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Abstract— Multiphase electric drives offer attractive
advantages over conventional three-phase systems. Some
of the benefits are shared by all multiphase configurations,
but the performance can be highly affected by the specific
location of the stator windings. While the asymmetrical
configuration has been traditionally a popular choice, the
symmetrical disposition in even-phase machines has a
main advantage: it is possible to generate a-g voltages
without any contribution in different x-y subspaces. This
work explains and demonstrates this feature for the general
case of distributed-winding symmetrical n-phase
machines, with n being an even number. Fortunately, direct
controllers can benefit from this characteristic by
exclusively selecting voltage states with only a-f voltage
production. To illustrate this capability, a finite-control-set
model predictive control (FCS-MPC) using these special
voltage states is also suggested in this work for
symmetrical six-phase electric drives. This approach
provides a greater simplicity and much less current
distortion than in standard FCS-MPC for the asymmetrical
configuration. Comparative experimental results confirm
the minimal x-y injection of symmetrical configurations
thanks to the proposed control actions (i.e., voltage states).

Index Terms— Direct controllers, harmonic distortion,
model predictive control, multiphase electric drives, stator
winding arrangement.

I. INTRODUCTION

hree-phase electric machines have been the mainstream
option for variable-speed drives in the last decades thanks
to their suitable performance, low maintenance and high
degree of development of the three-phase technology [1].
However, the requirements imposed on the next generation of
electric drives have been further increased with the appearance
of more-electric applications such as electric vehicles or wind
energy systems, to name a few [2]. In this scenario, multiphase
electric drives appear as a convenient alternative to three-phase
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systems, particularly in applications where a higher reliability
and a better power distribution (lower phase current) are sought.
Multiphase drives provide a higher post-fault tolerance without
extra hardware, a better power distribution and extra freedom
degrees to implement additional operating modes [2-3].

The use of multiple sets of three-phase windings has been the
preferred option at industry in order to exploit the three-phase
voltage source converter (VSC) technology [4-6]. Among this
group, the six-phase option has noticeably awakened the
interest of the research community [7-14]. According to the
stator winding shifting, six-phase electric drives are classified
into two main groups: asymmetrical (A6) [7-10] and
symmetrical (S6) [11-13] configurations. The convenience of
using one sort of winding disposition or the other has been
discussed in the literature from different perspectives. For
instance, [ 14] analyzed the performance of these electric motors
when the machine is fed in a pulse-step mode. Simulation
results from [14] showed that the asymmetrical configuration
provided lower torque pulsations than its symmetrical
counterpart. Presumably for this reason the use of A6 machines
became popular and a high number of subsequent works
adopted this type of winding disposition [15]. However, these
torque pulsations in symmetrical machines were later mitigated
with the application of numerous switching states per
fundamental period, and as a result, the advantage of
asymmetrical configurations was no longer than clear [15].
Since the use of several control actions per fundamental period
is a common trend in modern regulation techniques [2-3], the
symmetrical shifting cannot be discarded as an interesting six-
phase alternative. Using a different approach, [16] recently
analyzed the effect of winding configurations on six-phase
induction machine (IM) parameters, but the VSC was
neglected. On the other hand, the post-fault capability of
different six-phase electric machines was performed in [17],
evaluating their post-fault performance and derating for
different open-phase fault scenarios. On the other hand, direct
controllers, which directly switch the VSC state without pulse-
width-modulation stage (e.g., FCS-MPC), are of significant
interest in multiphase drives due to, e.g., their fast reference
tracking [4]. The available control actions (VSC output
voltages) for these controllers depend to a great extent on the
drive type: however, based on the available studies comparing
symmetrical and asymmetrical drives [15-17], the most
convenient winding disposition for direct controllers is still to
be established.

