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Abstract—Over the past few decades, active rectifiers have
assumed an important preponderance for numerous applications
that propose to minimize power quality problems. Consequently,
digital control algorithms are following this trend by contributing
with a significant set of advantages. This paper presents the use of
a continuous control set model predictive control (CCS-MPC) for
a bridgeless-boost three-level (BB3L) active rectifier. The BB3L
has a set of advantages when confronted with traditional solutions
to improve power quality, where the possibility to operate with
three voltage levels, sinusoidal current and unitary power factor,
while using few switching devices, are the main features.
Considering the multiplicity of applications for the BB3L active
rectifier, the CCS-MPC is applied to obtain a robust current
tracking. The BB3L is presented in detail throughout the paper
and based on its mathematical model, the digital control equations
are formulated, highlighting that the possibility of operating with
a fixed switching frequency is the main characteristic. The results
are achieved for many operating conditions, covering steady-state
and transient-state, validating the accurate application of the
CCS-MPC.

Keywords—Continuous Control Set Model Predictive Control,
Bridgeless-Boost Three-Level Active Rectifier, Power Quality.

1. INTRODUCTION

The paradigm of smart grids is strongly influencing the
appearance of new technologies to deal with environmental and
sustainable matters, including technologies related to electric
mobility, renewable energy resources, and power quality [1][2].
Regarding power quality, power-factor-correction converters,
also identified as active rectifiers, are introduced as front-end
converters for several applications in smart grids [3][4],
permitting to reduce the total harmonic distortion (THD) of the
grid-side current and the operation with high power factor [5][6].
Specifically, the boost-type structures are the most common for
application as front-end converters in active rectifiers [7][8][9].
Despite the different existing structures of active rectifiers,
specifically, this paper presents the continuous control set model
predictive control (CCS-MPC) applied to a bridgeless-boost
three-level (BB3L) active rectifier. The BB3L active rectifier
was firstly proposed in [10], where it was exposed for
applications in smart grids, whenever it is required to control the
grid-side current. In terms of power electronics structure, the
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BB3L active rectifier is constituted by four passive power
devices (diodes d1, d2, d3, and d4, forming a passive converter),
and by two active power switches (sa and sb, forming a bipolar
and bidirectional element, which can be controlled individually
or as a single power switch), as shown in Fig. 1.

Fig. 1. Topology of the bridgeless-boost three-level (BB3L) active rectifier.

Nowadays, digital controllers are continually evolving, both
in terms of costs and new built-in features to improve
performance, being more attractive than analog controllers.
Within digital controllers, hysteresis-band controllers and
linear-controllers with pulse-width modulation (PWM) [11] are
the most popular for wide applications and generally present
satisfactory results (but can also present a set of drawbacks, e.g.,
variable switching frequency and resonance phenomena).
Gradually, predictive controllers have gained more attention for
a wide variety of applications [12][13][14][15][16]. Compared
to conventional controllers, it is possible to consider the
nonlinearities of the converter, as well as being more intuitive to
understand and apply; nonetheless, as main handicap, presenting
a more complex digital implementation. Numerous predictive
controllers can be implemented, including the variants: finite
control set (FCS) and continuous control set (CCS)
[17][18][19][20]. When the objective is to control a grid-side
current, as the case of the BB3L active rectifier, any controller
can be applied, permitting to obtain good results in terms of
following the reference. Nevertheless, when the control
objective is to guarantee the operation with fixed switching
frequency (e.g., with the objective of simplify the design of the
passive filters and to minimize electromagnetic interferences),
the CCS-MPC is the most convenient.



In the scope of this paper, a CCS-MPC is applied to the
BB3L active rectifier, requiring a cost function and a modulator.
The computation time needed depends on the considered
prediction horizon. In each period, the state that diminishes the
error is defined. Moreover, a longer prediction horizon (more
than 1 [21]), can also be implemented to control the grid-side
current of the BB3L active rectifier. As leading contributions of
this paper, it can be emphasized: (a) CCS-MPC applied to the
BB3L active rectifier, where the grid-side current is controlled
with a fixed switching frequency; (b) Detailed explanation of the
CCS-MPC; (c) Validation under steady-state and transient-state
conditions regarding the reference current. A theoretical analysis
of the BB3L active rectifier is presented in section II, where the
details of its principle of operation are presented and used as
support to a meticulous explanation of the CCS-MPC shown in
section III. The validation is presented in section IV for the most
interesting conditions of operation, permitting to support the
feasibility of the CCS-MPC applied to control the grid-side
current, as well as to establish a set of conclusions, given in
section V.

