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ABSTRACT
This paper proposes a reduced-computation-burden Finite Control Set - Model Predictive Control (FCS-
MPC) applied to a dual-converter-based rectifier with a floating DC link. The main goal of this paper
is providing a proof of concept of the discussed system employing the proposed FCS-MPC, highlighting
its feasibility, simple multivariable control and straightforward implementation. The proposed FCS-MPC
reduces the number of tested vectors from the available 64 to only nine, efficiently controlling grid currents
and floating DC-link voltage. To evaluate the performance, steady- and transient-state simulations were
carried out to compare the proposed FCS-MPC with the conventional PI-based method. The results indicate
that FCS-MPC provides a better dynamic response than the PI-based method. However, its total harmonic
distortion (THD) at the same sampling frequency is higher, as the PI-based method benefits from a
modulation stage that reduces the current ripple. Additionally, the proposed FCS-MPC shows significantly
lower switching losses than the PI-based approach. On the other hand, for the same switching frequency,
the proposed FCS-MPC presents a somewhat higher, but similar THD and losses values to the PI-based
method. Experimental results further validate the feasibility of the proposed FCS-MPC, reinforcing its
potential as an efficient alternative to traditional control strategies in dual-converter-based-rectifier.

KEYWORDS FCS-MPC, Floating DC link, Open-End Rectifier, Dual Converter, Model Predictive Control,
Low Computation Burden.

I. INTRODUCTION
Multilevel converters are widely used in applications like
wind energy systems, photovoltaic systems, electric vehi-
cles, maglev trains, among others [1]–[3]. The most com-
mon multilevel converter topologies include neutral-point
clamped (NPC), floating capacitor (FC), and cascaded H-
bridge (CHB). The conventional three-phase three-level NPC
converter consists of 12 controlled switches and six clamp-
ing diodes, while the three-phase three-level FC converter
has 12 controlled switches and three additional capacitors.
The three-level CHB topology, on the other hand, requires
isolated DC sources to supply its DC links. The additional
components in NPC and FC converters increase switching
and conduction losses, while also reducing reliability due to
the higher risk of component failure. In the CHB topology,
the need for isolated DC sources typically involves bulky
transformers [1]–[3].

Another multilevel topology that has gained a lot of atten-
tion is the dual converter [4]–[6]. In this topology, a three-
phase source or load has all its terminals connected to power
converters on both sides in an open-end configuration. In this
way, the most common dual converter uses two two-level
converters, employs 12 controlled switches, and does not use
additional diodes or capacitors, which is an advantage when
compared to NPC and FC. Additionally, when operating
as rectifiers, since the power flow is unidirectional in most
applications, some of the controlled switches can be replaced
with diodes, making the system cheaper and less susceptible
to gating failures without compromising the quality of the
voltage generated by the converter. This replacement was
performed in [7] for an open-end three-phase source feeding
a DC load, in [8] for a permanent magnetic synchronous
generator (PMSG) feeding a DC load, and in [9]–[11]
for a doubly-fed induction generator (DFIG) connected to
a DC microgrid. Also, in [12] the authors propose two
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topologies of unidirectional rectifiers for an open-end three-
phase source with cascaded floating capacitor H-bridges.

The dual converter may operate with two isolated DC links
[5]. When operating with high modulation index, the two

DC-link configuration with equal voltage value for both DC
links generates nine-step voltages across the phase terminals
(due to the voltage between the two DC-link mid-points, as
will be shown in section II). Furthermore, when the DC-link
voltage values have a 2:1 ratio (i.e., one DC link has twice
the voltage value of the other), the configuration generates
13-step voltages across the phase terminals, providing lower
current harmonic distortion with fewer devices than NPC and
FC. However, when two isolated DC links are used, they are
usually isolated by bulky transformers, presenting the same
disadvantage as CHB.

In this way, the most common way of solving this issue
is using a single DC link shared by the converters with the
cost of generating voltages with a lower number of voltage
steps [4], since this configuration operates exactly like an
H-bridge, generating a three-step voltage across the phases.
However, in order to maintain a voltage waveform with a
high number of steps, another alternative is using a floating
DC link, as illustrated in Fig. 1(a) [13]. In this configuration
(when operating as a rectifier), one DC link feeds a load
or is connected to an inverter or to a DC microgrid, and
the other DC link floats. The drawback of this alternative
is operating with a lower modulation index, and having
more complex control and modulation strategies to assure
the floating DC-link voltage balancing. The floating DC link
must have a lower voltage than the other DC link. This
allows the real power to be null in the converter that uses
the floating DC link, which is necessary for the floating DC
link to keep constant voltage. This alternative may generate
phase voltages with up to nine steps.

