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ABSTRACT Model predictive control has become a powerful and versatile control strategy, particularly
effective in controlling multiphase machines. One of its key advantages is the ability to address multiple
control objectives by incorporating constraints directly into the cost function. However, this feature typically
necessitates the challenging task of tuning weighting factors to balance competing objectives effectively.
This paper proposes a sequential model predictive torque control strategy for six-phase induction machines,
eliminating the need for weighting factors. The proposed approach simplifies the control design process while
maintaining high performance. Simulation and experimental results demonstrate the method’s effectiveness,
showing accurate torque, flux tracking, and appropriate stator currents regulation in the α − β and x − y
planes. These results highlight the potential of the proposed control strategy for practical implementation in
advanced multiphase drive systems.

INDEX TERMS Multiphase electric machines, model predictive control (MPC), sequential model predictive
control (SMPC), six-phase induction machine, torque control, weighting factor elimination.

I. INTRODUCTION
Model Predictive Control (MPC) has emerged as a com-
petitive control technique, gaining popularity in high-
performance industrial applications, particularly in multi-
phase electric drives [1]. Its flexibility allows multiple control
objectives to be incorporated within a single cost function
while ensuring a rapid dynamic response. MPC has become
a strong alternative to traditional strategies such as Direct
Torque Control (DTC) and Field-Oriented Control (FOC) [2],
as well as nonlinear approaches like Sliding-Mode Control
(SMC), which, despite their robustness, can introduce unde-
sirable chattering effects [3].

Multiphase electric machines offer advantages over
traditional three-phase systems, including inherent fault
tolerance [4], lower harmonic distortion [5], and improved
power density [6]. Additionally, they enhance efficiency by
reducing per-phase current, minimizing thermal stress, and
enabling advanced control strategies [7]. These characteris-
tics make them ideal for high-reliability applications such
as electric vehicles, renewable energy systems, and marine
propulsion [8].

However, controlling multiphase machines introduces chal-
lenges due to the increased number of phases, which re-
quires advanced control strategies to manage independent
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subspaces such as the α − β and x − y planes [9]. The
complexity of multi-objective optimization makes traditional
control methods like DTC, FOC and SMC less effective [10].
These challenges have driven the exploration of advanced
control methods, with MPC emerging as a promising al-
ternative that efficiently manages multiple control objec-
tives while fully exploiting the capabilities of multiphase
systems [11].

A key feature of MPC is its reliance on a cost function to
optimize control objectives. This often requires weighting fac-
tors to balance competing goals such as torque, flux, switching
losses, and current regulation. However, tuning these factors is
challenging, as it depends on system-specific parameters and
lacks a systematic design methodology. This issue is widely
recognized, leading to research efforts exploring alternative
solutions, including adaptive weighting strategies, multi-layer
optimization, and methods that eliminate weighting factors
altogether [12], [13].

Among these alternatives, Sequential Model Predictive
Control (SMPC) has emerged as an effective strategy that
addresses several limitations of conventional MPC. By prior-
itizing and addressing control objectives sequentially rather
than within a single cost function [14], SMPC eliminates
complex weighting factor tuning while maintaining high per-
formance. Additionally, it reduces computational burden by
decomposing the multi-objective problem into simpler hierar-
chical subproblems, making real-time implementation more
feasible [15]. These benefits position SMPC as a practical
approach for high-performance motor drive applications [16].

Several recent studies have investigated SMPC approaches
for motor control applications. However, most research has
been confined to three-phase systems, with little explo-
ration of their applicability to multiphase machines. The first
application of SMPC, presented in [19], demonstrated its
effectiveness in three-phase machines by sequentially eval-
uating torque and flux control, eliminating the need for
weighting factors. Davari et al. introduced a balanced SMPC
method that dynamically prioritizes either torque or flux
based on cross-error minimization, further enhancing perfor-
mance [20]. Murillo-Yarce et al. compared various SMPC
strategies across different converter topologies, highlighting
the trade-offs between Voltage Source Inverter (VSI) and Neu-
tral Point Clamped (NPC) converters regarding harmonic dis-
tortion and dynamic response [21]. Additionally, Shahid et al.
reviewed MPC techniques for energy-efficient AC drives, em-
phasizing how sequential approaches reduce computational
demands and improve steady-state performance [22]. In [23]
was proposed a general strategy of SMPC that is effective
when any of the two cost functions is first evaluated, so the
hierarchy of the cost functions is solved, increasing the stabil-
ity and universality of the SMPC.