II. THEORETICAL ANALYSIS
OF THE BB3L ACTIVE RECTIFIER

The topology of the BB3L active rectifier is presented in
Fig. 1. As shown, it is constituted by four passive power devices
(diodes d! to d4) and by two active power switches (MOSFETs
in this case, sa and sb). As coupling filter with the power grid,
an inductor (L) was considered to facilitate the understanding of
the CCS-MPC controller and its digital implementation;
however, obviously, other coupling filters can be considered,
e.g., based on LC or LCL. Scrutinizing with detail the internal
currents of the BB3L active rectifier, it is possible to identify
that the grid-side current (i;) is formed by the sum of the currents
identified as i; and i,. From the point of view of the operating
voltage levels, the current i, is related to the operating levels v,
and -vs and the current i is related to the operating level O
(based on the topology, two distinct voltage levels can be
defined). The operating voltage of the BB3L active rectifier
(vBs3r) is measured between the points a and b, according to the
representation in Fig. 1.

When compared with the conventional power-factor-correction
based on the boost dc-dc, the BB3L active rectifier requires one
more switching device, but one less diode. However, the two
switching devices are not controlled at the same time, i.e., one
of them is controlled during the positive half-cycle and the other
during the negative half-cycle. Moreover, in the BB3L active
rectifier, the rms value of the circulating current in the main
diodes (dl to d4) is reduced, permitting to improve the
efficiency. Additionally, for obtaining the operating voltage
level 0, only the MOSFETSs sa and sb are used (one MOSFET
and the reverse diode of the other MOSFET), in counterpart to
the two diodes and a switching device used with the
conventional power-factor-correction based on the boost de-dc.
On the other hand, for obtaining the operating voltage levels
+v4e and —vg4., the BB3L active rectifier only uses two diodes,
while the conventional power-factor-correction based on the
boost dc-dc requires the use of three diodes (i.e., an additional
diode is used to form the boost dc-dc). In addition, the BB3L
active rectifier also has the added value of being able to
continue operating even in the event of a failure of the control

system, operating as a diode rectifier in this situation. The same
situation is also possible for the power-factor-correction based
on the boost dc-dc; however, an extra diode is always used,
contributing to increase losses compared to the BB3L active
rectifier. Summarizing, independently of the operating level
(+vae, 0, and —vg.), the BB3L active rectifier always requires a
reduced number of power devices; however, an extensive
evaluation among the two topologies is out of the scope of this
paper, since its focus is on the applicability of the CCS-MPC.
Nevertheless, this brief comparison is useful to demonstrate the
applicability and benefits of the BB3L active rectifier in
detriment of the conventional based on the boost dc-dc.

III. CCS-MPC APPLIED TO THE
BB3L ACTIVE RECTIFIER

As presented above-mentioned, the objective of the BB3L
active rectifier is to control the grid-side current (i;) based on a
reference (i;*) to ensure a sinusoidal current. In the scope of this
paper, the power theory used to achieve the reference current
(i*) is not investigated, since the principal objective is only to
introduce and describe the CCS-MPC applied to the BB3L
active rectifier. As demonstrated in section II, the BB3L active
rectifier operates with three voltage levels, i.e., 0 and +vg
(positive half-cycle), and 0 and —vg (negative half-cycle).
Examining Fig. 1 in terms of voltages and currents among the
BB3L active rectifier and the power grid, the conforming
dynamic system model is established by (the internal resistance
of L can be ignored without introducing negative relevance for
the provided analysis):

di;(t)

dt
where L is the filter inductor, ; is the grid-side current, v; is the
grid-side voltage, and vpp3; is the operating voltage of the BB3L

active rectifier. The voltage vaps; is as indicated in Fig. 1, and it
is mathematically defined according to:

VppaL(t) = uvg(t), 2

where u is defined by the state of the MOSTFETs (on or off),
by the positive or negative half-cycle of the grid-side voltage
(vi), and by the value of the current error (i.e., e;;, the difference
between the measured current and its reference), according to:

L + vpp3, (t) —vi(t) =0, (1)

+1 if  (v; > 0)&& (e; > 0)
u= { 0 if ((v;=0)&&(e;>0))]l((v; <0)&&(e; <0)). (3)
-1 if (v;<0)&&(e; <0)

As abovementioned, the CCS-MPC is an answer for the
problem introduced by the FCS-MPC in terms of controllability
with inconstant switching frequency. Discretizing (1) at a
sampling time of 7y and applying the forward Euler
approximation, which is defined by:

di‘;it) < i;[k+ 17] —i;[k] ' @)
S
the resultant discrete-time dynamic system model is:

vppay (k]
vdc[k]
Analyzing (5), it can be recognized that ij[k+1] is the current
that the BB3L active rectifier must reach after a whole control
period [k, k+1], independently of the measured current at instant

