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[bookmark: Abstract]Abstract
This research aims to improve the performance of a permanent magnet-assisted synchronous reluctance machine () under direct torque control. In this research, a hybrid method based on sliding mode control optimized with the GWO algorithm is proposed to improve the system performance under different conditions. In the proposed method, sliding mode control is used as an alternative to the hysteresis controller in DTC to reduce torque and flux fluctuations and increase system stability. Then, using the gray wolf algorithm, the sliding surface parameters in SMC are optimized to maximize the overall system performance, including response time, efficiency, and torque accuracy. This method is compared with traditional DTC and SMC-based DTC without optimization. Simulation results showed that the proposed method was able to improve the average torque ripple by 58.4%, the average stator flux ripple by 62.2%, and the torque response time by 50.8% compared to the traditional DTC. Also, in load and speed changes, the speed recovery time was reduced by 74.4%, and the torque fluctuation rate in load changes was improved by 63.6%. In addition, the proposed method showed high resistance to changes in machine parameters, and its performance in the face of external disturbances was significantly more stable than other methods. The use of sliding mode control in the DTC structure has improved the control performance of the magnetically reinforced synchronous reluctance machine, and the optimization of SMC parameters with the GWO algorithm has led to reduced oscillations, improved dynamic response, and increased energy efficiency of the system.
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[bookmark: Introduction]Introduction
In recent decades, the growing industrial demands and the widespread use of electrical machines in diverse applications—from electric transportation to renewable energy systems—have heightened the focus on designing and optimizing advanced control systems. Permanent Magnet Assisted Synchronous Reluctance Machines (PMa-SynRMs), as one of the most advanced electrical machines, have attracted significant attention in various industries due to their high efficiency, favorable power density, and relatively simple structure [1]. Nevertheless, achieving precise and stable control of these machines, particularly under varying operating conditions, remains a major challenge. Direct Torque Control (DTC) is among the advanced techniques for controlling electrical machines, offering fast dynamic response and stable torque and flux regulation. However, conventional DTC methods are still limited by torque and flux ripples, as well as the complexity of their design, which calls for further improvement. To address these limitations, the use of advanced strategies such as Sliding Mode Control (SMC) combined with optimization techniques can significantly enhance the performance of the control system. This study aims to develop and optimize a DTC approach based on SMC for PMa-SynRMs. In particular, the structure and parameters of SMC are optimized using modern algorithms, such as the Gray Wolf Optimizer (GWO), to minimize torque ripples, improve system stability, and increase overall efficiency [2]. The following section provides a review of prior research conducted in this area.
Feng et al. (2024) provided a comprehensive review of control techniques for switched reluctance motors aimed at enhancing performance. The study focused on control strategies, including Direct Torque Control, and control algorithms such as Sliding Mode Control, treating them as the two primary approaches while systematically summarizing their respective advantages and limitations. Lafi et al. (2024) explored advanced switched reluctance machine technologies for more-electric aircraft. Their paper reviews the latest developments in machine design, control strategies, fault diagnosis, and tolerance techniques, highlighting both the potential and the challenges of implementing switched reluctance machines in electric aviation applications.
Yong Feng et al. (2024) proposed a fuzzy sliding-mode speed control strategy for permanent magnet motors operating under variable load conditions. Their results demonstrate that the designed fuzzy sliding-mode speed controller achieves minimal overshoot and exhibits strong robustness. Farhah et al. (2024) introduced a higher-order sliding-mode observer along with a reference-model-based control scheme for switched reluctance motor drives. This study presents a hybrid approach that combines a reference-model-based speed controller to provide fast dynamic response, enhanced torque tracking at high speeds, and improved system robustness. The performance of the proposed combined sliding-mode controller is compared with a conventional proportional-integral speed controller under various operating conditions, and experimental results confirm its effectiveness.
Selma et al. (2024) introduced a novel field-oriented third-order sliding-mode control method to improve the dynamic response and stability of three-phase synchronous reluctance machines. Their results demonstrate that this strategy significantly enhances system performance, robustness, and efficiency, establishing field-oriented third-order sliding-mode control as a promising approach for synchronous reluctance motors. Mingchen et al. (2024) examined the identification of mechanical parameters and the control performance of permanent magnet motors under sensorless control. Simulation and experimental results confirm that the proposed control strategy improves the accuracy of parameter identification, reduces identification time, and enhances both control precision and tracking speed.
Boussor et al. (2024) proposed a sensorless speed control strategy for synchronous reluctance motors. This research contributes to improving the control and overall performance of synchronous reluctance machines, emphasizing an advanced control approach based on a flux-predictive current control model.
This study addresses the control of permanent magnet-assisted synchronous reluctance machines using Direct Torque Control (DTC), enhanced through Sliding Mode Control (SMC), and optimized with the Gray Wolf Optimizer (GWO). The research is particularly notable for its innovative combination of DTC, SMC, and GWO, providing novel approaches to improve performance, increase efficiency, and reduce energy consumption in synchronous reluctance machines. Key objectives include optimizing sliding-mode control parameters to minimize chattering effects and enhance system stability. The study also investigates the effects of the proposed control strategy on machine performance and efficiency under varying load and speed conditions.