In the context of multiphase machines, some Predictive
Torque Control (PTC) strategies have been explored to ad-
dress the added control complexity and subspace interactions.
Gonçalves et al. [24] provided a comprehensive overview

of predictive control methods for six-phase machines, em-
phasizing the challenges of weighting factor selection and
converter configuration. Riveros et al. [25] introduced a PTC
method for five-phase induction motor drives as a high-
performance alternative to DTC. Their work offered improved
response and reduced complexity. Luo and Liu [26] proposed
a multi-vector-based MPTC strategy for six-phase permanent
magnet synchronous machines (PMSMs), combining synthe-
sized vectors and null vectors to maintain fixed switching
frequency while effectively reducing current harmonics and
torque ripple. Maqueda et al. [27] developed a reduced-
complexity PTC algorithm for six-phase induction machines
fed by a multi-modular matrix converter, demonstrating ro-
bust performance under speed control and fault conditions
with significantly lower computational burden. These studies
underline the relevance of MPTC in multiphase systems and
motivate the development of sequential strategies like the one
proposed in this paper.

This article builds upon the preliminary work presented
in [28], where the fundamental concept of Sequential Model
Predictive Torque Control (SMPTC) for six-phase induction
machines was introduced. While the foundational princi-
ples were established, this study expands and refines the
strategy by incorporating comprehensive experimental val-
idation, a detailed analysis of implementation challenges,
and optimizations to enhance robustness under varying op-
erating conditions. This refined approach extends the ap-
plicability of SMPTC and establishes a new benchmark
for high-performance predictive control in multiphase drive
applications.

The main contributions of this article are summarized as
follows:

1) The MPC is applied to a multiphase drive system, fo-
cusing on current and torque control. This offers a novel
strategy that improves control performance and system
efficiency.

2) The application of SMPC to a three-stage system ex-
ploits additional degrees of freedom, particularly in
managing independent control subspaces and optimiz-
ing torque production efficiently. Currently, the litera-
ture applies SMPC only to a two-stage control structure,
demonstrating its benefits in this type of application.

3) The proposed control strategy is tailored explicitly for
six-phase induction machines. This expanded frame-
work provides greater control flexibility, enabling su-
perior management of the α − β and x − y subspaces,
which is crucial for adequate torque and flux regulation.

This paper is organized as follows: Section II details the
modelling of the six-phase induction machine and associ-
ated predictive equations. Section III describes the proposed
weighting-factorless SMPTC strategy. Section IV presents
the simulation and experimental results, thoroughly ana-
lyzing the system’s performance. Finally, Section V con-
cludes the paper and outlines potential directions for future
research.
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II. SIX-PHASE ELECTRIC MOTOR DRIVE’S MODEL
This study considers a six-phase induction machine with
an asymmetric winding configuration and isolated neutrals.
Two three-phase VSIs power the machine, each supplying
an independent set of three-phase stator windings. The DC
link voltage is denoted as Vdc. The system model is devel-
oped using the Vector Space Decomposition (VSD) method,
which separates the control variables into the α − β and x − y
planes.

To account for inherent computational and actuation delays
in the digital control system, a two-step prediction horizon
(k + 2) is employed for delay compensation. This ensures that
the control input applied at time k anticipates system delays,
thereby improving the precision and dynamic performance of
the predictive control strategy. The discrete-time state-space
representation of the system, incorporating this delay com-
pensation mechanism, is formulated as:

îs[k+2|k] = �is[k+1] + �vs[k+1] + �ψ[k+1]ψr[k+1], (1)

where is[k] = [
isα[k] isβ[k] isx[k] isy[k]

]T
represents the stator

currents, vs[k] = [
vsα[k] vsβ[k] vsx[k] vsy[k]

]T
denotes the stator

voltages, and ψr[k] = [
ψrα[k] ψrβ[k] 0 0

]T
corresponds to the

rotor flux components.
The system matrices are:

� = λrI4, � = Ts

σLs
I4,

�ψ [k] = krTs

σLs

⎡
⎢⎢⎢⎣

1
τr

ωr[k] 0 0

−ωr[k]
1
τr

0 0

0 0 0 0

0 0 0 0

⎤
⎥⎥⎥⎦ .

where λr = 1 − Ts
τr

and I4 is the 4 × 4 identity matrix. The
electrical parameters are defined as:

kr = Lm

Lr
, σ = 1 − L2

m

LsLr
, τr = Lr

Rr
,

where Ts is the sampling period, ωr[k] is the rotor electrical
speed, and Rr , Ls, Lr , Lm are the machine parameters.

