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Abstract

This paper presents a high-performance sensorless control strategy for Brushless DC
(BLDC) motors based on predictive current control combined with back-EMF-based
speed and position estimation. The main objective is to achieve accurate speed regulation
and fast dynamic response without the need for mechanical speed sensors, thereby reduc-
ing system cost, improving reliability, and simplifying hardware complexity. The pro-
posed predictive current control algorithm ensures precise current tracking and rapid
torque production under varying operating conditions, including speed reference
changes and load torque disturbances. A comprehensive comparative analysis is con-
ducted between the proposed sensorless approach and a conventional sensored control
scheme. The obtained results demonstrate that the sensorless controller achieves speed,
torque, and current performance that is nearly identical to the sensored system, with neg-
ligible differences in rise time, overshoot, steady-state error, and torque ripple. The dy-
namic response remains smooth and well-damped, confirming the effectiveness of the
proposed estimation technique in maintaining accurate rotor synchronization under tran-
sient conditions. In addition, the influence of a proportional-integral speed controller
with and without anti-windup compensation is investigated. The results show that the
anti-windup mechanism significantly improves transient performance by reducing over-
shoot, eliminating startup undershoot, shortening settling time, and mitigating speed es-
timation errors during large reference changes and actuator saturation conditions, while
preserving zero steady-state error. To validate the real-time feasibility of the proposed
control strategy, a Processor-in-the-Loop (PIL) co-simulation platform is implemented us-
ing the C2000 LaunchXL-F28379D digital signal processor. The PIL results confirm that
the algorithm can be executed under strict real-time constraints with acceptable compu-
tational burden, memory usage, and execution time. Overall, the proposed sensorless pre-
dictive current control strategy demonstrates strong robustness, high accuracy, and prac-
tical applicability for industrial BLDC motor drive systems operating under diverse and
dynamic conditions.
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1. Introduction

Electric motors have become indispensable components in modern industrial, trans-
portation, and renewable energy systems owing to the increasing demand for high-effi-
ciency, reliable, and energy-efficient electric drives. Among the various electrical machine
technologies, Brushless Direct Current (BLDC) motors have attracted considerable re-
search interest because they combine high efficiency, high power density, compact size,
rapid dynamic response, and low maintenance requirements, making them well suited
for high-performance applications [1-4]. Unlike conventional brushed DC motors, BLDC
motors employ permanent magnets on the rotor and electronic commutation instead of
mechanical brushes, thereby eliminating brush wear, minimizing friction losses, improv-
ing reliability, and extending operational lifetime [3,4]. In addition, the absence of me-
chanical commutation enables precise speed and torque control when combined with
modern power electronic converters and advanced control strategies, further enhancing
their operational performance [4,5]. Owing to these attractive characteristics, BLDC mo-
tors have been extensively adopted in industrial automation, robotics, electric vehicles
(EVs), unmanned aerial vehicles (UAVs), medical devices, household appliances, and re-
newable energy conversion systems, where high efficiency, reliability, and fast dynamic
performance are essential design requirements [2,4,5]. Based on references [6-14], a com-
parison between the BLDC motor and certain other types of machines is presented in Ta-
ble 1. As summarized in Table 1, BLDC motors offer a favorable balance between perfor-
mance, efficiency, reliability, and controllability when compared with other conventional
electrical machine technologies. Compared with conventional brushed DC motors, BLDC
machines eliminate mechanical commutation, thereby improving reliability and extend-
ing service life. Relative to induction motors, BLDC motors generally provide higher
torque density, improved efficiency at partial load, and better dynamic performance, alt-
hough they require permanent magnets and sophisticated electronic control. Permanent
Magnet Synchronous Motors (PMSMs) can achieve even smoother torque production and
slightly higher efficiency, but at the expense of increased control complexity and higher
manufacturing costs. Switched Reluctance Motors (SRMs) offer excellent robustness and
fault tolerance without the use of permanent magnets; however, their relatively high
torque ripple and acoustic noise remain important challenges. Likewise, Synchronous Re-
luctance Motors (SynRMs) constitute an attractive rare-earth-free solution with competi-
tive efficiency, although their torque density is generally lower than that of permanent-
magnet machines. Consequently, BLDC motors represent an excellent trade-off between
efficiency, controllability, reliability, and power density, making them particularly suita-
ble for electric traction systems, electric vehicles, unmanned aerial vehicles, aerospace pro-
pulsion, robotics, and renewable energy applications such as photovoltaic tracking sys-
tems, battery energy storage systems, and small-to-medium wind energy conversion sys-
tems.
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Table 1. Comprehensive comparison of BLDC motors with other electrical machine technologies.
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Recent studies have demonstrated the growing importance of BLDC motors in re-
newable energy and sustainable transportation applications due to their high efficiency,
compact structure, and excellent dynamic performance. Sridhar et al. [15] reviewed the
integration of special electric drives in photovoltaic water pumping systems and proposed
a hybrid grid-interactive architecture in which BLDC motors were identified as an attrac-
tive solution because of their high efficiency, reduced maintenance requirements, and
compatibility with photovoltaic power sources. Nevertheless, the study also highlighted
that BLDC-based pumping systems require sophisticated power electronic converters and
advanced control algorithms to cope with irradiance variations and ensure stable opera-
tion under fluctuating environmental conditions. In the field of electric vehicles, Kannan
et al. [16] proposed a meta-heuristic maximum power point tracking (MPPT) strategy for
energy harvesting, demonstrating that the high efficiency and rapid dynamic response of
BLDC motors contribute to improved energy utilization and vehicle performance. How-
ever, the overall system performance remains strongly dependent on the effectiveness of
the energy management strategy and the associated power conversion stages. Similarly,
El Ghaly and Tarnini [17] introduced a simplified control approach for mitigating torque
and speed ripples in BLDC motors. Their results confirmed that appropriate control strat-
egies can significantly enhance drive smoothness and dynamic behavior while reducing
computational complexity. Nevertheless, torque ripple caused by the trapezoidal back-
electromotive force (back-EMF) and electronic commutation remains an inherent limita-
tion of BLDC machines, particularly in high-precision applications. More recently, Suresh
et al. [18] investigated a fuel-cell-powered electric vehicle employing a BLDC motor sup-
plied through a high-gain Landsman converter and an energy management system. The
proposed configuration demonstrated improved overall efficiency and reliable traction
performance, highlighting the suitability of BLDC motors for fuel-cell electric vehicles.
Despite these advantages, the dependence on permanent magnets, the relatively high cost
of rare-earth materials, and the requirement for accurate electronic commutation and po-
sition information continue to represent significant challenges that limit the widespread
adoption of BLDC motors in cost-sensitive and large-scale applications.

The rapid expansion of electrification technologies, Industry 4.0, and intelligent au-
tomation has significantly increased the demand for high-performance electric drive sys-
tems capable of delivering high efficiency, precise speed regulation, and reliable operation
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under varying operating conditions [1,2]. Compared with conventional brushed DC mo-
tors and induction motors, BLDC motors offer superior efficiency, higher torque-to-
weight ratio, improved dynamic performance, lower maintenance requirements, and en-
hanced operational reliability [3-5]. These characteristics make them particularly suitable
for applications requiring high precision and energy efficiency, such as electric mobility
platforms, industrial servo systems, and aerospace actuators [4,5].

The growing adoption of electric vehicles has further accelerated research on BLDC
motor technologies. Due to their high torque density, fast transient response, and excellent
efficiency, BLDC motors are extensively employed in electric bicycles, electric scooters,
light electric vehicles, and auxiliary automotive systems [4,5]. However, the increasing
demand for energy-efficient propulsion systems requires motor drives capable of main-
taining high performance over a wide speed range while maximizing energy utilization.

From an electromagnetic perspective, BLDC motors are characterized by a trapezoi-
dal back-EMF waveform and an electronic commutation mechanism [3,4]. Although this
structure enables efficient torque production, it also introduces several challenges related
to current regulation and commutation accuracy. Any mismatch between phase currents
and back-EMF waveforms may generate torque ripple, resulting in mechanical vibrations,
acoustic noise, reduced efficiency, and degraded positioning accuracy in high-precision
applications [19,20]. Furthermore, practical BLDC drives are affected by inverter nonline-
arities, parameter uncertainties, load disturbances, magnetic saturation effects, switching
delays, and temperature-dependent parameter variations, all of which may compromise
control performance [6-8].

Conventional proportional-integral (PI) and proportional-integral-derivative (PID)
controllers remain widely used in industrial motor drives because of their simplicity and
ease of implementation [21,22]. Nevertheless, their performance may deteriorate under
parameter variations and external disturbances. To overcome these limitations, numerous
advanced control strategies have been proposed, including adaptive control, fuzzy logic
control, neural-network-based control, sliding-mode control (SMC), robust control, and
model predictive control (MPC) [5,20,22,23].

Among modern control strategies, MPC has emerged as one of the most promising
techniques for high-performance power electronic converters and electric drive systems
because of its capability to predict future system behavior and determine the optimal con-
trol action by minimizing a predefined cost function [24-32]. As summarized in Table 2,
MPC provides superior dynamic performance, excellent steady-state accuracy, and an in-
herent ability to handle multivariable systems and operational constraints, making it par-
ticularly attractive for renewable energy systems, electric drives, and grid-connected
power converters. Compared with conventional PI controllers, MPC exhibits significantly
faster transient response and improved robustness under varying operating conditions.
Relative to SMC and direct torque control (DTC), MPC substantially reduces torque and
current ripples while maintaining high dynamic performance without suffering from se-
vere chattering or excessive switching irregularities. Furthermore, unlike intelligent con-
trol strategies based on fuzzy logic, artificial neural networks (ANN), genetic algorithms
(GA), particle swarm optimization (PSO), or adaptive neuro-fuzzy inference systems
(ANFIS), MPC does not require extensive offline training or heuristic parameter optimi-
zation and offers more predictable closed-loop behavior. Nevertheless, the effectiveness
of MPC strongly depends on the availability of an accurate mathematical model and suf-
ficient computational resources for solving the optimization problem in real time. Conse-
quently, the computational burden and model dependency remain the primary challenges
limiting its implementation in low-cost embedded platforms, despite continuous efforts
to develop simplified and computationally efficient predictive control algorithms [24-40].
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Table 2. Comparative analysis of MPC and other advanced control strategies.
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Weak robust- High torque rip- . High computational
. . Complex mathe-Large training data,
I, ness, poor non- Chattering phe- ple and variable . . . . burden, model de-
Main Limitations o matical deriva- high computation,
linear perfor- nomenon switching fre- ) . pendence, parameter
tion convergence issues e
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In addition, MPC is inherently well-suited for digital implementation in high-speed
power electronic systems, as it operates in a discrete-time framework that matches the
operation of microcontroller-based control platforms. Its ability to handle multivariable
interactions without requiring complex decoupling transformations further enhances its
applicability in motor drive systems.

In particular, predictive current control—a specific form of MPC applied at the cur-
rent loop level —has demonstrated significant potential for BLDC motor applications. It
improves current regulation accuracy by directly predicting future current evolution
based on inverter switching states, thereby enabling optimal voltage vector selection in
real time. As a result, it reduces torque ripple, minimizes current distortion, and enhances
transient performance under rapid load and speed variations. Moreover, it provides im-
proved robustness against parameter uncertainties and modeling errors, making it highly
effective for high-performance BLDC drive systems operating under dynamic and con-
strained conditions [20,22,23].

Another critical challenge in BLDC motor drives is the accurate acquisition of rotor
position and speed information required for proper electronic commutation and closed-
loop control. Conventional drive systems typically rely on dedicated mechanical or elec-
tromechanical sensors such as Hall-effect sensors, optical encoders, or resolvers to obtain
this information [3,41]. While these sensing devices can provide high-resolution and ac-
curate measurements, their use introduces several practical limitations. They increase
overall system cost and hardware complexity, require precise mechanical alignment dur-
ing installation, and often demand periodic calibration and maintenance. Moreover, their
reliability can be significantly degraded in harsh industrial environments characterized
by high temperature variations, mechanical vibrations, humidity, dust contamination,
and strong electromagnetic interference, all of which may lead to signal distortion, meas-
urement errors, or complete sensor failure [41,42].

To overcome these limitations, sensorless control techniques have emerged as a
prominent and rapidly growing research direction in modern motor drive systems. These
methods eliminate the need for physical position sensors by estimating rotor position and
speed indirectly from measurable electrical variables such as stator currents, terminal
voltages, switching states, and back-EMF signals [3,41,42]. Depending on the operating
speed range and control strategy, these estimation techniques may be based on model-
based observers, signal injection methods, artificial intelligence approaches, or phase-
locked loop (PLL)-based structures.

