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Abstract—The application of duty cycle-based finite control set
model predictive control (FCS-MPC) to the six-switch converter
(SSC), a reduced switch count multiport converter, faces the draw-
back of an asymmetrical and limited set of voltage vectors, which
deteriorates the quality of the system currents. To overcome this
issue, this article proposes an FCS-MPC technique with duty cycle
optimization for a wind energy system comprised of SSC, induction
generator, and grid connection, for variable speed applications.
The main contribution of the technique is the use of a hexagonal
set of virtual voltage vectors. Analysis of the experimental results
verifies how the proposed technique reduced the grid current THD
by over 60% when compared to the equivalent duty cycle-based
FCS-MPC without the hexagonal voltage vectors. Additionally, the
machine torque ripple factor and the grid active power ripple fac-
tors were also reduced. As a result, the proposed control technique
boosts the application of the SSC in renewable household wind
energy systems.

Index Terms—Finite control set model predictive control (FCS-
MPC), reduced switch count converters, six-switch converter
(SSC), squirrel cage induction generator, virtual voltage vectors.

I. INTRODUCTION

G IVEN its inherent synergy to power converters, finite
control set model predictive control (FCS-MPC) has been

applied to a variety of power converters, such as two-level
three-phase inverters [1], [2], [3]; dc/dc converters [4], [5];
HVDC systems [6]; back-to-back 12 switch converters [7], [8];
and multilevel converters [9]. FCS-MPC is based on a finite
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enumeration of the existing control actions the system can apply
at a given instant, and power converters have a finite number
of switching combinations since they are made of electronic
switches, which can be only turned ON or turned OFF [10].
The choice of the control action is then guided by a designed
cost function [11]. Fast dynamics, as well as the simplicity
of implementation of not only system restrictions, but also of
nonlinearities are among FCS-MPC advantages [12].

Another reason which stimulated the application of FCS-
MPC to electrical drives is the availability of consolidated math-
ematical models in that field, which allows great accuracy in the
FCS-MPC required prediction [13]. Predictive torque control
(PTC) and predictive current control (PCC) became standards
for FCS-MPC control of electrical machinery. PTC requires the
adjustment of a weighting factor and provides a lower torque
ripple, but also a higher current ripple than PCC. On the other
hand, PCC has a higher computational cost, a lower current
ripple, and a higher torque ripple than PTC, and yet does not
present weighting factors [14]. The grid connection in grid-tied
converters has PCC and predictive power control (PPC) as main
options [15].

The main concerns in FCS-MPC research have been stability
and robustness analysis, new techniques for weighting factors
tuning, the prediction with a longer number of horizons,
reduction of its computational burden, and its steady-state
performance improvement [16], [17], [18]. This article focuses
on the latter research topic.

Conventional FCS-MPC applies one voltage vector per cycle
of control. This feature is known as the reason for its high ripples
in steady-state, and therefore a suboptimal performance [19],
[20]. A powerful tool in that regard is the incorporation of
a voltage modulator, in a way that FCS-MPC must not only
calculate the optimal voltage vector, but also its dwell time at
each time step [21]. This new structure brings better steady-
state performance, a constant switching frequency, and slower
dynamics. Duty cycle based FCS-MPC has been proposed for
the two-level voltage converter, as well as for multilevel voltage
converters, in different combinations of voltage vectors [22],
[23], [24], [25], [26]. Another improvement found on literature
is the use of virtual voltage vectors. The original voltage vectors
of the converter are arbitrarily combined into a new set for
FCS-MPC evaluation. This has been the case for multiphase
machine drives, such as a the five-phase permanent magnet
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Fig. 1. Six-switch converter (SSC).

motor drive [27], for reduced switch count converters such as
the B4 converter [28], and multilevel inverter applications, such
as five-level and seven-level converters [29], [30].

Power converter topologies are also a matter of study. Power
converters with a reduced number of switches are proposed for
systems with aim of size and cost reduction [31]. The six-switch
converter (SSC) is a topology that can replace the back-to-back
converter in applications that require two independent three-
phase ports, but employing only half of its switches [32]. The
switch-count reduction comes at the expense of a higher dc bus
voltage [33].

