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Fuzzy logic-based vector control of permanent magnet synchronous motor drives
under inter-turn short-circuit fault conditions

Introduction. Permanent magnet synchronous motors (PMSMs) are widely used in industrial and automotive applications due to their
high efficiency and power density. Problem. However, their performance can be significantly affected by faults such as inter-turn short-
circuits faults (ITSCFs) in the stator windings. These faults introduce oscillations in rotor speed and electromagnetic torque, increase total
harmonic distortion (THD), and degrade the overall reliability of the system drive. Conventional field-oriented control (FOC) methods,
particularly, those employing PI controllers, often struggle to maintain stability under such fault conditions. Goal. This study aims to
develop and evaluate a fiizzy logic-based control strategy to enhance the fault tolerance of PMSM drives under ITSCFs conditions.
Methodology. To achieve this, a mathematical model of the PMSM is developed to represent both healthy and faulty operating states. This
model is integrated into a vector control framework where two types of speed controllers are compared: a conventional PI controller and
a fuzzy PI controller. The proposed fuzzy logic controller is implemented within the FOC scheme and evaluated through simulation.
Results. Simulation results demonstrate that the fuzzy vector control approach significantly reduces rotor speed and electromagnetic
torque ripples under both healthy and faulty conditions, while maintaining stable torque output and minimizing THD. It consistently
outperforms the conventional PI controller. Scientific novelty. Unlike traditional FOC methods, this study introduces a fuzzy logic-
enhanced control strategy specifically designed to improve PMSM performance under fault conditions. The integration of fuzzy logic with
vector control offers superior dynamic response and enhanced resilience. Practical value. The proposed approach improves the
robustness and reliability of PMSM drives, particularly in fault-sensitive applications such as industrial automation and electric vehicles.
This contributes to extended system lifespan and improved operational stability. References 26, tables 2, figures 13.
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Bemyn.  Cunxponni  Osueynu 3 nocmitimumu  mazvimamu  (PMSMs)  wupoko  suxkopucmogylomscsi 6  npomMuciosocmi  ma
asmomobinedyoyeanHi 3a60aKu coill GUCOKIU epexmusHocmi ma numomiti nomyowcrnocmi. IIpoénema. Oonax na ix npooykmueHicme
MODICYMb  CYMMEBO GNIUGAMU MAKI HechpagHocmi, AK midceumxosi kopomki 3amuxanus (ITSCFs) e obmomxax cmamopa. Lfi
HeCnpagHoCmi npu3e00sns 00 KOIUBAHb WEUOKOCI pomopa ma eleKmpOoMASHImMHO20 MOMEHMY, 30LTbUYI0mMb KoeqiyieHm eapMOHIUHUX
cnomeopens (THD) ma 3uudcyroms 3aeanvHy HaoiHicms npugody cucmemu. Tpaduyitini Memoou YNpaeniHHa 3 OPIEHMAYicio no Noio
(FOC), 30xpema, 3 euxopucmarnam I1l-pecynamopis, uacmo He 3abe3neuytoms cmilikicms y maxux ymosax. Mema. [ane 0ocnioscenns
Ccnpamosare Ha po3pooOKy ma OYiHKy cmpamezii YnpaeiiHHA HA OCHOBI HewimKoi 102iKu 015 nioguujeHHsA cmitikocmi 0o eiomosu PMSMs &
ymogax ITSCFs. Memooonoeia. /[ns 0ocacnenus yici memu pospodneHo mamemamuyny mooeno PMSMs, saxa onucye ax cnpaghi, max i
necnpasui poboui cmanu. Lla modens inmesposana y cucmemy eKmMOpHO20 YNpAGiHHA, Oe NOPIGHIOIOMbC 08a MUNU pe2yrsamopie
weuoxocmi: sguuatinuil Ill-pecynamop ma nevimkuii I1l-pecynsimop. 3anpononosanuil Heuimxuil J02iYHULL KOHMPOAEP Peani3o8aHo 6
pamxax FOC cxemu ma oyinero 3a 00nomo20io mooentosarnts. Pezynomamu ymooeniogants nokasyioms, wo nioxio 3 Heuimkum 6eKmopHuM
VAPABNIHHAM 3HAYHO 3HUDICYE HACMOMY O0bepmanns pomopa i nyavbcayii enekmpoMacHimHo20 MOMEHMY AK Y CHpPAHOMY, MAK i
HecnpagHomy cmami, 30epicarouu npu yboMy cmabiibHull eUXiOHULl Kpymuuli momenm i minimizyrouu cymapuuii THD. Bin cmabinoHo
nepegepuye mpaouyitinui I1l-pecynsmop. Haykoea noeusna. Ha giominy 6io mpaouyitinux FOC memodis, ye 00CuiodicenHs: Npononye
cmpameziio KepyeanHs 3 NOKPAWEHOI0 HeYimKolo JI02IK0I0, cheyianbHo po3pobieny O nokpaujenns npooykmusnocmi PMSM e ymoesax
Hecnpagnocmi. Inmezpayis Hewimxoi 102iKU 3 6eKMOPHUM YNPAGTIHHAM 3a6e3nedye uy0osull OUHAMIYHULL 8i02YK Ma NiO8uyeHy CIILIKICb.
Hpaxmuuna yinnicme. [Ipononosarnuti nioxio niosuuye naodiunicmes ma cmiikicmo PMSMs, ocobnuso y uymnusux 00 6iomoe cghepax,
MAKUX AK NPOMUCIO8a ABMOMAMUKA ma enekmpomoodini. Lle cnpuse 36intbuiennio mepminy Cayscou cucmemu ma NiOSUWEHHIO
excnyamayiiinoi cmabinerocmi. bion. 26, Tadmn. 2, puc. 13.

