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Abstract. The rapid development and growing popularity of brushless 

motors (BLDC) in industrial, automotive and aerospace applications poses 
a series of inherent challenges, such as precise speed and torque control and, 

above all, reduced energy efficiency. This work alleviates the above 

problems by proposing a speed control scheme for brushless motors that 

takes into account all external disturbances, in particular the variability of 
load torque with the operating environment. The proposed scheme relies on 

the use of a controller based on the super-twist sliding mode control strategy 

(STSMC), whose parameters are optimized using a genetic algorithm (GA). 

To study the controller's performance and robustness, two test cases were 
simulated on Matlab/Simulink. The first consisted in verifying tracking 

performance against a user-specified speed reference value, and the second 

in checking robustness in the face of an external disturbance, a time-varying 

load torque. The recorded performances show a motor response time of 
between 0.02 s and 0.05 s for constant torque, and between 0.02 s and 0.06 

s in the presence of disturbances. This performance verifies the robustness 

and effectiveness of the proposed control strategy, establishing its viability 

in dynamic operation. 

1 Introduction 

The rapid expansion of electrical equipment in strategic areas such as industry, electric 

transport, and aviation brings with it the need for dynamic, intelligent, and efficient drive 
systems. Brushless direct current (BLDC) drives are characterized by advantages such as 

high energy efficiency, reduced maintenance thanks to the elimination of brushes, and high-

power density [1]. These characteristics make them essential components for applications 

requiring high dynamic performance, long life, and compactness. Their general application, 

however, requires overcoming a number of control-related issues, including variable 

operating environments and external disturbances [2]. 

Nevertheless, conventional control systems are not sufficient to meet the conditions set 

by real-life environments, particularly when it comes to dealing with unexpected load 

changes and external disturbances. These shortcomings most often result in inaccurate speed 

tracking, instability of the magnet-electric torque, and increased energy absorption, all of 
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which endanger the system's overall performance. It is therefore necessary to develop 

sophisticated control strategies capable of ensuring optimal motor control, even under 

variable dynamic conditions and in the presence of disturbances [3]. 

In literature, several studies have been carried out and different control modes have been 

introduced with the aim of improving the dynamic performance, precision and robustness to 

disturbance of brushless motors. Each mode has its specific advantages, but also its 

shortcomings, depending on the application situation and the target objective. Conventional 

PID control is still one of the most frequently used, due to its ease of application and good 

steady-state performance; however, it has serious weaknesses at external difference and large 
load variations [4]. To overcome these shortcomings, model predictive controls (MPC) have 

been introduced, with high accuracy due to their function of anticipating future system 

dynamics, but very sensitive to modeling and requiring a lot of computing power, at the limit 

of real-time application [5]. At the same time, FOC (Field Oriented Control) vector controls 

are widely used for the control of synchronous machines, due to their ability to decouple flux 

and torque control, ensuring fast and efficient response; on the other hand, efficiency 

depends above all on the quality of position sensors and strict synchronization [6]. 

Non-linear control methods such as sliding mode control (SMC) have proven to be very 

robust in the face of disturbances and parametric uncertainties, but they are affected by the 

phenomenon of chattering, which can lead to unwanted oscillations and premature wear of 

power electronic devices [7]. To remedy this problem, better versions, such as super-twist 

mode slip control (STSMC), have been proposed, which significantly reduce chattering 

while ensuring high robustness and improved control smoothness [8]. At the same time, 

artificial intelligence has found a basis for presenting intelligent control methods, such as 

fuzzy logic controllers (FLC), which are capable of controlling imprecise or poorly modeled 

systems according to simple linguistic rules. The controllers have good flexibility and 

execution speed, but require empirical rule tuning and sufficiently precise membership 
functions [9]. Similarly, artificial neural networks (ANNs) are used for their ability to learn 

the behavior of nonlinear systems from data. Although they can be used to design high-

performance adaptive control systems, their training complexity, dependence on data quality 

and lack of interpretability can be significant limitations [10]. 