A. VSI MODEL
The VSI model is characterized by N = 26 = 64 switching
states, comprising 49 non-redundant and 15 redundant voltage
vectors. The stator voltage vector vs[k] is given by:

vs[k] = Vdc

3
MS, (2)

where the inverter transformation matrix M is:

M =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎣

2 0 −1 0 −1 0

0 2 0 −1 0 −1

−1 0 2 0 −1 0

0 −1 0 2 0 −1

−1 0 −1 0 2 0

0 −1 0 −1 0 2

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎦
. (3)

FIGURE 1. Proposed SMPTC strategy.

III. PREDICTIVE TORQUE CONTROL
To implement the SMPTC strategy, predictive equations are
used to estimate torque, flux, and stator currents at the predic-
tion horizon k + 2. The two-step prediction horizon is chosen
to address delays caused by sampling, actuation, and compu-
tation, ensuring that the control action applied at time k aligns
with the actual system state when executed [29], [30]. The
predicted electromagnetic torque is computed as:

T̂e[k+2] = 3P
(
ψ̂sα[k+2] îsβ[k+2] − ψ̂sβ[k+2] îsα[k+2]

)
. (4)

The predicted stator flux components are given by:

ψ̂sαβ[k+2] = σLs îsαβ[k+2] + krψrαβ[k+2]. (5)

The rotor flux is estimated and predicted using the following
expression, which serves as the internal flux estimator in the
control scheme:

ψ̂rαβ[k+2] = λrψrαβ[k+1] + LmTs

τr
isαβ[k+1]

− ωr[k+1]Ts

[
0 1

−1 0

]
ψrαβ[k+1]. (6)

A. PROPOSED SMPTC
The proposed SMPTC strategy employs a three-stage se-
quential selection process, as illustrated in Fig. 1, which
progressively refines voltage vector candidates. The control
stages are:

Stage 1: x–y Current Regulation: The first step minimizes
isxy by evaluating all N = 64 voltage vectors with the cost
function:

gxy = |i∗sxy − îsxy[k+2]|. (7)

This cost function is designed to minimize prediction errors
in the x and y current components related to copper losses
in multiphase machines. Since the reference is usually set to
zero, this stage helps reduce these components. The formu-
lation adheres to standard predictive control practices, where
reference variables are tracked by minimizing their absolute
deviation.

Stage 2: Torque Regulation: The best N1 voltage vectors are
selected for torque control using:

gT = |T ∗ − T̂e[k+2]|. (8)
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FIGURE 2. Flowchart of the proposed SMPTC implementation.

Stage 3: Flux Regulation: The best N2 voltage vectors pro-
ceed to the final stage, minimizing:

gψs = |ψ∗
sαβ − ψ̂sαβ[k+2]|. (9)

Finally, the optimal voltage vector minimizing gψs is applied
to the machine.

B. FLOWCHART OF THE PROPOSED SMPTC STRATEGY
The entire SMPTC process is summarized in Fig. 2, which il-
lustrates the step-by-step sequence followed by the predictive
control strategy.

TABLE 1. Six-Phase Machine Electrical and Mechanical Parameters

The flowchart details the selection of voltage vectors across
the three prediction stages, where each stage refines the candi-
date vectors based on the hierarchical cost functions. The flow
begins with evaluating N = 13 switching states and selecting
the best candidates for each subsequent control stage. This
structure ensures reduced computational complexity while
maintaining high-performance predictive control.

IV. OBTAINED RESULTS
The proposed SMPTC strategy was validated using an exper-
imental test bench featuring a six-phase induction machine
powered by a dual three-phase VSI. The inverters are sup-
plied by a controlled DC voltage source and managed through
a dSPACE MABXII real-time control system. This system
operates with MATLAB/Simulink for signal processing and
implementation. Experimental data is recorded and processed
using MATLAB. The electrical and mechanical parameters of
the machine were identified using industry-standard standstill
tests and AC time-domain analysis. The key machine param-
eters are listed in Table 1.

