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Abstract: Finite Control-Set Model Predictive Control (FCS-MPC) appears as an interesting alter-
native to regulate multiphase electric drives, thanks to inherent advantages such as its capability
to include new restrictions and fast-transient response. Nevertheless, in industrial applications,
FCS-MPC is typically discarded to control multiphase motors because the absence of a modulation
stage produces a high harmonic content. In this regard, multi-vectorial approaches are an innova-
tive solution to improve the electric drive performance taking advantage of the implicit modulator
flexibility of Model Predictive Control (MPC) strategies. This work proposes the definition of a
new multi-vectorial set of control actions formed by a couple of adjacent large voltage vectors and
a null voltage vector with an adaptative application ratio. The combination of two large voltage
vectors provides minimum x-y current injection whereas the application of a null voltage vector
reduces the active voltage production. Moreover, the optimum selection of the null voltage vector for
each couple of large voltage vectors permits reducing the switching frequency. On the other hand,
the active application time for this couple is estimated through an analytic function based on the
operating point. This procedure avoids the use of an iterative process to define the duty cycles, hence
significatively decreasing the computational burden.

Keywords: model predictive control; multiphase induction machines; multi-vectorial control scheme;
virtual voltage vector

1. Introduction

Multiphase electric drives are presented as industrial solutions for high-requirement
applications, due to their advantages over conventional three-phase systems [1]. Among
these improvements, it is worth highlighting the better power distribution per phase,
an increase of the reliability and the availability of extra freedom degrees [2]. However,
the existence of a higher number of orthogonal subspaces implies the modification of
standard three-phase control schemes to ensure the exploitation of multiphase machine
features [1–4].

In this scenario, standard FCS-MPC appears as an interesting regulation technique
for multiphase systems because it provides a fast dynamic response [5] and a desirable
flexibility to include constraints in the cost function [6–8]. For instance, [6] included a
switching frequency constraint in the cost function or [8] regulated the common mode
voltage in a simple manner with a new term in the implemented cost-function. Although
multiphase systems might benefit from the MPC characteristics, it is usually discarded as a
high-quality regulation technique due to the excessive harmonic content of the stator phase
currents [5]. This poor performance is mainly caused by the absence of an explicit modu-
lation stage. FCS-MPC can be classified as a direct control strategy where each available
switching state is evaluated as a single control action in a sample time. Unfortunately, this
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simple actuation cannot satisfy the voltage requirements for multiple subspaces because
each voltage vector is simultaneously mapped in all existing planes [9].

To avoid this undesirable result of the standard FCS-MPC, several works have pro-
posed the use of synthetized/virtual voltage vectors (VV) [9–23]. The implementation
of VVs was proposed in a first stage for direct torque control strategies [24–26] for five-
phase [24] and six-phase [25] induction machines. The use of a direct torque control strategy
based on virtual voltage vectors was also tested for permanent magnet machines [26]. This
approach was rapidly extended to the model predictive control field [9], due to the limited
capability of standard FCS-MPC to regulate several subspaces using a single control action
per control cycle. The multiple voltage output concept is characterized by the definition of
control actions composed by two or more switching states applied during the same control
cycle [13]. The number of switching states and the duty cycles employed to conform the VV
set depends on the number of phases of the machine and the stator distribution [9–23]. For
instance, [10] proposed the use of four switching states per control cycle for a nine-phase
induction machine whereas two switching states were employed in five-phase electric
drives [12]. Focusing on the asymmetrical six-phase machine case, [9] defined VVs formed
by a couple of large and medium-large voltage vectors to obtain a null average production
in the secondary subspace. This approach could be designed since these switching states
are aligned in the α-β subspace, but they have opposite directions in the secondary plane.
Thus, based on their location in the x-y plane, a null average production can be achieved in
this subspace if the duty cycles of these switching states are properly estimated [9]. Nev-
ertheless, medium-large voltage vectors also show a medium-large voltage contribution
in the x-y plane, and, consequently, a significant harmonic injection appears. Despite this
fact, the virtual voltage vector concept was employed to obtain a fixed switching frequency
in model predictive control strategies for different multiphase electric drives [11,13]. In
order to increase the current quality, [15] and [16] proposed the use of two virtual voltage
vectors per control cycle to improve the current quality in a permanent magnet and an
induction machine, respectively. Unfortunately, the increase of the switching frequency
only achieved a suboptimal solution due to the use of switching states with a high x-y
voltage contribution. The same result was obtained in [17] where two virtual voltage
vectors were combined with two null voltage vectors.

