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Abstract: The development of new control techniques for multiphase induction machines (IMs) has
become a point of great interest to exploit the advantages of these machines compared to three-
phase topology, for example, the reduced phase currents and lower harmonic contents. One of
the most analyzed techniques is the model-based predictive current control (MPC) with a finite
control set. This technique presents high x–y currents because of the application of one switching
state throughout the whole sampling period. Nevertheless, it is one of the most used due to its
excellent dynamic response. To overcome the aforementioned drawbacks, new techniques called
virtual vectors have been developed, but although there are several articles with experimental
results, the algorithm for implementing the technique has not been appropriately described. This
document provides a clear and detailed explanation for algorithm implementation of virtual vectors
through two proposed variants VV4 and VV11, in a six-phase machine drive. The first entails lower
computational cost and the second lower loss in the x–y plane. According to performance indicators
such as the total harmonic distortion and the mean square error for both case studies, experimental
tests were evaluated to determine the implementation’s behaviour.

Keywords: modulation strategies; multiphase induction machine; predictive current control; virtual
vectors

1. Introduction

For decades, three-phase IM was used for most variable speed applications, and con-
trol techniques are widely developed. Still, in recent years, the strengths of the multiphase
IM has encouraged their use and thus the development of new sophisticated control tech-
niques to regulate their speed, flux, torque or current. Multiphase IM stands out from
three-phase IM due to the following characteristics: an inherent ability for post-fault opera-
tion without additional hardware, lower stator current per phase for the same voltage and
lower torque ripple [1–4]. On the other hand, implementing more complex control strate-
gies and the need for careful regulation of secondary currents that appear in multiphase IM
also entails a higher computational cost [5,6]. However, this fact can be addressed through
more powerful digital controllers such as Digital Signal Processor (DSP).

In this sense, concerning model-based control techniques, there are numerous options
with their advantages and disadvantages. Among them is the MPC with finite set control,
is one of the most widely used [7–11]. This technique employs a cost function to select an
optimal vector from the 64 available vectors, for a six-phase IM, and apply it during the
sampling period. The cost function consists of a configurable weighting factor to prioritize
current tracking or loss reduction in the x–y plane. This method has the disadvantage
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of high tracking error and considerable losses in the x–y plane since it uses a single
vector [12–14]. This fact produces high harmonic content in the stator currents compared
to other approaches that integrate modulation strategies in MPC to face this weakness [15].

An alternative to mitigate the x–y currents was proposed in [12], called virtual voltage
vectors (VV). This method minimizes current losses by using a zero vector (ZV), a large
vector (LV), and the corresponding medium-large collinear vector (MLV) at each sampling
time (Ts) since in the x–y plane, these vectors are 180 degrees out of phase and tend to be
eliminated. Thus, to obtain a zero voltage on average in the x–y plane, it is necessary to
apply the vectors in a certain proportion of time, which means the LV is applied 0.73 of Ts
and the MLV 0.27 of Ts [16]. This technique uses less computational resources because it
analyzes only 12 vectors; however, combining the vectors decreases the scope, covering
only 93% of the LV module in the α–β plane.

Another MPC called M2PC based on space vector modulation (SVM), it uses a cost
function to determine a pair of optimal LV at each Ts. The selected optimal LV and the ZV a
combination is performed to represent the target voltage more accurately, cover 96% of the
entire α–β plane. This method allows to cover an area, therefore minimising the tracking
error and naturally reducing the losses because the LV are mapped as the smallest in the
x–y plane [17].

Recently, other MPC techniques have been developed, namely as NM2PC, which
uses up to 4 active vectors at each Ts and does not use the ZV. Employing a cost function,
it selects up to 4 vectors, two LV and two medium vectors (MV) to reduce the losses in
the x–y plane. It is essential to mention that in M2PC, the cost function implements a
weighting factor between current tracking and x–y loss reduction, and to some extent, it
is expected that the algorithm tends to use the zero vector to reduce losses, even if the
current tracking decreases in the α–β plane, so the NM2PC presents an advantage by
not using the ZV, but on the other hand, the tracking ability of the controller for small
currents deteriorates [18]. Further, in [19], it was shown a direct relationship between the
stability of modulated MPC and the values of sampling frequency and rotor speed for
multiphase machines.

