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Applying Model-Free Predictive Current Control
With Parallel Cost Functions for Open-End Winding
Synchronous Reluctance Motor

Mahdi S. Mousavi
Freddy Flores-Bahamonde

Abstract—This article presents a model-free predictive current
control (MFPCC) with parallel cost functions for the common dc-
link dual-inverter-fed open-end winding synchronous reluctance
motor (OW-SynRM). The MFPCC has a general prediction al-
gorithm that can be implemented in any reference frame. Using
this feature, and the fact that each winding of the OW-SynRM is
supplied separately by two legs of the dual inverter, the current pre-
dictions are achieved independently for each phase in the Cartesian
coordinates. Then, three parallel cost functions are defined for three
predicted phase currents. Thus, the finite control-set approach is
utilized separately for each phase to determine the switching state
of the dual inverter. In addition, an adaptive proportional-resonant
extended state observer (PR-ESO) is introduced to improve the
current predictions regarding the operating frequency of the motor.
The proposed MFPCC for OW-SynRM has several advantages.
First, the computational burden is decreased significantly because
the prediction algorithm utilizes fewer candidates in the Cartesian
coordinates. In addition, the weighting factor is not required due to
using independent cost functions. Furthermore, the zero sequence
current is automatically adjusted without a controller. Finally, the
PR-ESO-based model-free approach improves the current pre-
dictions of the proposed method. The proposed MFPCC of the
OW-SynRM is evaluated using the experimental results.

Index Terms—Finite control-set model predictive control (FCS-
MPC), model-free, open-end winding, predictive control, resonant
observer, synchronous reluctance motor, zero sequence current

(ZSO).
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1. INTRODUCTION

PEN-END winding motor (OWM) drives fed by dual
O inverters have gained significant attention in electric ve-
hicles (EVs) due to features, such as superior fault-tolerant
capabilities and improved dc-link utilization [1], [2], [3]. With
higher dc-link utilization, dual inverter drives can deliver equiv-
alent torque to a typical single-inverter drive while operating at
only half the dc-link voltage. This reduces voltage stress on
each switch, decreases the number of required battery cells,
and enables the use of lower-ratio boost dc—dc converters in
EVs. In addition, dual inverters offer more flexible and reliable
operation, thanks to their fault-tolerant design [3], [4].

On the other hand, recent advancements in rotor shape de-
sign [5] have increased interest in synchronous reluctance mo-
tors (SynRMs) as an alternative to induction motors (IMs) and
permanent magnet synchronous motors (PMSMs) [6]. SynRMs
are more efficient than IMs due to reduced rotor losses and lower
operational temperatures [7]. Compared to PMSMs, SynRMs
are more cost-effective and reliable since they do not require
magnet [8]. In [7], a thorough comparison of material costs for
manufacturing SynRMs, IMs, and interior PMSMs (IPMSMs)
revealed that the cost of SynRM is about 33% lower than that
of the IPMSM and 23% lower than that of the IM. The high
reliability, combined with low cost, makes SynRMs an excellent
candidate for EVs.

Therefore, implementing SynRM drives within a dual in-
verter structure can create a highly reliable drive system. This
integration—dual-inverter-fed open-end winding SynRM (OW-
SynRM) drive—offers significant advantages for demanding
applications, such as EVs and high-performance industrial sys-
tems. However, few studies have explored this structure [9], [10],
[11]. Thus, this article selects the OW-SynRM as the subject
motor to investigate its proposed control for OWM drives.

In the dual inverter, two voltage source inverters (VSIs) feed
the OWM, one VSI on each side of the winding. These two
VSIs can be supplied in three different ways as follows: 1) by
two isolated dc sources [12], 2) by a common dc source [13],
and 3) by a dc source on one side and a floating capacitor on the
other side [14].

Using a single dc source rather than two isolated sources
reduces the cost of the dual inverter. However, this config-
uration leads to the circulation of the zero-sequence current
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(ZSC) generated by the common mode voltage [15]. The ZSC
should be suppressed otherwise it increases torque ripple and
motor losses. To this end, several studies have been conducted
to mitigate ZSC in OWM drives. A hysteresis controller has
been employed in [16] and[17] to eliminate the ZSC. Also, the
proportional resonant controller and a modified space vector
pulsewidth modulation (SVPWM) have been employed together
in [18] for this purpose. In [19], the projections of the ZSC on
the rotating dq frame have been detected and suppressed by
the proportional—integral (PI) controllers. Despite using differ-
ent controllers, these methods have the same implementation
approach, which is the modification of the SVPWM by the
controller’s output signal. These modifications complicate the
implementation process.

