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I. INTRODUCTION

Accurate and high-performance control of torque and speed in Permanent Magnet Synchronous Motors (PMSMs) is a fundamental
challenge that has driven modern electrical engineering. Requiring simultaneous speed, precision, robustness, and energy efficiency [1],
[2], the development of high-performance control algorithms is essential for applications ranging from industrial robotics to electric
vehicles. This pursuit of performance has led to a marked evolution in control strategies, with each new approach seeking to overcome
the limitations of its predecessors. Historically, scalar control (V/f), simple but lacking dynamic performance, was initially dominant. A
first revolution occurred with the development of Vector Control (Field-Oriented Control - FOC) in the 1970s [3]. By decoupling and
independently regulating flux and torque, much like a direct current (DC) machine, FOC provided, for the first time, exceptional response
dynamics and precise low-speed torque control.
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However, this performance comes at the cost of implementation complexity, sensitivity to motor parameter variations (notably
rotor resistance), and a critical reliance on high-performance processors for real-time mathematical transformations. Vector control, also
known as Field-Oriented Control (FOC) [4], [5]. Is an advanced technique for controlling AC (alternating current) electric motors,
predominantly employed in high-performance variable-speed drives. While this method offers significant advantages such as the
independent regulation of torque and magnetic flux, analogous to the control of a DC motor, which ensures a rapid and precise dynamic
response, it is also characterized by several substantial drawbacks. These disadvantages primarily include its computational complexity.

The necessity for real-time mathematical transformations (Park and Clarke transforms) demands powerful microcontrollers (e.g.,
ARM Cortex-M4, DSPs). Furthermore, its performance is highly dependent on the precision of positional and current sensors (e.g.,
encoders, resolvers) or on complex sensorless algorithms. Any error in flux estimation severely degrades system performance. A critical
limitation is that flux estimation via voltage integration becomes increasingly inaccurate at very low frequencies (< 0.5 Hz) due to
measurement errors and integral drift. Additionally, the elevated hardware and software costs associated with FOC implementation
present a significant economic disadvantage [4], [5].

To overcome these drawbacks, a second revolution emerged in the 1980s with Direct Torque Control (DTC). [6], [7]. Its
fundamental principle is radically different: it is based on the direct selection of a voltage vector from a switching table to maintain flux
and torque within hysteresis bands. DTC is appealing due to its conceptual simplicity, its elimination of both a PWM modulator and
coordinate transformations, and its intrinsic robustness. Its dynamic response is extremely fast, even surpassing that of FOC [7], [8]. A
key feature of DTC is that transistor switching is only triggered when the torque or flux deviates from its tolerance band. This approach
minimizes the inverter’s switching frequency, reduces switching losses, and enhances energy efficiency, particularly in high-power
applications.

Perhaps the most essential advantage of DTC is its robustness to parametric variations [8]. This means it is considerably less
sensitive to variations in motor parameters (such as stator resistance) compared to vector control. It operates based on a direct estimation
of flux and torque derived from voltage and current measurements, without explicit dependence on precise parametric models. A plurality
of control methodologies has consequently been developed, each distinguished by specific structural and functional characteristics.
Among these are direct methods [9], which adjust controller parameters online via adaptation mechanisms; indirect methods [10], which
estimate process parameters to synthesize the control law; and model-free approaches [11], which entirely dispense with an explicit
mathematical model through a purely data-driven approach.

The choice and efficacy of each strategy intrinsically depend on the nature, complexity, and degree of knowledge of the system
under consideration.A diverse array of control strategies has been documented in the literature for Permanent Magnet Synchronous Motor
(PMSM) control, encompassing proportional-derivative (PD) control [12], proportional-integral-derivative (PID) control [13], sliding
mode control (SMC) , fuzzy logic control (FLC) [14], neural network (NN) based control, among others.In reference [15], Aliman et al.
introduced a particle swarm optimization-based initialization method for a fuzzy-logic augmented PD controller, designed for passive
mode rehabilitation exercises using a lower-limb exoskeleton.