In order to provide a broader picture in the comparison
between asymmetrical over symmetrical configurations, the
analysis is approached hereafter from the point of view of the
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available control actions for direct controllers and their impact
on the generation of parasitic x-y currents in
distributed-winding machines. An in-depth study from this
perspective is still missing, and this work aims to fill this gap
showing that the existence of some specific voltage vectors in
symmetrical configurations could tip the scales in their favor.
In fact, the symmetrical structure presents an important
advantage from this point of view: there are some active voltage
vectors with a null production in the x-y plane, whereas in the
asymmetrical solution the flux/torque production always
provokes an unavoidable x-y voltage injection [18]. Although
the former fact can be seen in the analysis of voltage vectors
presented in [11-13], the potential advantages it may imply for
direct controllers have not been discussed nor exploited so far.
The application of a single control action per sampling period
(e.g., in standard FCS-MPC) cannot ensure a low harmonic
injection in A6 machines [18-19]. On the basis of this
limitation, the implicit modulators in FCS-MPC have been
enhanced with the utilization of different sets of virtual voltage
vectors (VVs) [18-21]. This strategy allows reducing the time
harmonic distortion caused by the nature of control actions in
this stator winding shifting [18-21]. With regard to the use of
VVs, the role of large voltage vectors has been highlighted in
several works [18-19], because they offer the better ratio
between the flux/torque production and the consequent x-y
injection [19]. Regrettably, regardless of the selected VV
technique, the switching frequency increases and therefore the
total losses could also augment. It is fortunate however that in
the case of S6 machine, the implementation of a virtual voltage
technique can be omitted, thanks to the null production of the
large voltage vectors in the secondary subspace, as shown here.
This situation can promote the selection of the S6 machine if it
is desired to exploit the potential advantages of FCS-MPC, such
as an important flexibility to include constraints and a suitable
dynamic response [22].

To evaluate and take advantage of the interesting behavior of
symmetrical windings over asymmetrical ones for direct
controllers, this work provides the following contributions.

1) Comparative analysis of the different control actions in
A6 and S6 machines in order to select the most
appropriate subset of VSC voltage outputs for the FCS-
MPC.

2) Postulation of a simple but general guideline to identify
the switching states that provide null x-y voltage
production in multiphase machines with symmetrical
winding configuration (generalized for n- phase
machines with n being even).

3) Definition of a simplified version of the FCS-MPC using
only the previously selected switching states and
skipping the x-y model of the machine.

4) Experimental comparison of the FCS-MPC performance
in S6 and A6 machines.

A preliminary version of this work was presented in [23], but
here very significant new content is added, including extensive
experimental results, comparison with asymmetrical windings,
comparison between the use of only large voltage vectors and
of all voltage vectors, analysis of the 12-phase case and
extension to other phase numbers.

This manuscript is structured as follows. Section II describes
the impact of the stator winding shifting on the available control
actions of multiphase electric drives. Section III develops the
proposed MPC based on a specific subset of switching states.
Section IV shows the experimental results that validate the
goodness of symmetrical shifting over the asymmetrical one
and, finally, Section V summarizes the main conclusions.

Il. STATOR WINDING DISTRIBUTION AND VOLTAGES
STATES IN MULTIPHASE ELECTRIC DRIVES

A. A Stator Winding Distribution Using Vector Space
Decomposition

As it is well-known, the electric drive equations can be
expressed in phase variables. Nevertheless, vector space
decomposition (VSD) has been extensively employed because
it allows a better insight into the electric drive behavior [24]. In
fact, phase variables are expressed in a set of orthogonal
subspaces with a physical meaning after VSD transformation.
Namely, the a-f subspace is related with the flux/torque
production, whereas the x-y subspaces only produce stator
copper losses in distributed-winding machines. Different
harmonic components are projected into these orthogonal
subspaces depending on the phase number and the stator
winding shifting of each electric machine [25]. Focussing on
the case of six-phase IM, asymmetrical and symmetrical
configurations (Fig. 1) present different natures. Diverse
harmonic components appear in the available orthogonal
subspaces based on the selected stator shifting. For example,
the 5" harmonic is mapped into the secondary subspace
(x - y plane) for A6 machines, but into the a-f plane for S6
motors, where the 2™ harmonic is the lowest order in the
x —y plane [25]. Considering this issue, different versions of
the VSD transformation are necessary for each six-phase IM
[25]:
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Being [C,] and [Cs] the amplitude-invariant Clarke
transformation for A6 and S6 machines, respectively.

Additionally, this work assumes that space harmonic
components can be neglected because the drive operates with a
distributed-winding machine.