In the finite control-set model predictive control (FCS-MPC),
which does not require a modulation unit, the ZSC suppression
is more straightforward. In this approach, the ZSC can be added
as a controlled variable to the cost function [20]. This technique
requires ZSC prediction for each feasible voltage vector.

Notably, the common dc source dual inverter has a 3-D space
vector diagram with 27 different voltage vectors (VVs) in the
stationary frame [20]. The high number of VVs complicates the
switching algorithm, either direct or modulation-based switch-
ing methods. This is another issue of this configuration that
should be addressed. For this objective, many studies have been
conducted in the literature [17], [20], [21], [22], [23], [24].

The simplification techniques of direct switching algorithms,
such as FCS-MPC, which is the focus of this article, can be
categorized into two groups. The first group reduces the can-
didate VVs by classifying them according to the state of a
controlled variable, such as ZSC [21], [25], voltage angle [20],
electromagnetic torque error [23], and motor speed [24]. While
this strategy reduces the computational burden of FCS-MPC
in OWM drives, the reduced VV candidates affect the overall
performance of the system. The second group performs the
prediction algorithm consecutively for each side of the dual
inverter [26], [27], [28]. Unlike the first group, this strategy does
not require additional knowledge of a certain variable. Also, it
is possible to remove the weighting factors [28]. Even though
the second group achieves a low computational burden without
categorizing the VVs, it should be noted that these methods
prioritize the ZSC over the other controlled variables [26], [27].

To address the mentioned problems, this article presents a new
predictive control architecture for the common dc source dual
inverter, which is used to drive an OW-SynRM. The proposed
method inherently requires low computational effort, rather than
merely attempting to reduce the computational burden of ex-
isting predictive algorithms for dual-inverter-fed OWM drives.
This inherent low computational requirement is achieved by
exploiting the model-free predictive current control (MFPCC)
theory. In addition to the well-known model-independent feature
of MFPCC, which has been widely studied in various applica-
tions [29], [30], [31], it offers another significant advantage: a
generalized formulation. This feature allows the predictive algo-
rithm to operate in the Cartesian frame, similar to the approach
used in [32] for multiphase drives. By leveraging this capability
in the proposed method, three parallel ultralocal models are
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Fig. 1. Configuration of OW-SynRM.

defined to predict the phase currents of the OW-SynRM within
the Cartesian frame. Using the finite-control set technique, the
switching states of each H-bridge in the dual inverter are utilized
in each ultralocal model to predict the phase currents in the
next sampling time. Then, three parallel cost functions decide
the optimal switching states. To the authors’ knowledge, for
the first time, parallel prediction models and cost functions in
the Cartesian frame are used in this article for the OW-SynRM.
This idea leads to less calculation burden, elimination of the
weighting factors, and indirect mitigation of the ZSC in the
control process.

In addition, this article introduces an adaptive proportional-
resonant extended state observer (PR-ESO) to improve the esti-
mations required for ultralocal models. The proposed PR-ESO
adjusts its estimations based on the motor speed, enabling a
variable bandwidth resonant function that adapts to the operating
frequency.

In summary, the contributions of this research can be ex-
pressed as follows.

1) Applying the MFPCC using parallel cost functions in the
ABC frame to achieve up to 73% reductions in the execu-
tion time of dual-inverter-fed OWM drives compared to
the standard predictive algorithm.

2) Presenting the PR-ESO with adaptive bandwidth based on
the motor speed to make the ultralocal model applicable
in the ABC frame.

3) Removing the ZSC control loops in the OWM drive by
achieving an indirect ZSC regulation.

4) Experimental validation of the proposed MFPCC on the
OW-SynRM, which has limited existing literature.

5) Introducing a method capable of application in other mul-
tiphase and multilevel applications. Unlike the dq-based
technique, the proposed method is much more feasible for
multiphase machines.

The rest of this article is organized as follows. Section II
models the OW-SynRM and introduces the principles of the dual
inverter with a common dc source. The conventional FCS-MPC
of the OW-SynRM is discussed in Section III, the details of the
proposed method are discussed in Section IV, the experimental
results are analyzed in Section V. Finally, Section VI concludes
this article.