A separate investigation analyzed the influence of intelligent control strategies, wave frequency, applied voltage, and grapheme
nanoplatelet weight fraction on wave propagation characteristics in cylindrical micro-shells reinforced with graphene nanoplatelets.
Reference [16] proposes a robotic system for bilateral upper-limb rehabilitation, integrating mirror therapy principles with virtual
stimulation technology. This system enhances training effectiveness for hemiplegic patients by improving response speed, disturbance
rejection, and trajectory tracking accuracy. Meanwhile, study [17] presents a novel fractional-order PID controller for mobile robot
navigation, employing a deep deterministic policy gradient (DDPG) algorithm combined with a dynamic controller, demonstrating
notable real-time performance efficacy.

Compared to other intelligent control methods [18], [19], the AFLC method has been used to control the dynamics of different
systems, because it can take the human experience into account in the design of the learning mechanism. By [20] presented a fuzzy
adaptive passive control method for a robot-assisted stroke rehabilitation therapy to improve initiative, safety, and motor skills among
stroke patients. In [21] proposed a FLC-based adaptive fault-tolerant controller to mitigate the adverse effects caused by simultaneous
additive and multiplicative actuator faults and mismatched nonlinearity in Markov jump systems. However, this method requires a high
number of computational resources to accomplish the set target. The automated guided vehicle model with a navigation system is
presented in [22] and utilizes fuzzy logic control and computer vision to assist with lane keeping.

The authors demonstrate that a light intensity range between 110 and 150 lux is ideal. In [23], a new fuzzy nonsingular fast terminal
sliding mode control is introduced for pendubots, offering speedy response, finite time convergence, and singularity avoidance with
genetic algorithm optimization. By [24] proposed fuzzy-logic systems for finite-time stabilization in stochastic nonlinear systems, and
presented a unique adaptive control approach to address approximation mistakes and ensure system mean square stability. In [25] solved
control problems in an uncertain n-link robotic system using singularity-free adaptive fuzzy fixed-time control and introduced an enhanced
error conversion mechanism and barrier Lyapunov function. In [26], [27], a robust FLC has been designed to guarantee a high stability
and provide high disturbance rejection capacity.

These theoretical and methodological advances have sparked a marked resurgence of interest in recent scientific literature, as
evidenced by several notable publications [28], [29], confirming the relevance and growing importance of adaptive fuzzy logic control
across various scientific and engineering disciplines. The fundamental objective of this control paradigm is to ensure asymptotic and
precise tracking of a predefined reference trajectory, while satisfying robust optimal performance criteria under operational constraints
and modeling uncertainties.

Evolving fuzzy systems build and adapt fuzzy models, such as predictors and controllers, by progressively updating their rule-
base structure from data streams. On the occasion of the 60th anniversary of fuzzy set theory, commemorated at the Fuzz-IEEE 2025
conference, several fundamental contributions were presented in this area [30], focusing on adaptive and fuzzy modeling and
control.Subsequently, it highlights the emergence and importance of evolving intelligent systems for fuzzy modeling and control,
emphasizi ng their advantages for handling non-stationary environments. The main challenges and future directions are also addressed.
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The aforementioned applications motivated the adoption of Adaptive Fuzzy Logic Control (AFLC) for our Permanent Magnet
Synchronous Machine (PMSM). To equip our system with real-time self-tuning capabilities, this paper proposes the integration of a
Direct Torque Control (DTC) structure with an AFLC. This synergy aims to combine the robustness and simplicity of DTC with the
flexibility and learning capacity of AFLC. The core concept involves equipping the fuzzy controller with an online parameter adaptation
mechanism, enabling continuous self-optimization to maintain high performance and minimize torque ripple across a wide range of
operating conditions. The efficacy of this approach was successfully validated through extensive simulations conducted in the
Matlab/Simulink environment, which yielded robust and high-performance results.

Il. PMSM MODEL

1.1 THE DYNAMIC BEHAVIOR OF PERMANENT MAGNET SYNCHRONOUS MACHINES (PMSM) IN THE D-Q
REFERENCE FRAME IS DESCRIBED BY THE FOLLOWING SYSTEM OF EQUATIONS [31]

i L
di = _ild 4+ 9 inq _‘_in
dt Ld L, L,
di
dt L, 0 L, L, L,
d@  3p, . . o1 F.
a9t = §(¢flq +(Ly — Lq)ldlq)_j—rr 3 «Q

Or: Vd, Vq, id, iq represent the stator voltages and currents returned to the axis d and g. The mechanical equation of the machine is written
as:
dow, )
=T, —-T, -T
J dt ( em r f )

With:

@, - Mechanical speed of the machine

Tr : Resistant torque

Tem: Electromagnetic torque
Tf : Friction torque

J : Moment of inertia

p : Number of pairs of poles

w: Electrical speed of the rotor

f.: Friction coefficient

11.2 THE MAIN APPLICATIONS OF PERMANENT MAGNET SYNCHRONOUS MOTORS

Permanent magnet synchronous machines are generally used for low-power applications such as tooling machines, positioning
systems, motion or torque transmission devices, attraction, fixation, and repulsion devices, measuring instruments, magnetic recording
devices, devices for acting on free electrons or ions, and in robotics.