Hall effect sensors (LA 55-P), featuring a frequency re-
sponse of up to 200 kHz, were used to measure the stator
currents. The acquired signals are digitized with a 16-
bit analog-to-digital (A/D) converter for precise processing.
Rotor position feedback is obtained using a 1024-pulse-
per-revolution (ppr) incremental encoder, from which speed
estimation is derived. The machine is loaded with a 5 HP
eddy current brake, allowing for the application of controlled
torque.

The control strategy maintains the x − y current references
at zero (i∗sx = i∗sy = 0), as these components are primarily
linked to additional power losses. Fig. 3 illustrates a schematic
diagram of the experimental setup and includes images of the
test bench.

A. ANALYSIS OF N1 AND N2 SELECTION
The selection of N1 and N2 significantly impacts the perfor-
mance of the proposed SMPTC strategy. These parameters
determine the number of voltage vectors retained at each
control stage, affecting the system response. Their effect is
evaluated using the Total Harmonic Distortion (THD) of stator
currents, the Mean Squared Error (MSE) of torque, and the
MSE of x − y current components.

Simulations were performed for different values of N1 and
N2, and the corresponding THD, torque MSE, and x − y cur-
rent MSE are presented in Table 2.
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FIGURE 3. Experimental setup.

TABLE 2. Performance Evaluation of Different Combinations of N1 and N2

Based on THD, Torque MSE, and x − Y Current MSE

According to Table 2, the values N1 = 13 and N2 = 4 rep-
resent a balanced trade-off among current distortion, torque
tracking accuracy, and minimization of x − y currents. This
combination achieves an optimal compromise between cur-
rent quality, torque regulation, and efficiency, making it
suitable for real-time implementation.

B. EXPERIMENTAL VALIDATION
In the first selection stage, N = 13 voltage vectors were con-
sidered. These vectors correspond to the outermost positions
in the α − β plane, which yield smaller vector magnitudes
when transformed into the x − y plane. This selection nat-
urally minimizes the influence of the x − y components,
primarily related to additional machine losses, thereby en-
hancing overall efficiency.

For clarity and reproducibility, Table 3 summarises all
control-related parameters used in the implementation of the
SMPTC strategy, including the prediction horizon, vector se-
lection sizes, sampling time, and reference values.

Experimental tests were conducted under both steady-state
and transient conditions, with a load set at 80% of the nominal

TABLE 3. Control Parameters Used in the Proposed SMPTC Algorithm

torque. The purpose of these tests was to evaluate system
performance across various operating conditions.

1) COMPARISON BETWEEN CONVENTIONAL PTC AND THE
PROPOSED SMPTC
The conventional PTC strategy used for comparison is based
on standard predictive control formulations, as described
in [24], and includes torque, flux, and x–y current regulation
through a weighted cost function. To enable a fair perfor-
mance comparison with the proposed SMPTC, the weighting
factors in the classic PTC scheme were heuristically tuned.
Several combinations of Kf (flux weighting) and Kx , Ky (for
x–y current terms) were tested to achieve acceptable sys-
tem behavior across different operating conditions. It was
observed that high values of Kf , Kx , and Ky excessively pe-
nalize the associated variables, degrading torque response.
Conversely, very low weights allow excessive x–y currents,
increasing losses. The best trade-off was achieved with Kf =
10, and Kx = Ky = 0.2, resulting in reduced torque ripple and
controlled x–y current components. Further implementation
details are available in Appendix A. For consistency, the same
sampling frequency was used in both control strategies to
ensure a fair and technically sound comparison.

In the classical implementation of PTC, all 64 voltage
vectors are evaluated at each sampling instant, thanks to the
computational structure that allows for full enumeration. In
contrast, the SMPTC algorithm uses sequential selection and
limits the number of evaluated vectors to 13 to ensure real-
time applicability. The selected vectors are those deemed to
have the highest potential impact based on control goals.