With this point of view, this paper proposes a strong control strategy specific to BLDC 

motors to ensure reliable and accurate performance, even in the presence of external 

disturbances and load fluctuations. To this end, the Super-Twisting Mode Gliding control 

method is used, as it achieves high robustness while reducing the undesirable chattering 

effects usually associated with traditional SMC methods. To optimize the performance of 

this controller and adjust its parameters according to operating conditions, off-line parameter 

optimization is performed using a genetic algorithm. This method achieves an optimum 

balance between speed, precision and stability of the control system. 

After contextualization of the problem addressed and a targeted literature review of 

current solutions, the remainder of this paper is organized to present the main contributions 

proposed in a systematic way. Section 2 is devoted to the mathematical modeling of the 

BLDC motor, detailing the electrical and mechanical equations that define its dynamic 

behavior. Section 3 presents the control strategy developed, where the principles of STSMC 
are outlined, in view of its enhanced robustness against uncertainties and disturbances. 

Section 4 deals with the optimization of controller parameters via a GA, with a clear 

description of the optimization procedure and the performance criteria used. Section 5 

presents the results of simulations carried out in Matlab/Simulink, together with a 

comparative and critical analysis of the performance obtained using two representative 

scenarios: following a speed setpoint and rejecting external disturbances, a variable load 

couple. Finally, the article concludes by summarizing the main contributions of this study 

and opens up avenues for future research, in particular towards experimental verification. 
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2 System Modelling 

 Electromechanical modeling of the BLDC is based on a system of equations describing 

its electrical, electromagnetic and mechanical dynamics. Each motor phase can be reduced 

to an RL circuit in series with a trapezoidal counter-electromotive force (FEM) [11]. The 

voltage equation for a phase is in the form: 

𝑉𝑘 = 𝑅 ⋅ 𝑖𝑘 +𝐿 ⋅
𝑑𝑖𝑘

𝑑𝑡
+𝑒𝑘 with 𝑘 = 𝑎, 𝑏, 𝑐    (1) 

 

where R is the winding resistance, L the phase inductance, ik the phase current, and ek the 

EMF generated by rotor motion. 

In matrix form, the three-phase system can be represented by: 

 

[

𝑉𝑎
𝑉𝑏
𝑉𝑐

] = 𝑅 [

𝑖𝑎
𝑖𝑏
𝑖𝑐

] + 𝐿 ⋅
𝑑

𝑑𝑡
[

𝑖𝑎
𝑖𝑏
𝑖𝑐

] + [

𝑒𝑎
𝑒𝑏
𝑒𝑐
]      (2) 

 

In the most common configurations, the windings are star connected without any neutral ac

cessible point, making direct measurement of phase tensions difficult. The line tensions are

 then used. For instance, the tension between phase A and B is given by: 

𝑈𝑎𝑏 = 𝑉𝑎 − 𝑉𝑏 = 𝑅(𝑖𝑎 − 𝑖𝑏) + 𝐿 (
𝑑𝑖𝑎

𝑑𝑡
−

𝑑𝑖𝑏

𝑑𝑡
) + (𝑒𝑎 − 𝑒𝑏)   (3) 

 

The back electromotive force in each phase is proportional to the rotational speed and 

position of the rotor, according to the relationship: 

 

𝑒𝑘 = 𝐾𝑒 ⋅ Ω ⋅ 𝑓𝑘(𝜃)     (4) 
 

where 𝐾𝑒 is the FEM constant, Ω the angular velocity, and 𝑓𝑘(𝜃) a trapezoidal function 

dependent on angular position. 

The electromagnetic power generated is given by the sum of the products of the FEM and 

the currents of each phase: 

𝑃𝑒𝑚 = 𝑒𝑎𝑖𝑎 + 𝑒𝑏𝑖𝑏 + 𝑒𝑐𝑖𝑐     (5) 

 

This power is transformed into useful mechanical energy, which allows us to express the 

electromagnetic torque as follows: 

𝑇𝑒 =
𝑃𝑒𝑚

Ω
=

𝑒𝑎𝑖𝑎+𝑒𝑏𝑖𝑏+𝑒𝑐𝑖𝑐

Ω
    (6) 

 

In a simplified model, the torque can also be expressed by: 
 

