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ABSTRACT Finite-control-set model predictive control (FCS-MPC) has become widely accepted in
multiphase drives due to its adaptability and robust dynamic response. However, multiphase machines,
characterized by low secondary plane (x — y) impedance, which is absent in their three-phase counterparts,
often exhibit poor current quality under conventional FCS-MPC strategies. This paper proposes a novel
predictive torque control (PTC) scheme based on virtual vectors to improve (x — y) current regulation by
ensuring zero average (x — y) voltage generation. The proposed method is compared with classic PTC,
which cannot achieve proper (x — y) current regulation because it uses a single switching state during the
sampling period. Experimental validation includes a detailed comparison of torque and flux behavior, (x — y)
current mean square error, and total harmonic distortion of the fundamental stator currents, demonstrating
the effectiveness of the proposed control approach under various operating conditions. Experimental results
confirm reductions of approximately 79.7% in computational burden and 98.4% in copper losses when using
PTC-VV compared to classic PTC. An asymmetrical six-phase induction machine is used as the case study.

INDEX TERMS Multiphase drives, model-based predictive control, predictive torque control, six-phase
induction machine, virtual vectors.

I. INTRODUCTION
Recently, there has been a growing interest in the use of mul-
tiphase machines characterized by a number of phases greater
than three. Compared to their three-phase counterparts, these
machines offer notable advantages, including improved phase
current redistribution and enhanced torque production. No-
tably, multiphase machines can operate effectively even in the
presence of faults [1].

Driven by the pursuit of more efficient and reliable so-
Iutions in power electronics, multiphase machines are in-
creasingly adopted in high-demand electric drive applications.

Their reduced torque ripple and higher power density make
them ideal for use in electric ship propulsion, electric vehi-
cles, and renewable energy systems [2]. Thus, the adoption
of multiphase systems in place of the conventional three-
phase can be found in some commercial examples, including
six-phase and nine-phase electric trucks by Dana [3]. Audi
Sport has also incorporated a six-phase drive system for the
e-tron FEO7 model in Formula E [4]. Also, BMW has in-
tegrated a six-phase machine with a double inverter in its
iX M60 electric SUV model [5]. The incorporation of mul-
tiphase machines in the mentioned industrial applications
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can be attributed to their distinctive features, as described
in [6].

At this point, it is essential to mention that to make efficient
use of existing technology for three-phase systems, most mul-
tiphase machines used in industrial applications incorporate
multiple sets of three-phase windings, with the six-phase ma-
chine being the most straightforward configuration [7].

A typical asymmetrical six-phase induction machine (IM)
consists of two sets of three-phase stator windings, spatially
shifted by 30°, each with its own isolated neutral point. This
configuration defines two orthogonal planes based on vector
space decomposition (VSD): the torque-producing (o — )
plane and the auxiliary (x — y) plane [8]. This topology helps
to reduce torque harmonics and suppress zero-sequence cur-
rents. Although the (x —y) components do not participate
in energy conversion, low-order harmonics in this plane can
degrade system performance and increase copper losses.

The initial control strategies proposed for six-phase IMs,
such as field-oriented control (FOC) and direct torque control
(DTC), were extensions of those developed for three-phase
IMs [9]. In FOC, pulse width modulation (PWM) is employed
to regulate flux and torque through proportional-integral (PI)
controllers, allowing simultaneous control of primary and
secondary currents [10]. Meanwhile, DTC directly manages
flux and torque using hysteresis controllers and a predefined
switching table, although it often faces challenges like devia-
tions exceeding hysteresis bounds [11], [12], [13].

Recently, finite-control-set model predictive control (FCS-
MPC) has gained popularity in high-performance IM drives
due to its effectiveness in managing multivariable scenar-
ios [14], [15], [16]. Its advantages over classical control
strategies include enhanced dynamic performance, flexibility
in defining control objectives, and the incorporation of con-
straints [17], [18].

This method uses a discrete system model to predict future
behavior based on a finite set of converter states [19]. A cost
function defines control objectives, and the optimal action
minimizes the function, though this can increase (x — y) cur-
rents in multiphase drives. To address this, weighting factors
can regulate (x — y) currents [20]. However, using a single
switching state limits voltage contributions in both (o — )
and (x — y) planes, which affects system dynamics.

Several variations of FCS-MPC strategies for multiphase
IM drives have been reported as potential solutions for reg-
ulating (x —y) currents. A modulation strategy known as
virtual vectors was proposed as a solution for a five-phase
IM in [21] to minimize the (x —y) currents. This strategy
combines two active voltage vectors to be employed within a
sampling period. Additionally, this strategy has been proposed
for six-phase IM drives as a PCC to regulate the generation of
(x — y) currents [22], [23].