11.3 DYNAMIC MODELING OF THE VOLTAGE INVERTER

Under ideal conditions (neglecting dead time, switching delays, and voltage distortion), a three-phase inverter admits only eight
possible switch configurations. These generate eight phase voltage combinations, which map to eight discrete stator voltage vectors in
the af reference frame for motor control [32].

- F
V2 51 52 2% |
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. h 2
. Vam . VecC
w v w v o -w
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Figure 1: Ideal three-phase inverter.
Source: Authors, (2026).
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I11. DIFFERENT TECHNIQUES OF CONTROL

Since DTC (Direct Torque Control) is a well-established method studied in prior works, we will not discuss it in detail here,
reserving our analysis for the novel Direct and Indirect Adaptive Fuzzy Logic Control.

111.1 SPEED AND POSITION CONTROL OF PMSM USING FUZZY ADAPTIVE ALGORITHMS
I11.1.1 Direct Identification-Based Fuzzy Adaptive Control

The synthesis of the decentralized fuzzy adaptive control scheme we have proposed considers the direct decentralized dynamic
model of each subsystem. Reformulating this model in a new form will enable us to propose an alternative control law structure. This law
is determined using the so-called computed torque method.

111.1.1.1 Fuzzy Model Parameter Estimation

Consider a nonlinear system defined by a collection of m nth-order differential equations, such that:

Xi(n) = Fi(x)+Gi(X )ui )
y, =X;i=1....m
With:
X =[x o x] x =[x x, T etu =[u,...,u, T @)

The operating principle of the direct identification-based fuzzy adaptive control scheme is as follows:

Fuzzy systems are employed to estimate the nth-order derivatives of the system outputs.
The estimator (the fuzzy model) sends the estimated parameters to the controller, which then generates the control signal using these
parameters through the computed torque method.

The nth-order derivative of output yi is represented by a first-order Sugeno fuzzy system, expressed in the following form [33], [34]:
9i(n) = fi(X;/Bi) (5)

A fuzzy rule in the fuzzy system has the following form:

R, :si x " est Fi(1.n) €L.. £t x_ " est Fi(mn 1) €. 8L X, est F g et..et X, est F, o

m,n-1

Then: 9, ™" = a(0,k)+an-1k)x " +...+a(mn-1k)x, "V +...+a@00,k)x,... )
+a(m,0,k)x,, +b(k)u,

With:
1<1(qg,j)<m(q, j)k =1,...M, @
(i)

m(q, j) : Represents the number of fuzzy sets associated with the input Xq

rules. The output of the fuzzy system is given by the following relation

of the fuzzy system Is the total number of fuzzy

Z Ay 9(n)i (8)

Where 11, represents the confidence degree or activation level of rule R, , given by:

= 9
A ﬂFl(l‘nfl)X‘LIFI(Z‘n—l)X".X#':I(mfl‘o) XﬂFI(m,O) ( )

The estimation of the fuzzy system parameters - including both premise and consequence parameters - is performed using a
modified gradient-based learning algorithm. This algorithm adaptively adjusts the fuzzy system parameters f,(.) to minimize the

instantaneous error between the actual value and the fuzzy system output (™). The error function is defined as:
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e (t)=y" - 9" (10)
The adaptation law is expressed by the following equation:
Bi(t)= 4t -1+ pt)yw(t)e () (12)

of (X.[
w(t)= 'éTi'B')//}(H)

Where represents the estimation algorithm gain, determined by the following relation:

ol .
p(t)z o+t (t)l//(t)’ 50, ;)0 12)

111.1.1.2 Control Law Computation

Once the estimation step is completed, the estimator (the fuzzy model) sends the estimated parameters to the fuzzy controller.
These parameters are used to construct the controller’s rule base. Consequently, a rule of the proposed controller takes the following
form:

