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Abstract — This paper presents a parallel single-phase to
three-phase drive system, using two single-phase rectifiers.
The rectifiers are not isolated from the grid by low-
frequency transformers, so the reduction of the circulation
current is an important objective for the control strategy.
Modulated Model Predictive Control regulates the grid
current and minimizes the circulation current between the
parallel rectifiers. Furthermore, the analyzed predictive
control consists of two strategies, where the first has the
application of two vectors in a sampling period while
the second has three vectors. The addition of a vector
allows the reduction of the computational cost due to
the reduction of tests performed in the predictive control
and reduces the harmonic distortion in the electrical grid
due to the greater application of vectors in a sampling
period. Simulation and experimental results are presented
in order to validate the control strategy.

Keywords — Single-Phase Grid, Parallel Converters,
Modulated Model Predictive Control, Circulation
Current, Three-Phase Induction Machine.

I. INTRODUCTION

Three-phase motors have high efficiency, a smaller volume,
and a smaller maintenance cost than their single-phase
counterparts [1], [2]. If a three-phase grid is not available to
provide power to the three-phase motor, a single-phase to
three-phase converter can be used. Typical single-phase to
three-phase converter applications can be found in remote
and rural areas, residential heating, ventilation, and air
conditioning (HVAC) systems.

A single-phase bridge rectifier and a three-phase inverter
compose a basic bidirectional structure of a single-phase
to three-phase converter, called a SL-converter (five-leg
converter). This topology employs five converter legs, totaling
ten switches. In order to reduce the cost and size of power
converters, several topologies have been proposed [2]-[6].
However, the proposed solutions present some disadvantages
compared to the SL-converter, such as the increase of the DC-
link voltage, load voltage with constant frequency (normally
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equal to the grid), and increased harmonic distortion.
The more interesting solution is a 3L-converter (three-leg
converter) which has a shared leg between the single-phase
input and the three-phase output of the converter [5], [6].
However, solutions that increase the number of switches
can improve the quality of grid currents and load voltages.
Despite increasing the number of switches, some solutions
improve the efficiency of the power converter [7]-[12].
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Fig. 1. Single-phase to three-phase AC-DC-AC converter with two
parallel rectifiers proposed in [9].

The converter topology proposed in [12] uses a seven-level
cascaded multilevel active rectifier and reduces the voltage
rating of capacitors. However, three different dc-links and
12 converter legs are needed. An interesting solution is the
topology presented in [9] (see Figure 1). The authors show
that it is possible to increase the efficiency, reduce device
current stress, and improve power quality at the single-phase
side. Among the applications, this single-phase to three-
phase converter can be highlighted by electric drive machines,
generator systems, and electric railway tractions. In addition
to the applications already mentioned above, single-phase
parallel converters are widely used in uninterruptible power
supply systems, power factor correction, and photovoltaic
generation systems [8],[13].

Nonetheless, single-phase parallel converters without an
isolation transformer lead to circulation currents between
converters, increasing the current stress on the devices,
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increasing of power losses, and influencing the system’s
performance. Then reducing the circulation current is greatly
important to obtaining the suiTable system performance [14].

Different control techniques have been proposed and
studied in the technical literature. Among those applied to
power electronics, the following stand out: linear control
using a proportional and integral controller with pulse width
modulation (PI-PWM), fuzzy control, sliding mode control,
and predictive control. The Model Predictive Control (MPC)
has drawn much attention in recent years. The MPC is a
feedback control that uses the system model to predict the
future behavior of the variables under control [15],[16]. Some
MPC advantages are intuitive design, fast dynamic response,
and the possibility of multiple control objectives [17],[18].

Due to its simplicity, the finite control set MPC (FCS-MPC)
is the most popular MPC method. The FCS-MPC predicts the
future behavior of the system based on the model and the finite
number of possible switch positions of the power converter.
The future switch positions are obtained by minimizing of
cost function, next step the optimal switch position is directly
applied without a modulation stage [19]-[23]. The FCS-
MPC can be used for different systems, for example, [24]
presents the use of FCS-MPC for control of DFIG-based
wind power generation systems, [25] for a three-level neutral-
point-clamped (NPC) converter, [26] five-phase and six-phase
machine, etc.