From (1)-(2) it is possible to represent the individual
contribution of specific phase variables by taking the
corresponding matrix elements either for a-f or x-y planes. For
the sake of example, let us consider a per unit amplitude in
phase variable a,. From (1), the a-f contribution in the
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asymmetrical case is defined by the matrix elements C,[1,4]
and C,[2,4], whereas the x-y production can be quantified from
C,[3,4] and C,[4,4], as it is depicted in Fig. 2. Similarly, it
follows from (2) that the a-f contribution in the symmetrical
case is based on the elements [C][1,4] and [C,][2,4], whereas
the elements [C][3,4] and [C][4,4] represent the x-y
contribution, as it is depicted in Fig. 3. Following the same
procedure, the projections of all phases are obtained in
Figs. 2 and 3.

It can be observed in Fig. 3 that the contribution of three
a - (§ adjacent phases always presents a favourable scenario in
the secondary subspace, where a balanced three-phase system
appears for S6 machines. Taking phases a,, a, and c, as an
example, it is shown in Fig. 3 with orange arrows that the vector
sum of the contributions from these phases is null. This
cancellation effect is not found in the A6 case (see Fig. 2), and
unfortunately, this will have significant implications on the
control actions that are available in direct controllers (addressed
in Section III). The reader can verify that any three adjacent
phases meet the rule that has been previously exemplified if
S6 machines are considered. Although the previous explanation
provides a geometric insight of the cancellation effect, this issue
is further generalized and mathematically demonstrated in
Section II-D.

B. Voltage States for Six-Phase Electric Drives

Applying the amplitude-invariant Clarke transformation to
the stator phase voltages, they can be expressed in VSD
orthogonal subspaces. However, for that purpose, it is necessary
to establish in a first step the phase voltages in the electric
machine. First, a double three-phase two-level VSC feeding a
six phase IM is considered. Therefore, the switching state S; of
each VSC leg can be modeled as follows: S; = 1 if the upper
switch is ON and the lower switch is OFF, whereas S; = 0 when
the opposite situation occurs [18]. Therefore, the vector
[S1 = [Sa1)Sp1, Sc1r Saz Sp2, Scz], defined by the switching
state of each VSC leg, and the dc-link voltage V., allow the
calculation of stator phase voltages [v,] independently from the
winding configuration [18]:

Vas 2 -1 =1 0 0 07 [Sa
Vp1 -1 2 -1 0 0 0| [Sk
Ve _Voc |-1 =1 2 0 0 0] |Sa 3)
Vaz 3 0 0 0 2 -1 =1 |Sef
Vb2 0 0 0 -1 2 -—=1f (Sp
ez 0o o0 o0 -1 -1 211s,

Then, the VSD transformation can be used to map [v,] into

the different orthogonal subspaces:
[Ugs Vgs Vs Vys UG+ Vg—]T = [Ca][Va1 Vb1 Ve1 Vaz Vb2 Ve2]T @
[vas vis Vs Vys Vo4 vg_]T = [Cs][Va1 Vb1 Ve1 Vaz Vb2 Ve2]T, ®)
where the superscripts a and s indicate asymmetrical and
symmetrical configurations, respectively. Zero-sequence
components (0,-0_) are omitted from the analysis because
their corresponding currents cannot flow when the two neutral
points are isolated.

Focusing on the available voltage vectors in each winding
shifting, Figs. 4 and 5 show the voltage vectors location for A6
and S6 drives, respectively. The voltage states in Figs. 4 and 5
have been identified with the decimal number equivalent to the
binary codification of vector [S]. Regarding the voltage vector

location in a-f and x-y subspaces, the considered multiphase
machines present control actions with a rather different nature.
In the A6 configuration, all the @-f active voltage vectors cause
a non-null voltage production in the secondary subspace, as
expected from the vector decomposition of Fig. 2. On the
contrary, in the symmetrical distribution some active voltage
vectors provide a desirable null x-y voltage generation. This
opposite scenario is related to the vector decomposition in the
a-f and x-y subspaces in the studied multiphase machines,
depicted in Fig. 3.

