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Abstract—This paper proposes a single-phase to three-phase drive system composed of two parallel single-phase rectifiers, a three-
phase inverter, and an induction motor. The proposed topol-ogy permits to reduce the rectifier switch currents, the harmonic distortion
at the input converter side, and presents improvements on the fault tolerance characteristics. Even with the increase in the number of
switches, the total energy loss of the proposed system may be lower than that of a conventional one. The model of the system is derived,
and it is shown that the reduction of circulating current is an important objective in the system design. A suitable control strategy,
including the pulse width modulation technique (PWM), is developed. Experimental results are presented as well.

Index Terms—Ac-dc-ac power converter, drive system, parallel converter.

I. INTRODUCTION

Several solutions have been proposed when the objec- tive is to supply a three-phase motors from a single-phase
ac mains. It is quite common to have only a single- phase power grid in residential, commercial, manufacturing, and mainly in
rural areas, while the adjustable speed drives mayrequest a three-phase power grid.

Single-phase to three-phase ac—dc—ac conversion usually employs a full-bridge topology, which implies in ten power switches,
as shown in Fig. 1. This converter is denoted here asconventional topology.

Parallel converters have been used to improve the power capa- bility, reliability, efficiency, and redundancy. Parallel converter
techniques can be employed to improve the performance of active power filters , uninterruptible power supplies (UPS) , fault
tolerance of doubly fed induction gener- ators , and three-phase drives , Usually the opera- tion of converters in parallel requires a
transformer for isolation. However, weight, size, and cost associated with the transformer may make such a solution undesirable
[20]. When an isolation transformer is not used, the reduction of circulating currents among different converter stages is an
important objective in the system design .

In this paper, a single-phase to three-phase drive system com- posed of two parallel single-phase rectifiers and a three-phase
Inverter is proposed, as shown in Fig. 2. The proposed system is conceived to operate where the single-phase utility grid is the
unique option available. Compared to the conventional topol- ogy, the proposed system permits: to reduce the rectifier switch
currents; the total harmonic distortion (THD) of the grid cur- rent with same switching frequency or the switching frequency
with same THD of the grid current; and to increase the fault tolerance characteristics. In addition, the losses of the proposed
system may be lower than that of the conventional counterpart. The aforementioned benefits justify the initial investment of the
proposed system, due to the increase of number of switches.
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Fig. 1. Conventional single-phase to three-phase drive system
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Fig. 2. Propos‘ed smgIe -phase to three-phase drive system
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I PWM STRATEGY

The inverter can be commanded by using an adequate pulsewidth modulation (PWM) strategy for three-phase volt- age source

inverter (VSI) [19], so that it will not be discussed here. In this section, the PWM strategy for the rectifier will bepresented.

The parameter u changes the place of the voltage pulses related to va and vi,. When vt = vmin (1 = 0) or v = VXmax
(u = 1) are selected, the pulses are placed in the begin or in the end of the half period (Ts) of the triangular carrier signal [see Fig.
5(a) and (c)]. On the other hand, when vy = vxave the pulses are centered in the half period of the carrier signal [see Fig. 5(b)
and (d)]. The change of the position of the voltage pulses leadsalso to the change in the distribution of the zero instantaneous
voltages (i.e., va= 0 and v, = 0). With u = 0 or i = 1 the zero instantaneous voltages are placed at the beginning or at the endof the
switching period, respectively, while with p = 0.5, they are distributed equally at the beginning and at the end of the halfperiod. This
is similar to the distribution of the zero-voltage vector in the three-phase inverter.

I1l. CONTROL STRATEGY

Fig. 3 presents the control block diagram of the system inFig. 2, highlighting the control of the rectifier.
The Rectifier circuit of the proposed system has the same objectives of that in Fig. 1, i.e., to control the dc-link voltage and to
guarantee the grid power factor close to one. Additionally, the circulatingcurrent i, in the rectifier of the proposed system needs to
be controlled.

In this way, the dc-link voltage v. is adjusted to its reference value vc™ using the controller Rc, which is a standard PI type
controller. This controller provides the amplitude of the refer- ence grid current Ig*. To control power factor and harmonics in
the grid side, the instantaneous reference current iy must be synchronized with voltage eq, as given in the voltage-oriented

(VOC) for three-phase system [32]. This is obtained viablocks Ge-ig, based on a PLL scheme. The reference currents iy and if

are obtained by making i3 = ip = iy /2, which means that each rectifier receives half of the grid current. The control
of the rectifier currents is implemented using the controllers indicated by blocks Ra and R, . These controllers can be imple-
mented using linear or nonlinear techniques [33]-[37]. In this paper, the current control law is the same as that used in the two

sequences synchronous controller described in [38]. These current controllers define the input reference voltages va* and vp*. The
homopolar current is measured (i, ) and compared to its reference (i¢ = 0). The error is the input of Pl controller R, that

determines the voltage v§. The calculation of voltage v is given from (30) to (32) as a function of i, selected as shown in the

Section V. The motor there-phase voltages are supplied from the inverter (VSI). Block VSI-Ctr indicates the inverter and its
control. The control system is composed of the PWM command and a torque/flux control strategy (e.g., field-orientedcontrol or
volts/hertz control).
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Fig. 3. Control block diagram.

