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Switching-Table-Based Direct Torque Control of
Six-Phase Drives With x− y Current Regulation
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Abstract—High harmonic contents of the stator currents
due to uncontrolled x − y subspace dramatically over-
shadow the performance of the switching-table-based di-
rect torque control (ST-DTC) strategy for multiphase drives.
The concept of ST-DTC based on virtual voltage vec-
tors (VVs) has been frequently developed to alleviate this
problem. However, VVs with fixed duty ratios are inca-
pable of compensating inherent machine/converter asym-
metries and dead time harmonics, which are mapped into
the x − y subspace. To solve this problem, this article
develops a dynamic duty-ratio-based DTC technique for
six-phase induction machine drives, where the duty ra-
tios of the selected VVs are not constant anymore. These
duty ratios are updated based on the x − y voltage com-
mands arising from the closed-loop x − y current con-
trollers over every sampling period. The attained merits
over and above the conventional fixed duty-ratio-based
DTC schemes include effective x − y current cancellation
without increase in average switching frequency and de-
crease in dc-link utilization. Experimental results are pre-
sented to validate the effectiveness of the proposed control
technique.

Index Terms—Current regulation, direct torque control
(DTC), multiphase drive, switching table.

NOMENCLATURE

Acronyms
3-D VV Three-dimensional virtual voltage vec-

tor.
6PIM Six-phase induction machine.
DTC Direct torque control.
DDR-DTC Dynamic duty-ratio-based DTC.
FDR-DTC Fixed duty-ratio-based DTC.
FCS-MPC Finite control set-model predictive con-

trol.
FOC Field-oriented control.
ISR Interrupt service

routine.
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P-I-R Proportional-
integral-resonant.

PWM Pulsewidth
modulation.

SS Steady state.
ST-DTC Switching-table-based DTC.
THD Total harmonic

distortion.
TMVCL Total maximum voltage compensation

level.
VSD Vector space

decomposition.
VSI Voltage source inverter.
VV Virtual voltage vector.
Variables
CA, CB Counter-compare A and B of PWM

module.
PRD Specified period of PWM module.
fsw Average switching frequency.
iuvw Stator phase current.
Sh Switching states of

3-D VVs.
Suvw Binary sequences of actual voltage vec-

tors.
th Duty ratios of 3-D VVs.
T1, T2 PWM action points.
Te Electromagnetic torque.
Ts Sampling period.
vαβ Normalized α− β voltage space vec-

tors.
|vαβ | Normalized amplitude of α− β volt-

ages.
vxy Normalized x− y voltage space vec-

tors.
|vxy| Normalized amplitude of x− y volt-

ages.
Vdc DC-link voltage.
Vhx, vhx Real and normalized x-components of

3-D VVs.
Vhy, vhy Real and normalized y-components of

3-D VVs.
V ∗
xy, v

∗
xy Real and normalized x− y voltage

commands.
η DC-link utilization.
θs Angular position of stator flux.
ωr Rotor speed.
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ψs Amplitude of stator flux.
Symbols
L,ML,MS, S Large, medium large, medium small,

and small voltage vectors.
h = {1, 2, 3} Vector number within 3-D VVs.
j Imaginary unit.
k = {I, . . ., XII} Sector number.
N Normalized quantities.
u− v − w (Two sets) Normal six-phase

system.
x− y Secondary reference frame.
α− β Stationary reference frame.
∗ Command values.

I. INTRODUCTION

MULTIPHASE machine drives have been remarkably join-
ing the mainstream of research studies in the recent

decades due to their valuable advantages over three-phase ones,
e.g., higher reliability, lower rate of phase quantities and con-
verter switches, and lower torque pulsations [1], [2]. Specifi-
cally, the need for a higher reliability has popularized the use
of multiphase electric drives in some industrial applications,
such as electric vehicles, brake-by-wire systems, fuel pumps,
electric aircraft, and ships, thanks to their stator-phase redun-
dancy [3]. Although the multiphase drives are not widely used
as three-phase drives, their inherent fault-tolerant capability is
enough to attract a lot of interests for safety-critical applications
[4], [5].

The original idea of DTC strategy was first introduced in
mid-1980s [6], for three-phase induction machine. Despite the
fact that DTC was introduced more than one decade after
FOC, it has found a prestigious place in academic and indus-
trial communities. A fair comparison between DTC and FOC
techniques has been well addressed in [7]. In comparison to
FOC, DTC proposes an inherent sensorless drive, which is
more preferable in high-power application because of lower
average switching frequency. Furthermore, this method benefits
from simple structure, fast dynamics, and robust performance.
However, the classical ST-DTC is subject to high torque ripple
and variable switching frequency [7]. More importantly, in the
case of multiphase drives, this technique is overshadowed by
the high THD of the stator currents, when single voltage vector
is selected and applied during whole sampling period [8]. The
reason is that the applied single voltage vector causes nonzero
average volt-seconds (volt-sec) in the secondary subspaces (sev-
eral x− y orthogonal subspaces in relation with number of
machine phases), which do not contribute to electromechanical
energy conversion. The excited secondary subspace increases
current harmonics and losses [9]. Undoubtedly, integration of all
promising features of a drive system into a unified DTC strategy
is sophisticated; nevertheless, a large number of papers has
been dedicated to alleviate some of previously cited problems,
where they have approached the issue from different angles.
Modulation-based DTC scheme is a possible solution [10],
[11], where the simplicity, fast dynamics, and robustness of
ST-DTC are sacrificed to achieve better SS performance and

constant switching frequency [7]. The slow dynamic behav-
ior of the modulation-based DTC is mainly due to PI regula-
tors, which has been investigated by a hybrid two-mode DTC
scheme [12]. However, the complexity of the modulation-based
DTC schemes, especially for multiphase drives, has stimulated
a prolific research work to tackle the problems of the ST-DTC
strategy [13]–[22].

Definition of VVs is a core idea to decrease unwanted sta-
tor current harmonics due to uncontrolled x− y subspaces in
multiphase drives, where the VVs are first constructed using
appropriate actual voltage vectors; then, their duty ratios are
calculated offline in such a way that the average volt-sec in the
secondary subspaces to be zero. This context has been frequently
highlighted for the nonmodulation-based control techniques,
i.e., ST-DTC strategy [13]–[22] and FCS-MPC strategy [22],
[23]. In this regard, VVs have been synthesized for three-level
and two-level VSIs-fed five-phase induction machine in [13]
and [14], respectively. In [16], an ST-DTC scheme with five-level
hysteresis torque regulator has been proposed for 6PIM, where it
has employed two groups of VVs with different voltage levels to
reduce the torque ripples. Experimental implementation of [16]
has been discussed in more detail in [20]. Such ST-DTC schemes
with a modified three-level [17] and five-level [18] hysteresis
torque regulators as well as rearranged VVs, to provide a sim-
pler realization, have been addressed for six-phase permanent
magnet synchronous machine. Forming VVs for ST-DTC of
seven-phase and nine-phase machines has been reported in [21]
and [22], respectively. Despite an inevitable decrease in dc-link
utilization and increase in average switching frequency as con-
sequences of using several actual voltage vectors within every
sampling period, ST-DTC and FCS-MPC benefit greatly from
VVs in terms of lower harmonic content of the stator currents
compared with actual voltage vectors. These VVs possess fixed
duty ratio, i.e., their duty ratios are precalculated based on a
simple principle to make an average volt-sec of zero in the x− y
subspace. This situation can be interpreted as zero x− y volt-
age commands (v∗x = v∗y = 0) in modulation-based techniques,
which clearly cannot fully compensate x− y currents, because
there is no control over these currents. Similarly, FDR-DTC
strategies cannot perfectly compensate stator current harmonics
because of stator winding/converter asymmetries and VSI dead
time effect, which are unavoidable in multiphase electric drives,
as well as, back-electromotive force distortion [19]. Indeed,
the ST-DTC schemes presented in [13]–[22] suppresses the
x− y currents due to discrete PWM implementation in a great
extent, but x− y currents due to dead band and asymmetry
harmonics, because they always maintain zero average x− y
voltages during every sampling period using static VVs.