Concerning control strategies, several methods may be
employed in power electronics applications to regulate power
flow, currents, etc. The most used control methods make
use of proportional-integral (PI) controllers associated with
a Pulse Width Modulation (PWM) stage. In [13], the authors
discuss the system shown in Fig. 1(a) with rectifier B
feeding a DC load. The control system makes use of two
PI controllers to regulate the voltage of both DC links, and
resonant-PI controllers to regulate the grid currents. The
voltage ratio between the two DC links is vCa : vCb = 1 : 2,
meaning that the floating DC link has half the voltage value
of the other DC link. The modulation stage employs a modi-
fied Level Shift-PWM (LS-PWM) strategy. The modification
in the PWM strategy was necessary for proper regulation
of the floating DC-link voltage. The disadvantage of this
approach is the complexity of the control system, since it
may be difficult to tune all controllers properly in order to
make the system stable, and also the need of modifying the
PWM strategy.

On the other hand, in recent years, the Finite Control
Set - Model Predictive Control (FCS-MPC) has gained a

lot of attention due to its advantages when compared with
PI+PWM strategies, such as fast dynamic response, mul-
tivariable control, simplicity, the absence of PI controllers
and their design, and a straightforward implementation.
According to [14], the FCS-MPC is an algorithm that uses
the system model to predict its future behavior and select the
best control action to minimize a cost function. Various FCS-
MPC methods have been proposed for the dual-converter
topology in different applications, such as permanent-magnet
synchronous motor drives [15]–[17], induction motor drives
[18], [19] and RL loads [20]. The FCS-MPC was also em-
ployed in three topologies of dual-converter-based rectifiers
in [21]. All topologies made use of two isolated DC links,
and the authors proposed a FCS-MPC method that reduces
the number of tested vectors.

In this context, one drawback of FCS-MPC is the high
computational burden, especially for the multilevel topolo-
gies, such as the one studied in this paper. As a result, studies
focused on reducing the computational burden of FCS-MPC
have been a major area of interest [21]–[25].

Therefore, the present work proposes a low-
computational-burden FCS-MPC method applied to a
dual-converter-based rectifier with a floating DC link, as
illustrated in Fig. 1. This paper is an extended version of
conference paper [26], which discussed a FCS-MPC method
that tested 46 switching vectors, as will be explained in
section III.A. This method has a heavy computation burden,
being not implementable in the Digital Signal Processor
(DSP). In this new version, the proposed FCS-MPC reduces
the number of tested vectors to nine, making the FCS-MPC
experimentally implementable. Experimental results were
added and a more profound analysis on the system behavior
was performed.

A performance comparison between the proposed FCS-
MPC and the PI-based strategy discussed in [13] is carried
out regarding total harmonic distortion (THD), semiconduc-
tor losses, and dynamic response. The experimental results
have proven the viability of the proposed technique, as it
provides sinusoidal grid current, unity grid power factor, and
stable floating DC-link voltage even under current transients.

Summarizing, the main contributions of this paper are 1)
demonstrating the feasibility of the dual converter open-end
source topology employing the proposed low-computational-
burden FCS-MPC, showing its simple multivariable control
and straightforward implementation when compared to the
PI-based method, which has not been discussed in the litera-
ture and 2) providing a performance comparison considering
steady and transient states parameters.

II. SYSTEM MODEL
The model of this system is expressed by the three-phase
source current dynamics and is given by

egj = rgigj + lg
digj
dt

+ vgj (1)
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(a)

(b)

FIGURE 1. Dual-converter-based rectifier with a floating DC link. (a) System. (b) Equivalent circuit.

where j = 1, 2, 3. Variable egj represents the grid voltages,
lg and rg are the inductance and resistance, respectively, of
the filter inductors connected to the grid, and igj represents
the grid currents. In addition, the other system voltages are
given by

vgj = vrj − v0a0b (2)
vrj = vaj0a − vbj0b (3)

where vgj are the voltages across the phase terminals, vrj
are the converter voltages, v0a0b is the voltage between DC-
link mid-points 0a and 0b, and vaj0a and vbj0b are the pole
voltages of rectifiers A and B, respectively. All these voltages
are illustrated in the equivalent circuit of the dual converter
shown in Fig. 1(b).

The voltage between the DC-link mid-points is given by

v0a0b =
vr1 + vr2 + vr3

3
(4)

And the pole voltages are given by

vaj0a = (2qja − 1)
vCa

2
(5)

vbj0b = (2qjb − 1)
vCb

2
(6)

where qja and qjb are the gating signals of rectifiers A and
B, respectively. They may assume the values 1 (meaning that
the upper switch of leg j is closed) or 0 (meaning that the
upper switch of leg j is open). DC-link voltages of rectifiers
A and B are vCa and vCb, respectively.

