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Performance improvement of parallel dual-star permanent magnet synchronous machines via
type-2 fuzzy direct torque control with a single six-phase inverter

Introduction. The growing need for efficient and high-performance electric drive systems has led to increased research in advanced
control strategies for multi-machine configurations. Among them, dual-star permanent magnet synchronous machines (DSPMSMs)
connected in parallel to a single inverter offer a promising solution for applications requiring high reliability and precise control.
Problem. Conventional direct torque control (DTC) strategies, typically relying on PI controllers, suffer from significant torque and
flux ripples, which negatively impact system efficiency and dynamic response. Moreover, these traditional controllers face challenges
in handling parameter variations and external disturbances, limiting their applicability in demanding environments. Goal. This study
aims to enhance the performance of DSPMSM drive systems by improving speed regulation, minimizing torque and flux fluctuations,
and increasing robustness against disturbances, thereby ensuring greater efficiency and stability. Methodology. To address these
challenges, we propose a novel DTC strategy that replaces the conventional PI controller with a type-2 fuzzy logic controller (T2-
FLC). This intelligent control approach leverages the adaptability of fuzzy logic to improve response accuracy and dynamic
performance. The proposed methodology is validated through extensive simulations using MATLAB/Simulink, analyzing various
operating conditions and comparing the performance with conventional DTC techniques. Results. Simulation results confirm that the
T2-FLC-based DTC significantly reduces torque and flux ripples while ensuring precise speed regulation. The proposed approach
also demonstrates improved robustness against disturbances and parameter variations, outperforming traditional PI-based DTC in
terms of efficiency and control accuracy. Scientific novelty. This research introduces an innovative application of T2-FLC in DTC
for parallel-connected DSPMSMSs, offering a novel control strategy that effectively mitigates the drawbacks of conventional methods.
The integration of T2-FLC into the DTC framework provides enhanced adaptability and superior performance, distinguishing this
study from existing works. Practical value. The proposed control strategy enhances the reliability, efficiency, and stability of
DSPMSM-based drive systems, making it well-suited for high-performance applications such as railway traction, electric vehicles,
and industrial automation. By improving control precision and robustness, this approach contributes to the advancement of
intelligent drive technologies in modern electric propulsion systems. References 39, tables 4, figures 16.

Key words: permanent magnet synchronous machine, type-2 fuzzy logic controller, direct torque control, six-phase inverter,
multi-machines system.

Bcemyn. 3pocmatoua nompeba 6 eghekmusHux ma BUCOKONPOOYKIMUGHUX CUCEMAX eleKmponpueody npuzeenda 00 NOCUTEHHS OOCTION#CEHb
YOOCKOHaneHux cmpamezii kepysants onsi 6azamomawunnux kougizypayiti. Ceped HUX, CUHXPOHHI MAWUHY 3 ROCMITLIHUMY MASHIMAMU Ma
00MOMKOIO CIMAMOpa 3a cXemol0 3 €OHaHMA «3IPKay i3 CRITbHUM pe2yToeaHHAM cmpymie obmomok cmamopa (DSPMSM), wo niokmoueni
napanenbHo 00 00HO20 IHEEPMOpA, NPONOHYIONb NEPCHEKMUGHE PiueHHs. Ol 3aCMOCY8aHb, SIKI GUMAAIOMb GUCOKOL HAOLIHOCME ma
mounoeo kepysarnns. Ilpoonema. Tpaouyiini cmpameeii npsamoco kepyeéanns kpymuum momenmom (DTC), sxi 6azyiomwvcs Ha PI-
KOHMPOIepax, Maomy 3HAUHI NYIbCAYIT KPYMHO20 MOMEHITY Ma ROMOKY, WO He2AMUBHO BNIUBAE HA eHeKMUBHICINb cucmeMu ma OUHAMIUHY
xapaxmepucmuxy. Kpivm moeo, yi mpaouyitini Konmponepu cmuxaiomscs 3 npooiemami 06pooKu KoaueaHs napamempie ma 306HiUHIX
30ypeHb, o 0OMeNCYE IXHIO 3ACMOCO8HICMb ) CKIAOHUX yMmosax. Mema. Lle 0ocniodicents cnpamosane Ha niO8UIeHHs NPOOYKIMUBHOCTE
cucmem npueody DSPMSM wuisixom noxpawenms pecymoBanHs wieUOKOCH, MiHIMI3ayii KOnueans KpymHO20 MOMeHmy ma HOMOKY, a
MaKodic NioGUeH s Cmilikocmi 0o 30ypenb, mum camum 3abesneuyiouu oinouty egexmuericms ma cmadinoricms. Memooonocin. [na
BUpIUEHHs Yux npobrem 3anponoHoéaro Hogy cmpamezito DTC, sxa 3aminoe mpaduyitinuil PI-koHmponep KOHmMpoiepom 3 HeuimKor
noeikoro 2-eo muny (T2-FLC). Lleil inmenexmyanvruil nioxio 00 KepyeaHHs GUKOPUCTOBYE AOANTMUBHICTIb HeYIMKOL TI02IKU OJisl HOKPAWEHHS
MOYHOCMIE IO2YKY MA OUHAMIYHUX XAPAKMEPUCUK. 3anponoHOSaHa Memooosoeis Nepesipena 3a 00NoMo20t0 MAcumadHoi cumynayii 3
suxopucmanuim MATLAB/Simulink, ananizyiouu pisni poboui ymosu ma nopisniorouu npooykmueHicme 3 mpaouyitinumu DTC memooam.
Pezynomamu mooenosanns niomseepoxcyioms, wo DTC na ocnosi T2-FLC 3uauno 3menutye nynscayii KpymHoeo MOMeHmy ma NOmoxy,
3abe3neyyroul npu YboMy MmouHe pesyiro8aHHs WEUOKOCHI. 3anponoHosanutl nioxio OeMOHCMpYe NOKpaujeHy cmitikicms 00 30ypeHb ma
Konusans napamempis, nepegepuiyiouu mpaouyitinui DTC na ocnosi PI 3 mouku 30py eghexmusnocmi ma moynocmi kepysanns. Hayxoea
HosusHa. Lle docniocennsn npedcmasnsie innosayitine 3acmocyeanna T2-FLC y DTC ons napanenvho 3 ’c¢onanux DSPMSM, nponouyrouu
HOBY cmpameziio KepyBaHHs, SIKA egheKMmuHo yCyeae nedoniku 3eudaiinux memoois. Iumezpayia T2-FLC y cmpykmypy DTC 3abe3neuye
NOKpaujery aoanmueHicms ma 6UCOKY NPOOYKMUGHICMb, W0 GIOPIZHAE ye 00CTiONCeHHs 6i0 icHylouux pobim. Ilpakmuuna 3nauumicme.
3anpononosana cmpameeis kepyeanHs nidguugye HAOIIHICMb, epeKmueHicmy ma cmabiibHicmy cucmem npugody Ha ochosi DSPMSM, wo
pobums i dobpe npuodammolo O UCOKONPOOVKMUBHUX 3ACMOCYBAHb, MAKUX AK 3AN3HUYA, eleKmpoMOOini ma NpoMUciosd
asmomamuzayis. 3a805Ku NOKpaWeHH0 MOYHOCII Ma HAOIIHOCIMI KEPYBAHHS, yell NiOXi0 CNpUac po3eUmKy iHMeNeKmyanbHUX MexHON02il
NpuUoody 8 CYYACHUX enekmpuyHux pywitinux cucmemax. biomn. 39, tadm. 4, puc. 16.