The abovementioned problems, in relation to FDR-DTC, have
been well-reported in the modulation-based techniques, such as
FOC strategy [24]–[28], where applying different current control
strategies in x− y subspace have made it possible to effectively
compensate x− y currents. However, circumstances become
more involved when it comes to ST-DTC or FCS-MPC due to
lack of modulation strategy, where the topic has been rarely stud-
ied until now [29]–[31]. In the light of these limitations, the ideas
of dynamic VVs and smart VVs have been recently proposed
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in [29] and [30], respectively, for FCS-MPC of multiphase drives
to enhance the capability ofx− y currents compensation. On the
other hand, in [31], an ST-DTC with closed-loop x− y current
compensation, based on PIR controller, has been proposed,
where significant increasing the average switching frequency
and remarkable reducing the dc-link utilization besides imple-
mentation complexity are the main deficiencies.

Unsatisfactory performance of the multiphase drives under
uncontrolled x− y currents (by setting zero x− y voltage
commands) has motivated many research efforts to effectively
control them [24]–[28]. However, the most significant develop-
ments in this field have been limited to the modulation-based
techniques, especially FOC. The main goal of this article is to
develop an ST-DTC scheme with x− y current regulation for
6PIM. Indeed, static VVs in FDR-DTC schemes can just assure
zero x− y voltages, which is not enough to compensate the x−
y currents due to destructive effects, such as machine/converter
asymmetries, dead time, and back-electromotive force, which
are very likely in the multiphase drives. Aiming to overcome
these shortcomings, this article proposes an DDR-DTC tech-
nique for 6PIM drives, where the virtual voltage vectors can
dynamically provide both zero and nonzero x− y voltages
within every sampling period depending on the x− y currents.
Specifically, developing a feasible solution to add the closed-
loopx− y current controllers to the ST-DTC strategy is the main
contribution of this article. To this end, in the first step, 3-D VVs
based on three actual large voltage vectors are formed. Then,
their duty ratios are determined using x− y voltage commands,
which come from x− y current control loops. The proposed
technique effectively compensates the x− y currents, while it
maintains the fast dynamic response of conventional FDR-DTC
schemes without increasing the average switching frequency.
The proposed DDR-DTC scheme is experimentally validated for
an asymmetrical 6PIM with two isolated neutral points, while
it can be extended to five-phase drives as well. Nevertheless,
extending this method to other multiphase drives, for example,
symmetrical 6PIM, to compensate for zero-sequence currents
as well, requires a more complicated scheme due to lack of
modulation strategy; this is, however, beyond the scope of this
article.

II. PROPOSED DDR-DTC SCHEME

A. Virtual Voltage Vectors Selection

Thanks to the VSD technique [9], an asymmetrical 6PIM
with near-sinusoidal distribution of stator windings is repre-
sented in three orthogonal subspaces (called α− β, x− y, and
o1 − o2), where onlyα− β components contribute toward elec-
tromechanical energy conversion, while the x− y and o1 − o2
components cannot generate a useful rotating magnetomotive
force in the air gap. The so-called six-dimensional Clarke
transformation, presented in [9], transforms the normal six-
phase system (u1 − u2 − w1 − w2 − v1 − v2) into these three
orthogonal subspaces. In a two-level dual three-phase VSI-fed
6PIM with two isolated neutral points, there are entirely 64
switching states, consequently 64 voltage vectors, where 60 of
them are active and the rest are zero voltage vectors. They are

Fig. 1. Voltage vectors of two-level dual three-phase VSI-fed asym-
metrical 6PIM in the α− β and x− y subspaces.

TABLE I
ACTUAL VOLTAGE VECTORS OF 6PIM

spatially distributed in the α− β and x− y subspaces, which
are outlined in Fig. 1. Decimal voltage numbers in Fig. 1 indicate
switching states of dual three-phase VSI using binary sequences
as Suvw = [Su1Su2Sw1Sw2Sv1Sv2], where Suvw is the state
of upper VSI’s switches. These voltage vectors constitute four
voltage levels in the α− β or x− y subspace, categorized in
large, medium large, medium small, and small groups, which are
shown as four nonzero dodecagons in Fig. 1. The specifications
of the constructed actual voltage vectors in the α− β subspace
are listed in Table I, where the normalized amplitude of the
voltage vectors with Vdc is calculated as

|vαβ | =
√
v2α + v2β (1)

and the percentage of dc-link utilization (η) is given by [17]

η =
|vαβ |
|vαβ |L × 100 (2)

where vαβ = vα + jvβ .
As shown in Fig. 1, each actual voltage vector in the α− β

subspace is mapped in a different space position in the x− y
subspace, where the voltage levels of large and small voltage
vectors in the α− β subspace are reversed in the x− y sub-
space, while no change is made to the voltage levels of medium
large and medium small voltage vectors. Accordingly, applying
single voltage vectors during whole sampling period penalizes
nonmodulation-based control techniques by high harmonic con-
tent of the stator currents with dominant orders of fifth and
seventh in the case of 6PIM with two isolated neutral points [9].
The concept of VVs can solve this problem to a great extent,
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where applying multiple actual voltage vectors with their appro-
priate duty ratios in each sampling period offers the possibility
of nullifying average volt-sec in the x− y subspace. However,
zero resultant x− y voltages may not ensure zero x− y current
flows because of inherent machine/converter asymmetries and
dead time effect, which they both often appears simultaneously
in 6PIM drives. In order to fully compensate the x− y current
harmonics, the VVs should be flexible enough in such a way
that they offer the possibility of tracking any x− y voltage
commands, which are provided by the closed-loop x− y current
controllers. Therefore, forming the suitable VVs with such a
capability is a first step in developing the proposed scheme.