Kniouosi cnoea: CHHXpOHHHH ABHMIYH 3 MOCTiHHMMH MarHiTamMH, NoJieOpieHTOBaHe KepyBaHHs, Mi’KBUTKOBe 3aMHMKAHHS,
II-peryasiTop, HewiTKuUi JOriyHMii peryasirop.

Introduction. Permanent magnet synchronous motors Several studies have been directed at fault detection
(PMSMs) have garnered significant attention in industrial and mitigation. For instance, authors [3] proposed a
applications, particularly in the traction and auxiliary detection technique based on stator current analysis, while
machinery, due to their superior efficiency, high torque-to-  in [4] were utilized thermal sensors for fault
inertia ratio, and high power density [1-3]. However, during  identification. However, these methods primarily focus on
its operation, PMSMs are subjected to various stresses,  fault detection rather than active compensation.

including fluctuating power supply conditions, load Furthermore, traditional control strategies, such as
variations, and thermal stresses on the stator winding that  feld-oriented control (FOC) paired with conventional PI
can lead to performance degradation and eventual failure.  controllers, tend to perform poorly under fault conditions
These effeqts are further accelerated when the motor is  §ue to their limited adaptability to dynamic system
driven by inverter-based power systems [4, 5]. PMSM changes [5]. Most modern industrial processes require
failures are typically classified into 3 categories: electrical, speed drives with great performance, good steady-state

rrllle(;ﬂ}tlal}lca!,t fan(it m?%ggif : Am?ﬁlg the:e, stator 1r11tert—rt}1rri accuracy, high overload capability over the whole speed
short-circuit faults ( §) are the most common electrica range and robust operation. In fact, many control

faults, accounting for approximately 3040 % of all PMSM techniques have been developed to achieve high

failures [6-8]. : :
IT[SCFi create imbalances in the phase currents efficiency. Among these techniques, FOC allows PMSM

leading to rotor speed oscillations, fluctuations in
electromagnetic  torque, increased total harmonic
distortion (THD), and mechanical vibrations which can
accelerate the degradation on both mechanical and
electrical components. Therefore, early detection and real-
time compensation of these faults are critical for ensuring
service continuity and enhancing motor longevity [2].

to be controlled like an independently excited DC
machine providing natural flux-torque decoupling and
enabling a rapid torque response [9, 10].