II. MATHEMATICAL MODEL OF THE OW-SYNRM

The dual-inverter-fed OW-SynRM is schematically shown in
Fig. 1, in which a two-level VSI feeds each end of the motor
winding, and the dc-links of the VSIs are supplied with a shared
source. The output voltage of the dual inverter in the 3-D afo
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Fig.2.  Space vector locations of the dual inverter with a common DC source.

TABLE I
SWITCHING STATES OF A SINGLE VSI

State | 1 2 3 4 5 6 7 8
(100) (110) (010) (011) (001) (101) (000) (111)

SaSpSc

stationary frame is expressed as follows:

. 2
Vo + U8 = g‘/dc (Saa’ + spra + Scc’a2)

Vo = %V;ic (Saa’ + Spy + Scc’) (1)
where V. is the dc-link voltage, a = ¢727/3, and s, = s, —
Sz, @ € {a,b,c}, and s, depicting the switching state of the
appointed leg. When the upper switch is ON, s, = 1, and when
it is OFF, s, = 0. Therefore, the six legs of the dual inverter
produce 26 = 64 different switching states leading to 27 unique
VVs in the 3-D a/50 space vector diagram plotted in Fig. 2. The
VVs in this figure are labeled according to the state numbers
in Table I, and the superscript *’’ refers to the second VSI. For
example, switching state 23’ means that the state of the first VSI
is (110) and the state of the second VSI is (010).

The literature has noted that utilizing a common dc source
for the dual inverter causes ZSC to flow through the mo-
tor windings [15]. So, the motor’s model should contain the
o-axis component. In this regard, the dynamic equation of the
OW-SynRM in the rotational reference frame (dqo) is written as
follows:

diago
dt
where 1440 = [i47q8]T and vgg, = [v4 v Uo7 are the vectors
of the current and voltage, respectively. G aqo = [pa ¢4 0]T is the
flux vector, R is the stator resistance, L4, = diag{Lg, Ly, Lo}
is the dqo inductance matrix, w, is the electrical speed, and

quo = Vdgo — Rsidqo + We j(bdqo (2)
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The above model is the key part of the conventional MPC
control employed for the OW-SynRM in the next section.

III. ApPPLYING FCS-MPC FOR OW-SYNRM

In the FCS-MPC, the controlled variables are predicted in the
next sampling interval for each possible VV using the discrete
dynamic equation of the system. So, the prediction model of the
OW-SynRM can be acquired if the model in (2) is discretized
by Euler’s method, and the VVs of the dual inverter in Fig. 2 are
applied to it. The mathematical description is expressed as

is;} (”) = igqo + tSL(;qlo (quo(n) - Rsisqo + We jd)Sqo)

3
where ¢ is the sampling time, k denotes the current sample,
and k + 1 refers to the next sample. The term i’;;ol(n) depicts
the predicted currents for each VV (v44,(n)) derived from trans-
forming (1) into the dqo coordinates, andn = 1, ..., 27 denotes
the vector number. Among the 27 predicted current components,
the one with a minimum error compared to the reference current

is selected by a cost function defined as follows:

G(n) = Gag(n) + WoGo(n)
Gag(n) = |ig — ik (n)] +
Go(n) = |iy — s+ (n)]

o

iy — ikt (n)| )

where 7}, denotes the reference d-axis current, which is set by
the flux reference; ig is the reference g-axis current derived from
the speed control loop, ), refers to the reference ZSC that should
be set to zero to suppress the ZSC, and the parameter W, is the
weighting factor for the zero component. The VV corresponding
to the minimum G(n) is directly applied to the dual inverter.

Equations (3) and (4) show that the ZSC has been easily
merged into the predictive algorithm owing to the flexibility
of the FCS-MPC in controlling multiple variables. However,
performing FCS-MPC with 27 VVs demands a high compu-
tational burden. Besides, the conventional FCS-MPC strictly
depends on the system’s model. This can be troublesome in
the case of SynRM because L, and L, show highly nonlinear
behavior due to the direct and cross-magnetization effects [33].
So, the magnetizing curve should be obtained and applied to the
model (3).

