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Abstract—Power converters and control strategies are very
vital for the increasing sustainability of the power grid targeting
smart grids. In these circumstances, it is proposed a novel
single-phase five-level (SP5L) VIENNA rectifier digitally
controlled by a model predictive control (MPC) with fixed
switching frequency, which can be useful for a variety of
applications with a robust current tracking. The proposed SPSL
VIENNA rectifier is an advancement of the classical three-level
VIENNA rectifier, also contributing to preserve power quality,
and exhibiting the advantage of operating with more voltage
levels at the expense of few additional switching devices. The
proposed topology is introduced and correlated with the
classical solutions of active rectifiers. The operation principle is
introduced and used to describe the MPC, which is given in
detail, as well as the necessary modulation strategy. The results
were obtained for a set of various operating conditions, both in
terms of reference of current and grid-side voltage, as well as in
steady-state and transient-state, proving the benefits of the
proposed SPSL VIENNA rectifier and the accurate and precise
use of the MPC to control the grid-side current.

Keywords—Model Predictive Control, Five-Level VIENNA
Rectifier, Active Rectifier, Smart Grid, Power Quality.

I. INTRODUCTION

The notoriety of active rectifiers is well explicit based on
the several topologies introduced along the last few decades.
Such notoriety is due to the contribution to improve power
quality issues, operating with high power factor and controlled
current [1][2][3]. The active rectifier has a similar behavior as
a linear load operating with unitary power factor with the
added value of permitting to operate with sinusoidal currents
even when supplied with a distorted voltage. Depending on
the characteristics of the final application, numerous
topologies can be noticed in the literature, each one exhibiting
varied stages of the complication of power electronics
arrangement and digital controllability [4] A concentrated
presentation of the fundamental active rectifiers is presented
in [5], where are highlighted the principle of operation and the
foremost distinctive aspects of each one. Active rectifiers are
also well identified in the literature as power-factor-correction
(PFC) topologies, where, besides operating with unitary
power factor, most PFC topologies also function with
sinusoidal current [6]. Examining more in detail the distinct
topologies, the classification regarding the multilevel property
is an important characteristic, assuming an ever-greater
preponderance due to the emerging technologies of power
electronics. Succinctly, the multilevel consents to reduce the
voltage stress affected to the power devices and reduce the
constraints of connecting passive filters.

Examining in an industrial perspective, the more
commonplace multilevel rectifiers are based on NPC, cascade,
and Vienna-type [7][8]. Particularly analyzing the VIENNA
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rectifier, it was originally planned for three-phase systems,
employing three switching devices. In [9] and [10] are
presented three-phase single-stage rectifiers. In [11] is
presented an evaluation regarding active rectifiers for EV
chargers considering the efficiency perspective. Particularly
regarding the VIENNA rectifier, it is the focus of the
application of dedicated control theories and modulations as
demonstrate in [12], [13], [14], and [15]. Beside power
converters, regarding control, predictive strategies with
different approaches are gaining each more preponderance for
several applications within power electronics, as investigated
in [16], [17], and [18].

The single-phase five-level (SP5L) VIENNA rectifier is
exhibited in Fig. 1, which was originally presented and
experimentally validated in [19]. The SP5L VIENNA rectifier
can be used for a large variety of applications in future smart
grids, such as electric mobility in battery chargers and active
rectifiers for smart controllable electrical appliances for
ensuring high-levels of power quality. It aggregates specific
essential benefits in terms of operation with five-levels,
operation without the double-boost feature, and reduced
quantity of power devices. This topology holds a split dc-link
with the central point attached to the neutral wire and using a
bidirectional cell (two devices in common-emitter). The
whole information of the SP5SL VIENNA rectifier is conferred
in section II, where it is introduced its principle of operation.
In the scope of this paper, the grid-side current of the SP5L
VIENNA rectifier is controlled with a model-predictive-control
(MPC) strategy, where the main differencing focus is the
operation with a fixed switching frequency, carrying a set of
important advantages when confronted with the classical
MPC based on a variable switching frequency. The
mathematical formulation of the MPC, based on
continuous-control-set, applied to the SPSL. VIENNA rectifier
is introduced in section III, and the validation both in
steady-state and transient-state is established in section 1V,
while the main remarkable aspects are summarized in section
V.