When FCS-MPC is utilized in motor drives specifically
for torque control purposes, it is commonly known as PTC,
widely regarded as an effective alternative to traditional
DTC [24]. Unlike traditional table-based DTC, PTC uses
online optimization rather than heuristic switching tables. It
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defines a cost function based on errors in torque, flux, and
(x — y) currents for multiphase drives, selecting the voltage
vector that minimizes the cost function as the optimal selec-
tion. Therefore, PTC achieves a more precise and efficient
selection of voltage vectors compared to traditional DTC [25],
[26]. In addition to DTC, PTC has been evaluated alongside
FOC, another widely used and well-established strategy for
achieving high-performance torque control. Research stud-
ies demonstrate that PTC achieves steady-state performance
similar to FOC, with slightly larger current harmonics, while
offering a faster dynamic response, as discussed in [27], [28].
Furthermore, PTC presents a straightforward approach to in-
corporating diverse nonlinear constraints and implementing
multi-variable control. As a result, PTC provides increased
flexibility and emerges as a promising alternative to FOC.

PTC strategy directly regulates the flux and torque of the
machine using the stator current and rotor flux components
as state variables [7]. However, applying the PTC strategy in
multiphase IM drives must consider the appearance of (x — y)
currents. In [29], speed control of a six-phase IM fed by a ma-
trix converter was proposed using an inner PTC to mitigate the
computational burden by reducing the number of valid voltage
vectors. Nevertheless, it does not consider the regulation of
(x — y) currents. Also, a speed sensorless PTC for a five-phase
IM, implemented in a three-level neutral-point clamped topol-
ogy, was presented in [30]. This approach utilized a synthetic
voltage vector to reduce the (x — y) currents. However, the
PTC strategy employed a hysteresis comparator.

A simplified PTC has also been studied for dual three-
phase permanent magnet synchronous machines (PMSMs).
This strategy has demonstrated methods to reduce compu-
tational burden and current harmonics [31]. However, these
approaches often fail to address the challenges posed by the
(x — y) current regulation in six-phase IMs, where the low
impedance of the secondary plane exacerbates harmonic dis-
tortions. Another PTC strategy has been applied to the PMSM,
as discussed in [32]. A study aiming to reduce computational
burden and current harmonics presents a simplified version of
PTC for a six-phase PMSM. However, this simplified version
results in a large torque ripple because only one vector is
applied during the sampling period. In [33], a double-virtual-
vector-based model PTC for dual three-phase PMSM was
proposed to address the appearance of (x—y) currents; how-
ever, it does not quantify the losses related to that plane.
Recently, a sequential model PTC (SMPTC) for six-phase
machines without weighting factors was presented in [34] to
eliminate the weighting factor. However, it still presents some
limitations in reducing the (x — y) currents. Despite this, it is
necessary to note that PTC is still a better strategy than PCC
when it comes to reducing torque ripple, as stated in a previous
study [32].

This paper builds upon the preliminary work presented
in [35], where the strategy using a virtual vector based on sim-
ulation results was introduced. The aim is to regulate current
harmonics in the secondary plane better while reducing torque
ripple, computational burden, and copper losses in torque
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control. To highlight the performance of the improved PTC
strategy, a comparative analysis is provided between classic
PTC and PTC using virtual vectors (PTC-VV) applied to an
electric drive based on an asymmetrical six-phase IM fed by a
two-level VSI.

Until now, PCC has mainly used virtual vectors to mitigate
effects within the (x — y) plane. However, this paper proposes
extending the use of virtual vectors to PTC to regulate current
harmonics in the secondary plane while simultaneously reduc-
ing the computational burden and copper losses during torque
regulation. Therefore, the main contributions of the proposed
method can be summarized as follows.

® When comparing the proposed PTC-VV method with
the classic PTC under steady-state conditions, there is an
87% reduction in the Mean Squared Error (MSE) of the
(x — y) currents, a 27% reduction in the total harmonic
distortion (THD) of the torque, a 28% reduction in the
MSE of the fundamental (o« — 8) currents, and a 98.4%
reduction in copper losses.

® The computational burden is reduced as only 13 virtual
vectors settings need evaluation, compared to the 49
voltage vectors required for the classic PTC.

e The combination of active voltage vectors, including
medium-large and large vectors within the candidate
group of the (¢ — B) plane, is assigned to opposite direc-
tions within the (x — y) plane. This facilitates effective
minimization of the (x — y) currents for the PTC-VV.

® The proposed PTC-VV reduces the tuning process of the
weighting factor in the cost function since, unlike classic
PTC, it does not require the inclusion of the term related
to the (x — y) plane.

The paper is structured as follows: the next section provides

a mathematical analysis of the six-phase IM drive, which
is the primary focus of the investigated multiphase system.
Section III explains the basic principles of the PTC for
six-phase IM drives. Furthermore, Section IV presents exper-
imental results for both classic PTC and PTC-VV. Lastly, the
study’s conclusions are summarized in the final section.

