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Abstract— The most serious and recent competitor to
the standard field oriented control (FOC) for induction
motors (IM) is the finite control set model predictive

control (FCS-MPC). Nevertheless, the extension to
multiphase drives faces the impossibility to
simultaneously regulate the flux/torque and the

secondary current components (typically termed x-y in
literature). The application of a single switching state
during the whole sampling period inevitably implies the
appearance of x-y voltage/currents that increase the
system losses and deteriorate the power quality. These
circulating currents become intolerably high as the per
unit x-y impedance and the switching frequency
diminish. Aiming to overcome this limitation, this work
suggests the integration of virtual voltage vectors (VVs)
into the FCS-MPC structure. The VVs ensure null x-y
voltages on average during the sampling period and the
MPC approach selects the most suitable VV to fulfill the
flux/torque requirements. The experimental results for a
six-phase case study compare the standard FCS-MPC
with the suggested method, confirming that the VV-
based MPC maintains the flux/torque regulation and
successfully improves the power quality and efficiency.

Index Terms— Induction Motors, Model Predictive
Control, Six-phase drives, Virtual Voltage Vectors.

|. INTRODUCTION

M ultiphase electric drives were rarely considered at
industry and academia in the 20" century. Although
relevant works proved the capability of multiphase systems
to enhance the fault tolerance and power density of electric
drives (by the beginning of the 80s and 90s, respectively),
the number of publications and industrial products using
more than three phases was still scarce in those days. This
situation faced however a turning point with the advent of
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the 21th century, bringing an incessant growth of the interest
on multiphase electric drives since then [1-4]. The last
decade has witnessed an exponential increase in the number
of publications and the appearance of emblematic
applications such as the Queen Elizabeth class aircraft
carriers of the Royal Navy [5] (with 80 MW of full-electric
ship propulsion using fifteen-phase induction motors) and
also in aircraft, high-speed traction and wind energy
applications [4].

This re-emergence can be explained by the ever-increasing
power of the digital signal processors and power electronic
devices together with the creation of a body of knowledge
that provides further confidence to replace standard three-
phase drives in high-reliability and/or high-power
applications [5-9]. Although five- and seven-phase machines
have been extensively covered in literature [2-3], the
preferred choice at industry is the use of multi three-phase
machines that inherit the well-known three-phase technology
[5,10-11]. Concurrently with the popularization of
multiphase machines and drives, many control techniques
that were already well-established in three-phase machines
have been extended and generalized to regulate n-phase
machines (n > 3).

The first of these strategies was the field oriented control
(FOC) [12]. In the case of induction machines with
distributed windings the extension of FOC to regulate the
torque and flux was trivial because the vector space
decomposition approach (VSD) showed that the equations in
the a-B plane were identical regardless of the number of
phases [13]. Consequently, the same cascaded FOC structure
used in three-phase drives (with an outer speed loop and two
inner d-q current loops) could be equally applied to any n-
phase machine. Nevertheless, initial attempts to directly
apply three-phase control and modulation strategies
disregarding the additional degrees of freedom existing in
multiphase systems resulted in highly distorted phase
currents and low-performance [14]. The reason is that the x-
y components do not affect the torque production (in
machines with distributed windings), but allow the flow of
low-order current harmonics that increase the copper losses
and deteriorate the total harmonic distortion (THD). Aiming
to overcome this limitation, both the modulation and the
control techniques took into account these additional



components by using additional voltage vectors and currents
loops [15]. Some additional complexity was added to the
control structure, but the extended FOC proved to
satisfactorily regulate multiphase machines [3,12,15].

