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ARTICLE INFO ABSTRACT

This paper proposes an improved Predictive Direct Torque Control

Article history (DTC) strategy for Double-Star Permanent Magnet Synchronous
Received October 01, 2025 Machines (DSPMSMs). Conventional DTC exhibits torque and flux
iz\cllzset(ié\lﬁl Y;r:beggz’zgggs ripples and variable switching frequency due to the use of hysteresis
P e comparators and switching tables. To address these limitations, a hybrid
predictive DTC approach is developed by integrating model-based

gzggggiusate d Mechanical prediction with Proportional-Integral (PI) regulators to maintain constant
System UMS: switching frequency in both inverters. The novelty of this work lies in the
Fractional-Or’der; real-time coordination of the dual-inverter DSPMSM structure while
Sliding Mode Control; simultaneously suppressing torque ripple and improving current
Adaptive Fuzzy Type-3 waveform quality. The proposed control scheme is implemented in

MATLAB/Simulink and evaluated under speed reversal and load
disturbance conditions, and the obtained results demonstrate significant
improvements in torque ripple suppression, current quality, and overall
machine performance. These improvements demonstrate the effectiveness
of the approach for high-performance electric drive applications. The
study is currently limited to simulation validation, and future work will
focus on real-time implementation and robustness evaluation under
practical machine and inverter parameter uncertainties.
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1. Introduction

Model Predictive Control (MPC) and Direct Torque Control (DTC) have become central
strategies for high-performance electrical drives due to their fast dynamic response, direct
manipulation of torque and flux, and suitability for modern power converters. Recent contributions
in predictive torque and current control span a wide range of machine types, including switched
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reluctance motors (SRM), PMSMs, induction motors, multiphase machines, and dual-stator
architectures. Early foundations in predictive torque control for SRM and PMSM highlighted
efficiency and measurement reduction through optimized voltage-vector prediction [1], [2], with
further developments demonstrating robust implementations in multi-machine systems such as
series-connected five-phase PMSMs [3]. Model-free, data-driven, and multiphase predictive current
control techniques have also emerged to reduce measurement burdens and improve adaptability in
dual three-phase PMSMs, five-phase PMSMs, and multiphase drives [4]-[7].

A key evolution in MPC research concerns robustness against parameter variations,
disturbances, and dead-time effects. Several works propose inductance/flux-linkage extraction
algorithms, disturbance observers, sliding-mode observers, and optimized dead-time voltage-vector
compensation [8]-[15]. These methods improve the reliability of predictive controllers in uncertain
environments, while deadbeat predictive torque control and discrete SVM-based MPC schemes
significantly enhance steady-state accuracy and transient response in PMSM drives [11], [12], [16].
Complementary research introduces dual-channel feedback MPC [13], robust sliding-mode
predictive torque control for induction motors [14], and optimized-sector predictive torque control
for SRM [15].

In recent years, attention has shifted toward torque- and flux-ripple reduction using multi-
vector, three-vector, or weighting-factor-free predictive control strategies. Multi-vector predictive
current control has shown strong ripple suppression in five-phase and six-phase machines using
virtual vectors [6], [7], whereas advanced three-vector MPC methods for dual three-phase PMSMs
reduce ripple and improve harmonic behavior [17]. Multi-vector finite-control-set MPC has been
further refined in low-complexity versions for SPMSM and multiphase machines [18]-[20].
Additional contributions explore discrete SVM enhancements [16], weighting-factor-free DTC
strategies [21], lookup-table-based MPC [22], and nonlinear efficiency-optimal MPC for induction
machines [23]. Intelligent and hybrid schemes incorporating fuzzy logic, adaptive observers,
immune chaotic PSO, and metaheuristic optimization also contribute to performance improvements
in PMSM and SRM predictive control [10], [25]-[29].