Fig. 4 presents a steady-state analysis of the motor op-
erating at 1500 r/min, comparing classic PTC (left column)
and SMPTC (right column). The top graphs in both columns
display the torque response, demonstrating rapid stabilization
under steady-state conditions. The second and third graphs
show the stator flux and speed, respectively, for both control
techniques. The stator currents in the α − β plane are repre-
sented in fourth graphs, where SMPTC shows a lower ripple
than classic PTC. The fifth set of graphs represents the stator
currents in the x − y plane, indicating that SMPTC reduces
losses compared to classic PTC. This comparison emphasizes
the advantages of SMPTC in steady-state operation.
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FIGURE 4. Steady-state analysis at 80% of nominal torque running at
1500 r/min: From top to bottom for both classic PTC (left column) and
SMPTC (right column): Torque; flux; speed; α− β stator currents and x − y
stator currents.

TABLE 4. Computational Cost and Switching Frequency Comparison

To complement the performance comparison, Table 4 sum-
marizes the computational effort and switching frequency for
both control strategies. A detailed analysis shows that, for
each iteration, the SMPTC algorithm performs 123 Floating-
Point Operations (FPOs) related to flux and current prediction,
and 117 additional FPOs due to the two-step prediction hori-
zon. The cost function minimization involves three loops: the
first loop for x–y current regulation with 13 iterations per-
forms 845 FPOs, the second loop for torque control with 13
outer and 4 inner iterations performs another 845 FPOs, and
the third loop for flux control with 4 iterations adds 28 FPOs.
This results in a total of 1958 FPOs per sampling period for
the SMPTC strategy. On the other hand, for the classical PTC
implementation, which evaluates all 64 voltage vectors at once
across a single-stage cost function, the total number of FPOs
per sampling period is 3968.

FIGURE 5. Reverse test from 1000 r/min to −1000 r/min: From top to
bottom (left column): Torque and α− β stator currents; (right column):
Rotor mechanical speed and x − y stator currents.

FIGURE 6. Torque response at 80% of nominal torque at 1500 r/min: From
top to bottom (left column): Torque and α− β stator currents; (right
column): Rotor mechanical speed and x − y stator currents.

In addition to the computational effort, Table 4 also com-
pares the average switching frequency of both control strate-
gies. The results show that the proposed SMPTC exhibits a
higher average switching frequency (5.8 kHz) compared to
the classic PTC (3.6 kHz).

2) DYNAMIC ANALYSIS OF THE SMPTC
Next, Fig. 5 presents the results of the reverse test, where
the motor speed transitions from 1000 r/min to -1000 r/min.
The left column illustrates the torque response and the stator
currents in the α − β plane. It shows a rapid decrease in torque
followed by stabilization as the motor changes direction.
During this transition, the stator currents exhibit significant
oscillations. The right column displays the rotor’s mechanical
speed, which shifts from positive to negative, confirming the
successful reversal of motor operation. The second graph on
the right depicts the stator currents in the x − y plane, which
stabilize after an initial transient period. This figure effectively
demonstrates the motor’s dynamic response during the rever-
sal process.

Fig. 6 illustrates the transient response of the torque when
operating at 80% of the nominal load, with the motor running
at a constant speed of 1500 r/min. The top graph shows that
the torque quickly stabilizes at its reference value after a brief
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FIGURE 7. Effect of Sampling Frequency on Torque and Current Errors.

transient period. During this transition, the rotor speed expe-
riences a slight drop before returning to its steady-state value.
The figure is organized into two columns. The left column
presents the torque response and the stator currents in the
α − β plane, oscillating around their steady-state values. The
right column displays the rotor’s mechanical speed, which
stabilizes rapidly, along with the stator currents in the x − y
plane, which settle after an initial transient period. This figure
emphasizes the motor’s torque response and smooth transition
to the desired operating conditions.

3) SENSITIVITY ANALYSIS TO SAMPLING FREQUENCY AND
PARAMETER VARIATIONS
Fig. 7 illustrates how the sampling frequency ( fs) affects the
MSE of Te and the stator current components in the x − y
plane (is). The graph shows that as the sampling frequency
increases, the MSE values generally decrease, indicating im-
proved control accuracy. Specifically, the MSE of Te drops
significantly from 0.0963 at 10 kHz to approximately 0.0339
at 22 kHz, highlighting that higher sampling rates enhance
torque regulation. Similarly, the MSE also follows a de-
creasing trend, reflecting a reduction in unwanted current
components that contribute to power losses. However, beyond
16 kHz, the improvement in MSE becomes less pronounced,
suggesting a potential trade-off between performance gains
and computational burden. This analysis emphasizes the
importance of selecting an optimal sampling frequency to
balance control precision and implementation feasibility in
predictive torque control strategies.