R, :si xl("’l) est F .1 et.et xm(”’l) est Fy(, .1 €t..et X est K ) et..et X, est K, o)
Then num(u,)=v, —y'(k)et den(y,)=Db(k)

With:
V; = ydi(n) +Kk, (ydi(nil) - yi(nil))"' st kl(ydi - Yi)
y'(k)=a(0,k)+al,n—1k)x "™ +..+a(mn—-1k)x, "™ +...+a(L0,k)x, +...+a(m,0,k)x,,
Where:
The coefficientsk; are chosen such that the polynomial s" + knsn_l. o+ kl is a Hurwitz polynomial (i.e., its roots have negative
real parts). [12]. The control input applied to subsystem i is given by the following relation:

4 = hum(u,) (13)
' den(u,)

Where:

M

a4 = v (K) (14)
g Ay

num(u, ) = &=

And:

> wb(k) (15)
den(u;) = *=——
Zﬂk
k=1
From this, it follows that:
Z/—lk (vi —y'(k)) (16)
ui — l<:1NIi

> 24 (b(k))

k=1

Figure 2 presents a schematic overview of the direct-identification-based adaptive fuzzy control principle.
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v

Figure 2: Structure of direct-identification-based adaptive fuzzy control.
Source: Authors, (2026).
v Application to Permanent Magnet Synchronous Motor

a) Speed Regulation
The control structure can be represented by the schematic diagram in Figure 3. The adaptive fuzzy controller generates the current

3pdr
qref ? 2

@, ,isthen utilized in the Direct Torque Control (DTC) scheme to generate the inverter control signals.

s >
Inverter

I which is multiplied by a coefficient ( )to produce the electromagnetic torque T, . This torque, along with the reference flux

: | FE |

¢ ref 3 gl S,

Q,‘,‘(.Q,.df Fullv e »\p@; 5 c
S

DTC
Controller
okt o 2 |—.‘

/;;.- 5 " ’

Q 8 Q | ruzzymooe < :

Q-8 )

»{ AP.P T

Figure 3: Speed control structure using the adaptive fuzzy control method based on direct identification.
Source: Authors, (2026).

v

Yyy

We have:
192 o 3PP, 1 (17
dt 2 “
Hence:
dae _3pé,, T, T (18)
dt 23
This equation can be described by the following equation:
92 E(x)+ G(X)i, (19)
dt
With:
_ (T, fQ). _3psy ., (20)
F(X)= [J + =3 ],G(X)_ >3 ;X =[]

In adaptive fuzzy control based on direct identification, the speed derivative is approximated by a fuzzy system, such that:

3

. Ay ék (21)
éé — k=1

3
>
k=1

Where: 1, represents the confidence degree of ruler , and & is its consequent. This consequent is defined
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O = a(0,k)+ a(L, k)2 + b(k)i

qref

The adaptive fuzzy controller provides the desired current i which is expressed as:

qref ?
_ S s v —vi) (22)
Tgrer = k:13
;//‘kb(k)

Where: V — y{< and b(k) are, respectively, the numerator and denominator of rule R
expressions are given by:

. of the fuzzy controller. Their

V:£2ref+k£2(Qref —Q)
yw=a (0,k)+a @,k) 2

From which, the reference electromagnetic torque is obtained by the equation: [3]

3
;#k (V_yL) 3pg, (23)
= — <

Temref - 3 2
Z i b(k )
k=1

b) Position Control

The control adjustment structure of this system is illustrated in Figure 4.

- /. SN Q
Fuzzy | S A0 s """'; & v Voltage.
’ Controller > “PY I——b DTC S, > |uvgrjgr
6.0, 2
FYYY
O .s ps ¢~.~f b J.
i-;@._ﬁ_ FUZZY MODEL P
= - .
L | o=flo:.p,)4p) |0
o
&
ﬁ‘
ADD |g

Figure 4: Position control structure using indirect adaptive fuzzy linearizing control method.
Source: Authors, (2026).