A nonflexible option of forming VVs is to use two actual
voltage vectors in each sampling period, where medium large
voltage vectors should be included within each synthesized VVs
because of their opposite direction in the x− y subspace against
large or small voltage vectors in each sector k (see Fig. 1). For
examples, the sets, such asV48 − V57 andV54 − V57 (for k = I),
from large and medium large groups, and small and medium
large groups, respectively, have been frequently used in the liter-
ature [16]–[18], where they provide two different voltage levels
in the α− β subspace, while their exactly opposite direction in
the x− y subspace may only offer zero average volt-sec in the
x− y subspace, which make them unsuitable for the proposed
DDR-DTC scheme. Indeed, the projection of these two actual
voltage vectors inx- and y- axes is always two-quadrant, while it
should be four-quadrant to be able to reconstruct any x− y volt-
age commands (as the output of the x− y currents controllers)
with arbitrary angular position. To this end, implementation of
three consecutive actual voltage vectors is proposed in this paper
to construct 3D VVs. The 3D VVs are flexible and four-quadrant
to track any x− y voltage commands, where they constitute
similar triangles in the x− y subspace, which are shown in
Fig. 1 for three cases from large and medium large voltage
groups. There are similarities between constructed triangles in
the x− y subspace despite the fact that they belong to different
voltage levels in the α− β subspace. This similarity may offer
a generalized ST-DTC scheme, which is straightforward in
the experimental realization. All constructed 3-D VVs based
on three consecutive actual large voltage vectors are tabulated
in Table II. Each VV is described by a decimal sequence as
C = [Cu1Cu2Cw1Cw2Cv1Cv2], where C ∈ {0, . . ., 7} is the
switching sequence of upper VSI’s switches. Obviously, there
are totally 23 = 8 possible switching sequences for each VSI’s
leg, because three voltage vectors are applied during each sam-
pling period. The procedure of extraction of switching sequences
from actual voltage vectors is highlighted in Table II.

B. General Overview of the Proposed Technique

The general overview of the proposed DDR-DTC technique
can be described by Fig. 2, where the binary strings S1S2S3

make the switching sequence of each VSI’s leg. As mentioned in
the preceding section, since that three consecutive actual voltage
vectors are applied at every sampling period, there are eight
possible switching sequences, which are outlined by decimal
numbers 0 to 7 in Fig. 2. However, it can be seen from Table II

TABLE II
3-D VVS BASED ON THREE CONSECUTIVE ACTUAL

LARGE VOLTAGE VECTORS

Fig. 2. Possible switching sequences of three consecutive actual volt-
age vectors.

that the switching sequences of 2 and 5 do not take place when
three large voltage vectors are employed, while these sequences
also appear for the other voltage groups. Hence, the switching
sequences 2 and 5 are distinguished in Fig. 2. This will be to
the benefit of the ST-DTC technique from average switching
frequency viewpoint, because sequences 2 and 5 impose two
switching jumps in each sampling period, while the rest imposes
one jump. In the case of conventional FDR-DTC techniques, the
duty ratios of the applied voltage vectors are calculated in such
a way that make average volt-sec of zero in the x− y subspace.
Regarding Fig. 1, solving⎧⎪⎨

⎪⎩
√
3/2(t1 + t3) = t2

t1 + t2 + t3 = Ts

t1 = t3

(3)
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ensures zero volt-sec in the x− y subspace for three consecutive
actual voltage vectors regardless of the voltage groups, which
yields ⎧⎪⎨

⎪⎩
t1 = (2−√

3)Ts

t2 = (2
√
3− 3)Ts

t3 = (2−√
3)Ts

. (4)

The duty ratios of t1, t2, and t3 can be experimentally imple-
mented by defining two action points T1 and T2 as{

T1 = t1 = kvTs

T2 = t1 + t2 = (1− kv)Ts
(5)

where kv = 2−√
3.

The difference between the conventional FDR-DTC tech-
niques and proposed DDR-DTC technique is schematically
shown in the down side of Fig. 2. When the action points T1
and T2 are fixed, the average volt-sec of the x− y subspace will
be zero during each sampling period. This is indicated by the
ground symbol in Fig. 2 for the FDR-DTC technique, which
is equivalent to a disabled x− y current regulation, because the
x− y voltage commands are set to zero (v∗x = v∗y = 0). Such
schemes are incapable of compensating x− y currents due to
the machine/converter asymmetries and dead time effect. For
this purpose, simultaneous movements of action points T1 and
T2 during each sampling period is proposed in this article as a
feasible solution to reconstruct any desired x− y voltage com-
mands arising from x− y current control loops. The movements
may take place in both left and right directions, which are shown
by the arrow symbols (↙↘) in Fig. 2. In the next section, the
effect of these movements on the produced x− y voltages will
be discussed using a quantitative example.

C. Mathematical Derivations

As mentioned previously, VVs made of three consecutive
large voltage vectors explore the possibility of compensating
x− y currents through reconstructing any desired x− y voltage
commands, which are obtained fromx− y current control loops.
These three voltage vectors for each sector numberk in thex− y
subspace can be expressed as (see also Table II)⎧⎪⎨

⎪⎩
V k
1xy = V k

1x + jV k
1y

V k
2xy = V k

2x + jV k
2y

V k
3xy = V k

3x + jV k
3y

. (6)

Defining thex− y voltage commands asV ∗
x andV ∗

y , the volt-sec
equations in x− y subspace are written as{

V k
1x.t1 + V k

2x.t2 + V k
3x.t3 = V ∗

x .Ts

V k
1y.t1 + V k

2y.t2 + V k
3y.t3 = V ∗

y .Ts
(7)

where t1, t2, and t3 are the duty ratios of these three voltage
vectors to reconstruct the desired command voltages. After
normalization with Vdc and Ts, (7) can be derived as{

vk1x.t
N
1 + vk2x.t

N
2 + vk3x.t

N
3 = v∗x

vk1y.t
N
1 + vk2y.t

N
2 + vk3y.t

N
3 = v∗y

. (8)

Regarding

tN1 + tN2 + tN3 = 1 (9)

by removing the normalized duty ratio tN3 from (8), the normal-
ized volt-sec equations can be rewritten as follows:{

vk13x.t
N
1 + vk23x.t

N
2 = v∗x − vk3x

vk13y.t
N
1 + vk23y.t

N
2 = v∗y − vk3y

(10)

where ⎧⎪⎪⎪⎨
⎪⎪⎪⎩
vk13x = vk1x − vk3x
vk23x = vk2x − vk3x
vk13y = vk1y − vk3y
vk23y = vk2y − vk3y

. (11)

Accordingly, the duty ratios tN1 and tN2 are calculated as[
tN1
tN2

]
=

[
vk13x vk23x
vk13y vk23y

]−1 [
v∗x − vk3x
v∗y − vk3y

]
= ΔV −1

xyV
∗
xy. (12)

After calculating the determinant of ΔV xy matrix for all 3-D
VVs, it can be proved that it remains the same for all VVs belong
to the same voltage groups. This determinant is always 1/18 for
3-D large VVs (then 1/|ΔV xy| = 18 for large voltage vectors).
Therefore, (12) can be simplified in the following way:[

tN1
tN2

]
= 18

[
vk23y −vk23x
−vk13y vk13x

][
v∗x − vk3x
v∗y − vk3y

]
. (13)

Equations (9) and (13) can be used for online updating the duty
ratios tN1 , tN2 , and tN3 according to the desired x− y voltage
commands obtained by x− y currents controllers. If the x− y
voltage commands are set to zero, i.e., v∗x = v∗y = 0, the duty
ratios will be fixed at ⎧⎪⎨

⎪⎩
tN1 = 2−√

3

tN2 = 2
√
3− 3

tN3 = 2−√
3

(14)

for all VVs, which represents the FDR-DTC technique.
However, in the proposed DDR-DTC technique, the x− y
voltage commands are continuously adjusted to compensate
x− y currents.