Although several works, as described above, have reported experimental implemen-
tations of MPC techniques for multiphase IM drives, few details have explained how to
implement these techniques in DSP. In that sense, the main goal of this paper is to describe
the implementation of optimal vectors combinations into MPC technique focused on two
study situations called virtual vectors with four application times (VV4) and virtual vectors
with 11 application times (VV11). In both cases, two active vectors with different duty
cycles are used to effectively reduce the x–y currents and improve the current tracking
capability using an asymmetrical six-phase IM. Experimental results are presented to con-
trast both study situations, comparing in terms of current tracking considering the mean
square error (MSE) and total harmonic distortion (THD) of the stator currents, to analyze
the performance of the system. The proposed method is tested at different operating points,
considering transient and steady-state conditions.

The sections that compose the rest of this document are the following: the mathe-
matical model of the six-phase IM is shown in Section 2, as well as the voltage source
inverter (VSI) used. Section 3 presents the description of the classic MPC, which will be
used for the proposed MPC design. Section 4 describes the optimal vectors combinations
implementation into MPC using two VV case scenarios. Section 5 shows the experimental
results of both proposed methods. Conclusions and special remarks are presented in the
last section.

2. Six-Phase IM Mathematical Model

The system is composed of an asymmetrical six-phase IM and a six-phase VSI based
on isolated gate bipolar transistors (IGBT) connected as shown in the electrical diagram
in Figure 1. The stator phase voltages of the six-phase IM depend on the switching states
and the dc-link voltage source (Vdc). In this regard, complementary signals are applied to
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each leg of the six-phase VSI, and thus it is possible to obtain 26 = 64 different switching
states. These states are represented by a six-dimensional vector [S] = [Sa, Sd, Sb, Se, Sc, S f ].
Then, the stator phase voltages can be calculated from the ideal six-phase VSI model as
shown below: 

vas
vds
vbs
ves
vcs
v f s


=

Vdc
3



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





Sa
Sd
Sb
Se
Sc
S f

 (1)

It is possible to simplify the system model employing the vector space decomposition
(VSD) technique. Making transformations through the amplitude invariant Clarke con-
version matrix (C), in this way is easy to represent the six-dimensional space defined by
the six phases (a, d, b, e, c, f ) in three two-dimensional orthogonal planes in the stationary
reference frame, α–β, x–y, and z1–z2. The α–β plane is related to the torque and flux pro-
duction. The x–y plane is linked to the copper losses, while the components projected in
the z1–z2 plane are not examined due to the adopted topology (isolated neutral points).
The transformation matrix is shown below:

C =
1
3



1
√

3
2 − 1

2 −
√

3
2 − 1

2 0
0 1

2

√
3

2
1
2 −

√
3

2 −1
1 −

√
3

2 − 1
2

√
3

2 − 1
2 0

0 1
2 −

√
3

2
1
2

√
3

2 −1
1 0 1 0 1 0
0 1 0 1 0 1


(2)

Figure 1. Six-phase IM fed by two level six-phase VSI.
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Hence, using the transformation matrix defined in (2) the stator phase voltages are
converted into orthogonal planes through the following equation:

vαs
vβs
vxs
vys
vz1s
vz2s

 = C



vas
vds
vbs
ves
vcs
v f s

 (3)

It must be noted that the 64 switching states can be projected simultaneously in both
planes as shown in Figure 2, where 49 of them are different. Vectors can be classified
into (LV), (MLV), (MV), and (SV), which are marked as red, green, blue, and light blue
circles, respectively.

Figure 2. Voltage vectors in the α–β and x–y planes for a six-phase IM drive.

Furthermore, the mathematical model of the system by using the state-space represen-
tation is expressed as follows:

.
X(t) = A(t) X(t) + B(t) U(t) + Hnp(t) (4)

defining X(t) as the state vector, formed by stator and rotor currents as shown in (5), U(t)
as the input vector constituted by the stator voltages represented by (6), while A(t) and B(t)
are the matrices that contain the electrical parameters of the six-phase IM expressed in (7)
and (8), respectively. The Gaussian process noises (np(t)), and its corresponding noise
weighting matrix (H), defined as the identity matrix, have been contemplated in the model.

