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Abstract—The nine-switch converter (NSC) was developed aim-
ing at the reduction in the number of power converter switches
in multiport systems, such as variable-speed drives for power
generation. Among the possible control techniques for the NSC,
finite-control-set model-predictive control (FCS-MPC) stands out
due to its fast dynamics and easy incorporation of system re-
strictions. However, converters with many switching possibilities
and control goals increase the computational burden and the cost
function complexity. Moreover, FCS-MPC can present high ripple
values in the system outputs. This article proposes a decoupled
predictive current control with duty-cycle optimization (PCC-DD)
for the NSC, which decouples the control of an induction gen-
erator from the grid control. The separation between grid and
generator controls decreases the enumeration of voltage vectors to
be performed, reducing computational burden. Then, duty-cycle
calculations are responsible for reducing torque and active power
ripples. Experimental results show that PCC-DD provides lower
ripple factors for the desired variables when compared to the
approach with a concentrated cost function. The main contribution
is a better steady-state performance with a lower computational
burden. Therefore, PCC-DD is a suitable low-ripple technique
for NSC control and for application to power generation with
variable-speed generators.

Index Terms—Duty-cycle optimization, nine-switch converter
(NSC), predictive current control, squirrel cage induction
generator (SCIG).
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I. INTRODUCTION

THE reduction in the number of switches in power convert-
ers has been a topic of interest for the sake of cost and size

reduction [1]. Among the multiport converters linked to the sub-
ject, the nine-switch converter (NSC) appears as an alternative
for the replacement of the back-to-back converter, as it reduces
the number of switches from 12 to nine [2]. The NSC connects
two three-phase ac systems with different or equal frequency
and amplitude voltages through only one dc bus [3], allowing
independent control of them. The converter, seen in Fig. 1, can
either power two ac loads independently from a single dc bus,
such as electric vehicle traction [4], or transfer power from one
ac system to another, through the dc bus, such as uninterrupted
power supply systems [3], distributed generation systems [5],
power conditioners [6], and power generation systems [2], [7],
[8]. In these cases, one ac side acts as a rectifier, and the other
as an inverter. In Fig. 1, the upper port is defined as the rectifier,
and the lower port is defined as the inverter.

The development of the NSC requires the application of
high-performance techniques for its control and driving, such
as pulsewidth modulation (PWM) and space vector PWM with
linear controllers [9], [10], the sliding-mode technique [11], and
the finite-control-set model-predictive control (FCS-MPC) [12].
The latter one stands out for its fast dynamics, reduced to
nonexistent factors for adjustment and easy incorporation of
nonlinearities and system restraints [13].

Electronic switches are the base of power converters. Since
they operate in a discrete ON/OFF mode, we can map every
possible combination of switching states the converter may
assume. FCS-MPC uses this information to predict the behavior
of the controlled system for each one of the possible states
of the converter, and then, it chooses the one that minimizes
a desired cost function [14]. FCS-MPC has been applied to
a variety of power converters, as in three-phase inverters for
motor control [15], in static compensators [16], in high-voltage
dc transmission systems [17], and in wind power generation, in
back-to-back configuration [18].

For the control of machine drives, the predictive torque control
(PTC) and the predictive current control (PCC) are prominent.
The former has a lower torque ripple, but a higher current ripple
and a weighting factor that needs to be adjusted, while the latter
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Fig. 1. Nine-switch ac–ac converter.

does not present weighting factors and has a lower current ripple,
but with a higher computational burden and torque ripple [19].
Regarding grid-tied converters, the main approaches are the PCC
and the predictive power control (PPC) [20].

A number of authors have shown interest in research for FCS-
MPC on the adjustment of the weighting factors, the extension
of horizons for prediction, the investigation of the discretization
methods, and also on the improvement of the steady-state per-
formance [21], [22], which is the focus of this article. These
improvements influence another important aspect that is the
computational burden for real-time implementation [13].

It is acknowledged that classical FCS-MPC presents high
ripples in steady state, due to the application of only one voltage
vector per cycle of control [23]. In order to overcome this
and improve the PTC of an induction motor with a two-level
voltage inverter, the literature has proposed choosing not only
the optimal vector but also its optimal time of application, in
a duty-cycle way, with the remaining time fulfilled by the null
vector [24]. The duty-cycle optimization has also been applied
to the two-level voltage inverter in the PPC of active front-end
rectifiers [25] and in the PCC of grid-connected inverters with
LCL filters [26]. The two-vector technique was also used for
PPC of a grid-tied inverter [23].