Il. MATHEMATICAL MODEL FOR SIX-PHASE INDUCTION
MACHINE AND TWO-LEVEL CONVERTER

Before implementing the PTC strategy, it is crucial to consider
the mathematical model of the system. This model encom-
passes distributed windings for the asymmetrical six-phase
IM powered by a two-level VSI connected to a direct cur-
rent voltage source (V). In this configuration, each phase
of the power converter, composed of two isolated gate bipo-
lar transistors (IGBTs), can be represented by the variable
S, where S = 1 indicates the upper IGBT is conducting. At
the same time, the lower one is non-conducting, and S = 0
indicates the opposite state. Consequently, the switching states
of the two-level VSI per phase can be organized into a vector,
S = [Sa, Sa, Spy Se, S¢, Sy, resulting in a total of 64 possible
switching combinations corresponding to the number of IM
phases. By utilizing V. and the S vector, the stator phase
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FIGURE 1. Voltage vectors of the six-phase IM in the (¢ — 8) and (x — y)
planes.

voltages can be computed as follows:

Vas 2 0 -1 0 —1
Vds 0 2 0 -1 0 —1

vps | _ Vae | -1 0 2 0 =1 Of.r
v | =3 0 -1 0 2 o 1|5 D
Ves 1 0 -1 0 2
Vs 0 -1 0 -1 0 2
VSI model

Subsequently, to simplify system modelling, the vector
space decomposition (VSD) theory based on an invariant am-
plitude was employed [8]. The stator phase voltages initially
expressed in phase variables, as given in (1), are projected
into three two-dimensional orthogonal planes (@ — ), (x —
y), and (z; — z2) using the transformation matrix 7 given
by (2). This transformation guarantees complete decoupling
among the produced planes, attributing electromechanical en-
ergy conversion (flux and torque production) to the (o — B)
plane, while system losses are mapped to the (x — y) plane.
The (z1 — z2) components are disregarded due to the isolated
neutral points design of the six-phase IM. Therefore, the re-
sultant voltage vectors can be represented as shown in Fig. 1.

1 3 1 3 _1 ]
2 2 2 2
0 L] L/ |
1 J% 21 J% 21
T=-|1 -5 -2 5 -3 0] (
310 L V3 1 VAR
2 2 2 2
1 0 1 0 1 0
L0 1 0 1 0 1

Moreover, when constructing the discrete state-space model
for the system, the stator current and rotor flux components
are chosen as the state variables, as indicated in [14]. Conse-
quently, utilizing the forward Euler discretization method, the
following expressions can be obtained (3)—(6):

Lsji+1) = Midsjig + Mo ¥,y + MU 3)
Vi1 = Ma¥,g + Mskyg 4
Vsier1) = Melsier1) + Ma¥ iy 4)

Toper 1) = 3P(Ysalkv1] Esprh+1] — Vsplka1] isatkr11)  (6)
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FIGURE 2. Classic PTC scheme for a six-phase IM.

being Is[k] = [isa[k], isﬂ[k], isx[k], isy[k]], the stator current vec-
tor '/’r[k] = [Wr(x’ l[,rﬂ]v ws[k] = [wsa’ '/fsﬂ’ '/Ism '/’sy]7 the ro-
tor and stator flux vectors, respectively, T,[x+17 the predictive
torque and My, My, M3, My, M5, Mg, M7 matrices as de-
scribed in the Appendix [14].

Where the rotor electrical speed is denoted by w, = Pawy,,
T represents the sampling period, M represents the mutual
inductance, L, stands for the rotor inductance, Ly stands for
the stator inductance, L;; represents the stator leakage in-
ductance, R, indicates the rotor resistance, R, indicates the
stator resistance of the machine. Also, ¢ = 1 — M?/(L,Ly),
7, = L,/R, and 7y = L;/R, and P indicates the pole pairs.

IIl. PREDICTIVE TORQUE CONTROLLERS (PTC) FOR
SIX-PHASE IM

A. CLASSIC PTC METHOD

In the classic PTC (Fig. 2), the notation uses a superscript (")
to denote estimation values, while [k] denotes actual samples,
and [k + 1] denotes predictive values. The external control
loop involves a PI controller, which adjusts the mechanical
speed and produces the corresponding torque reference 7",
then compared with its predicted value Tg[;1). Note that
To(k+1) is obtained according to the prediction model, tak-
ing into account the estimated and predicted values of the
rotor flux, represented as '&r(xﬂ[k] and v/, gk+1], TESpectively.
The stator flux, Yy (k1. is determined using the prediction
model and compared with its reference value. The iterative
computation of the predictive model incorporates all available
voltage vectors defined by the converter model (64 voltage
vectors for the adopted converter), along with the measured
mechanical speed and stator phase currents. Another crucial
consideration is the weighting factors in the cost function (7),
which determines the optimal switching state to be applied
throughout the entire sampling period in classic PTC for driv-
ing the six-phase IM. These weighting factors are essential for
properly regulating the (x — y) currents.