To overcome the suboptimal mitigation of the x-y components, [20] has promoted the
utilization of adjacent large voltage vectors to generate VVs, since these switching states
are mapped as small voltage vectors in the secondary subspace. Although large virtual
voltage vectors (LVVs) cannot produce a null average value of the x-y components, the
overall current injection during the sample period is lower than in the case of standard VV
approach. Moreover, the usage of these control actions provides other interesting features,
such as a better DC-link utilization and a reduced switching frequency [20]. Despite these
desirable benefits, LVVs present a static nature since they are estimated offline. Hence the
voltage output refinement in the main subspace is limited and the secondary voltage injec-
tion cannot be adapted to the operating point. To mitigate this issue, some researchers have
proposed control schemes with an online design of multi-vectorial control actions [21–23].
As an illustration, [21] introduces an FCS-MPC based on the use of dynamic virtual volt-
age vectors where the applied switching states and their respective duty cycles are both
selected online using three different cost functions. Moreover, the application ratio of each
voltage vector is obtained in an iterative process [21]. Following the online trend, [22]
defines control actions formed by three switching states with different duty cycles. Once
the three optimum voltage vectors are selected, their corresponding application times
are determined through a branch and bound algorithm. In consequence of the online
control action design, these FCS-MPC techniques present a considerable increase of the
computational burden. In the case of [23], medium-large voltage vectors are considered as
available control action and consequently the x-y minimization is not achieved.

With the previous limitations in mind, this work proposes an FCS-MPC based on
an online multi-vectorial solution with reduced computational burden. A new set of
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control actions is defined, where a LVV is combined with an optimal null voltage vector.
The online nature of the new defined set of control actions increases the α-β refinement
and simultaneously reduces the x-y current injection attending to the specific operating
scenario. In addition, the proposed optimization procedure associates each LVV with a
specific null voltage vector, thus achieving a reduced switching frequency. To decrease the
computational burden, the application time of active voltage vectors is obtained using an
analytic function based on the operating condition. For that reason, the designed control
scheme has been named as proportional usage of low-level actions model predictive control
(PULLA-MPC).

This manuscript is structured in the following manner. Section 2 describes the general-
ities of the selected electric drive formed by an asymmetrical six-phase induction machine.
In Section 3 the proposed FCS-MPC is developed point-by-point. Section 4 explores the
PULLA-MPC performance when it is implemented in an experimental test bench. Finally,
Section 5 summarizes the main conclusions of this work.

2. Six-Phase Electric Drive Generalities

The electric drive employed in this work is depicted in Figure 1. This topology is
composed by an asymmetrical six-phase induction machine (IM) fed by a dual two-level
three-phase voltage source converter (VSC). Concerning the IM, it is formed by two sets
of three-phase windings spatially shifted 30

◦
, where each winding set is connected to an

isolated neutral point. The use of two neutral points permits increasing the DC-link voltage
utilization and simplifying the control scheme [27].
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Figure 1. Selected six-phase electric drive topology. 
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Figure 1. Selected six-phase electric drive topology.

