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Abstract

Multiphase electric drives have gained significant attention in recent years due to their
enhanced efficiency and inherent fault-tolerant capability, making them a promising solu-
tion for modern high-performance applications. In this context, finite control set model
predictive control (FCS-MPC) has emerged as an effective control strategy due to its flexi-
bility in handling multivariable systems and multiple control objectives. Among its recent
developments, variable-sampling-time approaches introduce an additional degree of free-
dom that enables more efficient adaptation of the control action, particularly reducing
switching frequency. This variant of FCS-MPC schemes is based on a sequential structure,
in which the direction of the desired current response is prioritized over its magnitude, even
when implementation constraints limit its achievement. This work proposes an adaptive
sampling time multivector model predictive control strategy (AST-MPC) for six-phase
induction motor (6ph-IM) drives. The proposed AST-MPC combines multivector control
actions with a threshold-based mechanism to incorporate magnitude information into
the selection of control actions, typically governed by directional criteria. The designed
approach is experimentally validated and compared under steady-state and transient con-
ditions using multiple performance metrics. Results demonstrate that AST-MPC achieves
improved current quality and reduced switching frequency, maintaining suitable dynamic
performance and providing natural fault tolerance.

Keywords: model predictive control schemes; multiphase electric drives; multivector
solutions; variable sampling time strategies

1. Introduction
In recent decades, multiphase electric drives (EDs) have evolved from primarily aca-

demic concepts into a viable industrial alternative to their three-phase counterparts [1–5].
Several advantages, such as higher power density, lower per-phase power ratings, reduced
torque ripple, alleviated semiconductor voltage and current stress for the same power
level [6], and enhanced fault tolerance [7] make them ideal for a wide range of industrial
applications. Certain sectors, such as automotive [1,2,8,9] and wind energy systems [10],
have adopted this technology in high-profile products. Both ED technologies are typi-
cally implemented using voltage source converters (VSCs). Typically, when the number
of phases is a multiple of three, they are developed by associating three-phase VSCs to
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match the required number of system phases [9,11]. The requirement of multiphase EDs
increases the complexity of control schemes due to the appearance of additional degrees
of freedom [6,11]. Conventionally, multiphase EDs have been controlled using strategies
with explicit modulation stages [6,12–14]. Nonetheless, in recent years, direct control ap-
proaches, particularly finite control set model predictive control (FCS-MPC), have attracted
significant interest [15–20]. These have proven highly effective due to their ability to deal
with multiple variables and optimize multiple objectives in a straightforward manner [21].
They also offer improved current dynamic performance due to better DC-link utilization,
without requiring overmodulation strategies. However, despite the aforementioned advan-
tages, conventional FCS-MPC algorithms, which apply a single vector per control period,
exhibit several limitations.

On the one hand, the application of a single control action leads to a conflict between
control objectives. It is well known that the available voltage vectors in a multiphase
VSC can be simultaneously projected onto different orthogonal subspaces with physical
significance [6,22,23]. For instance, in several multiphase motors with distributed-winding
stators, the application of a voltage vector results in simultaneous projections onto multiple
subspaces [24]. The projection onto the αβ subspace is responsible for torque and flux
production. In contrast, voltage components that appear in the secondary subspaces are
not involved in electromechanical energy conversion and are associated exclusively with
copper losses [6]. Therefore, both control objectives become incompatible when addressed
simultaneously, leading to unacceptable phase current quality and inadequate reference
tracking, particularly in multiphase ED with low-impedance secondary planes. Thus, the
control scheme may further increase the VSC switching frequency as a consequence of
correcting errors arising from conflicting regulation objectives [25]. In this context, the
impact of this control objective conflict is inherently amplified by the fixed sampling time
used to apply the control action in standard FCS-MPC, increasing the harmonic injection
in secondary subspaces [26]. On the other hand, beyond the inherent conflict between
control objectives arising from applying a single control action per sampling period, the
use of the full set of available voltage vectors in the VSC also poses a significant challenge
for standard FCS-MPC [27]. In this case, all possible voltage vectors must be evaluated
during the optimization process, resulting in a high computational burden [28]. This issue
becomes particularly critical in multiphase systems, where the number of candidate control
actions increases exponentially with the number of phases [27,29].

Considerable work has been carried out to address the aforementioned limitation
related to FCS-MPC. Multivector solutions have proven effective in overcoming certain
drawbacks of standard FCS-MPC [22,27,30–32]. These approaches apply more than one
control action within a single control period. Such actions are suitably synthesized to
cancel, or at least minimize, the average voltage production in the secondary subspace
while maximizing torque and flux generation, thereby resulting in an open-loop control
of the secondary components. For instance, in asymmetrical six-phase drives, both large
and medium-large voltage vectors have been considered. However, the significant voltage
contribution of the latter in the xy subspace leads to a high injection of harmonic currents,
resulting in the so-called average deception [20,27,31–37]. Consequently, regardless of the
number of phases, large voltage vectors are typically preferred due to their favorable volt-
age ratio Rαβ [22] between the main and secondary subspaces [7,30,36,38], thus minimizing
copper losses in distributed-winding machines. The use of control actions composed of
large voltage vectors not only ensures high flux/torque production while limiting the
voltage output in the secondary plane, but also provides two additional benefits. Firstly, it
extends the speed range by maximizing dc-link voltage utilization. Secondly, it reduces the
switching frequency, since there is one switch transition when the next vector is an adjacent
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large vector. In this context, works such as [7,39–41] have effectively improved phase cur-
rent quality while providing an inherent natural fault-tolerant capability. In contrast, other
approaches, e.g., [42], also adopt multivector control actions but regulate the secondary
subspace currents in a closed-loop manner in order to mitigate VSC nonlinearities, thus
sacrificing this natural fault tolerance.

Other studies have addressed the limitations of standard FCS-MPC in multiphase EDs
by extending the prediction horizon. In the prediction stage, the conventional approach
estimates currents up to k + 2. Extending the prediction horizon to k + 3 has been shown
to improve performance in both classical FCS-MPC and multivector schemes, particularly
at low operating speeds [43]. However, the associated computational burden limits the
feasibility of achieving further performance gains using these solutions.

Another approach aimed at overcoming the limitations of standard FCS-MPC focuses
on a different key parameter in the prediction-stage expressions: the sampling time. This
method decouples the selection of the control action from the application time, and they
are commonly termed variable sampling time lead pursuit control (VSTLPC). Initially in-
troduced by [44] and further developed in VSTLPC [45] or [25], it computes the application
time using a non-iterative method based on the system derivative and implemented using
a rotor current observer. The same authors in [26] introduce a new stage in the VSTLPC
scheme to refine the computation of the variable sampling time presented in [45]. In this
work, improvements over the FCS-MPC control scheme are achieved by incorporating this
additional degree of freedom provided by the variable sampling time. In [46], the objective
is to reduce the high computational burden associated with conventional FCS-MPC by
employing a region-based selection approach. This selection is addressed using a deadbeat
strategy and a rotor variable observer. Ref. [47] presents a combined approach to overcome
the limitations of FCS-MPC by leveraging both the multivector strategy and the flexibility
of variable sampling time. In particular, the control actions included in [47] are formed by
combining voltage vectors aligned in the principal plane with different magnitudes in a
five-phase electric drive, and the results are validated through simulations. This approach
inevitably leads to a high level of harmonic distortion due to average deception [22]. The
effect becomes more pronounced in the low-impedance xy subspace. Regardless of the
considered VSTLP schemes, all of them are based on a sequential algorithm in which the
selected control action is chosen only by considering the required direction, whereas the de-
sired magnitude is satisfied only with the estimation of the sampling period [25,26,44–47].
This approach can lead to a suboptimal selection process, as the voltage magnitude is
neglected in the estimation of the optimal control action. Consequently, the switching
activity is generally increased, which, far from improving the current quality, may actually
deteriorate it because the control scheme must compensate for previously applied unsuit-
able voltage vectors. In addition, in multiphase drives, a double control conflict can arise
when the required control action and the applied sampling time differ across subspaces.
For instance, the regulation of secondary subspaces commonly requires shorter application
times, whereas flux and torque production demand longer control periods.