Knioyogi croéa: CHHXpOHHA MALUIMHA 3 MOCTIHHUMH MAarHiTaMH, KOHTPOJEpP 3 He4YiTKOI0 JIOTiKOKW 2 TUmy, HmpsiMe YNpaBJiHHS
KPYTHHM MOMEHTOM, liecTu(asHuii inBepTOp, 6araToMalIMHHA CHCTeMA.

Introduction. In today’s rapidly evolving industrial
landscape, there is an increasing focus on optimizing
system performance while reducing weight, volume, and
operating costs. To achieve this ambitious goal, the
concept of using a multi-machine drive system powered
by a single inverter has emerged as an innovative
solution. Such systems find applications in various
industries, including paper and rolling mills,
transportation, electric traction, marine propulsion, and
electric vehicles.

In the domain of multi-motor drives, the design and
control strategy of the drive system must be carefully
tailored to meet the specific requirements of the
application. These include factors such as output power,
speed control, and accuracy [1-8]. The implementation of
drive techniques involving the parallel connection of two
dual-star permanent magnet synchronous machines
(DSPMSMs), both powered by a six-phase pulse width
modulation (PWM) inverter, has been adopted in various
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industrial applications [1, 2, 9]. However, when it comes
to controlling the speed of multi-phase drives, traditional
control mechanisms face persistent challenges due to
parameter variations, flux and torque ripples, and the
effects of power disturbances on the load [9-11].

To address these issues, this paper proposes an
innovative approach [12] by integrating a type-2 fuzzy
logic controller (T2-FLC) with direct torque control
(DTC) to regulate the speed of two DSPMSMs operating
in parallel [13-15]. This method not only improves
system performance but also mitigates torque and flux
ripples that could otherwise affect operational efficiency.
The motivation behind this work lies in overcoming the
limitations of traditional DTC methods [9—11], which are
known for their sensitivity to rotor parameter variations
and challenges in managing variable switching
frequencies due to the use of hysteresis controllers [12].

In response, this work explores a state-of-the-art
methodology by integrating a T2-FLC, aiming to
overcome these limitations and provide a more suitable
approach for systems affected by uncertainty.

Extensive research on the application of type-2
fuzzy logic in engineering is ongoing, highlighting several
advantages over type-1 fuzzy logic controller (T1-FLC) in
systems affected by uncertainty [15-19]. Recent studies
confirm that the T2-FLC offers better performance than
T1-FLC in managing uncertain or imprecise system
parameters [20-22].