This VSC configuration provides a total of 26 = 64 switching states that can be
expressed as a vector, [S] = [Sa1 Sb1 Sc1 Sa2 Sb2 Sc2]. Each component of [S] represents the
behavior of one VSC leg. According to a well-known modeling, the state of these variables
can be defined with a binary code, for instance, if the upper leg switch of phase a1 is ON
Sa1=1 and Sa1=0 when the opposite situation occurs. Using VSC switching states and the
DC-link voltage, stator phase voltages (vij) can be obtained as:

va1
vb1
vc1
va2
vb2
vc2

 =
VDC

3
·



2 −1 −1 0 0 0
−1 2 −1 0 0 0
−1 −1 2 0 0 0
0 0 0 2 −1 −1
0 0 0 −1 2 −1
0 0 0 −1 −1 2

·


Sa1
Sb1
Sc1
Sa2
Sb2
Sc2

. (1)

The stator phase variables can be expressed using diverse reference frames to simplify
the understanding/control of the IM. Among all different reference frames and transforma-
tions available in the literature, the vector space decomposition (VSD) is one of the most
popular choices [28]. When VSD is applied to stator phase variables, they can be referred
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to as three orthogonal subspaces with a clear physical meaning. The α-β plane is related
to the flux/torque production, whereas the x-y plane is related to stator copper losses in
distributed-winding machines. The zero-sequence subspace z1-z2 can be omitted in this
topology because the currents cannot flow in this plane.

To express phase variables into the VSD reference frame, the amplitude-invariant
Clarke transformation matrix is employed [28]:

[C] =
1
3
·



1 −1/2 −1/2
√

3/2 −
√

3/2 0
0
√

3/2 −
√

3/2 1/2 1/2 −1
1 −1/2 −1/2 −

√
3/2

√
3/2 0

0 −
√

3/2
√

3/2 1/2 1/2 −1
1 1 1 0 0 0
0 0 0 1 1 1


, (2a)

[
vαs vβs vxs vys v0+ v0−

]T
= [C]·[va1 vb1 vc1 va2 vb2 vc2]

T, (2b)[
iαs iβs ixs iys i0+ i0−

]T
= [C]·[ia1 ib1 ic1 ia2 ib2 ic2]

T. (2c)

Applying (2), stator phase voltages (1) can be mapped onto VSD variables. Figure 2
shows α-β and x-y maps for the considered topology, where each voltage vector has been
appointed using a decimal number equivalent to the binary code of vector [S]. As shown
in Figure 2, all active voltage vectors in the main plane also present an active location in
the secondary plane. According to their α-β contribution, voltage vectors can be classified
in five groups: large, medium-large, medium, small and null voltage vectors. These groups
of switching states compose the available control actions in standard FCS-MPC.

Additional to the VSD simplification, the flux/torque production can be carried out in
a decoupled manner if the rotating d-q reference frame is employed. Flux regulation is then
related to the d-component, whereas torque production is dependent on the q-component.
This transformation is obtained using the Park matrix as follows:

[D] =

[
cos θ sin θ
− sin θ cos θ

]
, (3)

where θ is the angle of the rotating reference frame that is calculated from the measured
speed and the estimated slip [29].
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Figure 2. Voltage vectors in α-β and x-y subspaces for an asymmetrical six-phase induction machine
fed by a dual three-phase VSC.
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3. PULLA-MPC Control Scheme
3.1. Control Actions in PULLA-MPC

FCS-MPC schemes can be classified as a direct control strategy since available switch-
ing states are directly evaluated in the machine model as control actions [5]. In the case of
the developed PULLA-MPC scheme, the voltage outputs tested in the discretized predic-
tive machine model are formed by a LVV [20] and an optimum null voltage vector. The
formalization of this multiple voltage solution provides several advantages to reduce the
voltage production in the secondary subspace [22]. On the one hand, the usage of LVVs
as active voltage vectors reduces the x-y harmonic injection since these switching states
are mapped as small voltage vectors in this subspace. As an additional improvement, a
suitable regulation of the secondary subspace is achieved because these couples of large
voltage vectors are shifted 150

◦
. Then the control of the x-y plane can be done in open-loop

mode [20]. Finally, the dynamic duty cycle of active and null voltage vectors suppresses the
static nature of the LVVs, adapting the current injection in the secondary subspace related
to the operating point.