In this way, since the topology uses six two-level legs,
there are 26 = 64 available switching vectors. The available
vectors can be mapped in an αβ plane. Considering that
the DC-link voltage ratio is vCa : vCb = 1 : 2, the space-
vector plane is shown in Fig. 2. Each vector is defined based
on the switching states as [q1a q2a q3a q1b q2b q3b]. Since
the switches’ states are represented as binary variables, the
vector number corresponds to its equivalent decimal value,
where q1a is the most significant digit and q3b is the least
significant digit. For example, vector [q1a q2a q3a q1b q2b q3b]
= [010101] corresponds to vector number 24+22+20 = 21.
Additionally, some of the voltage vectors are mapped at the
same place, being named redundant vectors. For example,
vectors v47, v18 and v40 are redundant vectors since they
are mapped at the same place.

At last, the floating DC-link current and voltage are given
by

iCa = q1aig1 + q2aig2 + q3aig3 (7)

vCa =
1

C

∫
iCadt (8)

where ig1, ig2, and ig3 are the three-phase grid currents, and
C is the capacitance of the floating DC-link capacitor.

III. FINITE CONTROL SET - MODEL PREDICTIVE
CONTROL (FCS-MPC)
As explained before, the FCS-MPC method is based on the
system model. A discrete-time form can be used to predict
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FIGURE 2. Space-vector of a dual-converter in the αβ plane considering
vCa : vCb = 1 : 2.

FIGURE 3. Proposed FCS-MPC block diagram.

the future value of the phase currents. For this, the forward
Euler discretization method may be used, in which

digj
dt

≈ igj(k + 1)− igj(k)

Ts
(9)

where Ts is the sampling time, igj(k + 1) is the predicted
value in the next sample, and igj(k) is the value in the
present sample.

By applying (9) in (1), the expression obtained for the
current is

igj(k + 1) =
1

lg + rgTs
[Tsegj(k)− Tsvgj(k) + lgigj(k)]

(10)
However, the proposed FCS-MPC was implemented using

a two-step horizon prediction, as described in [14]. This
compensates for the delay introduced by the DSP that
appears when one-step horizon prediction is used. Therefore,
moving the discrete-time model one step forward in (9), the
future phase currents at the sampling instant (k + 2) are

obtained by

igj(k + 2) =
1

lg + rgTs
[Tsegj(k + 1)− Tsvgj(k + 1)

+ lgigj(k + 1)] (11)

Following the same logic for the floating DC-link voltage,
vCa(k + 2) is given by

vCa(k + 2) = vCa(k + 1) +
1

C
iCa(k + 1)Ts (12)

By applying the FCS-MPC method, the converter has its
gating signals determined by selecting a switching vector
that minimizes a cost function. In this case, considering that
rectifier B is connected to a DC microgrid (making vCb

constant), the cost function is based on the currents and
floating DC-link errors and is given by

g =| i∗g1 − ig1(k + 2) | + | i∗g2 − ig2(k + 2) |
+ | i∗g3 − ig3(k + 2) | +λ | v∗Ca − vCa(k + 2) | (13)

where the asterisk superscript ∗ refers to a reference variable
and λ is a weighting factor.

A. Proposed FCS-MPC algorithm
Fig. 3 illustrates the proposed FCS-MPC block diagram. The
proposed algorithm has the goal of the reducing the high
computation burden of the conventional FCS-MPC. Fig. 2
shows that the 64 switching states generate 37 different volt-
age vectors for a DC-link ratio of vCa : vCb = 1 : 2. Thus,
the conventional FCS-MPC tests all 64 switching vectors and
applies the vector that minimizes the cost function. However,
to ensure the regulation of the floating capacitor, the system
must operate with a low modulation index. Consequently,
the larger vectors (those forming the outer hexagon on the
plane) are not utilized, as explained in [20] and also used
in [26], reducing the number of tested vectors to 46.

In order to reduce the computation burden even more,
redundancies can be analyzed to simplify the FCS-MPC
algorithm. Also, the charge and discharge states of the
floating DC link must also be taken into account.

Thus, as expressed in (7), the floating DC-link current
depends on the switching state and the grid currents. In order
to understand the charge and discharge of the floating DC
link, consider once again the redundant vectors v47, v18 and
v40. To form vector v18, the switching state of rectifier A
is [q1a q2a q3a] = [010], resulting in iCa = ig2. On the
other hand, to form vectors v47 and v40, the switching state
of rectifier A is [q1a q2a q3a] = [101], resulting in iCa =
ig1+ ig3. This means that both vectors v47 and v40 have the
same influence on the charging state of the floating DC link
and one of them can be eliminated from the tests performed
by the control algorithm.

Also, the αβ plane can be divided into six sectors, as
illustrated in Fig. 4. The vectors that are tested in the FCS-
MPC algorithm depends on the location of the reference
voltage vector, which is obtained by applying the Clarke’s
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FIGURE 4. Space-vector with sector division.

Transformation to (1) as follows:

v∗gα = egα + lgi
∗
gβ − rgi

∗
gα (14)

v∗gβ = egβ + lgi
∗
gα − rgi

∗
gβ (15)

where the reference voltage vector is given by v∗ = v∗gα +
jv∗gβ .