II. SINGLE-PHASE FIVE-LEVEL VIENNA RECTIFIER:
EXPLANATION OF THE PRINCIPLE OF OPERATION

As demonstrated in Fig. 1, the SPSL VIENNA rectifier is
composed by six diodes, by a switching device, and by a
bipolar and bidirectional cell (which can be formed by
different arrangements, where one of the main is presented in
Fig. 1). In the scope of this paper, it was considered the most
convenient arrangement that is based on a common-emitter
configuration (in terms of practical implementation, this
arrangement has an important added value because there is a
common point: the emitters). Moreover, it is considered that
these two switching devices are not controlled individually,
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therefore, from the control point of view, the bipolar and
bidirectional cell is seen as a single switching device (Ss).

Fig. 2. Valid states of the single-phase five-level (SP5L) VIENNA rectifier to
define the principle of operation in both positive ((a) to (c)) and negative ((d)
to (f)) half-cycles.

The valid states of the SPSL VIENNA rectifier are presented
in Fig. 2. As shown, obviously, with the objective of obtaining
the five-levels, two states are defined for the positive
half-cycle, also two states for the negative half-cycle and the
zero state, which can be defined equally for both half-cycles
or, aiming to distribute the power losses among the diodes and
switching devices, two states can be defined for obtaining the
zero level. Throughout the positive half-cycle, when the
switching device Sa is on and the switching device Sb is off,
the SPSL VIENNA rectifier is forced to operate with the zero-
voltage level. In this case, the voltage vq is 0 V. On the other
hand, also throughout the positive half-cycle, when the
switching device Sa is off and the switching device Sb is on,
the SPSL VIENNA rectifier is forced to operate with the voltage
level +v4/2. In this case, the voltage v is +va/2. When the
switching device Sa is off and the switching device Sb is also
off, the SPSL VIENNA rectifier is forced to operate with the
voltage level +vi. In this case, the voltage vu is +ve.
Depending on the voltage level, the inductance stores or
delivers energy to the circuit. On the opposite side, throughout
the negative half-cycle, when the switching device Sa is on
and the switching device Sb is off, the SPSL VIENNA rectifier
is forced to operate with the zero voltage level (however, in
this case, as shown in Fig. 2, the current path through the
diodes is quite different). In this case, the voltage v, is 0 V.
On the other hand, when the switching device Sa is off and the

switching device Sb is on, the SPSL VIENNA rectifier is forced
to operate with the voltage level -v4/2. Although the switching
devices Sa and Sb are in the same state when compared with
the positive half-cycle, as the SPSL VIENNA rectifier is
operating in the negative half-cycle, the current path through
the diodes is quite different: the voltage v is -v4/2. When the
switching device Sa is off and the switching device Sb is also
off, the SPSL VIENNA rectifier is forced to operate with the
voltage level va.: -va. Also, depending on the voltage level,
the inductance stores or delivers energy to the circuit.

III. MODEL-PREDICTIVE-CONTROL:
DIGITAL IMPLEMENTATION

This section introduces the MPC based on fixed switching
frequency applied to the SP5L VIENNA rectifier. It is
imperative to mention that the SP5L. VIENNA rectifier can also
be controlled applying other current control strategies
[20][21][22]. The main scope of this paper is the introduction
of the MPC applied to control the grid-side current of the
SPSL VIENNA rectifier, therefore, the details of the power
theory are purposefully omitted, since it can be obtained by
applying several algorithms with the objective to define the
reference current. As example, when it is indispensable to
obtain a sinusoidal reference for the grid-side current, it can
be implemented the following equation:

i *[n] = (Wgclnl ige[n]) + pelnl
' Vprp[n] Vppi(nl

where i;* is the reference current, vy is the dc-link voltage, iz
is the current on the dc-side, p. is the power necessary to
guarantee the controllability of the dc-link, Vp;; is the rms
value of the grid-side voltage, obtained from a phase-locked
loop (PLL), and v, is the instantaneous value of the grid-side
voltage (from a PLL). Identifying the instantaneous value of
the reference current, as well as the finite distinct states
supported by the SPSL VIENNA rectifier, throughout every
sampling period the MPC defines the variables that are
compared with the PWM carrier to select the state of the
SP5L VIENNA rectifier. Examining Fig. 1 on the grid-side,
both in terms of voltages and currents, and applying the
Kirchhoff law, it can be defined the relation:

dis(®) _ vi®) ~van(®) o

dt L

where #; is the current on the grid-side, v; is the grid-side
voltage, vay is the operating voltage of the SPSL VIENNA
rectifier (which is constant during each sampling period,
when assuming a constant dec-link voltage), and L is the
inductance of the coupling filter. Utilizing the forward Euler
process, results in:

vpuln], M

iiln+1] —ii[n] _ vi[n] — vap[n] 3)
T - L '