Beyond reducing hardware cost and improving system compactness, sensorless ap-
proaches significantly enhance overall system reliability by removing components that
are prone to mechanical wear and failure. They also improve robustness and flexibility,
making them particularly attractive for applications where size, weight, and maintenance
accessibility are critical constraints, such as electric vehicles, aerospace systems, and in-
dustrial automation. In addition, recent advances in digital signal processing and high-
performance microcontrollers have enabled the real-time implementation of complex sen-
sorless algorithms, further accelerating their adoption in high-performance BLDC motor
drive applications [42].

Among the various sensorless estimation techniques reported in the literature, sev-
eral approaches have been extensively investigated, including back-EMF estimation
methods, sliding-mode observers, Luenberger observers, Extended Kalman Filters (EKFs),
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flux observers, and PLL-based estimators [43-49]. More recently, an adaptive EKF has
been introduced to improve rotor state estimation under dynamic load and speed varia-
tions [43]. However, this approach lacks a PLL tracking mechanism, which is highly ben-
eficial for actively regulating and minimizing position estimation errors. Each method
presents distinct advantages and limitations in terms of computational complexity, ro-
bustness to parameter variations, noise sensitivity, and performance across different
speed ranges. In particular, PLL-based techniques have gained considerable attention due
to their simple structure, ease of digital implementation, fast dynamic convergence, and
strong disturbance rejection capability [47]. These characteristics make them particularly
suitable for real-time embedded applications where computational resources are limited
and deterministic execution is required.

Recent developments in PLL architectures, such as the second-order generalized in-
tegrator PLL (SOGI-PLL) and the decoupled second-order generalized integrator PLL
(DSOGI-PLL), have further improved estimation accuracy and robustness [48-51]. These
enhanced structures provide superior harmonic rejection, improved filtering of measure-
ment noise, and enhanced performance under low-speed operation and DC-offset dis-
turbances. As a result, they significantly increase the reliability of rotor position and speed
estimation in practical motor drive systems, particularly under non-ideal grid and in-
verter conditions.

In addition to accurate state estimation, the design of the speed regulation loop plays
a critical role in achieving high-performance motor drive operation. Although PI control-
lers remain the industrial standard due to their simplicity and reliability, their perfor-
mance can be significantly affected by actuator saturation. In such cases, integrator
windup may occur, leading to excessive overshoot, prolonged settling time, and degraded
transient response [52,53]. This issue becomes particularly critical during large reference
changes or sudden load disturbances, where the control signal remains saturated for ex-
tended periods.

To mitigate these limitations, anti-windup compensation techniques have been
widely adopted in modern motor drive systems. These methods effectively prevent ex-
cessive accumulation of the integral term during saturation, thereby restoring controller
linearity and improving closed-loop stability. Consequently, they enhance dynamic re-
sponse, reduce overshoot, shorten recovery time, and also contribute to improved speed
estimation accuracy by maintaining better consistency between the control action and sys-
tem dynamics [52,53].

Furthermore, in addition to control and estimation algorithm development, valida-
tion under realistic implementation constraints is a crucial step toward industrial deploy-
ment. PIL methodologies enable the execution of embedded control code on actual micro-
processors while the plant model remains in a simulation environment [54,55]. This hy-
brid approach provides a realistic assessment of computational performance, including
execution time, CPU utilization, memory consumption, interrupt latency, and numerical
precision effects. It also allows early detection of timing bottlenecks and implementation
issues that are not observable in offline simulations. As a result, PIL significantly reduces
development risks, shortens design cycles, and ensures that the proposed control strategy
is fully compatible with real-time hardware constraints prior to full experimental valida-
tion [54,55].

Although significant advances have been achieved in BLDC motor control strategies,
the literature still shows that only a limited number of studies have attempted to integrate
predictive current control, PLL-based sensorless speed estimation, anti-windup compen-
sation mechanisms, and PIL validation within a single unified framework [22,47,51,54].
Existing contributions tend to address these aspects separately rather than as a holistic
control and validation pipeline.
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For instance, Azab [22] provides a comparative investigation of BLDC motor drives
using finite control set MPC (FCS-MPC) and hysteresis current control. The study high-
lights that predictive control approaches improve current tracking accuracy and reduce
torque ripple compared to conventional hysteresis-based methods, demonstrating the po-
tential of MPC techniques for high-performance BLDC applications. However, the work
does not extend to sensorless operation or advanced observer-based speed estimation.

In contrast, Golestan et al. [47] present a comprehensive review of three-phase PLL
techniques, emphasizing recent developments in improving dynamic performance, dis-
turbance rejection, and robustness under grid and parameter variations. Their findings
confirm that advanced PLL structures can provide highly accurate phase and frequency
estimation, which forms a strong theoretical foundation for sensorless speed estimation
in electric drive systems.

Similarly, Saha and Singh [51] propose an improved DSOGI-PLL-based observer for
sensorless BLDC motor drives applied to solar-PV-assisted light electric vehicles. Their
results demonstrate enhanced speed estimation accuracy and improved robustness under
variable irradiance conditions, validating the effectiveness of PLL-enhanced observer
techniques in renewable-energy-driven motor applications. Furthermore, a recent strat-
egy introduces an extended state observer and an active harmonic compensator into a
quadrature-PLL to suppress back-EMF estimation noise [56]. However, this method relies
on PI controllers, which introduce complex parameter tuning requirements. In contrast,
utilizing predictive current control significantly simplifies the overall design and facili-
tates real-time execution. Another advanced approach employs an ESO-based QPLL
alongside predictive control to enhance position tracking accuracy [57]. While effective,
this method lacks comprehensive hardware validation. Overcoming this limitation
through advanced validation methods, such as PIL verification, is therefore essential to
confirm practical feasibility and performance under real-time embedded constraints. On
the implementation and validation side, Ghadbane et al. [54] introduce a PIL co-simula-
tion approach for a battery—supercapacitor hybrid energy management system. Their re-
sults show that PIL-based validation significantly improves the reliability of real-time im-
plementation assessment by bridging the gap between simulation and embedded hard-
ware execution, although their study is focused on energy management rather than motor
drive control.

Overall, despite these valuable contributions, there remains a clear research gap in
simultaneously combining predictive current control, PLL-based sensorless estimation,
anti-windup compensation, and PIL-based validation in a unified BLDC motor drive
framework. Furthermore, comprehensive experimental comparisons between sensored
and sensorless configurations under identical operating conditions are still relatively rare
in the existing literature.

Motivated by these limitations and research gaps identified in the literature, this pa-
per proposes and investigates a comprehensive sensorless speed control strategy for
BLDC motors. The proposed framework is based on FCS-MPCC combined with a PLL-
based sensorless speed estimation scheme to ensure accurate rotor speed reconstruction
without mechanical sensors. In addition, an anti-windup compensation mechanism is in-
corporated into the speed controller to mitigate integrator saturation effects under large
reference changes and load disturbances, thereby improving transient response and
steady-state accuracy.

The performance of the proposed sensorless control system is systematically evalu-
ated and benchmarked against a conventional sensored BLDC motor drive structure un-
der identical operating conditions using detailed co-simulation studies. This comparative
analysis allows a fair assessment of dynamic performance, robustness, and tracking accu-
racy between the two configurations. Furthermore, the impact of anti-windup action is
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explicitly analyzed by applying different speed reference profiles and sudden load torque
variations, highlighting its role in enhancing stability and reducing overshoot during sat-
uration conditions.

Finally, to bridge the gap between simulation and real-time implementation, the
practical feasibility of the proposed control strategy is validated using a PIL platform im-
plemented on the Texas Instruments C2000 LaunchXL-F28379D digital signal processor
(DSP) board. This hardware-in-the-loop-like validation ensures that computational delays,
numerical precision, and real-time execution constraints are properly considered, con-
firming the suitability of the proposed approach for embedded motor drive applications.

A comparison with recent literature highlights the originality and significance of the
proposed control strategy (see Table 3). Previous studies have mainly addressed isolated
aspects of BLDC drive systems, including electromagnetic motor optimization, conven-
tional back-EMF sensorless control, intelligent speed controller design, or observer-based
estimation techniques. In contrast, this work presents an integrated framework that com-
bines predictive current control, back-EMEF-based sensorless speed and rotor position es-
timation, PI anti-windup compensation, and real-time Processor-in-the-Loop validation
using a TI C2000 DSP. The proposed approach achieves dynamic performance that closely
matches conventional sensored control while maintaining the advantages of a sensorless
architecture, including reduced hardware complexity, improved reliability, and lower im-
plementation cost. Moreover, the inclusion of anti-windup compensation significantly im-
proves transient behavior under actuator saturation, whereas the PIL validation demon-
strates that the proposed algorithm is suitable for real-time industrial implementation. To
the best of our knowledge, none of the reviewed studies simultaneously integrates these
features within a single BLDC drive framework, thereby providing a more comprehensive
and practically validated solution for high-performance sensorless BLDC motor control.

Table 3. Comparative analysis with previous studies.

Ref. Main Contribution Novelty Main Results Motor Type Study Type
Achieves speed, torque, and
Develops a sensorless BLDC ~ Integrates predictive cur- peed, torqueé, and
. . . current responses nearly identi-
drive combining Predictive rent control, sensorless es- . . .
. . .. cal to sensored control, with low Simulation +
Current Control (PCC), back-  timation, anti-windup . .
. . . . torque ripple, fast current track- Processor-in-
Proposed EMF-based speed/position esti- analysis, comparative eval-,
. . . . . ing, reduced overshoot, shorter BLDC  the-Loop
Work  mation, PI controller with Anti- uation with sensored con-

Windup compensation, and trol, and real-time PIL vali-
Processor-in-the-Loop (PIL) dation in a single frame-

settling time, zero steady-state (Real-Time
error, and successful real-time Validation)
execution under DSP con-

validation on a TI C2000 DSP. work.

straints.

Tosun et al. for specified operating condi-
(2021) [1] tions using electromagnetic op-

Optimized BLDC motor design Simulation

timization.

Focuses on motor design Improved efficiency, torque ca-
optimization rather than pability, and electromagnetic BLDC
control strategy. performance.

(Finite Ele-
ment Analy-
sis)

Sawant et
al. (2023) [3]

Sensorless BLDC control based Implements a traditional
on conventional back-EMF de- back-EMF sensorless tech-

tection.

Demonstrated acceptable speed
estimation and sensorless opera-
tion, but with limited dynamic
performance under transients.

BLDC  Simulation
nique.

Zebiri et al.
(2022) [4]

Proposed a non-conventional Investigates an alternative Improved speed regulation and
speed controller for BLDC speed controller instead of transient response compared BLDC  Simulation

drives.

classical PI. with conventional PI control.

Das and Comparative study of PID and Optimization of controller

Biswas

Fuzzy Logic controllers opti- ~ parameters using evolu-
(2021) [5] mized using GA and PSO. tionary algorithms.

Fuzzy-PSO controller achieved
superior dynamic response and
lower tracking error than con-
ventional PID.

BLDC  Simulation
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Barkas et al.

(2020) [6] techniques.

Comprehensive review of DC  Literature review summa-
and BLDC motor drive control rizing existing control ap-

No new experimental or simula- Brushed DC Review Pa-

proaches tion results. and BLDC per

Mumtaj, S.;Performance enhancement us- Improved speed estimation ac-

Ravichan- ing an Adaptive Sliding Mode Introduces ASMO for sen- curacy and transient perfor-

BLDC  Simulation

dran, C.S. Observer (ASMO)-based PID  sorless speed estimation. mance compared with conven-

(2021) [21] controller.

tional PID control.

The remainder of this paper is organized as follows. Section 2 presents the mathe-
matical modeling of the BLDC motor, including its electrical and mechanical dynamic
equations, along with the development of the sensorless speed and position estimation
framework. Section 3 introduces the proposed predictive current control strategy for
BLDC motor drives, detailing the formulation of the cost function and the discrete-time
control model used for real-time implementation.

Section 4 describes the speed and position estimation techniques, with emphasis on
the transformation of back-EMF signals into the stationary reference frame and their uti-
lization within the PLL-based observer structure. Section 5 presents the implementation
of the overall control algorithms using the PIL methodology on the Texas Instruments
C2000 LaunchXL-F28379D DSP platform, highlighting the practical realization of the pro-
posed control system.

Section 6 provides the co-simulation results under various operating scenarios, in-
cluding speed reference changes and load disturbance conditions, in order to evaluate the
dynamic performance and robustness of the proposed approach. Section 7 discusses the
obtained results, analyzing the advantages and limitations of the proposed sensorless pre-
dictive control scheme in comparison with conventional methods. Finally, Section 8 con-
cludes the paper by summarizing the main findings and emphasizing the effectiveness of
the proposed approach for high-performance BLDC motor drive applications.