On the other hand, the use of the defined set of control actions increases the α-β
refinement in two manners:

• Tangential α-β refinement: twelve LVVs can be selected to satisfy tangential require-
ments (Figure 3).

• Radial α-β refinement: the application time of the null voltage vector, Vnull , adapts
radial requirements as a function of the working conditions.
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To satisfy the radial voltage requirements, the active voltage application time, tap, is

estimated as a ratio of the reference q-current, i∗qs

∣∣∣
k
, and the rated q-current, iqs

∣∣
max,

tap = K·
i∗qs

∣∣∣
k

iq
∣∣
max

, (4)

where K is a weighting factor defined to prioritize the critical role of the secondary subspace
from the point of view of the current quality. With that in mind, this parameter is defined
using a linear expression related to the torque production:

K = 0.901 + 0.022·
∣∣∣i∗qs

∣∣∣
k

∣∣∣. (5)

Therefore, in low-torque scenarios, the K parameter produces an extra active volt-
age reduction. The minimum value of this parameter has been established to avoid the
degradation of the flux/torque current tracking. This value has been obtained using a trial-
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and-error method. On the other hand, in the maximum torque requirement (
∣∣∣i∗qs

∣∣∣
k
= 4.5 A),

the K parameter shows a unitary value to promote the role of the main plane from the
point of view of the control objectives.

Considering the selected control actions and the application time defined in (5), the
average voltage output per sampling period can be calculated as:

vout = tap·
(

1
2
·Vl1 +

1
2
·Vl2

)
+
(
1− tap

)
·Vnull , (6)

being Vnull the optimum null switching state and Vl1/Vl2 the two adjacent large voltage
vectors that composed the LVV (see Figure 3).

The performance of the proposed control actions can also be analyzed in terms of
switching losses. In this regard, the transition between two adjacent large voltage vectors
only supposes a single change in the legs of the VSC [20] and hence, switching losses are
reduced. Focusing on the transition from active to null voltage vectors, the number of
switching changes can be reduced using the optimal null switching state for each LVV
couple. In the six-phase electric drive under study, there are four different switching states
with a null production in both subspaces. Thus, it is possible to optimize the selection of a
null voltage vector according to the minimization of the switching frequency. To illustrate
this procedure, LVV6(V18, V26) is considered as the optimum LVV selected in a sampling
period. If a random null voltage vector, for example V63, is used, transition between V26 and
V63 implies a total of three changes in the legs of the VSC (Figure 4a). Nonetheless, if the
V56 null voltage vector is selected, the switching state transition only involves two switch
changes, as shown in Figure 4b. This optimization of the switching losses is done offline
for each couple of large voltage vectors, in order to reduce the total computational burden.
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3.2. PULLA-MPC Scheme

The proposed FCS-MPC is composed of an outer proportional-integer (PI) controller
to regulate the speed and an inner current control loop using two-step prediction stages
(see Figure 5). The PI controller provides the q-current reference whereas the d-current
reference is fixed to its rated value to ensure nominal stator flux. The reference currents are
compared with the predicted currents in order to select the optimum control action in each
sampling period.
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Focusing on the inner current control loop, a vector space decomposition (VSD) of the
machine model is employed in both predictive stages to estimate future currents. Since the
x-y current regulation is carried out in open-loop mode with the use of LVVs, a reduced
machine model can be implemented:

d
dt
[
Xαβ

]
=
[
A
]
·
[
Xαβ

]
+
[
B
]
·
[
Vαβ

]
, (7)

with [
Vαβ

]
=
[
vαs vβs 0 0

]T,
[
Xαβ

]
=
[
iαs iβs λαr λβr

]T, (8)

where
[
A
]

and
[
B
]

are obtained from the six-phase IM equations [9], and α-β fluxes/currents
are represented with λαβr and iαβs, respectively.