Predictive torque control for multiphase and dual-stator systems has gained increased interest
due to intrinsic benefits such as fault tolerance, reduced torque pulsations, and improved power
density. Recent works investigate three-vector predictive torque control for dual three-phase
machines [17], finite-set MPC for PMSG-based wind systems [30], and continuous-set MPC for
electrically excited synchronous motors [31]. Several studies address the control challenges of
SRMs with multi-leg inverters [25], voltage-vector parallel optimization for PMSMs [32], sliding-
mode-observer-assisted MPC [26], and dual-torque duty-cycle MPC for PMSMs [33]. Open-end
winding and nine-phase PMSM systems have been addressed using cost-free function MPC, fuzzy
MPC, and zero-sequence current suppression techniques [34], [24].

Classical and advanced DTC research continues to serve as the primary benchmark for torque-
regulation performance. Enhancements include load-capacity-aware five-phase PMSM DTC [36],
hybrid DTC-SVM for multiphase machines [35], analytical torque-ripple modeling for PMSM [36],
low-ripple DTC for IPMSM [37], optimized DTC-SVM using metaheuristics [38], and torque-
ripple-suppression predictive strategies for induction machines [39]. Foundational contributions in
predictive DTC further support modern developments [40]. Dual-stator and multi-stator research
highlights specific challenges in harmonic-current mitigation, circulating-current suppression, and
fault-tolerant control, with optimized synergetic control, sliding-mode approaches, and diagnostic
methods developed for DSIM and DSPMSM systems [41]-[45]. Studies on DSPMSM behavior
under nonlinear coupling, aerodynamic loading, and inter-turn-short faults emphasize the
complexity of modeling and controlling dual-stator PMSMs [45]-[49]. Meanwhile, DSPMSM
system identification, slot-number optimization, and magnetic-coupling analysis provide important
insights for ripple minimization and machine design [47], [49].

Additional recent work highlights predictive control challenges in fault-tolerant operations,
variable control periods, genetic-algorithm-based torque optimization, and flying-capacitor balance
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in multilevel inverters [27]-[29], [32], [50]. Advances in fuzzy FOC for seven-phase machines and
synergetic control for dual-stator induction motors further reinforce the diversity of high-
performance control methods applicable to multi-winding and dual-star drives [51], [52]. Classical
modeling of dual-stator windings also remains fundamental to minimizing circulating harmonics and
improving inverter compatibility [53].

Despite this extensive progress, several gaps remain. Most predictive DTC and MPC strategies
have been optimized for conventional three-phase PMSM drives, while the DSPMSM-characterized
by inter-stator coupling, potential circulating currents, and complex harmonic behavior-has received
significantly less attention. Only a limited number of studies explore predictive control explicitly
tailored to DSPMSM behavior [45]-[48]. Moreover, consistent switching-frequency control, low
computational cost, and robustness against parameter variations remain open challenges, especially
in industrial scenarios requiring real-time implementation. Finally, comparative studies between
predictive DTC, MPC-SVM, and hybrid intelligent schemes for DSPMSM remain scarce, hindering
unified assessment of performance versus computational complexity. Motivated by these gaps, the
present work proposes a predictive DTC strategy specifically designed for DSPMSM drives. This
positions the proposed method at the intersection of predictive control advances [54]-[58] and
DSPMSM-specific requirements [40], [42], [59], [60].

The proposed strategy eliminates the need for hysteresis controllers and lookup tables while
ensuring constant inverter switching frequency. Furthermore, a Proportional—Integral (PI) regulator
is integrated with the predictive model to enhance steady-state performance and minimize torque
and flux errors. This hybrid predictive—PI approach effectively reduces torque ripple, improves
current waveform quality, and enhances the drive’s overall stability and efficiency. The main
contributions of this work are as follows:

1. Development of a predictive DTC framework tailored for DSPMSMSs that removes hysteresis
controllers and static lookup tables.

2. Integration of PI regulators within the predictive control loop to achieve constant switching
frequency and superior torque—flux regulation.

3. Comprehensive simulation validation in MATLAB/Simulink, demonstrating significant
reductions in torque ripple and harmonic distortion, and confirming the feasibility of the
proposed control for high-performance DSPMSM applications.