Finally, the impact of magnetizing inductance (Lm) vari-
ations on control performance is analyzed in Fig. 8. The
horizontal axis represents deviations of Lm from its nominal
value, where 1.0 corresponds to the baseline. In contrast, the
left vertical axis shows the MSE of isx and isy, and the right
vertical axis represents the MSE of Te. The results indicate
that while parameter variations influence the control per-
formance, the proposed SMPTC strategy maintains a stable
response, demonstrating robustness against model uncertain-
ties. The fluctuations in MSE values remain within acceptable
limits, confirming the method’s effectiveness under varying
system parameters.

FIGURE 8. Performance Sensitivity to Magnetizing Inductance Variation.

Note that the proposed control strategy utilizes a single
voltage vector for each sampling period. While this approach
simplifies the algorithm and allows for real-time implemen-
tation, it may result in slightly higher torque ripple compared
to methods that use multiple vectors per cycle. However, these
multi-vector strategies often bring about increased modulation
complexity and additional computational demands.

V. CONCLUSION
This paper introduced a novel Sequential Model Predictive
Torque Control (SMPTC) strategy for six-phase induction
machines, eliminating the need for weighting factors while
effectively managing multiple control objectives. By im-
plementing a three-stage sequential selection process, the
proposed method prioritized x-y current regulation, torque
tracking, and flux control separately, improving system per-
formance regarding current quality, torque accuracy, and
computational efficiency. The selection of N1 = 13 and N2 =
4 provided an optimal balance between minimizing harmonic
distortion and maintaining accurate torque regulation, as
demonstrated through simulation and experimental validation.
The results confirmed that SMPTC outperforms conventional
predictive control strategies by reducing the ripple of the stator
current and improving steady-state and transient performance.

Although several recent works have addressed the reduc-
tion of computational complexity and the tuning of weighting
factors in MPC for multiphase machines—through auto-
tuning methods, metaheuristic optimization, or simplified cost
functions—these approaches still depend on the presence of
weighting parameters and often require extensive offline ad-
justment. In contrast, the main contribution of the proposed
SMPTC strategy lies in fully eliminating the need for weight-
ing factors by sequentially prioritizing control objectives,
which simplifies implementation and enhances robustness
without relying on heuristic tuning.

Future work will further optimise the selection of N1

and N2 through a systematic methodology, reducing com-
putational complexity via advanced selection algorithms and
enhancing robustness against parameter variations. Extending
the proposed strategy to other multiphase machine con-
figurations and integrating fault-tolerant capabilities could
broaden its applicability in industrial and automotive drive
systems.
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APPENDIX CONVENTIONAL PREDICTIVE TORQUE
CONTROL (PTC) METHOD
In this approach, the outer loop comprises a conventional
PI controller that regulates the mechanical speed and gener-
ates the corresponding torque reference T ∗

e , similarly to the
proposed SMPTC. This reference is compared against the
predicted electromagnetic torque, which is calculated using
the predictive model and depends on both estimated and fore-
casted rotor flux components.

In addition, the stator flux is predicted and compared to its
reference value. The algorithm evaluates all available switch-
ing states defined by the converter (a total of 64 vectors in this
case), using real-time measurements of rotor speed and stator
phase currents as inputs to the model.

A key feature of this method is the use of a cost function,
shown in (10), which combines multiple control objectives—
namely torque, flux, and x–y current regulation. This is
achieved through a set of weighting factors, Kf , Kx , and Ky,
which balance the influence of each term in the minimization
process and must be tuned according to specific application
needs. These factors directly influence the selection of the
optimal switching vector to be applied during each sampling
interval.

J = (etorque)2 + Kf (e f lux )2 + Kx (ex )2 + Ky(ey)2 (10)

where the errors are defined as: etorque = T ∗
e − Te[k+2],

e f lux = ψ∗
s − ψs[k+2], ex = i∗sx − isx, ey = i∗sy − isy.
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