J = (etorque)2 + Kf(eflux)2 + Kx(ex)2 + Ky(ey)z (7

being  eorque = T," — Tepr 1], €ftux = ¥y — VUslk1],  €x =
iy, —igc and e, = i;‘y — igy. The Ky, Ky, and K, coefficients
are the weighting factors for flux and (x — y) currents, respec-
tively, and must be chosen based on the control objective. A
significant drawback of the classic PTC strategy is using a
single switching state throughout the entire sampling period.
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FIGURE 4. Virtual voltage vectors for a six-phase IM.

This limitation prevents regulating the (¢ — ) and (x — y)
planes within the same sampling period, regardless of the
weighting factors chosen in the cost function. This issue is
addressed in the proposed PTC-VV strategy.

B. PROPOSED PTC-VV METHOD
This section describes the PTC strategy employing virtual
vectors. The diagram in Fig. 3 depicts the block diagram
for the PTC-VV approach. One of the primary distinctions
between classic PTC and PTC-VV is the number of interac-
tions generated by the predictive model based on the available
voltage vectors: 13 voltage vectors for PTC-VV. This re-
duction in the number of interactions leads to a decrease in
computational burden, particularly from the perspective of
floating-point operations (FPOs). Through this process, the
future values of electrical torque and stator flux are predicted
similarly to those in classic PTC. It is important to note that a
modulation stage has been incorporated to generate the gating
signal for the six-phase IM drive.

Although both classic PTC and PTC-VV strategies share
a similar nature, controlling the (x — y) currents present in
six-phase IM drives is realized using the concept of virtual
vectors. This can be achieved by replacing specific voltage
vectors with a new, appropriate combination to ensure min-
imal or zero average (x — y) voltage production, taking into
account the spatial distribution of voltage vectors within the
(¢ — B) and (x — y) planes. Using Fig. 4 as a reference, by
employing a combination of one medium-large vector (e.g.,
vector 6-6, green filled circle) and one large voltage vector
(e.g., vector 6-0, red filled circle), consisting of 12 pairs of
active large and medium voltage vectors, and a single null
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vector. The selection of these specific vectors is due to the
medium-large vector and the large vector having the same
direction in the (¢ — B) plane; however, they have opposite
directions in the (x — y) plane. This characteristic can help
minimize copper losses. The resulting voltage vectors are
known as virtual vectors.

To achieve a zero average voltage in the (x — y) plane, it
is necessary to apply each pair of voltage vectors at different
times during the sampling period. Thus, the duty cycles of the
vectors (d; and d») are determined through a system of equa-
tions that take into account their magnitudes. Consequently,
the PTC-VV can be formulated as follows [22]:

VV =4, Vlarge + d2Vmidflarge 3)

beingd; = 0.737; and d, = 0.27T;.

Afterwards, a new cost function must determine a pair of
virtual voltage vectors. Since the algorithm no longer requires
the inclusion of secondary components, it becomes feasible to
redefine the predictive model. Thus, the cost function of PTC-
VV can be expressed as (9), owing to the absence of (x — y)
components in the strategy. Subsequently, the selected vectors
are forwarded to a modulation stage, where a voltage vector
is generated by combining them linearly. Finally, the resultant
voltage vector is applied to the two-level VSI, which feeds the
six-phase IM.

Ji = (et{)rque)2 + Kf(eflux)2 )

being erorque = T, — Tokt11> €ftux = ¥y — Ysirr1) and Ky
the weighting factor of the flux. It is important to note that
fewer terms characterize the cost function. This approach ef-
fectively reduces the computational burden of the PTC-VV
compared to classic PTC. Fig. 5 presents a straightforward
flowchart for implementing the PTC-V'V.

IV. EXPERIMENTAL RESULTS

This section evaluates how PTC-VV performs during transient
and steady-state operations and compares its performance
with that of classic PTC through experimental results.

A. TEST BENCH

The performance of algorithms is assessed using an experi-
mental test setup comprising a six-phase IM, two conventional
three-leg VSIs, and a dc power source. Control of the VSIs
is achieved using a dASPACE MABXII real-time rapid proto-
typing platform programmed with MATLAB/Simulink. The
parameters of the six-phase IM were determined through
standstill tests and conventional AC time-domain methods.
These parameters are detailed in Table 1.

Current measurements were taken using LA 55-P sensors
with multiple turns for improved accuracy, especially in low
measurements. They operate within a frequency range from dc
up to 200 kHz and are digitized using a 16-bit A/D converter.
The mechanical angle of the six-phase IM is obtained using a
1024 ppr incremental encoder, which allows for the calcula-
tion of rotor speed. A variable mechanical load is applied to
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Measure i[k], w(k]

Estimate z;'m Blk]

Predict
L[k + 1] (Eq. 3)
sk + 1] (Eq. 5)
T.lk+1] (Fa. 6)

Wait for the next
sampling time
Evaluate J

J = (T7 = Topeyn)* + K (¥F — Yur)? (Eq. 9)

Store optimal value

Yes

Apply Modulation

FIGURE 5. Flowchart of the execution of the PTC-VV.