X(t) = [x1, ..., x6]
T = [iαs, iβs, ixs, iys, iαr, iβr]

T (5)

U(t) = [u1, ..., u4]
T = [uαs, uβs, uxs, uys]T (6)

A(t) =



a11 a12 0 0 a15 a16
a21 a22 0 0 a25 a26
0 0 a33 0 0 0
0 0 0 a44 0 0

a51 a52 0 0 a55 a56
a61 a62 0 0 a65 a66

 (7)
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B(t) =



b11 0 0 0
0 b22 0 0
0 0 b33 0
0 0 0 b44

b51 0 0 0
0 b62 0 0

 (8)

where the coefficients are defined as:

a11 = a22 = − RsLr

LsLr − L2
m

a12 = −a21 =
L2

mωr

LsLr − L2
m

a15 = a26 =
RrLm

LsLr − L2
m

a16 = −a25 =
LmLrωr

LsLr − L2
m

a33 = a44 = − Rs

Lls

a51 = a62 =
RsLm

LsLr − L2
m

a52 = −a61 = − LsLmωr

LsLr − L2
m

a55 = a66 = − RrLs

LsLr − L2
m

a56 = −a65 = − LrLsωr

LsLr − L2
m

b11 = b22 =
Lr

LsLr − L2
m

b33 = b44 =
1

Lls

b51 = b62 = − Lm

LsLr − L2
m

Ls = Lls + Lm, Lr = Llr + Lm, Rs, and Rr being the electrical parameters of the six-phase IM.
The output vector, including zero-mean Gaussian measurement noises (nm(t)) and

uncorrelated process, in the model, is calculated as follows:

Y(t) =


1 0 0 0 0 0
0 1 0 0 0 0
0 0 1 0 0 0
0 0 0 1 0 0

 X(t) + nm(t) (9)

Finally, the torque (Te) and the load torque (TL) of the six-phase IM are obtained using
the following equations:

Te = 3P
(
ψαsiβs − ψβsiαs

)
(10)

Ji
.

ωm + Biωm = (Te − TL) (11)

ωm =
ωr

P
(12)

Ji, Bi, ωm, ωr, ψαs, ψβs and P, being the inertia coefficient, the friction coefficient, the rotor
mechanical speed, the rotor electrical speed, the stator fluxes and the number of pole pairs,
respectively.

3. Classic MPC

To implement the classic MPC in a DSP, the mathematical model of the system must
be in a discrete version. For this purpose, a discretization technique derived from the
forward-Euler equation is used to obtain the predictive model. Note that the predicted
variables only depending on past values of the variables and not on present values. As a
result, the predictive model is described as:

X̂(k+1|k) = X(k) + f
(

X(k), U(k), ωr(k), Ts

)
(13)

being k the actual sample.
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3.1. Reduced Order Observer

Rotor currents can be estimated through the reduced-order observer. There are two
well-known techniques, the Luenberger Observer (LO) and the Kalman Filter (KF) [20,21],
the latter being the more optimal as it takes into account the noise input to the sensors, thus
optimizing the gain of the observer. Therefore, the KF is designed and implemented in this
document, increasing the accuracy of the predictions. The equations of the mathematical
model of system state space can be defined as:

X̂(k+1|k) = A(k)X(k) + B(k)U(k) + Hnp(k) (14)

Y(k+1|k) =


1 0 0 0 0 0
0 1 0 0 0 0
0 0 1 0 0 0
0 0 0 1 0 0

 X(k+1) + nm(k+1) (15)

where k represents the actual sample, np(k) the process noise, and H the noise weight matrix.
The discretized matrices A(k) and B(k) are represented in (16) and (17) respectively.

A(k) depends on the present amount of the rotor electrical speed and it must be actualized
at every sampling period.

A(k) =



a11(k) a12(k) 0 0 a15(k) a16(k)
a21(k) a22(k) 0 0 a25(k) a26(k)

0 0 a33(k) 0 0 0
0 0 0 a44(k) 0 0

a51(k) a52(k) 0 0 a55(k) a56(k)
a61(k) a62(k) 0 0 a65(k) a66(k)


(16)

B(k) =



b11(k) 0 0 0
0 b22(k) 0 0
0 0 b33(k) 0
0 0 0 b44(k)

b51(k) 0 0 0
0 b62(k) 0 0


(17)

The discretized matrix coefficients were included in the Appendix A.