The use of SSC becomes attractive in low power scale
applications, in which the reduced switch count enables size,
weight, and cost reductions [33]. SSC has been applied to
uninterrupted power supply (UPS) systems and also applied for
wind generation systems with a fully rated converter [34], [35],
[36]. Applications also include the SSC as a system with two ac
outputs, to power two electrical machines independently from
a single dc bus [37], which enables SSC application to electric
traction [38]. Additionally, SSC has been applied as a postfault
reconfiguration of the nine-switch converter [39]. Fig. 1 shows
the SSC circuit, where it can be seen two ac ports, and one dc
bus, which doubles as the third leg of the SSC.

Classical control is commonly used for SSC control [33], [34],
[35], [36], with PI control loops for each port control, and a PWM
signal generation for the switches based on a common carrier
signal [33].

FCS-MPC applications in reduced switch count converters
include the B4 converter [40], the dual output nine-switch con-
verter [41], and multilevel converters [42]. However, both the
use of FCS-MPC and the use of virtual voltage vectors in SSC
control have been little exploited in the literature. The discrete
behavior of the microprocessors and the limited set of control
actions a power converter can provide make FCS-MPC an ap-
pealing tool for their control [43]. The authors in [44] applied
conventional FCS-MPC in a generation system with the SSC,
in two manners: concentrating the two controls (generator and

grid) into a single cost function and in a decoupled manner, with
separated cost functions. The latter technique provided a better
steady-state performance of squirrel cage induction generator
(SCIG) torque and dc bus voltage. The authors in [45] incorpo-
rated duty cycle optimization into the decoupled FCS-MPC for a
grid-tied generation system with the SSC. However, they used an
asymmetrical set of voltage vectors, based on the SSC switching
combinations. An asymmetrical set of voltage vectors, i.e., a set
of voltage vectors with different amplitudes, may lead to output
distortions or suboptimal usage of the duty cycle range. Results
showed how the performed duty cycle optimization lowered the
ripple factors of the SCIG torque and the active power injected
onto the grid, however at the cost of a higher grid current total
harmonic distortion (THD), due to a current distortion. THD is
an important matter in grid-tied systems, being able to quantify
the number of harmonics injected onto the grid, and it must be
maintained below limits provided by regulations [46].

This work seeks to improve the grid current quality in the duty
cycle-based FCS-MPC control for the SSC, fulfilling the gap
found in [45]. This article focuses on the use of a new hexagonal
set of virtual voltage vectors for the FCS-MPC applied to the
SSC. This symmetrical set is responsible for ensuring sinusoidal
current outputs. This work proposes a new duty cycle-based
decoupled PCC for an SSC grid-tied system. A SCIG is em-
ployed as the electrical machine, for power generation. The
developed PCC for each subsystem is independent of the other
one. A PCC is responsible for the SCIG control in the rectifier
port, and another PCC deals with the dc voltage control and
power injection onto the grid, through the inverter port. The
SCIG torque ripple and the grid active power ripple are the
analytical variables that guide the duty cycle optimization. The
enumeration of voltage vectors follows a proposed hexagonal set
of virtual ones, which allows a better steady-state performance
of the system. This work main contributions are as follows:

1) incorporation of a hexagonal set of virtual voltage vec-
tors in duty cycle-based FCS-MPC of an SSC grid-tied
generation system;

2) improvement of the FCS-MPC steady-state, mainly the
grid current THD, but also the SCIG torque ripple factor,
and the grid active power ripple factor, for the SSC.

The rest of this article is organized as follows. After the
contribution summarized in Section I, system fundamentals are
presented in Section II, with the implementation of the proposed
control technique in Section III, and Section IV features the
experimental results. Finally, Section V concludes this article.

II. SYSTEM MODELING

A. Reference Frame Orientation

The overall structure of the grid-tied generation system is
depicted in Fig. 2. The upper port of SSC is connected to the
SCIG. Therefore, this port is herein called as the rectifier port.
The SCIG is driven by an independent primer mover. An L filter
is connected to the lower port of the SSC and the electrical
grid. Therefore, the lower port is herein called the inverter port,
consequently. The proposed control system, herein called duty
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Fig. 2. Macro diagram of the system: grid and SCIG connected to the SSC,
with PCC-DH control.

cycle-based PCC with hexagonal-shaped voltage vectors (PCC-
DH), sets the modulation indexesm1−6 for the six switches, and
those values are compared to a triangular carrier.