The advantages of FCS-MPC endorse its application in NSC
control. However, even though there are two different systems
connected to the NSC, the first proposals of MPC techniques for
the NSC had a single cost function merging the control of each
port and without duty-cycle calculation. An MPC with a single
cost function is applied to the NSC in [20]. An evaluation of 27
switching states for a single cost function with both port controls
can be seen for the current control of a current-source NSC
in [27] and for the power control of an NSC in [28]. Gulbudak and
Santi [29] managed to use only 15 of the 27 voltage vectors in the
control. However, the predictive voltage control of two indepen-
dentRL loads was still combined into a single cost function. The
same features were seen in the predictive PTC of two induction
motors by Gulbudak and Gokdag [12]. In this case, there were
also weighting factors to be adjusted because of the flux errors.
In [30], a single cost function combined a PCC and a dc voltage
predictive control, at the expense of a weighting factor for the
adjustment of the NSC applied to a power quality conditioner.

Nevertheless, merging the objectives into a single cost func-
tion can be considered counterproductive. The squirrel cage
induction generator (SCIG) control and the grid control are
separate structures, whose performance should not be influenced
by each other. In a system with the back-to-back converter, for
instance, they are controlled separately. If both ports are merged
into a single cost function for the NSC, the performance of the
lower valued system will be deteriorated in favor of the system
with larger variables, because it will have a greater influence in
the final value of the cost function of FCS-MPC. The design of
a weighting factor for this issue would be complex, since the
favoring is not constant, because the magnitude of each variable
will change between different points of operation. Additionally,
a single cost function does not allow us to look at the vectors for
each port individually but rather to look to the pairs of vectors,
which increases the enumeration and, therefore, the burden of
the system.

The decoupling of the cost functions has been addressed
by Guazzelli et al. [31], where the decoupling improved the
performance on the grid side and reduced it on the generator
side. Following this, a decoupled predictive control was applied
to the NSC connected to twoRL loads on the ac ports, powered
by a dc source in the dc bus port [32].

Based on the above discussions, this article focuses on the
improvement of generator torque and grid active power ripple
factors in the steady state of the FCS-MPC applied to the NSC,
with reduction on the computational burden of the technique.
This article proposes a decoupled PCC with duty-cycle opti-
mization for the NSC in the power generation, with an SCIG.
The PCC technique was chosen for both port controls. One
PCC loop controls the SCIG, while the other controls the dc
bus voltage of the NSC by means of active power injection. The
duty-cycle optimization on the generator current aims at a torque
ripple reduction, while the duty-cycle optimization on the grid
current aims at an active power ripple reduction. This approach
not only reduces the evaluated vector to seven at each time step,
reducing significantly the computational burden, but also lowers
the torque and active power ripple factors in steady state. The
following contributions are emphasized.

1) The decoupling of generator and grid controllers, which
avoided the variable favoring from conventional FCS-
MPC, reduced the vector enumeration and thus provided
a lower computational burden.

2) The duty-cycle optimization based on torque and volt-
age ripple minimization, which improved the steady-state
torque and active power performance of the system, as
shown in experimental results, with a computational bur-
den is still lower than the one from the conventional
FCS-MPC.

The rest of this article is organized as follows. Section II
describes the modeling of the NSC, of the SCIG, and of the
three-phase grid. Section III presents the basic implementation
of PCC on both ports of the NSC, while the three considered PCC
methods are explained in Section IV: the concentrated PCC,
the decoupled PCC, and the decoupled PCC with duty-cycle
calculation. Section V provides the experimental results of the
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Fig. 2. Diagram of the NSC connected to the SCIG and to the grid.

conventional and proposed control methods. Finally, Section VI
concludes this article.

II. SYSTEM MODELING

The diagram of the NSC control can be seen in Fig. 2. The
NSC superior port, called the rectifier, connects to the SCIG,
with current measurement. The NSC inferior port, named as
inverter, connects to the grid through an L filter, with voltage
and current measurements. The rectifier/SCIG current is given
by ir, the inverter/grid current is given by ii, and ωm is the SCIG
mechanical speed.