In order to exemplify the previous statement, the voltage

vector V3, is employed as a basis for the analysis. V3, provides
the maximum a-f voltage in the studied multiphase machines
(64% of Vp in asymmetrical configuration and 66.7% of V.
in S6 machines). Founded on its a-f contribution, this
switching state is defined as a large voltage vector [11,18].
Furthermore, this control action is generated with the same
switching vector [S] in both machines:
[S37] = [1,0,0,1,0,1]. (6)
The vectors related to the generation of V3, are highlighted with
orange arrows in Figs. 2 and 3. In the case of the asymmetrical
distribution, the x-y vector sum of active vectors of V5, does
not achieve a null value due to their specific decomposition in
this subspace. Fortunately, this issue is solved in the
symmetrical configuration, where the x-y vector sum becomes
zero. The active vectors happen to be in a balanced three-phase
system in the secondary subspace, as previously exposed for
phase variables (Section II-A). Indeed, this null harmonic
injection occurs for all voltage vectors with three ON values in
the switching vector [S], if the three phases are adjacent in the
a-f plane. These conditions are precisely satisfied by all large
voltage vectors in S6 machines. Therefore, the symmetrical
winding presents an important advantage to mitigate the time
harmonic distortion over the asymmetrical disposition: the
control designer can select large a-f8 vectors without exciting
x-y, hence promoting current quality and efficiency, while
preserving high dc-link utilization.

This advantageous situation is not exclusively found in S6
machines, where the control scheme can be simplified if these
control actions are employed. Propitiously, large voltage

Fig. 1. Stator windings distribution for asymmetrical
symmetrical (right) six-phase IM.

(left) and

Fig. 2. Vector decomposition of the phase variables according to (1) in
a-B (left) and x-y subspaces (right) in an A6 IM.
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Fig. 3. Vector decomposition of the phase variables according to (2) in
a-B (left) and x-y subspaces (right) in a S6 IM.
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vectors provide the complete mitigation of x-y components for
different symmetrical electric machines when the following
requirements are fulfilled:
= RI. The number of stator phases is even.
= R2. The harmonic orders projected in the considered
secondary subspace are even.

In addition, large voltage vectors present an interesting
common feature for the aforementioned symmetrical electric
drives (R1). This useful set of voltage states is always
composed of ON values in n/2 adjacent stator phases, being n
the number of the stator phases. Therefore, this favorable subset
of control actions can be identified in a trivial manner for
n-phase multiphase machines that comply with R1.

C. Large Voltage Vectors in Symmetrical Twelve-Phase
Electric Drives

To confirm the assertions defined in the previous point, a
symmetrical twelve-phase machine is considered as a case
study. The number of phases is even (R1) and two out of the
three x — y subspaces fulfill R2. Fig. 6 shows the vector
decomposition for the analyzed twelve-phase machine,
obtained with the application of the corresponding VSD
transformation [25-26]. For this IM, the lowest harmonic
components in two out of the three secondary subspaces are 2
and 4™ harmonic order [25-26]; whereas in the other one 5%
harmonic order appears as the lowest component order [25-26].
For the sake of example, the large voltage vector Vgos is
employed in what follows. Fig. 7 shows the location of this
control action (with a diamond) in the a-f plane. As expected,
this voltage vector is defined by ON values in n/2=6 adjacent
stator phases (Fig. 6):

[Se03] = [0,0,1,0,0,1,0,1,1,0,1,1], (7
where [S] = [Sa1, Sp1, Sc1s Sazs Sv2s Sc2r Saz» Sb3r Sczr Sar Shar Scal.

Concerning the secondary contribution of the selected control
action, the vector sum is null in the secondary subspaces, where
harmonic orders are even, as shown in Fig. 6. These
x-y subspaces satisfy the R2 requirement and consequently
their voltage contribution is non-existent. Unfortunately, the
vector sum does not completely mitigate the harmonic injection
in the third secondary subspace (Fig. 6), as a result of the vector
decomposition caused by the projected harmonic components.
Considering this voltage vector behavior, the symmetrical
twelve-phase machine could be regulated like an asymmetrical
six-phase machine if large voltage vectors are employed as
active control actions. However, the suitable nature of large
voltage vectors in symmetrical twelve-phase machine is not
obtained in its asymmetrical counterpart [27], because odd
harmonics are projected in the secondary subspaces [27]. A
mathematical demonstration for a generic symmetrical n-phase
case is included next for the sake of completeness.
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Fig. 4. Voltage vectors in a-f and x-y subspaces for an A6 electric drive.
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Fig. 5. Voltage vectors in a-f and x-y subspaces for a S6 electric drive.
From top to bottom: (a) null a-8 and null voltage vectors, (b) small
a-B voltage vectors and (c) large a-f and medium a-f voltage vectors.