A quantitative example helps to clarify how the proposed
DDR-DTC scheme can compensate any zero/nonzero x− y
voltage commands. For simplicity, let us only consider VVL1,
while the conclusions can be extended to other 3-D large VVs as
well. According to Table II, VVL1 is expressed by a decimal six-
digit sequence as [771004] for u1 − u2 − w1 − w2 − v1 − v2
phases, respectively. It means that whenever VVL1 is selected
according to the switching table, the upper switches of VSI for
phase-u1 and phase-u2 should be ON during whole sampling
period, while they should be OFF for phase-w2 and phase-v1. The
upper switch of phase-w1 should take OFF–ON position during
each sampling period, while the switch should take ON–OFF

position for phase-v2, where the duty ratios are calculated based
on x− y voltage commands. A set of nine different VVL1, con-
structed based on different x− y voltage commands, is shown
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Fig. 3. Set of nine different VVL1, constructed based on different x− y voltage commands with corresponding pulse patterns.

in Fig. 3. The corresponding pulse patterns for every VVL1 are
also depicted in Fig. 3. The parameter TMVCL of this figure
will be defined later. As it can be seen, the constructed VVL1

are four-quadrant in the x− y subspace, while they are close
together in the α− β subspace. It means that all constructed
VVL1 have the same impact on the torque and stator flux
(α− β subspace), while they can reconstruct any x− y voltage
commands. It should be noted that only nine conditions are
shown in Fig. 3, while there are an infinite possibility for each
3-D VVs.

D. x− y Currents Controllers

Generally, additional current harmonics inevitably arise in
adjustable ac drives due to, e.g., asymmetries, inverter nonlin-
earities, and back-electromotive force distortion, where lower
order current harmonics are always of more concern because of
lower inductive impedance of the circuit at lower frequencies.
In the multiphase drives, these current harmonics are mapped
in a primary subspace (α− β subspace) and several secondary
subspaces. The harmonics in the primary subspace cause torque
ripples and the stator ohmic losses, while the harmonics of the
secondary subspaces only produce losses. Low impedance of
the secondary subspaces will exacerbate the content of stator
current harmonic flow in the secondary circuits, which causes a
significant efficiency decrease [2], [32].

Implementing FDR-DTC technique can compensate the stator
current distortion to a great extent in comparison with conven-
tional ST-DTC for multiphase drives. In actual, this method
can remarkably reduce the current harmonics due to improper
switching sequences, which are adopted in the conventional
ST-DTC. However, FDR-DTC techniques may be still penalized
by a serious current distortion because of machine/converter
asymmetries and dead time effects. As reported in [24] and [26],
inherent machine/converter asymmetries of 6PIM drives cause
x− y currents with fundamental frequency, which may rotate in
the synchronous, antisynchronous, or both directions, depending

on the type of asymmetries. Specifically, in [24], a general
analysis of machine/converter asymmetry has been presented
using the concept of symmetrical components and double-stator
modeling, where it was concluded that the x− y currents,
due to machine/converter asymmetry, rotate at the fundamental
frequency. On the other hand, the dead time effect of 6PIM
drives causes x− y currents rather than torque/flux-producing
currents, where the dominant harmonic orders are the fifth and
seventh harmonics in the case of 6PIM with two isolated neutral
points [9].

A variety of current controllers, mainly based on PI and
PR terms, have been proposed in the literature for compen-
sating the x− y currents. For examples, parallel dual PI (in
the synchronous and antisynchronous frames) and PR (in the
antisynchronous frame) controllers [24], generic multiple PR
and PI controllers in multiple synchronous frames [25], PR
controllers in the stationary frame [26], and PI controllers in
the synchronous frame [27], [28] have been developed to com-
pensate the x− y currents due to multiphase drives-specific
phenomena, such as machine/converter asymmetries and dead
time effect. Anyway, the primary concern of this article is what
goes on in the ST-DTC scheme if there are nonzero x− y
voltage commands, not how these voltage commands can be
generated, while the later problem has been well addressed in the
literature [24]–[28]. Thanks to the capability of synchronous PI
controllers for compensating the fifth and the seventh harmonics
of 6PIM’s stator phase currents (mapped into the x− y sub-
space), to an extent limited by the PI controllers’ bandwidth [24],
[27], [28], as well as, PI controllers in the antisynchronous
frames in parallel with it to fully compensate the inherent
machine/converter asymmetries [24], a dual PI controller in the
synchronous and antisynchronous reference frames is adopted
in this article. The block diagram of this controller is shown in
the down side of Fig. 4. Undoubtedly, x− y currents can be
fully compensated using some generic multiple resonant-based
current controllers [25], but they may overshadow the simplicity
of ST-DTC, as well.
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Fig. 4. Block diagram of the proposed DDR-DTC scheme.

E. Block Diagram and Hardware Implementation

Fig. 4 depicts the block diagram of the proposed DDR-
DTC technique. The outputs of the switching table represent
six switching sequences, in relation to the six legs of dual
three-phase VSI by decimal numbers from 0 to 7 (except 2
and 5 in the case of 3-D large VVs), which the possible pulse
patterns were demonstrated in Fig. 2. It should be noted that a
sequence of these decimal numbers describe 3-D large VVs. In
the proposed DDR-DTC method, the switching table functions,
such as the classical switching table, which can be found in the
literature [8]. The difference between the switching table of the
classical ST-DTC and DDR-DTC schemes is the outputs of the
switching table, while the rules for selecting these outputs are
the same according to the hysteresis flux and torque regulators
and the sector number. Using these switching sequences, dual
three-phase VSI normalized model as⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎣

vu1

vw1

vv1

vu2

vw2

vv2

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎦
=

1

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

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎦

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎣

Su1

Sw1

Sv1

Su2

Sw2

Sv2

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎦

(15)

and 6-D Clarke transformation, six x− y voltage components
should be calculated during each sampling period, i.e., vk1xy ,
vk2xy , and vk3xy . These voltage components besides the x− y
voltage commands, as the outputs of the x− y current con-
trollers, provide the appropriate duty ratios according to (9) and
(13).

The duty ratios of tN1 , tN2 , and tN3 can be experimentally
realized by defining two adjustable action points in the proposed
DDR-DTC (see also down side of Fig. 2) as follows:{

TN
1 = tN1
TN
2 = tN1 + tN2

. (16)

The modified switching sequences, based on dynamic changes
of the action points TN

1 and TN
2 in every sampling period to

conform to the desired x− y voltage commands, can be im-
plemented using the PWM module in the most microcontroller

platforms. For this purpose, the PWM module can be initialized
to an asymmetrical counting mode, for example, count-up mode
in this article. Moreover, two counter-compare registers are
required, which they should be updated at each sampling period
according to the action points TN

1 and TN
2 as follows [20]:

CA = TN
1 PRD + (1− TN

1 )(S1 ⊕ S2)PRD +M(S1 ⊕ S2)
(17)

CB = TN
2 PRD + (1− TN

2 )(S2 ⊕ S3)PRD +M(S2 ⊕ S3)
(18)

where M ≥ 1 is an integer constant and ⊕ indicates the XOR
logical operation. The switching states S1, S2, and S3 can
be easily extracted from switching sequences. The switching
state S1 determines the output state of the PWM module when
the counter starts at the beginning of every sampling period.
These settings, besides (17) and (18), have been pictured as the
PWM settings block in Fig. 4. It is worth mentioning that in the
conventional FDR-DTC schemes, the values of CA and CB are
fixed, while they are continuously changed in line with thex− y
voltage commands over each sampling period in the proposed
DDR-DTC scheme.

