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A new stator flow-oriented control method based on type-2 fuzzy logic controllers for
permanent magnet synchronous motors

Introduction. Stator flow-oriented control is currently the most widely used system in industry or in previous research for improving the
quality of mechanical power generated by permanent magnet synchronous motors (PMSM). Problem. However, this control is often based
on PI controllers, which have shown problem limitations in terms of performance and robustness. Furthermore, these controllers are not
suitable for variable-structure motors, which requires the use of new, more efficient controllers that provide robust control over both
internal and external changes, such as type-2 fuzzy logic controllers. The goal of this work is to develop a stator flow-oriented control system
by replacing PI controllers with type-2 fuzzy logic controllers that are robust to both external variations, such as changes in torque
resistance, and internal variations, such as changes in parameters. Methodology. To implement this control on the PMSM, we maintained
the similar structure of stator flow-oriented control, but replaced the PI controllers with type-2 fiizzy controllers. The results of numerical
simulations performed using MATLAB/Simulink show that the stator flow-oriented control based on type-2 fuzzy logic controllers achieves
an ideal response time and minimal overshoot, with an exponential error close to zero in both the transient and steady states, even with the
application of external variations such as resistive torque or changes to the machine’s parameters. The scientific novelty of this work lies in
replacing all the controllers in the stator flow-oriented control system with type-2 fuzzy controllers and their programming method, thus
addressing the shortcomings of traditional methods. In addition, a rare type of comparative study is presented, thanks to which the
effectiveness and robustness of the developed control method relative to other can be demonstrated. Practical value. The excellent results
obtained with the new stator flow-oriented control method using type-2 fuzzy logic controllers suggest that it should be taught in academic
circles and applied in industry. References 30, tables 3, figures 5.

Key words: mechanical power control, permanent magnet synchronous motor, stator flow-oriented control, type-2 fuzzy logic
control.