Ti(ii[k +1] —i[k]) + —vlk] =0. 5)



[£]. Thus, this current must be predicted during the control
period [k, k+1], based on the measured variables acquired in [£],
i.e., at the beginning of the control period [k, k+1]. Taking into
account these necessary assumptions, (1) must be rewritten in
function of the current i;[k+1], resulting in:

vppaL k] .
+ W) + Li[k] . (6)
The current defined in (6) is the current that the BB3L active
rectifier must reach at the end of the control period [k, k+1] and
must be equal to the established reference for the same control
period. Summarizing, the current 7;[k+1] must be equal to the
reference current #*[k+1]. However, at this point, it is
recognized that it is necessary to know the reference current for
the instant [k+1], but the reference current is established at the
instant [k]. With the objective to accomplish with this goal, a
prediction for [k+1] is established for the reference current,
based on the actual [k] and previous measures [k-1] and [£-2],
according to the three-order extrapolation method based on:

ii"[k+ 1] =3 ;" [k] = " [k — 1D + i;" [k — 2] . @)

ull+ 11 = (w1

After the detailed explanation regarding the predicted current
for the instant [k] based on the dynamic system model, as well
as about how to obtain the reference current for the instant
[£+1], the last stage before the PWM consists in considering the
cost function defined by:

g=21i"k+1] - [k +1]1, (8)

to minimize the error of the grid-side current. As shown in (1),
it is considered the absolute value of the error and a weighting
factor defined by A, defined according to the parameters of the
BB3L active rectifier and the defined requirements for
controlling the grid-side current (e.g., it can be determined
aiming to control the THD or to minimize the current ripple).
Besides, other cost function can be used to minimize the error
of the grid-side current, generating an upper correction of
superior errors when related to minor ones, such as:

g=2 i [k+1]—i[k+1]]% 9

The output of the cost function, i.e., the state of the BB3L active
rectifier that minimizes the grid-side current error, is then
compared with the carrier of the PWM to define the state of the
MOSFETs during each control period. The ripple of the
grid-side current is defined in function of the grid-side voltage,
the operating voltage, the duty-cycle (and sampling period), and
the coupling filter, according to:

Vi — UppsL

IT, (10)

With the objective to assess the performance of the CCS-MPC,
the percentage value of the error, can be verified by:

1o

=Y e Tk

%eiiZnZk_Ol ll[ ]I’ (11)
I

which corresponds to the absolute difference between the
measured current and its reference, based on the number of
samples, with respect to the rms value of the grid-side current.

Aii = ton

To complement the analysis of the CCS-MPC applied to the
BB3L active rectifier, the following points should be clarified:

(i) In the control algorithm, the considered sampling frequency,
for each input signal, corresponds to twice the switching
frequency; The PWM carrier is of the center-aligned type; (ii)
The comparison signal with the carrier is updated twice in each
period of the carrier [k, k+2] (i.e., whenever the signals are
sampled and the control algorithms are performed). As
mentioned, the variables are acquired at the instant [k] and they
remain with the same value throughout the period [k, &+1].
During this period [£, k+1], according to the considered PWM
carrier, the current takes on three distinct stages: negative slope,
positive slope and, again, negative slope (depending on the
half-cycle, positive or negative, the stages can do otherwise, i.e.,
positive slope, negative slope and, again, positive slope). Based
on the system dynamics equation, the current j; for the instant
[k+1] can be determined as a function of the other variables (i.c.,
i;, vi and vgg3 for the instant [k]). The current i; is sampled at
time [k] and the current at time [£+1] is the desired at the end of
a control cycle [k, k+1]. To cancel the error at the end of a
control cycle, the current at time [k+1] must be equal to its
reference, also at time [k+1]. For this, the extrapolation equation
is used to obtain i*[k+1]. Obviously, this process is cyclical,
being repeated twice in each period of the PWM carrier. In other
words, during a period of the PWM carrier (i.e., [k, k+2]) the
current sampled in [k] reaches its reference in [k+1] and,
subsequently, the current sampled in [k+1] reaches its reference
in [k+2].

IV.  ANALYSIS AND VALIDATION OF THE CCS-MPC
APPLIED TO THE BB3L ACTIVE RECTIFIER

The validation of the CCS-MPC applied to the BB3L active
rectifier was conducted with a developed model in PSIM and
according to the conditions listed in Table 1. As mentioned, it is
not an objective of this paper to deal with any specific power
theory, and the rms value and waveform of the reference current
was determined according to the operating power.