2. BLDC Motor Modeling
2.1. Electrical Model

The BLDC motor is composed of a three-phase stator winding and a permanent-mag-
net rotor, which eliminates the need for brushes and mechanical commutators, thereby
improving reliability, efficiency, and maintenance-free operation. In practical applica-
tions, BLDC motors are widely used in electric vehicles, robotics, and renewable energy
systems due to their high power density and fast dynamic response. Unlike sinusoidal
machines, BLDC motors are typically characterized by a quasi-trapezoidal back-EMF
waveform, which makes them particularly suitable for six-step electronic commutation or
advanced PWM-based control strategies.

Because of these nonlinear and switching characteristics, the development of high-
performance control algorithms—such as predictive current control and sensorless esti-
mation methods—requires an accurate and physically consistent mathematical model. In
particular, precise representation of the electrical dynamics is essential to capture cou-
pling effects between phases, parameter variations, and transient behavior under load
changes. The electrical model of the BLDC motor can be formulated using the stator volt-
age equations in matrix form as follows [41,42]:

;o [R]T+42
V =[R].I+ " M
o=[L]I+9, @

where
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I,V ,and ? denote the stator voltage, current, and flux linkage vectors, respec-

—

Pu represents the permanent-magnet flux linkage vector, while [R]

tively. The term
and [L] correspond to the stator resistance and inductance matrices.
For a symmetrical three-phase BLDC motor, the resistance and inductance matrices

are expressed as:

R 0 0 L L, L,
[R]=|0 R 0 [L]=|L, L, L, 3)
0 0 R L, L, L

where R is the phase resistance, L is the self-inductance, and M is the mutual inductance
between phases.

Assuming a star-connected stator winding with isolated neutral point, the BLDC mo-
tor phase voltage equations can be derived by applying Kirchhoff’s voltage law to each
stator phase while accounting for the resistive, inductive, and back-EMF components. Un-
der the assumption of a symmetrical machine, negligible mutual saturation, and equal
phase resistances and inductances, the electrical dynamics of the three-phase stator wind-
ings can be expressed as follows:

V.| [R 0 Oli,| (L-M O 0 J i,| e,
V,|=|0 R O|i,|+| 0 L-M 0 |—|i |t|e, 4)
1% 0 0 R|i 0 0 L-M i.| |e

where e, e, and e.denote the back-EMF components generated in phases a, b, and
¢, respectively.
The back-EMF voltages are proportional to the rotor angular speed and can be ex-
pressed as [3]:
e, =K. [, (6.)w,

e

eb =Kefb (ee)wr (5)
e(' = Ké'f‘( (ge)wr
where K, is the back-EMF constant, w, is the rotor angular speed, and f,(6.), f,(6.),
and f.(6,.) are trapezoidal functions of the electrical rotor position 6,.

2.2. Mechanical Equation

The mechanical dynamics of the BLDC motor are governed by Newton’s second law
for rotational systems, which relates the net electromagnetic torque developed by the mo-
tor to the resulting rotor motion while accounting for mechanical losses and external load
disturbances. This dynamic relationship is essential for accurately modeling the speed re-
sponse of the drive system, especially under varying load conditions and during transient
operation.

By considering the effects of inertia, viscous friction, and load torque, the rotor me-
chanical behavior can be described by the following differential equation, which forms
the basis for speed control and observer design in BLDC motor drives [42]:

749 1 T, _Fa, (6)
dt
where ] is the rotor inertia, B is the viscous friction coefficient, T, is the developed

electromagnetic torque, and T is the load torque.

The electromagnetic torque generated by the BLDC motor results from the interac-
tion between the stator phase currents and the rotor’s permanent magnet flux linkage, and
it represents the fundamental conversion of electrical energy into mechanical energy. In a
three-phase BLDC motor with trapezoidal back-EMF, the torque production is inherently
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dependent on the alignment between the phase current waveforms and the back-EMF
profiles, which makes accurate current shaping essential for minimizing torque ripple and
improving dynamic performance.

Under the assumptions of balanced phases and negligible magnetic saturation, the
electromagnetic torque can be expressed as a function of phase back-EMFs and currents,
and is commonly written in the following form, which serves as a key relationship in both
control design and performance analysis of BLDC motor drives [42]:

T, =L(eaia +e,i, +e.i.) )
m

The electrical and mechanical equations described above form a complete nonlinear
dynamic model of the BLDC motor, capturing the interaction between the stator electrical
subsystem and the rotor mechanical dynamics through the electromagnetic torque cou-
pling. This unified representation incorporates key physical phenomena such as phase
resistance and inductance effects, back-electromotive force generation, rotor inertia, vis-
cous friction, and load torque disturbances, all of which are essential for accurately de-
scribing both transient and steady-state behavior.

This comprehensive mathematical model serves as the fundamental basis for the de-
sign and implementation of advanced control strategies, particularly model-based ap-
proaches such as FCS-MPC. In such methods, the discrete-time form of the motor model
is used to predict future current and speed trajectories under different switching states,
enabling optimal control action selection at each sampling interval. Consequently, the ac-
curacy of the model directly influences the prediction quality, control performance, and
robustness against parameter variations and external disturbances. Therefore, this dy-
namic model is essential for the development of the predictive control strategy presented
in the following section.

3. Predictive Current Control for BLDC Motor Drives

Model predictive control has emerged as a powerful and flexible control strategy for
electrical drive systems due to its inherent ability to explicitly incorporate system dynam-
ics, input/output constraints, and performance objectives within a unified optimization
framework. Unlike conventional linear controllers, MPC does not rely solely on fixed gain
tuning; instead, it repeatedly solves an online optimization problem at each sampling in-
stant to determine the most suitable control action based on predicted future system be-
havior. This feature makes MPC particularly attractive for highly dynamic and nonlinear
systems such as BLDC motor drives, where fast current dynamics, parameter variations,
and switching constraints must be carefully managed [22,23].

In MPC-based drive systems, the controller uses a discrete-time mathematical model
of the plant to forecast the future evolution of key state variables, such as phase currents
and electromagnetic torque, over a finite prediction horizon. The control objective is for-
mulated through a cost function that typically penalizes tracking error, control effort, and
sometimes switching frequency or ripple minimization. The optimal control input is ob-
tained by minimizing this cost function subject to system constraints, such as voltage lim-
its imposed by the inverter and current safety boundaries, ensuring both performance and
safe operation.

The general principle of predictive control is illustrated in Figure 1, where the future
outputs of the system are estimated using the mathematical model of the plant for each
candidate switching state. Based on the predicted response and a predefined reference
trajectory, an optimization algorithm evaluates all feasible control sequences and selects
the one that minimizes the tracking error over the prediction horizon N. This receding
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horizon strategy ensures that only the first optimal control action is applied at each sam-
pling period, while the optimization process is repeated at the next step, allowing contin-
uous adaptation to disturbances and parameter uncertainties.

Present
. AI u(t+k/t)
: 5
: /_\Y(H‘k/t) :
. ‘—--.-_______________.-—-E
w(t+k) :
I N -
| v
S ! s
: I 2
} i } } } } >
t-1 t t+1 t+i t+N Time
Past Future

Figure 1. Principle of model predictive control.

The predictive control algorithm consists of three main stages:

e  Prediction: Future outputs are estimated using a mathematical model of the motor.

e  Optimization: A cost function is minimized to determine the optimal control action.

e Receding Horizon Implementation: Only the first control action is applied, and the
optimization process is repeated at each sampling period.

A functional block diagram of the predictive control structure is presented in Figure
2, illustrating the overall architecture of the MPC scheme and the interaction between its
main components, namely the prediction model, the optimization unit, the reference tra-
jectory generator, and the constraint-handling mechanism.

In this structure, the prediction model plays a central role by using the discrete-time
mathematical representation of the BLDC motor to estimate the future evolution of key
variables, such as phase currents, torque, and speed, over the defined prediction horizon.
These predicted trajectories are continuously updated at each sampling instant based on
the latest measured or estimated system states. The reference trajectory provides the de-
sired performance targets, typically in terms of current or speed references, against which
the predicted outputs are evaluated.

The optimization block is responsible for evaluating all possible switching states of
the inverter (in finite control set implementations) and computing the corresponding cost
function values. This cost function is designed to minimize tracking error while poten-
tially penalizing undesired effects such as high current ripple or excessive switching ac-
tivity. At the same time, system constraints —such as inverter voltage limits, maximum
allowable phase currents, and operational safety boundaries—are explicitly enforced to
ensure feasible and safe operation.

Based on this evaluation, the optimization algorithm selects the control action that
minimizes the cost function, and only the first optimal switching state is applied to the
inverter. This process is repeated at every sampling period in a receding-horizon manner,
ensuring continuous feedback and adaptation to disturbances and parameter variations.

https://doi.org/10.3390/electronics15143101



Electronics 2026, 15, 3101 15 of 44

Reference
trajectory
st Predicted
ast inputs [ o w output +
and outputs PSe— e B
i model
_pL T
A
Future input
(reference)
Optimization
Optimal future (minimization of
input objective function) Prediction error
(control action) X
Objective function Constraints

Figure 2. Functional structure of the predictive control algorithm.

Discrete-Time Predictive Model

For the implementation of predictive current control, an accurate discrete-time rep-
resentation of the BLDC motor is required to enable real-time prediction of the system
behavior at each sampling instant. Accordingly, the continuous-time motor model is dis-
cretized using a fixed sampling period Ts, which is chosen to be sufficiently small to cap-
ture the fast electrical dynamics of the machine and ensure high control resolution.

To facilitate decoupled current control and simplify the predictive formulation, the
stator variables are transformed from the three-phase a-b-c reference frame into the sta-
tionary a-f reference frame using the Clarke transformation. This transformation converts
the three-phase AC quantities into two orthogonal stationary components, reducing the
mathematical complexity of the predictive control loop.

In this reference frame, the current dynamics are expressed in a discrete-time form
that relates the present and future values of the a- and f-axis currents as functions of the
applied voltage vectors, motor parameters, and back-EMF components. The resulting dis-
crete-time current equations are given by:

i (k+1)= ia<k>+TL—f[Va<k>—Rz;(k)—ea(k)] ®)

T
iﬁ(k+1)=iﬁ(k)+f[vﬂ(k)—mﬁ(k)—eﬂ(k)] )

where i, (k) and ig(k) represent the stator current components along the a- and -axes
at the sampling instant k, respectively. V, (k) and Vz(k) are the corresponding voltage
components, R and L denote the stator resistance and inductance, T is the sampling
period, and e, (k) and ez(k) represent the stationary back-EMF components extracted
from the Hall-effect sensors.

The predicted stator currents obtained from Equations (8) and (9) are subsequently
utilized within a cost function evaluation framework, which represents the core decision-
making mechanism of the FCS-MPC strategy. At each sampling instant, the controller
evaluates all possible inverter switching states and predicts the corresponding future cur-
rent trajectories. The switching state that yields the minimum value of the predefined cost
function—typically formulated based on current tracking error, and optionally including
penalties for switching effort or ripple minimization—is selected and applied during the
next sampling period.
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The cost function g, evaluated for each of the possible voltage vectors, is defined as
the squared error between the reference and predicted currents in the stationary reference
frame:

g =i, ~i,(k+ D) +(i; —is(k+1) (10)
where i; and ig represent the desired reference current components for the a- and g-
axes, respectively, and i,(k +1) and ig(k + 1) are the predicted currents obtained from
Equations (8) and (9).

This optimization-based selection process allows the controller to directly enforce
system objectives without the need for linear controllers or modulators, resulting in sev-
eral key performance improvements. In particular, it enables precise current regulation,
significant reduction in electromagnetic torque ripple, enhanced transient response under
rapid reference changes, and improved robustness against parameter uncertainties, load
disturbances, and modeling inaccuracies.

4. Speed and Position Estimators

For sensorless operation, accurate estimation of rotor speed and position is essential.
To achieve this, the back-EMF equations, originally expressed in the three-phase a-b-c ref-
erence frame, are transformed into the stationary af reference frame using the Clarke
transformation. This transformation is particularly advantageous because the af3 frame
eliminates the time-varying nature of the three-phase system and provides a fixed orthog-
onal coordinate system, which simplifies observer design.