Before presenting the proposed methodology, it is
important to review the current state of the art.
DSPMSMs, featuring two star-connected three-phase
stator windings shifted by 30°, offer several advantages
over conventional three-phase PMSMs. These include
lower torque ripple, reduced current harmonics, higher
reliability, and greater power capability [23]. Moreover,
DTC has proven effective in achieving high dynamic
performance in AC motor drives [24]. Traditional DTC
methods estimate torque and flux to select appropriate
voltage vectors, keeping errors within hysteresis bands.
While this enables fast torque response, it results in
variable switching frequencies [25].

Fuzzy logic controller (FLC) provides an alternative
control strategy that relies on linguistic rules and
membership functions (MFs) rather than complex
mathematical models [26]. FLC is recognized for its
robustness against uncertainties and is particularly well-
suited for complex, nonlinear systems. T2-FLCs are
distinguished by their ability to handle higher degrees of
uncertainty compared to T1-FLCs [27].

Recent studies have investigated the integration of
intelligent control techniques to enhance the performance
of DTC. Notable developments include fuzzy-based DTC
strategies for induction motors, which have demonstrated
improved speed regulation and reduced maintenance costs
[1]. Fuzzy logic controllers have also been incorporated
into DTC systems to improve the efficiency, reliability,
and dynamic behavior of variable-speed drives in a wide
range of applications. For example, fuzzy-2 DTC
combined with space vector pulse width modulation has
shown faster dynamic responses, lower total harmonic
distortion (THD) in current and voltage, and reduced
capacitor voltage spikes in induction motor drives,
outperforming conventional PI-DTC schemes [24].

Furthermore, FLCs have been applied to DTC
schemes to improve the overall performance of variable-
speed drive systems. In [25], a fractional-order FLC was
introduced to enhance the dynamic performance of DTC
in induction motors, leading to significant gains in
efficiency and reliability. In [27], FLC was employed to
optimize electromagnetic torque and speed regulation in
induction machines, effectively replacing conventional
hysteresis comparators and PI speed controllers.

Additionally, DTC has been integrated with adaptive
fuzzy control in the case of DSPMSMs, significantly
reducing harmonic currents and improving efficiency in
high-power traction applications [28]. Fuzzy logic-based
control has also been applied to grid-connected
photovoltaic inverters, stabilizing output voltage and
current, minimizing THD, and enabling power injection
into the grid when generation exceeds local demand [29].

In PMSMs, fuzzy logic-based DTC techniques have
enabled the reduction of torque and flux ripples without
modifying the inverter’s switching frequency [30].
Moreover, fuzzy logic has been used for the control of
DSPMSMs connected in parallel and supplied by a single
six-phase inverter, achieving superior speed tracking
performance, particularly under load disturbances [15].

In the context of five-phase interior PMSMs, a fuzzy
logic-based DTC space vector modulation approach was
proposed, offering fast and simple speed control while
outperforming classical DTC methods [18].

In this paper, we propose an innovative speed
control approach for DSPMSMs operating in parallel and
supplied by a single six-phase PWM inverter. Our
contribution lies in the integration of a T2-FLC with DTC
to address the complex challenges of multi-motor control.
The use of a six-phase PWM inverter, as emphasized in
this work, enhances both system reliability and overall
performance compared to traditional configurations.

The integration of T2-FLC plays a crucial role in
addressing elevated levels of uncertainty, which are often
encountered in real-world applications. Combined with
DTC, well known for its high dynamic performance in
AC motor drives, the proposed approach yields an
intelligent and adaptive control strategy that significantly
improves system behavior under varying operating
conditions. This research highlights the advantages of T2-
FLC over its TI1-FLC counterpart, particularly in
scenarios where uncertainty is a dominant factor, thus
demonstrating the practical relevance of T2-FLC
implementation in industrial contexts. In summary, the
proposed method constitutes a significant advancement in
motor drive control, with the potential to enhance the
reliability, efficiency, and overall performance of electric
drive systems across a wide range of applications.

The goal of the work is to enhance the performance
of DSPMSM drive systems by improving speed
regulation, minimizing torque and flux fluctuations, and
increasing robustness against disturbances, thereby
ensuring greater efficiency and stability. Unlike
conventional DTC approaches that rely on PI controllers
and suffer from significant torque and flux ripples, the
proposed method introduces an adaptive and intelligent
control scheme that improves dynamic response,
minimizes electromagnetic ripples, and ensures stable
operation under parameter uncertainties and external
disturbances.
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System configuration. Figure 1 shows the
configuration of the proposed DTC system applied to two
DSPMSMs operating in parallel and driven by a single
six-phase inverter. This topology effectively mitigates the
risk of over-magnetization in the machines, preserving
performance and system integrity.
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Fig. 1. Block diagram of the type-2 fuzzy logic-based DTC
for two DSPMSMs

The core principle of DTC lies in determining the
appropriate switching states of the voltage source inverter
to directly control the stator voltage vectors. The selection
of these vectors is based on a predefined switching table
that considers torque and flux errors, along with the
position of the stator flux vector. This process is critical to
achieving accurate control and optimizing the overall
performance of the drive system.