A. Nine-Switch Converter

The NSC has nine switches. Since each phase of the ac
terminals connects either to+vdc or to the ground, each leg of the
converter must have two switches turned ON and one turned OFF.
This restriction results in 27 different combinations, or voltage
vectors, according to Table IV in the Appendix.

At each port, there are eight possible voltage vectors,
v0–v7, which have the coordinates in the αβ reference frame
as a function of the dc-bus voltage. These coordinates are listed
in Table I. There are six active and two null voltage vectors, as
seen in Fig. 3. Thus, NSC requires twice the dc-bus voltage of
the back-to-back converter for the same output ac voltage [3].

From the 27 switching state combinations, 12 apply an active
voltage vector in one port and a null one in the other, denomi-
nated here as pure, while 12 apply an active voltage vector on
both ports, denominated here as mixed, and three apply null
voltage vectors in both ports, as highlighted in Table IV in the
Appendix.

TABLE I
COORDINATES OF EACH VOLTAGE VECTOR IN THE αβ REFERENCE FRAME

Fig. 3. Voltage vectors in the αβ reference frame.

B. SCIG Model

Let the SCIG model be oriented in the rotor flux synchronous
reference frame [33]. The stator currents are given by ir since
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they are connected to the rectifier port of the NSC. Therefore

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

where θ2 is the rotor flux angle and j is the complex operator.
The rotor flux is given only as ψ2 = ψ2d. The SCIG model
is then given by (2), where R1 and R2 are the stator and
rotor resistances, respectively, L1 and L2 are the stator and
rotor inductances, respectively, and LH stands for the mutual
inductance. Variable p denotes the number of pole pairs. For

simplification, let σ := 1− L2
H

L1L2
, and ω2 is the rotor flux speed,

given by (3)

dir
dt

=
v1

σL1
−
(
R2L

2
H

σL1L2
2

+
R1

σL1
+ jω2

)
ir+

+
LH

σL1L2

(
R2

L2
− jpωm

)
ψ2 (2a)

dψ2

dt
=
R2LH

L2
ir − R2

L2
ψ2 (2b)

ω2 = pωm +
R2LH

L2

iqr
ψ2d

. (3)

There are two outer variables for the SCIG control. One
proportional–integral (PI) controller is responsible for control
of the rotor flux amplitude and determines the current reference
idr. On the other hand, the current reference iqr is calculated
from the torque reference T ∗

el directly through

i∗qr =
1

KT
· T ∗

el =
2L2

3pLH ψ̂2d

· T ∗
el. (4)

The rotor flux angle and amplitude are calculated from (2b)
and (3), allowing for the conversion of the reference currents
from the αβ to the dq frame.

C. Grid Model

The grid model was oriented in the grid voltage vg. If θg is
the grid angle, then

ii = idi + jiqi = ejθg (iαi + jiβi). (5)

The three-phase grid is connected to the NSC by an L filter,
with Rf resistance and Lf inductance; therefore, the inverter
port modeling is given by

dii
dt

=
1

Lf
(vi − vg −Rf ii − jωgii) (6)

where ωg is the grid angular frequency.
The grid control outer loop is shown in Fig. 2. The inverter

port of the NSC must transfer energy between the dc bus and the
grid so the dc-bus voltage is maintained at the reference. Then,
a PI controller determines the current reference on the d-axis
i∗di, while the current reference i∗qi is set to zero. A phase-locked
loop (PLL) is responsible for finding θg andωg , for the reference
frame conversion of (5). A synchronous reference frame PLL
with moving average filter was employed, as it is a standard
PLL for three-phase applications [34], with good performance
under unbalanced voltage conditions [35].

Fig. 4. Diagram of PCC-C for the NSC.