D. Mathematical Insight of Large Voltage Vectors Nature
in Even Symmetrical Machines

Given an n-phase symmetrical machine, the stator phases are
displaced by 2m/n. Thus, considering complex-vector notation
and even n, the projections of the instantaneous pth-phase
(p=0,1,...n-1) voltage v, produced by the VSD into the a - §

and x;-y, (0 =2,3,...,n/2-1) planes are respectively
[vg] = vpe/P2/" ®)
(VD] = v,elP2/m, )
This corresponds to the vectors represented in Figs. 3 and 6 for
the particular cases of symmetrical six- and twelve-phase
machines.

As previously exposed, the large a - f voltage vectors are
those such that S; is 1 for n/2 consecutive phases (all of which
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Fig. 6. Vector decomposition of the phase variables in a- (up-left),
X, - ¥, (up-right), x,-y, (down-left) and xs-ys (down-right) subspaces in
a symmetrical twelve-phase IM.

8

+

Fig. 7. Voltage vector location in a-f subspace for a symmetrical

twelve-phase IM fed by a two-level VSC.
have positive contribution in the resulting vector direction) and
0 for the other n/2 ones (none of which do). Consequently,
based on this fact, using (7) and considering that the pth-phase
is the first one with S; =1, the resulting voltage vector in the
X4 - Vs plane is

p+y-1 21
— jmo2n/n _ jpa2m/n jmo2rn/n (10
[Veyol = Z e/mo2n/n =y ejvorn/ z e/ /m (10
m=p m=0

At this point, it is worth remarking that o matches the lowest

order of integer harmonic mapped into the x,-y, plane [26]. If

ois even, (10) can be rewritten as
n—-1

[nyg] — Upejpchn/n z ejmcr'Zn/n
m=0

where o'=0 /2 is integer. In accordance with the Roots of Unity

theory [26], it follows that the summation in (11), and hence the

resulting xyo voltage vector, is zero.

To sum up, large voltage vectors in symmetrical multiphase
machines with even number of phases (R1) provide a null value
in x-y subspaces that satisfy R2. Based on this fact, this
collection of easily identifiable voltage states can be defined as
suitable control actions to mitigate the x-y injection for direct
controllers when requirements R1 and R2 are fulfilled.

. FCS-MPC STRATEGIES

The previous voltage vector analysis can be used to develop
different FCS-MPC approaches depending on the nature of the
selectable control actions. With this in mind, this section
describes two FCS-MPC schemes for the case study with six-
phase machines. Standard FCS-MPC (termed FCS-MPC#I
from now on) retains the x-y components in the control scheme.
On the contrary, reduced FCS-MPC (termed FCS-MPC#2 from

(11

now on) makes use of the special features of large voltage
vectors to avoid the use of x-y components and simplify in this
way the control stage. Both approaches possess nevertheless
several similarities, as it is illustrated in Figs. 8 and 9. For
example, both MPC techniques employ an outer proportional-
integral (PI) controller to regulate the mechanical speed w,,, and
two-stage inner predictive controllers to follow the stator
current i;. The inverse Park transformation matrix [D]™* [19] is
employed to transform the reference d-q currents i, into the
refence VSD currents iz. Furthermore, regardless of the
implemented FCS-MPC version, a single switching state [S]
per control cycle is applied. A further description of FCS-
MPC#1 and #2 is provided next.

A. Standard FCS-MPC (FCS-MPC#1)
This popular FCS-MPC [22] approach includes a-f and x-y
components in the discretized machine model since the

selectable control actions cannot directly regulate the secondary
subspace. Subsequently, the discretized machine model is

d
E[Xaﬁxy] = [A] " [Xepxy] + [B] - [Vapay |, (12)
with

[Vapry] = [Vas Vps Vs vy 0 O]T NXapay] = [ia tp e by Aar Agr]

where [A] and [B] are obtained from the discretization of six-
phase IM equations [18], and A,p and iyp,, are the a-f
magnetic rotor flux components and the VSD stator currents,
respectively.