By scrutinizing these issues, it can be seen that they are fun-
damentally distinct, thereby requiring unique solutions for each.
For the model dependency problem, various studies have been
conducted in the literature, such as using robust prediction mod-
els [34], disturbance observer-based control [35], model-free
predictive control [36], etc. The second issue has been settled
using reduced switching candidates [22], cascaded predictive
algorithm [28], etc. In [26], a model-free approach has been
combined with a cascaded switching algorithm to solve both
mentioned issues. Instead of merging various control concepts,
the next section presents an MFPCC that inherently has low
iterations. So, a reduction of the number of VV candidates is not
required.
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Fig. 3. Full H-bridge inverter feeds each phase of the OW-SynRM.
TABLE II
SWITCHING STATES OF THE PROPOSED METHOD
n (82847) Sy’
1 (10) 1
2 (00) or (11) 0
3 o1) -1

IV. PROPOSED MFPCC WITH PARALLEL COST FUNCTIONS
A. Conceptualization

This article presents a new predictive control structure for the
OW-SynRM based on two concepts.

Concept 1: In the dual inverter, each phase of the OW-SynRM
is fed by a full H-bridge inverter as illustrated in Fig. 3. So, it
can be considered that each phase has a separate path for the
current.

Concept 2: The model-free control theory [37] has a universal
dynamic equation expressed in (5), which can be employed in
any reference frame as discussed in [32]

Yy = F +bu 5)

where u, y, and n are the system’s input, output, and degree,
respectively. The term F' represents all known and unknown
dynamics between the input and output and b is the input
coefficient that must be tuned.

By manipulating these two concepts, a new MFPCC archi-
tecture is presented in Cartesian coordinates. For each H-bridge
in the dual inverter, the model-free dynamic equation can be
written as follows:

diy /dt = Fy 4+ b(VaeSpa) 6)

where i,, is the phase current reminding that x € {a,b, ¢}, F; is
an unknown function to be identified, and s, is the switching
state of the H-bridge according to Table II. The above equation
is utilized to construct a parallel prediction algorithm in the
following.

B. Parallel Current Predictions and Cost Functions

The discrete format of (6) is employed independently for each
phase, and the switching states of Table II are applied to predict
the currents in Cartesian coordinates as follows:

FH(n) = 5 4 £,y + tubViessar (). @)

In the above equation, n takes {1, 2,3} because sy, only has
three different states as shown in Table II. This means the
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predictive algorithm is significantly simplified compared to the
standard algorithm with 27 VVs. In other words, there are three
predicted current values for each phase. The optimum current
value of each phase is chosen among these values using a
separate cost function. Therefore, three parallel cost functions
are employed in the proposed methodology as follows:

Go(n) = |if, —ik*H (n)]
x=a,b,c (3)
n=12,3

where i), depicts the reference current value of phase z, and it
can be attained by transforming the dq current references (); and
iy) to the Cartesian frame as follows:

2m(7 — 1 2m(7 — 1
i, = iysin (9 — 771-(] )> —|—i’; cos (9— 77T(j )>

3 3
(€))
note that j = 1 for phase a, j = 2 for phase b, and j = 3 for
phase c.
Notably, the g-axis current reference is derived from the speed
control loop, which is implemented using a conventional PI
controller in this study as

. ki
|k x .
iy (p+s>(w We)

where w* is the speed reference; kp and kj are the coefficients
of the PI controller. In SynRMs, the d-axis current reference
is typically determined using the maximum torque per ampere
technique, where ij; = i;. However, since optimization is not
the focus of this study, a constant value is assigned to 7}; in the
experiments to simplify the implementation.

The proposed MFPCC can be applied with the finite control-
set algorithm using (7)—(9) knowing that F}, is estimated with a
proper observer in the following section.

(10)

C. Introducing PR-ESO to Estimate Unknown F,

In the literature, various types of ESOs have been utilized to
estimate F), either in the synchronous or the stationary reference
frames [38], [39]. This article presents a modified ESO in the
Cartesian coordinates. It is worth noting that the motor currents
have a variable frequency depending on the synchronous speed.
Therefore, to ensure that the proposed MFPCC performs ef-
fectively in different operating points, an adaptive PR-ESO is
presented here as follows:

{d%x Jdt = EFy + bVyeSpw + Bres

b 11
de/dt:k‘pegg—f—ER(eg;) (n

where the superscript “”~” determines the estimated variables,
€y = ip — i, [ is the observer gain, kp is the proportional
coefficient, and Eg(e,) is a resonant error function with the
following frequency-domain system:

krwes
2 26
5% + kpwes + w2

En(s) = (12)
where w, represents the bandwidth of the resonant observer
and kg is the resonant gain. In the proposed PR-ESO, the
bandwidth is set equal to the motor’s electrical speed. Therefore,
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the proposed MFPCC adapts to the speed of the OW-SynRM
and ensures precise control at different operating points. The
time-domain system of the proposed observer can be rewritten
as follows:

dgx/dt = Fw + bVacSaa + 516x
dER/dt = kaeez — kaeER - wg fERdt .
dF,/dt = kpe, + Er