The SCIG current is labeled as ir and is represented in the
rotor flux synchronous reference frame of the machine, with
direct and quadrature components [47]. Therefore, the current
measurements are converted as below

ir = idr + jiqr = ejθ2 (iαr + jiβr) (1)

where θ2 stands for the rotor flux angle and j is the complex
operator. This approach allows the rotor flux amplitude to be
represented by a scalar value ψ2d. The rotor flux angle and
amplitude are estimated as follows:

dψ2d

dt
=
R2LH

L2
idr − R2

L2
ψ2d (2a)

ω2 = pωm +
R2LH

L2

iqr
ψ2d

(2b)

θ2 =

∫
ω2dt (2c)

where R2 and L2 are the SCIG rotor resistance and rotor
inductance, respectively; LH is the SCIG mutual inductance,
p is the SCIG number of pole pairs, and ω2 is the rotor flux
angular frequency. The SCIG mechanical speed is given by ωm.
Equation (2b) calculates the rotor flux angular frequency ω2,
which is integrated in (2c) to obtain the rotor flux angle θ2, used
in (1) for the reference frame conversion.

Based on the aforementioned calculation the torque and flux
control of the SCIG can be decoupled. Therefore, the direct
current reference is given by a PI outer loop which controls the
rotor flux amplitude value, and the quadrature current reference
i∗qr is given below, based on the desired torque reference T ∗

el set
by the user

i∗qr =
1

KT
· T ∗

el =
2L2

3pLH ψ̂2d

· T ∗
el. (3)

Regarding the grid connection, the grid current is labeled as ii,
and is represented in a reference frame which is aligned with the

TABLE I
SSC VOLTAGE VECTORS FOR EACH PORT

grid voltage amplitude

ii = idi + jiqi = ejθg (iαi + jiβi) (4)

where θg is the grid voltage angle, estimated by a phase locked
loop (PLL). The synchronous reference frame PLL with moving
average filter (MAF-PLL) was employed. Its good performance
under unbalanced voltage conditions consolidated its use in
three-phase applications [48], [49]. This approach decouples
the active and reactive power calculations. Therefore, the direct
current idi is proportional to the active power of the inverter port,
and its reference i∗di is calculated by a PI outer loop responsible
for the dc bus voltage control. The quadrature current iqi is
proportional to the injected reactive power, and its reference i∗qi
is set to zero.

B. Six-Switch Converter

The SSC has nine possible switching combinations. However,
an individual analysis of each port leads to a reduced set of
voltage vectors. The voltage at the rectifier port is dependent
only on the switching states of the upper switches [S1, S4]. On
the other hand, the switching states of [S3, S6] are sufficient to
determine the voltage at the inverter port. Therefore, each port
has a set of only four voltage vectors, listed in Table I. If Sl = 1,
the switch is turned ON. If Sl = 0, the switch is turned OFF. It
can be seen how their amplitudes are asymmetrical.

III. MODEL PREDICTIVE CONTROL

A. PCC-DH

PCC-DH follows the flowchart represented in Fig. 3. Two
control structures are executed alternatively. SCIG is executed
only in even time steps, and the grid control is executed only in
the odd ones. This structure allows the cost functions for each
PCC to be calculated separately, instead of merging the control
objectives into a single cost function. This approach would lead
to one system influencing each other, with FCS-MPC favoring
the system variables with the largest values [50]. Decoupled
control also does not require the typical delay compensation
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Fig. 3. Control flowchart: PCC-DH.

Fig. 4. Time step flow for PCC-DH.

Fig. 5. Hexagonal virtual voltage vectors proposed for the SSC control, next
to the existing asymmetrical set of voltage vectors.

calculation of FCS-MPC, since its structure already compen-
sates the delay, due to the presence of a time step gap between
two control action calculations, giving time for the control action
to properly actuate on the system. For instance, when the SCIG
control is executed again, a time step has already passed, in
which the system variables suffered the effect from the previous
SCIG control execution [50]. Fig. 4 depicts this behavior.