TABLE 1. Parameters of the Six-Phase IM

PARAMETER \ VALUE \ PARAMETER | VALUE
Ry () 6.9 Rs () 6.7
Ls (mH) 654.4 L, (mH) 626.8
Ly (mH) 614 L, (mH) 53
Win—rated (X/min) 2540 Py, (kW) 1.5
J; (kg.m?) 0.07 B; (kg.m?/s) 0.0004
P 1 To_ rateq (N.m) 5.6
Vs (V) 220 fratea (Hz) 50
Ts—rms (A) 22 Ve (V) 400
Efficiency (%) 86 Power Factor 0.8

the six-phase IM using a 5 HP eddy current brake. Finally, the
experimental test bench is shown in Fig. 6.

B. FIGURES OF MERIT

Experimental results demonstrate the effectiveness of the con-
troller through the MSE between the reference and measured
variables, including torque, flux, and (x —y) currents. The
MSE is defined as MSE,,,z\/ZlV Zgzl(m[kj - ka])z’ where
N represents the number of samples, mi"kl denotes the refer-
ence variables, my;) stands for the measured variables, and
m € T,, Yy, x, y. Furthermore, MSEy, is defined as the aver-
age value of MSE, and MSE,.

Additionally, the THD of the stator current is computed
to comprehensively analyze the system, primarily in terms
of the alpha stator current (THDy), but also in terms of the
a-phase stator current (THD,), which includes all harmonic
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FIGURE 6. Experimental test bench including the six-phase IM, the dSPACE
platform, the eddy current brake and the two-level VSI.

N

currents from both (¢ — 8) and (x — y) planes. The THD is

defined as THD,= zL Z]jyzz(is,,j)z, where n € a, «. Here,

Lol
isn1 denotes the fundamental component of the stator current,
and i,,; represents the harmonic stator current order.

C. STEADY-STATE OPERATION
Experimental validations have demonstrated the effectiveness
of both classic PTC and PTC-VV strategies.

First, a weighting factor for classic PTC must be adjusted
to evaluate the performance of both strategies. This adjust-
ment process has been accomplished using a heuristic method
to ensure suitable operation under various conditions while
considering the tracking of the reference variables under anal-
ysis. Different weighing factors were experimented for flux
(Kr) and (x — y) currents (K, Ky). It was observed that when
the weighting factors for K¢, Ky, and K, are tuned to high
values, the torque is affected. Conversely, when they are set
to low values, the (x — y) currents become higher and affect
the system’s behaviour. Consequently, the tuning resulting
in desirable (x — y) currents and reduced torque ripple was
Ky =10,K, =K, =0.2.

For the analysis, both classic PTC and PTC-VV are in-
vestigated under steady-state conditions at different operating
points. The sampling frequency is set to 22 kHz. The (x — y)
current references are set to zero (i5, = iy, = 0) for the classic
PTC because this plane is explicitly associated with losses in
the six-phase IM. For this test, two cases were carried out:
load variation at a fixed speed and speed variation at a fixed
load.

A variation in load torque from 10% to 50% of nominal
torque is applied at a constant speed of 1000 r/min, using
a 5 HP eddy current brake. A load torque of 80% of nomi-
nal torque is also considered at 1500 r/min. The steady-state
response of both strategies is listed in Table 2. It can be
noted that the PTC-VV has notably good performance at all
points of operation, presenting lower MSE, and MSE), values,
compared to the classic PTC. Regarding MSE7,, the PTC-VV
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TABLE 2. Steady-State Performance Analysis of the PTC Methods Under
Different Loads

Ty, (N.m) at MSEre | MSEy, | MSE, | MSE, | THD,
Method .
w, (t/min) (N.m) (Wb) (A) (A) (%)
Classic PTC | 0.5373 | 0.0055 | 1.5293 | 1.5247 | 29.53
0.1 Trom at 1000
PTC-VV | 0.3286 | 0.0057 | 0.1873 | 0.1799 | 20.41
Classic PTC | 0.4819 | 0.0057 | 1.4936 | 1.4966 | 26.56
0.2 Trom at 1000
PTC-VV | 0.3380 | 0.0059 | 0.1832 | 0.1846 | 17.17
Classic PTC | 0.4594 | 0.0057 | 1.5136 | 1.4704 | 23.80
0.3 Trom at 1000
PTC-VV | 0.3083 | 0.0059 | 0.1881 | 0.1881 | 16.29
Classic PTC | 0.4916 | 0.0053 | 1.4520 | 1.4791 | 20.70
0.4 Trom at 1000
PTC-VV | 0.3094 | 0.0054 | 0.2029 | 0.2162 | 11.44
Classic PTC | 0.4994 | 0.0053 | 1.5324 | 1.4655 | 17.86
0.5 Trom at 1000
PTC-VV | 0.3413 | 0.0052 | 0.2175 | 0.2250 | 10.50
Classic PTC | 0.6209 | 0.0068 | 1.4470 | 1.5783 | 14.20
0.8 Trom at 1500
PTC-VV | 0.5871 | 0.0050 | 0.3059 | 0.2999 | 10.42
Classic PTC PTC-VV
101 MSE;=062N.m 100 MSE;=0.59N.m
g E
z’ z’
0 0
0 005 01 015 02 025
Time (s)
4l tsap
2
<o

