between
bridge rectifier circuit, is considered to reduce the currethe inverter and rectifier switches, which can reduce thegpow
processed by rectifier switches. This configuration impsovéosses at the rectifier circuits. They are also more ecoraliyic
the harmonic distortion and efficiency at the rectifier sidattractive, with lower cost, because they use a smaller atnou
however it is composed of seven legs (a total of fourteen powaf power devices in comparison with the 7L converter. Suitab
switches) denominated 7L configuration, as shown in Figiodelling, control strategy and circulation current cohtire
2(a). An intermediate alternative between the configunatipresented for validation purposes.
presented in [19] and the configuration 4L is proposed in Among topologies addressed in this paper, the P5L topology
[20]. This configuration is composed of two parallel fulidge presents the best performance, because it can reduce: & pow
rectifiers with a shared-leg between the inverter and rectiflosses in switches, due to a reduction of the current infrecti
circuits, it uses a total of ten power switches, known as 5Slarcuit and ii) the harmonic distortion on the utility grid,
converter, as shown in Fig. 2(b). when the interleaved technique is applied. The P4L topology

In general the AC-DC-AC converter are designed by comeduces the harmonic distortion compared by 3L converter
nection between known rectifier and inverter circuits, witand provides the same harmonic distortion of the conveation
exception of AC-DC-AC converters using a shared-leg. This. counterpart in the single-phase grid, when the inteddav
paper addresses two topologies of power converter to 1ph-technique is also adopted. The output three-phase AC \adtag
3th conversion system. The rectifier side uses two paralie | of the proposed systems can be variable, to supply a motor
(each leg represents a half-bridge rectifier), as shown dgn Fivith variable voltages for achieving its speed and torque
3. The first topology presents five legs, i.e., P5L convesee[ control, or with constant amplitude and frequency, to syppl
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Fig. 3. Proposed 1ph-to-3ph converter using a half-briggpifier circuit. (a) Parallel five legs (P5L) converter. @arallel four legs (P4L) converter.

constant three-phase load type. and vgo are the pole voltages of the rectifiers A and B,
The paper is organized as follows. Section Il, the systeraspectively,i, is the grid current and,; andiy are the

model is presented. The control system and Pulse-Widtiput currents of the rectifiers A and B, respectively.

Modulation (PWM) strategy are discussed in Sections Il The previous model can also be expressed by using the

and IV, respectively. In Sections V, VI and VII the maincirculating current, introduced by

figures of merit used in the comparison of the topologies

discussed in this paper are analysed, i.e.,: 1) DC-linkagelt ig1 = %"Jr To 4)
rating, 2) rectifier harmonic distortion, and 3) convertewgr :
losses, respectively. The simulation and experimentalltes ig2 = Eg — i, (5)
are presented in Sections VIII and IX, respectively. Finah
Section X, the brings up the conclusions are made. From (1) to (5), the complete system model is given by
o1\ . lg1 di
Il. SYSTEM MODEL € = (%) tg ( 2) df TV ®)
The P5L configuration presented in Fig. 3(a) is composed o = i4l di, )
of two single-phase half-bridge rectifiers (rectifiers A &g ° glte el gy
a DC-link, a three-phase inverter and a three-phase motory@th
a three-phase load. On the other hand, the P4L configuration G — Qoo
[Fig. 3(b)] is composed of a two-leg inverter instead thiep- io = % (8)
inverter of the P5L converter. Vg10 + Vg20
v, = Lo 9
A. Rectifier Model v, = _VglotUg20 (10)
From Fig. 3 the following model is derived: 2
From (6) to (10) it is clear that the grid and circulating cur-
eg = Tgiign + lg1 dt LR Vg10 (1) rents depend on the voltageganduv,, respectively. Then, the
rectifier pole voltages can be calculated from desired geka
eg = Tgilg2 +lg1—— dt 2 4 Vg20 (2) (vg andw,) to control these currents. Considering circulating
— current null and the equivalent inductdy, = L,4; /2 equal to
g = g1 +1g2 3)

that of the conventional converter, the front-end modelhef t
wherer,; represents the resistance of the inductor fifigr, configurations presented in Fig. 3 is identical to that of the
l41 represents the inductance of the inductor filfgfi, vs190 conventional 5L converter.
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Single-Phase