The model-predictive pulse pattern control is the
combination of MPC with Optimized pulse patterns
(OPPs) [27]. Compared to FCS-MPC, the model-predictive
pulse pattern control is much more complex [23]. Another
method is the Optimal switching sequence MPC (OSS-
MPC) [28]. It provides a fixed-switching frequency and has
a better steady-state performance compared to FCS-MPC.
Nonetheless, the computational effort and design controller
are higher.

To mitigate the problem of variable switching frequency
and maintain simplicity of design like in FCS-MPC, the
Modulated Model Predictive Control (M2PC) has been
proposed [29]-[35]. The M?PC is based on space vector
modulation (SV-PWM). Unlike FS-MPC which uses a single
vector in each sampling time, the M2PC uses the same SV-
PWM vector sequence. At each sampling time, all SV-PWM
vector sequences are tested, and the duty cycle is calculated
from the vector sequence that minimizes the cost function.
Then, in the next sampling time, each vector of the SV-PWM
sequence is applied to its respective duty cycle. Consequently,
the M?PC contributes to the performance of the system by
improving power quality and lower harmonic distortion [33]—
[35].

This paper discusses an AC-DC-AC single-phase to three-
phase system with two rectifiers in parallel and the M?PC
control strategy previously presented in [36]. Two control
strategies using the M2PC are presented, which are based on
the Space Vector Modulation (SVM), the first using a one-
dimensional plane and the second using a vector plane. A
comparison between the performance of the two strategies is
discussed, as well as being compared with the FCS-MPC and
the interleaved PWM strategy that was presented in [9]. These
strategies define the best option for switching states to control
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the grid current with low harmonic distortion and minimize
the circulation current. The simulation results were obtained
using the PSIM® software. Also, experimental results validate
the predictive control performance applied to the system. In
summary, the main contributions of this paper compared with
[36] are as follows:

I) Proposing a new strategy using the M?PC based on
the vector plan. In this way, it is possible to obtain a
reduction in execution time of approximately 58.76%
when compared with the strategy presented in [36];

II) Design to tune the gains of the Proportional-Integral (PI)
based on a DC-link voltage controller;

II) Regarding the proposed strategy, due to redundant vector
four different switching sequences were evaluated and
compared,;

IV) This article includes more simulation and experimental

results, as well as a comparison among the strategies.

II. SYSTEM MODEL

As shown in Figure 1, the Parallel Rectifier (PR) system is
composed of two full bridge single-phase converters (A and B)
in parallel with four RL filters (r and /) and a DC-link. There
is a three-phase inverter to supply a three-phase induction
machine at the machine side.

According to Figure 1 the PR system equations are:

di di
eg:ri{gal—i—l%al—|—rigaz—|—l%“2 + v, €))
. digpy . digp)
eg:rlgm-i-lﬁ +r1gh2+l% +vp 2)
Vi = Vh10 — Vi20 3
ig = igal + igbl (4)

where e, and i, are, respectively, the voltage and current in
the single-phase grid, igq1, iga2, igr1 and igy are, respectively,
the current in the single-phase converters A and B, r, and !/
represent, in this order, the resistance and inductance of the
RL filter, vy, is the rectifier voltage, vy and vy are the pole
voltages of the converters, with 7 = {a,b}.