F. Further Details About the Proposed Technique

1) Average Switching Frequency (fsw): It is obtained by
counting total number of switches’ jumps during a certain time
period. Obviously, an increase in fsw is inevitable when VVs
are used instead of actual ones. This increase is more visible
when symmetrical middle-high pulse patterns are used, where
the justification is to simplify the hardware implementation [18].
Although the proposed DDR-DTC scheme employs three large
voltage vectors over each sampling period, the fsw will not
theoretically increase compared to the conventional FDR-DTC
schemes [14], [20], because a maximum of one switch’s jump
take places at each sampling period for each VSI’s leg. In
actual, the difference between the proposed DDR-DTC and the
conventional FDR-DTC schemes is in the time of occurrence of
these switches’ jumps, not in the number of jumps.

2) Total Maximum Voltage Compensation Limit
(TMVCL): It is the absolute value of maximum x− y voltage
commands that can be injected by the 3-D VVs without
erroneous calculation of duty ratios. TMVCL specifies the
minimum and maximum allowable values of the dual PI current
controller outputs. It is defined as follows:

TMVCL = min{max(v∗xy)}k; k = {I, II, . . . ,XII} (19)

where the maximum voltage compensation level of each VVs
should be firstly calculated, then a minimum of these values
determines TMVCL. TMVCL can be proved as

TMVCL =
√
2

(
1−

√
3

2

)
|vxy|. (20)

For 3-D VVs based on three consecutive large voltage vectors,
the normalized amplitude of the voltage vectors in the x− y
subspace is calculated as

|vxy| = (2/3)cos(5π/12). (21)
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Fig. 5. DC-link utilization of different 3-D VVs for the proposed DDR-
DTC technique.

Hence, TMVCL is about 3.27% for 3-D large VVs.
3) DC-Link Utilization: In order to calculate the dc-link

utilization of 3-D VVs, the α− β voltages aligned with V k
2

are written as

vα =

√
3

2
t1V

k
1 + t2V

k
2 +

√
3

2
t3V

k
3 (22)

vβ =
1

2
t3V

k
3 − 1

2
t1V

k
1 . (23)

Thanks to (2), a general form of η for 3-D VVs can be simplified
as follows:

η =

√√√√(√
3

2
t1 + t2 +

√
3

2
t3

)2

+

(
1

2
t3 − 1

2
t1

)2

. (24)

In the case of conventional FDR-DTC technique, using duty
ratios presented in (4), dc-link utilization is

η =
√
3t1 + t2 = 4

√
3− 6 = 0.9282. (25)

However, η is not constant anymore for the proposed DDR-DTC
technique, where it depends on the x− y voltage commands
and the selected VVs according to the torque and flux demands.
Fig. 5 shows the changes in η relative to v∗x for all 3-D VVs (a
total of 12 VVs) for three different v∗y values. Furthermore, η is
shown with dash line for the conventional FDR-DTC method,
which is a constant value for all VVs. It is obvious that η
converges to 0.9282 for all VVs when v∗x = v∗y = 0. It can be
seen in Fig. 5 that the proposed DDR-DTC method offers dc-link
utilization close to the conventional FDR-DTC method, while
there is a high probability that η in the proposed method will
be usually more than the conventional method depending on the
selected VVs and the x− y voltage commands.

4) Increasing TMVCL: As discussed earlier, VVs based on
three consecutive large vectors obtain a voltage compensation
up to a maximum of 0.0327 per unit (p.u.), which it seems to be
enough to compensate for the inherent machine/converter asym-
metries and dead time effect, as the experimental results of this
article also confirm it. Nevertheless, the proposed DDR-DTC
technique is flexible enough to increase TMVCL by changing
the voltage group from large level to medium large level, without
extensive changes in the hardware implementation. It should
be noted that although this substitution increases TMVCL, it
increases fsw as well, because the switching sequences of 2
and 5 (see Fig. 2) may also appear at VSI’s legs. Moreover,
using such a VVs decreases dc-link utilization. According to

Fig. 6. Experimental setup for dual three-phase VSI-fed 6PIM.

(20), TMVCL for VVs based on three consecutive medium large
voltage vectors is given by

TMVCLML =
√
2

(
1−

√
3

2

)
(2/3)cos(3π/12)

= 0.0893 p.u. (26)

and the ratio of TMVCL for medium large group to large group
is

TMVCLML

TMVCLL
=

cos(3π/12)
cos(5π/12)

= 2.7321 (27)

which means that VVs based on medium large voltage vectors
can increase TMVCL more than twice.

III. EXPERIMENTAL RESULTS

A. Hardware Description

Fig. 6 shows a photograph of the laboratory test stand. This
is composed of a four-pole asymmetrical 6PIM with two iso-
lated neural points, which is fed by two commercial three-
phase Semikron SKiiP VSI connected to a 250-V dc power
supply, as well as, it is mechanically coupled with a sepa-
rately excited dc generator controlled by a Parker dc digital
drive to apply the load torque. 6PIM converters are controlled
by a 32-bit floating point TMS320F28335 digital processor,
which is programmed through code composer studio develop-
ment environment. The main control algorithm is periodically
called through a PWM ISR with 10 kHz frequency, where
the dead time is about 2.3 μs, and the speed controller and
calculation are called by a timer interrupt with 100 Hz fre-
quency. An incremental shaft encoder with 2048 pulses per
revolution (PPR), LEM LV25-P voltage transducers, and LEM
LA55-P current transducers are employed to measure the rotor
pulse train, dc-link voltage, and phase currents, respectively.
The required parameters for implementing the proposed con-
trol scheme are listed in Table III, where the rated torque of
10 N · m, the rated speed of 1350 r/min, and the rated stator flux
of 0.6 Wb are considered for the laboratory setup.

B. Experimental Results

The theoretical investigations are supported by the experi-
mental results, where this article makes a comparison between
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TABLE III
REQUIRED PARAMETERS OF THE LABORATORY SETUP

the proposed DDR-DTC and the conventional FDR-DTC tech-
niques in different test scenarios to demonstrate the validity
of the proposed scheme. The PI controller gains of the speed
control loop and the x− y current control loops are tuned
using trial-error method. The maximum and minimum allowable
outputs of the current controllers are specified using TMVCL.
A two-level hysteresis flux regulator and a three-level hysteresis
torque regulator are employed in the DDR-DTC and FDR-DTC
schemes. Fig. 7 shows the SS performance results of the con-
ventional FDR-DTC and the proposed DDR-DTC techniques
under no-load condition at 100 r/min. The stator flux command
for this test and subsequent tests is 0.6 Wb. The harmonic spectra
ofx− y andu1 − u2 currents are also shown in this figure. From
top to bottom, the x-, y-, u1-, and u2-currents are presented in
each oscillogram. The results are captured, then a zoom of two
cycles after passing through a low-pass filter with the cutoff fre-
quency of 1 kHz is plotted in the down side of each oscillogram.
From Fig. 7, it can be seen that the inherent machine/converter
asymmetries cause x− y currents with fundamental frequency,
in turns, unequal amplitudes of the stator phase current, which
the conventional FDR-DTC is unable to compensate it. How-
ever, the proposed DDR-DTC scheme effectively compensate
these asymmetries, which the x− y currents spectra confirm
the effectiveness of the proposed control strategy. Moreover,
the fifth and seventh current harmonics in the x− y subspace,
mainly due to dead time effect, are appropriately compensated
by the proposed DDR-DTC technique. The phase current THD
with the proposed method is clearly superior to those with the
conventional FDR-DTC. Fig. 8 depicts the SS experimental
results with harmonic spectra of x-axis and phase-u1 currents
for FDR-DTC and DDR-DTC schemes at 1350 r/min speed
and rated load torque. The rotor speed, electromagnetic torque,
phase-u1, and x-axis currents are shown in each oscillogram.
The merits of the proposed scheme in reduction of the current
harmonics under the rated conditions can be clearly observed
from this test scenario as well.