B. Inverter Model e Grid
The inverter model for the P5L configuration is given by

Usi1 = Us1i0 — Uno (11)
Vg2 = Vg20 — Uno (12) Rectifiers
Us3 = Us30 — Uno (13) Aand B
. iy s =
wherevs1o, vs20 anduvsso are the pole voltages of the inverter, ' -] ro [l W :’Zﬂ
vs1, Vg2 aNdugz are the voltages of the three-phase load, and ;i; . . ai
vno 1S the voltage between the pointand the DC-link mid- q—’
. « & 52 erter
p0|nt 0. ¢ — Induction Machine V;,Il,? T fverter
While the model of inverter of the P4L configuration is o — Control =
given by o] 1 o *
15123 i
Vs13 =  Us1o (14) M
Us23 = Us20 (15) Induction

Encoder pjachine

wherev,13 andv; are line voltages of the three-phase Ioaq:ig. 4. Control block diagram used for configurations P5L &ddL..

IIl. CONTROL STRATEGY

The control system of the proposed converters has the sam¥/hen a three-phase motor is used, control can be performed
objectives of the conventional one, i.e., DC-link voltagela PY field oriented control (FOC) technique as shown in [30] or
power factor control from rectifier circuit and load voltag&/olt/hertz control.
control from inverter circuit. Additionally, the proposewn-
trol system needs Fo regulat.e. the circulating current betwe IV. PWM STRATEGY
the parallel half-bridge rectifiers. Fig. 4 shows the cadntro
block diagram of the P5L and P4L converters proposed in The PWM methods can be based on classic sinusoidal mod-
this paper. The capacitor DC-link voltage; (E,;; + E4) is  ulation, scalar as well as on vector modulation approach [31
adjusted to its reference valug; utilizing a PI (Proportional [32]. In sinusoidal modulation, the gating signals are bistd
Integral) type controller. This controller provides thegitude by comparing reference pole voltages with a triangulariearr
of the reference grid currert;. To control power factor and Signal. In this paper, the PWM strategy for the rectifiers A and
harmonics at the grid side, the instantaneous reference d¢#i Will be based on sinusoidal modulation. The gating signals
current;, must be synchronized with the grid voltagg are obtained by comparing reference pole voltages with one
based on PLL (Phase Locked Loop) scheme [24]. Control ©f two high-frequency triangular carrier signals [31],.,i.e
the grid current is implemented using a synchronous cdatrolsingle or double carriers PWM implementation. In the case
(a resonant controller type) described in [25]. The bldgk ©f double-carrier approach (interleaved technique), thasp
represents this controller. It defines the reference grithge shift of the two triangular carrier signals180°. The reference
vl pole voltages of the rectifiers are obtained as follows.

The circulating currentif) is obtained by blockG,;, from Considering thatv; and v; are the reference voltages
the measured rectifiers currerifg andi . This block is based determined by the current controllers (see Section I
on equation (8). The circulating current is compared to igguations (9) and (10) we found

reference {, = 0). The error is the input of a synchronous vE 4 v*
. . * gl0 g20
controller (R,), and gives in its output the voltage. v = T (16)
Due to different dead-time switches, non-sinusoidal grid —0¥ 10 + Ulag
voltage or different capacitance, the voltage balance éetw vy = ——= (17)

2
the split capacitors obtained naturally may not be satisf
P P y may we Writing (16) and (17) in matrix form

Some works have proposed solutions to voltage balance be-
tween the split capacitors of the half-bridge rectifier [28}- vp ] 11 1 Vi 10 18
One way to minimize the voltage imbalance between split Uj T 9|l -1 1 (18)
capacitors is to add a current balance valjjein the reference h ing sianal directly calculated f he ref
grid current. The difference in voltage between the spliiaca The gating S|*gna S are; Irectly calcu ated from t 1€ refeeen
itors (F41 — Eg42) is input of the conventional Pl controlled.poIe voltages g,y andvgy), solving (18), we obtain

This controller provides the reference current balanceeval U;lO — U; —vf (19)
(¢4,;)- The reference grid current is achieved by addi o — it (20)
with i;,, (i% = i%, + i},,). as discussed in [27]. The voltage 920 9.1

balance between the split capacitors is carried out, b it i Suitable modulation is obtained whenE};/2 < vy, <
necessary to apply a small distortion in the reference gridj/2 and—E;/2 < v}y, < Ej;/2. WhereE] is the reference
current. DC-link voltage withE} = E7, + E7,.