3.2. Cost Function

The objective of the cost function is to obtain a numerical value that allows a decision to
be made by prioritizing one or more variables. We can optimize, for instance, the switching
losses, torque ripple, harmonic content, or tracking error of stator currents. The latter is
usually the priority, so the current tracking error calculations are made in the α–β and x–y
plane. The current tracking error between the reference (i∗s(k+2)) and their predicted values

(îs(k+2)) in the α–β and x–y planes is calculated as follows:

J =
√
(eαs)2 + (eβs)2 + λxy[(exs)2 + (eys)2] (18)

where
eαs = i∗

αs(k+2) − îαs(k+2)

eβs = i∗
βs(k+2) − îβs(k+2)

exs = i∗xs(k+2) − îxs(k+2)

eys = i∗ys(k+2) − îys(k+2)

(19)

Note that a second-step ahead prediction is implemented to consider the delay com-
pensation. This fact is produced by the comparable time between the computation of the
control signal and the sampling period [22]. The tuning parameter (λxy) expressed in (18)
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is usually considered in the control of the multiphase machines to provide greater weight
to the α–β currents over the x–y currents.

4. Proposed Algorithm

This section aims to describe the algorithm implementation in a DSP based on Optimal
Vector Combinations characteristics into MPC described in [12,13,16].

4.1. Case 1: VV4

The first MPC strategy to be discussed in this paper is called VV4. The described
implementation algorithm is based on the virtual vector technique [12]. It uses two vectors
per sampling time, a long vector and the nearest collinear medium-large vector, to obtain
the target voltage. The Figure 3 exemplifies the selection of two vectors, LV and MLV,
from the I-sector of the α–β plane. The advantage is taken of the fact that the LV and
collinear MLV are 180 degrees out of phase in the x–y plane, and although they have
different modulus as shown in Figure 2, they tend to subtract each other, thus decreasing
the losses in this plane.

The VV4 technique adopts strategies that take into account the ratio of the modulus
of LV and MLV to calculate their application times to obtain a zero average value in the
x–y plane. Suitably, it is required to apply 73% of the LV time and 27% of the MLV time
as described in [12]. The VV4 technique proposes a simple algorithm, based mainly on
an interrupt and four conditional sequences, which divide the time of total application
in four intervals, for which it is possible to apply 75% of the time LV and 25% MLV. This
virtual vector is applied as follows:

VV4 = dl LV + dml MLV (20)

where dl = 0.75 Tsv and dml = 0.25 Tsv.
On the other hand, in VV4, there is a decrease in the maximum final voltage that can

be reached since it conditions the use of the LV and MLV vectors, obtaining a resulting
vector of lower modulus.

Figure 3. Space sectors in the α–β plane for MPC with VV.

The process for the implementation of VV4 is shown in Figure 4 and detailed below:

• Step 1: The algorithm starts with the variables initialization and calculation of the
electrical parameters of IM.

• Step 2: The basic control technique, in this case the classical MPC, acquires mea-
surements of the stator currents every sampling time (Ts). To implement the VV4
technique, the original sampling time (Ts) is increased by 4, hereafter referred to
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as (Tsv), consequently the sampling frequency is reduced by 4. On the other hand,
an interrupt is used to control current readings, calculations and transforms, vector
selection and application. The input period to the routines contained in this interrupt
is every Tsv/4, and they are called interrupt time (Ti), so the interrupt is entered
four times per sampling time.

• Step 3: In the first interval (Ti) of the sampling time (i = 1), the measurements are
considered to proceed to perform the transformations and calculations.

• Step 4: The 12 external vectors (LV) are evaluated using a cost function and the optimal
vector is obtained. The MLV vector corresponding to the optimal LV is identified,
and both will be applied during the sampling time.

• Step 5: Only one vector is applied at each interrupt time, making use of conditional
statements and a counter to identify the four interrupts in a sampling period. To reduce
the losses in the x–y plane, the total application time of the active vectors is distributed
between the LV and the MLV in a proportion of 75% and 25% respectively, so that the
LV is applied three times and the MLV once. The final pattern of applied vectors is
shown in Figure 5.

Start

Figure 4. Algorithm diagram for VV4 technique.

LV LVLV MLV

Ti Ti Ti Ti

Tsv

Figure 5. Timing diagram for VV4 technique.
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4.2. Case 2: VV11

The second case study is the technique called VV11, based on the MPC strategy with
virtual vectors. Unlike VV4, in VV11 the LVand MLV are applied 73% and 27% of the
time, so that the average loss in the x–y plane tends to zero. In order to achieve the latter,
the sampling period is divided into 11 equal intervals, using an interrupt, conditional
sequences, and a counter (i), so that Ti = Tsv/11.