TABLE I

CHARACTERISTICS OF THE BB3L ACTIVE RECTIFIER

Parameter Value

Rms value of the Grid-Side Voltage 230 V
Switching Frequency 100 kHz
Sampling Frequency 200 kHz

Nominal dc-link Voltage 400 V
Maximum Operating Power 3.5kW
Coupling Inductor Filter 500 uH

Output Resistive Load 46 Q

Based on the simulation results, Fig. 2 shows the current j;
and its reference (i;*) for two sampling periods [k, k+1] and
[k+1, k+2], which correspond to a PWM carrier period of [£,
k+2]. This result was obtained for the positive half-cycle. As it
can be seen, in this specific case, in the period [k, k+1] the
current i; has two distinct stages: initially with a negative slope
and, later, with a positive slope. In the period [k+1, £+2], there
are also two distinct stages, but in a different sequence: initially
with a positive slope and, later, with a negative slope. As it can
be seen, at the end of each sampling period, the current i; reaches
its reference i;*, thus fulfilling the main objective of the
CCS-MPC. Also, in Fig. 2 is shown the PWM carrier (cpwu),



and the comparison signal (apwm and bpy,») with the PWM carrier
to obtain the control for the MOSFETs sa and sb, respectively.
As this result refers to the negative half-cycle, it is controlled
the MOSFET sa, while the MOSFET sb is always off. As it can
be seen, both the reference current (i*) and the comparison
signals (a@pwm and bpy,) With the carrier (cpwur) are determined at
each instant [£].
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Fig. 2. Principle of operation of the CCS-MPC applied to the BB3L active
rectifier during the positive half-cycle: Grid-side current (i;); Grid-side
reference current (i;*); PWM carrier (cpuas); Control signals (@pm, Bpwm)-
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Fig. 3. Principle of operation of the CCS-MPC applied to the BB3L active
rectifier during the negative half-cycle: Grid-side current (i;); Grid-side
reference current (i;¥); PWM carrier (cpw); Control signals (@pwm, bpwm)-

Similarly, the same occurs in the negative half-cycle, as it can
be seen in Fig. 3. In this case, in the period [k, k+1], initially,
the current presents a positive slope and, later, a negative slope.
In the period [k+1, k+2] occurs precisely the opposite. As this
result refers to the negative half-cycle, it is controlled the
MOSFET sb, while the MOSFET sa is always off. In Fig. 4 are
shown the current i;, the PWM carrier (cpwa), and the
comparison signals with the carrier (apum and bp,») to obtain the
control signals of each MOSFET, during a cycle of the grid-side
voltage. As it can be seen, the current ; is perfectly sinusoidal
and, in each half-cycle, only one of the MOSFETs is controlled.

Fig. 5 shows the grid-side voltage (v;), the grid-side current
(i;), and the operating voltage of the BB3L active rectifier
(vasz). These results were obtained considering two different
situations of the power grid: a sinusoidal voltage waveform and
a voltage with harmonic content (THD of 3.6%). In both
situations, the current #; is sinusoidal and it is in phase with the
voltage. In addition, as it can be seen, the operating voltage vaasz
has always three different levels (+vac, 0, and -v4). The current

i; is always sinusoidal, because a phase-locked loop (PLL)
algorithm is used to obtain a reference current solely dependent
on the fundamental component of the grid-side voltage.

apwm
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0.00s 0.01s 0.02s
Fig. 4. Principle of operation of the CCS-MPC applied to the BB3L active
rectifier during a complete period of the grid-side voltage: Grid-side current (i;);
PWM carrier (cpwur), Control signals (@pum, bywm); Gate-source voltage of the
MOSFETS sa and sb (Vgssas Vgssh)-
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Fig. 5. BB3L active rectifier operating with a sinusoidal grid-side current:
Grid-side voltage (v;); Grid-side current (7;); Operating voltage (vggs.).

In Fig. 6 it is shown a detail of the same variables to
visualize the division of the currents internally in the BB3L
active rectifier. As it can be seen, in this specific detail, the
current #; is constituted by the currents in the diode d/ and in the
MOSFET sb. The evolution of the current #; is shown in Fig. 7
when there is a sudden change in the reference current (i;*). In
this specific case, a 25% increase in the reference current (i;*)
was considered. As it can be seen, despite the sudden variation,
the current i; follows its reference, i.e., it reaches the steady-state
again in just two control cycles, representing an important
characteristic of the CCS-MPC. This figure also shows the
PWM carrier and the respective comparison signal, as well as
the gate-source voltage applied to control the MOSFET sb. In
addition to 1 prediction horizon, other horizons can be
considered. For example, by forcing to extrapolate the reference
current to [k+2] using equation (7), it is possible that the current
i; also follows its reference (i;*), as shown in Fig. 8. However,
when sudden changes occur, the current i; takes more control
cycles before reaching the steady-state again. One of these
examples is shown in Fig. 8, where a 25% increase in the



reference current was considered (as in the previous situation),
but in this case, as when the horizon assumes the value 2, the
current takes more control cycles to reach the steady-state.