Under this framework, this paper proposes an adaptive sampling-time model predic-
tive control strategy, referred to as AST-MPC, to overcome the aforementioned limitations
of conventional FCS-MPC and VST-based approaches (see Table 1). The proposed method
combines adaptive sampling time with a structured multivector control framework and
an enhanced decision mechanism to improve control performance in multiphase electric
drives. The effectiveness and feasibility of the proposed strategy have been experimentally
validated on a six-phase electric drive test bench.

The main contributions of this work can be summarized as follows:
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• The designed AST-MPC enables, for the first time (see Table 1), the joint consideration
of directional alignment and current magnitude during the control action selection
process, thereby overcoming the limitations of purely direction-based criteria.

• The integration of predefined virtual voltage vectors within a variable sampling
time framework, enabling open-loop regulation of the secondary subspace while
reducing the number of controller conflicts and candidate control actions. This feature
preserves the inherent fault-tolerant capability of multiphase drives without requiring
control reconfiguration.

• The experimental validation of the proposed AST-MPC in a six-phase electric drive,
demonstrating its effectiveness in mitigating control conflicts between subspaces and
improving current quality compared to existing VST-MPC and multivector approaches.

The remainder of the paper is organized as follows. Section 2 summarizes the funda-
mentals of six-phase induction motor drive systems. Section 3 reviews variable-sampling-
time approaches for multiphase electric drives. Experimental results and conclusions are
presented in Section 4 and Section 5, respectively.

Table 1. Comparative analysis of VSTLP-MPC solutions for multiphase drives.

Ref. n-Phase VST Non-Sequential Mechanism Virtual Vectors † Natural Fault Tolerance †

[25] 5 ✓ ✗ ✗ ✗

[26] 5 ✓ ✗ ✗ ✗

[44] 3 ✓ ✗ ✗ ✗

[45] 5 ✓ ✗ ✗ ✗

[46] 5 ✓ ✗ ✗ ✗

[47] 5 ✓ ✗ ✗ ✗

Proposed 6 ✓ ✓ ✓ ✓

† Experimentally validated.

2. Six-Phase Induction Motor Drive
2.1. Topology Description

The studied drive consists of an asymmetrical six-phase induction machine (IM)
supplied by a dual three-phase two-level voltage source converter (VSC), as shown in
Figure 1. The stator is formed by two three-phase windings spatially shifted by 30◦

and configured with isolated neutral points. This prevents current circulation between
both windings.
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Figure 1. Schematic diagram of the six-phase IM drive topology.

The power stage consists of two conventional three-phase two-level VSCs, each sup-
plied by an independent dc-link at the same voltage level Vdc. The dual VSC provides
26 = 64 possible switching states. The switching configuration is described by a binary
vector [S], whose elements Sij define each VSC phase state. Subscript i ∈ a, b, c denotes the
phase, while j ∈ 1, 2 identifies the stator winding. When Sij = 1, the upper semiconductor
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of the VSC leg is conducting, and the lower one is turned off. Conversely, Sij = 0 indicates
the complementary state.

Under this notation, the stator phase voltages (vij) can be expressed as a function of
the switching vector [S] and the DC-link voltage Vdc:

va1

vb1

vc1

va2

vb2

vc2


=

Vdc
3



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

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





Sa1

Sb1

Sc1

Sa2

Sb2

Sc2


(1)

Although the phase-domain model fully characterizes the drive, alternative reference
frames simplify the analysis and control design. In multiphase EDs, vector space decompo-
sition (VSD) projects phase variables onto three orthogonal subspaces with clear physical
meaning [24].

By applying the amplitude-invariant Clarke transformation (2), phase voltages are
expressed in VSD variables (3), yielding three orthogonal subspaces. The primary αβ plane
contains flux- and torque-producing components, whereas the secondary xy subspace is
associated with stator copper losses in distributed-winding machines. The transformation
also yields zero-sequence components. Due to isolated neutrals, zero-sequence currents do
not circulate through the stator windings.

[C] =
1
3


1 −1/2 −1/2

√
3/2 −

√
3/2 0

0
√

3/2 −
√

3/2 1/2 1/2 −1
1 −1/2 −1/2 −

√
3/2

√
3/2 0

0 −
√

3/2
√

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

 , (2)

[
vα,vβ,vx,vy,vz1,vz2

]
T=[C]·

[
va1,vb1,vc1,va2,vb2,vc2

]T
. (3)

After applying the Clarke transformation, each available switching state can be
mapped to a voltage vector in both the αβ and xy subspaces. The distribution of these
vectors is depicted in Figure 2. Based on their magnitude in the main plane, vectors are
classified into five groups: large (VL), medium-large (VML), medium (VM), small (VS), and
null vectors (V0).
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Figure 2. Voltage vectors maps (αβ and xy) generated by the admissible switching configurations of
a dual three-phase two-level VSC after applying VSD to supply an asymmetrical 6ph-IM.
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As shown in Figure 2, large vectors provide the highest αβ amplitude while main-
taining relatively low xy components. This property leads to improved dc-link voltage
utilization and reduced harmonic-related copper losses. For this reason, this subset of
switching states is typically selected when active control action is required [48]. The set
of selectable control actions is typically complemented by the null voltage vector, as this
switching state yields zero contribution in both subspaces [30].

For control purposes, further decoupling of electromagnetic variables is achieved by
projecting the stationary αβ components onto a synchronously rotating reference frame
using the Park transformation matrix defined in (4). The angle θs defines the position of the
reference frame and can be calculated from the measured speed and estimated slip [49].
The resulting relationship, given in (5), expresses voltages or currents (i) in the rotating
dq frame:

[D] =

[
cos θs sin θs

− sin θs cos θs

]
, (4)

[
id, iq

]T
= [D] ·

[
iα, iβ

]T
. (5)

In this synchronous frame, the d-axis component is directly associated with flux
production, whereas the q-axis component governs electromagnetic torque generation. This
decoupling simplifies control implementation and serves as the basis for the proposed
predictive strategy.

2.2. Machine Model

The IM model can be represented by the equivalent circuits shown in Figure 3, based
on the stationary αβ reference frame after applying the Clarke transformation. For control
implementation purposes, the motor equations are typically discretized and expressed in
state-space form [50]:

Rs Lls

iαβs
Lm

dλαβs

dt

+

−

vαβs

+

−

Llr − +

−jωrλαβr Rr

dλαβr

dt

+

−

iαβr

(a)
Rs

ixys
Llsvxys

+

−
(b)

Figure 3. Equivalent circuit in a stationary reference frame of a six-phase IM with squirrel-cage rotor:
(a) αβ subspace and (b) xy subspace.

d
dt

[
X
]
=
[

A
]
·
[

X
]
+

[
B
]
·
[
U
]
,[

U
]
=
[
vαs,vβs,vxs,vys,0,0

]T
,[

X
]
=
[
iαs,iβs,ixs,iys,λαr,λβr

]T
,

(6)

where λ is the magnetic flux. The subscripts αβ and xy identify the corresponding sub-
spaces, while the subscripts s and r denote stator- and rotor-related variables, respectively.
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The matrices [A] and [B] describe the dynamic behavior of the multiphase motor, and their
coefficients are directly related to the machine parameters:

[A] =



a0 0 0 0 b0 f0 · ωr

0 a0 0 0 − f0 · ωr b0

0 0 c0 0 0 0
0 0 0 c0 0 0
d0 0 0 0 e0 −ωr

0 d0 0 0 ωr e0


, [B] =



g0 0 0 0
0 g0 0 0
0 0 h0 0
0 0 0 h0

0 0 0 0
0 0 0 0


, (7)

σ = 1 − L2
m

Lr · Ls
τr =

Lr

Rr
τs =

Ls

Rs
τls =

Lls
Rs

a0 = −
(

1
σ · τs

+
1 − σ

σ · τr

)
b0 =

1 − σ

τr · σ · Lm
c0 = − 1

τls
d0 =

Lm

τr

e0 = − 1
τr

f0 =
1 − σ

σ · Lm
g0 =

1
σ · Ls

h0 =
1

Lls

(8)

where ωr is the electrical rotor speed; R is the resistance; Ll is the leakage inductance; and
Lm is the mutual inductance.