Similar to VV4, measurements are taken in the first interrupt of each sampling period
(i = 1), calculations, transformations are performed and optimal vectors are selected. Only
one of them its applied in each Ti, in total, eight times the LV and three times the MLV
are applied, resulting in approximately 72.73% of Tsv for LV and 27.27% of Tsv for MLV.
The final applied vector pattern for VV11 is shown in Figure 6. This extra process implies
higher computational costs compared to VV4, but it is closer to the appropriate proportion
of application of the vectors LV and MLV.

Tsv

Ti Ti Ti Ti Ti Ti Ti Ti Ti Ti Ti

LV LV LV LV LVLVLVLVMLVMLVMLV

Figure 6. Timing diagram for VV11 technique.

5. Experimental Results

The case studies are implemented to analyze their performance by comparing them
with each other through the experimental results collected in the six-phase IM bench.

5.1. Six-Phase IM Test Bench Description

The control system is based on Six-Phase VSI, driven by a DSP (TMS320F28335 from
Texas Instruments), with a Technosoft MCK28335 development environment. The IM
parameters are shown in Table 1 determined by the tests described in [23,24].

The periodic measurements of the rotor currents and speed, necessary to perform
the calculations and implement the control techniques, are made by a series of sensors.
A 10,000 ppr encoder is used to obtain the mechanical speed of the motor.

A matching board is provided to amplify the signals coming from 4 LA 55-P sensors
used to measure the stator currents. The digitalization is performed by means of a 16-bit
A/D converter of the DSP. A dc-link is set to 325 V through a three-phase rectifier and
the power grid with a step-down transformer. A mechanical brake pad was installed to
simulate mechanical loading of approximately 120 Nm. A block diagram of the test bench
is shown in Figure 7.

Table 1. Electrical and mechanical parameters of the six-phase IM

Parameter Value Parameter Value

Rr 0.63 Ω Ls 206.2 mH
Rs 0.62 Ω P 3
Lls 6.4 mH Pw 15 kW
Llr 3.5 mH Ji 0.27 kg·m2

Lm 66.6 mH Bi 0.012 kg·m2/s
Lr 203.3 mH ωr−nom 1000 rpm
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Figure 7. Test bench composed of the 2L-6PVSI, DSP unit control, six-phase IM and the mechani-
cal load.

5.2. Figures of Merit

First, we tested experimentally VV4 and VV11 to analyze the performance under
steady-state and transient conditions. The MSE between the reference and stator current
measured in the α–β and x–y planes is obtained to compare current and loss tracking.
On the other hand, the THD in the α–β plane is calculated to quantify the harmonic
distortion obtained with both techniques. In this context, the MSE is defined as:

MSE(isΦ) =

√√√√ 1
N

N

∑
k=1

(isΦ[k]− i∗sΦ[k])
2 (21)

where N is the number of samples, i∗sΦ the stator current reference, isΦ the measured stator
currents and Φ ∈ {α, β, x, y}. At the same time, THD is defined as:

THD(is) =

√√√√ 1
i2s1

N

∑
j=2

(isj)2 (22)

where is1 is the fundamental stator currents and isj is the harmonic stator currents.

5.3. Steady-State Study

For the purpose of analyzing the performance of the x–y current, references are set to
zero (i∗xs = i∗ys = 0), and the d axis current (i∗ds = 1.5) has been considered for all cases.

For the VV4 and V11 technique, the sampling frequency is 2.5 kHz. The tests are
performed at mechanical speeds of 100 rpm to 600 rpm. The results obtained from VV4 and
VV11 at the different speeds are shown in Tables 2 and 3. At the same time, Figures 8 and 9
show the stator currents tracking in α–β and x–y planes for classic MPC, VV4 and VV11
respectively. The operations were tested at a sampling frequency of 2.5 kHz and a rotor
speed of 200 rpm for the techniques.
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Table 2. Performance indicators for the drive operating from 100 [rpm] to 600 [rpm] for VV4.

VV4 at fs = 2.5 (kHz)

ω∗
m MSEα MSEβ MSEx MSEy THDα

100 1.95 1.65 2.97 3.29 14.22
200 2.15 1.94 3.10 3.26 15.43
300 2.52 2.44 3.05 3.28 13.64
400 2.87 2.83 3.10 3.35 16.13
500 3.27 3.15 3.14 3.37 18.04
600 3.56 3.67 3.16 3.38 16.67

Table 3. Performance indicators for the drive operating from 100 [rpm] to 600 [rpm] for VV11.