13)

To analyze the stability of the above system, the state-space
model is defined by choosing four state variables: 1 = %T Ty =
Er,x3 = f Erdt,and x4 = F,. The inputs of the observer are
the measured current and the switching state of phase z, i.e.,
u1 = i, and ug = S,,7. The state-space system is expressed as
follows:

1"1 —ﬁl 0 0 1 I
.’1'?2 o —szwe _kae —ws 0 €T9
ig| 0 1 0 0| |zs
Ty —kp 1 0 Of |24
Bl dec
krwe 0 Ul
+170 7§ LJ (14)
kp 0

Considering the general state-space system x = Ax + Bu,
the coefficient matrix A for the above system is

—b1 0 0
—kpwe —kpwe —w
0 1 0
—kp 1 0

2
e

A= (15)

o O o

The characteristic polynomial is obtained by

P(s) =det(sI — A) (16)

where I is the identity matrix. Therefore

P(s) = s* 4+ a3s® + aps® + ays + ao.

ap = kpw?

a1 = fw? + krwe + kpkrwe
ay = Prikrwe +w? + kp

a3z = B + kpwe.

7)

Based on the Routh—-Hurwitz stability criterion, to ensure the
stability of the system, all the coefficients of P(s) must be
positive (a; > 0) and satisfy agasa; > a? + agao.

D. Digital Implementation Process of the Proposed MFPCC

Fig. 4 illustrates the block diagram of the proposed method.
Initially, the measured three-phase currents are directly utilized
in the proposed PR-ESO to estimate the unknown functions
(Fz). It is worth noting that in conventional methods, measured
currents are transformed into orthogonal reference frames. This
stage is removed in the proposed method. The PR-ESO given in
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Voltage

Sensoj/

Fig. 4. Block diagram of the proposed MFPCC with parallel cost functions.

(11) is expressed in the discrete domain as follows:

%iJrl = Eﬁ +ts (Ff + dechwz + 616312)

E%‘:ll = E}%ch ts (kR:Jeeﬁ — kaeEﬁ — ng}k%)
Hp™ = Hy, +t, (E)

PRl = Bk 4t (kpek + B%)

(18)

where H p is an intermediate function used to model the integral
action in the discrete domain.

Second, the estimated variables are put into the prediction
models to obtain the currents in the future sampling interval.
In this stage, each phase current is predicted for three possible
switching states given in Table II. To compensate for the digital
implementation delay, the predictions are made for the instant
(k + 2) using the estimations from the instant (k + 1) based
on (18) as follows:

2 () = L 4 B Vs (). (19)

For a precise current prediction, a voltage sensor for the
dc-link voltage Vj. is recommended, especially in the drive
system that utilizes a rectified dc source. Finally, the parallel
cost functions determine the optimal switching state for each
phase, taking into account the reference current values obtained
in (9). The proposed cost function in the digital implementation

is defined as follows:
Ga(n) = |i5 — 5+2(n)|”
r=a,b,c
n=1,2,3.

(20)

E. Remarks on the Proposed MFPCC Compared to MFPCCs
in Orthogonal Coordinates

The MFPCC in the Cartesian frame offers several significant
advantages over conventional MFPCCs that operate in orthog-
onal coordinate systems, such as the dqo or a0 frames. These
benefits are particularly evident when comparing the flowchart
of the proposed method [see Fig. 5(b)] to that of the standard
predictive control methods [see Fig. 5(a)].

1) Reduced Computational Burden: One of the key advan-
tages of the proposed methodology is its reduced compu-
tational burden. In the conventional method, the predictive
algorithm must be repeated 27 times for three orthogonal
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Measurements and speed
control loop

Perform PR-ESO to Estimate
Ffor Each Phase (cq. 18)

Measurements and speed
control loop

Transform the currents and
VVs into the dqo frame

Perform ESO to Estimate

Functions 7,

Predictif*z(n) (eq. 19)

Predict iZ;az (n)

Yes
Select the optimum VV of the
dual inverter Yes
Select the optimum switching
state of each H-bridge

(a) (b)

Fig. 5. Flowcharts of the MFPCC algorithm. (a) Standard approach in the
orthogonal coordinates. (b) Proposed approach in the Cartesian coordinates.

current components (dqo), whereas the proposed algo-
rithm only requires 3 repetitions for three phase currents
(ABC). This means 89% reduction in algorithm repetition.
Moreover, there is no need for the lookup tables to store 27
voltage vectors. These features are beneficial for low-cost
Mmicroprocessors.