The rotational speed of both machines is measured
using high-precision sensors, enabling fine speed
regulation. To achieve this level of control accuracy, the
T2-FLC is embedded within the outer speed regulation
loop of the DSPMSM drive, as shown in Fig. 1.

Additionally, the system’s capability to handle a wide
range of disturbances is thoroughly evaluated. These
disturbances include internal factors such as parameter
variations, as well as external influences such as load
changes and speed fluctuations. This comprehensive analysis
demonstrates the system’s ability to maintain stable and
reliable performance, even under dynamic and uncertain
operating conditions. This aspect reflects the scientific rigor
and practical relevance of the proposed approach.

DSPMSM model. A comprehensive mathematical
model is developed to represent the dynamic behavior of
the DSPMSM. The state variables include stator currents,
stator flux components, and rotor speed, while the control
inputs are the stator voltages (Vy, Vy). The model is
formulated in the (d—g) reference frame, which rotates
synchronously with the rotor magnetic field. The dynamic
behavior is expressed through a set of differential
equations (1-4) [31, 32]:

T APy, i .
dsl,i”sl,i " 1dsl,i + — Wi gsli»
_ gsl,i
Vqsl,i_Rsl,i 'Iqsl,i + ‘ Wei 'desl i
do &
_ ds2,i .
VdsZ,i_Rs2,i '[ds2,i + - Wsi '¢qs2,i’
do, . ;
_ qs2,i
Vqs2,i_R52,i '[qSZ,i + — Wi '¢d52,i=
where the expressions of stators fluxes are:
Dys1,i=Las1,i Last,i + Masa,i Las2,i + Ppais
gzsqsl,i:l‘qsl,i 'Iqsl,i +qu2,i 'IqSZ,i; (2)
Dsa,i=Las2,i Las2,i ¥ Mas1i Last,i ~ Peuis
gbqu,i:LqSZ,i '[qSZ,i +qul,i '[qsl,i'

In these equations, the subscripts (s, s,) designate
the 1st and 2nd stator of both DSPMSMs, while
subscripts (i = 1, 2) denote variables and parameters about
DSPSM1 and DSPSM2, respectively. The variables and
parameters include: [(Vuii Visiin)s (Vaszis Vs2,)1s [Last i
Los1,6)s (asnis Lgs2. )]s [(@astis Pystin)s (Puszis Pysa,d)s [(Last i
Lgs1.6)s (Laszis Lasod)]s [(Mastis Mys1ir), (Masa,is Mys;)] and
@py,;, Tepresenting voltage, currents, stator flux linkage,
stator inductance, mutual inductance in the (d—g) axis, and
the permanent magnet flux, respectively.

The mechanical equation of the machine is:

I 0T, - T 3

where J is the moment of inertia; fr is the friction
coefficient; 7, is the electromagnetic torque; 7, is the load
torque; £2is the rotor’s mechanical speed [13].
The structural representation of the DSPMSM in the
electrical domain is depicted in Fig. 2.
Sp
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Fig. 2. Schematic of the DSPMSM stator windings

The electromagnetic torque equation is articulated in
terms of stator currents and stator flux as:

[stl,i 'Iqsl,i _Qqsl,i '[dsl,i +

, “)
+¢ds2,i 'Iqs2,i _qqu2,i 'Ids2,i

where p is the number of pole pairs.

Six-phase inverter model. The stator windings of the
DSPMSMs are supplied by a six-phase voltage source
inverter, as shown in Fig. 3 [33]. In this configuration, the

T, =p-

i
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notation K, Ky, K. represent the switches of the upper
half-bridge, while K, Kj», K., correspond to the switches of
the lower half-bridge. Additionally, n; and n, denote the
neutral points associated with stator 1 and stator 2,
respectively.

Fig. 3. Schematic diagram of the six-phase inverter

It is important to note that, since the windings of
stator 1 and stator 2 are assumed to be ideally balanced and
their neutral points are not connected, the phase voltages do
not contain any zero-sequence components. As a result,
equation (5) remains valid under these conditions:

Vsal + Vsbl + Vscl= 0;
VsaZ + Vst + Vsc2: 0.

Furthermore, equation (6) accurately represents the
voltage vector generated by the six-phase inverter:

Vel [2 =1 =1 0 0 0 Vao

Var | 1-1 2 =1 0 0 0

Ver | |-1 =1 2 0 0 0 [V

= . (6)
Vsa2 0 0 0 2 -1 -1 Va20

Ve | LO 0 0 =1 =1 2|V, |
When multiple motors are connected in parallel and
supplied by a single inverter, the inverter directly controls
the current to ensure proper system operation. However,
discrepancies in speed or parameter variations between
the two motors can lead to an imbalance in the currents
flowing through each stator winding. The stator currents
I;; and I, are flowing in each machine, can be
represented by /;; which flows equally in both stators
windings and Al;; which circulates between each stator
winding (Fig. 4) and described as [16]:
]s[:Isl,l + 1s2,i ; (7
I 52,1 -1