From Equation (19), we obtain:

i __2J dQ+(fQ+T )72 (24)
et T 3pg, dt "3peg,
Given that & ¢ , it follows:
s = 220 & (1 C, )2 (25)
3pg; 3pg;
Equation (24) allows us to write:
iy = F(X)& G(X) (26)
Where:
2J 2 . 27)
F(X)= .G(X)=(f&&c,)—=—:x =|o, (
()= 5051600 = (féc. ) =i x = [0,
From Equation (25), we have:
&= F(X)+G(X i (28)
Where:
(29)

FOO =S+ 2 )ie00 = 2820 x — [4§

J 23
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To implement the proposed method, we replace &= with a first-order Sugeno fuzzy system:
&= 1 (4B) (30)

This system has a single input 8. In our application, three membership functions are assigned to this input. The fuzzy system output is
expressed as:

g 2 @
Z Ky
k=1
Where g, is the firing strength of rule R, and %‘is its consequent, defined by:
&%= a(0,k)+ a1, k)& b(K)iyrer (32)
The adaptive fuzzy controller output is given by:
_ S v—vi) (33)
R SRS
Where:
V= @ecf +kyp (éﬁf - 68}"‘ Kao (gref - 6) (34)

y. =a(0,k)+a (1 k)&

With v — y; and p(k) being respectively the numerator and denominator of the fuzzy controller's rule g
Thus, we obtain the reference electromagnetic torque through:

S u=vi) 5, (35)
> b)) 2

C

emref T

We observe that the adaptation algorithm requires speed derivative measurement, which is computed through numerical
differentiation - an approach that may prove problematic with noisy measurements.

. Numerical Simulation

To demonstrate the proposed control method's effectiveness, we conducted numerical simulations. The coefficients governing the
PMSM's desired response were set to 220.852, 45, and 708.75 respectively. Figures (5, a-c) respectively illustrate the PMSM's dynamic
and static performance during , a speed regulation at 157 rad/s (no-load) , Load conditions and Rotation reversal. Results analysis
reveals:

Excellent reference tracking and disturbance rejection, mere 0.39% speed deviation during disturbances, Rapid 0.018s disturbance
recovery, Robust flux-torque decoupling maintained under severe operating conditions

Figures (6, a-c) demonstrate position regulation performance for, 5 rad reference (no-load) and load conditions as well as
Position reversal. We also note Precise position reference tracking, fast disturbance rejection (0.2s recovery), minimal 0.086% position
deviation during disturbances. The stator flux magnitude successfully reaches its reference value while maintaining an essentially circular
trajectory. The flux-torque decoupling remains unaffected even under severe operating conditions.
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Figure (6.c): Dynamic behavior of the PMSM
during position reversal
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Figure (6.b): Dynamic behavior of the PMSM
during positioning with load variation
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I11.1.2 Indirect Identification-Based Fuzzy Adaptive Control

In this section, we propose a novel approach to indirect adaptive fuzzy control, combining fuzzy systems with the so-called
computed torque method. Fuzzy systems are employed to provide a representative model of the direct dynamics of the system to be
controlled. The control law is then derived from this model using the computed torque method. [13]

I11.1.2.1 System Identification Using Fuzzy Systems
Consider again the system described by equation (3).

X" = F(X)+G,(X ), (36)
Vi =X%;; i=1..., m

The objective of the proposed control strategy is to generate a local control law based on (36) (a decentralized control structure),
using estimates of the functions. F; and G;the control synthesis is performed in two steps:

> System identification: The model of the system to be controlled is identified using fuzzy systems.
> Control computation: The control law is derived via the computed torque method using the identified fuzzy model.

From Equation (40), we can write:
RN = fi(X;ﬁfi)"‘gi(X;/ggi)"i (37)

The functions f (), and g, (.) are first-order Sugeno fuzzy systems with linguistic descriptions of the following form: [24]
. For fuzzy system f,(.) :

f

R/ :six("Vest Ff,, et et x{" est K, ., et.etx est F{ , et X, est F/, o

1(m,n 38
Alors s, (k)=a,(o,k)+a, @ n—-1k)x"V +. .. +a,(mn—1k)x"*+...+a, 10, k)xl...( )
+a,; (m,0,k)x,,
. For fuzzy system : g() ;
RS :six"Vest Ry et etxMest Rl et.etx est R, etx, estFg
Alors s (k)=a,(0,k)+a,@n—-1k)x"" +..+a,(mn—1k)x"F+..+a, (L0 k)x,... (39)
+ay(m,0,k)x,,
The final outputs of the fuzzy systems f,(.)and g, (.)are respectively given by:
%ﬁ‘fksf (K) (40)
f; (X P B ) = k:]-?
Zﬂfk
e k=1
Z/’lgksg (k) (41)
9.(X:8,)= N pre—
zlagk
k=1
Where:
f f f f
M = Hign-1) X Hr@na) <X Ham-10) X A (mo) (42)
=1 X U XX 3 X p1e (43)
Hok = Hiwna) X Hen-1) XX He(m1,0) < HA(m,o)