2) Direct Phase Current Regulation: The proposed MF-
PCC directly regulates each phase current and eliminates
the ZSC control loop. In contrast, conventional methods
utilize additional control loops, such as the hysteresis
controller to manage the ZSC. Therefore, the proposed
method has a simpler structure in this regard. This direct
regulation is not only effective for the OWM drives but also
extends to other advanced systems, such as unbalanced
grids using four-leg inverters, fault-tolerant controls, and
multilevel multiphase inverters.

3) Flexibility of the control algorithm: The proposed method
offers significant flexibility because it can be easily
adapted for different types of dual inverters with common
or isolated dc sources. The reason is that the proposed
method in the ABC frame does not require a space vector
diagram, while the conventional MFPCC in the orthogonal
frame requires the specific space vector diagram of the
utilized inverter.

4) Elimination of Weighting Factors: The cost function in the
orthogonal frame (4) needs a weighting factor W, for the
ZSC term. However, the proposed method utilizes separate
cost functions that do not require any weighting factors.

5) Minimized Frame Transformations: The proposed method
also reduces the number of frame transformations. While
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Fig. 6. Experimental setup.
TABLE III

SYNRM SPECIFICATIONS
Name Symbol  Value
Rated line voltage Vi_r 400 v
Rated torque Te 3.1 N.m
Rated speed N 1500 r/min
Pola pairs P 2
Stator resistance Rs 9.1 O
d-axis inductance Lg 0.22 H
g-axis inductance Lg 0.04 H
o-axis inductance Lo 0.03 H

the MFPCC in the dqo rotary frame requires the transfor-
mation of both measured currents and VVs, the proposed
approach only requires the transformation of reference
currents. This reduction in frame transformations sim-
plifies the control process and improves computational
efficiency.

While the proposed method offers several advantages, a few
limitations should be considered. First, it is primarily designed
to simplify the predictive algorithm for complex inverters, so
applying it in the Cartesian frame for standard two-level three-
phase inverters may be more than necessary. Second, because the
algorithm operates in the Cartesian frame, it does not directly use
SVPWM if a continuous control-set scheme is applied. However,
the SVPWM can be applied by transforming the voltage refer-
ences into the stationary frame. Despite these considerations,
the advantages of the proposed method, particularly in reducing
computational burden and increasing flexibility, make it a useful
approach for complicated systems.

V. EXPERIMENTAL RESULTS

An experimental setup of the dual-inverter-fed OW-SynRM
has been developed to test and validate the proposed MFPCC.
Fig. 6 illustrates the setup, and Table III provides the specifica-
tion of the OW-SynRM. The TMS320F28335 DSP microproces-
sor is employed to implement the control system with a 50 -us
sampling time.

In this experimental setup, the rotor position is measured by a
typical incremental encoder. It should be noted that accurate de-
termination of the initial rotor position is crucial for the success-
ful startup of SynRM drives, regardless of whether encoders are
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Dynamic response of the dual-inverter-fed OW-SynRM at startup with speed reference 1000 r/min. (a) MFPCC-dqo. (b) MFPCC-a8. (c) MFPCC-ABC.

The waveforms are (i) motor speed, (ii) dqo current components, and (iii) three-phase currents.

employed [6], [40], [41]. Failure to do so can lead to issues, such
as sudden jitter, brief reversals, or startup failure. In addition, the
control system requires precise initial position information to
ensure maximum starting torque. Since the incremental encoder
cannot provide the initial position of the rotor, an initial position
estimation method was used in the control method [6]. Before the
main control method begins, this estimation method calculates
the initial position of the OW-SynRM.

In this section, various test scenarios are conducted to analyze
the performance of the proposed control system in the Cartesian
frame compared to existing control schemes in the stationary
frame and the dq rotational frame. The control methods under
consideration are listed as follows.

1) MFPCC-dgo: A conventional finite control-set approach,
applying all 27 VVs to the ultralocal model in the dq
rotational frame [25], [42].

2) MFPCC-afo: A sequential finite control-set approach,
applying 7 VVs for each inverter (14 iterations) in the a3
stationary frame [26].

3) MFPCC-ABC: Proposed finite control-set approach, ap-
plying three voltages for each phase (nine iterations) in
the Cartesian frame.