Bcmyn. Kepysanns, opienmosate 3a nomoxom cmamopa (SFOC), Ha cb0200Hi € 00HUM i3 HanowiupeHiuux nioxooig y npomucioeocmi ma
HAYKOBUX OOCTIONCEHHAX ONAl NIOBUWEHHS AKOCTI MEXAHIYHOI NOMYUCHOCM, WO 2eHEPYEMbCA CUHXPOHHUMU OBUSYHAMU 3 NOCMIUHUMU
maznimamu (PMSM). Ipoonema. Ilpome 6 Oinvuiocmi unadkie maxe Kepysauus bazyemuca Ha Ill-pecynamopax, ki Maroms 0OMexCceHHs 3
TMOYKU 30py WEUOKoOii ma pobacmuocmi. Kpim moeo, yi pezyniamopu € Maionpuoamuumu O OB8USYHIG 3i 3MIHHOIO CIPYKIYPOIO, WO
3YMOGTIOE HEOOXIOHICb 30CMOCY8AHH HOBUX, OLbld eeKMmUBHUX pe2yIamopie, 30amHux 3abe3nedumu pooacnte KepysauHsa SK npu
BHYMPIWHIX, MAK | 306HIUHIX 30YPEHHAX, 30KpeMa pe2yiamopie Ha OCHOGI Heuimkoi noziku muny 2. Memorw pobomu € po3pobieHHs
cucmemu KepyeanHs, OpPiCHMOBAHOI 3a NOMOKOM cmamopa, wiaxom saminy I1l-peeynamopie na pezynsimopu newimxoi no2iku muny 2, sAKi €
pobacmuumu AK 00 306HIWHIX 3MiH (HANPUKIAO, 3MIHU HABAHMANCYBANLHO20 MOMEHMY), MaK i 00 6HYMpIwHIX eapiayiti napamempis
osuzyna. Memoouka. /[na peanizayii 3anpononosarozo nioxoody 6 cucmemi xepysanns PMSM s6epescero cmpykmypy SFOC, oonax I11-
pezynamopu 3amMiHeHo Ha peyiamopu Hewimxoi noeiku muny 2. Pesynbmamu uucensho2o M0Oen08aHHA, SUKOHAHO20 6 Cepedosuuyi
MATLAB/Simulink, noxazanu, wo cucmema KepysanHs, OPIEHMOBANA 3a NOMOKOM CIamopa Ha OCHOGI HewimKoi 1oziku muny 2, 3abesneuye
NpaKmuiHo i0eanbHUll 4ac peaxyii ma MiHiManbHe nepepezyiosanis, npu Yoomy noxXudKa Mae eKCHOHEHYIIHULL Xapakmep i npamye 00 Hyis
5K Y nepexionomy, max i 6 YCmaneHoMy pedjicumax Hagimv 3a HAA6HOCMI 306HIUMIX 30YpeHb, MaKUX AK HABAHMAIICYBATLHULL MOMEHM a0
3minu napamempie mawuny. Haykoea noeusna podbomu nonseae y noeHiii 3amini écix pezynamopig y cucmemi SFOC na pezynamopu
HeuimKoi 102iku muny 2, @ maxkoxc y 3anponoHo8aHoMy RioXo0i 00 iX npocpamHol peamizayii, wo 0036015€ YCYHYMU HeOOMIKU MPAOUyIiHUX
Mmemodie. Kpim moeo, npedcmaeneno pioKICHULlL mun NOPIGHSUIBHO20 OOCTIONCEHHS, KUl OeMOHCIMPYE epeKmueHicmy i pobacmuicms
PO3pobeno20 Memoody KepysanHs nopisHano 3 ichylouumu. Ilpakmuuna 3nauumicmo. Ompumani pe3ynbmamu 3aCMOCYSAHHS HOBO2O
Memody Kepyeamhsi, OPIEHMOBAHO2O 3 NOMOKOM CHAMOpPA i3 6UKOPUCMAHHAM DecyNamopie Hewimkoi nociku muny 2, ceiouams npo
OOYLIbHICHb 11020 6NPOBAONCEHHSL SIK Y HABYATILHOMY NPOYEC, MakK i 8 npomMuciosux sacmocyearnnsix. biomn. 30, tadmn. 3, puc. 5.

Kniouogi cnosa: MexaHiuHe KepyBaHHS NOTY KHICTIO, CHHXPOHHMIi JBUIYH 3 NIOCTiiHUMM MarHiTaMu, KepyBaHHs OpPicHTOBaHe
32 HOTOKOM CTATOPAa, KEPYBAHHS HA OCHOBi He4iTKOI J1oriku THILY 2.

Introduction. In industrial settings, permanent (T2FL). When it’s tough to pin down precise membership

magnet synchronous motors (PMSMs) are highly favored
[1, 2]. Their popularity stems from their simplicity,
reliability, and compact footprint, which outshines that of
DC motors [3, 4]. Their design is simpler as they lack
mechanical switches, which enhances their longevity and
obviates the necessity for frequent maintenance [5, 6].
Moreover, their operation in explosive environments is
feasible due to the absence of spark generation.
Additionally, they offer superior power output relative to
their mass, distinguishing them from DC machines that
demand more power sources and exhibit a lower power-
to-weight ratio [7, 8].

It is well known that Al techniques have a great deal
of promise for solving problems in industrial processes,
particularly in domains like parameter estimation, control,
and system identification. More and more, induction
machines are being controlled and adjusted using fuzzy
logic, a prominent Al technology. Building systems that
can do cognitive tasks similar to human reasoning is the
ultimate objective of Al research [9-11].

Classical fuzzy logic, now called type-1 fuzzy logic,
has been generalised into a new type-2 fuzzy logic

functions for a fuzzy system, T2FL comes in handy. With
this new logic, we may include uncertainty in the rules,
which will improve the system’s output [12—15].