MSE,,=0.3A
4 2 0 2 4

THD,=13.41 %

Mag

(% of Fundamental)

B it e o

0123456 78910
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FIGURE 7. Steady-state analysis at 80% of nominal torque running at
1500 r/min: From top to bottom for both classic PTC (left column) and
PTC-VV (right column): Torque; stator currents in (« — §) and (x — y)
planes; and harmonic spectrum of the a-phase stator current.

performs better than the classic PTC. However, both strategies
have very close values concerning MSEy, . Additionally, the
THD for both methods has been taken into consideration. In
this context, the PTC-VV has reduced its THD,, in 41.2%,
operating at 50% of nominal torque. Regarding the last row
of Table 2, the following reductions have been recorded for
PTC-VV compared to the classic PTC: 5.4% in MSEr,, 80%
in MSEy,, and 26.6% in THD,, respectively. It is important
to highlight the substantial reduction in the (x — y) currents
achieved with PTC-VV, indicating that this strategy effec-
tively reduces copper losses, which is one of the aims of this
work. Moreover, Fig. 7 has been included, depicting the per-
formance of both strategies at 80% of nominal torque running
at 1500 r/min. The figure shows, from top to bottom, the
waveforms for both classic PTC (left column) and PTC-VV
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TABLE 3. Steady-State Performance Analysis of the PTC Methods Under
Different Speeds

w, (r/min) at MSE7. | MSEy, | MSE, MSE, | THD,
Method ;
Ty, (N.m) (N.m) (Wb) (A) (A) (%)

Classic PTC 0.3398 0.0052 1.3701 1.3225 21.93

500 at 0.25 Thom
PTC-VV 0.1829 0.0054 0.1807 | 0.1726 12.54
Classic PTC | 0.4833 | 0.0054 | 1.5279 | 1.5070 | 25.14

1000 at 0.25 Thom
PTC-VV 0.3025 0.0056 0.1831 | 0.1896 14.55
Classic PTC 0.6543 0.0057 1.5010 | 1.4739 25.29

1500 at 0.25 Thom
PTC-VV 0.5347 | 0.0070 | 0.1856 | 0.1904 | 21.22
Classic PTC | 0.6209 | 0.0068 | 1.4470 | 1.5783 | 14.20

1500 at 0.80 Thom
PTC-VV 0.5871 0.0050 0.3059 | 0.2999 10.42

TABLE 4. Performance Analysis of the PTC-VV Method Under Low Speed
Operation

w, (r/min) at MSE7. | MSE,, | MSE, | MSE, | THD,
T, (N.m) (N.m) (Wb) (A) (A) (%)

50 at 0.10 Trom | 0.2132 | 0.0052 | 0.1645 | 0.1769 | 16.09

100 at 0.20 Thom | 0.2700 | 0.0051 | 0.2248 | 0.1725 | 14.12

250 at 0.50 Thom | 0.6146 | 0.0045 | 0.2018 | 0.1741 | 21.29

(right column), including torque, stator currents in the (o — )
and (x —y) planes, and THD,, which shows a reduction of
82.4% for PTC-VV compared to classic PTC. These results
confirm the superior performance of PTC-VV in improving
current quality and reducing harmonic distortion.

Furthermore, the PTC algorithms are tested at steady-state
operation by varying the speed reference from 500 r/min to
1500 r/min on the six-phase IM drive system at 25% of nomi-
nal torque for both strategies. A speed reference of 1500 r/min
at 80% of nominal torque has also been tested. The results are
recorded in Table 3. The THD,, for the PTC-VYV is reduced in
33.2% on average compared to the classic PTC. It is clear that
the PTC-VV also drastically reduces the content of (x —y)
current harmonics due to the application of virtual vectors.
Additionally, the MSE7, is reduced in 31% on average com-
pared to the classic PTC. It is noteworthy that the PTC-VV
strategy has also been tested under low-speed operation with
load conditions, as presented in Table 4. The performance
metrics indicate that PTC-VV performs well, particularly in
terms of MSE,, MSE, and THD,.

D. DYNAMIC RESPONSE OF PTC STRATEGIES

1) SPEED RESPONSE

The experimental study compares the dynamic response of
classic PTC and PTC-VV strategies. Both strategies utilize
the same outer PI speed controller. In that sense, while the
six-phase IM is running at 1000 r/min, a reversing test is
conducted by altering the command speed from 1000 r/min
to —1000 r/min at a load of 10% of nominal torque. The
maximum torque is limited during the transient to a value
of approximately v/2 X Thom. The drive’s response for both
strategies is depicted in Fig. 8. The stator flux is maintained
at its nominal value. This test investigates the performance of
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FIGURE 8. Dynamic response analysis from 1000 r/min to —1000 r/min
(transient condition): From top to bottom for both classic PTC (left column)
and PTC-VV (right column): Torque; rotor mechanical speed; stator current
in (@ — B) plane; and stator current in (x — y) plane.