III. PREDICTIVE CURRENT CONTROL

A. Inverter Port PCC

The prediction of the grid currents is shown in (7) in the
dq reference frame. This is derived from the grid model in (6)
and is calculated for each voltage vector Vn of the NSC. The
discretization time is represented by tD, using the forward Euler
discretization method

ik+1
i = iki +

tD
Lf

(
vn − vk

g −Rf · iki − jωgLf i
k
i

)
. (7)

The predicted grid currents and their respective control ref-
erences are used for the cost function minimization, as in (8).
The quadratic function was chosen for error calculation over the
absolute value of the errors, as it possesses better performance
and stability guarantees [36]

ginvn =
(
i∗di − îk+1

din

)2
+
(
i∗qi − îk+1

qin

)2
. (8)

B. Rectifier Port PCC

The following equation predicts the SCIG dq currents, based
on the model of (2), for each voltage vector Vn mapped

ik+1
r = ikr + tD

(
LH

σL1L2

(
R2

L2
− jpωk

m

)
ψ̂k
2d +

vn

σL1
+

−
(
R2L

2
H

σL1L2
2

+
R1

σL1
+ jωk

2

)
ikr

)
. (9)

The cost function below follows the same structure as (8)

grectn =
(
i∗dr − îk+1

drn

)2
+
(
i∗qr − îk+1

qrn

)2
. (10)

IV. VOLTAGE VECTOR EVALUATION

The modeling of the possible voltage vectors of the NSC
is fundamental for the steps of prediction and cost function
evaluation of PCC. The predictive controls in literature for NSC
have been proposed with the scheme depicted in Fig. 4. The
controls of the inverter and of the rectifier ports are combined
into a single cost function, as in (11). The control scheme with
two PCC combined was hereby named as PCC-C. Since both
cost functions are in the same unit (A), there are no weighting
factors needed. As seen from Fig. 4, this control scheme requires
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Algorithm 1: Code Execution for PCC-C
Measurements of ir, ωm, ii, vg, and vdc

Estimation of θ2, ψ2d, and θg
Synchronous reference frames conversion
Delay compensation: (7) and (9)
for each pure or null voltage vector of Table IV do

Prediction of currents: (7) and (9) at k + 2
Cost function calculation: (8), (10), and (11) at k + 2
Update of the optimal voltage vector

end for
return Optimal voltage vector

the delay compensation, which is a preprediction with the pre-
vious voltage vector [37]. As a result, the cost function uses
the variables predicted at the (k + 2)th step [38], modifying (8)
and (10)

gconc(i) = grect(i) + ginv(i). (11)

The PCC-C implementation is represented in Algorithm 1,
for one time step of control.

The implementation of this technique requires the evalua-
tion of the 27 switching combinations in Table IV, which is a
relatively costly task for embedded systems. Even if only the
pure voltage vectors and a null one are assumed (constituting 13
voltage vectors), the computational burden of the technique is
still significant. This reduced set of voltage vectors was hereby
named the PCC-CR. Another potential setback of this technique
is that, even if all the variables in the cost function are in A,
the values of the currents are different. Therefore, the port with
the highest current will be prioritized by the PCC, leading to an
inferior performance of the port with the lowest current.

A. Decoupling of the Cost Functions

The NSC can be understood as two inverters [39]: if the
three lower switches are turned ON, the six upper ones consti-
tute a three-phase two-level inverter, and when the three upper
switches are turned ON, the same behavior is observed in the
six lower switches. This feature prompted the development
of a decoupled PCC, named as PCC-D, which opposes the
usual merging of generator and grid cost functions into a single
function. Instead, PCC-D computes the cost functions grect and
ginv every other step; hence, only the SCIG control is evaluated
at one time step, and in the following step, only the grid control
is executed. As a result, only seven possible switching states, the
six active voltage vectors and one null vector from Table I, are
necessary for evaluation. Fig. 5 illustrates the difference between
PCC-D and earlier reported PCC-C.

Noteworthy here is that in this approach, each PCC will
operate with half of the discretization time, and each predicted
vector in the cost function has a mean value equal to half, when
compared to the vectors in PCC-C. The diagram of PCC-D is
shown in Fig. 6. A multiplexer switches from one control to
another every step. Consequently, there is a low computational
burden not only because of the low quantity of voltage vectors,
but also due to the control being split.

Fig. 5. Discrete-time comparison between PCC-C and PCC-D applied to the
NSC, for the same time base.

Fig. 6. Diagram of PCC-D for the NSC.

PCC-D is implemented according to Algorithm 2.
Another advantage of this scheme is that the null vector

period creates a time gap, which eliminates the delay from
the prediction stage. Thus, compensation is not needed, as in
conventional FCS-MPC implementation [37].