*
1}920
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The three-phase inverter (P5L configuration) can be corns-given by

manded by using an adequate PWM strategy for three-phase ) 2 3,
voltage source inverter (VSI) [32]. While for the two-leg by = Y9 +Z ”gkoi i _Z ”stZ- , (24)
. . . c 2 E* g E* 57
inverter (P4L converter) the PWM can be obtained with a = La =1 P
similar technique presented in [29], [33]. ) 2 3y
. lg gkO . 550 .
e = — + gk — ) iisi (25)

V. DC-LINK CAPACITOR ) )
If the reference pole voltages are defined by equations (19)

A. DC-Link Capacitor Voltage and (20) and the rectifier currents by equations (4) and (5),
’ then the capacitor currents; and .o can be written as
Considering that all the voltages are purely sinusoida, tfollows:

voltage limit conditions of each configuration is shown ie th i v 20" 3%
Table I. Wherel; represents the amplitude of rectifier voltage, le1 = 59 + E—iz’g - E:‘) lo — Z %z’sj (26)
whereasV/; denotes the amplitude of the load phase voltage. d d j=1"4d
. * « 3 *
. Zg Ug . 2UO . vsj .
TABLE | leg = ——+ —rlg — —elo — — iy (27)
DC-LINK VOLTAGE LIMITS . 2 Ed I Ed Jzz:l Ed ’
Configurations| Input Limit | Output Limit The first component of the capacitor currents, for P5L con-
5L Eq>V, Eq >3V verter, is due to the grid connection at the midpoint of the DC
3L Eqg>2V, | Eq> 23V, link, the second component is due to the single-phase ltag
P5L E4 > 2V, E; >3V, source, with twice of the grid frequency. The third compdnen
P4L Eq>2V, | Eq>2V3V, is a consequence of the circulating current. Although there

no low frequency circulating current (eliminated by coiteg
it may exist with high frequency circulating current due he t

If the input voltage is equal to output voltage (i€, = Vi)  interleaving technique. The last term is due to the threasgh
the conventional 5L converter has the best DC-link volta Bverter

rating. The proposed P5L converter has the DC-link voltage ) ) )
15% bigger than the conventional 5L one. While conventional A Similar analysis may be obtained with PAL converter, but

3L and proposed P4L converters require twice the DC-lifR this case, there is a load current componeqy)(due to
voltage of the conventional 5L one. the load connection at the midpoint DC-link, as shown in (28)

On the other hand, when the output voltage is double tﬁ‘gd (29).
2 *

input voltage (i.e.Vs = 2V}), the proposed P5L converter can ig ik UL W o
operate with the same DC-link voltage of the conventional 5L 1 = & + o5 + B9 T e Z B s (28)
converter. d d j=1 7d
. . # " 2«

. ig  ds3 | Vg .  2v,. Vg0 .

c = -4 - = ; - o ; sj 29

fe2 2 2 "B TR ZE;;”( )

j=1

B. DC-Link Capacitor Current

. . . Fig. 5 shows the harmonic spectrum of capacitor currents.
From Fig. 3(a), the DC-link capacitor current for the PSlyhese results have been obtained with the parameters shown

converter can be given by in Table 1lI, with load line voltage equal to 220V/60Hz, load
2 3. power equal to 1.5kVA and the power factor equal to 0.8
il = Z jgf igk — %isj (21) lagging. The P5L, P4L and 3L converters have a low frequency
k=1 "° j=1"°% component at 60Hz (grid/load), because the midpoint of DC-

2 - 3 ) link voltage is shared with the grid and/or three-phase .ltlad
. gk . ng . . . . . . .

leg = *Z < - T> tgk + Z (1 - T) is; (22) the electrical machine is operating with variable speed, P4

k=1 s j=1 s and 3L converters will have a harmonic component in machine

wherer,, andr,; are the time intervals in which switchgg, frequency (not shown in figure because both grid and three-
andgq.; are closed (with: = 1,2 and; = 1,2, 3), respectively, Phase load frequencies are equal to 60Hz).

andT; is the sampling time. Assuming that the reference pole Another common feature among the studied configurations
voltages are constant ovét, the time intervalsr,;, and7s; is a component in frequency of 120Hz due to a single-

can be written as a function of the reference pole voltaggshase power supply. Moreover, the proposed configurations