Due to the absence of an isolation transformer, circulation
currents appear in converters A and B. From Figure 1, the
model of the circulation current is:

diga1 digp

—Val0 + Vp10 = Tigal +17 —rigp —1 % 5)
di di
—Va20 + V20 = —Figa2 — l% + rigyy +1 ljtbz (6)
Adding (5) and (6), the following relationship is found:
di,
=2ri, + 21— 7
Vo rip + i @)
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with

Vo = —Val0 — Va20 + Vb10 T V20 )]
lo] = igal - iga2 9
lo2 = Ighl — Igh2 (10)
ioziol :_i02- (11)

From (1), (2), (5), (9) and (10), the system model is:

digq

g = 2rigql +21 Z’tl —v—zo—i—va 12)
di ,

e = 2rign +2U 2 + X 4y, (13)

The equivalent model is obtained from (12) and (13), that is:

i
eg:rig—l—lf—&—vg (14)
vg:Q (15)

The voltages v,, v;, and v, depend on the switching state of the
converters and the DC-link voltage, and can be rewritten as:

Va = (Qul *qu2)E (16)
v = (qp1 — qm)E (17)
Vo = (*Qal —qa2 +qb1 +QbZ)E (18)

where qu1, qu2, qp1, and gpy are the switching states of the
converters A and B, and E is the DC-link voltage.

Table I shows the relationship between the switching states
of converters A and B and the voltages vy, vp, Vg and v,. In
addition, the voltages v, and v, have five voltage levels being,
respectively, [—-E,—E/2,0,E/2,E] and [-2E,—E,0,E,2E].

TABLE I
Switching States and Resulting Voltages

V. qal 92 91 G2 Va Vb Vg Vo
Vo 0 0 0 0 0 0 0 0
Vi 0 0 0 1 0 —-E -E/2 E
Vv, 0 0 1 0 0 E E)2

V3 0 0 1 1 0 0 0 2E
Vi 0 1 0 0 -E 0 -E/2 -E
Vs 0 1 0 1 —-E —-E -E 0
Ve 0 1 1 0 —-E E 0

Vi o0 1 1 1 -E -E/2 E
Vs 1 0 0 0 E O E/2 -E
Vo o1 0 0 1 E —-E 0 0
Vio 1 0 1 0 E E E 0
Vi 1 0 1 1 E 0 E/2 E
Vi 1 1 0 0 0 0 0 —2F
Vis 1 1 0 1 0 —-E -E/2 -E
Vig 1 1 1 0 0 E E/2 -E
Vis 1 1 1 1 0 0 0 0

III. DISCRETE MODEL

The development of the prediction of igq1, igp1, i, can be
done with state space equation using (12), (13) and (7), i.e.:

X(t) = Mx(t) + Nu(t) (19)
where x(t) = [iga1 (1) i1 (1) io(D)]7, u(t) = [(eg(r) +vo/2 -

1 K
va(t)) (eg(t) —vo/2 — vp(t)) vo(2)]T and matrices M and N,
being, respectively:

-5 0 0 5 0 0
M=| 0 -7 0 |andN=| 0 4 0
0o 0 -7 0 0 5

The prediction proposed for currents is performed using the
rectangular direct discretization method [37], defined as:

xee1 = (I +MT,) x5+ NTitg (20)

where k represents the discrete instant of time; consequently,
(k+1) is a step forward, I is the identity matrix with a
dimension equal to that of M and N, T is the sampling time
and x; and u; are, respectively, discrete x(z) and u(z).

In order to prevent a computational delay, present in
the experimental process, it is necessary to establish the
prediction in the step (k+2) to compensate for the delay
and, consequently, apply in (k+ 1) the predicted switching
state [29], [32], [36], [38], [39]. In this case, assuming that
eq(k+1) = eq(k) for a small sampling time 7.

Using (20) to calculate the currents in the first horizon, the
currents at the instant (k+ 2) can be predicted as:

X2 = (I +MTy) X1 + Nty 2D

IV. CONTROL STRATEGY

This paper presents two strategies to define the switching
states. Strategy I is based on a single-dimensional control
region and a set of pairs of adjacent vectors are considered
to define switch states, while Strategy II is based on the plan
vy and v, and a set of three adjacent vectors are used to
improve the performance of the parallel rectifier. Figure 2
shows the block diagram implementation of the M”PC to
parallel single-phase rectifier. The amplitude /; is given from
the error between the DC-link voltage reference (E*) and the
measured DC-link voltage (E) using a Proportional-Integral
(PD) controller. The reference current of the electrical grid
is used with two horizons, i.e., iy = ig(k+2). The control
block R; is responsible for obtaining the reference current and
estimating its value to the second horizon. A Phase-Locked
Loop (PLL) scheme has been used to obtain a high power
factor, i.e., voltage and current in the grid are in phase [40].