In the next test, the 6PIM-drive system is allowed to work
with the proposed DDR-DTC technique at 400 r/min without
load torque. The control algorithm switches from the proposed
DDR-DTC to FDR-DTC by applying v∗x = v∗y = 0 at t = 0.5 s.
The experimental results for the x− y currents, u1 − u2 cur-
rents, and x− y voltages are shown in Fig. 9. It is seen that
the x− y currents with a visible fundamental frequency emerge

Fig. 7. Experimental results with harmonic spectra of x− y and u1 −
u2 currents for no-load condition at 100 r/min. (a) Conventional FDR-
DTC. (b) Proposed DDR-DTC.

after deactivation of the proposed technique at t = 0.5 s, where
the x− y voltages are zero. Such a test scenario is repeated
for speed command of ω∗

r = 100 r/min at rated load condition.
Fig. 10 shows the traces of the measured x− y, u1 − u2, and
α− β currents in addition to x− y voltages for this test. The
harmonic spectra of x-axis and phase-u1 currents as well as the
measured THD of phase current are also included in Fig. 10. It
should be mentioned that this test as well as the prior one are
performed twice to capture all needed traces using a four-channel
oscilloscope. It can be seen from Fig. 10 that the proposed DDR-
DTC effectively compensates the x− y currents through proper
injecting the x− y voltage commands, which yields lower THD
of phase current. However, considerable asymmetries and dead
time harmonics appear after deactivating the proposed algorithm
at t = 1 s. Taking a detailed look at the stator phase currents
(iu1 and iu2) in Figs. 9 and 10, within the frame that the
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Fig. 8. Experimental results with harmonic spectra of x-axis and
phase-u1 currents for rated load condition at 1350 r/min. (a) Conven-
tional FDR-DTC. (b) Proposed DDR-DTC.

Fig. 9. Experimental results for no-load condition at 400 r/min with
online deactivation of proposed DDR-DTC.

FDR-DTC is active, reveals an unequal amplitude of phase cur-
rents due to inherent machine/converter asymmetry, which it ap-
pears as x− y currents at fundamental frequency. However, this
fundamental harmonic besides dead band harmonics are effec-
tively suppressed in the case of the proposed DDR-DTC.

In addition to SS tests shown in Figs. 7–10, some experiments
are carried out to confirm the valid dynamic performance of
the proposed technique. The experimental results for the speed
reversal maneuver from +400 to−400 r/min at no-load condition

Fig. 10. Experimental results with harmonic spectra of x-axis and
phase-u1 currents for rated load condition at 100 r/min with online
deactivation of proposed DDR-DTC.

Fig. 11. Experimental results for speed reversal maneuver
(±400 r/min) at no-load condition. (a) Conventional FDR-DTC.
(b) Proposed DDR-DTC.

are shown in Fig. 11(a) and (b) for the conventional FDR-DTC
and the proposed DDR-DTC, respectively. Each oscillogram
contains the measured traces of the x− y − u2 currents and the
rotor speed. Moreover, Fig. 12 shows the measured traces of
speed, electromagnetic torque, phase-u1, and x-axis currents
for speed reversal test from −400 to +400 r/min at 75%
rated load torque condition. The experimental results for the
sudden loading scenario, with an amount of 75% rated load
torque, for the conventional and proposed techniques are shown
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Fig. 12. Experimental results for speed reversal maneuver
(∓400 r/min) at 75% rated load torque. (a) Conventional FDR-DTC.
(b) Proposed DDR-DTC.

Fig. 13. Experimental results for sudden loading (75% rated load
torque) at 400 r/min. (a) Conventional FDR-DTC. (b) Proposed
DDR-DTC.

in Fig. 13(a) and (b), respectively. The speed command is
400 r/min in this test, where the traces of x− y − u2 currents
and the electromagnetic torque are captured in each oscillogram.
Finally, the recorded experimental results for sudden unloading
test scenario under rated conditions are shown in Fig. 14.
In this test, the drive system is initially commanded by the
rated speed and load torque, then the load torque is suddenly
removed at t = 0.3 s. From Figs. 11 to 14, it is seen that the
proposed scheme effectively compensates both asymmetry and
dead time harmonics, while adding dual PI controller does
not affect speed/torque control in comparison with FDR-DTC.
From these dynamic test results, it can be concluded that
the proposed DDR-DTC technique does not impose negative
effects (for example, degrading transient behavior of the
torque and speed or increasing the torque ripples) on the
electromechanical characteristics of the drive system during
dynamic tests compared with conventional FDR-DTC. Indeed,
the proposed DDR-DTC technique offers a comparable dynamic

Fig. 14. Experimental results for sudden unloading (rated load torque)
at 1350 r/min. (a) Conventional FDR-DTC. (b) Proposed DDR-DTC.

TABLE IV
QUANTITATIVE/QUALITATIVE COMPARISON BETWEEN

FDR-DTC AND DDR-DTC

performance with conventional FDR-DTC technique, but with
lower harmonic contents of the x− y currents.

C. Quantitative and Qualitative Analysis

A quantitative/qualitative comparison of the proposed DDR-
DTC and conventional FDR-DTC can reveal the superiority of
the proposed scheme as well as its limitation. The comparison
items and results are summarized in Table IV. The findings of
this comparison will be further described in the following.

1) Computational Burden: To evaluate the software com-
plexity of the proposed DDR-DTC, its average execution time
over 500 calls of PWM ISR is monitored, then it is compared
with the FDR-DTC scheme presented in [16]. The scheme
of [16] has employed a modified hysteresis torque regulator.
To obtain a fair comparison, the same hysteresis flux and torque
regulators are considered in both schemes. It should be noted
that since the execution time is hardware dependent and pro-
gramming dependent, same programming style makes such a
comparison fair. For more clarification, the computational bur-
den is reported as a percentage of central processing unit (CPU)
utilization @150 MHz operating speed. The percentage of CPU
utilization is listed in Table IV. As expected, the proposed
DDR-DTC scheme imposes more computational burden on the
CPU, because of dual-PI controller, x− y voltages, and duty
ratios calculations. Therefore, implementation of the proposed
method in the low-cost electric drives may be challenging.
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Fig. 15. Comparison between FDR-DTC and DDR-DTC. (a) Average
switching frequency. (b) THD of phase-u1 current.

Anyway, microprocessor market size is growing so fast that such
a computational burden may marginally overshadow the modern
and high-speed microprocessors. It is worth mentioning here
that another FDR-DTC scheme with symmetrical pulse patterns
has been presented in [17], where the CPU utilization of this
scheme is about 15.68% but with higher fsw. Indeed, fsw and
execution time are the main differences between asymmetrical
and symmetrical switching sequences presented in [16] and [17],
respectively.