The remainder of the paper is organized as follows. Section 2 is the methodology section and it
is divided into two main subsections, the first one introduces the mathematical model of the
DSPMSM, while the second one describes the proposed advanced predictive DTC methods. Section
3 discusses simulation results and performance analysis. Finally, Section 4 concludes the paper and
outlines future research directions.

2. Methodology

This section presents the modeling and control design of the proposed Predictive Direct Torque
Control (PDTC) strategy for the Double Star Permanent Magnet Synchronous Machine (DSPMSM).
The main contribution lies in extending Model Predictive DTC (MP-DTC)-originally introduced by
Geyer (2009) [40] for conventional PMSMs-to a dual-inverter DSPMSM configuration that
explicitly considers magnetic coupling between the two stator windings. Unlike Mesloub (2016)
[57], who applied predictive-PI control to a single-stator PMSM, the proposed method integrates a
lightweight PI regulator directly within the predictive loop to achieve constant switching frequency
while preserving dynamic torque and flux accuracy. The following subsections describe the
modeling, estimation, predictive control, and implementation details. To provide a clear overview of
the research workflow, Fig. 1 illustrates the sequence of operations in the proposed PDTC system.
The flowchart summarizes the entire methodology from signal acquisition to torque control and
inverter actuation. This diagram provides a concise roadmap that links all subsequent subsections,
making the methodology easier to follow.
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Fig. 1. Flowchart of the proposed predictive DTC strategy for DSPMSM

2.1. Double Star Permanent Magnet Synchronous Machine (DSPMSM)

The double star permanent magnet synchronous machine features two stator windings, each
displaced by an electrical angle of /6 radians. Each stator consists of three identical windings with
an equal number of poles. These windings have axes that are spatially separated by an electrical
angle of 271/3, as illustrated in Fig. 2 [39], [41].

Fig. 2. The presentation of DSPMSM
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2.1.1. DSPMSM Dynamic Model

The electrical model of double star PMSM in the reference (dq) is given by the following
equations:

. a. . d . .
Va1 = RSlldl + Ldlaldl - (‘)qulql + MEldz - M(l.)lqz

) d . ) d . ) 3
Vg1 = Rsrlgr + Lga Elql + wlgqigs + MElqz + Mwiyz, + j;wq,‘)f

M

d d
Vaz = RSZle + LdZaLdZ - (L)qulqz + Maldl - M(l)lql

d d 3
Vg2 = Relgo + Lo Elqz + wlgpigy + Malql + Mwiz + \/;w¢>f

Where v41, V41, Va2, Vg2 are the stator voltages, R; is the stator resistance, and igq,iq1, iqa, g2 are
the stator currents. L Inductance seen by current aligned/orthogonal to rotor flux, M Represents
magnetic coupling between star 1 and star 2 windings. The electromagnetic and mechanical torque
equations are given by:

3
T, = 2P (((Pd11q1 = @qilar) + (Pazlgs — <Pq21dz))
aQ 2)
J E +fA=T,—T,
®a, Pq are the components of the stator flux linkage vector.
2.2. Voltage Source Inverter

The DSPMSM is powered by two three-phase two-level inverters, the mathematical model of
VSI can be expressed as follows [43]:

Va1l [2 =1 —1][Sa1]

vpi|=[-1 2 —1|[Sn 3)
vl l-1 -1 2 1Ls.]
Vaz] [2 —1 —1][Saz]
vl =[-1 2 —1[Sp (4)
vl 1-1 -1 2 1Ls,,]

Each inverter comprises three branches, with each branch housing two pairs of switches
assumed to be ideal, operating independently and in a complementary manner. Within each inverter,
there are eight distinct switching states, illustrated in Fig. 3 (comprising six active vectors and two
null vectors) [55].

2.3. DSPMSM Direct Torque Control Strategy

The Direct Torque Control (DTC) principle for a permanent magnet synchronous machine
revolves around the direct manipulation of stator flux and torque without the need to control stator
current. This is accomplished by directly determining the command sequence applied to the switches
of the inverters. Each inverter provides access to seven unique positions in the phase plane, which
corresponds to the eight sequences of voltage vectors at the output of each inverter. The control of
these voltage vectors is managed through a pre-calculated table [7].