For instanceyy is given by have a reduction at high frequency components in capacitor
Vo 1 currents, especially when double-carrier PWM is applied. Fo
Tgk = < é* + 2) T (23) instance, the RMS capacitor current of the P5L converter
d

(with interleaved technique) decreases 33 compared to
Thus, from (23), (21) and (22) the DC-link capacitor currertonventional 5L converter.
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Fig. 5. Simulation results - Spectrum of the DC-link capacttarrent. (a) 5L converter. (b) 3L converter. (c) P5L comeewith single-carrier PWM (P5L1).
(d) P5L converter with double-carrier PWM (P5L2). (e) PAL wenter with single-carrier PWM (P4L1). (f) PAL converter vilouble-carrier PWM (P4L2).

I
&

respectively. The simulation tool used was MaffabThe

. 2% 3.24% - simulation model was obtained from the parameter presented
22 % 5 13% 2139 in Table Il with v* equal to zero.
E 1.46% Ez
= 0.77% 0.77% = 1 05l 70.94% o514 TABLE Il
0.40%] S 269 = PARAMETER OF WTHD ANALYSIS.
0 [ 0 | m ]

3L 5L PSLI1PSL2P4L1P4L2 3L 5L P5L1PSL2 PALI P4L2

Configurations Configurations Voltage Rating| 127V(RMS) | Power Rating| 1.5kVA
(@ (b) Grid Voltage 1.0pu Load Voltage | 1.0pu
. ) Power Factor | 0.8 (lagging)| Load Current| 1.0pu
Ty 0.01pu Tg 0.1pu
@3 §3
82 165% 1.65% 82 i ise Fig. 6 shows the WTHD of the rectifier voltages for the
= 0.75% SR I proposed P5L [with single-carrier (P5L1) and double-eaurri
oL I i T B e I o167 O ey PWM (P5L2)], proposed PAL [with single-carrier (P4L1) and

3L 5L PSLI1P5L2 P4L1P4L2

Configurations Configurations
(© (d)

Fig. 6.  Simulation results - WTHD of the rectifier voltage forffeient
switching frequencies. (a) 4kHz. (b) 6kHz. (c) 8kHz. (d) Hak

3L 5L PS5L1P5SL2P4L1P4L2

double-carrier PWM (P4L2)], conventional 5L and conven-

tional 3L configurations for different switching frequeesi

(fsw)- In this analysis the equivalent inductdr, = Lg;/2

is equal to that of conventional converte#§, = V, 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.

o The WTHD value of the P5L2 is always smaller than the

WTHD of the conventional 5L converter.

Additionally, when f,, > 4kHz the WTHD of the

VI. HARMONIC 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-sinuabid
waveform [34]. The WTHD is defined by

2

s ()

Vi

whereV; is the amplitude of the fundamental voltage compo-
nent,V, is the amplitude oh!” component voltage harmonic
and IV}, is the number of harmonics taken into consideration. proposed P5L2 converter is smaller than the WTHD

The WTHD value has been obtained from digital simulation.  conventional 5L one witty,,, =10kHz.

The simulation was developed for the mathematical modelln fact, when we use the interleaved technique (double-

and the PWM strategy described in Sections Il and I\arrier PWM), the P5L and P4L configurations provide a re-

WTHD = (30)
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Fig. 7. Highlighting the PWM strategy implementation. (a) Cemtional converters. (b) P5L converter. (c) PAL Converter.

duction in harmonic distortion of the voltagg, consequently achieved when double-carrier PWM is applied. In the P5L
in the grid current [see equation (6)]. As shown in [31], thisonfiguration the pulse of voltage, is centralized in half
technique does not affect the amplitude of harmonic compperiod of switching and the amplitude of, is smaller than
nents, but can change the phase of the harmonic compontbiat of the conventional 5L converter. This feature ensares
between parallel converters at the same frequency. Toveardseduction in WTHD value, as presented in Fig. 6. While for
better understanding of the WTHD analyses, Fig. 7 shows tRdL converter, the waveform of, is equal to the conventional
detail of modulation of all topologies addressed in thisgyap 5L converter, this explains the same WTHD value. With
In this figure, the triangular carriers PWM( andv;,), the double-carrier PWM, since the waveforms of the voltaggs

pole voltages,, v;0, vg10 @aNdvy20), and rectifier voltage and v,z are different, the phase angle of harmonic voltages
(vg) during a switching period’,, is highlighted. changes, so there is cancellation of harmonic components of