𝑇𝑒 = 𝐾𝑡 ⋅ 𝐼 or 𝑇𝑒 =
3

2
⋅ 𝑃 ⋅ 𝜓 ⋅ 𝐼    (7) 

 

where Kt is the torque constant, P the number of pole pairs, ψ the maximum magnetic flux, 

and I the rms current. 
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The mechanical dynamics of the rotor is modeled by the equation of rotational motion: 

𝐽 ⋅
𝑑Ω

𝑑𝑡
+ 𝐵 ⋅ Ω = 𝑇𝑒 − 𝑇𝑟    (8) 

 

where J is the rotor moment of inertia, B the viscous friction coefficient, and Tr the resistive 

torque. 

For frequency analysis and control law design, it is useful to derive a transfer function 

relating supply voltage to rotor angular velocity [12]. Considering two-phase operation (two 

active phases at the same time) and assuming ra=2R, La=2(L-M), the electrical equation is 

written: 

𝑈𝑑𝑐 = 𝑟𝑎 ⋅ 𝑖 + 𝐿𝑎 ⋅
𝑑𝑖

𝑑𝑡
+ 𝐾𝑒 ⋅ Ω    (9) 

The current is directly related to the electromagnetic torque by: 

𝑇𝑒 = 𝐾𝑡 ⋅ 𝑖    (10) 

 

and the mechanical equation becomes: 

𝐽 ⋅
𝑑Ω

𝑑𝑡
+ 𝐵 ⋅ Ω = 𝐾𝑡 ⋅ 𝑖 − 𝑇𝑟    (11) 

By Laplace transformation, we obtain the transfer function between speed and input voltage: 

Ω(𝑠)

𝑈𝑑𝑐(𝑠)
=

𝐾𝑡

𝐽𝐿𝑎𝑠2+(𝐽𝑟𝑎+𝐵𝐿𝑎)𝑠+(𝐵𝑟𝑎+𝐾𝑒𝐾𝑡)
     (12) 

 

The transfer function between angular velocity and resistive torque is also expressed by: 

Ω(𝑠)

𝑇𝑟(𝑠)
=

𝐿𝑎𝑠+𝑟𝑎

𝐽𝐿𝑎𝑠2+(𝐽𝑟𝑎+𝐵𝐿𝑎)𝑠+(𝐵𝑟𝑎+𝐾𝑒𝐾𝑡)
    (13) 

 

These equations form the basis of the BLDC motor dynamic model, enabling the 

implementation of appropriate control strategies, particularly in environments subject to load 

disturbances or voltage variations. 

3 Cruise Controller Design 

This section is devoted to the design of the super-twisting sliding mode controller applied 

in this work. The proposed approach is divided into two complementary subsections. The 

first is devoted to the mathematical formalization of the operating principle of the STSMC 

controller, providing the dynamic equations and control laws involved. The second sub-

section is responsible for defining the optimization algorithm used to calculate the 

controller's two parameters. To this end, a genetic algorithm is used to optimize system 

performance as far as possible in terms of response rate and robustness. 

 

3.1 Principle and equations of Super-Twisting Sliding Mode Control 

The BLDC motor, although powerful, is strongly influenced by load variations, 

parametric uncertainties, and external disturbances. To ensure robust speed control, 

especially in dynamic environments, it makes sense to implement a disturbance-tolerant 

control strategy [13], [14]. The STSMC controller is particularly well suited to this task, 

combining robustness, fast convergence time, and reduction of the chattering phenomenon 

often observed in conventional sliding mode controls.  

STSMC control is based on the definition of a slip surface s(t) as a function of the speed 
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error between the setpoint Ωref (t) and the measured speed Ω(t): 

𝑠(𝑡) =
𝑑

𝑑𝑡
𝑒(𝑡) + 𝜆𝑒(𝑡) = 𝑒̇(𝑡) + 𝜆𝑒(𝑡) with 𝑒(𝑡) = Ω𝑟𝑒𝑓(𝑡) − Ω(𝑡)   (14) 

where λ>0 is a convergence parameter chosen to guarantee the stability of the surface 

dynamics. 