Regarding ports with different current values, now the port
with the lowest current is not deprecated by the port with the
highest value. On the other hand, the highest current port is not
favored anymore by this feature of PCC-C.

B. Duty-Cycle Optimization

Aiming at improvements in steady-state operation for both
system ports, this work introduces the decoupled predictive
current control with duty-cycle optimization (PCC-DD), which
considers not only the application of the voltage vectors depicted
in Fig. 3, but also a dwell time topt of it. The remaining time
is filled by the null voltage vector, which is constituted of an
optimal duty cycle δopt that needs to be found. As such, the
vector on each port has a correspondent dwell time that needs
calculating, topt

r and topt
i , in accordance with the variables for

minimization.
1) Torque Ripple Minimization: In order to influence the

SCIG torque ripple, one must act on the iqr current. From
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Algorithm 2: Code Execution for PCC-D.
Measurements of ir, ωm, ii, vg, and vdc

Estimation of θ2, ψ2d, and θg
Synchronous reference frames conversion
switch Port do

case Rectifier
for each voltage vector of Table I do

Prediction of currents: (7)
Cost function calculation: (8)
Update of the optimal voltage vector

end for
return Optimal voltage vector
Port=Inverter
break

case Inverter
for each voltage vector of Table I do

Prediction of currents: (9)
Cost function calculation: (10)
Update of the optimal voltage vector

end for
return Optimal voltage vector
Port=Rectifier
break

end switch

the dead-beat principle, the future current can be calculated as
follows:

ik+1
qr = ikqr +Δn

r t
opt
r +Δ0

r(tD − topt
r ) �→ i∗qr (12)

whereΔn
r is the derivative term of SCIG in terms of the j voltage

vector, and Δ0
r is the derivative term regarding the null voltage

vector, for the system at the rectifier port

Δ0
r = −R1L

2
2 +R2L

2
H

σL1L2
2

iqr − ω2idr − LHpωm

σL1L2
ψ̂2d (13)

Δn
r = Δ0

r +
vqn
σL1

. (14)

The optimal time topt
r and the optimal duty cycle δopt

r are then
obtained from (12), as follows:

δopt
r =

topt
r

tD
=
i∗qr − ikqr −Δ0

rtD

tD(Δn
r −Δ0

r)
. (15)

2) Active Power Ripple Minimization: An analog approach
was conducted on the inverter port. However, since there is an
interest in the minimization of the active power ripple, the duty-
cycle calculation must depend on the idi current. Therefore

δopt
i =

i∗di − ikdi −Δ0
i tD

(Δn
i −Δ0

i )tD
(16)

where the derivative terms are calculated as

Δ0
i =

−vdg −Rf idi
Lf

+ ωgiqi (17)

Δn
i = Δ0

i +
vdn
Lf

. (18)

Fig. 7. Diagram of PCC-DD for the NSC.

These optimal duty cycles require its inclusion in the predic-
tion stage of (7) and (9), for each considered j voltage vector.
The new prediction equations are depicted as follows:

ik+1
i = iki +

tD
Lf

(
δopt
i vn − vk

g −Rf · iki − jωgLf i
k
i

)
(19)

ik+1
r = ikr + tD

(
LH

σL1L2

(
R2

L2
− jpωk

m

)
ψ̂k
2d +

δopt
r vn

σL1
+

−
(
R2L

2
H

σL1L2
2

+
R1

σL1
+ jωk

2

)
ikr

)
. (20)

Consequently, PCC-DD has the basic structure of Fig. 7.
Two PCCs still act alternatively, and the steps for duty-cycle

calculation are added. A modulator, at the end of the cycle,
synthesizes the desired switching state during the optimum time.
The modified algorithm for PCC-DD can be seen in Algorithm 3.

V. RESULTS AND DISCUSSION

The PCC-D and PCC-DD were implemented using the setup
depicted in Fig. 8, as well as the PCC-CR, with the reduced set
of voltage vectors. The hardware setup used for experimental
validation contains a 73/127-V SCIG and a variable transformer,
both connected to the NSC. An induction motor drives the
SCIG, and the control algorithms run on a floating-point DSP
F28379D from Texas Instruments. The parameters of the system
components are in Table V in the Appendix. The dc-bus voltage
PI controller gains were adjusted to KP = 0.05 and KI = 1.25,
and the flux PI gains were set to KP = 40 and KI = 400. A
low-pass filter of 660 Hz was employed for all ac measured
currents and voltages, and 60-Hz low-pass filter for the dc-bus
voltage.