The FOC structure with conventional PI controllers is
widely preferred in many applications [10, 11]. However,
due to their fixed proportional gain and integral time
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constant, the static and dynamic performance of PI
controllers is significantly affected by parameter variations,
load disturbances, and speed fluctuations. To overcome these
limitations and improve the robustness of FOC, reducing its
sensitivity to parametric variations, faults, and their effects,
the implementation of modern and intelligent controllers has
become more necessary [12, 13]. Recently, new control
techniques for PMSM that are more competitive, able to
surmount the nonlinearities and more robust were proposed
in the literature such as adaptive control [13], fuzzy logic
control [14-16], sliding mode control (SMC) [17, 18] and
direct torque control (DTC) [19]. In most of these cited
works, the PMSM models were considered without failures
(healthy state). In [20] authors show guidelines for the search
and choice of PMSM control strategies under different type
of faults. They found that adaptive control based on the
extended Kalman filter [21] is the best estimation system
states, but a drawback complexity. SMC has been widely
used for controlling nonlinear systems, providing excellent
stability, robustness, and reliable performance even in the
presence of uncertainties and external disturbances. Indeed,
for the SMC as given in [22], the chattering phenomenon
still remains the major problem of this method. On the other
hand, various studies have shown that DTC offers several
advantages over conventional FOC [19, 23]. However, DTC
has notable drawbacks, including high flux and
electromagnetic torque ripples, as well as variable switching
frequency due to the use of hysteresis controllers [24]. To
overcome these limitations, Al techniques, such as neural
networks and fuzzy logic, have recently been introduced by
researchers to enhance the performance of PMSM drive
controllers [15-17]. The neural network technique offers
high performance; however, it requires a training process,
which can slow down the controller’s response. In contrast,
fuzzy logic control is an intelligent strategy that emulates
human decision-making [16, 17]. Fuzzy logic controllers
(FLC) are particularly effective in handling systems with
uncertainties or parameter variations. The performance of
FLC can be tuned through its internal components, including
fuzzy rules, fuzzification, and defuzzification blocks.

Goal. The study aims to develop an advanced vector
control strategy incorporating fuzzy logic to enhance fault
tolerance in PMSM drives by replacing the conventional
PI controller with a FLC. Instead, it relies on a set of
linguistic rules derived from expert knowledge, allowing
for adaptive and intelligent control. The primary objective
is to evaluate the effectiveness of the FLC in terms of
reducing torque and speed ripples while preserving
overall system performance during fault conditions.

To demonstrate the effectiveness of the proposed
method, a comparative study between fuzzy FOC and
conventional FOC is conducted under short-circuit fault
conditions in various operating scenarios. Simulation
results confirm the superiority of fuzzy control in terms of
robustness and efficiency in handling ITSCFs. A
mathematical fault model of a PMSM driven by a pulse
width modulation (PWM) inverter is utilized to analyze

various inter-turn fault conditions and severity levels. In
an open-loop framework, the system’s basic behavior is
observed. However, in a closed-loop configuration, the
controller actively regulates the d-g currents, influencing
the motor’s fault response [12].

Modeling of PMSM under ITSCFs. Figure 1 shows
the PMSM stator with an inter-turn fault, accounting for
resistance, self-inductance, back electromotive force (EMF)
and mutual inductance between faulty and healthy
windings [25].
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Fig. 1. PMSM stator with ITSCF in phase (as)

ITSCF refers to a fault among 2 stator windings
within the same phase. To model this fault the affected
phase (as) is divided into 2 sub-windings, representing the
healthy and faulty branches. ITSCF is represented by a
resistance whose value varies based on fault severity [25,
26]. As the fault resistance R, approaches 0, the insulation
failure progresses to a full inter-turn short-circuit. The
fault current through R, is denoted as ir To quantify the
fault severity, a parameter y is introduced, defined as the
ratio of short-circuited turns Ny to the total number of
turns in a phase N,. Fault severity is characterized by 2
key parameters — the short-circuit percentage x4 and the
resistance (R;). The resistances of healthy and faulty
sections of the stator winding are:

Ry =(1=)Ry5; Ryp = 1Ry u=%=&. (1)
Nasl+Na52 Ns

To model the PMSM drive, the following assumptions
are made: no magnetic saturation, negligible temperature
effects, sinusoidal flux and magnetomotive force distribution,
and the exclusion of higher harmonics [10]. Additionally, the
following relationships are generally recognized:

Ry =Rys = Ryg + Rysns
L =Ly +Lagy +2M 41425
M =M, +Myp =Mge+ Mg

€as = €asl T €452 = €451 T €5

2

In general, the stator phases are connected in a star
configuration, ensuring that: i,+iy+i=0. Under these
conditions, the homopolar current component is 0, and the
phase currents are limited solely by the cyclic inductance:
L=L-M. Consequently, the voltage equations of PMSM
with an ITSCF in phase (as), as shown in Fig. 1, can be
expressed in the (abcf) reference frame as follows:

Vas RS 0 0 - Ras2 ias Ls 0 —Lgsa t M ala2 ias pQ(D'f o 92 T
v | | 0 RO 0 ips . 0 0 Mgy | d | N pQp, sm(H—T) 3)
Ves 0 0 R 0 i.cs 0 Ly ~Myy, |dt i_cs POy sin(0+ 2z ) ’

0 Ry 0 0 Ry +Rf Ly Loy —Maaa My =My Lasa by _@wa Sin;

where R,, L, are the resistance and self-inductance of
healthy stator phase windings with R,=R,=R.=Rj;

R, L.o are the resistance and self-inductance of the
faulty sub-coil (as2); Muiu, Mupp, My are the mutual
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inductances between sub-coil (asl) and coils (as2), (bs),
and (cs), respectively; M,,, M,. are the mutual
inductance between sub-coil (as1) and coils (bs) and (cs);
M, is the mutual inductance between coils (as) and (bs).
Thus, (3) can be expressed in a more compact form:

[Vabcf ] = [Rs ][iabcf ]+ [Ls ]% [iabcf ]+ [Eabcf ] , 4

where [Vaper, [iase], [Eaner] are the stator voltage, current
and back-EMF vectors, respectively.

Based on the power conservation principle, the
electromagnetic torque under a short-circuit fault is given as:

Cem _ Casias +€psips T €csles _efif . (5)

Q

The motor’s dynamic behavior is described by the
following mechanical equation:

Cem_CL_f-Q:JCL_!t), (6)
where fis the friction coefficient; J is the rotor moment of
inertia; C; is the load torque; 2 is the rotor’s mechanical
speed. Identifying the inductances of a faulty motor is
crucial, as they contain essential fault-related information.
Two methods are employed to determine the faulty
inductances of a PMSM by applying a simple percentage
adjustment to the parameters of the healthy state [26].
In this study we adopt a method where the self-
inductances of the faulty and healthy winding (as1, as2)
are proportional to the square of the number of shorted
turns. Additionally, the mutual inductance depends on the
turn count of both sections [25]:
Lys1 = (l_;u)zLas; Ly = :uzLS;
M g = p(l= )Ly M o =M g = 1M ; (7
M g =M g1 =(1-M,

where 4 is the fraction of shorted turns.

Since the PMSM model is a multi-variable, non-
linear and strongly coupled system. Hence, to surmount
this difficulty and to obtain a model similar to that of the
separately DC machine, the most popular control strategy
of PMSM named FOC was established.

Proposed method. This approach involves replacing
the conventional PI controller with a FLC in the FOC
scheme for a PMSM drive, aiming to enhance performance
under short-circuit faults in various operating conditions.
FOC is the most used technique to drive the PMSM; it is
based on the use of a transformation that takes machine’s
electrical variables from (abc) stationary referential into
(d-q) rotating referential with the flux vector.
Consequently, this makes it possible to control the flux
with the stator current i,, while, the component #, allows to
control the electromagnetic torque [9, 10]. When i,~0, the
relationship between C,,, and i, becomes linear, and PMSM
will be equivalent to a DC motor with separate excitation.
As shown in Fig. 2, FOC can achieve closed-loop speed
control. The speed PI controller generates reference
quadrature current iq*, or reference of the output torque:

Com = 1~5piq(/7f > (8)
where ¢y is the permanent magnet flux; p is the number of
pole pairs of the motor.

To generate gating signals for the inverter, PWM is

applied to produce the reference signals. Figure 2 shows the
block diagram of the FOC for PMSM drive under ITSCF.
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Fig. 2. Block diagram of the FOC for PMSM under faults
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Classical PI speed controller. The PI controller is a
feedback control loop method which is widely used in
control systems in industries [13, 14]. It is defined by the
following action law:

iy =k, (o —w)+k,.j(a);‘ —w)dt, )

where k,, k; are the Pl parameters which represent gains
determined by pole placement method.