The system model provides x; and u; in which they become
input to the discrete model and, in turn, return the prediction of
currents xi4 to be used in the total cost function. Therefore,
the M?PC is used to minimize the cost function, that is,
defining the best option of vectors and their duty cycles.
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A. Design of the Dc-Link Voltage

Figure 3 presents the block diagram of the DC-link voltage
control strategy. For the DC-link voltage gain design, the inner
predictive current control loop is neglected because it has a
faster control loop dynamic than the outer DC-link voltage
control loop.

According to [41], the gain D can be deduced from the
power balance between the AC- and DC-side of the rectifier,
that is, Ppc = Elpc is approximately equal to Pyc = 0.5E],
(where E, is the magnitude of grid voltage). Also, considering
that the ripple voltage for DC-link is small compared with the
reference value, then it’s possible to approximate the DC-link
voltage with its reference, i.e., Ppc ~ E*Ipc the same can be
used for grid current, i.e., Pyc ~ O.SEgI;, with this:

E*Ipc ~ O.SEgI;,‘ (22)

From Figure 3 and (22), the gain D is written as follows:

1 E
D= P¢ _p5=2 (23)
I E*

From Figure 3, the closed-loop system transfer function, for
current / equal to 0, is given by:

E Dck/’s—t-%]f" (24)
L__cite

where C' = C/2 is the equivalent capacitance of the DC-link.
Comparing the denominator of (24) with the characteristic
equation, the gains are given by:

2

e L (25)
C/ 2

k== (26)

where ( is the appropriate damping ratio and @ is the natural
frequency of oscillation.

B. Strategy I

In this strategy, the M?PC is based on the Space Vector
Modulation (SVM) for a single-phase converter and was
implemented using a single-dimensional control region [32],
[42]. The SVM allows a set of pairs of adjacent vectors to
be considered for the application of the control strategy. The
voltage levels are distributed among four sectors (I, II, III,
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Fig. 2. Control diagram of the rectifier side using the M2PC method.

Fig. 3. Diagram for DC-link voltage controller.

IV) as shown in Figure 4, where sectors are based on the
v, voltage. Note that the voltage levels —E/2, 0, and E/2
have redundant vectors. The set of adjacent vector pairs (based
on vg) for the sectors presents 56 possible combinations.
For predictive control, a large number of switching possible
increases the computational burden leading to a reduction in
sampling time, which is an undesirable solution for power
electronics applications.

A simple solution, that reduces the computational burden,
is to select voltage vectors that eliminate the circulating
current, for instance, using the pair of vectors 0000 — 0101
and 0000 — 1010 to rectifier control. However, in this solution,
the v, voltage has only a three-level voltage, i.e., [-E,0,E]. To
reduce the number of switching combinations and obtain the
v, voltage with five levels, only 16 different pairs of adjacent
vectors are applied. The vector pairs are selected when there
is only a single switching change and the null vectors 1100
and 0011 are not used because they have a greater impact on
the circulation current, as shown in Table I. Table II shows the
vector pairs of adjacent vectors that have been used.

Sector Sector
Sector @ 0000 @ Sector
0011
@ 0001 0110 0010 @
0100 1001 1000
0111 1100 1011
0101 1101 1111 1110 1010
-E —-E/2 0 E/2 E

Fig. 4. Single-dimensional control region for v, voltage.