Once the machine model has been expressed in state variables, it needs to be dis-
cretized to enable its implementation in real-time digital control systems. Several discretiza-
tion techniques are discussed in the literature, such as the Crank-Nicolson method, the
Adams-Bashforth method, or the Forward Euler method [51]. Due to its simplicity and
its satisfactory performance in first-order systems, the Forward Euler method has been
selected for this work [52]. This method approximates the derivative as the ratio between
increment and time step, as expressed in (9):

d
dt

[
X
]
≈ ∆X(t)

∆t
,

∆X(t) = X(t + ∆t)− X(t).
(9)

This expression is valid for sufficiently small time increments. In the case of FCS-
MPC-based control strategies, this time increment (∆t) corresponds to the sampling period
at which the control algorithm is executed, denoted as Ts. By applying the derivative
approximation (9) to the continuous-time state-space (6), Equation (10) can be obtained:[

X(t + ∆t)− X(t)
]

Ts
=

[
A
]
·
[

X(t)
]
+

[
B
]
·
[
U(t)

]
(10)

Defining k as the current time instant and k + 1 as the future instant after a time
interval Ts, Equation (10) can be rewritten as[

X(k + 1)− X(k)
]

Ts
=

[
A
]
·
[

X(k)
]
+

[
B
]
·
[
U(k)

]
,[

X(k + 1)− X(k)
]
= Ts ·

[
A
]
·
[

X(k)
]
+ Ts ·

[
B
]
·
[
U(k)

]
,[

X(k + 1)
]
=

([
I
]
+ Ts ·

[
A
])

·
[

X(k)
]
+ Ts ·

[
B
]
·
[
U(k)

]
.

(11)

This formulation leads to a discrete-time model of the machine, which allows the
computation of future current states based on the present current values, the applied
voltage vector, and the electrical rotor speed. The resulting predictive model constitutes
the keystone of FCS-MPC-based strategies. For the sake of clarity, the matrix expression
presented above is further expanded:
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iα(k + 1) = (1 + Ts · a0) · iα(k) + Ts ·
(
b0 · λα(k) + f0 · ωr · λβ(k)

)
+ Ts · g0 · vα(k),

iβ(k + 1) = (1 + Ts · a0) · iβ(k) + Ts ·
(
− f0 · ωr · λα(k) + b0 · λβ(k)

)
+ Ts · g0 · vβ(k),

ix(k + 1) = (1 + Ts · c0) · ix(k) + Ts · h0 · vx(k),

iy(k + 1) = (1 + Ts · c0) · iy(k) + Ts · h0 · vy(k),

λα(k + 1) = (1 + Ts · e0) · λα(k) + Ts ·
(
d0 · iα(k)− ωr · λβ(k)

)
,

λβ(k + 1) = (1 + Ts · e0) · λβ(k) + Ts ·
(
d0 · iβ(k) + ωr · λα(k)

)
.

(12)

where the predictive model is written explicitly on a per-equation basis for each state variable.

3. Variable Sampling Time Control Schemes in Multiphase Drives
3.1. Theoretical Principles

FCS-MPC-based schemes traditionally operate with a fixed sampling period, meaning
that switching decisions are evaluated at uniformly spaced time instants. In contrast,
variable sampling time predictive control strategies introduce the sampling interval as an
additional degree of freedom in the control law. Instead of assuming a fixed control period,
the regulation algorithm determines both the optimal switching state and the period during
which it should be applied. This time interval is restricted to a predefined admissible range
defined by a minimum and a maximum sampling period, Tmin and Tmax, respectively. This
approach enables the regulation scheme to adapt the control frequency to the instantaneous
operating conditions of the drive while preserving the predictive control framework.

The structure of variable-sampling-time control schemes typically involves two well-
defined selection processes [26]: one dedicated to determining the control action and
another responsible for selecting the control period, i.e., the time during which the selected
action will be applied. Prior to these two decision stages, the desired reference current
vector is estimated to define the ideal direction of the stator currents in the next control step.
This vector can be obtained as the difference between the reference currents at the next
control instant and the measured current values, as illustrated in Figure 4 by the green line.
As multiple orthonormal subspaces appear, a reference current vector can be estimated for
each plane as follows:

∆iαβ = i∗αβ(k + 1)− iαβ(k),

∆ixy = i∗xy(k + 1)− ixy(k)
(13)

where i∗αβ(k + 1) and i∗xy(k + 1) represent the reference current vectors for the next control
instant, whereas iαβ(k) and ixy(k) denote the measured stator current vector at the current
sampling instant.

Ƹ𝑖𝛼𝛽
𝑚𝑎𝑥

Ƹ𝑖𝛼𝛽
𝑚𝑖𝑛

Ƹ𝑖𝛼𝛽
𝑠𝑒𝑙𝑒𝑐𝑡𝑒𝑑

𝑖𝛼𝛽(𝑘)

𝑆𝑜𝑝𝑡(𝑘)

𝑖𝛼𝛽
∗ (𝑘 + 1)
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Figure 4. Control law of variable sampling time control schemes.
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Once the reference current vectors ∆iαβ and ∆ixy have been obtained, the first selection
stage begins, which is responsible for determining the control action to be applied. The
criterion in [26], forming the basis for the proposal developed in this work, consists of
selecting the voltage vector whose predicted current response exhibits the closest alignment
with the reference current direction. For that purpose, the n available control actions are
employed to estimate the predicted current response in the different subspaces, ı̂ n

αβ(k) and
ı̂ n
xy(k). In Figure 4, the predicted current response in the αβ subspace has been represented

using purple font. These vectors describe the direction in which the stator currents would
evolve if the corresponding voltage vector were applied. The alignment between each
candidate’s current response direction and the reference current vector is quantified using
the scalar product, as expressed in

Jn =
∆iαβ · ı̂ n

αβ(k + 1) + Kxy · ∆ixy · ı̂ n
xy(k + 1)∥∥∆iαβ

∥∥ · ∥∥∥ı̂ n
αβ(k + 1)

∥∥∥+ Kxy ·
∥∥∆ixy

∥∥ · ∥∥∥ı̂ n
xy(k + 1)

∥∥∥ , n = [1, 2, . . . , N] (14)

where N denotes the total number of control actions. The control action that maximizes
the cosine of the angle between the reference current vector and the predicted current
response direction Jn is selected as the optimal voltage vector to be applied during the next
control period.

Once this control action has been selected, its corresponding application time needs to
be determined. This second selection stage aims to minimize, for both subspaces, the mis-
match between the reference current vector and the predicted current response produced

by the selected voltage vector ı̂
Sopt

αβxy(k). The optimal control period can be computed from

Ts =
(
∆iαβxy

)T ·
ı̂

Sopt
αβxy(k + 1)∥∥∥ı̂
Sopt

αβxy(k + 1)
∥∥∥2 . (15)

The overall procedure has been illustrated in Figure 4. As can be observed, the
algorithm first selects the control action whose predicted current response direction is best
aligned with the required reference current vector. Then, by appropriately adjusting the
control period within the admissible range [Tmin, Tmax], the algorithm can extend or shorten
the application time of the selected voltage vector in order to satisfy the reference trajectory
more accurately. As a result, the current variation reaches the point indicated by the yellow
marker in Figure 4, approaching very close to the reference.

3.2. Main Limitations

Despite the advantages offered by the considered approach [26], several limitations can
be identified when it is applied within the framework of FCS-MPC for multiphase drives:

L1 A dual controller conflict appears: in direct control schemes, an important limita-
tion arises from the use of a single voltage vector during each control period. In
multiphase drives, there are multiple control objectives [29]: on the one hand, the
currents in the main αβ subspace must be regulated to achieve the desired torque
and flux production, while, on the other hand, the currents in the secondary xy
subspace should be minimized to reduce additional harmonic-related losses. Since
a single switching state simultaneously affects all subspaces, it is not possible to
independently regulate them [27]. Consequently, improving the current tracking in
the main subspace commonly increases the undesired components in the secondary
subspaces, and vice versa, degrading the overall current quality and control perfor-
mance. This limitation becomes especially critical at medium and low switching
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frequencies, where the reduced control capability aggravates the coupling between
objectives. Furthermore, in variable sampling-time schemes, the control period itself
becomes an additional degree of freedom, which can intensify the conflict between
subspaces. For instance, the xy plane typically requires short control periods to limit
harmonic current growth, whereas longer application times are usually preferable to
improve torque and flux production in the main subspace.