Currently, the most popular method in industry and
previous research such as those reported in [16, 17] to
enhance the mechanical power produced by PMSM is
stator flow-oriented control (SFOC) based on PI
controllers. Unfortunately, these PI controllers have
shown performance and durability issues. Furthermore,
these controllers are not suitable for motors with variable
structure. In the present work the contribution consists in
proposing the replacement of PI controllers by type-2
fuzzy controllers to further improve the static and
dynamic performance in response to internal (such as
parameter changes) and external (such as torque
resistance) fluctuations.

The goal of this work is to develop a stator flow-
oriented control system by replacing PI controllers with
type-2 fuzzy logic controllers that are robust to both
external variations, such as changes in torque resistance,
and internal variations, such as changes in parameters.
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Modelling of the PMSM and its converters. In
order to simulate the behavior of the PMSM and to develop
control techniques for this machine, it is important to model
PMSM and its converters individually:

e the permanent magnet synchronous motor;

e the motor-side converter (two-level inverter),
utilizing a  two-level inverter, facilitates the
implementation of commands to regulate the mechanical
power produced;

e the grid-side converter, featuring a two-level rectifier,
emerges as an effective solution for enhancing the power
factor on the grid side and regulating the DC bus.

PMSM model. The PMSM mathematical model
needs to be formatted in order to study its control and
simulation in different operating systems [18, 19]:

d 1
Elds = E(Vds — Ryl g + QLqus)
d 1
o (Vg = Ryl — Lyl + 2, )
! q
(1)
3
Co=3 DLy =Ll + 6714}
C,-C.—fQ= J%Q,
d
S KI=lalx ]+ (817 ], @)
where:
[X]:[Ids ]qs]r;[V]:[Vds Vqs ¢f]r:
-R, 1 1
s 4 — 0 0 |V
Ids _ Ld Ld Ids + Ld Vds (3)
[qs ﬁ — R Iqs 0 i _Q ;S.
Lq Lq Lq Lq f
We define:
Ry o L
Ld Ld
Al= ; 4
[4] I @)
Lq Lq
1
. 0 0/ oo o
Bl=| ™ | |+lo 0 - 1|2, ©
0O — 0 Lq
q

where C,, C,, Q, f, J, p are the resistance torque, motor
torque, mechanical speed, viscous friction factor, moment
of inertia, number of pairs of poles, respectively; 1,, 1,, Vy,
Ve» Las Ly @a, @, are the dgq components of the stator
current, voltage, inductance and flux linkage,
respectively; ¢ris the rotor flux linkage generated by the
permanent magnets; R; is the stator resistance.

Motor-side converter model. To control the PMSM
effectively, a static converter a two-level inverter is
employed to energize its stator. This converter primarily
aims to modulate the DC bus voltage to power the stator
winding and facilitate the execution of commands for
regulating the mechanical power output [20, 21]:

Va2 -1 TS
Vp|=¢|-1 2 -1, (6)
Ve -1 -1 2|8

where V,, Vp, V. are the line voltages; S,—S; are the
switching states; £ is the DC source.

Grid-side converter model. The grid-side
converter, resembling the machine-side converter
established earlier, shares a similar design. Apart from its
bidirectional power flow capability, the grid-side
converter boasts the advantage of regulating the DC bus
voltage consistently and setting the reference reactive
power to zero, thereby preserving the grid’s quality by
maintaining a unity power factor [22, 23]:
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On the grid side, this converter can be controlled
using voltage oriented control, comprising two internal
loops for regulating the phase currents, while an external
loop oversees the output voltage regulation:
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where iy, i, ic, Vi, V2, V3, Van, Vin, Ven are the components
of the stator currents, stator voltage, and simple voltage,
inductance and flux linkage, respectively; L, R are the
inductance and resistance of the line; U, is the DC
voltage; C is the capacity of the capacitor in parallel; V4,
Vigs Vi, Vo ipgs ipg are the dg components of the line
voltage, grid voltages and currents respectively; P, O are
the active and reactive powers; w is the pulsation.