In the decoupled approach, the SCIG and grid control are
executed in an alternate manner, in every other step. Based on
Table I, only the switching states ofS1 andS4 will be determined
by the SCIG control, and S3 and S6 will be turned ON. In the
next time step, only the grid control will be performed, and it
will calculate the switching states of only S3 and S6, while S1

and S4 are turned ON.
There are two noteworthy remarks to be made: 1) the control

discretization time tD for each PCC must be twice the sampling
time; and 2) the voltage vectors considered by each control
must be properly calculated. They must account for the average

value between the voltage vectors of the even and odd time
steps. The direct application of the decoupled approach to SSC
four voltage vectors creates the diamond shape seen in Fig. 5,
assuming the capacitors voltages follow the 1:2:1 ratio. This
technique, herein called duty cycle-based PCC with diamond-
shaped voltage vectors (PCC-DD) [45], is an asymmetrical
set of voltage vectors, which also lacks a null voltage vector.
However, balanced sinusoidal currents correspond to a circular
equidistant shape. Therefore, the hexagonal symmetrical set of
voltage vectors seen also in Fig. 5 is proposed.

For the upper port, the proposed virtual voltage vectors v′
0 to

v′
6 are

v′
0 =

3v1 + v3

4
(5a) v′

4 =
2v1 + v2 + v3

4
(5e)

v′
1 =

3v1 + v4

4
(5b) v′

5 =
v1 + v3

2
(5f)

v′
2 = v1 (5c) v′

6 =
2v1 + v3 + v4

4
. (5g)

v′
3 =

3v1 + v2

4
(5d)

As a result, the voltage vectors are calculated according Table I,
shown in Appendix A, which also shows the respective modu-
lation indexes M for [S1, S4]. To achieve the same hexagonal
shape, the proposed voltage vectors v′

7 to v′
13 for the inverter

port are

v′
7 =

3v5 + v7

4
(6a) v′

11 =
2v5 + v6 + v7

4
(6e)

v′
8 =

3v5 + v8

4
(6b) v′

12 =
v5 + v7

2
(6f)

v′
9 = v5 (6c) v′

13 =
2v5 + v7 + v8

4
. (6g)

v′
10 =

3v5 + v6

4
(6d)

Their calculations and the respective modulation indexesM for
[S3, S6] are also listed in Table I, from Appendix A.

PCC-DH must assign a respective optimal duty cycle δopt for
the optimal voltage vector. As a result, the modulation index m
for a given switch is calculated as

ml =
1

2
+ δoptMl − δopt

2
(7)

where l ε{1, 4} for the SCIG control, and l ε{3, 6} for the
grid control. If δopt = 1, then ml =Ml and the chosen virtual
voltage vector will be fully applied to the port. If δopt = 0, the
modulation index will be ml = 0.5, and a null voltage vector
will be applied to the port.

B. SCIG Control

Fig. 6(a) depicts the overall flowchart for the SCIG control.
An iterative loop executes the FCS-MPC characteristic steps
of prediction and cost function calculation for each one of
the six active voltage vectors set by PCC-DH, as well as the
corresponding duty cycle optimization. The voltage vector with
the lowest cost is chosen after the finite set is exhaustively
evaluated. Then, the control flows into the calculation of the
modulation indexes for the lower switches S3 and S6, while the
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Fig. 6. Control flowcharts of PCC-DH: SCIG (a) and grid (b) controls.
(a) SCIG control. (b) Grid control.

switches S2 and S5 are set complementary to them. The upper
switches S1 and S4 are turned ON.