As it occurred in three-phase drives, other control
approaches have appeared as alternative candidates that aim
to provide enhanced performance in multiphase drives,
especially in terms of robustness, flexibility and fast torque
response. Direct torque control (DTC) and sliding mode
control (SMC) are two examples of these attempts to
dethrone FOC [16-18], but in recent times the main
competitor to replace the PI controllers in the inner current
loops has been the use of finite-control set model predictive
control due to the fast response and flexibility to include
restrictions. Initially developed for three-phase systems [19-
21], its successful performance led to the consideration of
FCS-MPC for multiphase drives [22-29]. These works
proved the capability of the standard FCS-MPC approach to
regulate multiphase machines using different number of
switching states and model approaches. A common feature
of all FCS-MPC strategies in [22-29] is however the
application of a single switching state during the whole
sampling period. Since each switching state simultaneously
generates voltage vectors in the a-f and x-y planes, the
tracking of the a-f current references to achieve successful
speed regulation inevitably leads to the appearance of non-
null x-y voltages. This in turn implies that non-zero x-y
currents will flow through the stator of the machine, thus
spoiling efficiency and power quality. A high switching
frequency and a high impedance in the x-y plane limits to
some extent this shortcoming, providing successful
performance for low-power drives [22-29]. However, as the
power of the drive increases the switching frequency of the
power switches (typically IGBTS) is limited and the per unit
impedance of the stator resistance and leakage inductance
decreases. Under these circumstances the use of a single
switching state is no longer admissible due to the poor
regulation of the x-y currents. Although FCS-MPC includes
a cost function that considers both a-8 and x-y planes,
satisfying the requirements in both subspaces at a minimum
desirable level is not feasible: if the weight of the a-8
components is high one obtains huge x-y currents and if the
weight of the x-y components is increased then the flux and
torque regulation provides unacceptable ripple. A first
contribution of this work is to highlight and experimentally
quantify these shortcomings of standard MPC.

Aiming to solve this problem that uniquely appears in
multiphase drives, a second contribution of this work is the
use of virtual voltage vectors (VVs) integrated into the FCS-
MPC structure in order to limit the injection of x-y currents
with acceptable flux/torque generation.. The concept of VVs
is the creation of a new averaged voltage vectors by the
combination of several switching states during the sampling
period. The VVs can be used to increase the resolution of the
discrete map of switching combinations but also to cancel
out undesirable components [16-17, 31]. In the present case

VVs are selected in such a manner that the volt-second x-y
components become null, thus ensuring that x-y currents are
limited. The FCS-MPC is in charge of the flux/torque
regulation of the machine, but the concerns about the x-y
currents are eliminated by the use of the VVs. This relief in
the regulation of the x-y plane together with the lower
number of iterations simplifies the control stage and provides
better power quality and lower copper losses.

II. SIX-PHASE IM DRIVE

This section describes the main features of the employed
six phase IM drive. An asymmetrical six-phase IM is fed in
this work by a dual three-phase voltage source converter
(VSC). A simplified scheme of the implemented topology is
shown in Fig. 1. The switching state of each VSC leg is
defined as S;, where S; = 0 if the lower switch is ON and the
upper switch is OFF, and S; = 1 if the opposite occurs. It is
then possible to group the switching states of the VSC as a
vector [S]={Sq1,Sp1,Sc1r Sazs Sp2, Sc2 3, Which identifies the
26 = 64 available switching states. Each stator phase
voltage can be in turn obtained from this vector and the dc-
link voltage (V,;.) as it is stated in (1). Applying the power
invariant decoupling Clarke transformation matrix defined in
(2) it is then possible to map the phase voltages into two
orthogonal stationary subspaces, namely a-f and x-y, plus a
zero-sequence component (see Fig. 2, where stator voltage
vectors have been identified using a decimal number
equivalent to the binary number [S;; Sp1Sc1S225p25:2])-
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Fig. 1. Scheme of a six-phase IM drive.



Fig. 2. Voltage space vectors in the a-f and x-y subspaces for a six-
phase VSC.

The o-f subspace plays a similar role as in three-phase
drives, serving at the control stage to regulate the flux and
torque using d and q components, respectively, once the Park
transformation is performed:

1= [556, cout.