L2 Priority is given to the direction over the magnitude: regardless of the required amplitude
of the desired reference current vector, the current state-of-art methods [25,26,44–47]
focus on the direction of this vector during the first optimization stage. Considering
the existence of a minimum application time due to implementation restrictions, this
approach may lead to a suboptimal response by overlooking the natural response
as a viable option, while also increasing the switching frequency to compensate for
past errors.

L3 Use of the complete set of switching vectors: this characteristic of the original ver-
sion presented in [26] introduces two main limitations. The first is related to the
appropriate selection of control actions, while the second concerns the associated
computational burden. Focusing on the first limitation, among the active voltage
vectors of the considered multiphase ED, the VL set minimizes the generation of
secondary components, as illustrated in Figure 2. Consequently, the use of alter-
native (non-large) active control actions may result in degraded performance in
terms of secondary subspace component generation [22,30]. As a result, undesired
current components are generated in these subspaces, leading to increased harmonic
distortion in the phase currents and higher stator copper losses [48].
Concerning the second limitation, the use of the complete set of switching states in-
creases the computational burden, since a larger number of candidate control actions
must be evaluated at each control step. This aspect becomes particularly critical in
predictive control implementations subject to strict real-time constraints [28,53]. In
addition, transitions involving non-adjacent voltage vectors typically require multiple
switching events, whereas transitions between adjacent large voltage vectors involve
only a single commutation. Therefore, the inclusion of all switching states may increase
the effective switching frequency without providing a proportional improvement in
harmonic performance [42].

These limitations motivate the development of the control strategy proposed in this
work, which aims to overcome the aforementioned drawbacks while preserving the advan-
tages of the variable-sampling-time predictive control framework.

3.3. Proposed Method

This work proposes an adaptive-sampling-time model predictive control strategy
based on multivector control actions, referred to as AST-MPC (Adaptive Sampling Time
Model Predictive Control), which overcomes the limitations L1, L2, and L3 in order to
provide a more competitive solution. The proposed AST-MPC maintains the structure
of conventional variable-application-time schemes, with an outer speed control loop and
an inner current control loop, as shown in Figure 5. In this proposed method, two
main novelties are introduced to mitigate the aforementioned limitations. On the one
hand, conventional single switching states are replaced by a reduced set of virtual voltage
vectors [30], each one formed by a combination of three adjacent large vectors specifically
designed to cancel, on average, the voltage contribution in the secondary xy subspace.
In this manner, the regulation of the secondary components is inherently achieved in
open-loop mode, mitigating the dual-controller conflict defined in L1 and allowing the
predictive controller to focus exclusively on the current tracking task in the main αβ
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subspace. Furthermore, the use of these multivector control actions significantly reduces the
computational burden by decreasing the number of evaluated candidates and enabling the
use of a reduced-order prediction model excluding secondary components, thus addressing
L3. On the other hand, to mitigate the impact of L2, the proposed AST-MPC incorporates a
threshold-based decision mechanism that accounts for the existence of minimum admissible
application times and reduces the sequentiality in selecting the optimal control action.

Focusing on the designed AST-MPC structure (Figure 5), the external loop ensures
the speed tracking using a proportional–integral (PI) controller. The reference i∗q is the
output of the outer control loop, while the reference i∗d is set to a constant value to ensure
proper machine magnetization. Using these references together with the estimated rotor
position, the current references in the αβ subspace i∗αβ(k + 2) are obtained by applying
the inverse Park transformation. The inner current control loop is composed of several
sequential steps. First, the reference current vector ∆iαβ is estimated (13), calculating the
difference between the reference currents i∗αβ(k + 2) and the measured currents expressed
in the stationary reference frame after applying the Clarke transformation iαβ(k). Then, the
predicted current response for each available control action is estimated using (12), along
with the measured mechanical speed ωm and the measured currents in the stationary frame
iαβ(k). Taking into account the practical implementation constraints, the proposed method
incorporates a one-step delay compensation approach, which is commonly employed in
model predictive control schemes [54].
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Figure 5. Schematic representation of the AST-MPC in a six-phase IM drive.

Regarding the employed active control actions to estimate the predicted current
response in (12), they are formed into trios of adjacent large-voltage vectors [30]. They
are designed offline, and their corresponding duty cycles are computed to satisfy two key
conditions: the average voltage contribution in the secondary xy subspace is null, and
the sum of the normalized application times must not exceed unity, ensuring a valid time
allocation within the control period. In this manner, the proposed control strategy operates
with a finite set of 13 admissible control actions, consisting of 12 virtual vectors and the
null vector, thereby representing a significant reduction in the required evaluations. These
control actions are specifically designed to, on average, cancel the voltage components in
the secondary xy subspace. This feature enables an implicit open-loop regulation of this
subspace, providing natural fault tolerance, reducing L1, and allowing the use of a reduced
machine model that excludes the secondary components (L3).
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Unlike conventional variable-sampling-time approaches, where the control action
is selected exclusively according to its directional alignment with the desired reference
current vector, the proposed AST-MPC introduces an additional validation stage aimed
at evaluating the feasibility of the required current correction. In conventional VST-MPC
schemes, once the control action providing the best alignment is selected, the variable
sampling time is solely responsible for adjusting the magnitude of the response. However,
due to the existence of minimum admissible application times imposed by practical imple-
mentation constraints, certain operating conditions may arise in which even the minimum
achievable response of the selected active vector exceeds the required current correction.
Under these conditions, the directional criterion alone becomes insufficient and may lead
to overcorrection and unnecessary switching activity. To overcome this limitation, the
proposed AST-MPC incorporates a threshold-based mechanism that evaluates whether
the selected control action is capable of generating the desired current variation within the
admissible operating range.

Then, the predicted current response of each available control action is evaluated
using (14) to identify the control action that maximizes the scalar-product criterion and,
consequently, to obtain the best alignment with the reference vector. After this directional
selection stage, a threshold-based decision mechanism is introduced to mitigate L2. For the
selected control action, two circular boundaries, Dmax and Dmin, are defined based on the
magnitude of the predicted current response, applying maximum and minimum allowable
application times:

Dmax =
∥∥∥ı̂ selected

αβ (k + 2)
∥∥∥ · Tmax,

Dmin =
∥∥∥ı̂ selected

αβ (k + 2)
∥∥∥ · Tmin.

(16)

In addition, D, related to the magnitude of the reference vector, is estimated:

D = KThr ·
∥∥∆iαβ

∥∥. (17)

The following decision criterion is defined:

Case 1: D ≥ Dmin ⇒ Sopt = Sselected,

Case 2: D < Dmin ⇒ Sopt = Snull .
(18)

Therefore, the proposed threshold mechanism does not simply modify the selected
control action, but introduces a supervisory decision layer over the conventional directional
selection process. In this manner, the controller not only determines which voltage vector
is better aligned with the reference, but also evaluates whether the corresponding current
variation can be physically adjusted through the admissible sampling-time range.

If the Case 2 scenario appears, the selected active control action Sselected is discarded,
and the null action Snull is applied instead, since even the minimum actuation would exceed
the required correction, and it is preferable to rely on the natural system dynamics. Other-
wise, the selected control action is retained as optimal Sopt. This mechanism fundamentally
modifies the conventional sequential decision process employed in previous VST-MPC
approaches [25,26,44–47]. Instead of relying exclusively on directional alignment during the
control action selection stage, the proposed AST-MPC additionally incorporates magnitude
feasibility information through the threshold criterion. Consequently, the controller can
distinguish between situations in which the active vector effectively reaches the reference
and those in which the null vector provides a more suitable response, given the imposed
minimum application time constraints. The impact of radius D can be adjusted through
a weighting factor KThr, which allows tuning the trade-off between aggressive reference
tracking and smoother control behavior with reduced switching activity. To facilitate the
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understanding of the proposed criterion, Figure 6 provides a graphical illustration. As
observed, Dmin and Dmax are constant, whereas D varies at each control period, depending
on the desired reference current vector ∆iαβ estimated. Finally, once the optimal control
action Sopt has been determined, the corresponding application time, or equivalently the
control period Ts, is calculated using (15), thus completing the control algorithm.