The second-order STSMC control is then defined by a super-torsion law in the form: 

𝑢(𝑡) = −𝑘1|𝑠(𝑡)|
1/2 ⋅ sign(𝑠(𝑡))− 𝑘2∫ sign(𝑠(𝑡)) 𝑑𝑡    (15) 

 

where: 

u(t) is the command to be applied (here, proportional to voltage Udc), 

k1>0, k2>0 are the super-twisting gains chosen according to system dynamics, 

sign(s) is the sign function [15]. 

This strategy allows finite convergence to the surface s=0 without high-frequency 

oscillations, while ensuring robust rejection of disturbances Tr (t) or variations in the 

parameters J, B, Kt, etc. 

 Practical implementation requires estimation of the derivative term e ̇(t), which can be 

achieved using a discrete-time derivative filter, or by adaptive observation methods. Once 
the control signal has been calculated, it is applied via the bus voltage Udc (t), thus indirectly 

controlling motor torque and speed. 

 

3.2 Optimization of STSMC parameters using genetic algorithms 

In order to improve the dynamic performance of the BLDC motor speed control system, 

the STSMC controller parameters, in this case the feedback coefficients k1 and k2, are 

optimized using a genetic algorithm. The main objective of this optimization is to minimize 

speed tracking errors by reducing certain performance criteria that are well established in the 

literature [16], such as: 

• IAE (Integral of Absolute Error): 

𝐼𝐴𝐸 = ∫ |
𝑇

0
𝑒1(𝑡)| 𝑑𝑡   (16) 

• ISE (Integral of Squared Error): 

𝐼𝑆𝐸 = ∫ 𝑒1
2𝑇

0
(𝑡) 𝑑𝑡   (17) 

• ITAE (Integral of Time-weighted Absolute Error): 

𝐼𝑇𝐴𝐸 = ∫ 𝑡
𝑇

0
⋅ |𝑒1(𝑡)| 𝑑𝑡   (18) 

In this study, the ITAE index is preferred as the objective function, as it strongly penalizes 
prolonged errors, thus favoring rapid response with reduced overshoot. The cost function to 
be minimized is therefore defined by: 

𝐽 = ∫ 𝑡
𝑇

0
⋅ |𝛺𝑟𝑒𝑓(𝑡) − 𝛺(𝑡)| 𝑑𝑡    (19) 

The genetic algorithm is applied to find the optimal values of k1 and k2 that minimize this 
function. The optimization process follows the following steps: 
Generation of an initial random population of candidate solutions where each individual 
encodes a pair of payoffs (k1, k2). 
Evaluation of the cost function J for each individual. 
Selection of the best individuals according to their performance. 
Application of genetic operations: crossover and mutation, to generate new solutions. 
Repetition of the evolutionary process until convergence towards optimal coefficient values. 
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4 Results and discussion 

This section presents a detailed analysis of BLDC motor speed control using an optimized 

super-twist sliding mode controller. Modeling and simulation were carried out with Matlab 

software, using the Simulink platform, to efficiently simulate the dynamic response of the 

system. Two situations were considered for validating the controller's performance: the first 

to test the system under nominal operating conditions, and the second to enable us to observe 

its robustness in relation to external disturbances and load changes. The parameters adopted 

for this simulation are shown in Table 1 below. The parameters found by the offline 

optimization algorithm used in this simulation are shown in table 2. 
 

Table 1. Parameters for the simulation  

 

 

 

 

 

 

 

 

 

 
Table 2. STSMC optimized controller parameters 

Parameters Value 

K1 92.235348 

K2 100.265591 

 

 

4.1 First scenario: tracking performances 

The main objective of this test scenario is to verify the tracking performance of the 

optimized STSMC controller. As shown in Figure 1, the reference speed is progressively 

modified according to the values [500, 800, 1000, 1200] rpm. The dynamic response of the 

system is marked by excellent transient behavior: the response time in the increasing phases 

of the setpoint varies from 0.02 s to 0.04 s, while in the decreasing phase from 0.05 s to 0.06 

s. It can be clearly observed that the motor speed closely follows the applied setpoint, with 

the speed error of less than 0.05 s adjusted to zero after each change, as shown in Figure 2. 