TABLE 11
Selected Adjacent Vectors
Sector I Sector I Sector III ~ Sector IV
1000-1010  0000-0010  0001-0000  0101-0001
0010-1010  0000-1000  0100-0000  0101-0100
1110-1010  1111-1110 1101-1111 0101-0111
1011-1010  1111-1011  O111-1111 0101-1101

As the M?PC tests two adjacent vectors in each sampling
cycle, the cost function is calculated for each vector. See [36]
for more details on the cost function and calculation of duty
cycles. After obtaining the duty cycles, the switching states are
obtained by comparing the duty cycle with two high-frequency
triangular carrier signals. The phase shift of the triangular
carrier between the rectifiers is 180°.

Figure 5 shows the flowchart for the operation of M?PC
operating in the PR, where 0 is the number of iterations. For
Strategy I, 6 is equal to 16. The overall control procedure can
be summarized as:
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@ Figure 6 shows that the voltage plan can be distributed
among eight sectors, but the selected sectors do not contain

/x(t) and u(t) measures/ the —2F and 2E components .of. t.h.e voltage v,.
Table III shows the possibilities of vectors (Vy, V) and
V) for each sector. For example, for option Ila in sector I:
Vi = Vi4, Vy = Vip and V, = Vj;. The three vectors are selected
to reduce the number of switch commutations in each sector,
reducing the switching losses. A restriction of the parallel
rectifier is to obtain equal voltages or the same average voltage
between the converters. In this way, there are at least four
possibilities to define the vectors applied in the modulation

of the parallel rectifiers, that is:

IMa: Legs a; and b; at low switching frequency and a, and
b, at high switching frequency;

IIb: Legs ay and b, at low switching frequency and a; and
b at high switching frequency;

IIc:  Sectors I and II with a; and b; at high switching

@ frequency and sectors III and IV with a, and b, at high
switching frequency;

duty cycles I1d:

Y

Sectors I and II with a; and b, at high switching
frequency and sectors III and IV with a; and b; at high
switching frequency.

Gmin =G
Jmin = J

|
No ‘ Yes

Fig. 5. Flowchart for M?>PC applied to PR.

1. Sampling igq1 (k), iga2(k), igp1(k), eg(k) and E(k);

2. Apply the optimal duty-cycle and calculated v, (k), vy (k)
and v, (k);

3. Predict the x; variables, i.e., igq1 (k+ 1), igs2(k+1) and
io(k+ 1) using (20);

4.  Definition of G, = inf;

5. Structure in the for loop:

(a) Evaluate the predicted xjy,, i.e., the currents
igat (k+2), igq2(k+2) and i, (k+2) from (21);

(b) Calculate the cost function for each voltage vector;

(c) Calculate the duty cycles;

(d) Select the vectors that optimize the total cost
function.

6. Definition of duty cycles obtained with M?PC.

C. Strategy Il

This strategy is based on the plan v, and v,,, where vy is the
real axis and v, is the imaginary axis. There are 16 switching
states, and the parallel single-phase rectifier generates v, with
five levels. The v, X v, plan is composed of nine vectors, eight
active vectors, and one null vector.

Fig. 6. Plan v X v, control region.
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Options Ila and IIb make one of the legs operate at a low
switching frequency while the other legs operate at a high
switching frequency. Options IIc and IId make the legs operate
half of the cycle at a low switching frequency and the other
half of the cycle at a high switching frequency. These options
maintain the voltage levels as shown in Table I.

In this strategy, three vectors are applied in the sampling
time interval and the cost function is calculated for each vector.
In this way, the cost function is:

gn = [it(ka) = i (k2))* + Ao i3 (ko) — (k)2 (27)

where ky = k+ 2, n = {x,y,z} indicating the analyzed
vector, ig(k +2) = igq1(k+2) 4 igp1(k+2) and A, is the
weighting factor of the circulation current. The duty cycles
corresponding to each vector is:

= — S 28)
8x8y t+8x8: 1+ 8y8&:

= 8x8z (29)
8x8y 1+ 8x8z 1 &8z

8x8y (30)

C g8yt 88+ 88

In this way, the selected vectors are those that provide the
smallest value of the total cost function:

G= dxgx+d}*g}‘+dzgz 31

The M?PC operating processes for Strategy II are the same
used in Strategy I, that is, the steps shown in the flowchart
in the Figure 5, but with § equal to 4. In the same way as
Strategy I, the switching states are obtained by comparing the
duty cycle with two high-frequency triangular carrier signals
with a phase shift of 180° for each one of the rectifiers.