In the af3 frame, the back-EMF components become explicit functions of the rotor
electrical position (0) and angular speed (w), allowing these quantities to be indirectly
extracted from measurable stator voltages and currents. This formulation forms the basis
for observer-based and PLL-based estimation techniques, where the rotor position is typ-
ically reconstructed by tracking the phase angle of the estimated back-EMF vector, as
shown in the following expressions:

e, =-—wy ,sin(0)

11
€y =0y ,cos(8) (1)
From the o and § components of the back-EMF, shown in Equation (11), the position
can be directly determined as follows:

_ea

O=tan™ (12)
Cp

Additionally, the speed can be directly calculated as follows:

1
|a)|=vj—1/e§+e§ (13)

,
When using direct calculation, the method is highly sensitive to the ¥ 7 parameter,
which serves as a scaling factor. If an accurate value of ¥ # can be obtained through
online or offline measurement, this formula can provide a reliable speed signal, often out-
performing methods that rely on mathematical differentiation of the position.

To address this limitation when the rotor position uncertainty is significant or the
speed estimation becomes unreliable, it is preferable to extract both speed and position
using a PLL-based structure, as illustrated in Figure 3. In this approach, the PLL acts as a
closed-loop estimator that continuously synchronizes an internal reference model with
the measured electrical signals, ensuring accurate tracking of the rotor’s angular position
even in the presence of parameter variations and measurement noise.
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Unlike direct differentiation methods, the PLL inherently filters high-frequency dis-
turbances and avoids noise amplification, since the estimation process is governed by a
feedback control mechanism rather than numerical derivation. This results in smoother
and more robust estimates of angular speed, which are obtained as the output of the loop
filter, while the rotor position is derived from the integrated phase angle of the PLL inter-
nal oscillator. Consequently, the PLL-based estimator provides improved performance,
particularly at low speeds and during transient operating conditions where conventional
estimation techniques may suffer from reduced accuracy.

Overall, the adoption of the PLL structure enhances the reliability of the sensorless
control system by ensuring stable and continuous estimation of both speed and position,
thereby improving the dynamic performance and robustness of the BLDC motor drive
under varying operating conditions.

k

p

Figure 3. Structure of the PLL.

The closed-loop transfer function of the PLL structure is presented as follows:
6 k s+K,
Gy =—5F=—+ (14)
2] s*+k,s+k,

where s denotes the Laplace operator.

By selecting an appropriate bandwidth wo, the PI controller gains of the PLL can be
set as kp = 2 wo and ki = w?, ensuring a suitable balance between response speed and sta-
bility.

The proposed control structure for sensorless speed control of the BLDC motor elim-
inates the need for a dedicated high-resolution speed sensor (such as an encoder or ta-
chometer), which is commonly employed in conventional drive systems in addition to
Hall-effect sensors. In the present approach, the rotor position information is extracted
solely from the existing Hall-effect sensors, which are inherently integrated into the BLDC
motor for commutation purposes. The instantaneous speed is then reconstructed based
on the timing intervals between successive Hall-state transitions, rather than relying on
numerical differentiation of position signals. This strategy avoids the inherent drawbacks
of differentiation-based methods, such as noise amplification, sensitivity to sampling er-
rors, and the need for low-pass filtering, which often introduce phase delay and degrade
dynamic performance.

From a physical and control perspective, this design choice significantly improves
robustness under noisy measurement conditions and low-speed operation, where con-
ventional differentiation techniques typically suffer from poor accuracy. By leveraging
discrete Hall transitions instead of continuous position signals, the proposed method en-
sures more stable speed estimation while maintaining low computational complexity,
making it well-suited for real-time embedded implementation on resource-constrained
DSP platforms. Additionally, the reduction in sensor hardware simplifies system archi-
tecture, decreases cost, and improves overall reliability by eliminating components that
are prone to mechanical failure or calibration drift.
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The complete control structure, including the speed estimation block, PI speed con-
troller, current control loops, and PWM generation stage, is illustrated in Figure 4. This
integrated architecture enables closed-loop speed regulation while maintaining compati-
bility with standard BLDC motor drive configurations, ensuring both practical feasibility
and high-performance operation under dynamic load and reference variations.
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Figure 4. Block diagram of sensorless speed control for a BLDC motor.

5. Control Algorithms Executed Through the PIL Method

PIL co-simulation is a validation methodology in which the embedded code auto-
matically generated from a high-level model is executed directly on the target micropro-
cessor, while the plant or physical system model continues to run on a host computer in a
synchronized simulation environment. This hybrid configuration establishes a realistic
interaction between software implementation and system dynamics, thereby providing
an effective bridge between model-based design and actual hardware deployment. By ex-
ecuting the control algorithm on the real target processor, PIL enables early identification
of practical implementation issues that are often not captured in pure simulation studies,
including numerical precision limitations (fixed-point or single-precision floating-point
effects), quantization errors, compiler-level optimizations, memory alignment constraints,
and real-time scheduling delays.

In addition, PIL co-simulation provides a unique opportunity to evaluate timing-re-
lated performance indicators such as control loop execution time, interrupt service routine
latency, and CPU utilization under realistic operating conditions. These metrics are par-
ticularly important for verifying that the control algorithm can satisfy strict real-time
deadlines without overruns or instability. As a result, the methodology significantly en-
hances the reliability of the design process by ensuring that both functional correctness
and temporal correctness are achieved prior to full hardware deployment.

In the present work, the C2000 LaunchXL-F28379D DSP board (Texas Instruments
Incorporated, 12500 TI Boulevard, Dallas, Texas 75243, USA) is employed as the target
platform for PIL co-simulation. The board is based on the dual-core TMS320F28379D mi-
crocontroller, operating at 200 MHz, which provides sufficient computational capability
to execute the proposed sensorless BLDC motor control algorithm in real time, even under
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computationally demanding conditions involving observer-based estimation and PI reg-
ulation loops. Its architecture, which includes dedicated control peripherals such as high-
resolution PWM modules, fast ADC units, and real-time interrupt handling, makes it par-
ticularly suitable for high-performance motor drive applications. A summary of the plat-
form specifications is provided in Table 4 [58-61].

Table 4. Platform configuration and specifications.

Parameter Specification Details

Processor C2000 LaunchXL-F28379D DSP TMS320F28379D
Clock Speed 200 MHz Dual-core C28x
Memory (RAM) 100 KB On-chip SRAM
Flash Memory 1 MB On-chip Flash
Co-simulation Tool MATLAB/Simulink PIL (2021) Embedded Coder
Communication Interface SCI/UART Serial Port
Sampling Frequency 10 kHz PWM-synchronized
Operating Voltage 3.3V/5V Dual-supply

As illustrated in Figure 5, the PIL simulation architecture consists of a host computer
executing the physical plant model within the MATLAB/Simulink environment, which is
interfaced in real time with the C2000 LaunchXL-F28379D DSP board running the embed-
ded control algorithm. Communication between the host and the target hardware is es-
tablished through a serial communication interface, enabling synchronized data exchange
at each simulation time step. Specifically, the host sends measured or estimated feedback
variables—such as speed, currents, or position—to the DSP, where the control algorithm
is executed under real-time constraints. The computed control signals (e.g., duty cycles or
voltage references) are then transmitted back to the host, which integrates them into the
plant model to update the system state.

This closed-loop execution environment closely replicates real embedded operating
conditions, including computational delays, quantization effects, and processor resource
limitations. As a result, it provides a significantly more realistic validation platform com-
pared to conventional offline simulations. Moreover, the PIL setup enables a detailed and
quantitative assessment of critical implementation metrics such as control loop execution
time, CPU utilization, memory footprint (Flash and RAM usage), interrupt latency, and
PWM update overhead. These parameters are essential for verifying that the proposed
control strategy can meet the strict timing and resource constraints required for real-time
motor drive applications.

In addition, the PIL framework allows early detection of potential implementation
issues that may not be evident at the simulation level, such as timing bottlenecks or exces-
sive computational load. Therefore, the obtained results offer high-confidence validation
that the embedded controller will exhibit equivalent performance when deployed on
standalone hardware, without requiring further algorithmic modification. Overall, the
PIL co-simulation platform provides a robust and reliable bridge between theoretical con-
troller design and practical real-time implementation, ensuring that the proposed BLDC
motor control system is both functionally effective and computationally feasible.
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Figure 5. PIL co-simulation platform: host computer (plant model) interfaced with the C2000
LaunchXL-F28379D DSP board executing the embedded control algorithm.

6. Co-Simulation Results

The proposed sensorless control strategy for the BLDC motor has been rigorously
validated using a PIL co-simulation framework implemented on the C2000 LaunchXL-
F28379D DSP board, while the plant model was developed using embedded MATLAB
2021 functions within the MATLAB/Simulink environment. The parameters of the BLDC
motor utilized for this plant model are specified in Table 5. This validation approach en-
ables a realistic assessment of the algorithm under near-hardware execution conditions,
where computational delays, numerical precision, and real-time constraints are accurately
represented, thereby providing a more reliable indication of practical implementation fea-
sibility than purely simulation-based studies.

Table 5. BLDC motor parameters.

Parameter Value

Number of pole pairs 2

Resistance 0.3Q
Inductance 0.005 H

Torque constant 0.1468 N-m/A
DC-link voltage 168 V
Coefficient of friction 1 x 107 N-m-s
Moment of inertia 72.6 x 106 Kg.m?

The co-simulation results are systematically organized into two main comparative
investigations. The first focuses on comparing the performance between sensor-based and
sensor-free control strategies, aiming to evaluate the accuracy of the proposed estimation
algorithm in reproducing key electrical and mechanical variables such as speed, torque,
and phase currents under both steady-state and transient operating conditions. The sec-
ond study examines the effect of incorporating AW compensation into the PI controller,
highlighting its role in mitigating integrator saturation during large reference changes and
load disturbances, and its impact on improving dynamic response characteristics.
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For each scenario, detailed quantitative performance indices are extracted and sum-
marized in the corresponding comparison tables, including rise time, overshoot, settling
time, SSE, torque ripple, and computational metrics such as execution time and CPU uti-
lization. In addition, representative waveforms are provided in the accompanying figures
to visually illustrate the dynamic behavior of the system and to support the numerical
findings. The combined use of statistical indicators and time-domain responses ensures a
comprehensive evaluation of both control performance and implementation efficiency,
thereby confirming the robustness, accuracy, and real-time capability of the proposed sen-
sorless BLDC drive system under practical operating conditions.

6.1. Speed and Position Estimators

Figure 6 illustrates the speed response of the BLDC motor under both sensored and
sensorless control schemes for a multi-step reference profile combined with a load dis-
turbance scenario. The reference speed is initially set to 100 rad/s, where both controllers
demonstrate fast convergence, accurate tracking, and negligible steady-state error. This
confirms that the fundamental speed regulation loop is properly tuned and that the sen-
sorless estimation does not introduce any noticeable degradation in nominal operating
conditions.

At (t = 0.5 s), the speed reference is increased to 150 rad/s. In both cases, the motor
follows the new setpoint with a well-damped transient response and only a small over-
shoot, indicating effective tuning of the PI controller and sufficient current loop band-
width to support rapid torque adjustment. From a physical standpoint, this behavior re-
flects the ability of the electromagnetic torque to quickly increase through appropriate
modulation of the phase currents, ensuring smooth acceleration without inducing oscilla-
tions.

At (t=1s), aload torque reduction from 0.5 N-m to 0.3 N-m is applied, resulting in a
brief speed transient characterized by a slight upward deviation in rotor speed due to the
sudden reduction in mechanical load. Both control strategies respond effectively to this
disturbance by rapidly restoring the speed to its reference value. The sensorless controller
exhibits virtually the same transient shape, amplitude, and settling behavior as the sen-
sored system, indicating that the estimated rotor position and speed remain sufficiently
accurate even under external load variations.

The close matching between both responses can be physically explained by the ro-
bustness of the observer-based estimation method, which maintains correct alignment be-
tween the stator current vector and the rotor magnetic field. This ensures that torque pro-
duction is not compromised during either reference changes or load disturbances. Addi-
tionally, no noticeable increase in oscillations, delay, or instability is observed in the sen-
sorless case, confirming that the estimation process does not introduce significant phase
lag into the feedback loop.

Overall, the results in Figure 6 demonstrate that the proposed sensorless control
strategy achieves speed tracking performance that is practically equivalent to the sensored
approach across both transient and steady-state conditions, while maintaining stable op-
eration under varying load torque and multi-step reference changes. This validates the
reliability and robustness of the sensorless implementation for high-performance BLDC
motor drive applications.

Table 6 presents a detailed statistical comparison of the speed response performance
between sensored and sensorless BLDC motor control strategies. The results clearly indi-
cate that both approaches exhibit nearly identical dynamic and steady-state behavior, con-
firming the high accuracy of the proposed sensorless estimation scheme. The rise time for
acceleration from 0 to 100 rad/s is approximately 0.12 s for both controllers, with a relative
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error below 1%. This identical response can be physically explained by the fact that, dur-
ing moderate acceleration, the current control loop dominates the system dynamics, while
the speed estimation mechanism has minimal influence as long as the estimated rotor po-
sition remains sufficiently accurate.
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Figure 6. Speed response under sensored and sensorless control: step references of 100, 150 rad/s

with a load torque change att=1s.