Equation (3) defines the mathematical model used to
control the SP5L VIENNA rectifier. Examining (3) is verified
that the variables acquired in the instant [#] are maintained
with the same value during the respective sampling period,
i.e., the variables acquired in [#] are maintained with the same
value during [n, n+1]. Since the objective is to apply an MPC,
(3) can be rewritten in terms of the unknown variable, i.e.,
according to i[n+1], such as:

ij[n+1] = %(vi [n] — vapn]) + ii[n]. @)



From the previous equations, knowing the reference
current and the current measured in the instant [n], it is
applied a cost function to minimize the error between both.
In the scope of this paper, the cost function was selected with
the clear objective to minimize the error according to:

J=20" In+1] = i[n+1]), (&)

where the weighting factor A must be selected according to
the parameters of the circuit, e.g., according to the value of
the inductance (L) and the sampling frequency (f;). With the
established cost function, the weighting factor A will define
how precise the current control is, i.e., if the current i; tracks
its reference i;* minimizing the error (the current ripple must
be center-aligned with the reference to minimize the error).
The reference current for [n+1] can be deduced based on [23].
The output of the cost function is then modified and
compared with the unitary PWM carrier with the objective of
defining the state of the SPSL VIENNA rectifier that pushes
the current (i;) to follow its reference (i;*). Therefore, it is
guaranteed the operation with a fixed switching frequency.
The details of the PWM are presented in section IV.

IV. ANALYSIS AND VALIDATION

The validation of the MPC was conducted according to
the conditions registered in Table I. The validation was
performed with a fully developed model in PSIM software
and considering real operating conditions.

TABLE I
PARAMETERS CONSIDERED IN THE PSIM SIMULATION MODEL

Parameter VALUE

Grid-Side Voltage 230V

Frequency (Grid-Side Voltage) 50 Hz
Dc-link Voltage 400 V
Maximum Power 4.6 kW

Coupling Filter 2 mH
Switching Frequency 20 kHz

Fig. 3 shows a steady-state result, where is presented the
grid-side voltage (v;), the current (i;), as well as the operating
voltage of the SP5SL VIENNA rectifier (vap), defined according
to the assumed state, where are clearly verified the five-levels
established. In this figure, is shown that the grid-side voltage
(vi) and current (i;) are sinusoidal, in addition, they are in
phase, perfectly showing the operation as an active rectifier.
Fig. 4 shows the same variables but considering that the
grid-side voltage has harmonic content (THD value of 3.6%).
This current is sinusoidal since the reference is also
sinusoidal. It is also verified that the operating voltage of the
SP5L VIENNA rectifier presents, as expected, five-levels.
Such distortion of the voltage was obtained from real
measurements in laboratory using a power quality analyzer
(Fluke 435) with the objective of obtaining a simulation as
reliable as possible. With the objective of analyzing, in more
detail, the operation of the SPSL VIENNA rectifier in relation
to the de-link, Fig. 5 shows the current (i;) on the grid-side,
the operating voltage of the SPSL VIENNA rectifier (vas), and
the currents in each source of the dc-link (i4; and ig4.). This
result was obtained to verify that it is possible to balance the
voltages on the dc-link, and for that, it is possible to verify
that the average value and the rms value of each of the
currents (iq; and iq4.2) are equal, despite being symmetrical in
relation to the half-cycle of the grid-side voltage (i.e., the iz;
current in the positive half-cycle is equal to the is. current in

the negative half-cycle, and vice-versa). This result was
obtained on steady-state and, as it can be seen, with the SP5L
VIENNA rectifier operating with sinusoidal current.
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Fig. 3. SP5L VIENNA rectifier operating in steady-state with sinusoidal
grid-side voltage and current: Grid-side voltage (v;); Grid-side current (i;);
Voltage levels (V).
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Fig. 4. SP5L VIENNA rectifier operating in steady-state with non-sinusoidal
grid-side voltage and sinusoidal current: Grid-side voltage (v;); Grid-side
current (i;); Voltage levels (v).

Fig. 5. SP5SL VIENNA rectifier operating in steady-state: Grid-side current
(i;); Voltage levels (v.); Current on the split de-link (iges, fac2)-