Therefore, voltage vectors v47, v18 and v40 are tested in
the algorithm when the reference voltage vector is either in
sector 5 or in sector 6 (as shown in Fig. 4). In sector 5,
it can be demonstrated that ig1 < 0, ig2 > 0, and ig3 > 0,
with ig1 having a higher magnitude than ig3. So, v18 charges
the floating DC link and vectors v47 and v40 discharge it.
In sector 6, ig1 < 0, ig2 < 0, and ig3 > 0, with ig3 having
higher magnitude than ig1. This means that v18 discharges
the floating DC link, and v47 and v40 charge it. This pattern
applies to all redundant vectors, where one vector always
charges the floating DC link and another discharges it. And,
as explained before, in the cases where there are three
redundant vectors, one can be eliminated based on its effect
on the DC-link charging state. As shown in Fig. 4, v47 was
removed from the control algorithm.

At last, in the proposed FCS-MPC algorithm, each sector
tests only nine voltage vectors, as can be observed in Fig.
4. The vectors tested for each sector are listed in Table 1.
So, from the conventional FCS-MPC method, which tests all
64 available vectors, the proposed FCS-MPC algorithm was
able to reduce the number of tested vectors to only nine,
representing a reduction of around 86 % in the number of
tested voltage vectors.

IV. SIMULATION RESULTS
Digital simulations were performed for the configuration
shown in Fig. 1, considering that rectifier B is connected to
a DC microgrid. The filter resistance and inductance were
rg = 0.5 Ω and lg = 6 mH, respectively. The amplitude of
grid voltage was Eg = 311 V. The modulation index was

TABLE 1. Tested vectors for each sector.

Sector Vectors

1 v56, v3, v27, v39, v41, v19, v9, v48, v1
2 v56, v9, v48, v1, v25, v37, v23, v45, v61
3 v56, v23, v45, v61, v13, v52, v24, v36, v60
4 v56, v24, v36, v60, v44, v22, v15, v54, v62
5 v56, v15, v54, v62, v26, v38, v58, v40, v18
6 v56, v58, v40, v18, v11, v50, v3, v27, v39

0.67. In this way, considering a DC-link voltage ratio of
vCa : vCb = 1 : 2, the DC-link voltage of rectifier B was
always constant with vCb = 536 V and the floating DC link
of rectifier A had a reference value of v∗Ca = 268 V. The
capacitance of the floating DC link was C = 2200 µF. The
grid currents were adjusted to be synchronized with the grid
phase voltages, providing unity power factor operation.

To compare the performance of the methods, the system
was simulated using the proposed FCS-MPC, the FCS-MPC
excluding the larger vectors (discussed in conference paper
[26]), and the PI-based method described in [13]. For both
FCS-MPC methods, a weighting factor of λ = 0.1 was used.
This value was determined empirically.

A. Steady-State Results
Firstly, to prove that the proposed FCS-MPC operates prop-
erly for the dual converter open-end system of Fig. 1(a),
simulations for fsamp = 10 kHz were carried out for three
different grid current amplitudes: 5 A, 10 A and 15 A.
The obtained waveforms are illustrated in Fig. 5. From top
to bottom, they are defined as follows: grid voltage and
current in phase 1 (eg1 and ig1), grid currents (ig1, ig2
and ig3), voltage across phase 1 (vg1), and floating DC-
link voltage (vCa). As can be observed, the grid voltage and
the grid current are synchronized, guaranteeing unity power
factor. The grid currents are sinusoidal, accurately following
their respective reference values. The voltage across phase 1
presents nine voltage steps, and the floating DC-link voltage
is well-regulated to the reference value.

Secondly, to compare steady-state performance in terms
of THD, semiconductor losses, and switching frequency, the
FCS-MPC method discussed in [26] and the PI+PWM were
simulated for the same sampling frequency as the proposed
FCS-MPC (fsamp = 10 kHz).

The values of current total harmonic distortion (THD)
were obtained from

THD =
100

γ1

√√√√ Nh∑
h=2

(γh)
2 (15)

where γ1 is the fundamental current amplitude, γh is the
corresponding harmonic component amplitude of the hth

order, and Nh is the number of considered harmonics.
The semiconductor power losses were estimated using the

losses model presented in [27]. The results are summarized
in Tables 2-4, where Pcond, Pswit and Ptot are the conduc-
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FIGURE 5. Steady-state waveforms - from top to bottom, grid voltage and current (eg1 and ig1), grid currents (ig1, ig2 and ig3), voltage across phase 1
(vg1), and floating DC-link voltage (vCa) for the proposed FCS-MPC. (a) Ig = 5 A (b) Ig = 10 A (c) Ig = 15 A.