The prediction of the SCIG dq currents is shown below

ik+1
r = ikr + tD

(
LH

σL1L2

(
R2

L2
− jpωk

m

)
ψ̂k

2d +
δoptr un

σL1
+

−
(
R2L

2
H

σL1L2
2

+
R1

σL1
+ jωk

2

)
ikr

)
(8)

where R1 and L1 are the SCIG stator resistance and stator
inductance, and σ := 1− L2

H

L1L2
. Optimal duty cycle δoptr is pro-

portional to a dwell time toptr . The obtainment of both variables is
achieved using the deadbeat principle. The desired performance
corresponds to the lowest time the predicted quadrature current
iqr will reach its reference

ik+1
qr = ikqr +Δn

r t
opt
r +Δ0

r

(
tD − toptr

) �→ i∗qr (9)

where Δ0
r is the derivative term due to the application of a null

voltage vector, and Δn
r is the derivative term of the SCIG model

due to the application of the j voltage vector. As a result

δoptr =
toptr

tD
=
i∗qr − ikqr −Δ0

rtD

tD (Δn
r −Δ0

r)
(10)

where

Δ0
r = −R1L

2
2 +R2L

2
H

σL1L2
2

iqr − ω2idr − LHpωm

σL1L2
ψ̂2d (11)

Δn
r = Δ0

r +
uqn
σL1

. (12)

Fig. 7. Laboratory setup for experimental tests.

SCIG control has the cost function shown in (13), based on the
quadratic error between the predicted SCIG currents and the
SCIG current references

grectn =
(
i∗dr − îk+1

drn

)2

+
(
i∗qr − îk+1

qrn

)2

. (13)

C. Grid Control

The overall flowchart for the grid control is illustrated in
Fig. 6(b). The PCC iterative loop is executed for the hexagonal
set of six virtual voltage vectors, and the one with the lowest
cost will determine the modulation indexes of S3 and S6, with
S2 and S5 set complementary to them. On the other hand, S1

and S4 will be turned ON.
The calculations in the dq reference frame for current predic-

tion are given by

ik+1
i = iki +

tD
Lf

(
δopti un − uk

g −Rf · iki − jωgLf i
k
i

)
(14)

for a given voltage un applied in the SSC inverter port, with
a respective optimal duty cycle δopti . Also, the L filter has
inductance Lf and resistance Rf , and tD is the discretization
time, for the forward Euler discretization method.

The dwell time toptr calculation follows a similar procedure
to the topti calculation. However, optimization is performed on
the grid direct current, because this component is proportional
to the active power injected into the grid. Therefore, the optimal
time topti and the optimal duty cycle δopti , are given by

δopti =
topti

tD
=
i∗di − ikdi −Δ0

i tD
(Δn

i −Δ0
i )tD

(15)

where

Δ0
i =

−udg −Rf idi
Lf

+ ωgiqi (16)

Δn
i = Δ0

i +
udn
Lf

. (17)

Lastly, the cost function for the grid control follows a similar
structure to (13):

ginvn
=

(
i∗di − îk+1

din

)2

+
(
i∗qi − îk+1

qin

)2

. (18)

IV. RESULTS AND DISCUSSION

Experimental results were obtained in the laboratory setup of
Fig. 7. A 73/127 V SCIG and a variable transformer connect to
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Fig. 8. Experimental results (steady-state at ωm = 800 rpm and ull
g = 20 V, T ∗

el = −2 Nm, v∗dc = 250 V) for PCC-DD (left), and PCC-DH (right)—Top to
bottom: SCIG torque, dq currents, phase a current, and rotor flux amplitude; dq grid currents, phase a grid current, active and reactive grid powers, and DC bus
voltage, with references in dotted lines. Bottom graph: Upper capacitor (solid), medium capacitor (dotted), and lower capacitor (dashed) voltages.

the SSC, the latter through an L filter. An independent induction
motor drives the SCIG at the desired speed, and a floating-point
DSP F28379D from Texas Instruments executes the embedded
control algorithms. PCC-DD, from [45], whose virtual voltage
vectors were also depicted in Fig. 5, was also tested in this setup,
for comparison. This technique also employs duty cycle opti-
mization with a modulator. The capacitors were sized according
to the C/0.5 C/C ratio of capacitance values from [33]. Table V
from Appendix A presents system parameters.

Fig. 8 depicts the experimental results for a steady-state test.
It has waveforms of the SCIG speed, torque, dq currents, phase
a current, and rotor flux. The torque reference was set to –2 Nm,
with the SCIG being driven at the speed of 800 r/min, and a rotor
flux of 0.15 Wb, for both techniques.