All the signals are normalized by the DC-link voltage oF¥oltagev, as well, there will be the voltage, which produces
the conventional 5L converter. For instance, for P5L carer the circulating current [see Figs. 7(b) and 7(c)].
the amplitude of the triangular signal is between -0.58 and
0.58, because the DC-link voltage i1§% 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 @oubl several studies have been performed in order to determine
For bOth proposed Conﬁgurations, Wlth Single-cal’l’ier PWMhe power |osses in the power Switches (IGBTS and MOS-
the pulse of waveform VOItag@, is not well distributed in half FETs) [35_39] Two solutions are genera”y app“ed |) the
period of switching which increases the WTHD value. With @xperimental measurement of power loss, with the aim of con-
single-carrier PWM, the voltages of the parallel legsi¢ and  structing mathematical functions from a regression model a
vg20) are the same, so there is no circulating voltageand jj) determining losses using linear IGBT and diode models.
there is no cancellation of harmonic components. Furthegmoyn this paper, the losses estimation is obtained throughef t
for PAL converter, the waveform af; is identical to the 3L regression model, which has been achieved by experimental
converter, thus justifying the same WTHD value. tests. The tests were performed for different values oferusr

A better distribution of generated pulses by voltageis and temperatures. All data of losses have been employed to

VIl. CONVERTERLOSSES
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obtain the regression model, as presented in [38], [39]hSuc
regression model provides polynomial equations for thedss %

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 PSBVsimu-
lation software was used to calculate the power losses it b omguraons M Confourations
converters. The polynomial equations were implementeausi
a DLL written in C (programming language).

Fig. 8 shows the semiconductor power losses for con- !
ventional and proposed topologies obtained using switchin &7 l0%, 108%
frequency equal to 10kHz. The DC-link voltages are defined § 8
by the Table I, withV, = V;. 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 ar
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TABLE IlI (c) (d)
PARAMETER FOR POWER LOSSES ESTIMATION
Fig. 8. Simulation results of semiconductor power loss estonat(a)

Parameter Value Conduction losses. (b) Switching losses. (c) Total los@#sAverage losses
. in each leg of the converter.

DC-Link Voltage (5L) 346V

DC-Link Voltage (P5L) 399V TABLE IV

DC-Link Voltage (3L) 691V CURRENT RATINGS IN THE RECTIFIER LEG

DC-Link Voltage (PAL)| 691V

. . 5L 3L P5L P4L
DC-Link Capacitance 1100uF

100.0% | 106.1% | 49.9% | 51.85%

Grid Voltage 127V(RMS)
Tg 0.1Q
lg 3mH VIIl. SIMULATION RESULTS

. . .. .. In order to demonstrate the feasibility of the proposed
Figs. 8(a), 8(b) and 8(c) present the conduction, SWItChIr%8pologies, digital simulations have been performed. Tde r

and total power losses es_tlma'uon, respectively, as a pege su(ljts are obtained to the following conditions: DC-link tagje
of load power. In these figures, we can see that the propose

P5L converter provides a reduction in total power Ioss:es;—cor%qual to 400V (PSL converter) and 691V (PAL converter),

pared with the other configurations. However, the prop%%r.d voltage equal to 127V, an induction machine of 2kW
P4L configuration has the worst performance in this criterio OV/60Hz), and the switching frequency equal to 10kHz.

As shown in [38], the regression model of conduction Ioss%;t‘ese results are obtained with double-carrier PWM and

. . . olt/Hertz control with machine frequency equal to 30Hz.
is a function of the leg current, while the model of the " _. : .
N . ; , Figs. 9 and 10 show the simulation results for P5L and
switching losses is function of DC-link voltage and leg eur P4L configurations, respectively. Notice that the grid entr
of the converter. Table 1V illustrated the current ratingtfie 9 ' P Y- 9

rectifier leg normalized by the current of the conventional 5 sinusoidal with power factor cl_ose to one [see Figs. 9@
configuration. Notice that, the current in proposed topiels and 10(a)], the DC-link voltage is controlled [as shown in
. 9 : S prop PEsg igs. 9(a) and 10(a)] and the circulating current is nulie[se
is almost half of conventional ones. Regardless of 3L and igs. 9(c) and 10(c)]. Fig. 9(a) shows the DC-link voltage
converters having a smaller number of power switches, th]e i - 19 9

need a DC-link voltage value that is twice the conventiona ' P.5L converter. Notice that, a Iovv_-component frequency
of grid current and a second harmonic component appear in