TABLE 2. Steady-state results for Ig = 5 A (Pg =2.3 kW) - fsamp=10 kHz.

Method Proposed FCS-MPC FCS-MPC [26] PI+PWM [13]

THD (%) 18.29 17.76 2.73

fswit (kHz) 3.26 3.13 14

fsa (kHz) 4.90 4.58 20.17

fsb (kHz) 1.61 1.69 7.25

Pcond (W) 22.03 22.25 22.62

Pswit (W) 19.21 18.83 86.88

Ptot (W) 41.24 41.09 109.5

tion losses, switching losses, and total semiconductor losses,
respectively.

The average switching frequency of the dual converter
(fswit), as well as the individual average switching fre-
quencies for rectifiers A (fsa) and B (fsb), were obtained.
Following the method described in [28], they are given by:

fswit =
ns1a + ns2a + ns3a + ns1b + ns2b + ns3b

6T
(16)

fsa =
ns1a + ns2a + ns3a

3T
(17)

fsb =
ns1b + ns2b + ns3b

3T
(18)

where ns1a, ns2a, ns3a, ns1b, ns2b and ns3b are number of
commutations of each switch and T is time period of
calculation.

Tables 2-4 present the results for the same sampling
frequency (fsamp = 10 kHz). It is possible to conclude
that FCS-MPC has a significantly lower average switching

TABLE 3. Steady-state results for Ig = 10 A (Pg =4.6 kW) - fsamp=10 kHz.

Method Proposed FCS-MPC FCS-MPC [26] PI+PWM [13]

THD (%) 8.94 9.84 1.4

fswit (kHz) 3.15 3.26 14

fsa (kHz) 4.66 4.73 20.17

fsb (kHz) 1.63 1.79 7.59

Pcond (W) 48.32 48.40 49.09

Pswit (W) 26.91 27.93 129.73

Ptot (W) 75.23 76.33 178.82

TABLE 4. Steady-state results for Ig = 15 A (Pg =6.9 kW) - fsamp=10 kHz.

Method Proposed FCS-MPC FCS-MPC [26] PI+PWM [13]

THD (%) 5.93 6.17 0.94

fswit (kHz) 2.84 3.03 14

fsa (kHz) 4.16 4.30 20.17

fsb (kHz) 1.51 1.75 7.87

Pcond (W) 78.61 78.62 79.93

Pswit (W) 32.94 34.60 176.0

Ptot (W) 111.55 113.22 255.93

frequency than PI+PWM, resulting in reduced switching
losses and, consequently, lower total losses. When analyzing
the average frequency of each rectifier individually, it is
evident that, for all methods, rectifier B (which has the higher
DC-link voltage) operates at a lower average frequency than
rectifier A. This also contributes to decrease the switching
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FIGURE 6. Current harmonic spectra. (a) Proposed FCS-MPC: Ig = 5 A. (b) PI+PWM: Ig = 5 A. (c) Proposed FCS-MPC: Ig = 10 A. (d) PI+PWM: Ig = 10 A.
(e) Proposed FCS-MPC: Ig = 15 A. (f) PI+PWM: Ig = 15 A.
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FIGURE 7. Dynamic response waveforms - grid currents and floating DC-link voltage. (a) Change of Ig from 5 to 10 A - Proposed FCS-MPC. (b) Change
of Ig from 5 to 10 A - PI+PWM. (c) Change of Ig from 10 to 5 A - Proposed FCS-MPC. (d) Change of Ig from 10 to 5 A - PI+PWM.

losses. However, the high THD values make FCS-MPC less
favorable than PI+PWM in this aspect. So, in this scenario,

it is possible to conclude that the proposed FCS-MPC has
lower switching frequency and lower losses at the expense of
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higher current ripple (and higher harmonic distortion) than
PI+PWM.

So, in order to perform a more complete and fairer
comparison, results with the same switching frequency are
also presented. In this way, all control methods were also
simulated for same switching frequency fswit = 14 kHz.
This value of fswit was chosen because it is obtained for
the PI+PWM method with a sampling frequency of fsamp

= 10 kHz.
Therefore, Tables 5-7 present the results for the same

switching frequency (fswit = 14 kHz) for the three current
values. Note that, in order to make FCS-MPC switching
frequency equal to that of PI+PWM, it was necessary to
increase the sampling frequencies for both the proposed
FCS-MPC and the FCS-MPC discussed in [26]. The values
of the sampling frequencies for this scenario are shown in
the Tables.

For this scenario, it is possible to see that all methods
present similar values of conduction and switching losses
and the values of current THD obtained with the FCS-MPC
methods become closer to the ones observed with PI+PWM,
but PI+PWM presents somewhat lower values.