The –2 Nm torque value corresponds to a quadrature current
iqr of 5.5 A. PCC-DD and PCC-DH torque ripple factors of 3.9%
and 3.8%, respectively. However, PCC-DD delivered the torque
performance at the expense of a low-quality direct current, which
lead to a SCIG phase current THD of 13.80%. This distortion was
solved by PCC-DH, which decreased the SCIG phase current
THD to 3.46%. Harmonic content reduction is beneficial for
electric machines since it reduces losses, increases efficiency,
and reduces machine thermal and mechanical stress [46], [51].

Additionally, Fig. 8 features the PCC-DD and PCC-DH wave-
forms for the grid dq currents, phase a current, and grid active
and reactive powers for the aforementioned experimental test.
The generation system with PCC-DD injected 50 W onto the
grid, which corresponded to a direct current idi of 1.90 A.
PCC-DH, however, injected 54 W for a direct current idi of
2.08 A. PCC-DH managed to reduce the ripples of both the
direct current idi and the quadrature current iqi. As a result,

TABLE II
SIMULATED AVERAGE SWITCHING FREQUENCIES

the THD of the grid phase a current decreased from 15.5% to
5.5%, a 64% reduction. The grid current total demand distortion
(TDD) was reduced from 1.94% to 0.82%, a 58% reduction. In
both cases, the system complies with the TDD limit of 5% set
by IEEE [46]. Additionally, the active power ripple factor also
decreased, going from 27.9% to 20.8%. Fig. 8 also depicts the
dc bus voltage and the voltages for each capacitor in the SSC.
PCC-DD had upper, medium, and lower capacitors voltages with
mean values of 58, 123, and 68 V, respectively. On the other
hand, PCC-DH featured the respective mean values of 53, 150,
and 47 V for the upper, medium, and lower capacitors.

Simulation results for the same steady-state test were devel-
oped in MATLAB/Simulink, with the same conditions from the
experimental test. The simulation was made in order to analyze
the average switching frequencies of both techniques, since
the switching losses of SSC are influenced by the switching
frequency [33]. The graphics of Fig. 9 show how both techniques
managed to control the power generation system, with the same
current quality differences between PCC-DD and PCC-DH seen
in the experimental results. Table II depicts the average switch-
ing frequencies on the SSC switches, according to the simula-
tions results. The middle switches featured an average switching
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Fig. 9. Simulated results (steady-state at ωm = 800 r/min and ull
g = 20 V, T ∗

el = −2 Nm, v∗dc = 250 V) for PCC-DD (left), and PCC-DH (right)—Top to
bottom: SCIG torque, dq currents, phase a current, and rotor flux amplitude; dq grid currents, phase a grid current, active and reactive grid powers, and DC bus
voltage, with references in dotted lines. Bottom graph: Upper capacitor (solid), medium capacitor (dotted), and lower capacitor (dashed) voltages.

Fig. 10. Experimental results (dynamical test at ωm = 800 r/min and ull
g = 20 V, with step change at 0.025 s of T ∗

el from −1 to −2 Nm, v∗dc = 250 V) for the
PCC-DD (left), and PCC-DH (right)—Top to bottom: SCIG speed, torque, dq currents, phase a current, and rotor flux amplitude, with references in dotted lines.

frequency close to the 20 kHz of the carrier frequency, while the
upper and lower switches featured switching frequencies closer
to half of this value. This is expected since the middle switches
are shared by both the SCIG and the grid ports.

Additionally, PCC-DH provided average switching frequen-
cies no more than 5% higher than the ones of PCC-DD.

The second experimental test of this article is a torque step
change, which enables the evaluation of the techniques’ dynamic
performance. The torque step occurs at 0.025 s in the graphs
from Fig. 10, and changes from −1 to –2 Nm, with the SCIG

at 800 r/min, for a 0.06 s time window. PCC-DD and PCC-DH
both reached the new torque reference, showing no interference
on the flux-related variables, that is, the rotor flux amplitude
and rotor and the idr direct current. The greater torque reference
increased the iqr current value. Both techniques featured very
fast dynamics, with a settling time of 0.30 ms for PCC-DD and
0.40 ms for PCC-DH, and an overshoot of 31.0% for PCC-DD
and of 30.1% for PCC-DH.