𝛽
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𝐷
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𝛼
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𝐷𝑚𝑎𝑥
𝐷

Case 1 Case 2

𝐾𝑇ℎ𝑟

Figure 6. Graphical illustration of the threshold criterion used in the proposed control technique:
Case 1 (D ≥ Dmin) and Case 2 (D < Dmin).

To further clarify the sequence of operations and the interaction between the different
stages of the proposed control strategy, Figure 7 presents a detailed flowchart of the
AST-MPC algorithm. As shown, the control process starts with the estimation of the
desired reference current vector and proceeds with the evaluation of all candidate control
actions, where the predicted current response is obtained considering the one-step delay
compensation [54]. Directional selection is then performed by maximizing the scalar
product criterion, identifying the control action that provides the best alignment with the
reference. Subsequently, the threshold-based mechanism evaluates the suitability of this
action by comparing the required current variation with the minimum achievable effect.
Depending on this condition, either the selected active vector is retained or replaced by
the null vector. Finally, the corresponding application time is computed, completing the
control cycle.

As a consequence of the implemented solution, the control objectives become effec-
tively decoupled: the mitigation of secondary subspace components is inherently achieved
by the definition of the control actions, while the predictive regulation strategy can focus
exclusively on tracking the current references in the main subspace. This directly addresses
one of the main drawbacks of conventional single-vector approaches, in which a single
control action must simultaneously satisfy conflicting objectives, and enables improved
current tracking performance without increasing control complexity. Additionally, the use
of virtual vectors provides an inherent fault-tolerant capability [55]. In the event of an
open-phase fault affecting one or more phases, the control strategy can continue operating
without requiring any reconfiguration of the algorithm, thus enhancing the robustness of
the overall drive system.
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Figure 7. Flowchart of the proposed AST-MPC algorithm, including the selection of control action,
threshold-based selection, and control period computation.

4. Experimental Validation
4.1. Test Bench Description

The experimental evaluation was carried out using the laboratory test bench shown
in Figure 8, which served as the common platform for all control strategies considered
in this work. The drive system consists of an asymmetrical six-phase induction machine
with two three-phase stator windings spatially displaced by 30◦. Each winding set is
independently powered by a two-level three-phase voltage source VSC (VSC1 and VSC2),
both implemented with Semikron SKS22F modules (Semikron Danfoss, Nuremberg, Ger-
many). Although the VSCs share the same grid connection through a single transformer,
their rectifier stages generate two electrically isolated DC-links with identical character-
istics. The electrical parameters of the machine, summarized in Table 2, were obtained
through a combination of AC time-domain tests [56] and standstill experiments with VSC
excitation [57].

All real-time control algorithms have been implemented on a Texas Instruments
TMS320F28335 digital signal processor (Texas Instruments, Dallas, TX, USA), programmed
via JTAG using Code Composer Studio (v5.3). Stator phase currents were measured with
Hall-effect sensors (LEM LAH 25-NP, LEM, Geneva, Switzerland), while rotor mechanical
speed was captured using an incremental optical encoder (GHN510296R, Renishaw, Wotton-
under-Edge, UK).

The six-phase induction machine shaft is directly coupled to a DC generator, whose
armature circuit feeds a configurable resistive load. This configuration allows the generated
electrical power to be dissipated and produces a load torque that depends on both the
operating speed and the selected armature resistance. The armature resistance, which
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determines the load level applied to the induction machine, has been configured for three
different values corresponding to distinct load conditions, as summarized in Table 3.

SIX-PHASE IMDC-MACHINE

VSC1 VSC2

[Sa1Sb1Sc1Sa2Sb2Sc2]

J-TAG

SIX-PHASE IMDC-MACHINE

ARMATURE

CIRCUIT

FIELD CIRCUIT

PC

a1 
b1 
c1 
a2 
b2 
c2 

GRID

CONTROL UNIT

Figure 8. Diagram of the test rig employed to evaluate the control schemes.

Table 2. Six-phase IM test bench and control parameters.

Parameter Description Value

Vdc (V) DC-link voltage 325
Ipeak (A) Peak current 4.5
Rs (Ω) Stator resistance 4.19
Rr (Ω) Rotor resistance 3.2

Lm (mH) Mutual inductance 280
Lls (mH) Stator leakage inductance 4.2
Llr (mH) Rotor leakage inductance 55.1

p (-) Number of pole pairs 3
ωn (rpm) Rated speed 1000
Pn (kW) Rated power 1
τn (Nm) Rated torque 10
Tmin (µs) Minimum sampling time 66.67
Tmax (µs) Maximum sampling time 100

Table 3. Load configurations connected to the DC generator.

Identification Description Resistance (Ω)

R1 Low torque operating configuration 100
R2 Medium torque operating configuration 50
R3 High torque operating configuration 33.33

4.2. Experimental Results

This section presents an experimental assessment of the proposed AST-MPC strategy,
focusing on a detailed analysis of its behavior and performance under different operating
conditions. The objective is to highlight the advantages of the proposed method by com-
paring it with two alternative FCS-MPC-based control schemes that represent different
combinations of control actions and sampling time characteristics. In particular, the pro-
posed AST-MPC is evaluated against a variable sampling time predictive control strategy
that applies a single voltage vector per control period, referred to as LP-MPC [26], and
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against a multi-vector predictive control scheme operating with a fixed sampling time,
denoted as TV-MPC [30], which applies three large voltage vectors during each control
period. This comparison enables a comprehensive evaluation of the impact of both sam-
pling time adaptation and multi-vector control actions on the overall performance of the
multiphase drive.

It should be noted that the LP-MPC strategy considered in this work corresponds
to an enhanced version of the approach originally presented in [26]. In the formulation
reported in [26], the predictive controller evaluates the complete set of switching states
available in the motor drive. In contrast, the implementation adopted in this work restricts
the candidate control actions to large voltage vectors and the null vector. This modification
is introduced to improve the practical performance of the baseline method while preserving
its original control philosophy, and is consistent with well-established practices in the
literature [20,37]. The use of large voltage vectors provides several advantages, including
reduced switching losses due to simpler transitions, improved dc-link voltage utilization in
the main αβ subspace, and lower harmonic distortion as a consequence of their reduced
projection in the secondary xy subspace [58]. Additionally, limiting the candidate set
contributes to reducing the computational burden [28].

It is important to emphasize that this modification does not compromise the fairness
of the comparison. On the contrary, the resulting LP-MPC implementation represents a
more optimized and practically oriented version of the original method, providing a more
competitive benchmark solution. Furthermore, all evaluated VSTLP control strategies have
been implemented under identical conditions, including the same sampling frequency
range, controller parameters, delay compensation strategy, and computational resources.
This ensures that the observed performance differences are exclusively due to the control
strategy itself, thus enabling a fair and consistent comparison framework for the proposed
AST-MPC approach.

To facilitate the discussion and provide a clearer interpretation of the experimental
results, this section is organized into six complementary analyses. First, the effectiveness
of the proposed threshold-based mechanism and the influence of the parameter KThr are
experimentally validated. Then, a steady-state comparative analysis between the proposed
AST-MPC strategy and the benchmark control methods is presented [26,30]. Subsequently,
the adaptive behavior of the variable-sampling-time mechanism is analyzed using his-
tograms of control frequency selection under different operating conditions. After that,
the dynamic performance of the proposed strategy is evaluated under speed transient
conditions. The fault-tolerant capability of the proposed AST-MPC approach is then ex-
perimentally assessed under open-phase fault operation. Finally, a computational burden
analysis is conducted to evaluate the implementation complexity of the analyzed con-
trol strategies.