S S (3)

T T
[Udsr qu] =[D]- [U(xsr 1Jﬁs] .
The Clarke transformation matrix in (2) allows
expressing the equations of the six-phase machine in vector
space decomposition (VSD) variables as follows:

dy . dig,
Vs = (RS + LSE) lgs + M i

dy dig,
Vgs = (Rs + Ly E) igs + M _dt

dy.
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where p is the number of pole pairs, Ls = Lis + 3-Lm, Lr = Ly
+ 3-Lm, M = 3-Ln and «x is the rotor electrical speed (wr =
p-wm). Subscripts s and r denote stator and rotor variables,
respectively.

The model in VVSD variables in (4) can be used in model-
based approaches for the prediction of futures states of the
drive, as it is detailed in the next section.

I1l. MODEL PREDICTIVE CONTROL OF SIX-PHASE
INDUCTION MOTOR DRIVES

The most accepted structure of MPC-based strategies for
multiphase drives maintains the outer speed loop with a
proportional-integral (PI) controller and replaces the inner
current loops using the predictive approach (Fig. 3). The
outer speed loop provides the g-current reference while the
d-current reference is usually a constant value that is set to
provide rated flux in the base-speed region. These d-q
currents can be expressed in the a-f subspace using the
inverse Park transformation. The objective of these inner
current controllers is to track the reference stator

currents igp,,, (Fig. 3). For this purpose, it uses a discrete
model of the drive to predict the future behavior of the output
variables iqg,, . In this work, the machine is modeled using
a state-space representation, based on the VSD approach and
the dynamic reference transformation. So the predictive
model can be given in the following form [29]:

d
E[Xaﬁxy] = [A] [Xapxy] + [B] - [Uapay] (5)
[thﬁxy] = [C] ' [Xaﬁxy]
where:
[Utxﬁxy] = [uaS Ugs Uxs Uys 0 O]T
[Xaﬁxy] = [ias iBs Lxs iys lar iBr]T (6)

[thﬁxy] = [ias iﬁs lxs iys 0 O]T

The matrices [A], [B] and [C] define the dynamics of a six-
phase IM and their coefficients are dependent on the machine
parameters, as it is described in [29]. The forward Euler
discretization technique is employed to obtain the predictive
model. To conclude the analysis of the employed predictive
model, it should also be highlighted that the non-measurable
variables i, and ig, are estimated using the method Cla
from [29]. In this method, all unmeasurable quantities (i.e.
rotor variables) are lumped into one term, named G, which
is estimated at every sampling instant using past values of
the measured variables. This estimation is then introduced in
the predictive model to obtain the prediction of the stator
currents.

From the point of view of the control process, an optimizer
selects the optimal gating signal [S°P!] in order to minimize
a cost function J;. The optimization is done by exhaustive
search over all possible control signal values. In the case of
a six-phase VSC, the 64 voltage vectors can be reduced to 49
independent voltage vectors due to redundancy. For each one
of these voltage vectors, the predictive model is computed
using the measured speed and stator phase currents to obtain
the predicted values of the a-g and x-y currents (iypyxy)-
Then, the cost function value is calculated for all
independent switching possibilities and the voltage vector
that minimizes the cost function is selected and applied by
the VSC during the next sampling period. The cost function
must consider the error in the a-8 and x-y components as
follows:

Ji=K;- eczzs + K- eﬁsz +Ks- exs2 + Ky - eysz (M
where:

eqs = (las — Ias )

egs = (i[;s - i[is )

exs = (ixs — Ixs )

eys = (i35 = ys )-

The K; coefficients, where i € {1,2,34}, are the weighting
factors for each component. The value of these coefficients
must be selected according to the control objective and drive
features. This work deals with a distributed-winding
machine and consequently the x-y currents are only a source
of copper losses with no impact on the flux/torque
production. Hence, the reference value of these currents is
usually set to zero and the selection of K; coefficients is a
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tradeoff between flux/torque regulation (K; and K,) and
efficiency/distortion (K; and K,). It must be highlighted
however that in spite of the possibility to vary the importance
that is paid to a-p and x-y planes, the selection of a single
switching state S°P¢ (Fig. 3) implies that it is impossible to
satisfy the requirements of both planes simultaneously in a
sampling period. Further details on the impact of the
coefficients tuning on the drive performance are provided in
section V.