Figure 3 shows the electromagnetic torque produced by the motor during speed changes. This 

torque is systematically greater than the load torque, thus effectively compensating for losses 

due to viscous friction and ensuring robust control. And in case of charge couple, this remains 

constant to a value of 1 unit (1 Nm) during the test, as indicated by Figure 4. Finally, Figure 

5 shows the command tension produced by the controller versus the variation of velocity 

setpoint. It can be seen that this tension auto-adapts in an effort to achieve tracking of desired 

speed. According to the relationship of proportionality between rotation speed and input 
voltage, the controller supplies tensions of order 30 V, 35 V, 40 V and 45 V respectively to 

speeds of 500, 800, 1000 and 1200 tr/min, hence indicating efficient energy management for 

precise and fast control of the motor. 

Designation Value 

VDC 300 V 

R 1.5 Ω 

L 0.0115 H 

 M 0.005 H 

 Kt 60.3e-3 

Ke 60.3e-3 

J 0.001 Kg.m2 

B 0.002 N.m 
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Fig .1. Motor speed changes when the speed control setpoint is changed. 

                                                                                             

 
Fig .2. Speed tracking error. 

 

 

 

Fig .3. The motor torque generated during reference speed variation. 
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Fig .4. The load torque applied to the motor.

 

Fig .5. Controller output voltage during speed reference variations 

 

4.2 Second scenario: robustness performances 

To test the controller's robustness to load torque variations, a test scenario was set up in 

which the load torque is varied linearly from the set values [0, 1, 2, 3] Nm, as shown in figure 

9. Despite these mechanical disturbances, Figure 6 shows that the motor speed is ideally 

controlled at the set value of 1000 rpm, demonstrating the robustness and stability of the 

controller in relation to changing loads. Figure 7 shows that the speed error is always 

virtually zero for the entire test duration, testifying to the accuracy of the setpoint tracking. 

In addition, Figure 8 shows that the electromagnetic torque developed by the motor is always 

higher than the load torque applied, enabling effective compensation of losses caused by 

friction and disturbances. Finally, Figure 10 shows the output voltage generated by the 

controller. It can be seen that the motor supply voltage varies dynamically, from 16 V to 82 

V, depending on the torque levels applied. Specifically, voltages of around [16 V, 38 V, 59 
V, 82 V] are generated for respective load torques of [0, 1, 2, 3] Nm, demonstrating the 

controller's flexibility in maintaining system performance under variable conditions. 
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Fig .6. The motor speed variations during change in the load torque. 

 

Fig .7. Speed error due to load torque variation 

 

Fig .8. The load torque developed by the motor at the moment of load torque variation 
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Fig .9. Variable load torque applied to the motor 

 

 
Fig .10. The controller output voltage during change in the load torque 

 

5 Conclusion and perspectives 

This paper presents an advanced method of controlling the speed of a BLDC motor for 

electric vehicles using a high-performance controller based on the Super-Twisting sliding 

mode control technique optimized to cope with variable loads. The BLDC motor model is 

implemented using this robust controller to achieve effective speed control, even in the 

presence of intense load torque fluctuations. The proposed system was subjected to a series 

of intensive tests through simulations carried out in the MATLAB/Simulink environment, 

underlining the strength and precision of the STSMC controller. The latter demonstrated a 

very good ability to maintain constant motor speed under disturbed conditions and to provide 

fast dynamic behavior. STSMC controller parameters were optimized on the basis of the 

time-weighted absolute error integral criterion, which minimizes tracking error while 
penalizing slow responses. This optimization criterion led to a significant improvement in 

the system's transient performance, reducing both response time and overshoot amplitude. 

Simulation results show a response time of between 0.02 s and 0.06 s, both under constant 

load conditions and under dynamic disturbances. This behavior confirms the excellence of 

the ITAE-optimized STSMC controller in terms of stability, robustness and precision. Future 

research will include experimental validation on a real test bench to determine the viability 

of the proposed solution. In addition, the integration of techniques derived from artificial 

intelligence, such as neural networks or reinforcement learning, will further enhance the 

controller's flexibility in complex and dynamic environments. 
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