Fig. 6 shows the current (i;) on the grid-side and the
operating voltage of the SPSL VIENNA rectifier (vap). This
result was obtained to verify the transition between voltage
levels regarding the SP5SL VIENNA rectifier voltages. Through
this result, it is possible to verify that the ripple of the
grid-side current (7;) is smaller during the transition of voltage
levels (in this specific case, when the transition occurs when
the converter voltage no longer varies between 0 and +va./2,
but when changes between +v4/2 and +vs). The same
situation happens when going through zero, where the ripple
of the grid-side current is smaller. Fig. 7 also shows the
current (i;) on the grid-side and the operating voltage of the
SP5L VIENNA rectifier (vq). This result allows to visualize
the relationship between the current ripple and the operation
state of the SPS5L VIENNA rectifier, which defines its
operating voltage. Analyzing in detail, it turns out that when
it is operating with the voltage level +v4/2 it means that the
inductance is storing energy, and when it is operating with the



voltage level +vg it means that the inductance is supplying
energy to the circuit.
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Fig. 6. SP5L VIENNA rectifier operating in steady-state showing in detail the
grid-side current (7;) and the transition from voltage levels (vas).
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Fig. 7. SPS5L VIENNA rectifier operating in steady-state showing in detail the
grid-side current (i;) and the voltage levels (v,,) when vary between +vy/2
and +vy..

To verify the applicability of the MPC applied to the
SPS5L VIENNA rectifier, Fig. 8 shows the current (i;) on the
grid-side in comparison with its reference (i;*). As it can be
seen, the current follows its reference perfectly, maintaining
a ripple with a fixed frequency, which is one of the main
advantages of the proposed MPC applied to the SP5L
VIENNA rectifier. Moreover, as it can be seen, the current i; is
properly centered on its reference i;*, allowing to observe
that, in this way, the error is zero. Fig. 9 shows the grid-side
current (i;) and the voltage applied to the IGBTs Sa and Shb
(vsq and vsp). As it can be seen, the maximum voltage applied
to each IGBTs is wv4/2, representing an important
characteristic of the SPSL VIENNA rectifier in comparison
with traditional three-level solutions, where, for the same
conditions, the maximum voltage is vs. Another important
aspect that can be verified is that the IGBT Sb is only
subjected to a maximum voltage of v4/2 when the operating
voltage of the SP5L VIENNA rectifier varies between +vg./2
and +vg (or between —vg/2 and —vg). On the contrary, the
IGBT Sa is always subject to voltage variations (0 and +v,./2
or +vg./2 and +vy.), regardless of the operating voltage of the
SPSL VIENNA rectifier. In Fig. 10 it is possible to verify a
current analysis also in the IGBTs Sa and Sb. As it can be
seen, the current only circulates in the IGBT Sa when the
voltage produced by the SPS5L VIENNA rectifier varies
between 0 and +v4./2, which is an interesting feature. On the
other hand, the current in the IGBT Sh always circulates
regardless of the operating voltage of the SPSL VIENNA
rectifier. The maximum value of the current in each IGBT is,
obviously, dependent on the current at the grid-side (in other
words, it depends on the operating power of the SP5L
VIENNA rectifier). As it turns out, the current always varies
between 0 and a maximum value.
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Fig. 8. SP5L VIENNA rectifier operating in steady-state showing in detail the
comparison between the power grid current (i;) and its reference (i;*).

Fig. 9. SP5L VIENNA rectifier operating in steady-state showing the grid-side
current (#;) and voltage applied to the IGBTs Sa (vs,) and Sb (vgy).
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Fig. 10. SP5L VIENNA rectifier operating in steady-state showing the
grid-side current (i;) and current in the IGBTSs Sa (is,) and Sb (is).

Fig. 11 shows a detail of the current (i;) on the grid-side
and a detail of the currents in each IGBTSs (is, and isp). The
current J; results from the direct sum of the currents is, and
isp. In this specific case in which the converter is operating on
the positive half-cycle, it is shown that when the current
increases (the inductance stores energy), it flows through the
IGBT Sa and when the current decreases (the inductance
supplies energy) the current flows through the IGBT Sb. In
this figure it is also verified that, obviously, the current never
circulates through the two IGBTs at the same time. The time
in which each of the IGBTSs is on with respect to the switching
period (duty-cycle) is defined by the control strategy to obtain
a sinusoidal current. It is also important to verify that,
obviously, whenever one IGBT is in the on state the other is
in the off state. Fig. 12 shows the grid-side current (i;), the
reference current (i;*), as well as the operating voltage (vas),
with a sudden variation in the reference current. This
variation was caused purposely to verify that the current i;
quickly follows its reference 7#;* and that the voltage of the
converter does not undergo sudden changes. Fig. 13 shows
the same variables, where it is possible to verify the current j;
in detail and following its reference i;* perfectly in about four
control cycles (sampling time). As it can be seen, the
variation of the reference current (i*) was 25%, both in the



first and second transition. When the first transition occurs,
the SPSL VIENNA rectifier maintains the maximum voltage
level (i.e., +vac) so that the current #; reaches its reference as
quickly as possible (in this case the current must decrease).
When the second transition occurs, the converter maintains
the voltage level +v,./2, also so that the current 7; reaches its
reference as quickly as possible (in this case the current must
increase). The most important thing to highlight from this
result is that it is verified that the current is always centralized
in its reference.