To sum up, the MPC is a high-performance strategy of
control for multiphase drives based on the machine model.
As a consequence, it is parameter dependent and
computationally intensive, but it also inherits the advantages
that have been extensively highlighted in three-phase drives
(fats torque response, flexibility and simplicity, to name a
few).

IV. MODEL PREDICTIVE CONTROL USING VIRTUAL
VOLTAGE VECTORS

This section describes the implementation of the proposed
MPC based on the utilization of VVs that aims to improve
the performance of the standard MPC. For this purpose, the
first step is to analyze the space voltage vectors in the a-f
and x-y subspaces for a six-phase VSC.

Fig. 2 shows that the voltage vectors in six-phase machines
can be classified in small, medium, medium-large and large
voltage vectors in a-f and x-y planes. Medium-large vectors
in the a-B plane result in medium-large vectors in the x-y
plane. However, large vectors in the a-f plane are turned
into small vectors in the x-y plane and vice versa. Moreover,
medium-large and large vectors with same direction in the a-
[ plane have opposite direction in the x-y plane (see Fig. 2).
Taking advantage of this fact, VVs can be created to reduce
harmonic components in the x-y plane. These VVs are
obtained with one medium-large and one large voltage
vector (see Fig. 4) that must generate zero average voltage in
the x-y plane. For this purpose, a different application time
of the medium and large voltage vector is necessary. For
example, VV; is formed by the voltage vector Vg5 (medium-
large voltage vector in the a-g plane) and V5, (large voltage
vector in the a-f plane) with different application times t,
and t,, respectively, to provide a zero average voltage vector
in the x-y plane. In a six-phase VSC, the application time of
each voltage vector must be t;,=0.73 - T;,, and ¢,=0.27 - Ty,.
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Fig. 3. MPC scheme for a six-phase IM drive.
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Therefore, the general form of the Vs is the following:
VVi=t;- Vla‘rge +ip Vmedium—large 9)
The implementation of these VVs in a MPC strategy
intrinsically provides zero average value of the x-y
components with no inclusion of these components into the
control strategy. This fundamental advantage is possible
because the VV-MPC uses two voltage vectors in each
sample time whereas the standard MPC only employs a
single voltage vector. It must be highlighted however that the
size of the VVs is 7.2% smaller than the size of the large
vectors, and this diminishes to some extent the utilization of
the dc-bus voltage. As in overmodulation techniques in space
vector PWM [30], it is possible to transit from VVs to single
large vectors in order to fully exploit the dc-link voltage, but
this procedure is not covered in this work.
In addition to the key feature of nullifying x-y voltage
components, the utilization of the VVs provides some further
simplifications in the control strategy that eases its
implementation compared to the standard MPC from Fig. 3.
These modifications in the VV-MPC control strategy are
shown in green color in the control diagram of Fig. 5. For
example, the predictive model of (5) can be reduced due to
the absence of x-y components in the model. Hence, a new
reduced predictive model can be defined as:

dt [Xa[f’] [A]- [Xa[f’] +1 [Uaﬁ’] (10)
[Yalf] - [Xa ]

where:
[Ua[?] = [ugs ugs 0 O]T

[Xaﬂ] = [ias lgs lar iﬁT]T (11)
[Yalf] = [ias Igs 0 O]T
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Fig. 5. VVs based MPC scheme for a six-phase IM drive.