TABLE III
Vector Set to Strategy I1
Option Sector I Sector I Sector III ~ Sector IV
Ila Via-Vio-Vii - Via-Vis-Vir - Vu-Wo-Vi Vy-V5-Vy
b Vs-Vio-V2 Vs-Vo-V2  Vi3-Vis-Vr o Vis-Vs-Vg
e Via-Vio-Vii - Via-Vis-Vir - Viz-Vis-V - Vi3-Vs-V;
1Id Vs-Vio-Va Vs-Vo-V» V4-Vo-Vii V4-V5-Vy
TABLE IV
Execution Time of Strategies
Tests for execution time
Strategy 1 2 3 4 5
1 1.195s 1204s 1.192s 1.235s 1.197s
I 0494s 0.493s 0492s 05065 0499

Due to the use of three vectors, it is possible to reduce
the number of tests by 50% in relation to Strategy I, since
it is necessary to evaluate only the eight sectors shown in
Figure 6. However, due to the elimination of the levels with
the highest voltage magnitude v,, there is a reduction from
eight to four sectors. Because of that, the M?>PC needs to carry

out only four tests to define the duty cycles for the vectors.
Despite increasing the number of calculations performed in
the cost function when compared to Strategy I, there is a
reduction from sixteen to four tests, that is, a 75% reduction
in iterations. Using the profiler function of MATLAB®, it
is possible to compare the execution time between the codes
used in Strategies I and II. The profiler function is a
performance analysis by measuring the execution time of code
segments, providing detailed time information for each part
of the code. Table IV shows the execution time of codes
for Strategies I and II, using the profiler function. For
each strategy, the execution time was calculated five times
ensuring greater accuracy of results. The average time for
Strategies I and II are, respectively, 1.205 s and 0.497 s.
Thus, comparing average values, it was noted that Strategy
IT obtained a reduction in execution time of approximately
58.76% in relation to Strategy 1. Also, the use of three vectors
provides a reduction of Total Harmonic Distortion (THD)
since more vectors are applied in each sampling interval T;.

V. SIMULATION RESULTS

To demonstrate the feasibility of the rectifier with parallel
converters using predictive control, digital simulations have
been performed in PSIM® software. The results for the two
strategies were obtained for the following conditions: the
voltage in the electrical grid equal to 110 V (RMS)/60 Hz,
RL filter r = 0.2 Q and / = 6 mH, DC-link reference voltage
E* equal to 200 V, capacitance C of DC-link is equal to 2200
WUF, the switching frequency equal to 10 kHz, the sampling
period 75 equal to 50 us, the gains of the PI controller were
k, = 0.0385 and k; = 0.3773 ({ = 0.59 and o, = 11.55),
weighting factor equal to 0.25 for both strategies. At the load
side, a three-phase RL load has been used instead of a three-
phase machine using a reference current equal to 2 A/20 Hz.

A. Results Simulation for Strategy I

The results obtained for Strategy I are shown in Figures 7,
8, and 9. Figure 7.a shows grid current and voltage results.
Notice that the grid voltage and current waveforms are in
phase, obtaining a high power factor. According to Figure 7.b,
the current in the electrical grid followed its reference and
obtained a THD of 2.91%. Figure 7.c shows sinusoidal
three-phase load currents with a frequency of 20 Hz. From
Figure 7.d, note that the vectors minimize the circulation
current, with Root Mean Square (RMS) equal to 0.19 A.

Internal currents of the rectifiers, shown in Figures 8.a
and 8.b, with THD of ig1, iga2, Igp1 and igp equal to
3.32%, 14.14%, 3.32% and 14.13%, respectively. The DC-
link voltage under control at 200 V is shown in Figure 8.c. This
voltage presents a second-order harmonic due to the single-
phase grid connection. According to Figure 8.d, the voltage
v, did not exceed voltage levels —E and E. As shown in
Figure 9.a, v¢ has a five-level waveform.