As shown in Figure 5, the predictive machine model is employed in the two stages
of the inner current control loop of the proposed control scheme. For this reason, the
proposed PULLA-MPC is based on a two-step prediction horizon (k + 2) and, consequently,
the one-step delay compensation approach is inherently included [5]. In the first stage, α-β
predicted currents, îαβ

∣∣
k+1, are obtained using the mechanical speed, ωm|k, the voltage

output of the previous control action, vout|k and the measured VSD stator currents, iαβs
∣∣
k.

Then, in the second stage, the predicted α-β currents in a k + 2 horizon, îαβ

∣∣
k+2, produced

by each available control action are obtained and evaluated in a cost function to select
the optimum switching states. As well as in the case of the discretized machine model, a
reduced cost function can be defined:

J =
(
i∗αs − îαs|k+2

)2
+
(

i∗βs − îβs
∣∣
k+2

)2
(9)

The proper PULLA-MPC capabilities to provide low harmonic distortion and reduced
switching losses are confirmed in the next section in an experimental test bench.

Energies 2021, 14, 4358 7 of 15 
 

 

Focusing on the inner current control loop, a vector space decomposition (VSD) of 
the machine model is employed in both predictive stages to estimate future currents. Since 
the 𝑥-𝑦 current regulation is carried out in open-loop mode with the use of LVVs, a re-
duced machine model can be implemented: 𝑑𝑑𝑡 ൣ𝑋ఈఉ൧ = [𝐴̅] · ൣ𝑋ఈఉ൧ + [𝐵ത] · ൣ𝑉ఈఉ൧, (7)

with ൣ𝑉ఈఉ൧ = ൣ𝑣ఈ௦ 𝑣ఉ௦ 0  0൧୘, ൣ𝑋ఈఉ൧ = ൣ𝑖ఈ௦  𝑖ఉ௦  𝜆ఈ௥  𝜆ఉ௥൧୘, (8)

where [𝐴̅] and [𝐵ത] are obtained from the six-phase IM equations [9], and 𝛼-𝛽 fluxes/cur-
rents are represented with 𝜆ఈఉ௥ and 𝑖ఈఉ௦, respectively. 

As shown in Figure 5, the predictive machine model is employed in the two stages 
of the inner current control loop of the proposed control scheme. For this reason, the pro-
posed PULLA-MPC is based on a two-step prediction horizon (𝑘 + 2) and, consequently, 
the one-step delay compensation approach is inherently included [5]. In the first stage, 𝛼-𝛽 predicted currents, îఈఉห௞ାଵ, are obtained using the mechanical speed, 𝜔௠|௞, the volt-
age output of the previous control action, 𝑣௢௨௧|௞ and the measured VSD stator currents, 𝑖ఈఉ௦ห௞. Then, in the second stage, the predicted 𝛼-𝛽 currents in a 𝑘 + 2 horizon, îఈఉห௞ାଶ, 
produced by each available control action are obtained and evaluated in a cost function 
to select the optimum switching states. As well as in the case of the discretized machine 
model, a reduced cost function can be defined: 𝐽 = (𝑖ఈ௦∗ − îఈ௦|௞ାଶ)ଶ + ቀ𝑖ఉ௦∗ − îఉ௦ห௞ାଶቁଶ

 (9)

The proper PULLA-MPC capabilities to provide low harmonic distortion and re-
duced switching losses are confirmed in the next section in an experimental test bench. 

VSC
Reduced Cost 

Function
(Equation (9))

Min. (J)

Application Time 
Calculation

(Equation (4))

Available 
Control Actions

Reduced 
Predictive Model

(Equation (7))

Reduced 
Predictive Model

(Equation (7))

PI
* |m kω

|m kω +

−

* |qs ki
* |ds ki

*
2|s kiαβ +

|s kiαβ
si

* |qs ki

|m kω |s kiαβ

|out kv

6

1|s kαβ +îJoptS

apt

for i   [0,12]∈

apt

[D]
1−

[C]

2|s kαβ +î

 
Figure 5. Proposed PULLA-MPC control scheme. 