In this context, for a sampling frequency of fsamp = 10
kHz, the current harmonic components with Ig = 5, 10 and
15 A for the proposed FCS-MPC and PI+PWM are illus-
trated in Fig. 6. Note that FCS-MPC has a spread spectrum,
with significant harmonic values in low frequencies, which
justifies the high values of harmonic distortion produced
by FCS-MPC. On the other hand, PI+PWM produces low-
magnitude harmonics around the multiples of the sampling
frequency. Also, it is possible to see that, as the fundamental
current amplitude Ig increases, the harmonics become less
significant for both methods.

In an overall analysis, FCS-MPC has the tendency of
presenting higher THD than PI+PWM. However, the main
advantage of FCS-MPC methods over PI-based ones are
the simplicity and straight-forward implementation. As ex-
plained before, while the authors in [13] had to design
properly the PI controllers for the inner loop current con-
trollers and the outer loop DC-link voltage controller (which
may be a complicated task since both control loops mutually
influence each other and an incorrect design may lead the
system to instability) and had to perform modifications in
the PWM strategy to be able to regulate the floating DC-
link voltage vCa, the proposed FCS-MPC is able to regulate
the currents and floating DC-link voltage by employing a
single and simple cost function.

Comparing the FCS-MPC methods, the proposed one has
similar results in terms of harmonic distortion, semiconduc-
tor losses, and average switching frequency when compared
to the one discussed in [26]. This shows that the proposed
reduced-computational-burden FCS-MPC method does not
compromise the method performance.

At last, the MATLAB® tic toc tool was used to com-
pare the computational burden of the methods. This tool

TABLE 5. Steady-state results for Ig = 5 A (Pg = 2.3 kW) - fswit=14 kHz.

Method Proposed FCS-MPC FCS-MPC [26] PI+PWM [13]

THD (%) 4.6 4.68 2.73

fsamp (kHz) 41 41 10

fsa (kHz) 20.6 20.6 20.17

fsb (kHz) 7.36 7.58 7.25

Pcond (W) 21.48 21.53 22.62

Pswit (W) 81.36 81.16 86.88

Ptot (W) 102.85 102.69 109.5

TABLE 6. Steady-state results for Ig = 10 A (Pg = 4.6 kW) - fswit=14 kHz.

Method Proposed FCS-MPC FCS-MPC [26] PI+PWM [13]

THD (%) 2.07 2.07 1.4

fsamp (kHz) 45 45 10

fsa (kHz) 21.1 21.5 20.17

fsb (kHz) 7.04 8.44 7.59

Pcond (W) 47.74 47.75 49.09

Pswit (W) 120.8 125.63 129.73

Ptot (W) 168.54 173.39 178.82

provides the time for the software to perform the algorithm
calculations in the code. The results are presented in Table
8. Note that the estimated time may vary depending on
the processing capacity of the computer used to perform
the simulations. The computer used to calculate the times
shown in Table 8 has an Intel(R) Core(TM) i7-8550U CPU
1.80GHz processor. For the FCS-MPC discussed in [26],
with 46 tested vectors, MATLAB® took approximately
129.49 µs to calculate the instructions. On the other hand, for
the proposed FCS-MPC, which eliminates the charging and
discharging redundancies and considers the six-sector oper-
ation, MATLAB® took approximately 26.6 µs to execute
the control algorithm. This represents a reduction in com-
putation time of approximately 94%. This demonstrates that
the reduction in the number of tests significantly decreases
the computational burden associated with model predictive
control. The lowest computational burden was obtained for
the PI+PWM, which is expected, since the method does not
have to calculate the current and voltage values for several
voltage vectors.

B. Transient-State Results
Two tests were performed to observe the dynamic response
for the proposed FCS-MPC and the PI+PWM method. In
the first test, the system operated with a current reference
amplitude of 5 A until the time of 1.5 s. At this point, the
reference amplitude changed from 5 A to 10 A. This result is
shown in Fig. 7(a) for proposed FCS-MPC and Fig. 7(b) for
PI+PWM. As can be seen, the currents promptly reached the
new reference currents when FCS-MPC is employed, with a
very smooth dynamic response. On the other hand, when PI
controllers and PWM are employed, it takes a longer time
to reach the new references.
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TABLE 7. Steady-state results for Ig = 15 A (Pg = 6.9 kW) - fswit=14 kHz.

Method Proposed FCS-MPC FCS-MPC [26] PI+PWM [13]

THD (%) 1.37 1.36 0.94

fsamp (kHz) 46 46 10

fsa (kHz) 20.6 20.4 20.17

fsb (kHz) 7.48 8.1 7.87

Pcond (W) 78.3 78.34 79.93

Pswit (W) 161.89 161.22 176.0

Ptot (W) 240.2 239.56 255.93

TABLE 8. Simulation execution time.

Method Execution time

Proposed FCS-MPC 26.6 µs

FCS-MPC [26] 448.4 µs

PI+PWM [13] 1.2 µs

To better evaluate the system dynamic response, the
grid currents were transformed to dq reference frame. This
transformation provides DC currents (see Fig. 7). So, for
FCS-MPC, it is possible to see that the transition took
approximately 82 µs, and for the PI-based method, the
transition took approximately 2.5 ms.