Similarly, the overshoot at 100 rad/s remains around 2% for both methods, indicating
well-damped behavior and proper tuning of the PI speed controller. At the higher oper-
ating point of 150 rad/s, a very small difference is observed, where the overshoot increases
slightly from 3.5% in the sensor-based case to 3.7% in the sensorless case. This negligible
deviation (<1%) can be attributed to minor estimation delays and filtering effects in the
sensorless observer, which may introduce a very small phase lag in the speed feedback
signal. However, this effect is not significant enough to impact overall system stability.

The settling time further confirms the similarity between both control strategies, with
only a 10 ms increase observed in the sensorless case for both tested speed levels. From a
physical perspective, this slight increase is expected due to the additional computational
and filtering stages required in the estimation process, which slightly slow down the feed-
back update rate. Nevertheless, the difference remains practically negligible in real-time
motor control applications.

Under load disturbance conditions at (t =1 s), both systems exhibit an identical speed
dip of approximately -3 rad/s, demonstrating strong disturbance rejection capability. This
behavior indicates that the sensorless estimator provides sufficiently accurate speed infor-
mation to allow the controller to compensate effectively for sudden load changes, main-
taining system robustness. Additionally, the steady-state error is nearly zero in both cases,
confirming that the integral action in the PI controller successfully eliminates long-term
tracking error regardless of the control strategy used.

Finally, the peak-to-peak steady-state ripple remains below 1 rad/s for both sensored
and sensorless implementations, with no observable difference. This confirms that the
sensorless estimation process does not introduce additional noise or oscillations into the
feedback loop. Overall, the results demonstrate that the sensorless BLDC control strategy
achieves performance almost identical to the sensored system, with only marginal and
physically explainable differences, thereby validating its suitability for high-performance
and reliable motor drive applications.

https://doi.org/10.3390/electronics15143101



Electronics 2026, 15, 3101

23 of 44

Table 6. Statistical comparison of speed response metrics: sensored vs. sensorless BLDC motor con-

trol.
Performance Metric Sensored Sensorless A Rel.err.S. Rel. err. SL. Assessment
Rise time (0 — 100 rad/s) ~0.12's ~0.12's 0s <1% <1% Identical
Overshoot at 100 rad/s ~2.0% ~2.0% 0 — — Identical
Overshoot at 150 rad/s ~3.5% ~3.7% +0.2 pp <1% <1% Negligible
Settling time (100 rad/s) ~0.18 s ~0.19 s +10 ms — — Negligible
Settling time (150 rad/s) ~0.55 s ~0.56 s +10 ms — — Negligible
Speed dip at load drop (=1 s) ~—3rad/s ~-3rad/s 0 2% <2% Identical
Steady-state error ~0 rad/s ~(0 rad/s 0 <0.5% <0.5% Identical
Peak-to-peak ripple (SS) <1 rad/s <1 rad/s 0 — — Identical

The electromagnetic torque response under both sensored and sensorless control

schemes is illustrated in Figure 7. In general, both methods exhibit highly consistent

torque dynamics across steady state and transient operating conditions, confirming the

effectiveness of the proposed observer-based sensorless strategy in accurately reconstruct-

ing rotor position information required for field-oriented torque production. During

steady-state operation, the torque remains stable with minimal ripple, indicating proper

decoupling between flux and torque components and effective current regulation in the

(dq)-reference frame.

During transient events, including speed reference changes and load variations, both

control strategies generate nearly identical torque profiles, with comparable peak values

and similar settling behavior. The sensorless controller is able to reproduce the same elec-

tromagnetic torque response as the sensored system because the estimated rotor position

remains sufficiently accurate to ensure correct alignment of the stator current vector with

the rotor magnetic field. This proper alignment is essential for maintaining optimal torque

production and avoiding degradation in electromagnetic energy conversion.

Importantly, no noticeable increase in torque ripple or oscillatory behavior is ob-

served in the sensorless case, even during fast dynamic transitions. This indicates that the

estimation algorithm does not introduce additional phase delay or noise that could dis-

turb the current control loop or affect the torque-producing component. From a physical

perspective, this result confirms that the sensorless estimator preserves the integrity of the

torque generation mechanism by maintaining accurate synchronization between electrical

and mechanical states.

Overall, the close agreement between the two torque responses demonstrates that the

sensorless control strategy achieves performance levels comparable to the sensored im-

plementation, ensuring stable, smooth, and efficient torque production under both transi-

ent and steady state conditions without compromising system robustness or dynamic ac-

curacy.
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Figure 7. Torque response under sensored and sensorless control.

Table 7 presents a statistical comparison of the electromagnetic torque and phase
current characteristics obtained using sensored and sensorless control strategies. The re-
sults reveal an excellent agreement between the two approaches, demonstrating the high
accuracy of the proposed sensorless estimation method. The mean electromagnetic torque
values remain practically identical throughout all operating intervals, with differences be-
low 1%. Specifically, the average torque is approximately 0.52 N-m during the first oper-
ating period (0-0.5 s), decreases slightly to 0.49 N-m between 0.5 and 1 s, and reaches
approximately 0.28 N-m during the final interval (1-1.5 s) for both control schemes. This
behavior is physically consistent with the motor operating conditions, as the torque de-
mand decreases once the motor reaches higher speeds and approaches steady-state oper-
ation, where only the torque required overcoming mechanical losses and maintaining the
commanded speed is needed.

The transient torque response also exhibits remarkable similarity between the two
methods. At the speed transition occurring at (f = 0.5 s), both controllers generate an iden-
tical peak torque of approximately 0.75 N-m. From a physical perspective, this result con-
firms that the sensorless estimator provides sufficiently accurate rotor position and speed
information to enable the FOC algorithm to generate the same electromagnetic torque-
producing current components as the sensored system. Consequently, the motor develops
the required acceleration torque without any noticeable degradation in dynamic perfor-
mance.

Another important observation concerns the steady-state torque ripple, which re-
mains approximately 0.03 N-m in both cases, with a relative difference below 2%. Torque
ripple in motor drives is primarily influenced by current regulation accuracy, inverter
switching effects, and rotor position estimation quality. The nearly identical ripple levels
indicate that the estimated rotor position is highly accurate and does not introduce addi-
tional oscillations into the electromagnetic torque production process. This is particularly
significant because inaccurate position estimation typically leads to misalignment be-
tween the stator current vector and rotor magnetic field, resulting in increased torque pul-
sations and reduced drive efficiency. The negligible difference observed here confirms the
effectiveness of the proposed sensorless algorithm in maintaining proper field orientation.

Similarly, the phase current amplitude remains approximately 3.5 A for both imple-
mentations, with deviations below 1%. Since electromagnetic torque in a PMSM is directly
related to the torque-producing current component, the close agreement in current ampli-
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tude further explains the nearly identical torque characteristics obtained under both con-
trol strategies. Moreover, the preservation of good waveform symmetry in the sensorless
mode indicates balanced three-phase operation and the absence of estimation-induced
distortions, harmonics, or phase imbalances. Such characteristics are essential for mini-
mizing copper losses, reducing torque ripple, and ensuring smooth motor operation.

Finally, the mean absolute deviation remains below 0.005 N-m over the entire simu-
lation period, indicating an almost perfect overlap between the torque responses of the
sensored and sensorless controllers. This extremely small deviation quantitatively demon-
strates that the sensorless estimator is capable of reproducing the behavior of the sensored
system with very high fidelity. Overall, the results confirm that the proposed sensorless
control strategy preserves both the transient and steady state torque production capabili-
ties of the motor drive while maintaining high-quality phase current waveforms, thereby
validating its suitability as a reliable alternative to conventional sensor-based control sys-
tems.

Table 7. Statistical comparison of torque and phase current: sensored vs. sensorless control.

Performance Metric Sensored Sensorless Rel. diff. Assessment
Mean torque (0-0.5 s) ~0.52 N'm ~0.52 N'-m <1% Identical
Mean torque (0.5-1 s) ~0.49 N-m ~0.49 N-m <1% Identical
Mean torque (1-1.5 s) ~0.28 N'-m ~0.28 N'm <1% Identical
Peak torque at step (t=0.5 s) ~0.75 N-m ~0.75 N-m 0 Identical
Steady-state torque ripple ~0.03 N-m ~0.03 N-m <2% Negligible
Phase current amplitude ~3.5 A ~3.5A <1% Identical
Waveform symmetry Good Good — No degradation
MAD (full simulation) <0.005 N'm <0.005 N-m — Fully overlapping

Figure 8 presents the phase-(a) stator current waveforms obtained under both sen-
sored and sensorless control modes, providing a direct assessment of the current regula-
tion quality achieved by the proposed sensorless strategy. It can be observed that the cur-
rent profiles generated by both control approaches exhibit nearly identical characteristics
throughout the entire operating range. Under steady-state conditions, the phase current
maintains a smooth and well-regulated waveform with stable amplitude and frequency,
indicating effective current control and accurate synchronization with the motor operat-
ing point.

During speed reference changes and transient operating conditions, both controllers
demonstrate a rapid and stable current response without excessive oscillations or abnor-
mal spikes. Although slight variations may occur during the transition intervals due to
the dynamic adaptation of the observer-based estimation process, the sensorless control-
ler preserves the overall waveform integrity and closely follows the behavior of the sen-
sored system. This observation confirms that the estimated rotor position and speed in-
formation are sufficiently accurate to ensure proper current vector alignment and main-
tain effective field-oriented control operation.
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Figure 8. Phase (a) current under sensored and sensorless control.

Furthermore, the absence of noticeable waveform distortion, harmonic amplification,
or current instability in the sensorless case highlights the robustness of the proposed esti-
mation algorithm. The close agreement between the sensored and sensorless current re-
sponses indicates that the observer can accurately reconstruct the rotor states without re-
quiring mechanical position sensors, even during rapid speed variations and changing
operating conditions. Such performance is particularly important for maintaining smooth
electromagnetic torque production, minimizing torque ripple, and reducing electrical and
mechanical stresses on the drive system.

Overall, the results presented in Figure 8 demonstrate that the proposed sensorless
control strategy achieves current regulation performance comparable to that of the con-
ventional sensored approach. The high-quality phase current waveforms, combined with
the absence of significant distortions during both steady-state and transient operation,
validate the effectiveness of the sensorless implementation and confirm its suitability for
reliable high-performance PMSM drive applications.

6.2. Impact of Anti-Windup Compensation on PI Speed Controller Performance

The effectiveness of the proposed AW compensation strategy is investigated through
a comprehensive analysis of the speed control performance under demanding operating
conditions. Figures 9 and 10 compare the behavior of the conventional PI controller and
the PI controller enhanced with anti-windup compensation, highlighting the influence of
integrator windup on both speed tracking accuracy and estimation performance. Figure 9
illustrates the motor speed response for the two controller configurations, whereas Figure
10 presents the corresponding speed estimation error between the actual and estimated
rotor speeds. Together, these results provide valuable insight into the dynamic benefits
achieved through the incorporation of the AW mechanism.

To provide a clear mathematical description of the implemented strategy, the pre-
saturated reference torque T, (t) generated by the PI speed controller is expressed as:

T (1) =K, e+ K [le)+ K, (T, &)1 1)) ]ar (15)

where e(t) = w* — & represents the error between the reference speed and the estimated
speed, while K, and K; are the proportional and integral gains, respectively. The actual
applied reference torque T, 4 (t) is constrained by the controller’s upper and lower sat-
uration limits, which are set to +T, 4, and —T, 4y, respectively. The anti-saturation
gain K,, definesthe operational mode: under conditions without anti-integral saturation
(conventional PI), K,, = 0. Conversely, when the anti-integral saturation is applied,
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K, = 1, which actively feeds back the difference between the saturated and pre-saturated
torque commands to prevent integrator windup.

Initially, the speed reference is set to 100 rad/s, and both controllers successfully track
the command with comparable rise times and negligible steady-state error, demonstrating
that the introduction of anti-windup compensation does not compromise the nominal reg-
ulation capability of the PI controller. However, significant differences become apparent
during large reference changes, where actuator saturation and integrator windup effects
are more likely to occur.