IV. HARMONIC DISTORTION

The harmonic distortion of the converter voltages has been evaluated by using the weighted THD (WTHD).Fig. 4 shows the
WTHD of voltages generated by rectifiers [vap = (va + Vb )/2 for the proposed configuration and vq =Vgio  Vgoo fOr the

conventional one] at rated grid voltage asa function of p. Note that the parameter i determines v from The resultant voltage Vap
generated by rectifier

is responsible to control iy [See (16)], which means that this voltage is used to regulate the harmonic distortion of the utilitygrid.
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Fig. 4. WTHD of rectifier voltage (va, for proposed configuration and vg for standard configuration) as a function of p.
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When the single-carrier PWM is used, the behavior of WTHD of the proposed system is similar to that of conventional one forall p, as
observed in Fig. 4. When the double-carrier PWM is used with p = 0.5, the WTHD is also the same for both configurations.
However, for the other values of p the WTHD ofthe proposed system is lower than that of the conventional one. The WTHD of the
proposed topology (double-carrier with = 0 or p = 1) is close to 63% of that of the conventional topology (with p = 0.5). The
study has also shown that it is possible to reduce the switching frequency of the proposed system in 60% and still have the same
WTHD of the standard configuration.

The WTHD behavior in Fig. 4 can be explained from Fig. 5.That figure depicts the pole voltages (Vaio, Vazo, Vbio, Vb2o) andtheir

references (Va*10 , va*20 , Vb*10 , Vb*20 ), the triangular carriersignals (vu , Ve ), the resultant rectifier voltage (va» ) and the
circulating voltage (Vo ). Fig. 5(a) and (c) shows these variableswith single-carrier (with p = 1) and double-carrier (with p =1),
respectively. For the double-carrier [see Fig. 5(c)] the voltage va, has smaller amplitude and better distribution along the half
switching period than that of single-carrier [see Fig. 5(a)], which means a lower WTHD (as observed in Fig. 4 for u = 1). On the
other hand, for p = 0.5 [see Fig. 5(b) and (d)] the distribution ofvoltage va, along the switching period is the same for both cases,i.e.,
single-carrier and double-carrier have the same WTHD (asobserved in Fig. 4 for p = 0.5).

Besides the total harmonic distortion (THD) of the grid cur-rent ig, associated to the WTHD of the voltage vas , the har- monic

distortion analysis must also consider the currents in therectifiers. This is an important issue due to losses of the con- verter [39],
[40]. The harmonic distortion of the rectifier currents (ia, ig , i», and i})) with double-carrier is higher than that of the grid current

ig . When the parallel rectifier with double-carrier is used, the THD of all these currents are reduced for p = 0 or p = 1 and
increased for i = 0.5. On the other hand, the THDof the circulating current is also smaller with = 0 or p = 1.Fig. 6 shows
currents ia, i’a , and i, for double-carrier with yu = land p = 0.5. It can be seen that the mean values of the ripples ofall currents are

smaller when p = 1 is selected. In conclusion,
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Fig. 5. Variables of rectifiers A and B. (a) Single-carrier with pu=1. (b)

carrier with u = 0.5.

Single-carrier with u = 0.5. (c) Double-carrier with p = 1. (d) Double-
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the optimal rectifier operation is obtained with double-carrier making u = 0 or u = 1. A four-carrier approach may also
be used. Compared with the two-carrier strategy, the four-carrier strategy permits to reduce the harmonic distortion of
the grid current, but increases the rectifier losses.
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Fig. 7. Flow of active power. (a) Conventional ac—dc—ac single-phase to three- phase converter. (b) Proposed system with two
rectifiers.
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V .RATINGS OF SWITCHES

Assuming same rms voltages at both grid and machine sides, a machine power factor of 0.85 and neglecting the converter
losses, currents of the rectifier switches normalized in terms of currents of the inverter switches are 2.55 and 1.27 for the
conventional and the proposed single-phase to three-phase con- verter, respectively. Fig. 7(a) and (b) shows the flow of active
power in the conventional and in the proposed single-phase to
three-phase converter, respectively. For balanced system (L’g =L. = L'a =Ly = Lp’ ), voltage v, is close to zero, so that
the dc-link voltage is equal to that required by the conventional sys-
tem. Since the parallel connection scheme permits to reduce theswitch currents and preserve the dc-link voltage, the rating of each
power switch in the rectifier side is reduced.