4. Results 
This section includes experimental results to confirm the suitable performance of the 

proposed control scheme when it is implemented in a multiphase electric drive. The good-
ness of PULLA-MPC is evaluated in five different tests. In Test 1, a preliminary version of 
the developed regulation technique is assessed. The control scheme (named as FPULLA-
MPC) is implemented with a free selection of the applied null voltage vector to highlight 
the importance of the appropriate zero selection in the reduction of switching losses. Test 
2 compares the proposed PULLA-MPC with an LVV-MPC in steady-state condition to 
evaluate the impact of the employed control actions on the overall harmonic current dis-
tortion. Finally, the dynamic response of the proposed PULLA-MPC is evaluated in Tests 
3–5, using the LVV-MPC to analyze its transient capability. 

The five experimental tests have been carried out in the test bench shown in Figure 
6. The employed multiphase machine is an asymmetrical six-phase induction machine 
connected to a dual two-level three-phase VSC from Semikron (SKS22F) from Semikron, 
Nuremberg, Germany. The VSC is fed by a single DC-link. The parameters of the machine 

Figure 5. Proposed PULLA-MPC control scheme.

4. Results

This section includes experimental results to confirm the suitable performance of
the proposed control scheme when it is implemented in a multiphase electric drive. The
goodness of PULLA-MPC is evaluated in five different tests. In Test 1, a preliminary
version of the developed regulation technique is assessed. The control scheme (named as
FPULLA-MPC) is implemented with a free selection of the applied null voltage vector to
highlight the importance of the appropriate zero selection in the reduction of switching
losses. Test 2 compares the proposed PULLA-MPC with an LVV-MPC in steady-state
condition to evaluate the impact of the employed control actions on the overall harmonic
current distortion. Finally, the dynamic response of the proposed PULLA-MPC is evaluated
in Tests 3–5, using the LVV-MPC to analyze its transient capability.

The five experimental tests have been carried out in the test bench shown in Figure 6.
The employed multiphase machine is an asymmetrical six-phase induction machine con-
nected to a dual two-level three-phase VSC from Semikron (SKS22F) from Semikron,
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Nuremberg, Germany. The VSC is fed by a single DC-link. The parameters of the machine
have been obtained using the AC time domain and stand-still with inverter supply tests
(see Table 1) [30,31]. The control actions are executed by a digital signal processor from
Texas Instrument (TMS320F28335) from TI, Dallas, Texas, USA. The connection with the
microcontroller is made through a J-TAG connection and the software provided by Texas
Instruments (Code Composer Studio). To apply a load torque to the multiphase machine,
a DC-machine is coupled to its shaft. The armature of this DC-machine is connected to a
variable passive resistance load that dissipates the power, being the load torque dependent
on the speed.
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Table 1. Summary IM parameters.

Power 1 kW
Maximum q-current ( iq

∣∣
max) 4.5 A

Stator Resistance (Rs) 14.2 Ω
Rotor Resistance (Rr) 3 Ω

Mutual Inductance (Lm) 420 mH
Stator Leakage Inductance (Lls) 3.5 mH
Rotor Leakage Inductance (Llr) 55 mH