2) Average Switching Frequency: The average switching
frequency of the classical DTC, FDR-DTC, and DDR-DTC for
different speeds at no load and rated load conditions is shown in
Fig. 15(a). In this comparison, the FDR-DTC scheme of [16]
is considered. As frequently mentioned in the literature, by
implementing the FDR-DTC scheme, the x− y currents due
to discrete PWM are suppressed in a great extent in comparison
with the classical DTC method, but at the expense of sacrificing
fsw. This is a very reasonable compromise, because the classical
DTC of multiphase drives is dramatically penalized by the
current harmonics. As shown in Table IV and Fig. 15(a), the
proposed DDR-DTC scheme maintains fsw at the same level as
FDR-DTC, which the reason was described earlier. The sample
pulse patterns of Fig. 3 can also justify the issue, where it can
be observed that all constructed 3-D large VVs have the same
effect on fsw.

3) Current Harmonics: Io order to assess the capability of
the proposed DDR-DTC in reduction of the x− y currents,
two indices are considered, i.e., THD of phase-u1 current and
ΔIu1u2. The later index is defined as the absolute difference
between magnitude of phase-u1 and phase-u2 currents at the
fundamental frequency, which is significant in the studied test
bench due to inherent machine/converter asymmetry when static
VVs or actual voltage vectors are employed. The THD of phase-
u1 current for the FDR-DTC and DDR-DTC schemes at different
machine speeds under no load and rated load torque conditions
is depicted in Fig. 15(b). It is clear that the proposed DDR-DTC

scheme can effectively reduce the THD of phase currents under a
wide speed range due to a dual PI controller. Moreover, it can be
seen from Table IV that ΔIu1u2 is significantly reduced for the
proposed DDR-DTC scheme, which means that the proposed
method properly removes asymmetries.

4) Other Items and Overall Analysis: As listed in
Table IV, the proposed DDR-DTC obtains a variable η in the
range of 90.91–96.61% depending on the selected 3-D VVs and
x− y voltage commands (see Fig. 5), which is in close proximity
to FDR-DTC scheme. On the other hand, the proposed DDR-
DTC is just like classical DTC from parameter dependency
viewpoint. Therefore, it does not overshadow the robustness of
the classical DTC method. Moreover, the SS torque/flux ripples
and transient response of the both DDR-DTC and FDR-DTC
schemes are at the same level, mainly due to the same level
of η with similar switching table. The overall result is that
the proposed DDR-DTC, in comparison with FDR-DTC, can
significantly reduce the x− y harmonics just at the expense of
relative increasing the software complexity.

IV. CONCLUSION

This article was aimed at compensating x− y currents due
to machine/converter asymmetries and dead time effect for
ST-DTC of 6PIM drives. For this, a DDR-DTC scheme was
proposed, where the x− y currents were compensated through
a dual PI current controller embedded in the ST-DTC technique.
First, 3-D VVs based on three actual large voltage vectors were
arranged; then, the duty ratios of these vectors were optimally
selected according to thex− y voltage commands as the outputs
of the x− y current control loops. Some experiments were
carried out to validate the theoretical investigations. The ex-
perimental results showed that the proposed method effectively
compensatesx− y currents in comparison with the conventional
FDR-DTC, while it maintains the fast dynamic response because
the firing pulses are still determined using the switching table.
In addition, the proposed method does not cause an increase or
a decrease in fsw and dc-link realization, respectively, compared
to the conventional FDR-DTC.

REFERENCES

[1] E. Levi, “Multiphase electric machines for variable-speed applications,”
IEEE Trans. Ind. Electron., vol. 55, no. 5, pp. 1893–1909, May 2008.

[2] E. Levi, R. Bojoi, F. Profumo, H. Toliyat, and S. Williamson, “Multiphase
induction motor drives-a technology status review,” IET Electron. Power
Appl., vol. 1, no. 4, pp. 489–516, 2007.

[3] A. Salem and M. Narimani, “A review on multiphase drives for automo-
tive traction applications,” IEEE Trans. Transp. Electrific., vol. 5, no. 4,
pp. 1329–1348, Dec. 2019.

[4] M. J. Duran and F. Barrero, “Recent advances in the design, modeling,
and control of multiphase machines-part ii,” IEEE Trans. Ind. Electron.,
vol. 63, no. 1, pp. 459–468, Jan. 2016.

[5] M. H. Holakooie and G. Iwanski, “An adaptive identification of rotor time
constant for speed-sensorless induction motor drives: A case study for
six-phase induction machine,” IEEE J. Emerg. Sel. Topics Power Electron.,
vol. 9, no. 5, pp. 5452–5464, Oct. 2021.

[6] I. Takahashi and T. Noguchi, “A new quick-response and high-efficiency
control strategy of an induction motor,” IEEE Trans. Ind. Appl., vol. IA- 22,
no. 5, pp. 820–827, Sep. 1986.

[7] D. Casadei, F. Profumo, G. Serra, and A. Tani, “FOC and DTC: Two
viable schemes for induction motors torque control,” IEEE Trans. Power
Electron., vol. 17, no. 5, pp. 779–787, Sep. 2002.



11902 IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS, VOL. 69, NO. 12, DECEMBER 2022

[8] M. H. Holakooie, M. Ojaghi, and A. Taheri, “Direct torque control of
six-phase induction motor with a novel MRAS-Based stator resistance
estimator,” IEEE Trans. Ind. Electron., vol. 65, no. 10, pp. 7685–7696,
Oct. 2018.

[9] Y. Zhao and T. A. Lipo, “Space vector pwm control of dual three-phase
induction machine using vector space decomposition,” IEEE Trans. Ind.
Appl., vol. 31, no. 5, pp. 1100–1109, Sep./Oct. 1995.

[10] R. Bojoi, F. Farina, G. Griva, F. Profumo, and A. Tenconi, “Direct torque
control for dual three-phase induction motor drives,” IEEE Trans. Ind.
Appl., vol. 41, no. 6, pp. 1627–1636, Nov./Dec. 2005.

[11] G. Buja and M. Kazmierkowski, “Direct torque control of PWM inverter-
fed AC motors - a survey,” IEEE Trans. Ind. Electron., vol. 51, no. 4,
pp. 744–757, Aug. 2004.

[12] X. Wang, Z. Wang, and Z. Xu, “A hybrid direct torque control scheme for
dual three-phase PMSM drives with improved operation performance,”
IEEE Trans. Power Electron., vol. 34, no. 2, pp. 1622–1634, Feb. 2019.

[13] Y. N. Tatte and M. V. Aware, “Torque ripple and harmonic current reduction
in a three-level inverter-fed direct-torque-controlled five-phase induc-
tion motor,” IEEE Trans. Ind. Electron., vol. 64, no. 7, pp. 5265–5275,
Jul. 2017.

[14] L. Zheng, J. E. Fletcher, B. W. Williams, and X. He, “A novel direct torque
control scheme for a sensorless five-phase induction motor drive,” IEEE
Trans. Ind. Electron., vol. 58, no. 2, pp. 503–513, Feb. 2011.

[15] S. Payami and R. K. Behera, “An improved DTC technique for low-speed
operation of a five-phase induction motor,” IEEE Trans. Ind. Electron.,
vol. 64, no. 5, pp. 3513–3523, May 2017.