A. Dynamic Response

The three mentioned MFPCC approaches are tested under
dynamic conditions using the experimental setup. The first
dynamic test involves the motor startup from the standstill to
1000 r/min. Fig. 7 presents the results of this test. As shown,
the proposed MFPCC-ABC exhibits a dynamic response com-
parable to the other two methods, but with slightly lower current
distortion and ZSC levels. The higher distortion in the MFPCC-
dqo method is due to its higher computational burden, which

necessitates a longer sampling time—twice that of the other
two methods. In addition, the MFPCC-a/30 method displays
higher distortion due to its sequential algorithm with fewer VVs.
This test confirms that the MFPCC-ABC approach maintains
a strong dynamic response while simplifying the prediction
algorithm. It is worth noting that the similar dynamic responses
of the three control methods can be attributed to their use of the
same speed control loop. However, the MFPCC-af0 method
has a slower dynamic response due to its sequential algorithm,
which prioritizes the ZSC suppression over the control of the
torque-producing current component (i4). The second dynamic
test evaluates the performance of the three MFPCC approaches
under a sudden load application. In this scenario, the OW-
SynRM was operating under no-load conditions at 750 r/min
when the load was abruptly applied. The results of this test
are presented in Fig. 8. The dynamic responses of all three
methods were found to be similar by effectively recovering
the motor to its normal operation; however, the MFPCC-a/So
method exhibited slower dynamic and higher current distortion
compared to the other approaches. This increased distortion is
attributed to the method’s sequential algorithm with fewer VVs.
Meanwhile, the MFPCC-dqo method demonstrated a slightly
higher ripple in dq currents due to its longer sampling time
due to the higher computational load. In contrast, the proposed
MFPCC-ABC approach delivered superior performance, with
lower distortion and ripple, while maintaining a strong dynamic
response. In addition, the fact that ZSC suppression remained
consistent during the transient period verifies the effectiveness
of the proposed method in indirectly controlling the ZSC. This
test further confirms the effectiveness of the MFPCC-ABC
method in managing dynamic conditions with improved overall
performance.
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Steady-state responses of the three MFPCC approaches at a very low speed of 20 r/min under a light load. (a) MFPCC-dqo. (b) MFPCC-af30.

(c) MFPCC-ABC. Waveforms are (i) dqo current components and (ii) three-phase currents.

B. Steady-State Response

The steady-state performance of the three MFPCC ap-
proaches was evaluated at two different operating speeds: 20
and 1000 r/min, with the load provided by a dc machine. It is
important to note that the higher speed test at 1000 r/min corre-
sponds to a higher load condition. The results are summarized
in Figs. 9 and 10.

At 20 r/min, each method’s total harmonic distortion (THD)
values were as follows: MFPCC-dqo: 8.2%, MFPCC-afo:
6.88%, and the proposed MFPCC-ABC: 6.67%. As these re-
sults indicate, the proposed MFPCC-ABC method exhibited the
lowest THD, demonstrating its superior ability to minimize
harmonic distortion at low speeds. The current components

in the dqo frame also showed that the MFPCC-ABC method
provided better suppression of the ZSC compared to the other
two methods.

At 1000 r/min, the THD results further highlighted the ad-
vantages of the proposed method. The THD values were as fol-
lows: MFPCC-dqo: 5.26%, MFPCC-a/30: 5.41%, and MFPCC-
ABC: 3.64%. The significantly lower THD in the MFPCC-ABC
method at high speed compared to the other techniques can be
attributed to two main factors. First, its simple algorithm with re-
duced computational complexity, achieved by applying parallel
cost functions, allows for implementation with a shorter sam-
pling time. This gives the MFPCC-ABC method an advantage
over the MFPCC-dqo, which relies on a more computationally
intensive algorithm. Second, the proposed PR-ESO enhances
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are (i) value of b, (ii) dqo current components, and (iii) three-phase currents.

the current tracking performance of the MFPCC-ABC method
compared to the MFPCC-afo method. The traditional ESO used
in the MFPCC-a 0 method faces convergence issues at higher
speeds, negatively impacting its performance.

These steady-state tests confirm that the MFPCC-ABC
method outperforms the MFPCC-dqo and MFPCC-«/30 appro-
aches, offering lower THD and better control of the ZSC across
different speeds.