As shown in Fig. 8, the predictive machine model is employed
in the two stages of the inner current control in order to estimate
the predicted stator currents i,pyy produced by each voltage
vector. According to this approach, the standard FCS-MPC is
based on a two-step prediction horizon (k+2) and,
consequently, the one-step delay compensation approach is
inherently included in its scheme [22] Finally, the predictive
currents and the reference currents iyg,, are evaluated in a
predefined cost-function to select the better control action at
each sampling period [19]:

Jo= (g =12+ (5 = Bp)” + hey - [ — 12 + (&5 — 1)1 (13)
being k,, the weighting factor related to the x-y regulation.
The value of this parameter is tuned up to obtain a suitable
flux/torque regulation and a mitigated x-y production [19].

B. Reduced FCS-MPC (FCS-MPC#2)

Using the special localization of large voltage vectors in S6
machines, a reduced FCS-MPC scheme can be employed if
only this set of voltage states are defined as selectable active
control actions. Voltage vectors with null production in a-f8 and
x-y planes, i.e., null voltage vectors (0, 7, 56, 63) in Fig. 5a, are
also added as available switching states. This assumption is
established since these switching states offer a null harmonic
x-y voltage injection (shown in Section II) and, consequently,
x-y currents are directly regulated (to zero) in open-loop mode.
Exploiting this feature, x-y currents can be omitted from the
discretized machine model:

d _ _
7 Xas] = [A] - [Xap] + [B] - [Vag] (14)
where
T T
[Vaﬁ] = [Uas vgs 0 0] ) [Xaﬁ] = [itx ip Aar Aﬁr] .
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Matrices [A] and [B] depend on the machine parameters [28].
Although the regulation of x-y components is carried out in
open-loop mode, the impact of inverter non-linearities is small
because the switching frequency for the target applications is
relatively low.

The cost function can be defined using an analogous
approach, and therefore, a simplified version of (9) can be
established:

Jo = (o= ia )2+ (i)',
where the x-y weighting factor is not necessary anymore.

It is worth noting that the computational burden of this MPC
version is minimized thanks to the assumptions employed in its
building process.

The next section proves the impact of the stator winding
shifting on the capability of the considered FCS-MPC schemes
to achieve a lower harmonic distortion.

IV. EXPERIMENTAL VALIDATION

(15)

The experimental setup is shown in Fig. 10. The A6 and S6
induction motors are alternatively coupled to an eddy-current
brake in a test bench. These two machines were obtained by
rewinding the stator of two originally identical three-phase
induction motors, with 24 stator slots and 18 rotor bars. Their
main parameters, obtained from the method detailed in [29], are
displayed in Table I. The six-phase inverter is built by
combining two three-phase Semikron converter modules, based
on insulated-gate bipolar transistors (IGBTs). The IGBT dead
time is 3 ps. The dc-link voltage is kept at 700 V by a dc voltage
source. The control is run with a sampling frequency of 10 kHz
in a dSPACE-DS1006 platform.

Test 1 aims to highlight the importance of the x-y components
in the current control performance due to the lower value of
their equivalent stator impedance [16]. For this purpose, two
different versions of a standard FCS-MPC are assessed in the
considered S6 motor. The first MPC option (FCS-MPC#1) is
based on the use of all available voltage vectors as possible
control actions (left plots in Fig. 11), whereas in the second
MPC version (right plots in Fig. 11) only large and null voltage
0

aﬂ ‘kﬂ Xy |k+7 =

VSC 3ph

Predictive

i |;f model
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Fig. 8. Standard FCS-MPC (i.e., FCS-MPC#1) control scheme.
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Fig. 9. Reduced FCS-MPC (i.e., FCS-MPC#2) control scheme.

Eddy- current
brake

Fig. 10. Experimental setup.

vectors are defined as selectable switching states
(FCS-MPC#2). The analyzed FCS-MPC alternatives achieve
the tracking of the reference speed (Fig. 11a) with an acceptable
regulation of the components related to the flux/torque
production (Fig. 11b). Focusing on the secondary components
(Fig. 11c), the scenario is completely different because the
equivalent impedance of this orthogonal plane is much
lower [16]. For this reason, the use of control actions with a null
contribution in the x-y subspace is vital to provide a suitable
current quality. Even a rather low voltage injection can produce
undesired large amplitude of harmonic currents. As a
consequence of the aforementioned harmonic injection, the
waveform of the phase currents i, j, ., shows unsought peaks
(Fig. 11d) despite having a higher number of switching states
in this control scheme (FCS-MPC#1). This better harmonic
spectrum of the phase current waveform (Fig. 11f) has been
obtained just increasing the average switching frequency f;,, by
2.35%, being fi, equal to:

fow = (ot + fow + fo + fo + fos + foi )6, (16)
where the switching frequency of each phase is calculated as
follows:

;‘1,1 — ?;01 |Sa1|i+1 - Salli | (17)

2 trest
being m the amount of data of the specific test (500000) and
tiese the test duration (0.5 s). In addition to an improvement of
the current quality, FCS-MPC#2 requires lower computational
burden than the standard FCS-MPC#1.