Voltage waveforms for the rectifiers are shown in
Figures 9.b, 9.c and 9.d. Therefore, it is noted that the legs
ay and b; are operating at low switching frequency while legs
ap and b; are at high switching frequency, but the voltages v,
and v;, get the expected voltage levels, that is, three levels.
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Fig. 7. Simulation results for Strategy I. (a) Voltage and current of
the grid, e, and i,. (b) Grid current and reference, i, and i;. (c) Load
currents iz, is» and ig3. (d) Circulation current.
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Fig. 8. Simulation results for Strategy I. (a) Currents ig,, igp) and
references. (b) Currents igq2, igo and references. (c) DC-link voltage
and reference, E and E*. (d) Voltage v,.

B. Results Simulation for Strategy I1

The presented results of Strategy II are summarized with
option Ila, except for the pole voltages.

The results of the system, using four regions of the
vector plane to the M?PC with the Strategy Ila are shown
in Figures 10, 11 and 12. Figure 10.a shows that the grid
current and voltage are in the same phase, i.e., with a high
power factor. According to Figure 10.b, the current in the
electrical grid followed its reference and obtained a THD of
2.64%. Figure 10.c shows sinusoidal three-phase load currents
with a frequency of 20 Hz. From Figure 10.d note that the
vectors minimize the circulation current, with RMS value
equal to 0.19 A. The internal currents of the rectifiers, shown
in Figures 11.a and 11.b, with THD of iga1, iga2, igp1 and
igh2 €qual to 2.61%, 13.78%, 2.61% and 13.82%, respectively.
The DC-link voltage is under control at 200 V as shown in
Figure 11.c. According to the Figure 11.d, the voltage v, did
not exceed the selected voltage levels, i.e., —E and E levels
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Fig. 10. Simulation results for the Strategy Ila. (a) Current and
voltage of the grid, eg and i,. (b) Grid current and reference, i, and
i;. (c) Load currents iz, is» and ig3. (d) Circulation current i,.

and, as shown in Figure 12.a, the v, voltage has a five-level
waveform.

The rectifier voltages for Strategies Ila, IIb, Ilc, and IId are
shown in Figures 12, 13, 14 and 15, respectively. In Figure 12
is noted that legs a; and by are operating at low switching
frequency while legs a, and b, are at high frequency (equal
to Strategy I) and in the Figure 13 the opposite situation. In
Figures 14 and 15 it is noted that the legs operate at low
switching frequency only in a half-cycle. In all cases, the
voltages v, and v;, get the expected voltage levels, that is, three
levels. Thus, it can be seen that the results between strategies |
and II are similar. However, Strategy II has a better THD since
three vectors are used in each sampling period instead of the
two vectors applied in Strategy .

C. Comparison of Results Between Strategies
In order to compare the results, in this section, Strategy I

and Strategy II are compared with the traditional PWM (Pulse
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Fig. 13. Simulation results for the Strategy IIb. (a) Pole voltages v, ¢
and v,p0. (b) Pole voltages vj19 and vyp.

Width Modulation) strategy using a linear PI controller. The
control strategy using the PWM strategy was presented in [9].
Table V shows the results obtained for the PWM Strategy,
Finite Control Set-Model Predictive Control (FCS-MPC), and
M?2PC strategies I, Ila, and Ilc. The results were obtained
with the same conditions, with a switching frequency equal
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to 10 kHz, and the sampling period 7; equal to 50 s,

TABLE V
Comparison of THD Between Strategies
PWM FCS-MPC M?PC-1I M?PC-Ila M?3PC-Ilc
i 279% 6.94% 3.32% 2.61% 2.69%
il 9.99% 6.94% 3.32% 2.61% 10.17%
i2  10.14%  23.99% 14.14% 13.78% 10.19%
i1 10.06%  6.94% 3.32% 2.61% 10.15%
ign  10.69%  25.01% 14.13% 13.82% 10.17%