Fuzzy PI speed controller. Note that conventional
PI controllers have certain limitations, such as overshoot
and undershoot in the response, particularly when the
system is affected by unknown nonlinearities [15, 16]. On
the other hand, FLCs are able to overcome these
disadvantages. Similar to human reasoning, FLC handles
imprecise information through 3 steps: fuzzification,
inference and defuzzification. Fuzzification converts crisp
values into fuzzy values using membership functions.
Inference applies rules to link inputs and outputs, while
defuzzification converts the fuzzy output back to a crisp
value. Figure 3 gives the whole framework of the FOC
method containing 3 regulators, 2 conventional PI for the
currents iy and i, (inner loops) and 1 regulator for the
speed (outer loop). The proposed fuzzy PI speed controller
is of Mamdani type with 3 linguistic variables: 2 inputs
(error e and its variation de) and 1 output (control action
current iq*). The error speed e and its change de are:

e(k) = Opep () — 0(k); (10)
de(k) = e(k)—e(k-1).
In Fig. 3 gains k,, k, are scaling factors used to
adjust controller input values for best performances.

a
'i‘ Bipee

>

Fig. 3. Block framework of the fuzzy PI controller

The fuzzy PI control law is expressed as:
u(k) =u(k-1)+k,du(k),
where £k, is the control gain.

Each linguistic variable’s universe of discourse is
divided into 7 fuzzy subsets, defined by the following
membership functions (Fig. 4): NB (Negative Big); NM
(Negative Medium); NS (Negative Small); ZE (Zero); PS
(Positive Small); PM (Positive Medium); PB (Positive Big).

(11)
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Fig. 4. Inputs and output FLC membership functions

Controller fuzzy rules are given in Table 1. Used
rules have the following /f-Then form:
RY: if e is A, and de is B', Then iq* is C',
where (/) is the rule number; 4, B' are input membership
functions; C' is the output membership function.
Defuzzification process is based on the popular
centre of gravity method.

Table 1
Speed fuzzy controller rules
del] NB | NM | NS ZE PS PM PB
e

NB | NB | NB NB | NM | NS NS ZE
NM | NB [ NM | NM | NM | NS ZE PS
NS NB | NM | NS NS ZE PS PM
ZE NB | NM | NS ZE PS PM PB
PS NS NS ZE PS PS PM PB
PM | NS ZE PS PM | PM | PM PB
PB ZE PS PS PM PB PB PB

Simulation and results. All results presented here are
based on the assumption that the fault parameters 2 and R, are
known. The simulations are performed in MATLAB/Simulink
environment. The nominal parameters of the PMSM used in
this study are listed in Table 2. To analyze the motor’s
behavior under an inter-turn fault in the stator winding, both
healthy and faulty operating conditions were considered.

Table 2

Parameters of PMSM used in simulation

Components Value
Number of pole pairs, p 8
Number of winding turns /slot, N;| 40
Rated power, P,, kW 5
Rated current, 7,, A 19
Stator resistance/phase, R;, Q 0.44
Stator inductance/phase, L, mH | 2.82
Synchronous speed, Q, rpm 1000
Magnetic flux, ¢, Wb 0.108
Moment of inertia, J, kg-m? 0.0006
Friction coefficient, f, N-m-s/rad | 0.007
Nominal torque, C,, N-m 10

PMSM in healthy case. In this section, the
performances of the vector control drive of PMSM, under
healthy conditions are tested. In Fig. 5, 6 the rotor speed,
the electromagnetic torque and the stator phase currents in
the Park’s frame for the healthy PMSM associated to the
FOC with both classical PI and fuzzy PI speed controllers
are respectively presented. The vector control robustness
is tested under the application of a load torque at =0.15 s
followed by an application of a reversing speed from 100
rad/s to —100 rad/s at time =0.25 s. It can be seen that
obtained results with the classic PI speed regulator are
almost similar to those obtained by the fuzzy PI regulator,
but with a slight superiority of the later in terms of
response time and load disturbance rejection. In addition,
the three phase stator currents in (abc) reference frame as
shown in Fig. 5,a and Fig. 6,a are balanced and sinusoidal.
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Fig. 5. Simulation results with classical PI speed controller
in healthy case: a) stator phase currents; b) rotor speed,
¢) electromagnetic torque
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PMSM in faulty case. In this case, we will consider the
FOC comportment of the PMSM drive with the presence of
ITSCF. We test the robustness with the application of a load
torque of 10 N'm at =0.15 s followed by a speed reversing
from 100 rad/s to —100 rad/s at time /=0.25 s as shown in
Fig. 7,b,c and Fig. 8,b,c. Consider that the phase (as) is
affected by a short-circuit fault introduced at +=0.4 s with
#=20 %, which corresponds to 32 turns out of 160 being
faulty. The resistance Ry is fixed to 0.1 Q. As shown in
Fig. 7,a and Fig. 8,a the current magnitude in the faulty phase
(as) is higher compared to the other healthy phases (bs, cs) and
the unbalance of the phase currents becomes more important.
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Fig. 7. Simulation results with classical P1 speed controller