: X .|
;‘ ';‘Tll)\] S 0.00204 s 0.00208 s
Fig. 6. Detail of the internal current division of the BB3L active rectifier:
Grid-side current (;); Current in the diode d/ (i4); Current in the MOSFET sb
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Fig. 7. Detail of the BB3L active rectifier operating in transient-state with 1
prediction horizon: Grid-side current (i;); Grid-side reference current (i*);
PWM carrier (cpyas); Control signal (b,,.); Gate-source voltage applied to the
MOSFET sb (Vgsss).
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Fig. 8. Detail of the BB3L active rectifier operating in transient-state with 2
horizon prediction: Grid-side current (i;); Grid-side reference current (i;*);
PWM carrier (cpua); Control signal (b,.,); Gate-source voltage applied to the
MOSFET sb (Vesss).-

Fig. 9 shows the current #; and its reference i;*, the PWM
carrier (cpwm) and the comparison control signals (apw» and
bpwm), as well as a detail of bp.m, when considering a prediction
horizon of 2. This result was obtained for two sampling periods
[k, k+1] and [k+1, k+2], which corresponds to a PWM carrier
period of [k, k+2]. As it can be seen, in the period [k, k+1] the

current #; has three distinct stages: initially with a negative slope,
then with a positive slope, and, later, again with a negative
slope. In the period [k+1, k+2], naturally, there are also three
distinct stages with the same sequence. As it can be seen, at the
end of each sampling period, the current #; reaches its reference
i*, thus fulfilling the main objective of the CCS-MPC
controller applied to the BB3L active rectifier. As this result
refers to the positive half-cycle, it is controlled the MOSFET
sb, while the MOSFET sa is always off. As it can be seen, both
the reference current (i;*) and the comparison signals (apw» and
bpwm) With the carrier (cpwy) are determined at each instant [£].
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Fig. 9. Principle of operation of the CCS-MPC applied to the BB3L active
rectifier during the positive half-cycle and with a 2 prediction horizon: Grid-side
current (i;); Grid-side reference current (i*); PWM carrier (cpuar), Control
signals (dpwms Dpwm)-
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Fig. 10. BB3L active rectifier operating with a grid-side current containing a
third harmonic in phase with the fundamental frequency of the grid-side
voltage: Grid-side voltage (v;); Grid-side current (i;); Operating voltage (vsgs.).

Fig. 10 shows a result that allows to validate the CCS-MPC
applied to the BB3L active rectifier when the grid-side current
is non-sinusoidal. This result is divided into two distinct cases.
In case #1, the reference current is sinusoidal and, as it can be
seen, the current 7; is also sinusoidal, in addition, the operating
voltage of the converter has three voltage levels. In case #2,
instead of a sinusoidal reference current, a reference with
harmonic distortion was considered, specifically a current with
a fundamental frequency of 150 Hz, an amplitude of 5 A, and
the same phase as the grid-side voltage. The BB3L active
rectifier allows to operate with the current i; distorted, perfectly
following its reference (;*). These values are merely indicative
to validate the control, and other values, either of frequency or
amplitude, can be used.



V. CONCLUSIONS

The importance of active rectifiers and digital control
systems has been demonstrated for many applications targeting
to improve power quality indices. By combining these two
perspectives, this paper presents a continuous control set model
predictive control (CCS-MPC) applied to a bridgeless-boost
three-level (BB3L) active rectifier. The main features of the
BB3L active rectifier were presented along the paper supported
by a comparison with conventional solutions. Regarding the
CCS-MPC, its mathematical deduction and the necessary
details for the digital implementation are meticulously
presented, where the operation with a fixed switching frequency
is the core distinguishing attribute. The validation was
performed for the main operating circumstances, showing that
the grid-side current tracks its reference within a specified
sampling period, considering real conditions of the grid-side
voltage and distinct reference currents, including sinusoidal and
non-sinusoidal, as well as with operating power in steady-state
and in transient-state. Additionally, the application of 1 and 2
predictive horizons were considered and verified. Succinctly,
this paper validated the applicability of the CCS-MPC to control
a BB3L active rectifier with fixed switching frequency.
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