On the other hand, PCC-DH results for the same dynamics test
are shown in Fig. 11. The time window of 0.4 s is larger than the
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Fig. 11. Experimental results (dynamical test at ωm = 800 rpm and ull
g = 20 V, with step change at 0.025 s of T ∗

el from −1 to −2 Nm, v∗dc = 250 V) for the
PCC-DD (left), and PCC-DH (right)—Top to bottom: dq grid currents, phase a grid current, active and reactive grid powers, and DC bus voltage, with references
in dotted lines. Bottom graph: Upper capacitor (solid), medium capacitor (dotted), and lower capacitor (dashed) voltages.

one from Fig. 10 because the grid-related variables have a slower
response than the ones from the SCIG. This happens due to the
presence of a PI controller in the dc voltage control loop. Both
systems were working below the whole power consumption for
the –1 Nm torque input. The greater torque reference increased
the SCIG power output, causing an overshoot in the dc bus
voltage. The control system treated this feature, which increased
the idi current reference, and therefore changed the direct current
from –0.4 A to 1.7 A for PCC-DD, and from –0.3 A to 1.9 A
in the case of PCC-DH. Consequently, the active power injected
onto the grid changed from a consumption of 8 W to a generation
of 48 W, for PCC-DD, and changed from a consumption of 7 W
to a generation of 54 W, for PCC-DH. The iqi quadrature current
was controlled at zero during the whole test, and as a result the re-
active power injected onto the grid also maintained itself at zero.

Computational burden can be a critical factor for embedded
systems. PCC-DD had a burden of 11.3 μs, and PCC-DH in-
creased this value to 13.4μs. This issue is due to the enumeration
of voltage vectors going from 4 to 6 voltage vectors at each PCC
execution. As a result, the computational burden increased by
18.6%, with a resulting 64.5% grid current THD reduction, a
2.6% torque ripple factor reduction, a 75% SCIG current THD
reduction, and a 25.5% active power ripple factor reduction.
Table III summarizes the aforementioned performance indexes
for PCC-DD and PCC-DH.

V. CONCLUSION

SSC usage in household wind energy applications requires
attention to high-performance control techniques. FCS-MPC is
an interesting candidate for it, due to its advantages, such as fast
dynamics, ease of implementation, and inherent synergy with
power converters. FCS-MPC use becomes even more appealing
with the incorporation of duty cycle optimization theory, which
enhances its steady-state performance. However, the voltage
vectors from SSC are asymmetrically sized, which means the

TABLE III
PERFORMANCE INDEXES OF PCC-DD AND PCC-DH

larger ones have a range of useful duty cycles smaller than the
ideal, in order to provide sinusoidal outputs.

The proposed control technique, PCC-DH, overcame this
issue by means of a hexagonal set of virtual voltage vectors,
equally sized in amplitude. The duty cycle and switching state
combinations for each voltage vector were properly mapped, and
the PCC for each subsystem was independently developed, in a
decoupled manner. SSC upper port connects to the generation
unit, a SCIG, and the lower port connects to the grid by means
of an L filter. FCS-MPC is responsible for the control of both
subsystems, and also for the control of the SSC dc bus voltage.

Experimental results validated PCC-DH, with a sensible im-
provement on the grid current THD, fulfilling the gap found
in the literature, specifically in PCC-DD [45]. Additionally, the
original advantages of torque and active power steady-state per-
formances did not deteriorate, but even improved. This steady-
state improvement, provided by the hexagonal set of virtual
voltage vectors, overcomes the increase in the technique compu-
tational burden, deeming the exchange well worth it. Therefore,
PCC-DH enhances the desirability of duty cycle-based FCS-
MPC application in household wind power generation systems
with the SSC.
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APPENDIX A

See Tables IV and V.

TABLE IV
AVERAGE VOLTAGE VECTORS CONSIDERED BY PCC-DH

TABLE V
SYSTEM PARAMETERS
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