, Li
Al == (8)

The mean control strategy is based on averaging the
input variables of both motors to form a virtual mean motor
model. The measured variables for both machines include
the stator currents /;; and /;,; and rotor speeds (@, @»). The
corresponding average quantities are computed as:

)

Vpio

1 1 1 2
Isi: sl,i 5 §2,i : 9)
w[:%. (10)
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Fig. 4. Current decomposition in the parallel-connected dual
motor system

DTC based on fuzzy logic. DTC operates on a
fundamental principle that involves selecting appropriate
switching commands for the voltage inverter to control
the stator voltage vectors. These vectors are carefully
chosen from a predefined lookup table based on the
estimated torque and flux errors, as well as the angular
position of the stator flux vector. Two comparators
continuously monitor the key control variables: stator flux
and electromagnetic torque.

A hysteresis controller is integrated into the DTC
scheme to maintain the error between each control
variable and its reference within a defined hysteresis
band. In the case of a two-level controller, the voltage
vector selection depends solely on the polarity of the error
rather than its magnitude. To avoid unnecessary switching
when the flux error becomes negligible, a hysteresis band
centered around zero is introduced [15].

Fundamentally, DTC relies on the orientation and
regulation of the stator flux. The mathematical expression
of the stator flux in the Park reference frame is given as:

t

Dys(1,2) = %J.(Vlds(ll) + V2ds(l,2))dt -

0 an
t

1
—EfRs : (11ds(1,2) + lzds(l,z))dt;
0

1 t
Dys(1,2) = EI(qus(l,z) + qus(l,z))df -
0 (12)
1 t
- E(J;Rs ’ (Ilqs(l,2) + I2qs(1,2)}jt;

Consequently, the stator flux module is:

D= D+ Doy (13)
djﬂ:‘\f gzj532 +¢§S2 : (14)

The electromagnetic torque can be estimated from
the estimated magnitudes of the flux, and the measured
magnitudes of the line currents:

Tezg[gbdsl '([lqsl +12qsl)_ (pqsl .(Ildﬂ +[2d‘91)+

+Dys2 '(IquZ +12qs2 )_ Qqs2 '(IZdSZ +1o450 )

To enhance the performance of conventional DTC,
particularly by reducing torque and flux ripples and
improve the THD of the stator current, the hysteresis
controllers and switching table are replaced with fuzzy
logic-based decision blocks. These blocks take as inputs
the stator flux angle, torque error, and flux error, resulting
in a fuzzy logic-based DTC scheme [14, 19, 31].

(15)
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The universe of discourse for the stator flux angle is
divided into 6 fuzzy sets (¢#;—s) (Fig. 5,a). Triangular MFs
are used for all angular sectors (¢). The universe of
discourse for the electromagnetic torque error is divided
into 3 fuzzy sets (Fig. 5,b): Negative torque error (N), Zero
torque error (Z) and Positive torque error (P). Triangular
MFs are assigned to the central fuzzy set (Z), while
trapezoidal MFs are used for the boundary sets (P) and (&).

Similarly, the universe of discourse for the stator flux
error is divided into 2 fuzzy sets (Fig. 5,c): Negative flux
error (N), Positive flux error (P). For both sets, trapezoidal
MFs are selected to better accommodate uncertainties at the
boundaries of the domain.
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Fig. 5. MFs of the input and output variables used in the fuzzy DTC

The output variable, illustrated in Fig. 5.d, is
decomposed into 3 sub-outputs, corresponding to the 3
switching signals S,, Sj, S. used to control the inverter
switches in a two-level configuration. The universe of
discourse for each sub-output is divided into 2 fuzzy sets:
Zero and One. Trapezoidal MFs are selected for both sets
to ensure robust switching decisions under uncertainty.

T2-FLC, which relies on type-2 fuzzy sets (T2-FS),
is a powerful approach for managing complex and
nonlinear systems [34]. To address higher levels of
uncertainty in modelling and control, T2-FS are
introduced as an extension of the conventional type-1
fuzzy sets (T1-FS) to better handle uncertainty and
imprecision in complex systems [16, 34-36]. Numerous
studies have demonstrated that T2-FLC offers superior
performance compared to TI1-FLC, particularly in
environments characterized by high levels of uncertainty
and nonlinearity. The fuzzy rule base forms the core of
the T2-FLC system. It encapsulates expert knowledge
through a set of fuzzy rules that describe the expected
behavior of the system under different operating
conditions. In this work, the rule base consists of 36 fuzzy
rules (Table 1).

Table 1
Set of fuzzy rules

Stator flux angle &

Flux error A@| Torque error AT,

Wl |ttt

P V3| V4| V5(Ve| V1|12

P Z Vo V7| Vo |viiro|vi

N V1| V2| V3| V4| V5| Ve

P V4 V5| Ve |V1|V2| V3

N Z Vi|Vo|v7|vo|vi|ro

N Vo | V1| V2| V3| V4| V5

where:
VOo=[000]; ¥V1=[100]; ¥2=[110]; V3=[01 0];
VA=1011]; V5=[001]; V6=[101]; V7=[111].