In addition to the reduction of the model size, the
utilization of a reduced number of voltage vectors diminishes
the number of iterations and the computational cost of the
method. Finally, the cost function can also be simplified by
eliminating the x-y terms:

J2=Ki-els+Ky- eﬁsz (12)

In summary, the implementation of the VVs in a MPC
strategy provides the following advantages from the point of
view of the control process:

i) Utilization of a reduced predictive model where the x-

y components are not present.
if) Use of a new cost function without the e,-e,,; terms.
iii) Reduction of the number of K; coefficients that must
be calculated in the cost function and reduction in the
number of iterations that need to be performed each
sampling time (from 49 to 13).

It must be highlighted that generating null x-y voltages
might lead to non-zero x-y currents due to the dead-time
effect or asymmetries in the system. However, including
non-null x-y voltages in open-loop mode to cancel x-y
currents would highly increase the complexity of the
approach. This work assumes that the system is reasonably
symmetric and the injection of x-y currents is sufficiently
small to obtain good performance. The next section
experimentally confirms the performance of the proposed
VV-MPC and its capability to limit x-y currents significantly
compared to standard MPC.

V. EXPERIMENTAL RESULTS

A. Test Bench

Fig. 6 shows the elements of the test bench that has been
used for the experimental testing. The six-phase drive
consists of an asymmetrical six-phase IM supplied from
conventional two-level three-phase VSCs (Semikron
SKS22F modules). The parameters of the custom-built six-
phase IM have been obtained using ac-time domain and
stand-still with inverter supply tests [32-33]. Table I shows
the induction motor drive parameters and rated values.

TABLE |
INDUCTION MOTOR DRIVE PARAMETERS AND TEST-BENCH RATED
VALUES
Power (kW) 0.8
Dc-link voltage (V) 200
Dead time (us) 4
Ipear (A) 4.06
iy (A) 0.8
ig (A) 7
Ny, (rpm) 1000
R; (Q) 4.2
R, () 2
Ly, (mH) 420
L;; (mH) 15
Ly (mH) 55

Fig. 6. Test bench

A single dc power supplies the VSCs and the control
actions are performed by a digital signal processor
(TMS320F28335 from Texas Instruments, TI). The control
unit is programmed using a JTAG and the TI proprietary
software called Code Composer Studio. The current and
speed measurements are taken with four hall-effect sensors
(LEM LAH 25-NP) and a digital encoder
(GHM510296R/2500), respectively. The six-phase IM is
loaded coupling to the shaft to a dc machine that acts as a
generator. The armature of the dc machine is connected to a
variable passive R load that dissipates the power and the load
torque is consequently speed-dependent.

B. Experimental Results

The performance of the proposed VV-MPC and the
standard MPC are compared next in steady-state and
transients. In both strategies the switching frequency is
variable because the switching state of the six VSC legs is
not changed in every sampling period, as it typically occurs
in pulse-width modulation (PWM) [34-35]. The switching
frequency of VV-MPC is in general somewhat higher than
MPC for the same sampling period. The experimental results
compare MPC at 100us with VV-MPC at 100us and VV-
MPC at 200us, so that the switching frequency of MPC is in
between the switching frequency of the other VV-MPC tests.
The d-current reference is set to 0.8A and the weighting
factors that regulate a-g currents are set to K;=K,=1 in all
tests. The values of K; and K, can be set arbitrarily since the
MPC and VV-MPC select the switching state (or virtual
vector) that provide better current tracking regardless of the
multiplying factor. What is relevant is the proportion of the
x-y weighting factors (K5-K,) to the a-f weighting factors
(K;-K;) because this ratio defines the importance that is
given to each plane. The weighting factors have been
obtained on an empirical basis following a trial and error
procedure that considers that K5-K, should provide a good
compromise between the current tracking in both a-f and x-
v planes (as it is shown next in Fig. 7).