On the other hand, in the second test, the system operated
with a current reference amplitude of 10 A until the time of
1.5 s. At this point, the reference amplitude changed from
10 A to 5 A. In this case, FCS-MPC presented a more severe
transient, as illustrated in Figs. 7(c) for FCS-MPC and 7(d)
for PI+PWM. In this case, the currents reached their new
references within approximately 2 ms for both FCS-MPC
and PI+PWM.

Naturally, for the PI-based case, the transition time de-
pends on the current controller gains. But, even if the
gains were changed to reduce the transition time, a higher
overshoot would be observed. Moreover, the system stability
must be taken into account since there is a floating DC-link
voltage PI controller as well, which may influence the current
control loop. Thus, because of these issues, the FCS-MPC
turns out to present a much simpler implementation than
PI-based methods.

Regarding the floating DC-link voltage, both methods
provided an adequate response during current transients.
However, the floating DC-link voltage is less affected during
the current transients when the proposed FCS-MPC was
employed.

V. EXPERIMENTAL RESULTS
The experimental results were obtained for the topology
shown in Fig. 1 employing the proposed FCS-MPC. The ex-
perimental setup (see Fig. 8(a)) is composed of SEMIKRON
SKM50GB12T4 IGBT modules, SEMIKRON SKKD 46/12
diode modules, LEM LV20-P voltage sensors, LEM LTS15-
NP current sensors, electrolytic capacitors, three 3-kVA 220-
V/220-V single-phase transformers, and 6-mH inductors.

The used control board was the TMDSDOCK28379D Digital
Signal Processor, as illustrated in Fig. 8(b). The open-end
grid configuration was obtained by connecting the secondary
windings of the transformers to the three 6-mH filter induc-
tors and to rectifiers A and B, while their primary windings
were connected to the AC utility power by means of a variac.
The DC microgrid was emulated using a capacitor bank fed
by a second variac and a diode-bridge rectifier connected to
a resistive load in order to dissipate the power provided by
the open-end-connected grid.

The grid voltage was set Eg,RMS = 110 V, and the filter
parameters were rg = 0.5 Ω and lg = 6 mH. The reference
voltage of the floating DC link was v∗Ca = 134 V and
the other DC link was kept constant with vCb = 268 V,
resulting in a DC-link voltage ratio of vCa : vCb = 1:2 and
a modulation index of 0.67. The capacitance of the floating
DC link was C = 2200 µF, the sampling frequency was 10
kHz, and the weighting factor was λ = 0.1. The phase locked
loop (PLL) algorithm used to synchronize grid voltages and
currents is named power-based PLL (pPLL) and is discussed
in [29].

A. Steady-State Results
Initially, the grid current amplitude Ig was set in 5 A. The
steady-state results are shown in Fig. 9. The floating DC-
link voltage is well-controlled, and the grid currents are
sinusoidal, as illustrated in Fig. 9(a). As can be seen in
Fig. 9(b), the grid voltage (eg1) and current (ig1) in phase
1 are synchronized, ensuring unity power factor operation.
In addition, the voltage across phase 1 (vg1) is composed of
nine voltage steps, as expected for this configuration using
the DC-link voltage ratio of 1:2. Therefore, the experimental
results of Fig. 9 are in full accordance with the simulations
results shown in Fig. 5.

The execution time of the proposed FCS-MPC on the DSP
was obtained by setting a specific GPIO pin to 1 (using the
command SET) at the beginning of the control instructions
and to 0 (using the command CLEAR) at the end. The
instructions go from the capture of the sensors information
to the determination of the gating signals. For a sampling
frequency of fsamp = 10 kHz (i.e., Ts = 100 µs), the time to
execute all the instructions was only about 21 µs. This means
that the proposed FCS-MPC was successful in performing
all control instructions with low computational burden.

B. Transient-State Results
The operating performance during a transient was evaluated
by changing the current amplitude from 5 A to 10 A and
from 10 A to 5 A, as done in simulations. Fig. 10 illustrates
the grid currents and floating DC-link voltage waveforms.
As can be seen, the floating DC-link voltage was well
regulated to its reference, i.e., 134 V for both transients.
The currents presented a good dynamic response since the
currents quickly followed the new current reference.
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FIGURE 8. (a) Experimental setup. (b) Control board

In addition, the dq currents waveforms are presented in
Fig. 11. As can be seen, when the current amplitude was
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FIGURE 9. Experimental waveforms in steady-state. (a) Grid currents ig1,
ig2, ig3 and the DC-link voltage vCa. (b) Phase voltage vg1, grid voltage
eg1 and grid current ig1.
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FIGURE 10. Experimental waveforms during a transient of the grid
currents ig1, ig2, ig3 and the DC-link voltage vCa. (a) From 5 A to 10 A. (b)
From 10 A to 5 A.
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FIGURE 12. Parametric variation. (a) Filter resistance (rg). (b) Filter
inductance (lg).

changed from 5 A to 10 A, the transition took approximately
0.8 ms. On the other hand, when the change was from 10 A
to 5 A, it took approximately 2 ms. Thus, the experimental
results corroborate the simulations.