T-2FLC of DSPMSM. This section describes the
implementation of T2-FLC, which effectively replaced
the PI controller in order to achieve faster response times
while maintaining system stability and eliminating static
error. T2-FLC is well-suited to handling complex non-
linear systems that exhibit a degree of uncertainty [16]. It
does not require an exact model of the system or precise
parameter values [17].

T2-FLC contains 4 elements [16, 18]:

o Fuzzification. This initial step involves the
transformation of classical data into MFs such as negative
grand (NG), equal zero (EZ) and so on.

e Fuzzy inference engine. This component leverages
a lookup table that consolidates control derivatives
obtained from the interplay of control rules and MFs .

e Type reducer. This essential component of the T2-
FLC is responsible for transforming the output of T1-FS and
subsequently transferring it to the defuzzification process.

o Defuzzification. The output from the type reducer is
further processed through the defuzzification process,
which converts MFs into crisp data.

In this specific application (Fig. 6) the T2-FLC uses 2
input variables: the speed error (e;) and the variation in
speed error (Ae,). The output variable U, is generated
through the fuzzy inference and defuzzification process,
and corresponds to the electromagnetic torque reference 7.

N FOU (A3}

» (i
LX (e5) Gil—» 1
= (U, u
—»G3 System —»
d (deg) 62 —_—
[ I

Fig. 6. Block diagram of the T2-FLC

MFs associated with the input variables are depicted
in Fig. 7. T2-FLC follows the conventional IF-THEN
rule-based structure; however, it differs from classical
fuzzy controllers by employing T2-FS for both the
antecedents and the consequents [37-39]. T2-FLC
represents an innovative and robust control strategy that
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offers enhanced flexibility in managing uncertainties and
handling complex nonlinear dynamics. By incorporating a
footprint of uncertainty (FOU) in its MFs, the T2-FLC
has the potential to significantly improve the performance
and reliability of control systems operating under
imprecise or variable conditions.

Fig. 7. MFs of the input variables

1 L5 1 L5

To illustrate the operation of the proposed T2-FLC
for speed control, a few representative fuzzy rules are
presented below:

Rule 1: if e; is NG, and Ae, is NG then U, is NG.

Rule 2: if e, is NG, and Ae, is NM then U, is NG.
Rule 3: if e, is NG, and Ae, is NP then U, is NG.

Rule 36: if ¢, is PG, and Ae, is PG then Uy is PG.

Simulation results and discussion. The described
mathematical model was used to develop the simulation
environment in MATLAB/Simulink. The parameters of the
DSPMSM were adopted from [14] and are listed in Table 2.

Table 2
Simulation parameters of the DSPMSM

Parameter Value
Nominal stator voltage U, V 220
Stator resistances R;; = Ry, Q 0.12
Stator inductance L,, mH 0.8
Mutual inductance L,,, mH 0.3
Flux linkage @p,;, Wb 0.394
Pole pairs p 4
Moment of inertia J, kg-m2 5-107°

Viscous friction coefficient fi, N-m-s/rad| 0

PI controller gain (integral) K; 3
PI controller gain (proportional) K, 900
0.021
T2-FLC gains Gy, Gy, G3 0.012
100

The simulation model was developed to enable the
performance evaluation of various DTC strategies. To that
end, 3 distinct test scenarios were defined for comparative
analysis:

Test 1. Speed reversal with load torque steps. This
scenario evaluates tracking performance and disturbance
rejection capabilities. A trapezoidal reference speed profile
alternating between +150 rad/s, —150 rad/s and +50 rad/s
was applied. Simultaneously, a load torque of 20 N-m was
imposed on both machines.

Test 2. Load torque variation. Designed to assess
the dynamic response to external load disturbances, this
test involved stepping the load torque from 0 to 20 N-m,
then to 40 N-m, and finally back to 20 N-m, while
maintaining a constant reference speed of 150 rad/s.

Test 3. Parameter uncertainty. This test focuses on
evaluating robustness against internal variations by
modelling +100 % increase in the stator resistance R;.

The proposed T2-FLC was compared via
conventional PI-DTC scheme. Performance metrics such
as speed tracking accuracy, electromagnetic torque ripple,

and robustness to disturbances were recorded for a
comprehensive quantitative comparison.

The simulation results clearly indicate that the T2-FLC
significantly enhances the control performance of the
DSPMSM under all test conditions, particularly in terms of
disturbance rejection and reduced torque ripple,
outperforming the classical PI-DTC strategy.

Test 1. In the 1st scenario, both motors were
subjected to a trapezoidal reference speed profile
comprising positive and negative transitions. A load
torque of 20 N-m was applied at different time intervals:
motor 1 at r € [0.1, 0.2] and motor 2 at ¢t € [0.14, 0.2].
The simulation results (Fig. 8, 9) provide a detailed view
of the system’s dynamic behavior, highlighting the
effectiveness of the proposed T2-FLC in tracking and
disturbance rejection.