both algorithms at different operating points. Notably, from
1000 r/min to —1000 r/min, it can be observed that both strate-
gies exhibit similar transient responses in terms of overshoot
and reaching time of 0.5 ms. It is also noted that both strategies
can successfully track their references, highlighting that the
PTC-VV shows better performance compared to the classic
PTC, in terms of MSEr, leading to a 91% reduction. Fig. 8
also shows the rotor mechanical speed and the stator currents
in the (¢ — B) and (x — y) planes, from top to bottom, respec-
tively, for both strategies. The stator current waveform in the
(¢ — B) plane remains sinusoidal throughout the operation.
However, a notable enhancement in the (x — y) currents can
be observed for the PTC-VV strategy compared to the classic
PTC, as evidenced by MSE,,, resulting in an 82% reduction
over the classic PTC. This improvement in the (x — y) currents
is due to the application of virtual vectors, which nullifies the
(x —y) voltage vectors.

2) TORQUE RESPONSE

The transient response of PTC algorithms is evaluated using
a six-phase IM drive setup under varying load torque con-
ditions, and waveforms are acquired. A load torque equal to
80% of the nominal torque is applied to the six-phase IM
running at a constant speed of 1500 r/min. The response
of both strategies is shown in Fig. 9. The torque achieves
its desired value within 50 ms for both methods. The rotor
speed undergoes a transient drop due to the applied load and
subsequently returns to a steady-state in both cases. From top
to bottom, the figure presents the waveforms for Classic PTC
(left column) and PTC-VV (right column), including torque,
rotor speed, and stator currents in the (¢ — ) and (x — y)
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FIGURE 9. Comparative response to step load torque at 1500 r/min: From
top to bottom for both classic PTC (left column) and PTC-VV (right column):
Torque; rotor speed; stator current (« — ) plane; and stator current (x — y)
plane.

planes. Notably, PTC-VV significantly reduces (x — y) cur-
rents, effectively minimizing copper losses, a key objective of
this work.

3) COMPUTATIONAL BURDEN
The comparative analysis also examined the computational
burden. The number of FPOs was considered a critical pa-
rameter in this regard. As highlighted in the recent survey
on fast FCS-MPC methods for multiphase drives [36], reduc-
ing execution time and computational complexity is key to
enabling real-time implementation. The voltage vectors used
in the PTC strategies (classic PTC, SMPTC, PTC-VV) were
considered, representing the number of iterations carried out
in every sampling period involved in prediction computation,
cost function minimization, and the modulation process. A
quantitative analysis of the computational burden has been
incorporated, comparing the proposed PTC-VV method with
the classic PTC and the recent SMPTC strategy. Classic PTC
requires 3968 FPOs per sampling period. SMPTC reduces this
to 1958 FPOs, while the proposed PTC-VV further lowers it
to 806 FPOs by synthesizing only 13 virtual vectors and sim-
plifying the cost function. This represents a 79.7% reduction
compared to classic PTC and 58.8% compared to SMPTC.
The detailed comparison is summarized in Table 5.
Additionally, the execution time of each control algo-
rithm was experimentally measured using the dSPACE
MABXII platform. The proposed PTC-VV strategy achieves a
computational time of 8.4 us, which represents a 49.7% re-
duction compared to the classic PTC (16.7 us) and a 32.8%
reduction compared to the SMPTC (12.5 ws). These re-
sults confirm the significant computational efficiency of the
PTC-VV method, making it a suitable solution for real-time
industrial control applications.
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TABLE 5. Computational Burden Comparison

Control Vectors Structure FPOs per | Computational
Strategy Evaluated Sample Burden (us)
Classic
49 (all) Single-stage 3968 16.7
PTC
Three-stage
SMPTC 13 1958 12.5
(sequential)
Single-stage
Proposed ¢ ¢
13 (VV) (reduced cost 806 8.4
PTC-VV
function)

TABLE 6. Experimental Comparison at the Same Average Switching
Frequency About of 3.6 kHz

Wi, Vethod MSE, | MSE, | THD, | THD, | f, fow
(t/min) (A) (A) (%) (%) | (kHz) | (kHz)
sop | Classic PTC | 13718 | 13896 | 15.85 | 8215 | 22 3.9

PTC-VV | 0.1614 | 0.1396 | 15.34 | 17.19 | 8 3.7
Logp | Classic PTC | 14839 | 1.5057 | 14.27 | 77.83 | 22 3.6
PTC-VV | 0.1845 | 0.1670 | 12.42 | 12.38 | 8 3.4
1sgp | Classic PTC | 13890 | 14834 | 13.74 | 7214 | 22 3.6
PTC-VV | 0.1865 | 0.1817 | 12.63 | 12.65 | 8 3.2