i S

Fig. 11. SP5L VIENNA rectifier operating in steady-state showing in detail
the grid-side current (i;) and current in the IGBTs Sa (is,) and Sb (isp).
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the implemented PWM strategy, Fig. 15 shows the PWM
carrier (cpwm), the comparison signals with the PWM carrier
(apwm and bpym), as well as the gate-emitter voltages applied
to the IGBTs Sa and Sb (vgssa and vgesp). A strategy with a
modified sinusoid (for the ap» signal) is used to compare
with the PWM carrier (c,wm) in order to obtain the control
signals for the IGBT Sb and the b, signal is used to compare
with the PWM carrier (c,wm) to obtain the control signals for
the IGBT Sa.

Fig. 14. SP5L VIENNA rectifier operating in steady-state with non-sinusoidal
grid-side voltage and non-sinusoidal current to verify the precise application
of the MPC: Grid-side voltage (v;); Grid-side current (i;); Voltage levels (v,).

Fig. 12. SP5L VIENNA rectifier operating in transient-state showing the
comparison between the grid-side current (7;) and its reference (i;*), as well
as the operating voltage levels (vy).

Vab

Fig. 13. SP5L VIENNA rectifier operating in transient-state showing in detail
the comparison between the grid-side current (i;) and its reference (i;*), as
well as the operating voltage levels (v,) when vary between +v,./2 and +vg.

Fig. 14 shows a case to verify the applicability of the
MPC applied to the SPSL VIENNA rectifier, showing the
voltage (v;), the current (7;) and the operating voltage (vap). It
is verified that the voltage presents harmonic distortion to
obtain real operating conditions. However, it was considered
a non-sinusoidal reference current, but triangular, whose
fundamental frequency is equal to the fundamental frequency
of the grid-side voltage. As previously mentioned, this is an
extreme case in which it is only intended to verify the
applicability of the MPC and, as it can be seen, the current
has a triangular waveform and the SP5L VIENNA rectifier
continues to operate with the five voltage levels. Regarding

Fig. 15. Detail of the PWM applied to the SPSL VIENNA rectifier showing
the carrier (c,um), the control signals (a,, and bp,,), and the gate-emitter
voltages applied to the IGBTS (Vgys, and vegss).
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Fig. 16. Detail of the PWM applied to the SPSL VIENNA rectifier showing in
detail the carrier (c,wm), the control signals (dpwm and bp..), and the
gate-emitter voltages applied to the IGBTS (Vgssq and vggss).

The same signals are shown in Fig. 16, but in more detail.
As it turns out, this detail was purposely obtained to verify
the moment of transition. For the case of IGBT Sa, it is
verified that it remains in the on state when the carrier is
higher than the by signal, and the inverse is verified in
relation to the IGBT Sb and the respective comparison signal
with the PWM carrier. Even in more detail in relation to the
previous figures, the same variables are shown in Fig. 17, but
allowing to interpret the operating principle of the proposed
PWM more easily. It is shown that the signals bpum and apwm
are the same (this situation only occurs when the converter
voltage varies between 0 and +vg./2 or between 0 and —v4./2).
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Fig. 17. Detail of the PWM applied to the SP5L VIENNA rectifier showing
the carrier (Cpum), the control signals (@yum and bp,.), and the gate-emitter
voltages applied to the IGBTS (Vgssq and vegsp).

V. CONCLUSIONS

A single-phase five-level (SP5L) VIENNA rectifier is
introduced, where the control is determined by a
model-predictive-control (MPC). The paper covers these two
important aspects: the principle of operation and differencing
advantages of the SPSL VIENNA rectifier compared with the
traditional active rectifiers; and the MPC, which presents as
main contribution the possibility to control the grid-side
current with fixed switching frequency. The main advantages
of the SPSL VIENNA rectifier are highlighted, including an
analysis concerning the voltage levels, the voltage applied to
each semiconductor, and the circulating current. The
validation was performed for steady-state and transient-state,
as well as for considering different waveforms for the
reference current, where the results show the precise
application of the MPC. In the obtained results it is clearly
verified that the five-levels are established, independently of
the reference current and the harmonic distortion of the
grid-side voltage, and that it is possible to balance the split
dc-link. In terms of current, it was observed that the current
follows its reference, properly centered to minimize the error,
and maintaining a ripple with a fixed frequency, which is one
of the main advantages of the applied MPC. Concluding, it
was proved the accurate and precise application of a MPC,
based on fixed switching frequency, applied to the SPSL
VIENNA rectifier.
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