DC-Link Voltage (VDC) 300 V

4.1. Test 1. Steady-State Performance of FPULLA-MPC and PULLA-MPC

In Test 1, the reference speed is set up at 500 rpm and load torque is equal to 3.75 Nm.
The speed regulation is successfully achieved in both cases as shown in Figure 7a. The
tracking of d-q currents and x-y currents is also suitable, regardless of the employed
control scheme (Figure 7b,c). As shown in Figure 6d, the two control schemes also provide
similar total harmonic distortion (THD) of stator phase currents (see Table 2), equal to
12.21% in the case of FPULLA-MPC and 11.61% when the optimization procedure is done.
Nevertheless, the use of a sub-optimal null voltage vector increases significantly the VSC
switching frequency and, therefore, switching losses also augment. The FPULLA regulation
technique shows a switching frequency of 5.7 kHz (see Table 2), whereas in the proposed
PULLA-MPC this value is reduced to 4.96 kHz (12.98% lower than in FPULLA-MPC)
thanks to the null voltage vector optimization procedure. As a consequence of the lower
switching frequency the losses related to VSC switching are also lower in the case of the
PULLA-MPC. To sum up, the proposed PULLA-MPC achieves a similar current quality for
a lower switching frequency.
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Figure 7. Test 1. Steady-state performance of FPULLA-MPC (left) and PULLA-MPC (right). From
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set 1 of phase currents.

Table 2. Total harmonic distortion and switching frequency in Test 1.

Control Method THD fswitching

PULLA-MPC 11.61% 4.96 kHz
FPULLA 12.65% 5.70 kHz

4.2. Test 2. Steady-State Performance of LVV-MPC and PULLA-MPC

In Test 2, the steady-state performance of LVV-MPC [24] and PULLA-MPC is eval-
uated. In both cases, the machine is operated at 500 rpm with a load torque of 4.12 Nm.
Regardless of the selected control scheme, tracking of the mechanical speed and d-q cur-
rents is acceptably done (Figure 8a,b). From the point of view of the x-y current mitigation,
PULLA-MPC presents a peak-to-peak value (Ix p−p) of 1.26 A, whereas in LVV-MPC this
quality index increases up to 2.61 A. The lower ripple in PULLA-MPC is obtained because
the combination of active and null voltage vectors eliminates the static nature presented
in LVVs, mitigating the current injection in the secondary subspace. As a result of this
improvement in the harmonic production, a lower THD of stator phase currents is obtained,
achieving a reduction of 44.89% in comparison with LVV-MPC (Figure 8e). Table 3 shows
quality indices and switching frequencies obtained in Test 2. On the other hand, stator
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copper losses and VSC switching losses are estimated and depicted in Table 4 to confirm
the goodness of the proposed control technique from the point of view of the electric drive
losses. The stator copper losses have been calculated using the stator resistance (Rs) and
the average rms value of the phase currents as follows:

Pstator = 6·Rs·rms2
ph, (10)

whereas the switching losses have been obtained using the approach presented in [32]
and the datasheet of the VSC employed in the test bench [33,34]. As shown in Table 4,
the proposed PULLA-MPC provides lower total losses thanks to the significant reduction
of the stator copper losses. Therefore, the better current quality indices provided by the
PULLA-MPC also imply lower total losses in the electric drive.
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Table 3. Quality indices and switching frequencies for Test 2.

Control Method THD Ixp−p fswitching rms2
ph

PULLA-MPC 10.94% 1.79 A 4.9 kHz 3.219 A2

LVV-MPC 19.85% 2.66 A 3.4 kHz 3.375 A2
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Table 4. Electric drives losses.

Losses LVV-MPC PULLA-MPC

Stator copper losses (W) 285.32 269.94
VSC switching losses (W) 7.92 11.07

Total (W) 293.24 281.01

4.3. Test 3. Dynamic Performance of LVV-MPC and PULLA-MPC in a Speed-Ramp Scenario

Test 3 evaluates the capability of the proposed regulation strategy to provide a suitable
dynamic response. For this purpose, reference speed varies from 500 rpm to 750 rpm in
a ramp-wise manner (Figure 9a). To ensure a proper speed tracking, the q-current varies
when the reference speed starts increasing its value (Figure 9b). Analyzing the trend of x-y
currents (Figure 9c), the peak-to-peak value also increases when the machine accelerates
because a higher active voltage production is necessary to satisfy the new operating point.
To satisfy the test conditions, the application time increases its value according to the
reference q-current (see Figure 9d). However, the proper combination of two adjacent large
voltage vectors contributes to mitigate the excessive harmonic content in the secondary
subspace. As shown in Figure 9, the proposed PULLA-MPC provides a similar dynamic
response than in the case of LVV-MPC, but with a better mitigation of the secondary
components.
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top to bottom: (a) motor speed, (b) d-q currents, (c) x-y currents and (d) application time of active
voltage vectors.