At (t=0.5 s), the reference speed is increased from 100 rad/s to 150 rad/s. Under the
conventional PI configuration, a pronounced overshoot is observed due to the excessive
accumulation of the integral term while the control signal operates near its saturation lim-
its. This phenomenon, commonly referred to as integrator windup, causes the controller
to inject excessive corrective action, resulting in oscillations and prolonged settling time.
In contrast, the anti-windup controller effectively limits the growth of the integral com-
ponent during saturation, significantly reducing the overshoot and producing a smoother,
better-damped transient response.

A second and more demanding speed transition is introduced at (t = 1 s), where the
reference is further increased to 200 rad/s. Once again, the superiority of the anti-windup
strategy becomes evident. The compensated controller exhibits smaller speed deviations,
reduced oscillatory behavior, and a noticeably shorter settling time compared with the
conventional PI controller. The improved transient characteristics indicate that the AW
mechanism successfully prevents excessive integral accumulation and enables faster re-
covery following large command variations.

Furthermore, the reduction in speed fluctuations directly contributes to improved
estimation accuracy, as evidenced by the lower speed estimation errors presented in Fig-
ure 9 and 10. By maintaining closer agreement between the actual and estimated rotor
speeds throughout the transient intervals, the anti-windup strategy enhances the overall
stability and robustness of the sensorless control system.

Overall, the results demonstrate that the incorporation of anti-windup compensation
substantially improves the dynamic performance of the PI speed controller. The proposed
approach effectively suppresses integrator windup effects, reduces overshoot and oscilla-
tions, shortens settling times, and improves tracking accuracy during rapid speed transi-
tions, while preserving excellent steady-state performance. These characteristics make the
anti-windup-enhanced PI controller particularly suitable for high-performance PMSM
drive applications requiring fast, stable, and reliable operation over a wide range of oper-
ating conditions.
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Figure 9. Speed response with and without anti-windup.

Table 8 presents a quantitative comparison of the dynamic performance of the PI
controller with and without anti-windup compensation. The results demonstrate that the
inclusion of the AW mechanism significantly enhances the transient response of the speed
control system while preserving its steady-state accuracy. For the initial acceleration from
0 to 100 rad/s, both control strategies exhibit an identical rise time of approximately 0.12 s
and an overshoot of about 2%, indicating that the anti-windup compensation does not
adversely affect the controller performance under moderate operating conditions where
actuator saturation is limited or absent.

More pronounced differences emerge during larger speed transitions. At the 150
rad/s speed step, the overshoot is reduced from approximately 11% to 4%, corresponding
to a 64% improvement. Similarly, for the 200 rad/s speed step, the overshoot decreases
from about 12% to 5%, representing a 58% reduction. These substantial improvements
confirm that the anti-windup strategy effectively mitigates integrator windup during pe-
riods of control saturation. Without AW compensation, the integral component continues
accumulating error while the actuator is saturated, causing excessive control action and
larger overshoots once the saturation condition is removed. By limiting the growth of the
integral term, the AW mechanism prevents excessive energy injection into the system and
results in a more controlled and damped transient response.

The settling time results further highlight the benefits of the proposed compensation
technique. For the 150 rad/s speed command, the settling time decreases from approxi-
mately 0.60 s to 0.54 s, while for the 200 rad/s step it is reduced from 0.62 s to 0.55 s, cor-
responding to improvements of 10% and 11%, respectively. The faster settling behavior
can be attributed to the reduced overshoot and oscillatory activity following the speed
transitions. Since the controller no longer needs to compensate for excessive integral ac-
cumulation, the system converges more rapidly to its reference value and achieves stable
operation in a shorter time.

Another important observation concerns the startup behavior. In the conventional PI
controller, an undershoot of approximately -5 rad/s is observed at startup, whereas this
phenomenon is completely eliminated when AW compensation is applied. The removal
of the startup undershoot indicates improved damping and smoother acceleration char-
acteristics, which are particularly desirable in motor drive applications where abrupt
torque variations may negatively affect mechanical components and overall system sta-

bility.
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Finally, both control strategies achieve a negligible steady-state error of approxi-
mately zero, demonstrating that the anti-windup compensation does not compromise the
tracking accuracy of the PI controller. Instead, it selectively improves the transient perfor-
mance while preserving the inherent steady-state regulation capability provided by the
integral action. Overall, the statistical results confirm that the integration of anti-windup
compensation significantly enhances speed control performance by reducing overshoot,
shortening settling time, eliminating startup undershoot, and maintaining excellent
steady-state accuracy, thereby improving the robustness and reliability of the drive sys-
tem under demanding operating conditions.

Table 8. Statistical comparison of speed response: PI controller with and without anti-windup com-

pensation.

Performance Metric Without AW With AW  A(abs.) A (%) Assessment
Rise time (0 — 100 rad/s) ~0.12s ~0.12s 0 — Identical
Overshoot at 100 rad/s ~2% ~2% 0 — Identical
Overshoot at 150 rad/s step ~11% ~4% -7 pp —-64% Vv Significantly improved
Overshoot at 200 rad/s step ~12% ~5% -7 pp —58% v Significantly improved
Settling time (150 rad/s) ~0.60 s ~0.54 s -60 ms -10% v Faster
Settling time (200 rad/s) ~0.62's ~0.55s -70 ms -11% v Faster
Startup undershoot (t =0) ~=5 rad/s None — -100% v Fully eliminated
Steady-state error =0 rad/s =0 rad/s 0 — Unchanged

Figure 10 illustrates the speed estimation error response during the imposed refer-
ence speed transitions and provides a clear comparison between the conventional PI con-
troller and the PI controller enhanced with AW compensation. It can be observed that, in
the absence of AW compensation, the estimation error exhibits pronounced positive and
negative peaks immediately following each speed step change. These large transient de-
viations are primarily caused by integrator saturation, which leads to excessive accumu-
lation of the integral term during periods when the control signal reaches its saturation
limits. As a result, the controller requires additional time to recover from the saturated
state, producing larger estimation errors and oscillatory behavior.

When the anti-windup mechanism is activated, the magnitude of these transient er-
ror peaks is significantly reduced. The error trajectory remains closer to zero throughout
the speed transitions, indicating a more accurate tracking of the actual rotor speed by the
estimator. In addition to reducing the peak estimation errors, the AW strategy shortens
the error recovery period, enabling the system to return more rapidly to steady-state op-
eration after each reference change. This improvement is particularly evident during large
speed steps, where saturation effects are more severe and the benefits of anti-windup com-
pensation become more pronounced.

Another important observation is that both control strategies exhibit similar steady-
state error characteristics once the transient period has elapsed. This confirms that the
anti-windup mechanism primarily improves the transient dynamics without affecting the
steady-state accuracy of the speed estimation process. Consequently, the enhanced per-
formance is achieved without compromising the inherent regulation capability of the PI
controller.

Overall, the results presented in Figure 10 demonstrate that the anti-windup com-
pensation effectively suppresses the adverse effects of integrator windup, reduces estima-
tion error peaks, minimizes oscillations, and accelerates convergence to the reference op-
erating point. These improvements contribute to a more stable and reliable speed estima-
tion process, thereby enhancing the overall dynamic performance and robustness of the
motor drive system under varying operating conditions and rapid speed changes.
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Figure 10. Speed Estimation Error with and without Anti-Windup.

Table 9 presents the statistical analysis of the speed estimation error obtained with
the PI controller operating with and without anti-windup compensation. The results
clearly demonstrate that the incorporation of the AW mechanism improves the transient
performance of the speed estimation system, particularly during sudden speed variations.
At (t = 0.5 s), the positive peak estimation error decreases from approximately (31 rad/s)
to (26 rad/s), corresponding to a reduction of about 16%. More significantly, the negative
undershoot is reduced from approximately (-7 rad/s) to (—4 rad/s), representing a 43% im-
provement. This behavior indicates that the anti-windup strategy effectively limits the ac-
cumulation of the integral term during actuator saturation, thereby reducing excessive
overshoots and improving transient stability.

A similar trend can be observed at (f =1 s), where the positive peak error decreases
slightly from (26 rad/s) to (25 rad/s), yielding a 4% reduction, while the negative under-
shoot is reduced by approximately 29%, from (-7 rad/s) to (-5,rad/s). Although the im-
provement in the positive peak is relatively modest during the second transient event, the
noticeable reduction in undershoot confirms the effectiveness of the AW compensation in
mitigating oscillatory behavior and enhancing the damping characteristics of the estima-
tion loop. The smaller improvement observed at (t = 1 s) may be attributed to the system
operating closer to its steady-state condition, where saturation effects become less pro-
nounced.

Regarding steady-state performance, the results show that the estimation error ripple
remains unchanged at approximately (pm 2 rad/s) for both cases. This indicates that the
anti-windup mechanism primarily affects the transient response and does not alter the
steady-state accuracy of the estimator. Such behavior is expected because anti-windup
compensation is designed to prevent integrator windup during saturation rather than
modify the controller dynamics under normal operating conditions.

Furthermore, a significant reduction in error recovery time is achieved when AW
compensation is employed. The recovery time following the disturbance at (t = 0.5 s) de-
creases from approximately (0.12 s) to (0.08 s), corresponding to a 33% improvement. Sim-
ilarly, at (f = 1 s), the recovery time is reduced from (0.12 s) to (0.09 s), yielding a 25%
reduction. These results confirm that the anti-windup scheme enables the estimator to
return more rapidly to its nominal operating condition after transient disturbances,
thereby enhancing system responsiveness and robustness.

Overall, the statistical analysis confirms that the integration of anti-windup compen-
sation significantly improves the transient characteristics of the PI-based speed estimation
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system by reducing peak errors, minimizing undershoots, and shortening recovery times,
while maintaining identical steady-state performance. These findings highlight the effec-
tiveness of the proposed anti-windup approach in improving estimation accuracy and
dynamic response under operating conditions involving saturation effects.

Table 9. Statistical analysis of speed estimation error: PI controller with and without anti-windup

compensation.

Error Metric Without AW With AW Reduction Assessment
Positive peak att=0.5s ~31 rad/s ~26 rad/s -16% v Reduced by AW
Negative undershoot at t=0.5s ~—7 rad/s ~—4 rad/s —43% v Significantly reduced
Positive peak att=1.0's ~26 rad/s ~25 rad/s 4% Vv Slightly reduced
Negative undershootatt=1s ~—7 rad/s ~-5rad/s -29% v Reduced
Steady-state ripple (0.2-0.4 s) ~+2 rad/s ~+2 rad/s 0 Identical —no impact on SS
Error recovery time at f=0.5s ~0.12s ~0.08 s -33% v Faster recovery
Error recovery time att=1.0 s ~0.12s ~0.09 s -25% v Faster recovery

To evaluate the performance of the Predictive current control, the motor is subjected
to identical operating conditions with a constant load torque of 0.5 N-m, starting with a
speed reference of 100 rad/s before being subjected to step increases to 150 rad/s and 200
rad/s. Figure 11 presents the resulting electromagnetic torque response comparing the
conventional Hysteresis current control loop and the proposed Predictive current control
loop. The results clearly demonstrate that the predictive current control strategy signifi-
cantly enhances torque quality by effectively minimizing torque ripples compared to the
classical Hysteresis-based method. While the Hysteresis controller suffers from inherent
oscillations and high-frequency switching noise due to its variable switching frequency
and boundary-based regulation, the predictive approach provides superior current track-
ing accuracy and a more stable torque profile. This improved performance is a direct re-
sult of the predictive algorithm’s ability to evaluate system dynamics and select the opti-
mal voltage vector at each sampling instant, thereby reducing current distortion and mit-
igating the mechanical vibrations typically associated with torque ripple. Consequently,
the predictive control scheme offers a smoother, well-damped dynamic response, making
it highly advantageous for high-precision BLDC drive applications where torque smooth-
ness is critical.
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Figure 11. Torque response comparison between Hysteresis and Predictive current control loops.
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6.3. Comparative Impact Analysis of AW Compensation on the Sensorless Speed
Estimation Performance

To quantify the contribution of the proposed AW compensation beyond the baseline
sensorless speed estimation algorithm, a comparative performance analysis was con-
ducted between the results reported in Sections 6.1 and 6.2. Section 6.1 evaluates the pro-
posed sensorless estimator under a conventionally tuned PI speed controller, whereas
Section 6.2 investigates the additional effect of integrating the anti-windup mechanism
into the same control architecture.

The comparison reveals that the sensorless estimation algorithm alone already pro-
vides performance nearly identical to the conventional sensored drive. The rise time re-
mains approximately 0.12 s, the steady-state error is practically zero, and both torque and
current responses exhibit negligible deviations from the sensored implementation. These
observations confirm that the proposed observer accurately reconstructs rotor position
and speed under both steady-state and transient operating conditions. Table 10 presents
the comparative impact of anti-windup compensation versus the sensorless reference con-
troller, while Table 11 summarizes the overall improvement between the two tests.