The unknown parameters g — |84, B, J2re estimated recursively using a modified gradient learning algorithm. In this

algorithm, the parameters /3, are adjusted to minimize the instantaneous error between. y(Met g™ This error is given by: [35]

e, )=y -y (44)

The proposed adaptation law takes the form [22]:
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A1) =5, —-1)+ pty(t)e ) (45)

_ oy _|ofi().a9()
=2 _[aﬂﬁ ’ai’gi}

Where:
p(t)=

;a,0, o, )0

ol
a, +y " (O (1)
111.1.2.2 Control Law Computation

Our objective is to design a control law such that each subsystem tracks its reference Y4 . For this purpose, the control law,
computed via the computed torque method, is given by:

u, :Vi_fi(X;/Bfi) (46)
gi(X;ﬁgij
Where:
Vi = yg?) +k, (ygri]il) - yi(nil))"‘ -t kl(ydi - Yi)

The coefficients K; are selected such that the polynomial s" 4 k,s"™ ...+ k, isa Hurwitz polynomial (roots with negative real

parts). This control law ensures critical damping for the error dynamics. Figure (7) schematically illustrates the principle of the proposed
control strategy. [35].

Fuzzy Model
f € > AAP |[¢&——
P v y Jnl
Yo gy V
Jd Sd Computation of the u St
—P oys >
Control Law Y v

X

Figure 7: Principle of indirect adaptive fuzzy linearizing control.
Source: Authors, (2026).

v Application to PMSM (Permanent Magnet Synchronous Motor)
a) Speed Regulation

The structure of the indirect adaptive fuzzy linearizing control is illustrated in Figure (8). The adaptive fuzzy controller generates

the currenti_ ., which is multiplied by a coefficient (@) to produce the electromagnetic torque T . This torque, along with the

emref
reference flux . , are then utilized in the Direct Torque Control (DTC) scheme to generate the inverter switching commands.

0 . ; emre i :
Q;, Co:‘f’?;:m“ 9 3pg, DIC [3; I‘°.h’§° —~ 0
Control Law S S nverter
2 P—
YY) - ?
Q 0
4@
4
g

Figure 8: Speed control structure using the indirect adaptive fuzzy linearizing control method.
Source: Authors, (2026).

Considering equation (36), the selected model for identifying the speed derivative has the following form:
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5‘: f(Q; o, )+ g(Q; o, )iq (47)

With: f () and g() are fuzzy systems with unknown parameters. These systems are characterized by a single input, with three
membership functions assigned to this input. [35]. The final outputs of the fuzzy systems f (.)et g(.)are respectively given by:

=

. ) > srpes ()
Q;[;f :kflai
Py (48)

=

ZAIQkSg ()
ol s, ) T8O
S

Where: g and zzg, represent the confidence degrees of rules R, and R, for the fuzzy systems f ()and g(.)- While
s, (k)and s, (k)are the consequences of these rules, defined as:

s;(k)=a, (0, k)+a, @ k)2 (49)
sy(k)=a,(0,k)+a, (@ k)2

The output provided by the adaptive fuzzy controller is expressed as:

; V= f(Q;,Bf) (50)
qref — Q(Q;ﬂg)

With:
v=&

ref T kQ(Qref - Q)
From this, we obtain the reference electromagnetic torque through the equation:

_3pg, v—fl@i5,) (51)
emref 2 g(Q, ﬁg)

T

b) Position Control

The control structure for position regulation is illustrated in Figure (9).

T(__”__“" Computation of im o 52 T ow z Voltage
+’ the Control > _1)("{ - B
6.6, | Law > l_’
g, i
%) ' FUZZY MODEL
.L.G‘ 9. (2
— e=rep)des), [
g 7 |
N| |«
¥ apo le r

Figure 9: Position control architecture using indirect adaptive fuzzy linearization control methodology.
Source: Authors, (2026).