(=20 % and R~=0.1 Q): a) three phase stator currents;
b) rotor speed; c) electromagnetic torque
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Fig. 8. Simulation results with fuzzy PI speed controller
(=20 % and R~=0.1 Q): a) three phase stator currents;

b) rotor speed; c) electromagnetic torque

Comparison and discussion. Figures 9, 10 show the
rotor speed and electromagnetic torque for a healthy
PMSM. For the fuzzy PI controller, the ripples magnitude
is smaller compared to that obtained with the conventional
PI controller. In what follows, and for comparison
purposes, consider that the phase (as) is now affected by a
short-circuit fault introduced at =0.4 s with 4=50 %, which
corresponds to 80 turns out of 160 be1ng faulty.

150 1
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——Fuzzy Pl
100 I r ] Classic PIl|_|
- - / 100
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Fig. 9. Rotor speed of healthy PMSM
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Fig. 10. Electromagnetic torque of healthy PMSM

Figures 11, 12 show the rotor speed and the
electromagnetic torque, in which we note that the ripples
increase significantly when u increases to 50 % ITSCF
with the fault resistance R=0.1 Q. Comparing the classic
PI controller with the fuzzy controller, we see that: 1) fuzzy
control reduces efficiently ripples magnitude while utilizing
the defective phase to maintain maximum torque capacity;
2) provides faster responses and more efficient load
disturbance rejection in both cases, healthy and faulty ones.
This control can be used in a situation where the fault

severity is estlmated to be safe to keep the motor running.
|, rad/s '

——Fuzzy Pl
Classic PI

LS S

-150 0
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Fig. 11. Rotor speed of PMSM under short-circuit fault
(u=50 % and R,=0.1 Q)

0 03 T 3 T3 T —
F1g 12. Electromagnet1c torque for PMSM under short-circuit
fault (4=50 % and R=0.1 Q)

Figure 13 shows the rotor speed and electromagnetic
torque spectra using MATLAB’s fast Fourier transform
(FFT) toolbox to analyze frequency components and THD.
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Fig. 13. Frequency analysis under ITSCF conditions in the fuzzy
vector control (R=0.1 Q and x=50 %): a) rotor speed spectral
analysis; b) electromagnetic torque spectral analysis

Under ITSCF conditions, harmonic frequencies appear,
and their amplitude increases with the severity of the fault.
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The results show that the fuzzy controller is more robust than
the classical PI, exhibiting fewer ripples and lower THD.

Conclusions. In this study, the PMSM model,
incorporating ITSCF in the stator winding, was integrate
with vector control in a closed loop scheme using 2 types
of controllers. The simulation results confirmed the
superiority of the fuzzy PI controller over the conventional
PI, especially in the presence of an ITSCF. Fuzzy logic
based vector control ensures a high-quality dynamic
response and robust control under load torque disturbances,
speed reversals, and stator short faults. In addition, the FLC
provides excellent dynamic and steady state responses for
torque and motor speed, with reduced ripple content that
can accelerate stator winding degradation. This advantage
extends the winding’s lifespan and enhances the predictive
diagnosis of turn damage. In conclusion, it can be seen that
our approach based on the FLC provides better results than
the conventional method and makes the system much more
robust to faults. In fact, the proposed scheme has the
capability to reduce significantly the torque ripples and the
fluctuations in the rotor speed. So, the controller does not
just perform control tasks, but is also able to maintain
protection when faults happening in the system and can be
easily adapted to changes in machine parameters.
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