4.2.1. Assessment 1: Validation Threshold Mechanism

To validate the effectiveness of the proposed threshold-based mechanism, Figure 9
compares the behavior of the AST-MPC strategy when the threshold criterion is active
and inactive. As observed in Figure 9a, the absence of the threshold mechanism leads to a
noticeable degradation of the phase current quality despite the increase in switching activity.
This behavior is associated with the exclusive use of the directional selection criterion,
which may force the controller to apply active voltage vectors even when the required
current correction cannot be applied. Under these conditions, the selected control actions
can produce excessive current variations that must later be compensated by subsequent
switching actions, resulting in increased oscillations and degraded current waveforms.
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This effect can be more clearly appreciated in the control frequency selection his-
tograms shown in Figure 9b. Without the threshold mechanism, the controller tends to
operate much more frequently near the upper limit of the admissible frequency range,
significantly increasing the effective switching frequency ( fsw). In contrast, when the
threshold criterion is activated, the controller is capable of identifying situations where
the null vector provides a more suitable response than the selected active vector, thus
avoiding unnecessary switching actions. Quantitatively, the proposed threshold-based
mechanism achieves a switching frequency reduction of 46.09% while simultaneously
improving the current total harmonic distortion (THD) by 14.64% compared to the case
without the threshold mechanism. These results experimentally confirm the relevance of
incorporating magnitude-feasibility information into the decision-making process of the
proposed AST-MPC strategy.

3.38% 3.12% 5.62%

THD = 11.61% fsw  = 5.47 kHz

𝐾𝑇ℎ𝑟 𝑖𝑛𝑎𝑐𝑡𝑖𝑣𝑒
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THD = 9.91% fsw  = 2.95 kHz

7.88% 

80.00%

0 % null vector in all range

Figure 9. Experimental compariso n of the proposed control strategy with the threshold mechanism
KThr active and inactive: (a) phase currents and (b) control frequency selection histograms.

Figure 10 presents the influence of the threshold parameter KThr on the performance
of the proposed AST-MPC strategy, highlighting its direct impact on the trade-off between
switching activity, current quality, and tracking performance. For KThr = 1, the control
strategy promotes an extensive use of the null vector, as reflected in the frequency selection
histograms. This results in a reduction in switching frequency and a slight improvement in
current quality, with a relative THD reduction of 3.94% and a switching frequency decrease
of 6.55% compared to the case KThr = 1.5. However, this benefit comes at the expense
of degraded tracking performance in the dq subspace, as the current tracking error (ϵdq)
increases from 0.0488 to 0.0684, representing a degradation of 28.65%. This behavior is
associated with the limited voltage capability caused by the excessive selection of the
null vector, which prevents the controller from properly driving the currents towards
their references. In contrast, for KThr = 2, the influence of the threshold mechanism
is significantly reduced, leading to a behavior closer to a purely directional selection
strategy. Although this slightly improves the current tracking accuracy with respect to
KThr = 1.5, it results in increased switching activity and a degradation in THD due
to more frequent and, in some cases, less efficient switching actions. Therefore, this
configuration prioritizes tracking performance at the expense of current quality. Based
on this analysis, KThr = 1.5 is selected as a suitable compromise, as it provides the most
balanced performance among all considered metrics. This value achieves reduced switching
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frequency and improved current quality compared to higher threshold values, while
maintaining a significantly better tracking accuracy than lower threshold values, without
introducing a pronounced degradation in any performance indicator. For this reason, all
experimental results presented throughout the manuscript for the proposed AST-MPC
strategy have been obtained using KThr = 1.5.

29.50%

4.75% 6.00% 5.25%

THD = 10.64% fsw  = 3.51 kHz

𝐾𝑇ℎ𝑟 = 1.5𝐾𝑇ℎ𝑟 = 1

4.50%4.88%5.62%6.12%

78.88% (47.51% null vector)

THD = 10.22% fsw  = 3.28 kHz

44.62%

4.75% 4.25% 5.12%

THD = 11.44% fsw  = 3.62 kHz

𝐾𝑇ℎ𝑟 = 2

41.25% (31.75% null vector)

εdq = 0.0684

54.50% (39.62% null vector)

εdq = 0.0488 εdq = 0.0412

(a)

(b)

(c)

(d)

(e)

Figure 10. Influence of the threshold parameter KThr on the performance of the proposed AST-MPC
strategy. (First column) KThr = 1, (second column) KThr = 1.5, and (third column) KThr = 2. From
top to bottom: (a) speed response, (b) dq currents with tracking error, (c) xy currents, (d) phase
currents with THD and switching frequency, and (e) control frequency selection histograms.

4.2.2. Assessment 2: Steady-State Analysis

Figure 11 presents the experimental results obtained with the three control strategies
for an operating point of 500 rpm under load configuration R2. Figure 11 summarizes
the main drive variables in order to facilitate a direct comparison between the evaluated
control schemes: (a) rotor speed, (b) dq currents, (c) xy currents, (d) phase currents, and
(e) histograms of control frequency selection. For the regulation strategies operating with
variable sampling time, the admissible control frequency range was defined between
10 kHz and 15 kHz, whereas the fixed sampling time method operates at the maximum
value of this range, 15 kHz. Under these conditions, the results allow analyzing the
influence of both the control structure and the sampling strategy to be clearly assessed.
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98.13%

0.00% 0.25% 0.62% 1.00%

THD = 17.09% fsw  = 3.51 kHz

LP-MPC

(a)

(b)

(c)

(d)

(e)

AST-MPC

33.39%

3.37%2.76%1.37%

59.12%

THD = 9.76% fsw  = 2.43 kHz

100.00%

0.00% 0.00% 0.00% 0.00%

THD = 10.85% fsw  = 4.06 kHz

TV-MPC

Figure 11. Experimental results obtained with AST-MPC (first column), LP-MPC (second column),
and TV-MPC (third column). From top to bottom: (a) speed, (b) dq currents, (c) xy currents, (d) phase
currents, and (e) control frequency selection histograms.

The speed responses shown in Figure 11a indicate that all the considered strategies
provide an adequate tracking of the speed reference under the evaluated operating condi-
tions, with no appreciable differences among them. However, more evident distinctions
arise when analyzing stator current regulation. The dq current responses depicted in
Figure 11b show that reference tracking is achieved in all cases, but the LP-MPC strategy
exhibits clearly higher ripple levels in both the d- and q-axis components. This behavior is
mainly associated with two factors: the use of a single voltage vector per control period
and the consideration of both subspaces in the cost function. In contrast, the multivec-
tor control schemes (TV-MPC and AST-MPC) provide a significantly smoother current
response, confirming the benefits of the regulation of secondary components in open-
loop mode. A similar tendency can be observed in the xy subspace currents shown in
Figure 11c, where both multivector strategies maintain the secondary subspace currents
at significantly lower levels than those obtained with LP-MPC. This result reflects the
difficulty of the single-vector approach to simultaneously achieve an accurate tracking of
the dq current references while minimizing the undesired current components associated
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with the secondary xy subspace, which are directly related to additional stator copper
losses. The impact of these differences becomes more evident when examining the phase
currents presented in Figure 11d, where the multivector control strategies produce a clear
improvement in current waveform quality. In quantitative terms, the THD is reduced by
36.51% for TV-MPC relative to LP-MPC and by 42.89% for the proposed AST-MPC strategy,
highlighting the advantages of multivector control actions for improving current quality in
multiphase drives.

A particularly relevant advantage of the proposed method becomes apparent when
considering the switching frequency. Despite achieving the best current quality among the
evaluated controllers, the AST-MPC strategy requires significantly lower switching activity.
Specifically, it achieves a current quality comparable to that of TV-MPC while reducing the
switching frequency by 40.14%, and even 30.76% lower than LP-MPC, despite the latter
applying only one voltage vector per control period. This behavior can be understood
from the frequency selection histograms shown in Figure 11e. Although LP-MPC operates
with variable sampling time, the controller is forced to select frequencies close to the upper
limit of the admissible range in order to satisfy the control objectives using a single control
action, resulting in 98.13% of the selections occurring near the maximum frequency. In
contrast, the proposed AST-MPC strategy makes a more effective use of the entire available
frequency range, allowing lower control frequencies whenever possible while maintaining
proper current regulation. This improved utilization of the frequency range explains how
AST-MPC can apply three voltage vectors per control interval while still achieving a lower
effective switching frequency than the other evaluated strategies.

Figure 12 provides a broader comparison of the main quality metrics across the
operating range of the drive. In Figure 12, each row presents a 3D surface representation of
the function of speed and load configuration, together with its corresponding projections
for each variable independently. The evaluated performance indicators are as follows:
(a) THD, (b) standard deviation of the xy currents (σxy), (c) fsw, and (d) torque ripple
(στ). This analysis over multiple operating conditions allows a more global evaluation of
the regulation schemes, demonstrating that the favorable performance observed in the
operating point previously discussed in Figure 11 is not limited to that specific case but is
consistently maintained across the explored speed and load range.