A first test (Fig. 7) verifies the inability of MPC to regulate
the x-y currents regardless of how the weighting factors K5
and K, are tuned. The reference speed is changed from 200
to 300 rpm at t = 5s in a ramp-wise manner in order to also



verify the dynamic performance. In the results shown in the
left side of Fig. 7 a low value for the x-y weighting factors
is set (K3=K,=0.001), obtaining a good speed and d-q
current tracking (Fig. 7a-7b), but a poor regulation of the x-
y currents (Fig. 7c). A lower value of the weighting factors
K;-K, further deteriorates the x-y current tracking while the
margin to improve the a-f current tracking is narrow. An
attempt to improve the regulation of x-y currents is shown
in the middle plots of Fig. 7, where the weighting factor of
the x-y currents is increased up to K;=K,=0.075.
Unfortunately, while the x-y currents remain large, paying
more attention to the x-y plane compromises the flux/torque
regulation and deteriorates the d-q current tracking (Fig. 7b).
Comparing the left and middle plots in Fig. 7, the THD of
the a-B currents is increased from 10.2 to 15.8% and this
affects the flux/torque regulation. On the other hand the x-y
currents cannot be reduced and the copper losses are
increased by 28%. The tuning of K; and K, cannot change
the fact that a single switching state always generates x-y
voltages, those being the main cause of the high x-y currents
shown in Fig. 7. A first contribution of this work is to
highlight the limitation of standard MPC [22-29] to
simultaneously limit the x-y currents and obtain low-ripple
d-q currents when the impedance of the x-y plane is rather
low. Right plots in Fig. 7 finally show the results of the
proposed VV-MPC strategy. While the speed and d-q
tracking is mostly similar to that of the MPC, the regulation
of the x-y currents is significantly improved using the VV-
MPC approach thanks to the zero volt-second x-y voltages
provided by the VVs (Fig. 7c¢). A second contribution is the

proposal of the VV-MPC method to successfully limit x-y
currents while retaining a similar dynamic performance as in
MPC.

A second test (Fig. 8) verifies the steady-state
performance setting a constant target speed of 300 rpm.
Comparing MPC (left plots) and the proposed VV-MPC
(middle plots), it can be observed that the speed regulation
(Fig. 8a) and the d-q current tracking (Fig. 8b) is also
satisfactory in both approaches. A significant difference is
obtained however in terms of the x-y current regulation.
While the MPC provides large x-y currents (Fig. 8c, left),
the use of the VVs clearly limits the amount of x-y currents
(Fig. 8c, middle). The inability of the MPC to regulate the x-
y currents in turn results in a low power quality of the stator
currents (Fig. 8d, left). On the contrary, the cancelation of
the x-y voltages in the VV-MPC improves the power quality
of the phase currents and reduces the stator copper losses.
This can be observed at a glance in Fig. 8d. The THD is
reduced by 83% and the copper losses are reduced by 42%,
this being a significant improvement in terms of current
distortion and efficiency of the drive. In order to test the
goodness of the proposed VV-MPC at lower switching
frequencies, the right plots in Fig. 8 show the same tests but
using a double sampling period (200us) for the VV-MPC
strategy. The switching frequencies of MPC at 100us, VV-
MPC at 100us and VV-MPC at 200us are 3840 Hz, 5140 Hz
and 2756 Hz, respectively, thus confirming that the
switching frequency of MPC is in between that of the VV-
MPC-based tests. The current ripple both in a-8 and x-y
planes is slightly increased but the speed tracking is good and
the x-y currents remain limited compared to the standard
MPC.
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a) Motor speed, b) d-g currents and c) x-y currents.
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Fig. 8. Test 2 for MPC with T, = 100us (left plots), VV-MPC with T, = 100us (middle plots) and VV-MPC with T; = 200us (right plots).
From top to bottom: a) Motor speed, b) d-q currents, c) x-y currents and d) a,-a, phase currents.

It is remarkable that VVV-MPC at 200us provides lower
current ripple than conventional MPC at 100us with lower
switching frequency. Since VV-MPC and MPC are methods
of a different kind with a different selection of the switching
states, it is possible to simultaneously decrease the switching
frequency and at the same time obtain a significant
improvement in the phase current ripple. The reason for this
is that the average x-y voltage is zeroed in VV-MPC and,
consequently, the average x-y currents are reduced.