Mechanical power control. In order to obtain high
quality control of the mechanical power produced by a
PMSM, it is necessary to select suitable control
techniques to control the mechanical power generated by
the rotor of this machine. To do this, it is necessary to
select suitable control techniques that allow the speed and
mechanical torque to be controlled at the reference speed
to ensure that our system is more efficient.

Stator flow-oriented control based on PI
controller. One technique to maximize the quality of the
mechanical energy generated is this control. This method,
we suggest a control algorithm that is based on the
machine’s stator flux orientation, which highlights the

Electrical Engineering & Electromechanics, 2026, no. 3

69



relationships between the mechanical power quantities
(speed and electromagnetic torque) and the stator voltages
produced by the inverter (Fig. 1). These relationships
allow action to be taken on the stator signals in order to
independently control the exchange of the speed
generated at the machine’s rotor [24, 25].

Fig. 1. Stator flow-oriented control based on PI controllers

In order to obtain control similar to that of separately
excited DC machines, it is necessary to maintain iy at
zero and control the speed or position via the current iy:
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Stator flow-oriented control based on T2FL
controller. A fuzzy system is said to be of type-2 if it
contains at least one fuzzy set of type-2 in membership
functions that specify its premises or consequences. Fuzzy
reasoning in this type of system leads to fuzzy sets of
type-2 outputs. The configuration of a type-2 fuzzy
system closely resembles that of a type-1 fuzzy system. It
comprises a rule base, a fuzzification and defuzzification
blocks and an inference mechanism. The only difference
is in the output. In type-2, the defuzzification block is
preceded by a reduction block [26-28].

To implement this control on the PMSM, we
maintained the similar structure of stator flow-oriented
control but replaced the PI controllers with T2FL
controllers of the same types, which have the same
membership functions (Fig. 2). The difference lies in the
normalisation gains.

In reference to the choice of membership function
configurations within the defuzzification block of the
control variation and the fuzzification block for the
mistake and its variation [29, 30]. We opted for the
Gaussian shape shown in Fig. 3.

AE U
Fig. 3. The employed membership functions

Decision rules for the type-2 fuzzy controller are
represented in Table 1.

Table 1
Decision rules for the type-2 fuzzy controller
Error
Control N EZ P
Derived N NG NP PP
from error EZ NG EZ PG
P NP PP PG

Comparative analysis between the controls
developed. In order to evaluate the difference between
the two controls implemented on our PMSM in this work,
we shall do a comparative analysis of these controls. This
research was replicated under identical condition.

Qualitative comparisons. This comparison relies on
observing results obtained through simulating our motor
within the MATLAB/Simulink environment, using the two
control techniques developed. In this comparison, we carried
out the test by implementing a resistive torque (C, = 6 N-m)
as an external variation of the instants (=0.5 s and t= 1.5 s)
and a speed set point equal to the nominal speed of the
PMSM (1000 rpm) (Fig. 4).

1100

Mechanical speed (rpm)

1050
soof- - — L —

m(mr_L_l_l__L‘
|

1000

Fig. 4. Mechanical speed produced for the two controls with a
zoom (external variation)

With an application and cancellation of external
variation (resistive torque), the simulation results
demonstrate that the mechanical speed adheres to their
reference in both control types; however, the reaction
time, overshoot, and exponential convergence of the
errors for the steady state are not. When SFOC based on
T2FL is used, the best value for these is evidently
reached, making it the most effective and best-performing
control when compared to the other control.
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Quantitative comparisons. Our comparison is
based on 4 criteria, all of which are derived from the
quantitative findings of our PMSM control approaches
and their application to simulations.