4) EVALUATION AT THE SAME SWITCHING FREQUENCY

For a fair comparison, the same average switching frequency
should be considered. To achieve this, the sampling frequency
(fs) of the PTC-VV strategy is reduced to 8kHz, resulting
in an average switching frequency (f;,) of 3.6kHz, as the
PTC-VV utilizes a two-vector scheme. The tests for both
PTC controllers were conducted at varying speeds under the
same load conditions. Notably, in terms of MSE,, MSE,,
and MSEr,, the PTC-VV demonstrates superior performance
compared to the classic PTC, as shown in Table 6. Also, the
proposed strategy presents better performance compared to
SMPTC, which was tested at a 20 kHz sampling frequency,
requiring a higher sampling rate and thereby increasing the
computational burden [34]. Regarding the THD,,, PTC con-
trollers exhibit similar performance. However, the PTC-VV
significantly reduces the THD, compared to the classic PTC,
leading to a 95.2% reduction in copper losses or approxi-
mately 40 W, considering all harmonic currents, this power
value was obtained considering the rms value of the phase
currents with classic PTC and PTC-VV, and applying the
iSZRS equation. Considering an approximate electrical power
of 1 kW, a 4% improvement in efficiency, compared to classic
PTC, is observed.

E. CONTROL SENSITIVITY TO PARAMETERS MISMATCH

The robustness study involves comparing the performance of
PTC-VV at the nominal value of L,,, with a variation of £
25%, as L, is considered the most sensitive parameter in
six-phase IM [37]. This variation accounts for the effect of
magnetic saturation, which typically causes the L,, value to
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FIGURE 10. Steady-state performance of the PCC-VV strategy at 1500
r/min and 80% of nominal torque. Stator currents in the (« — 8) and (x — y)
planes (left column), and harmonic spectrum of the a-phase stator current
(right column).

fluctuate within this range. For this purpose, the magnetiz-
ing inductance value is modified in the implemented control
block, thereby emulating an error in the measurement of L,,.
Notably, a decrease in magnetizing inductance is observed
as the torque increases, a trend consistent with the findings
reported in [37]. Although multiple results were obtained for
different mismatch scenarios, only one representative case is
presented here, as the others demonstrated similar dynamic
behavior. The results at 1500 r/min under a load torque equal
to 80% of the nominal torque, demonstrate that PTC-VV
exhibits significant robustness, showing minimal changes in
performance compared to the nominal L,,. Specifically, PTC-
VV achieves notable results, computing 0.2782 A for MSE,,
0.2735 A for MSE, and 12.29% for THD,. Furthermore,
PTC-VV shows no overshoot and achieves a settling time of
0.5 ms.

F. EXPERIMENTAL EVALUATION OF PREDICTIVE CURRENT
CONTROL WITH VIRTUAL VECTORS

In order to establish a benchmark for control strategies based
on virtual voltage vectors in six-phase IMs, an experimen-
tal evaluation of the predictive current control method using
virtual vectors (PCC-VV) was performed. The test was con-
ducted under steady-state conditions at 1500 r/min with a load
torque of 80% of the nominal value, using the same hardware
platform and measurement setup employed in the previous
PTC experiments (Fig. 7). This ensures a consistent and
meaningful comparison framework. The results, illustrated
in Fig. 10, demonstrate that the proposed PTC-VV strat-
egy achieves superior current quality and improved harmonic
suppression compared to PCC-VV under identical operating
conditions, particularly in terms of (x — y) current regulation.
These findings further validate the enhanced performance of
PTC-VV when employing virtual voltage vectors in predictive
control.

V. CONCLUSION

This paper introduces a PTC scheme designed for a six-phase
IM using a virtual vector strategy. Compared to classic PTC,
this strategy reduces stator (x —y) currents, which in turn
mitigates copper losses. A significant advantage of PTC-VV is
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its ability to reduce the computational burden by limiting the
total number of voltage vectors to 13 virtual voltage vectors.
The presented results, under both transient and steady-state
conditions, demonstrate that PTC-V'V effectively reduces cur-
rents in the secondary plane while maintaining torque and flux
control tracking. Also, it is important to highlight the perfor-
mance of the PTC-VV in terms of THD, showing that the
PTC-VV maintains a lower value compared to the classic PTC
under torque and speed response. At the same time, PTC-VV
shows a significant improvement in computational burden and
an improvement in energy efficiency considering the substan-
tial reduction of harmonic currents, especially in the (x — y)
plane. By improving current regulation and mitigating con-
duction losses, the proposed PTC-VV strategy demonstrates
enhanced performance and achieves a computational time of
8.4 us, resulting in a 49.7% and 32.8% reduction compared
to the classic PTC and SMPTC, respectively. These improve-
ments validate the proposed method as a competitive and
efficient alternative for real-time control in multiphase drive
systems. Furthermore, the experimental comparison with the
PCC-VV strategy was carried out to assess the performance of
PTC-VV in terms of (x — y) current regulation and harmonic
distortion reduction, further validating the proposed PTC-VV
method for practical use in predictive control applications.

APPENDIX
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