C. Robustness to Parametric Errors
It is evident that the FCS-MPC methods depend on the model
of the controlled system, i.e., for the control strategy to
operate properly, the correct values of the system param-
eters are necessary. Naturally, the values of the parameters
may vary due to operating conditions, such as temperature.
Therefore, it is necessary to verify how the proposed FCS-
MPC performs under parametric variations.

In real life, of course those parametric variations are
of hardware physical nature. However, as discussed in

[30], [31] for induction motor drives, experimentally im-
plementing parametric variation tests is complex due to
the difficulty of physically causing these variations. So, as
explained in [30], [31], these tests may be performed by
altering the values of the parameters in the control algorithm,
while the physical value is considered to remain constant. In
this way, the parametric variation tests were carried out by
altering the value of the resistance rg and the value of the
inductance lg of the filter inductor in the control algorithm
code on the DSP.

To do so, initially, the filter resistance value was changed
in the control algorithm following the curve shown in Fig.
12(a). The value of the rg was 0.5 Ω until 0.5s. At this
time, it started to increase until it reached the value of 5
Ω at 3.5s, representing an increase of 900 %. Note that the
current amplitude slightly increases as the parametric error
grows, as shown in Fig. 13(a). On the other hand, the value
of the floating capacitor is not affected by this error. In this
way, it is possible to conclude that the proposed method is
robust to errors in estimation of the the filter resistance.

At last, the filter inductance lg had its value changed in
the control algorithm, following the curve shown in Fig.
12(b). The value of lg was 6 mH until 0.5s. At this time, it
started to increase until it reached the value of 20 mH at 3.5s,
representing an increase of around 233 %. In this case, the
current distortion increases as the parametric errors grows,
presenting high ripple and spikes. Notably the proposed
FCS-MPC is sensitive to inductance variations, but it is worth
pointing out that the control does not diverge despite the
high values of parametric errors. Also, proper control of the
floating capacitor is performed.

VI. CONCLUSIONS
This paper proposed a reduced-computational-burden FCS-
MPC method applied to a dual-converter-based rectifier, in
which the number of tested switching vectors is reduced
from the available 64 of the conventional FCS-MPC to only
nine. The converter uses two DC links, one of which is a
floating DC link. The system operated with a 1:2 DC link
voltage ratio and a modulation index of 0.67. By means
of simulations and experiments, it was possible to see that
the proposed FCS-MPC operated properly, adjusting grid
currents and floating DC-link voltage to their references.
In this way, the obtained experimental results proves the
feasibility of the proposed FCS-MPC applied to a dual-
converter-based rectifier with a floating DC link.

Also, by means for simulations, the proposed FCS-MPC
performance was compared to that of a PI+PWM method
for the same sampling frequency (fsamp =10 kHz) and
same switching frequency (fswit = 14 kHz) in terms of
THD, semiconductor losses, and switching frequency. In the
first scenario, the proposed FCS-MPC has a significantly
lower average switching frequency than PI+PWM, resulting
in lower switching losses and, consequently, lower total
losses. However, the high THD values make FCS-MPC
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FIGURE 13. Experimental waveforms of the grid currents ig1, ig2, ig3 and the floating DC-link voltage vCa for the robustness test. (a) Variation of the
filter resistance. (b) Variation of the filter inductance.

less favorable than PI+PWM in this aspect. In the second
scenario, all methods present similar values of semiconductor
losses and the values of current THD obtained with the
proposed FCS-MPC become closer to the ones observed with
PI+PWM, but PI+PWM presents somewhat lower values.

Regarding dynamic response, with a current reference
amplitude change from 5A to 10A, the grid currents assume
the new reference currents within 82 µs for the proposed
FCS-MPC, while the transition took approximately 2.5 ms
for the PI-based method. On the other hand, with a current
reference amplitude change from 10A to 5A, FCS-MPC
presented a more severe transient than PI+PWM, and the
system reached the new references in approximately 2 ms
for both methods.

In an overall comparison between the two methods, the PI-
based has the advantage of having lower THD values than
the FCS-MPC for all studied scenarios. On the other hand,
the PI-based method is much more complex to design and
implement than the proposed FCS-MPC, which does not use

PI controllers and provides the control of multiple variables
in a single and simple cost function. Then, proposed FCS-
MPC provides acceptable control performance, with proper
steady and transient behavior, and also simple implementa-
tion.
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