2.3.1. Stator Flux Estimation
The stator flux is expressed by the following equations:

Psai = f(vai — Rgig)dt
=12 (5)

bspi = I(Vﬁz — Rgiig)dt
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Fig. 3. Two-level inverter voltage vector selection

The modulus of the amplitude of the estimated stator flux is determined from the two
components of the reference flux (a, ) by:

Psi = /qbsm-z + bspi” (6)

Where the rated voltage vy; and vg; are obtained in the fixed reference frame (o, ) using the
inverter model.

2.3.2. Electromagnetic Torque Estimation

Once the two components of flux and current are obtained, we can estimate the electromagnetic
torque only according to the components (o, ), the torque can be put in the form:

3
T, = EP ((@aﬂﬁl - (pﬁllal) + ((pazlﬁz — goﬁzlaz)) (7)

2.3.3. Predictive DTC Control

In essence, the predictive model represents an extension of DTC, as it replaces the static DTC
table with an online optimization process for controlling the torque and flux of the machine. In
predictive control, the vector selection principle relies on the assessment of a predefined cost
function. This means that the voltage vector chosen from the conventional switching table in DTC
may not necessarily be the most effective in terms of reducing torque and flux ripples.
Consequently, it becomes possible to evaluate the effects of each voltage vector and select one that
minimizes the cost function [6], [38].

2.3.4. Predictive Model for Stator Currents

According to model (1) for a double star PMSM, the prediction of the stator currents at the
sampling time T is expressed in the following form:

d T, d ,
ai —latk+) = Laro) + Vd1 Rgiiq1g0) + wlgiiquoe — Malaz(k) + Mwlqz(k))
d . . d . . 3
7t lartesn) = g0 + Ro1igigy — wLlarlaie) — Malqz(k) — Mwig g — quﬁf
d _ 3
7 ta2(k+) = lazi) + (Udz Rgriaaa0) + Whgziqzo — Eldl(k) - Mwlql(k))
d , d 3
7t Llartern) = fqza0 + Rgolga(0) — @WLlazlaze) — &qu(k) — Mwigg — quﬁf

Ts: the sampling period
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2.3.5. Predicted Flus and Torque Estimation

The prediction of stator flux and torque is obtained based on the estimation in relation 5, at each
sampling period k; the next-step stator flux is predicted by:
¢sai(k+1) = (;bsoci(k) + Ts(Vgi — Rsiiai(k+1)) .
. i=12 9)
bspik+1) = Pspik) T Ts(Vpi — Rsilpi(re+1))

The expected electromagnetic moment in the system (a-f) can be given by the following
formula:

3
Te(es) = EP ((<Pa1(k+1)1ﬁ1(k+1) - (PB1(k+1)1a1(k+1)) + (‘Pa2(k+1)132(k+1) - (Pﬁzlaz(k+1))) (10)

2.3.6. Minimization of the Cost Function

To evaluate the effect of each voltage vector when applied to the motor torque and stator flux
the minimum value of the cost function is defined as follows [55]:

F= |Teref - Te(k+1)| + k|(psiref - (psi(k+1)| (11)
K is the weighting factor.

The weighting factor K determines the relative importance of torque and flux errors. A smaller
K improves torque response and reduces ripple, while a larger K enhances flux regulation. Since the
cost function involves direct evaluation without iteration, the method remains computationally
efficient.

Where Terer and @sirer are the reference values of torque and flux respectively, Tea1) and @si+1y are
values of predicted torque and flux respectively.