The three techniques were implemented with the same sam-
pling frequency of 20 kHz, which means a 20-kHz control
frequency for PCC-C and a 10-kHz control frequency for PCC-D
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Algorithm 3: Code Execution for PCC-DD.
Measurements of ir, ωm, ii, vg, and vdc

Estimation of θ2, ψ2d, and θg
Synchronous reference frame conversion
switch Port do

case Rectifier
for each voltage vector of Table I do

Optimal duty-cycle calculation: (16)
Prediction of currents: (19)
Cost function calculation: (8)
Update optimal voltage vector and duty cycle

end for
return Optimal voltage vector and duty cycle
Port=Inverter
break

case Inverter
for each voltage vector of Table I do

Optimal duty-cycle calculation: (15)
Prediction of currents: (20)
Cost function calculation: (10)
Update optimal voltage vector and duty cycle

end for
return Optimal voltage vector and duty cycle
Port=Rectifier
break

end switch

Fig. 8. Hardware setup for experimental validation.

and PCC-DD. The system was tested under a torque reference
of 3.5 N · m and a dc voltage reference of 220 V, at the
steady-state speed of 1000 r/min. The resulting graphs for the
SCIG speed, torque,dq currents, and phasea current are depicted
in Fig. 9, for the PCC-C, PCC-D, and PCC-DD, in blue, red, and
green, respectively. The torque ripple of PCC-D is greater when
compared to PCC-C, while PCC-DD presented the lowest ripple
of the three, showing the success of the duty-cycle calculation.
In addition, the iqr current ripple decreased significantly for the
PCC-DD, according to the minimization performed by (15).

The graphs for the dc bus voltage, grid dq currents, and phase
a current are also illustrated in Fig. 9, for the PCC-C, PCC-D,
and PCC-DD, in the same colors, for the same experimental
condition. PCC-D provided similar ripples for the dq grid cur-
rent, when compared to PCC-C. An improvement is depicted
for PCC-DD, which led to a visible improvement in the phase
a current. Furthermore, the reduction in the idi ripple is visible
for PCC-DD, because of the optimization in this component.

Additionally, the grid active and reactive powers can be seen
in Fig. 9, for the three control techniques considered. It is clear
that PCC-C provided the active power with the highest ripple
and PCC-DD provided the lowest.

The three techniques were also tested for a torque step change.
The torque reference changed from 2.5 to 3.5 N · m, generating
the graphs from Fig. 10, at 1000 r/min. All the techniques
achieved the new reference, keeping the idr current constant,
as well as the rotor flux amplitude. In order to achieve the new
reference, iqr current increased from 4.6 to 6.4 A. The three
techniques presented settling times inferior to 2 ms, showing
the typical fast dynamics provided by FCS-MPC. The proposed
techniques did not deteriorate this advantage.

The grid variables in Fig. 10 show how the grid response is
slower than the one from the SCIG, because of the PI controller.
The largest input power on the rectifier side raised the dc-bus
voltage. The PI controller, therefore, increased the idi current
reference. As a result, the direct current changed from 1.2 to
2.4 A, and the active power injected onto the grid changed from
90 to 180 W. Concurrently, iqi and the reactive power were
controlled in zero. Again, it can be seen how PCC-DD provided
an active power with lower oscillations.

The three control techniques were evaluated for a range of
SCIG speeds, at steady state, with a torque reference of 3.5 N ·m.
Thus, the graphs of Fig. 11 were obtained, which show the ripple
factors of the torque and the grid active power of the system, as
well as the grid current total harmonic distortion (THD). The
results show that PCC-D provided lower active power ripple
factors than PCC-C for the whole range of speeds, at the cost of
higher torque ripple factors, showing how PCC-C was indeed
prioritizing the system with the highest current value. However,
PCC-DD lowered both ripple factors against PCC-D and PCC-C,
thus effectively reducing the ripple of the variables used for the
duty-cycle calculation.

Regarding the grid current THD, PCC-D provided the lowest
values for the whole range of speeds, as shown in Fig. 11(c).