1) The integral error squared:

t
ISE = j A (t)dt . (20)
0
2) The integral of the absolute value of the error:
t
IAE = He (t)‘dt . @1
0
3) Integral of the time multiplied by the absolute
value of the error:
t
ITAE = j tle(n)|de . 22)
0
4) Integral of the time multiplied by the squared error:
t
ITSE = J'tezdr . (23)
0

The results of the simulation (Table 2) indicate that
SFOC based on T2FL controllers outperforms the other
controls in minimising all criteria (ISE, IAE, ITAE,
ITSE), yielding the lowest values.

Table 2
Quantitative comparison between the different controllers
for external variations
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Fig. 5. Mechanical speed produced for the two controls with a
zoom (internal variation)

Table 3 shows the comparison values for a robustness
test between the two controls developed. The simulation
results indicate that SFOC based on T2FL performs best for
minimises error compared with stator flow-oriented control.

Table 3

Quantitative comparison between different controllers

for robustness testing

Controls developed
Cv(:::arlgllfsd Criterion SFOC SFOC
PI T2FL
ISE 0.1276 0.0057
Speed IAE 0.0957 0.0374
ITAE 0.1037 0.0360
ITSE 0.1329 0.0049

Conclusions. In this work, we developed a stator

Controls developed
C\/‘;‘:;gi‘;d Criterion SFOC SFOC
PI T2FL
ISE 277.140 12.1679
Speed IAE 4.9382 1.1503
ITAE 2.6872 0.6643
ITSE 144.7328 6.3375
Robustness comparisons. The final assessment

focuses on conducting robustness tests for the proposed
control strategies, which tests the impact of parametric
changes (internal variation) of the PMSM on their
performance. Being aware that these parameters can
fluctuate in a real motor due to a variety of physical events
(such as resistor heating, etc.), to apply this comparison we
will decompose our state model of the machine as follows:

[A]:&—IOJrR_SO 0], L [0 1],L,[0 O]y
Ly 0 0] L]0 =1] Lz[0 0] L,|-1 o]

[B]:[LF 0 O}LL{O 0 O}FL{O 0 OHQ' 25)
Ld|0 0 0 LqOIO LqOO—l

In this comparison, we have plotted the mechanical
velocity curve to show the robustness of the proposed
controls (Fig. 5). The variation of the parameters will be
applied between the instants t=0.8 sand 1= 1.3 s.

In this test, we visualized the velocity shape. The two
proposed controls are very reliable and perform well even
with small parameter fluctuations; However, the SFOC
based on T2FL seems to be the best control, since it has an
almost smooth speed curve and good tracking of the set point
curve, followed by the SFOC based on PI corrector which
gives us remarkable ripples compared with the other control.

flow-oriented method using type-2 fuzzy logic controllers
to solve parametric and external variation problems and
achieve positive mechanical power output performance.
Finally, a comparative study is conducted between this
method and the one based on PI controllers where they
obtained results clearly show that the SFOC based on
T2FL controllers is the most efficient and effective
PMSM control compared to the stator flux orientation
control based on PI controllers both in transient and
steady state, even with the application of external
variations (EV) such as resistive torque or parametric
variations (PV) of our machine.

The latter achieved:

- high response time R;: R(EV)=0.03 s, R(PV)=0s
for SFOC based on T2FL and R(EV) = 0.15 s, R(PV) =
=0.2 s for SFOC based on PI.

- minimal overshoot (Mo): Mo(EV) = 40 rpm,
Mo(PV) = 0 rpm for SFOC based on T2FL and Mo(EV) =
=110 rpm, Mo(PV) =4 rpm for SFOC based on PI.

- ITAE that is close to 0: ITAE(EV) = 0.6643,
ITAE(PV)= 0.036 for SFOC based on T2FL and /TAE(EV) =
=2.6872, ITAE(PV)=0.1037 for SFOC based on PI.

These results obtained with the new stator flow-
oriented control based on T2FL controllers call for the
teaching of this method in academic circles and also for
its application in industrial circles.
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