This function will be calculated to obtain eight Vs in each inverter from the set of switching
states, of which six are active vectors, while the other two are zero. The vector that minimizes the
cost function is chosen [7].

v¥ € {vy; V55 v35 - v}

v¥ € {vy; V55 v35 - v}

3. Results and Discussion

To assess the performance of Direct Torque Control (DTC) for the Double Star Permanent
Magnet Synchronous Machine (DSPMSM) through simulation in the Matlab/Simulink environment,
we conducted various robustness tests. In Fig. 4, we observe the DSPMSM's behavior under variable
load conditions. Beginning with a no-load start at a reference speed of 100 rad/s, we introduced a
variable load torque (10 Nm at t = 0.5s). The system exhibited satisfactory responses in terms of
electrical and mechanical quantities, as the load variation had minimal influence on their values.

The speed promptly reached its reference, and the electromagnetic torque increased and closely
followed its reference. This same trend was observed for the quadrature currents (as in (1) and (2)).
Two operating scenarios were tested: (1) load torque variation at constant speed and (2) speed
reversal under rated load. The obtained results are presented in Fig. 5 and Fig. 6 and compared with
those from a conventional hysteresis-based DTC under identical conditions. Fig. 5 illustrates the
dynamic and steady-state responses of torque, stator current, flux, and speed when the load torque
varies from 5 N'm to 10 N-m at a constant reference speed of 100 rad/s. The stator current
waveforms in Fig. 5 appear smoother and nearly sinusoidal under the PDTC scheme. The stator-flux
trajectory also becomes more circular, confirming that the predictive cost-function control ensures
constant-magnitude flux and steady torque production. These enhancements translate to higher
efficiency and reduced mechanical stress on the rotor shaft and bearings.
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Fig. 5. Dynamic and static characteristics of the predictive DTC of the DSPMSM during load torque
variation

Fig. 6 shows the transient response when the motor reverses rotation direction from +100 rad/s
to —100 rad/s under a 10 N-m load. The PDTC exhibits excellent dynamic behavior, maintaining
stable flux amplitude and smooth torque during reversal. The electromagnetic torque follows the
reference quickly with negligible overshoot, and speed reversal completes in approximately 10 ms
without instability. In contrast, the conventional DTC suffers from high-frequency torque pulsations
and increased flux distortion during reversal, due to its non-predictive switching behavior.
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Fig. 6. Dynamic and static characteristics of the predictive DTC of the DSPMSM during when reversing the
direction of rotation

The obtained results confirm that PDTC provides significantly smoother torque and lower
current distortion while preserving fast transient response. Reduced THD and torque ripple improve
inverter efficiency and extend component lifetime. The simulation results validate that integrating
predictive evaluation with a PI regulator yields constant switching frequency and stable operation
under both load and speed transients. The predictive control minimizes flux and torque errors in a
single computation cycle, making it feasible for real-time DSP implementation. Although
simulations assume an ideal inverter without dead-time or sensor noise, future hardware-in-the-loop
tests will incorporate these non-idealities. Furthermore, since the computational complexity scales
linearly with the number of voltage vectors, the method remains scalable for higher-power
DSPMSM drives. From a practical standpoint, the reduction in torque ripple and THD directly
enhances drive efficiency, reduces acoustic noise, and improves mechanical durability.

4. Conclusion

This study presented an advanced Predictive Direct Torque Control (PDTC) strategy for the
Double Star Permanent Magnet Synchronous Machine (DSPMSM), integrating model predictive
evaluation with a PI regulator to achieve constant switching frequency and improved dynamic
performance. Simulation results demonstrated that, compared with conventional DTC, the proposed
approach confirming its effectiveness and efficiency. Theoretically, the work extends predictive
control principles to dual-star architectures by explicitly modeling magnetic coupling and
embedding a simple PI regulator within the predictive loop, ensuring smooth torque sharing and low
computational complexity. Although the results are simulation-based, real-time implementation
challenges such as computational load, parameter sensitivity, and inverter non-idealities remain to
be addressed. Future work will focus on experimental validation using DSP hardware, adaptive
weighting-factor tuning, and comparison with other advanced strategies such as MPC-SVM and
intelligent DTC. Overall, the proposed PDTC method offers a promising and practical solution for
high-performance multiphase motor drives, combining predictive accuracy with real-time feasibility
for industrial applications.
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