The computational burdens of each techniques are seen in
Fig. 12. PCC-D also had the lowest computational burden of
the three techniques, followed by the PCC-DD. Additionally,
Table II provides a detailed look on the execution times of each
technique. Through this table, one notes that PCC-D and PCC-
DD had faster prediction and cost function stages than PCC-
C, which is due to the smaller enumeration of voltage vectors
and absence of delay compensation. The difference between
PCC-DD and PCC-D execution times is on the account of the
duty-cycle calculation. However, the execution time of PCC-DD
is still 43% lower than that of the PCC-C. These lower execution
times are beneficial since they allow for either a higher sampling
time or a cheaper embedded system.
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Fig. 9. Steady-state results at 1000 r/min, with torque reference at 3.5 N · m for the PCC-C (blue), PCC-D (red), and PCC-DD (green). Top to bottom: SCIG
torque, dq currents, and phase a current; dc-bus voltage, dq grid currents, and phase a grid current; and active and reactive grid powers. Current references in
dotted black lines.

TABLE II
EXECUTION TIMES FOR EACH CONTROL TECHNIQUE

Two more features are worth mentioning. The first of them
is the presence or absence of voltage modulators. Conventional
FCS-MPC does not need them, since it determines the states of
each electronic switch directly. However, predictive techniques
with duty-cycle optimization, as PCC-DD, require a voltage
modulator to synthesize the desired voltage. The other issue to be
mentioned is the switching frequency of the system. PCC-C and
PCC-D have a variable switching frequency. PCC-DD, however,
has a fixed switching frequency. Finally, Table III summarizes
the characteristics and advantages addressed in this article, for
each technique.
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Fig. 10. Dynamic results at 1000 r/min, with a torque step reference from 2.5 to 3.5 N · m for the PCC-C (blue), PCC-D (red), and PCC-DD (green). Top to
bottom: SCIG torque, dq currents, and phase a current; dc bus voltage, dq grid currents, and phase a grid current; and active and reactive grid powers. Current
references in dotted black lines.

VI. CONCLUSION

The finite switching combinations of the NSC were exploited
by MPC theory, for the control of a SCIG and power injection on
the grid. The decoupling between generator and grid control was
considered in opposition to a concentrated MPC. As a result, one
PCC loop controls the SCIG, while the other controls the dc-bus
voltage for grid power delivery. Experimental results showed
how PCC-D provided a power injection onto the grid with lower
ripple factor, at the cost of a higher torque ripple factor in the
generator. PCC-D also removed the favoring of the rectifier side

over the inverter side and reduced the computational burden by
48%.

In order to overcome the mentioned drawback of PCC-D,
the decoupling of the generator and grid controls led to the
development of PCC-DD, which employed the duty-cycle cal-
culation in both NSC ports. The duty-cycle calculation of the
rectifier-side current minimized the SCIG torque ripple, and
the calculation of the grid-side current minimized the active
power ripple, independently from one another. Experimental
results showed that the ripple factors were effectively reduced
for the desired variables, on both ports on the converter. This
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Fig. 11. Comparisons of (a) torque and (b) active power ripple factors and (c)
grid current THD for a range of speeds, under the 3.5-N · m torque reference.
(a) Torque ripple factor. (b) Active power ripple factor. (c) Grid current THD.

Fig. 12. Computational burden of PCC-C, PCC-D, and PCC-DD.

was achieved with a computational burden still smaller than the
one from PCC-C.

A low computational burden is especially important for em-
bedded systems, as it allows for higher sampling times and,
therefore, a better performance, or the use of a less powerful
embedded system and, therefore, a cheaper system. PCC-D
and PCC-DD reduced the vector enumeration by 50% when

TABLE III
SUMMARY OF THE EVALUATED TECHNIQUES

compared to the PCC-CR, which had an impact on the computa-
tional burden of each strategy. The additional calculations of the
PCC-DD increased its computational burden when compared
to PCC-D, but with a quantity that was still 43% lower than
the PCC-CR. These results certify the use of MPC in the NSC
control for power generation. This is found through its offering a
better performance than the previous applications of FCS-MPC
to the NSC regarding computational burden and steady-state
performances of torque and active grid power.

APPENDIX

TABLE IV
NSC POSSIBLE SWITCHING STATES AND VOLTAGE VECTORS
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TABLE V
SCIG AND GRID PARAMETERS
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