DSPMSM1

-200 - - - . LS
0 0.1 02 03 04 05
Fig. 8. Speed response of the two DSPMSMs in Test 1
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Fig. 9. Torque waveforms of the two DSPMSMs in Test 1

It is evident from the simulation results that the T2-
FLC exhibits superior performance in accurately tracking
the reference speed trajectory. To facilitate a quantitative
comparison between the proposed T2-FLC and the
conventional PI-based DTC, several performance indices
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have been calculated, including the Integral Squared Error
(ISE), Integral Absolute Error (IAE), and Integral Time
Squared Error (ITSE) (see Table 3).

T2-FLC successfully tracks a wide speed range,
achieving a transition from +150 rad/s to —150 rad/s at
t=0.2 s, and reaching 50 rad/s at +=0.4 s. Moreover, the
controller demonstrates significantly reduced oscillation
amplitudes and enhanced disturbance rejection,
confirming its superior dynamic response and robustness
compared to the classical PI controller

Test 2. In this scenario, the system’s ability to
handle external load disturbances was thoroughly
evaluated. The load torque applied to the motors was
varied in three steps: from 0 N-m to 20 N-m at #=0.12 s,
then increased to 40 N-m at =0.2 s, and finally reduced
back to 20 N-m at =0.28 s. The corresponding simulation
results motor speed, electromagnetic torque, and stator

currents are illustrated in Fig. 10-12.
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Fig. 10. Speed response of the two DSPMSMs under load torque

variation

As shown in Fig. 10, T2-FLC maintained accurate
speed regulation across all disturbance intervals, with
deviations confined within a narrow margin of £0.5 rad/s
from the reference speed of 150 rad/s. This result
underscores the controller’s strong capability for
disturbance rejection, consistent with findings reported in
[9]. In contrast, the PI-based DTC exhibited notable speed
deviations, reaching over +2 rad/s, revealing its
limitations in coping with rapid load variations.

The torque waveforms (Fig. 11) further highlight the
contrast between the two control strategies. T2-FLC
achieved a peak-to-peak torque ripple of only +3 N-m,
demonstrating smoother torque behavior and better
dynamic stability. In comparison, the PI controller showed
substantial oscillations, with ripple amplitudes reaching
+10 N-m, indicating poorer disturbance rejection and less
stable operation. It is important to note that minimizing
torque pulsations is critical for precise and efficient
operation of PMSMs, particularly in applications requiring
high dynamic performance [7].

] 01 02 03 04 05
Fig. 11. Comparison of torque ripple under T2-FLC
and PI controllers in Test 2

The stator current (Fig. 12) offers additional insight
into the performance distinction between the T2-FLC and
the PI controller.
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Fig. 12. Stator current response of the two DSPMSMs under
load torque variation (Test 2)

Under load variations, the T2-FLC maintains a
smooth and nearly circular current trajectory, indicating
stable operation and consistent current regulation. In
contrast, the PI controller displays noticeable distortions
and irregularities in the current locus, along with a slower
settling time following torque disturbances, as also noted in
[11]. These results confirm the robustness and dynamic
stability of the T2-FLC, even under fluctuating load
conditions. In summary, the load torque variation test
demonstrates that the T2-FLC offers superior disturbance
rejection, smoother current dynamics, and faster recovery
than the conventional PI-based DTC approach.

Test 3. While the previous tests focused on the
response to external disturbances such as speed reversals
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and load torque variations, this experiment evaluates the
robustness of the control strategy under an internal
disturbance. Specifically, a 100 % increase in stator
resistance was introduced to simulate parameter
uncertainty, which is common in real-world operating
conditions due to temperature variation or aging effects.
Figure 13 illustrates the speed responses of both
DSPMSMs under this condition. The results reveal a clear
distinction in performance between the two control
approaches. T2-FLC  shows strong robustness,
maintaining precise speed tracking despite the abrupt
internal change. The speed error remains within a narrow
tolerance band, indicating effective compensation for the
parameter deviation. Figures 13—16 illustrate the impact
of these parameter variations on speed, torque, stator
current, and stator flux.

T
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Fig. 13. Speed response of the two DSPMSMs under internal
parameter variation (Test 3)
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Fig. 14. Torque ripple performance of DSPMSMs under stator
resistance variation
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Fig. 15. Stator current response of the two DSPMSMs under
internal parameter variation (Test 3)

In contrast, the PI-based DTC exhibits degraded
performance, with noticeable speed deviations and slower
convergence to the reference trajectory. This confirms the

sensitivity of conventional PI control to internal
parameter variations, and highlights the adaptive nature of
the T2-FLC in uncertain environments.

Overall, this test reinforces the T2-FLC’s superior
adaptability and resilience in the presence of internal
uncertainties, further validating its effectiveness for real-
time motor drive applications.
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Fig. 16. Comparison of stator flux behavior under internal
disturbances (Test 3)

Discussion. The simulation results offer valuable
insights into the performance of the T2-FLC for the
DSPMSM when compared to the conventional PI
controller. This section provides a detailed interpretation of
those results, supported by quantitative metrics. Table 3
shows a summary of performance indices ISE, IAE and
ITSE across 3 test scenarios. The recorded values clearly
validate the simulation outcomes and confirm the
effectiveness of the proposed T2-FLC strategy.