The grid current using FCS-MPC showed a high THD
between strategies because only one voltage vector is applied
during each sampling period. The strategy I presents higher
harmonic distortion values than the PWM Strategy because it
uses only a pair of adjacent vectors in each sampling period.
Furthermore, Strategies II (Ila and IIc) present the lowest
harmonic distortion values. To Strategy Ila, the THD grid
current is reduced in 7%, 62%, and 21% when compared
with the PWM strategy, FCS-MPC, and Strategy I, leading
to a better quality of the grid’s current performance. On the
other hand, the THD of internal currents depends on the PWM
strategy. Comparing the PWM Strategy with Strategy Ilc, note
that they have a low difference of THD in the internal currents
but with an improvement in the grid current using Strategy Ilc.

Table VI shows the RMS value of circulation currents. A
similar result has been obtained with all strategies, with a little
reduction in RMS value when Strategies II and I were used.

VI. EXPERIMENTAL RESULTS

The effectiveness of the proposed M?PC strategy is
validated in the laboratory. However, only the parallel rectifier
was implemented. The experimental setup is based on a
Digital Signal Processor (DSP) TMS320F28335 with a
microcomputer equipped with appropriate plugin boards and
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TABLE VI
Comparison of RMS Between Strategies

PWM FCS-MPC M2PC-1 M3PC-Ila M?2?PC-Ilc

020A

0.32A 0.19A 0.19A 0.19 A

io

sensors, as shown in Figure 16. The results were obtained by
oscilloscope Agilent DSO-X 3014A 100 MHz. The switching
frequency was equal to 10 kHz, the DC-link voltage was equal
to 200 V, and capacitance C of DC-link was equal to 2200
UF. Aload of 100 Q was used. The RL filter has the following
parameters: resistance r = 0.75 Q and inductance / = 10.5 mH.
The voltage in the single-phase grid was equal to 110 V (RMS)
and 60 Hz fundamental frequency. The sampling period, gains
of the PI controller, and weighting factor are the same as those
used in the simulation.

The experimental results were obtained using Strategy Ila.
Figure 17.a show sinusoidal grid current and DC-link voltage
equal to 200 V. As the grid voltage and current are in phase,
a high power factor is obtained. As shown in Figure 17.b,
the rectifier voltages have three levels and the v, voltage has
five levels. Figures 17.c and 17.d show the internal rectifier
currents, showing that the circulation current is almost zero.
According to Figures 17.e and 17.f, pole voltages v,j0 and
vp1o are at low switching frequency while voltages v,p0 and
vpoo are at high switching frequency, characteristic behavior
of Strategy Ila.

In addition, a load transient was performed with a 25%
increase in load. Figures 18.a and 18.b show the behavior of
the system with the load transient. The DC-link returns to its
reference value after a small drop and the circulation current
remains with practically null value. All experimental results
are in full accordance with the simulation results presented.
Furthermore, the experimental results show that the proposed
strategy is able to achieve the goals: sinusoidal grid current,
mitigate of circulation current, and v, with five-level voltage.

VII. CONCLUSIONS

A single-phase to three-phase converter using Modulated
Model Predictive Control was presented in this work. The
converter consists of two parallel single-phase rectifiers
without isolation transformers and a three-phase inverter. Two
strategies using M?PC were presented, which provided a
sinusoidal grid current with a high power factor and reduction
of the circulation current between the parallel rectifiers. For
both strategies, an RMS value for circulation current equal to
0.19 A was obtained. Among the strategies discussed, Strategy
II performed better compared to Strategy I since it enabled a
reduction in computational cost by 58.68% and better THD in
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the electrical grid. Strategy Ila and Ilc obtained, respectively,
THD equal to 2.61% and 2.69% while for Strategy I it was
obtained 3.32%. The improvement presented by Strategy II
regarding the computational cost occurs due to the reduction of
iterations to obtain the best set of vectors and, about the THD,
occurs due to the increase of vectors applied in a sampling
period.
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