However, the introduction of AW compensation significantly enhances the transient
behavior whenever actuator saturation occurs during large speed reference changes. Un-
like the baseline controller, which exhibits considerable overshoot due to integral accu-
mulation, the compensated controller effectively limits integrator windup, resulting in
substantially improved dynamic characteristics.

The most significant improvements are observed in overshoot reduction, settling
time, startup behavior, and estimation error recovery. At the 150 rad/s operating point,
the overshoot decreases from approximately 11% to 4%, corresponding to a reduction of
63.6%. Similarly, at 200 rad/s, the overshoot is reduced by 58.3%. The settling time is short-
ened by approximately 10-11%, while the startup undershoot is completely eliminated.
Furthermore, the maximum speed estimation error is reduced by up to 16%, whereas the
negative estimation undershoot decreases by as much as 43%. Recovery time following
transient disturbances is also shortened by approximately one-third.

It is noteworthy that these improvements are achieved without affecting the excellent
steady-state characteristics already demonstrated by the proposed sensorless estimator.
The rise time, steady-state error, and estimation ripple remain essentially unchanged, in-
dicating that the anti-windup mechanism selectively improves transient performance
while preserving the intrinsic regulation capability of the PI controller.

Overall, the obtained results demonstrate that the anti-windup compensation com-
plements the proposed sensorless estimation strategy rather than replacing it. While the
estimator ensures accurate rotor state reconstruction comparable to sensored operation,
the AW mechanism further increases robustness under actuator saturation, making the
complete control architecture more suitable for demanding industrial BLDC drive appli-
cations.

It should be noted that the comparative analyses presented in Sections 6.1 and 6.2
were conducted under different evaluation objectives. The results in Section 6.1 compare
the proposed sensorless control strategy with the conventional sensored implementation
using speed references of 100 and 150 rad/s, together with a load torque disturbance, in
order to validate the accuracy and robustness of the sensorless estimation algorithm. In
contrast, Section 6.2 investigates the influence of the AW compensation on the PI speed
controller under more demanding operating conditions, including an additional speed
step to 200 rad/s, specifically intended to induce actuator saturation and highlight the ef-
fectiveness of the AW mechanism. Consequently, the comparisons at 100 and 150 rad/s
provide a common basis for assessing the effect of AW compensation relative to the base-
line sensorless controller, whereas the results at 200 rad/s should be interpreted solely as
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an evaluation of the AW strategy under severe transient conditions and not as a direct
comparison between the sensored and sensorless control schemes.

Table 10. Comparative impact of anti-windup compensation relative to the baseline sensorless con-

troller.

Performance Indicator

Baseline Sensorless With Anti-Windup Relative Improvement

(Section 6.1) (Section 6.2)
Rise time (0 — 100 rad/s) 0.12s 0.12s 0%
Overshoot (100 rad/s) 2% 2% 0%
Overshoot (150 rad/s) 11% 4% -63.6%
Overshoot (200 rad/s) 12% 5% -58.3%
Settling time (150 rad/s) 0.60 s 0.54 s -10.0%
Settling time (200 rad/s) 0.62 s 0.55 s -11.3%
Startup undershoot -5 rad/s 0 rad/s 100% eliminated
Positive estimation error (0.5 s) 31 rad/s 26 rad/s -16.1%
Negative estimation error (0.5 s) -7 rad/s -4 rad/s —-42.9%
Positive estimation error (1 s) 26 rad/s 25 rad/s -3.8%
Negative estimation error (1 s) -7 rad/s -5 rad/s -28.6%
Error recovery time (0.5 s) 0.12s 0.08s -33.3%
Error recovery time (1 s) 0.12s 0.09s -25.0%
Steady-state error =0 =0 No change
Steady-state ripple 12 rad/s 12 rad/s No change

Accordingly, the performance improvements reported at 200 rad/s are exclusively
attributed to the anti-windup compensation and should not be interpreted as additional
validation of the sensorless estimation algorithm. The sensorless—sensored comparison
remains limited to the operating conditions investigated in Section 6.1 (100 and 150 rad/s
with load disturbance), where both control schemes exhibited nearly identical dynamic
and steady-state performance.

Table 11. Summary of overall improvement between the two tests.

Category Improvement

Dynamic Overshoot 58-64% reduction

Settling Time 10-11% faster

Startup Performance 100% elimination of undershoot
Maximum Estimation Error Up to 16% reduction
Estimation Undershoot Up to 43% reduction

Error Recovery Time 25-33% faster

Steady-State Accuracy Maintained (=0 error)

Rise Time Unchanged

Sensorless Estimation Accuracy Preserved

6.4. PIL Execution Performance Metrics

Beyond evaluating the control performance, the PIL co-simulation framework ena-
bles accurate assessment of the computational efficiency and real-time execution charac-
teristics of the implemented control algorithms on the target C2000 LaunchXL-F28379D
DSP platform. Table 12 summarizes the key execution metrics, including control loop
execution time, memory consumption, CPU utilization, interrupt latency, and PWM gen-
eration overhead for both sensored and sensorless control schemes. These parameters are
critical for validating the practical deployment of the proposed drive system and ensuring
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compliance with the real-time constraints imposed by high-performance motor control
applications.

The results indicate that the sensorless implementation requires greater computa-
tional resources than the sensored counterpart due to the additional estimation and ob-
server algorithms executed within each control cycle. Specifically, the control loop execu-
tion time increases from 4.2 ps for the sensored configuration to 8.5 ps for the sensorless
scheme. Despite this increase, the execution time remains significantly lower than the
sampling period typically employed in PMSM drive applications, confirming adequate
real-time processing margins. A similar trend is observed in memory utilization, where
the sensorless controller requires 32.2 KB of Flash memory compared to 24.5 KB for the
sensored implementation, while RAM utilization increases modestly from 12.1% to 15.4%.
These values demonstrate that the proposed algorithm can be comfortably accommodated
within the available memory resources of the DSP without imposing excessive storage
requirements.

Furthermore, CPU load rises from 8.4% to 17% when transitioning from sensored to
sensorless operation, reflecting the additional computational burden associated with real-
time speed and position estimation. Nevertheless, the measured processor utilization re-
mains well below the available computational capacity of the F28379D device, leaving
sufficient headroom for auxiliary functions such as communication interfaces, protection
mechanisms, data logging, and advanced supervisory control tasks. It is also noteworthy
that the interrupt latency remains constant at 1.2 pys for both implementations, indicating
that the inclusion of the observer-based estimation algorithm does not adversely affect the
responsiveness of the interrupt service routines. Similarly, the PWM generation overhead
remains unchanged at 0.8 ps, confirming that the modulation process is independent of
the selected feedback strategy.

Overall, the PIL profiling results demonstrate that the proposed sensorless control
algorithm can be executed efficiently on the C2000 LaunchXL-F28379D DSP while main-
taining low computational overhead and modest memory requirements. The obtained ex-
ecution metrics verify the real-time feasibility of the implementation and confirm that the
target hardware provides sufficient computational resources to support both sensored
and sensorless control modes without compromising system responsiveness or control
performance.

Table 12. PIL execution performance metrics on the C2000 LaunchXL-F28379D DSP board.

Metric Sensored Control Sensorless Control Unit
Control Loop Execution Time 4.2 8.5 us
Code Size (Flash) 245 32.2 KB
RAM Utilization 12.1 15.4 %
CPU Load 8.4 17 %
Interrupt Latency 1.2 1.2 us
PWM Generation Overhead 0.8 0.8 s

The PIL results collectively confirm that the proposed sensorless BLDC motor control
algorithm, which integrates an anti-windup PI speed controller with a back-EMF-based
rotor position estimation scheme, achieves dynamic and steady-state performance that is
practically equivalent to that of a conventional sensored approach. Across all evaluated
operating conditions, including speed reference changes and load torque disturbances,
the sensorless system maintains accurate speed tracking, low steady-state error, and neg-
ligible degradation in torque and current quality, while preserving stability and fast tran-
sient response.
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From an implementation perspective, the Processor-in-the-Loop validation on the
TMS320F28379D confirms that the proposed control architecture can be executed within
strict real-time constraints. The measured computational burden, including control loop
execution time, CPU utilization, and memory footprint, remains well within the available
hardware resources, ensuring sufficient processing margin for additional supervisory or
protection functions. Moreover, the deterministic timing behavior observed during PIL
execution verifies that the algorithm can meet real-time scheduling requirements without
overruns or instability.

Overall, these results demonstrate that the proposed sensorless control strategy is not
only theoretically effective but also practically implementable on embedded hardware.
The combination of high control performance, computational efficiency, and real-time fea-
sibility confirms the suitability of the proposed approach for industrial BLDC motor drive
applications, particularly in systems where reduced sensor dependency, improved relia-
bility, and lower maintenance requirements are essential.

6.5. Overall Comparative Assessment of Control Performance and Real-Time Implementation

To provide a comprehensive evaluation of the proposed control architecture, the re-
sults obtained from the three validation stages are comparatively analyzed. Section 6.1
establishes the baseline performance of the proposed sensorless speed and position esti-
mation algorithm by comparing it with the conventional sensored implementation under
identical operating conditions. Section 6.2 extends this analysis by investigating the influ-
ence of the AW compensation on the PI speed controller during severe transient condi-
tions involving actuator saturation. Finally, Section 6.3 evaluates the computational effi-
ciency and real-time feasibility of the complete control algorithm through PIL implemen-
tation on the TI C2000 LaunchXL-F28379D DSP platform.

It should be emphasized that the three validation stages address complementary as-
pects of the proposed drive system. While Sections 6.1 and 6.2 primarily assess control
performance in terms of tracking accuracy and transient dynamics, Section 6.3 focuses on
implementation feasibility by quantifying the computational resources required for em-
bedded real-time execution. Therefore, Table 13 summarizes the overall evolution of the
proposed approach from the baseline sensorless controller to the enhanced anti-windup
implementation and finally to its practical realization on the target DSP platform.

Table 13. Overall comparison of the three validation stages.

Performance Category

Section 6.1: Sensorless  Section 6.2: Anti-

Section 6.4: PIL Vali-
ection A Overall Assessment

Estimation Windup PI dation
I d transient S full -
Speed tracking Excellent mprove 'ran51en HccessiuTy Tepro Maintained
tracking duced
Steady-state error =0 rad/s =0 rad/s =0 rad/s No degradation
onificantl
Overshoot Small (=3.7%) Significantly rec%uced Preserved Improved
under saturation
Settling time Fast Reduced by 10-11% Preserved Improved
- N I e tran-
Speed estimation ac High mproved. during tran Successfully validated Improved
curacy sients
Torque ripple Very low Unchanged Preserved Maintained
S full -
Current regulation Excellent Excellent ucces(shlllce}(; repro Maintained
Dynamic robustness High Higher Validated in real time Enhanced
fizzlcp;utatlonal effi- Not evaluated Not evaluated Real-time compliant Validated
CPU utilization — — 17% Acceptable
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Execution time — — 8.5 us Within real-time limits
32.2 kB Flash/15.49
Memory utilization — — R:I\S/I /154% Acceptable

The comparative analysis demonstrates that the proposed methodology progres-
sively improves the BLDC drive system while preserving the excellent baseline character-
istics of the sensorless controller. The results of Section 6.1 confirm that the observer-based
sensorless strategy provides dynamic and steady-state performance that is practically
equivalent to the conventional sensored implementation. Building upon this baseline, the
incorporation of the anti-windup compensation in Section 6.2 substantially enhances tran-
sient performance by reducing overshoot, shortening settling time, minimizing estimation
errors, and accelerating recovery following large speed commands. Finally, the PIL results
presented in Section 6.4 verify that these control improvements are achieved without com-
promising the real-time execution capability of the embedded platform. Although the sen-
sorless implementation increases computational requirements due to the observer calcu-
lations, the measured execution time, CPU utilization, and memory consumption remain
well within the available hardware resources of the TI C2000 DSP. Consequently, the pro-
posed control architecture simultaneously satisfies the two essential requirements of in-
dustrial motor drives, namely high control performance and practical implementation in
real time.

To further quantify the effectiveness of the proposed control strategy, a statistical
analysis of the performance improvements introduced by the anti-windup compensation
and the computational overhead associated with the sensorless implementation is carried
out. Rather than combining heterogeneous quantities with different physical units, the
analysis groups homogeneous performance indicators into five categories: overshoot re-
duction, settling—time improvement, estimation-error reduction, recovery-time improve-
ment, and computational overhead. For each category, the mean value, maximum value,
minimum value, and standard deviation are calculated to provide a concise statistical de-
scription of the obtained improvements. The results are summarized in Table 14.