5L one. Therefore, the switching losses are higher than ﬂ%ﬁte DC-link voltage. On the other hand, for PAL configuration

of conventional 5L converter. : . . :

Fig. 8(d) shows the average power losses in each I[??ie F_|g. 10(a)] in addition to the aforementioned compmen
of converters (rectifier and inverter) normalized by thealtotf/ Ire |sfa Iow—li‘trer?uertwcyt/hcoggolir;int orf :gftlid ctur:ﬁint. A.hlgiher
power losses. In fact, the reduction of the current prockss ?Jrliﬁec;rrfgr%aihis(e;ecgnfi;urati;)ns gfovi de %acirreitsrggu?ct
by rectifier switches provides a mitigation in an irregul . ! -

y b g 9ueh the single-phase rectifiers (half of the current of thedtad

distribution of power losses among the switches of thefiecti . . .
and inverter. This could allow the application of the Samté)pology) [see Figs. 9(b) and 10(b)], which can provide a
reduction of the power losses.

switches in the rectifier and inverter circuits. Furthereyaue
to the non-linear model of the power switches, even reducing

the currents in almost 50%, for PAL converter, the total loss IX. EXPERIMENTAL RESULTS

the rectifier circuit is greater than the 3L converter [seg Fi The proposed systems have been implemented in the labo-
8(d)], thus justifying its worst performance among the s&dd ratory. Steady-state operation mode has been considetked in
configurations. experimental tests. The experimental set-up is based on two
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Fig. 9. Simulation results of the P5L2 converter. (a) Toptagé and current of the grid, bottom: DC-link voltage. (b) Towput current of the Rectifier
A, bottom: input current of the Rectifier B. (c) Top: circulai current, bottom: load currents.
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Fig. 10. Simulation results of the P4L2 converter. (a) Todtage and current of the grid, bottom: DC-link voltage. (bpTanput current of the Rectifier
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sets of SEMIKRON manufacturer (each set consists of a powe!l  voliage Regulador
converter of three branches based on IGBA M 50G B123D -
switches and a capacitor bank with access to the centrai)poin il ¢
and a Digital Signal Processor (DSP) TMS320F28335 with a
microcomputer equipped with appropriate plug-in boards an &
sensors, as addressed in Fig. 11. The results were obtaing
by an oscilloscopeAgilent DSO-X 3014A 100MHZ. The
following parameters were used: inductor filters equal to
6mH, DC-link capacitance equal 200, F', DC-link voltage Y . ...
190V (for P5L converter) and 240V (for PAL converter), grid e - fhveephase Machine

voltage 40V, an induction machine of 1.5¢cv (220V/60Hz), anglg. 11.  Photo of experimental Set-up, DSP and a three-phrakection
switching frequency equal taOkHz. A Volt/Hertz machine machine.

control with machine frequency equal to 20Hz were used to

obtain these results.

Notice that, all control requirements have been estaldisheeduction currents of the rectifier circuit. In fact, the raunts
i.e., the control guarantees sinusoidal grid current watver of the rectifiers A and Bi; andiy,) are half of the current of
factor close to one [see Figs. 12(a) and 13(a)] and DC-litke conventional one. Fig. 12(d) shows the DC-link voltagfes
voltage under control [see Figs. 12(c) and 13(c)]. The abntrsplit capacitors for P5L converter. In this case, a low-fiexgy
guarantees the circulating current close to zero [see ER(b) component of grid current and a second harmonic (due to
and 13(b)]. Additionally, the proposed configurations jidev single-phase source) appear in both DC-link voltaggs; (

0885-8993 (c) 2015 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See
http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation infor|
10.1109/TPEL.2015.2458699, IEEE Transactions on Power Electronics

DS0X 30144, MY52432206; Tue May 19 1840:42 2015 DS0-X 30144, MY52432226; Tue May 19 18:41:38 2015
1 2004/ 2 3 200v 4 0.0s 10003/ Parar 1 2004/ 2 200A 3 4 0.0s 10.003/ Parar