Focusing on Figure 12a, which depicts THD, a clear trend can be identified. From the
distribution of the points and their projections, the LP-MPC strategy exhibits a noticeably
higher dispersion of THD values, regardless of whether the variation is analyzed with
respect to speed or load independently. Moreover, its THD levels remain consistently
higher than those obtained with the multivector control schemes. In contrast, the multi-
vector strategies present a much more compact distribution of THD values, indicating a
more consistent current quality across the operating range. Within these approaches, the
proposed AST-MPC method generally achieves slightly lower THD values than TV-MPC.
The behavior of σxy, shown in Figure 12b, also reveals a clear global tendency. As both
speed and load increase, the magnitude of the currents circulating in the secondary sub-
space tends to increase, resulting in higher standard deviation values. As expected, the
largest values correspond to LP-MPC, since this method does not actively regulate the
xy currents due to the inherent limitations of applying a single control action per control
period. In contrast, the multivector control schemes significantly reduce the magnitude
of these components, and the results obtained with AST-MPC and TV-MPC are almost
indistinguishable, with both surfaces appearing practically superimposed. This confirms
that both strategies provide an effective regulation of the secondary subspace currents. The
fsw results shown in Figure 12c reveal a different tendency. For the multivector control
schemes, the fsw generally increases as the operating point becomes more demanding,
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i.e., when speed or load increases. This behavior is expected, as the control strategy must
react more frequently to maintain the desired current-tracking performance. Among the
evaluated methods, TV-MPC consistently exhibits the highest fsw due to its use of a fixed,
high control frequency and the application of three voltage vectors per control period. In
contrast, the proposed AST-MPC strategy achieves the lowest switching frequency values
in most operating conditions, benefiting from the adaptive sampling-time mechanism. The
LP-MPC approach shows the opposite trend, as its switching frequency tends to decrease
when the operating point becomes more demanding. As a result, the AST-MPC strategy
generally outperforms both benchmark methods in this metric, with LP-MPC only reaching
comparable or slightly lower switching frequency values at the most demanding operating
points. Finally, Figure 12d presents the torque ripple, expressed through the standard
deviation of the electromagnetic torque στ . A general trend can again be observed: as the
operating conditions become more demanding, the torque ripple increases. The highest
torque ripple levels correspond to LP-MPC, which is consistent with its poorer dq current
regulation capability. Conversely, the multivector control strategies exhibit significantly
lower ripple levels, with AST-MPC and TV-MPC showing very similar behavior across the
entire operating range and no noticeable differences between their surfaces.

Overall, the analysis across the different operating points confirms the main strengths
of the proposed method. The AST-MPC strategy achieves high current quality, generally
equal to or superior to the other evaluated control strategies, while maintaining effective
regulation of both the dq and xy current components comparable to that of TV-MPC, but
with a significantly lower switching effort. This combination of improved current quality
and reduced switching activity highlights the advantages of integrating adaptive sampling
time with multi-vector predictive control in multiphase drive applications.

4.2.3. Assessment 3: Adaptive Time Analysis

Figure 13 focuses exclusively on the behavior of the proposed AST-MPC strategy and
illustrates the histograms of control frequency selection for three representative operating
points, arranged from a low-demand condition to a high-demand one from the first to
the third column. In addition to the frequency selection itself, Figure 13 also indicates,
for each selected frequency, the percentage of control actions associated with null and
active voltage vectors. This representation allows the adaptive behavior of the proposed
regulation scheme to be clearly visualized, showing how the control algorithm modifies its
decision-making process depending on the operating conditions of the drive.

For the low-demand operating point, most of the control actions are concentrated
in the lowest portion of the available frequency range (left column, Figure 13), and all of
them correspond to the selection of the null vector. Only a small portion of the control
actions occurs at frequencies close to the upper limit of the admissible range, which are
associated with the application of active voltage vectors required to maintain proper current
regulation. Notably, intermediate frequencies are not selected in this operating condition,
indicating that the controller naturally favors the lowest possible control frequency.

When the operating point moves to a medium-demand condition, the distribution
of selected frequencies changes noticeably (see the middle column of Figure 13). The
percentage of selections in the lowest frequency region decreases, while a larger portion
of the control actions is distributed across intermediate and high frequencies, particularly
near the upper limit of the admissible range. As shown in Figure 13, when the AST-MPC
method operates at the lowest frequencies, the majority of the applied actions correspond
to null vectors, representing 57.25% out of the total 59.12% of selections in this frequency
region, while the remaining percentage corresponds to active voltage vectors. This behav-
ior indicates that, although the scheme still exploits low frequencies when possible, the
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increased control effort required at this operating point leads to a more diverse use of the
available frequency range.

(a)

(b)

(c)

(d)

Figure 12. Operating metrics comparison of AST-MPC (blue), TV-MPC (red), and LP-MPC (green).
For each row, a 3D surface (first column) and its projections onto XZ (second column) and YZ (third
column) planes: (a) THD, (b) σxy , (c) fsw, and (d) στ .

At the highest-demand operating point, the percentage of selections in the lowest-
frequency region is further reduced, and the control actions become more distributed
across intermediate and high frequencies (see right, Figure 13). In particular, the use of
intermediate frequencies increases considerably compared to the previously discussed
cases. Additionally, the proportion of null and active vectors associated with the lowest
frequencies becomes more balanced, with approximately 24.37% corresponding to null vec-
tors and 26.63% to active vectors within the 51% of selections in this frequency region. This

https://doi.org/10.3390/machines14060592

https://doi.org/10.3390/machines14060592


Machines 2026, 14, 592 23 of 29

indicates that, even at lower frequencies, the controller must apply active voltage vectors
more frequently to meet the higher voltage requirements imposed by the operating point.

83.62%

0.00% 0.00% 0.00%

16.38%

33.39%

3.37%2.76%1.37%

57.25%

1.87% 29.63%

5.50%6.50%7.37%

24.37%
26.63%

200 rpm, R1 500 rpm, R2 800 rpm, R3

Figure 13. Frequency selection histograms for configuration at 200 rpm—R1 (first column), 500 rpm—
R2 (second column), and 800 rpm—R3 (third column).

All in all, the results presented in Figure 13 clearly illustrate the adaptive capability of
the proposed AST-MPC strategy, which intelligently adjusts the control frequency according
to the instantaneous operating requirements of the drive. An important observation is
that whenever the optimal control action corresponds to the null vector, the controller
consistently selects frequencies within the lowest region of the admissible range, thus
minimizing unnecessary switching activity while preserving adequate control performance.

4.2.4. Assessment 4: Dynamic Analysis

Figure 14 presents the dynamic response of the proposed AST-MPC strategy to a step
change in the speed reference from 400 rpm to 800 rpm. Figure 14 illustrates the evolution
of the main drive variables during the transient: (a) rotor speed, (b) dq currents, (c) xy
currents, and (d) phase currents. This test is intended to evaluate the capability of the
proposed control scheme to properly regulate the drive under transient conditions and to
verify that the favorable steady-state performance discussed previously is not achieved
at the expense of degraded dynamic behavior. As shown in Figure 14a, when the speed
reference is modified, the designed AST-MPC achieves a suitable response to satisfy the
reference value. A similar behavior can be observed in the dq current responses shown in
Figure 14b, where the current components quickly adapt to the new operating conditions
while maintaining an appropriate tracking of their respective references. These results
confirm that the proposed control strategy also preserves a suitable dynamic response. The
transient behavior can also be observed in the xy currents and phase currents shown in
Figure 14c and Figure 14d, respectively. In these waveforms, the change in the operating
point results in an almost instantaneous adjustment of the current amplitude, reflecting the
rapid response of the AST-MPC scheme to the new speed reference. Despite the sudden
variation in the operating conditions, the currents remain well regulated, and no significant
oscillations appear during the transient. Overall, this test demonstrates that the proposed
control strategy not only provides the favorable steady-state performance discussed in the
previous figures but also maintains a fast and well-damped dynamic response, confirming
the robustness of the method under varying operating conditions.
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(a)

(c)

(b)

(d)

Figure 14. Dynamic response of the proposed method to a speed reference step from 400 rpm to
800 rpm: (a) speed, (b) dq currents, (c) xy currents, and (d) phase currents.