Table 3

Comparison of ISE, TAE and ITSE for PI and T2-FLC

under different test conditions

Controller ISE IAE ITSE

Test 1 PI 3.425 0.2889 0.204
T2-FLC 2.355 0.0982 0.1197
Test 2 PI 0.1892 0.0912 0.01832
T2-FLC 0.0066 0.0388 0.00139

PI 1.738 0.3162 0.387

Test 3

T2-FLC 0.0769 0.0401 0.0194

In addition to the error-based indices, dynamic
performance was also assessed. As shown in Table 4, the T2-
FLC controller outperformed the PI controller across all
measured criteria. The settling time was reduced from 0.52 s
to 0.28 s, and the overshoot was lowered from 12 % to 7 %.
The steady-state error decreased significantly from 0.04 to
less than 0.01. Furthermore, under a load disturbance applied
at t = 1.5 s, the T2-FLC restored the system stability within
0.12 s, while the PI controller required 0.26 s.

Table 4
Dynamic performance comparison between PI and T2-FLC
Performance metrics PI |T2-FLC
Settling time, s 0.52 ] 0.28
Overshoot, % 12%| 7%
Steady-state error 0.04 | <0.01
Recovery time after disturbance, s 026 | 0.12

The results consistently demonstrate the superiority,
robustness, and adaptability of the proposed control
approach. T2-FLC provides improved tracking accuracy,
reduced torque ripple, and better disturbance rejection
under both external and internal perturbations. These
findings confirm that T2-FLC is a reliable and promising
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control solution for DSPMSMs, especially in demanding
industrial and traction applications.

In the first test, both motors were subjected to a
trapezoidal speed profile with a 20 N-m load torque
applied. The results in Fig. 8, 9 highlight the superior
performance of T2-FLC controller. T2-FLC shown
exceptional speed tracking capabilities, efficiently
transitioning between positive and negative speed values.
Notably, transient speed oscillations were significantly
reduced, emphasizing its improved dynamic response
compared to the standard PI controller.

The second test assessed the system’s response to
varying load torque. As seen in Fig. 10, T2-FLC controller
consistently maintained precise speed regulation even
under fluctuating load conditions, showcasing its robust
disturbance rejection capabilities. In contrast, PI controller
exhibited greater speed deviations, indicating its inferior
ability to reject disturbances. Analysis of torque waveforms
(Fig. 11) demonstrated that T2-FLC effectively minimized
torque pulsations, a critical factor for the precise control of
PMSM. Additionally, the stator current locus plot (Fig. 12)
showed that T2-FLC maintained a cleaner and more
consistent response, even in the presence of load variations.

The final test evaluated the performance of both
controllers under parametric uncertainties, specifically a
100 % increase in stator resistance. PI controller exhibited
sensitivity to these disturbances, with noticeable
deviations in the system’s responses. In contrast, T2-FLC
controller displayed resilience and maintained stable
performance, highlighting its robustness against internal
parameter mismatches.

Overall, the results from these tests suggest that the
proposed T2-FLC controller offers significant advantages
over the conventional PI controller, particularly in terms of
dynamic response, disturbance rejection, and robustness. T2-
FLC controller demonstrated precise speed control, reduced
torque pulsations, and consistent performance under varying
load conditions and internal disturbances. This highlights the
potential of T2-FLC to enhance the efficiency and robustness
of DSPMSMs in practical applications. While T2-FLC
controller shows considerable promise, it is important to
acknowledge certain limitations, such as the increased
computational complexity. Future work could focus on
optimizing the controller for real-time applications, with a
particular emphasis on reducing computational overhead and
ensuring real-time performance. Additionally, experimental
validation in practical settings is essential to confirm the
simulation results and further refine the controller for
industrial applications.

Conclusions. In this study, an intelligent DTC
strategy based on T2-FLC was proposed for the speed
regulation of two parallel-connected DSPMSMs powered
by a single six-phase inverter. By replacing the
conventional PI controller with T2-FLC, the proposed
control approach aims to enhance dynamic performance,
robustness, and precision in multi-machine drive systems.

Simulation results confirmed that T2-FLC
significantly improves tracking accuracy, reduces torque
and flux ripples, and enhances the system’s ability to
reject external disturbances and withstand internal
parameter variations. Compared to the conventional PI-
based DTC, the proposed method consistently delivered

superior dynamic response, better stability, and greater
resilience to uncertainties.

These findings demonstrate the potential of T2-FLC-
based DTC as a robust and efficient control solution for
complex multi-machine architectures, particularly in high-
performance applications such as electric traction, marine
propulsion, and industrial automation.

Future work will focus on the real-time
implementation of the proposed controller and its
experimental validation on a physical test bench to further
assess its practical applicability and performance in real-
world environments. This step is essential to confirm the
simulation outcomes and to verify the robustness of T2-
FLC under actual operating conditions.
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