Test 2 is proposed in order to extend the analysis of Test 1 to
the A6 machine. For that purpose, high-speed conditions for the
A6 induction machine are tested when FCS-MPC#1 uses all the
available voltage vectors (left column of Fig. 12) and
FCS-MPC#1 exclusively considers large voltage vectors (right
column of Fig. 12). The tracking of the reference speed (2000
rpm) is satisfactorily done regardless of the implemented
FCS-MPC approach. Focusing on the flux/torque regulation,
the higher number of available switching states allows
enhancing the a-£ ripple (Fig. 12b). Unfortunately, the cost of
this improvement in the plane related to the flux/torque
production is an important injection of x-y components
(Fig. 12¢) and consequently, a lower quality of phase currents,
as shown in Fig. R2-2d. This situation appears because the
impedance of the secondary x - y subspace is typically low in
distributed-winding machines [16]. For this reason, the phase
current quality becomes highly dependent on how the
x - y current regulation is performed [19].
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TABLEI
PARAMETERS OF SIX-PHASE INDUCTION MOTORS FOR THE EXPERIMENTS
Parameter description Asymmetrical Symmetrical

Stator resistance (€2) 6.7 6.7
Rotor resistance (Q2) 53 5.0
Stator leakage inductance (mH) 52 4.6
Rotor leakage inductance (mH) 55.7 59.7
Magnetizing inductance (mH) 708.6 707.4
Rated voltage (V) 230 230
Rated current (A) 3.8 3.8
Rated frequency (Hz) 50 50

Pole pairs 1 1
Stator slots 24 24
Rotor bars 18 18

Test 3 illustrates, for a high-speed operating situation, the
performance of the asymmetrical (left plots in Fig. 13, using
FCS-MPC#1) and symmetrical (right plots in Fig. 13, using
FCS-MPC#2) six-phase IM, when only large voltage vectors
are considered for both cases as active switching states.
Concerning the speed reference tracking, it is carried out in a
satisfactory manner for both machines (Fig. 13a). Nevertheless,
from the point of view of the current quality, two different
scenarios appear depending on the analyzed six-phase motor.
This result is specially affected by the contribution of the active
voltage vectors in the secondary subspace of each IM (Figs. 4
and 5c). Thereby, although the a-f currents show sinusoidal
waveform (Fig. 13b), the harmonic injection in the case of the
A6 machine is significantly higher than in the symmetrical

shifting (Fig. 13c and 13f). As a consequence of this
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x-y production, the phase currents of the A6 machine present
undesired harmonic distortion (see Fig. 13d). Fortunately, this
situation is solved when the FCS-MPC#2 is implemented in the
S6 IM thanks to the suitable performance of large voltage
vectors in the secondary subspace. FCS-MPC#2 can achieve a
reduced harmonic injection despite using a single switching
state per sampling period. In addition, as in the case of the
symmetrical machine regulated using FCS-MPC#2, the control
action selection is only focused on the flux/torque regulation,
hence a lower toque ripple is obtained (see Fig. 13e). Table II
presents as quality indexes the average total harmonic distortion
(THD) and the average root mean square (7ms) of phase
currents for this operating scenario. For the considered
symmetrical distribution, the THD is 72.04% lower than in the
asymmetrical machine for similar electric parameters (Table I).
Additionally, Table II adds the usage level requirements for
each specific operating point. The f;,, is directly influenced by
the value of the null voltage vector usage. The transition from a
null to a large voltage vector implies a higher number of VSC
leg changes than in the case of two adjacent large voltage
vectors or two null voltage vectors [28]. Therefore, the
switching frequency can be characterized by the usage of the
null voltage vector.