To complement the qualitative analysis derived from Figure 14, a quantitative eval-
uation of the transient performance has been carried out. The corresponding results are
summarized in Table 4, where standard dynamic performance indices such as speed over-
shoot, settling time, recovery time, current peak, as well as speed and torque ripple are
reported for the evaluated speed step condition. These metrics provide a more objective
assessment of the system response and confirm the observations obtained from the experi-
mental waveforms. In particular, the proposed AST-MPC strategy exhibits a well-balanced
transient behavior, characterized by limited overshoot, appropriate settling dynamics,
and controlled current peaks, while maintaining reduced oscillations in speed during the
transient. This quantitative analysis reinforces the conclusion that the proposed method
achieves a suitable steady-state without compromising the dynamic performance.

Table 4. Quantitative dynamic performance indices of the proposed control strategy under speed
step condition (step from 400 rpm to 800 rpm).

Dynamic Metric Value

Speed overshoot (%) 5.45
Speed settling time with 5% tolerance (s) 1.33

Speed recovery time (s) 0.78
q current peak (A) 6.07
Speed ripple (rpm) 15.72
Torque ripple (Nm) 0.31

4.2.5. Assessment 5: Fault-Tolerance Analysis

Figure 15 illustrates the post-fault behavior of the proposed control strategy when
phase a1 is opened during the experimental test. As observed in Figure 15a, the speed-
tracking performance remains unaffected by the fault, maintaining accurate reference-
following. Likewise, the dq current components shown in Figure 15b continue to track
their references without noticeable degradation, confirming that the main control objective
in the αβ subspace is preserved. In contrast, the effect of the fault becomes evident in
the secondary subspace, as shown in Figure 15c. This behavior is also reflected in the
phase currents of Figure 15d, where phase a current drops to zero immediately after
the fault, while the remaining phases continue operating in a stable manner. Finally,
Figure 15e illustrates that the x component naturally evolves with an opposite trend to that
of the α component, reflecting the inherent coupling imposed by the fault condition. In
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summary, these results demonstrate that the proposed AST-MPC strategy exhibits natural
fault-tolerant capability, maintaining satisfactory performance under open-phase fault
conditions without requiring any control reconfiguration.

(a)

(c)

(b)

(d)

(e)

Figure 15. Post-fault response of the proposed method to a speed reference of 500 rpm: (a) speed,
(b) dq currents, (c) xy currents, (d) phase currents, and (e) αx currents.

4.2.6. Assessment 6: Computational Burden Analysis

Table 5 summarizes the execution times associated with the different predictive con-
trol strategies considered in this work, including conventional FCS-MPC implementations
considering the complete set of 64 switching states (FCS-MPC64) [15], reduced-vector
implementations with 13 control actions (FCS-MPC13), LP-MPC implementations con-
sidering both 64 and 13 candidate control actions (LP-MPC64 and LP-MPC13) [26], the
fixed-sampling-time multivector strategy (TV-MPC) [30], and the proposed AST-MPC
approach. The reported results clearly highlight the computational advantage obtained by
reducing the number of evaluated control actions through the use of predefined virtual
voltage vectors.

Table 5. Execution time of different control schemes.

FCS-MPC64 FCS-MPC13 LP-MPC64 LP-MPC13 TV-MPC AST-MPC

67.4 µs 22.0 µs 78.3 µs 31.2 µs 25.9 µs 27.1 µs

As observed, the conventional FCS-MPC64 scheme evaluating all 64 switching states
requires an execution time of 67.4 µs, whereas the reduced-vector version FCS-MPC13,
considering only 13 control actions, decreases the computational burden to 22.0 µs, rep-
resenting a reduction of 67.36%. A similar tendency can be identified for the LP-MPC
strategy, where execution time decreases from 78.3 µs in LP-MPC64 to 31.2 µs in LP-MPC13
when the candidate control set is reduced from 64 to 13 vectors. These results confirm that
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limiting the evaluated control actions significantly improves the computational burden of
predictive control schemes in multiphase drives.

Regarding the multivector strategies, TV-MPC and the proposed AST-MPC exhibit
execution times of 25.9 µs and 27.1 µs, respectively. Although AST-MPC incorporates
additional stages associated with the adaptive sampling time mechanism and the threshold-
based decision criterion, the increase in execution time with respect to TV-MPC remains very
limited. This demonstrates that the proposed AST-MPC strategy preserves a computational
complexity comparable to that of conventional reduced-vector predictive control schemes
while simultaneously providing the performance improvements discussed in the previous
experimental analyses.

5. Conclusions
The proposed multivector AST-MPC has demonstrated superior performance com-

pared to both fixed-sampling-time multivector schemes (TV-MPC) and variable-sampling-
time single-vector approaches (LP-MPC). Experimental results confirm that AST-MPC
achieves lower THD and reduced effective switching frequency in most operating condi-
tions, while maintaining accurate current regulation. These improvements are achieved
through the combined use of multivector control actions, a threshold-based mechanism
to prioritize the current magnitude, and adaptive sampling time, enabling more efficient
exploitation of the available control actions and switching frequency range.

Furthermore, the proposed method exhibits a suitable dynamic response, ensuring
accurate reference tracking under transient conditions such as speed steps. Its adaptive
nature enables effective adjustment across different operating points, as reflected in the
automatic selection of control periods. In addition, AST-MPC, to the best of the authors’
knowledge, constitutes the first variable-sampling-time predictive control scheme with
inherent natural fault-tolerant capability. The proposed approach overcomes the main limi-
tations of conventional schemes by incorporating multivector control actions to decouple
control objectives and a threshold-based mechanism that introduces magnitude aware-
ness into a direction-based selection process, resulting in a flexible and high-performance
solution for multiphase electric drives.

Author Contributions: Conceptualization, R.L.-L. and I.G.-P.; methodology, R.L.-L. and I.G.-P.;
software, R.L.-L. and P.M.-M.; validation, R.L.-L., P.M.-M., and J.C.-R.; formal analysis, R.L.-L., J.C.-R.,
J.J.A., and A.G.-P.; investigation, R.L.-L., P.M.-M., and J.C.-R.; resources, I.G.-P. and M.J.D.; data
curation, R.L.-L., J.C.-R., J.J.A., and A.G.-P.; writing original draft preparation, R.L.-L., I.G.-P., J.C.-R.,
J.J.A., A.G.-P., P.M.-M., and M.J.D.; review and editing, R.L.-L., I.G.-P., J.C.-R., J.J.A., A.G.-P., P.M.-M.,
and M.J.D.; visualization, R.L.-L.; supervision, I.G.-P. and M.J.D.; project administration, I.G.-P. and
M.J.D.; funding acquisition, I.G.-P. and M.J.D. All authors have read and agreed to the published
version of the manuscript.

Funding: This work has been supported by the Spanish Government under the project PID2024-
158852OB-I00.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in this study are included in the
article. Further inquiries can be directed to the corresponding author.

Conflicts of Interest: The authors declare no conflicts of interest.

https://doi.org/10.3390/machines14060592

https://doi.org/10.3390/machines14060592


Machines 2026, 14, 592 27 of 29

Abbreviations
The following abbreviations are used in this manuscript:

AST-MPC Adaptive Sampling Time Model Predictive Control
FCS-MPC Finite Control Set Model Predictive Control
TV-MPC Triple-Vector Model Predictive Control
LP-MPC Lead-Pursuit Model Predictive Control
ED Electric Drive
IM Induction Machine
6ph-IM Six-Phase Induction Machine
VSC Voltage Source Converter
dc-link Direct Current Link
VSTLPC Variable Sampling Time Lead Pursuit Control
VSD Vector Space Decomposition
PI Proportional-Integral
THD Total Harmonic Distortion
ϵdq Current Tracking Error in dq Subspace
fsw Switching Frequency
σxy Standard Deviation of Secondary Subspace Currents
στ Torque Ripple
Ts Sampling Time
Tmin/Tmax Minimum/Maximum Sampling Time
Sopt Optimal Control Action
Sselected Selected Control Action
Snull Null Control Action
D, Dmin, Dmax Threshold-based Parameters
KThr Threshold Weighting Factor
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