" h l‘ h | LT Tl T T

\/

. . 10ms/Div 2 i
L 20v/Div | | 24/Div 10ms] il L 24piv JOms Dt
Menu Aquisicio Menu 3Canal
(a) (b)
DSO-X 30144, MY52432226: Tue May 19 18:43.27 2015 DSO-X 30144, MY52432226: Tue May 19 13:30:33 2015
2.00A/ 2 200A/ 3 4 50.0v/ 0.0s 10.002/ Parar 1 3 200V/ 4 200V/ 0.0s 10.002/ Parar
£
- E;
Ep !
isl I
s
et
| /,,.-—- —_— =
i Ad 10ms/Div
] S I~ 1 20V/Div
]
10ms/Div
50V/Div 1, 24/Div N
Menu Aquisicio Menu Disparo

(© (d)

Fig. 12. Experimental results of the P5L2 converter. (a) agdt and current of the grid. (b) Input currents of rectifierar®l B and circulating current. (c)
DC-link voltage and load currents. (d) DC-link voltages.

and Eg5), while the total DC-link voltageF; remain almost currenti.,. These outcomes are very close to the simulation
constant. Fig. 13(d) shows that a low-frequency compongntresults and theoretical analysis.
load current appears in both DC-link voltages,{ and E )
in addition to the low-frequency component of grid current
and the 120Hz component. The performance of the proposed
systems is adequate. In this paper two drive motor systems have been presented.
Fig. 14 shows the capacitor currerit,{ in the frequency These systems are composed of an AC-DC-AC single-phase to
domain for the same set of experimental results presentedthiree-phase converter. The single-phase rectifier corslve
Figs. 12 and 13. These results are obtained with single aparallel single-phase half-bridge converters withoutgfarm-
double-carrier PWM. Notice that, both configurations hawe's. Suitable model and control strategy, including the PWM
a low frequency component at 60Hz, because the midpo#itategy have been developed.
of DC-link capacitor is shared with the grid, and have a Table V summarizes the comparison between conventional
component at 120Hz due to single-phase power supply. Ford proposed configurations for different figures of merit. |
P4L converter, as the machine frequency at 20Hz, thetfds table, the DC-link voltage, the WTHD and semiconductor
is a harmonic component at 20Hz [shown Figs. 14(c) ammbwer losses are normalized by conventional 5L topology.
14(d)], since the phase 3 of the machine is also connectedrhe results for P5L and P4L configurations were obtained
at the midpoint of the DC-link capacitor. Note that, the lowvith double-carrier PWM, the condition that guarantees the
frequency components are responsible of swinging of the Ddwest harmonic distortion. Among these configurations, th
link capacitor voltages, as shown in Figs. 12(d) and 13(d). P5L topology presents the best performance, because it re-
Moreover, RMS capacitor current of the P5L converter iduces: i) power losses, due to a reduction of the rectifier
always smaller than that of the P4L converter. When intecurrents and ii) the harmonic distortion on the utility grid
leaved technique is applied, the high frequency componemtken the interleaved technique is applied. Furthermoris, th
of the capacitor current are attenuated. The lowest value aainfiguration uses only 15% more of DC-link voltage rating
the RMS capacitor current is obtained with the P5L convertdrat the conventional 5L converter. The other drawback of
with double-carrier PWM. A smaller value in the high frethe topology P5L is the use of a greater number of inductors
guency RMS capacitor current can increase the lifespaneof tompared with the conventional 5L one. On the other hand,
capacitor [18]. Similar analysis is achieved with the céoac the P4L topology (with double-carrier PWM implementation)

X. CONCLUSIONS
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Fig. 13. Experimental results of the P4L2 converter. (a) agit and current of the grid. (b) Input currents of rectifierar&l B and circulating current. (c)
DC-link voltage and load currents. (d) DC-link voltages.
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reduces the harmonic distortion when compared with 3L coswitch currents of the rectifier and the irregular distribot

verter and provides the same value of WTHD when comparetl power losses among the switches of the rectifier and in-

with the conventional 5L converter. verter circuits. Simulation and experimental results hagen
Additionally, the proposed systems permit to reduce tH¥esented to illustrate the correct operation of the pregos
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TABLE V
COMPARISON OF ALL CONFIGURATIONS
50 | 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]| 051 1
Power Losses 1 /099 0.76 | 1.01
converters.
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