Table 14. Statistical summary of performance improvements and computational overhead.

Performance Category Individual Results (%)  Mean (%) Max (%) Min (%) Std. Dev. (%)
Overshoot reduction 64, 58 61.0 64.0 58.0 4.24
Settling-time improve- 10, 11 105 11.0 10.0 0.71
ment

E'stlmatlon-error reduc- 16, 43, 4, 29 23.0 43.0 4.0 16.80
tion

Recovery-time im- 33,25 29.0 33.0 25.0 5.66

provement

Computational over-

head

102.4, 31.4, 27.3, 102.4,

43.9 102.4 0.0 46.60
0,0

The statistical results clearly demonstrate that the proposed anti-windup compensa-
tion provides substantial improvements in the transient performance of the sensorless
BLDC drive. Among the evaluated dynamic indicators, overshoot exhibits the most con-
sistent enhancement, with an average reduction of 61% and a relatively low standard de-
viation of 4.24%, indicating stable performance improvement under different operating
conditions. Likewise, the settling time is consistently shortened by approximately 10.5%,
with minimal variation between test cases. More significant variability is observed in the
estimation-error reduction, where the average improvement reaches 23%, while the max-
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imum reduction attains 43%, reflecting the dependence of estimation accuracy on the se-
verity of transient operating conditions. Similarly, the recovery time is reduced by an av-
erage of 29%, demonstrating the effectiveness of the anti-windup mechanism in acceler-
ating convergence after large speed commands.

From an implementation perspective, the computational overhead exhibits the larg-
est statistical dispersion, with a mean increase of 43.9% and a standard deviation of 46.6%.
This behavior is expected because the additional observer computations mainly affect ex-
ecution time and CPU utilization, whereas interrupt latency and PWM generation remain
unchanged. Despite this increased computational burden, the Processor-in-the-Loop
measurements confirm that all execution metrics remain comfortably within the compu-
tational capabilities of the TI C2000 LaunchXL-F28379D DSP. Therefore, the obtained sta-
tistical results indicate that the considerable improvements in control performance are
achieved at a moderate computational cost, thereby demonstrating an advantageous
trade-off between dynamic performance enhancement and embedded real-time imple-
mentation.

7. Discussion

The comprehensive evaluation presented in this work demonstrates that the pro-
posed control architecture successfully combines high dynamic performance, accurate
sensorless estimation, and practical real-time implementation within a unified framework.
Unlike many previous studies, which primarily focus on either observer design, controller
optimization, or simulation-based validation, the proposed approach integrates predic-
tive current control, back-EMF-based sensorless speed and position estimation, AW com-
pensation, and PIL validation on an industrial DSP platform. Consequently, the obtained
results provide not only theoretical verification but also practical evidence of the applica-
bility of the proposed strategy in embedded BLDC motor drive systems.

The comparative analysis between the conventional sensored controller and the pro-
posed sensorless implementation confirms that the observer-based estimation algorithm
accurately reconstructs the rotor position and speed over the entire operating range. As
demonstrated in Figures 6—8 and Tables 6 and 7, both control schemes exhibit nearly iden-
tical speed, torque, and phase current responses under reference changes and load dis-
turbances. The observed differences remain extremely small, with variations below 1% for
the principal dynamic indicators. From a physical viewpoint, these results indicate that
the estimated electrical rotor angle remains sufficiently accurate to preserve the correct
alignment between the stator current vector and the rotor magnetic field. Consequently,
the electromagnetic torque production mechanism is not degraded, allowing the sensor-
less controller to reproduce the behavior of the sensored system without introducing ad-
ditional torque ripple, current distortion, or steady-state oscillations.

The slight increases observed in settling time and overshoot can be attributed to the
inherent computational delay and low-pass filtering associated with the observer dynam-
ics. Such delays introduce a very small phase shift in the feedback loop, which is expected
in practical sensorless implementations. Nevertheless, these effects remain well below the
tolerance limits generally accepted for high-performance motor drive applications and
have no measurable influence on system stability or steady-state regulation. Therefore,
the proposed estimation strategy achieves an effective compromise between estimation
accuracy and computational simplicity while preserving the robustness of the closed-loop
control system.

A second major contribution of this work is the systematic investigation of anti-
windup compensation under severe transient operating conditions. While the baseline
sensorless controller already demonstrates excellent regulation performance, the incorpo-

https://doi.org/10.3390/electronics15143101



Electronics 2026, 15, 3101

38 of 44

ration of the AW mechanism significantly improves the controller behavior whenever ac-
tuator saturation occurs. The statistical results summarized in Table 14 indicate an average
overshoot reduction of 61%, with a maximum improvement reaching 64% and a relatively
small standard deviation of 4.24%, demonstrating that the obtained enhancement is both
substantial and highly consistent across different operating conditions. Similarly, the set-
tling time is shortened by an average of 10.5%, while maintaining very low variability (o
= 0.71%), confirming that the improvement is repeatable and independent of the specific
speed transition considered.

The benefits of the proposed AW strategy are even more evident when analyzing the
estimation accuracy during transient conditions. The average reduction in speed estima-
tion error reaches 23%, with a maximum improvement of 43%, whereas the estimation
recovery time decreases by an average of 29% following large speed commands. Although
the estimation-error reduction exhibits greater statistical dispersion (o = 16.8%), this be-
havior is physically expected because the observer performance depends strongly on the
severity of the transient excitation and the degree of actuator saturation. Importantly, the
steady-state estimation accuracy remains unchanged, confirming that the anti-windup
mechanism selectively enhances transient performance without affecting the inherent reg-
ulation capability of the PI controller.

The overall comparison summarized in Table 12 further demonstrates the comple-
mentary nature of the three validation stages. Section 6.1 establishes the accuracy of the
proposed sensorless estimation algorithm through comparison with the conventional sen-
sored implementation. Section 6.2 subsequently shows that the integration of anti-windup
compensation further enhances transient performance without compromising the already
excellent steady-state characteristics. Finally, Section 6.4 confirms that these improve-
ments remain fully achievable under real embedded execution conditions through Pro-
cessor-in-the-Loop validation. Together, these three stages provide a comprehensive val-
idation methodology encompassing control accuracy, transient robustness, and imple-
mentation feasibility.

From an implementation perspective, the PIL execution metrics constitute one of the
most significant outcomes of this study. Although the observer-based sensorless imple-
mentation approximately doubles both the control-loop execution time and the processor
utilization compared with the sensored configuration, the absolute computational re-
quirements remain relatively modest. The execution time of 8.5 ps remains significantly
below the sampling periods typically employed in industrial BLDC drive systems, while
the processor utilization reaches only 17%, leaving more than 80% of the available com-
putational resources available for communication protocols, protection algorithms, fault
diagnosis, or higher-level supervisory functions. Likewise, the required Flash memory
(32.2 kB) and RAM utilization (15.4%) remain comfortably within the available resources
of the TI TMS320F28379D DSP.

An important observation emerging from the statistical analysis is the favorable per-
formance—complexity trade-off achieved by the proposed control architecture. As sum-
marized in Table 14, the computational overhead associated with the observer calcula-
tions exhibits an average increase of 43.9%, with the largest contributions originating from
the execution time and CPU utilization. However, this additional computational effort
yields substantial improvements in dynamic performance, including a 61% average over-
shoot reduction, a 29% reduction in recovery time, and significantly improved estimation
accuracy under severe transient conditions. Therefore, the obtained control benefits
largely outweigh the associated computational cost, demonstrating that the proposed sen-
sorless strategy offers an efficient balance between control performance and embedded
implementation complexity.
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Compared with previously reported BLDC sensorless control strategies, the pro-
posed approach provides a more comprehensive validation framework. Existing studies
have generally focused on individual aspects such as observer design, intelligent speed
controllers, optimization algorithms, or simulation-based performance evaluation. In con-
trast, the present work simultaneously addresses sensorless estimation accuracy, predic-
tive current regulation, AW compensation, comparative evaluation against a sensored
benchmark, statistical performance assessment, and real-time PIL implementation on in-
dustrial hardware. This integrated validation methodology considerably strengthens the
practical relevance of the proposed control strategy and provides stronger evidence of its
suitability for industrial deployment than simulation-only investigations.

It should also be emphasized that the additional speed command of 200 rad/s intro-
duced in Section 6.2 serves exclusively to evaluate the effectiveness of the anti-windup
mechanism under severe actuator saturation conditions. Consequently, the correspond-
ing improvements should be interpreted as enhancements of the PI speed controller rather
than additional validation of the sensorless estimation algorithm. The comparison be-
tween sensored and sensorless operation remains limited to the common operating con-
ditions investigated in Section 6.1, where both control strategies exhibit practically iden-
tical dynamic and steady-state performance.

Overall, the combined simulation results, statistical analysis, comparative evaluation,
and PIL implementation consistently demonstrate that the proposed control architecture
achieves an effective balance between estimation accuracy, transient performance, com-
putational efficiency, and real-time feasibility. The integration of predictive current con-
trol, back-EMF-based sensorless estimation, and anti-windup compensation produces
substantial improvements in dynamic response while preserving excellent steady-state
characteristics and remaining fully compatible with embedded real-time execution. These
findings confirm that the proposed methodology constitutes a practical, reliable, and scal-
able solution for next-generation high-performance BLDC motor drive systems requiring
reduced sensor dependency, high robustness, and deterministic real-time operation.

8. Conclusions

This study presented a comprehensive sensorless control strategy for BLDC motor
drives based on predictive current control, and its performance was systematically evalu-
ated against a conventional sensored control approach. The obtained results clearly
demonstrate that the proposed sensorless scheme is capable of achieving speed, torque,
and current responses that are virtually indistinguishable from those of the sensored sys-
tem under both reference tracking conditions and load torque disturbances. The predic-
tive current control framework ensured fast torque dynamics, accurate current regulation,
and stable operation across a wide range of operating conditions, confirming its suitability
for high-performance motor drive applications.

In addition, the integration of a PI anti-windup compensation mechanism signifi-
cantly enhanced the transient behavior of the speed control loop. The results showed clear
improvements in overshoot reduction, settling time, and suppression of integrator
windup effects during large reference changes and actuator saturation conditions. More-
over, the anti-windup strategy also contributed to reducing speed estimation errors and
improving recovery time following disturbances, while preserving zero steady-state error.
These findings confirm that the AW-enhanced controller improves dynamic robustness
without compromising steady-state accuracy.

To validate the practical feasibility of the proposed control architecture, a PIL co-
simulation environment was implemented using the TMS320F28379D platform. The PIL
results confirmed that the proposed algorithm can be executed in real time with accepta-
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ble computational burden, low memory consumption, and deterministic execution behav-
ior. The measured execution time, CPU utilization, and memory footprint remained
within the available hardware resources, demonstrating that the proposed strategy is suit-
able for embedded implementation without requiring hardware upgrades.

Overall, the combined use of predictive current control and PI anti-windup compen-
sation provides a robust, efficient, and high-performance solution for sensorless BLDC
motor drives. The approach achieves performance comparable to sensored systems while
eliminating mechanical speed sensors, thereby reducing system cost, complexity, and
maintenance requirements.

Despite the strong performance demonstrated in this study, several directions re-
main open for future research. First, the extension of the proposed sensorless strategy to
very low-speed and zero-speed operation should be further investigated, where back-
EMF-based estimation methods typically suffer from reduced observability. Advanced
techniques such as adaptive observers, high-frequency signal injection, or hybrid estima-
tion methods could be integrated to enhance low-speed robustness.

Second, future work may focus on improving the estimation accuracy under param-
eter variations such as stator resistance changes due to temperature drift and magnetic
saturation effects. The incorporation of online parameter estimation or adaptive control
schemes could further enhance system robustness in practical industrial environments.

Third, the computational efficiency of the proposed algorithm can be optimized to
further reduce CPU utilization, enabling additional functionalities such as fault detection,
predictive maintenance, or advanced supervisory control to be integrated into the same
embedded platform.

Finally, experimental validation on a full hardware prototype, including long-term
testing under real industrial load profiles and harsh operating conditions, is recom-
mended to fully confirm the robustness and reliability of the proposed approach beyond
PIL co-simulation.
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Nomenclature
Processor-in-the-Loop BLDC Brushless direct current
Unmanned aerial vehicle EV Electric vehicle
Proportional-integral controller PID Proportional-integral-derivative controller

Phase-locked loop

MPC Model predictive control
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EKF Extended Kalman Filter DSP Digital signal processor

ANN Artificial neural network SRM Switched reluctance motor

SMC Sliding mode control DTC Direct torque control

SynRM Synchronous reluctance motor GA Genetic algorithm
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