VI. DC-LINK CAPACITOR

The dc-link capacitor current behavior is examined in this section. Fig. 8 illustrates the harmonic spectrums of the dc-link
capacitor current for the conventional converter (U = 0.5) [see Fig. 8(a)] and for the proposed converter using single-carrier with
K = 0.5 [see Fig. 8(b)], double-carrier with p = 0.5 [see Fig. 8(c)] and double-carrier with p = 0 [see Fig. 8(d)]. The proposed
converter using double-carrier with i = 0 provides the best reduction of the high frequency harmonics. Table | (obtained from
Fig. 8) presents the THD of the dc-link capacitorcurrent of the proposed converter (THDp) referred to the THDof the conventional
converter (THDc). The highest reduction of THD is obtained for the converter using double-carrier with p = 0. The THD
obtained for = 1 is equal to that for p = 0.
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TABLE |
NORMALIZED THD OF DC-LINK CURRENT OF THE PROPOSED CONVERTER
Topology (PWM) THDpl/THDc
Proposed (Single p = 0.5) 0.994
Proposed (Double ¢ = 0.5) | 1.002
Proposed (Double i = 0) 0.717

It is possible to reduce the second order harmonic intro- du

ced by single-phase operation, but this is not of interest be- cause

it requires unbalancing and increasing rectifier currents i and is.

VII.

configurations.

When the rectifiers operate with a switching frequency equalto 5 kHz, the conduction and switching losses of the proposed
-ing losses of the conventional topology. Consequently, in this case,
the total losses of the proposed topology was smaller than that of the conventional topology. The increase of the switch- ing
frequency does not change the conduction losses of both topologies, but increases their switching losses, especially for the

topology were 70% and 105%, respectively, of the correspond

proposed topology that has a high number of switches.

Impact Factor: 6.2
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LOSSES AND EFFICIENCY

The evaluation of the rectifier losses is obtained through re-gression model . The switch loss model in- cludes: 1) IGBT and
diode conduction losses; 2) IGBT turn-ON losses; 3) IGBT turn-OFF losses; and 4) diode turn-OFF energy.The loss evaluation
takes into account just the rectifier circuit, since the inverter side of converter is the same for the proposed and standard
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The efficiency of the topologies operating with a switch- ing frequency equal to 10 kHz and 5 kHz was evaluated by
experimental measurement with a 2 kW load. Table 1l shows the experimental results of the rectifier efficiency. Such resultsare
obtained for the proposed system (n,) normalized in terms conventional one (n.), for three cases: 1) both rectifiers op- erating at 10
kHz and L')g =Lg; 2) both rectifiers operatingat 10 kHz and Lg =Lg/2; and 3) both rectifiers operating at5 kHz and Lig =

Lg. Three strategies are considered in terms of PWM control: 1) single-carrier with u=0.5 (S-Ca u = 0.5);

VI .EXPERIMENTAL RESULTS

The system shown in Fig. 2 has been implemented in the laboratory. The setup used in the experimental tests is based ona
microcomputer equipped with appropriate plug-in boards andsensors. The system operates with a switching frequency equalto
10 kHz. Steady state, transient, fault analysis, and interleaveoperation have been evaluated in the experimental testes.

The steady-state experimental results are shown in Fig. 12. The waveforms in this figure are: (a) voltage and current ofthe
grid, (b) dc-link voltage, (c) currents of rectifier A and circulating current, (d) currents of rectifiers A and B, and (e) load line
voltage. Note that, with the proposed configuration, all control demanded for single-phase to three-phase converterhas been
established. The control guarantees sinusoidal grid current with power factor close to one [see Fig. 12(a)], dc- link and
machine voltages under control [see Fig. 12(b) and (e)]. Furthermore, the proposed configuration provides currentreduction in
the rectifier side (half of the current of the standardtopology) [see Fig. 12(d)], which can provide loss reduction. Also, the control
guarantees the circulating current close to zero [see Fig. 12(c)].
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Fig. 12. Steady-state experimental results. (a) Grid voltage (eg) and gird current (ig). (b) Capacitor voltage (vc). (¢) Currents of
rectifier A (ia and g ) and circulating current (io ). (d) Currents of rectifiers A (i) andB (i» ). (¢) Linevoltage of the load (vs23).
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current (ig). (b) Capacitor volt-age (vc). (c) Currents of rectifier A (izand /g ) and circulating current (io ).
(b) Currents of rectifiers A (i) and B (i»). (e) Line voltage of the load (vs23).

IX . CONCLUSION

A single-phase to three-phase drive system composed of twoparallel single-phase rectifiers, a three-phase inverter and an in-
duction motor was proposed. The system combines two parallelrectifiers without the use of transformers. The system model and the
control strategy, including the PWM technique, have been developed.

The complete comparison between the proposed and standard configurations has been carried out in this paper. Compared to the
conventional topology, the proposed system permits to reduce the rectifier switch currents, the THD of the grid currentwith same
switching frequency or the switching frequency withsame THD of the grid current and to increase the fault tolerancecharacteristics.
In addition, the losses of the proposed system may be lower than that of the conventional counterpart.

The initial investment of the proposed system (due to high number of semiconductor devices) cannot be considered a draw- back,
especially considering the scenario where the cited advan- tages justify such initial investment.

The experimental results have shown that the system is con-trolled properly, even with transient and occurrence of faults.
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