4.4. Test 4. Dynamic Performance of LVV-MPC and PULLA-MPC in a Load Torque Step

As shown in Figure 10, a load torque step is carried out in Test 4. From the point of view
of the dynamic response, both methods present a satisfactory performance (Figure 10a).
However, in the case of the developed PULLA-MPC (right plots), the secondary currents
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are lower than in the case of the LVV-MPC (see Figure 10c). This result is obtained thanks
to the combination of an active voltage vector with a null voltage vector during the control
period. As a consequence of the adaptation of the voltage injection in the secondary
subspace according to the operating point, the phase currents also show a lower harmonic
content (see Figure 10d).
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Figure 10. Load torque step test for LVV-MPC (left plots) and PULLA-MPC (right plots). From top to
bottom: (a) motor speed, (b) d-q currents, (c) x-y currents and (d) set 1 of phase currents.

4.5. Test 5. Dynamic Performance of LVV-MPC and PULLA-MPC in a Double Reversal-Speed Test

Test 5 shows a double reversal-speed where the reference speed is set to −1000 rpm,
1000 rpm and −1000 rpm in the different speed areas (Figure 11a). Both methods present
a suitable dynamic response for this demanding speed requirements (Figure 11). Nev-
ertheless, in the case of the PULLA-MPC (right plots) the mitigation of the secondary
components is better than in the case of LVV-MPC (left plots), since the injection of the
secondary components is related to the operating point. Figure 11d,e show the phase
currents at the point of zero-speed crossing.
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Figure 11. Double reversal-speed test for PULLA-MPC. From top to bottom: (a) motor speed, (b) 𝑑-𝑞 currents, (c) 𝑥-𝑦 currents, (d) zoom 1 of set 1 of phase currents and (e) zoom 2 of set 1 of phase 
currents. 
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monic current components provokes an improvement in the performance of the multi-
phase machine. On the other hand, the algebraic solution employed to estimate the duty 

Figure 11. Double reversal-speed test for PULLA-MPC. From top to bottom: (a) motor speed, (b)
d-q currents, (c) x-y currents, (d) zoom 1 of set 1 of phase currents and (e) zoom 2 of set 1 of phase
currents.

Analyzing the presented results, the proposed PULLA-MPC provides additional
advantages over previous works. Its main contributions are the following:

• A suitable total harmonic distortion (44.89% lower than in LVV-MPC [20]).
• A reduced switching frequency (12.98% lower than in FPULLA-MPC).
• A low computational burden (73.39% lower than in the case of [22]).
• A mitigated electric drive loss (see Table 4).

Therefore, based on these results, the proposed PULLA-MPC can be considered an
interesting regulation strategy alternative with a reduced computational burden, a lower
harmonic distortion and mitigated switching losses.

5. Conclusions

The proposed PULLA-MPC is designed as a multi-vectorial solution where the advan-
tages of synthetized offline and online virtual control actions are combined. On the one
hand, the considered control scheme presents a higher α-β refinement than a regulation
scheme with an offline estimation of the control actions (LVV-MPC). In addition, thanks
to the appropriate duty cycle estimation, the active voltage production in the secondary
subspace is adapted attending to the operating condition. The decrease of the harmonic
current components provokes an improvement in the performance of the multiphase ma-
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chine. On the other hand, the algebraic solution employed to estimate the duty cycle of
the active voltage vectors mitigates the computational burden derived from an online
estimation of control actions. Finally, the optimal selection of the null voltage vector for
each couple of adjacent large voltage vector significantly reduces the switching frequency
and, consequently, the losses in the VSC.
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