Based on equation (28), the selected identification model for & is formulated as:
& 1 (&p, )+ a(&p, )i, (52)

Where f (&3, ) and g(@?fﬁg) represent fuzzy inference systems characterized by a single input variable. In the present

study, we implement three Gaussian membership functions for this input. The aggregated outputs of these fuzzy systems are
mathematically expressed as: [36]
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ZS:ﬁ‘fksf (k)
f (5&,3f ): =
kZ:];#fk (53)
> tgesy ()
g(@p, )= =F5—
— Agk

The control signal generated by the adaptive fuzzy controller is given by:

;o _v-f&s,) (54)
S CZA

With:
V= % +Kyp (é(éf - 62)* Kzp (Qref - ‘9)

The reference electromagnetic torque is consequently derived from:
_ 3pg, v— (&) (55)

T, ;=
emref > g(é‘ﬂg)

Remark 1: The adaptation algorithm necessitates real-time measurement of the angular velocity derivative. While numerically
estimated in this implementation, we note that such approximation may introduce significant errors under noisy measurement conditions,
potentially clompromising control performance.

. Numerical Simulation and Performance Analysis

The closed-loop system dynamics were rigorously evaluated through numerical simulations investigating both speed and position
regulation using the proposed indirect adaptive fuzzy linearization approach. The critical control parameters, determining the PMSM's
dynamic response characteristics, were optimally tuned to 620.54, 61.5704, and 473.86 respectively. The transient and steady state
performance metrics, illustrated in Figures (10, a-c) and (11, a-c) demonstrate:

> Exceptional disturbance rejection capability:
> Maximum speed deviation: 0.55% of nominal value
> Maximum position error: 0.46% of reference
> Perturbation recovery time constants: 5ms (speed) and 290ms (position)
> Robust flux-torque decoupling
> Complete independence maintained even under severe operational regimes
> No observable coupling effects during rapid torque transients
- u = " : [ —
o |, ——— - in . om—
2 M—+—r—r—+—1 B —————— o 2 W . ¥ e —
Tw . {# 2w L e - 14
‘:'r t *%Mf 18y e g i‘ - 15— —
3o {8 fu iel 41— 2
q4- o {* o q - Lo
4 % » ; e 3
:»u:uzn:‘kcu1ux‘i.~u.uu Yu oy 3"3“'\5 3 1 % 1 u 2
5 w w w
Plss fwb)
Bl -
i ™ " fo
‘: 1% 1 Y Jv‘ " .:: 2
z 1 : ju ;
: 12 = if 1 ¢
5 1 ; 3 4 3 g a ‘_5 ‘;
iy i g 1 ] |
B : T a0 N x.l [F] m‘u:: w1 T N:nl £ A 1'1 R W I“u., s
=
>
Figure (10.a): Dynamic behavior of the PMSM Figure (10.b): Dynamic response of the PMSM
under no-load conditions during startup under variable load conditions
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Figure (10.c): Dynamic behavior of the PMSM
during rotational direction reversal

Figure (11.a): Dynamic positioning performance
of the PMSM under no-load conditions
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Figure (11.b): Dynamic positioning performance of Figure (11.c): Dynamic positioning behavior of the
the PMSM under variable load conditions PMSM during position reversal

Source: Authors, (2026).
IV. CONCLUSIONS

This research has systematically investigated two adaptive fuzzy control approaches for permanent magnet synchronous motors
(PMSMs): direct and indirect adaptive fuzzy control methodologies. The study demonstrates how fuzzy systems can effectively
approximate unknown continuous nonlinear functions in both control paradigms, while maintaining complete independence from prior
knowledge of the PMSM's dynamic model structure or parameters. Our contributions include:

Direct Adaptive Fuzzy Control: A novel control architecture where fuzzy logic systems directly generate control signals through online
adaptation.

Indirect Adaptive Fuzzy Linearization Control: An identification-based approach employing fuzzy systems for model approximation and
linearization

Both decentralized control strategies exhibit:

Robust position and speed regulation capabilities

Model-free operation without requiring parametric knowledge

Fuzzy rule bases derived directly from the corresponding fuzzy models

Consistent operation across various dynamic regimes
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However, these techniques require the measurement of the machine’s speed derivative, which is calculated numerically, which can
be detrimental in the case of noisy measurements. The study establishes a theoretical framework for advanced fuzzy control applications
in PMSM drives, particularly suitable for industrial applications requiring both precision and robustness under uncertain operating
conditions. Future work should focus on experimental validation and computational optimization for real-time implementation.
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