C. Effect of the Local Parameter Variation

The MFPCC methods are inherently model-free and thus, do
not depend on the OW-SynRM parameters. However, the design
of the local parameters in a model-free approach can still be
influenced by the motor parameters [26], [43]. To assess this
effect, a test scenario was conducted where the input coefficient
b was varied by 100% and 200% in two steps from its initial value
bo. The results for the three MFPCC methods are compared in
Fig. 11.

(b)

©

Effect of the input coefficient variation on the performance of the MFPCC methods. (a) MFPCC-dqo. (b) MFPCC-a30. (c) MFPCC-ABC. Waveforms

The results reveal that a 200% change in b does not sig-
nificantly deteriorate the performance of the MFPCC-dqo. In
contrast, the MFPCC-a/30 method exhibits poor performance
with changes in the coefficient b. This poor performance can
be attributed to two factors: the use of a reduced number of
VVs in the sequential algorithm and the reliance on a traditional
ESO for sinusoidal variables in the o stationary frame, which
makes the design more sensitive. On the other hand, the proposed
MFPCC-ABC method, utilizing parallel cost functions and a
modified PR-ESO, achieves robustness comparable to that of the
MFPCC-dqo while significantly reducing algorithm iterations,
leading to a computationally effective algorithm.

D. Comparative Analysis of the MFPCC Methods

Table IV provides a comparative overview of the three MF-
PCC methods as follows: MFPCC-dqo, MFPCC-af30, and the
proposed MFPCC-ABC. The comparison is based on several key
performance metrics, including THD at high speed, ZSC levels,



6810

TABLE IV
COMPARISON OF THE RESULTS

Method ZSC level THD 74 WF iterations Calc. time
A) (us)

MFPCC- < 0.05 5.26% yes 27 72.3
dqo

MFPCC- < 0.05 5.41% yes 14 21.4
affo

Proposed < 0.05 3.64% no 9 18.7

Method

the need for a weighting factor in the cost function, algorithm
iterations, and execution time on the microprocessor.

As previously discussed, the proposed MFPCC-ABC method
achieves the lowest THD at high speed. It is also noteworthy that
all three methods maintain ZSC levels close to zero, demonstrat-
ing effective ZSC suppression across the board. Notably, the
MFPCC-ABC method achieves this ZSC suppression without
requiring direct ZSC control, highlighting the merit of the pro-
posed parallel cost functions. A key advantage of the MFPCC-
ABC method is that it does not require a weighting factor in
the cost function, simplifying the design process. In contrast,
both MFPCC-dqo and MFPCC-afo require a weighting factor
to balance the tradeoffs in their respective cost functions.

In terms of algorithm efficiency, the MFPCC-ABC method
also stands out with only 9 iterations, compared to 27 for
MFPCC-dqo and 14 for MFPCC-afo. Note that MFPCC-a/50
[26] has proposed a successful computational reduction tech-
nique. However, this reduction slightly deteriorated the current
quality. The proposed MFPCC-ABC method achieves an exe-
cution time of 18.7 us, significantly lower than the 71.1 us for
MFPCC-dqo and 21.4 us for MFPCC-«50 without deteriorating
the current compared to the 27 vector method.

Overall, the MFPCC-ABC method offers superior perfor-
mance, computational efficiency, and simplicity, making it a
highly effective approach compared to the other two methods.

VI. CONCLUSION

This article has proposed a novel MFPCC approach that
integrates parallel current predictions and cost functions in the
Cartesian frame for OW-SynRM drives. Through rigorous com-
parative experimental tests, it has been confirmed that the pro-
posed MFPCC algorithm significantly reduces computational
burden while maintaining the high performance of standard
implementations. Specifically, the execution time is reduced by
73% compared to the MFPCC-dqo and by 13% compared to the
sequential MFPCC-a3o. In addition, the THD is decreased by
1.6% compared to the conventional MFPCC-dqo and by 1.8%
compared to the MFPCC-afo.

Furthermore, the proposed approach effectively mitigates
ZSC, achieving suppression indirectly, comparable to methods
that rely on direct ZSC control. In light of these achievements, it
can be concluded that the MFPCC with parallel cost functions in
the Cartesian frame represents an effective and efficient control
alternative for open-end winding motor drives. Moreover, the
versatility of the proposed method suggests its potential appli-
cability in a variety of other complex power electronic systems,

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 40, NO. 5, MAY 2025

such as four-leg inverters for unbalanced grids, fault-tolerant
control systems, and multilevel and multiphase inverters. Future
research could extend the benefits of the proposed MFPCC with
parallel cost functions to a broader range of advanced inverter
systems.
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