VV11 at fs = 2.5 (kHz)

ω∗
m MSEα MSEβ MSEx MSEy THDα

100 1.58 1.26 2.55 2.84 19.59
200 1.53 1.27 2.50 2.77 22.22
300 1.65 1.38 2.47 2.79 23.43
400 1.63 1.39 2.56 2.73 24.73
500 2.38 1.86 2.50 2.77 24.56
600 2.60 2.17 2.57 2.86 29.01

(a) (b) (c)

Figure 8. Performance of stator currents in α–β plane for a rotor speed of 200 (rpm) at 2.5 (kHz) of sampling frequency:
(a) classic MPC; (b) VV4; (c) VV11.

(a) (b) (c)

Figure 9. Performance of stator currents in x–y plane for a rotor speed of 200 (rpm) at 2.5 (kHz) of sampling frequency:
(a) classic MPC; (b) VV4; (c) VV11.

The results show good current tracking in the α–β plane for both techniques, with a
slight advantage for VV11, showing lower MSE values for all speeds. We can observe
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higher values for VV4 in terms of MSE in the x–y plane, corroborating the decrease in the
resultant vector in the x–y plane also for all speeds. In terms of THD, it is observed that the
VV11 technique leads to higher harmonic distortion.

5.4. Transient Study

A step modification in the rotor speed is considered for a transient operation from 200
to −200 rpm (reversal condition) as shown in Figure 10. Additionally, Figure 11 presents a
dynamic test (q current tracking), which reveals the transient operation of VV4 (a) and VV11
(b) for a step-change in the q current (i∗qs). The dynamic performance is obtained through a
reversal condition of the rotor speed (ω∗m). The reaching time is approximately 0.5 ms of
both techniques, and the overshoot, for VV4 and VV11, are 10% and 12.5%, respectively.
Therefore, it can be noted that both control strategies show good speed tracking in reversal
conditions; however, in terms of iqs current tracking, VV4 is slightly better than VV11.

(a) (b)

Figure 10. Reversal condition from 200 (rpm) to −200 (rpm) at 2.5 (kHz) of sampling frequency:
(a) VV4; (b) VV11.

(a) (b)

Figure 11. Transient response in q-axis of stator current for a rotor speed change from 200 (rpm) to
−200 (rpm) at 2.5 (kHz) of sampling frequency: (a) VV4; (b) VV11.

6. Conclusions

The paper describes the implementation of two virtual vector modulation techniques
applied to a 15 kW six-phase asymmetrical IM. Among the advantages of both techniques
based on the same control strategy are: (a) reduced amount of switching, since only the
change of state of the transistor pair of one VSI branch is required to switch from the MLV
to the collinear LV; (b) combining LV and their corresponding MLV reduces the losses in
the x–y plane. It can be seen in this work that as the combination of LV and MLV is closer
to a ratio of 73% and 27% at each sampling time, the x–y currents and the MSE in the α–β
plane are reduced, although these improvements are negligible compared to the 75% and
25% ratio used in VV4. On the other hand, the VV11, presents higher harmonic distortion
and higher computational cost. These observations lead us to conclude that VV11 does
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not present a higher performance over VV4, so the best alternative in order to achieve
good figures of merit and lower computational cost is VV4. It can be noted that due to the
simple nature of the implemented controllers, they could be performed in any industrial
application of a wide range of power and speed, being the computational cost the main
reason to prefer VV4 over VV11.
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Appendix A

a11(k) = a22(k) = 1− RsLrTs

LsLr − L2
m

a12(k) = −a21(k) =
L2

mωr(k)Ts

LsLr − L2
m

a15(k) = a26(k) =
RrLmTs

LsLr − L2
m

a16(k) = −a25(k) =
LmLrωr(k)Ts

LsLr − L2
m

a33(k) = a44(k) = 1− RsTs

Lls

a51(k) = a62(k) =
RsLmTs

LsLr − L2
m

a52(k) = −a61(k) = −
LsLmωr(k)Ts

LsLr − L2
m

a55(k) = a66(k) = 1− RrLsTs

LsLr − L2
m

a56(k) = −a65(k) = −
LrLsωr(k)Ts

LsLr − L2
m

b11(k) = b22(k) =
LrTs

LsLr − L2
m

b33(k) = b44(k) =
Ts

Lls

b51(k) = b62(k) = −
LmTs

LsLr − L2
m
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