A low-speed scenario is explored in Test 4 for the studied A6
and S6 motors. In this third test, the speed/current regulation is
again satisfactorily achieved using FCS-MPC#1 (A6) and
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Fig. 11. Test 1: FCS-MPC#1 (left column) and FCS-MPC#2 (right column) regulating S6 IM. From top to bottom: (a) motor speed, (b) a-f currents,
(c) x-y currents, (d) zoom of the set 1 of phase currents, (e) estimated electrical torque and (f) harmonic spectrum of the phase current c,. Test

condition: reference speed w;, = 2000 rpm; load torque: T, = 5.8 Nm.
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FCS-MPC#2 (S6),both of them using large and null voltage
vectors as control actions. The reference speed is established
at 500 rpm as shown in Fig. 14a, where the left plots include
the results of the asymmetrical IM and the right plots
illustrate the symmetrical shifting behavior. The currents
components related to the flux/torque production (i.e., a-f8
currents) present a slightly lower ripple in the case of the
symmetrical machine (see Fig. 14b), since FCS-MPC#2 is
only focused on the regulation of these components. As
expected, the better result of the symmetrical IM is further
accentuated in the secondary subspace, where FCS-MPC#2
can achieve x-y currents that are close to zero (Fig. 14c). The
waveform of phase currents depends on the regulation
performance of the two orthogonal planes and, therefore, the
stator currents present an inadmissible harmonic ratio for the
A6 motor (Fig. 14d and Table III). In the S6, the lower
x-y distortion (Fig. 14f) is obtained thanks to the suitable
localization of large voltage vectors, consequently a
reduced 7ms is obtained (Table III). On the other hand,
thanks to the percentage of application of the null voltage
vector the switching frequency is also minimized
(see Table III) with the symmetrical solution.

The preferable performance of symmetrical distribution for
direct controllers has been confirmed over the entire
operating range.

V. CONCLUSIONS

Symmetrical multiphase machines with an even number of
phases present an interesting feature to reduce the harmonic
injection. Their a-f large voltage vectors show a null
production in the secondary subspaces if harmonics of even
order are mapped into these planes. This fact allows
identifying ideal control actions when direct controllers, such
as FCS-MPC, are employed. A maximum flux/torque
production can be achieved with null injection of voltage
harmonics caused by the x-y components. Indeed, for the
same test conditions, the tested S6 machine achieves a
significant improvement in the total current harmonic
distortion, with a reduction of 72.04% over the asymmetrical
configuration. Based on the presented results, the
symmetrical stator shifting can be regarded as the preferable
stator distribution in electric machines to implement direct

control schemes when the space harmonics can be neglected.
TABLE II
TEST 3 CONDITIONS & QUALITY INDEXES
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Parameter description Asymmetrical Symmetrical
Null voltage vectors usage (%) 11.69 35.09
fsw(H2) 1678 2104
THD(%) 53.08 14.84
Tms(A) 3.30 2.53
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Fig. 12. Test 2: High-speed conditions for asymmetrical six-phase induction machine when FCS-MPC#1 using all the available voltage vectors (left
column) and FCS-MPC#1 using large voltage vectors (right column) are employed. From top to bottom: (a) motor speed, (b) a-g currents, (c) x-y
currents, (d) zoom of the set 1 of phase currents, (e) estimated electrical torque and (f) harmonic spectrum of the phase current c,. Test condition:

reference speed w;, = 2000 rpm; load torque: T, = 5.8 Nm.
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Fig. 13. Test 3: High-speed conditions for asymmetrical (left column) and symmetrical (right column) six-phase IM. From top to bottom: (a) motor
speed, (b) a-p currents, (c) x-y currents, (d) zoom of the set 1 of phase currents, (e) estimated electrical torque and (f) harmonic spectrum of the
phase current c,. Test condition: reference speed w;, = 2000 rpm; load torque: T, = 5.8 Nm.
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Fig. 14. Test 4: Low-speed conditions for asymmetrical (left column) and symmetrical (right column) six-phase IM. From top to bottom: (a) motor
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TABLE IIT
TEST 4 CONDITIONS & QUALITY INDEXES
Parameter description Asymmetrical Symmetrical
Null voltage vectors usage (%) 50.31 69.30
fow (Hz) 2181 1449
THD(%) 111.35 30.94
Tms(A) 1.48 1.08
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