[16] J. K. Pandit, M. V. Aware, R. V. Nemade, and E. Levi, “Direct torque control
scheme for a six-phase induction motor with reduced torque ripple,” IEEE
Trans. Power Electron., vol. 32, no. 9, pp. 7118–7129, Sep. 2017.

[17] Y. Ren and Z. Q. Zhu, “Enhancement of steady-state performance in
direct-torque-controlled dual three-phase permanent-magnet synchronous
machine drives with modified switching table,” IEEE Trans. Ind. Electron.,
vol. 62, no. 6, pp. 3338–3350, Jun. 2015.

[18] Y. Ren and Z. Q. Zhu, “Reduction of both harmonic current and torque
ripple for dual three-phase permanent-magnet synchronous machine using
modified switching-table-based direct torque control,” IEEE Trans. Ind.
Electron., vol. 62, no. 11, pp. 6671–6683, Nov. 2015.

[19] B. Shao et al., “Improved direct torque control method for dual-three-
phase permanent-magnet synchronous machines with back EMF har-
monics,” IEEE Trans. Ind. Electron., vol. 68, no. 10, pp. 9319–9333,
Oct. 2021.

[20] J. K. Pandit, M. V. Aware, R. Nemade, and Y. Tatte, “Simplified imple-
mentation of synthetic vectors for DTC of asymmetric six-phase induction
motor drives,” IEEE Trans. Ind. Appl., vol. 54, no. 3, pp. 2306–2318,
May/Jun. 2018.

[21] G. Yang et al., “A sequential direct torque control scheme for seven-phase
induction machines based on virtual voltage vectors,” IEEE Trans. Ind.
Appl., vol. 57, no. 4, pp. 3722–3734, Jul./Aug. 2021.

[22] P. Garcia-Entrambasaguas, I. Zoric, I. Gonzalez-Prieto, M. J. Duran, and
E. Levi, “Direct torque and predictive control strategies in nine-phase
electric drives using virtual voltage vectors,” IEEE Trans. Power Electron.,
vol. 34, no. 12, pp. 12106–12119, Dec. 2019.

[23] I. Gonzalez-Prieto, M. J. Duran, J. J. Aciego, C. Martin, and F. Barrero,
“Model predictive control of six-phase induction motor drives using virtual
voltage vectors,” IEEE Trans. Ind. Electron., vol. 65, no. 1, pp. 27–37,
Jan. 2018.

[24] H. S. Che, E. Levi, M. Jones, W.-P. Hew, and N. A. Rahim, “Current
control methods for an asymmetrical six-phase induction motor drive,”
IEEE Trans. Power Electron., vol. 29, no. 1, pp. 407–417, Jan. 2014.

[25] A. G. Yepes, J. Malvar, A. Vidal, O. Lopez, and J. Doval-Gandoy, “Current
harmonics compensation based on multiresonant control in synchronous
frames for symmetrical n-phase machines,” IEEE Trans. Ind. Electron.,
vol. 62, no. 5, pp. 2708–2720, May 2015.

[26] R. Bojoi, E. Levi, F. Farina, A. Tenconi, and F. Profumo, “Dual three-
phase induction motor drive with digital current control in the station-
ary reference frame,” IEEE Proc.-Electric Power Appl., vol. 153, no. 1,
pp. 129–139, Jun./Jul. 2006.

[27] M. Jones, S. N. Vukosavic, D. Dujic, and E. Levi, “A synchronous current
control scheme for multiphase induction motor drives,” IEEE Trans.
Energy Convers., vol. 24, no. 4, pp. 860–868, Dec. 2009.

[28] C. S. Lim, E. Levi, M. Jones, N. A. Rahim, and W. P. Hew, “FCS-MPC-
Based current control of a five-phase induction motor and its compar-
ison with pi-pwm control,” IEEE Trans. Ind. Electron., vol. 61, no. 1,
pp. 149–163, Jan. 2014.

[29] J. J. Aciego, I. Gonzalez Prieto, M. J. Duran, M. Bermudez, and P. Salas-
Biedma, “Model predictive control based on dynamic voltage vectors
for six-phase induction machines,” IEEE J. Emerg. Sel. Topics Power
Electron., vol. 9, no. 3, pp. 2710–2722, Jun. 2021.

[30] A. Gonzalez-Prieto, I. Gonzalez-Prieto, and M. J. Duran, “Smart voltage
vectors for model predictive control of six-phase electric drives,” IEEE
Trans. Ind. Electron., vol. 68, no. 10, pp. 9024–9035, Oct. 2021.

[31] J. Xu, M. Odavic, Z.-Q. Zhu, Z.-Y. Wu, and N. Freire, “Switching-table-
based direct torque control of dual three-phase PMSMs with closed-loop
current harmonics compensation,” IEEE Trans. Power Electron., vol. 36,
no. 9, pp. 10645–10659, Sep. 2021.

[32] A. G. Yepes, J. Doval-Gandoy, F. Baneira, D. Perez-Estevez, and
O. Lopez, “Current harmonic compensation for n-phase machines
with asymmetrical winding arrangement and different neutral con-
figurations,” IEEE Trans. Ind. Appl., vol. 53, no. 6, pp. 5426–5439,
Nov./Dec. 2017.

Mohammad Hosein Holakooie received the
M.Sc. degree from Tabriz University, Tabriz,
Iran, in 2013, and the Ph.D. degree from Zanjan
University, Zanjan, Iran, in 2018, both in electri-
cal engineering.

He is currently a Researcher with the Insti-
tute of Control and Industrial Electronics, War-
saw University of Technology, Warsaw, Poland,
within the Ulam Programme supported by the
Polish National Agency for Academic Exchange.
His research focuses on the control of electric
drives.

Grzegorz Iwanski (Senior Member, IEEE) re-
ceived the M.Sc. degree in automatic control
and robotics and the Ph.D. degree in electri-
cal engineering from the Faculty of Electrical
Engineering, Warsaw University of Technology
(WUT), Warsaw, Poland, in 2003 and 2005,
respectively.

From January 2006 to December 2008, he
was a Research Worker involved in an interna-
tional project within the Sixth Framework Pro-
gramme of the European Union. Since 2009,

he has been an Assistant Professor with the Institute of Control and
Industrial Electronics, WUT, where he became an Associate Professor in
2019. In 2012/2013, he joined the Renewable Electrical Energy System
Team, Universitat Politecnica de Catalunya, Barcelona, Spain, within the
framework of the scholarship of Polish Minister of Science and Higher
Education. He teaches courses on power electronics, drives, and power
conversion systems. He is a coauthor of one monograph, three book
chapters, and about 70 journal articles and conference papers. His
research interests include variable and adjustable speed power genera-
tion systems, photovoltaic and energy storage systems, and automotive
power electronics and drives.

Dr. Iwanski provided two plenary lectures on IEEE technically spon-
sored international conferences: Ecological Vehicles and Renewable
Energies (EVER 15) and Joint International Conference on Optimiza-
tion of Electrical and Electronic Equipment and Aegean Conference on
Electrical Machines and Power (OPTIM-ACEMP 17).

Tomasz Miazga received the B.Sc. and M.Sc.
degrees in electrical engineering, in 2012 and
2013, respectively, from the Warsaw University
of Technology, Warsaw, Poland, where he is
currently working toward the Ph.D. degree in
electrical engineering

His research interests mainly include energy
processing, renewable energy conversion sys-
tems, and dc–dc converters.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