For better visualization of the improvement that is
obtained in terms of distortion, Fig. 9 depicts the frequency
spectrum of phase currents for the three methods considered
so far: MPC at 100us (Fig. 9a), VV-MPC at 100us (Fig. 9b)
and VV-MPC at 200us (Fig. 9¢). As it is well-known, the
spectrum in the MPC approach is spread (Fig. 9a), this being
different compared to PWM-based control where the current
harmonics are located in specific frequencies. There is
however a significant amount of low order harmonics (see
zoom-in plot in Fig. 9a) that are responsible for the distorted
waveform shown in Fig. 8d. The spectrum in VV-MPC
(Figs. 9b and 9c) is also spread, but it is visible that the
amount of current harmonics is drastically reduced.

A load rejection test is finally included in a third test (Fig.
10) to further verify that the VV-MPC retains the
performance of MPC in terms of flux/torque regulation but

offers a better regulation of the x-y currents. The motor is
driven at 300 rpm with a load torque of 2 Nm and this load
is stepped down to 0.75 Nm at time t = 9.5s (Fig. 10b). The
deloading transiently accelerates the six-phase induction
motor, but the control action brings the speed back to the
reference speed of 300 rpm with a similar performance in
both MPC and VV-MPC approaches (Fig. 10a). As in the
former tests, the d-q current tracking is similar in all cases
(Fig. 10c) whereas the power quality is highly improved
using the VV-MPC strategy (Fig. 10d). Fig. 9e shows the a-
B currents during the transient to confirm that the tracking in
this plane is satisfactorily achieved using MPC.
Nevertheless, the main issue in MPC remains to be the poor
regulation of the x-y currents that results in highly distorted
phase currents (Fig. 10f).

A fourth test is finally included in Fig. 11 to verify the
performance of MPC and VV-MPC for different operating
points. A total amount of eighteen tests have been
performed, nine for MPC (top surfaces in Fig. 11) and nine
for VV-MPC (bottom surfaces in Fig. 11). Each of the nine
tests for each method have been done considering three
target speed values (200, 350 and 500 rpm) and three values
of the resistance that is connected to the dc generator (20, 30
and 40 Q) t hat provide different amount of load torque
(ranging from 2 Nm to 6.8 Nm). Fig. 11a shows that the rms



value of the phase currents is lower in VV-MPC compared
to standard MPC in the whole range of operation that is
explored. This in turn implies that the stator copper losses
are reduced using VV-MPC in a range between 54% and
20%. Fig. 11b depicts the phase current THD for both
methods, showing a reduction of the THD with VV-MPC
that ranges between 85 % to 75 %. Results from Fig. 11 just
confirm that the improvement in terms of quality and copper
losses that has been illustrated in Figs. 7-10 is general for
different operating points, further confirming the goodness
of the proposal.

To sum up, the proposed VV-MPC overcomes the
limitations of MPC in terms of x-y current regulation
providing improved quality of the stator currents. This
enhanced performance is obtained while retaining the
capability of MPC to regulate the speed in steady-state and
dynamic conditions.

VI. CONCLUSION

Although model predictive control is a promising strategy
to achieve a fast torque response with a simple and flexible
structure, its extension to multiphase drives faces the
impossibility to simultaneously satisfy the requirements of
the newly appeared subspaces. As a consequence, the
selection of a single switching state in MPC inevitably
results in high x-y currents. This shortcoming can be
however eliminated combining more than one switching
state in order to cancel out the x-y voltages. For this purpose,
some predefined virtual vectors can be set in advance and be
later on included in a model predictive control scheme. The
proposed scheme becomes simpler because the control is
relieved to regulate the x-y plane and a lower number of
iterations is required. In spite of the additional simplicity, the
regulation of x-y currents is highly improved and this leads
to lower copper losses and better power quality.
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