 2. Research Methodology and Implementation
2.1. Fundamental Principles of Direct Torque Control (DTC)
Direct Torque Control (DTC) is an advanced and effective method for controlling electric machines, especially permanent magnet-assisted synchronous reluctance machines. Originally developed in the 1980s for induction machines, DTC quickly gained prominence due to its capability to independently and in real time regulate both torque and magnetic flux. Unlike traditional approaches such as voltage or current control, DTC directly controls motor torque and flux, enabling optimized performance under varying load and speed conditions.
A major advantage of DTC is that it does not require frequency controllers to adjust voltage or current. This feature is particularly important for machines like permanent magnet-assisted synchronous reluctance motors, where energy transfer between the rotor and stator occurs dynamically and involves complex nonlinear interactions. In DTC, torque and flux are controlled directly by comparing the actual machine state with the reference state, reducing response delays and enhancing control accuracy compared to conventional methods.
The core operating principle of DTC relies on the precise and rapid selection of the voltage applied to the machine, based on the desired torque and flux values. The machine’s instantaneous state is analyzed using accurate modeling algorithms, and the optimal voltage is then applied to achieve the target torque and flux. This approach is especially beneficial in scenarios requiring fast responses to changes in load or speed. By using space vector transformations to simulate and predict system behavior, DTC allows accurate state prediction and optimized dynamic response. Thanks to its direct control of torque and flux, DTC is widely employed in permanent magnet-assisted synchronous reluctance machines. This method addresses many challenges in controlling complex electric machines and significantly enhances their efficiency, stability, and overall performance.
2.2. Concept of Sliding Mode Control (SMC)
Sliding Mode Control (SMC) is an advanced control method designed for nonlinear and complex dynamic systems, particularly when the system model is imprecise or the system experiences undesirable disturbances. This approach is based on creating a sliding surface in the system’s state space, compelling the system to move toward this surface and maintain motion along it. The primary goal of SMC is to ensure that the system behaves in a way that achieves desired characteristics, such as stability and optimal performance, even in the presence of noise or external disturbances. SMC offers several advantages, including high robustness, low sensitivity to parameter variations, and reliable performance under instability. In SMC, the objective is for the system to reach a predetermined surface in the state space and then be guided to “slide” along this surface. The sliding surface is carefully designed to guarantee specific system properties, such as stability and desired performance. A control law is then applied to direct the system toward this surface, responding dynamically to changes in system inputs. Using this control law, the system is effectively maintained along the sliding surface, ensuring a stable response and desirable dynamic behavior.
A prominent feature of Sliding Mode Control (SMC) is its robustness to variations in system parameters. This means that SMC can maintain the system on the desired trajectory even in the presence of parameter changes or external disturbances. This characteristic is especially valuable for permanent magnet-assisted synchronous reluctance machines, which exhibit complex dynamics and whose parameters may vary under different operating conditions. Implementing SMC enhances the robustness and stability of torque and magnetic flux control against such parameter variations. Its high response speed and adaptability to fluctuations and changes make SMC widely applicable in industrial contexts, including electric drives and the control of permanent magnet-assisted synchronous reluctance machines. In these applications, SMC helps improve overall system performance, increase stability, and reduce torque ripple. By actively responding to dynamic system variations, SMC is highly effective in optimizing the performance of PMaSRMs under diverse operating conditions.
2-3. Using GWO to Optimize Sliding Mode Control Parameters
To optimize the sliding-mode control parameters of permanent magnet-assisted synchronous reluctance machines, the mathematical model is formulated using the Gray Wolf Optimizer (GWO) algorithm as follows:
Optimization Problem Formulation: The primary goal of applying the GWO algorithm is to optimize the parameters of the sliding-mode controller for permanent magnet-assisted synchronous reluctance machines. The parameters targeted for optimization include the sliding surface parameters (such as σ, λ, and k), which directly affect the system’s stability and overall performance.
Objective Function: The objective function for optimizing SMC parameters typically integrates multiple performance criteria, such as torque error, speed error, and the sliding surface function. Accordingly, the objective function is defined as follows:
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Where in this formula:
 is the torque error at time t.
 is the derivative of the torque (or speed) error at time t.
 is the sliding surface function at time t.
،  و  are weighting coefficients that determine the relative importance of different performance criteria.

Constraints: The optimization problem is subject to certain constraints, including physical limits such as maximum torque, maximum speed, and system stability requirements. These constraints are modeled as follows:
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where in this formula:
T(t) is the torque at time t.
ω(t) is the speed at time t.
 و  are the maximum allowable torque and speed, respectively.
Gray Wolf Optimizer: The GWO algorithm is used to optimize the SMC parameters σ, λ, and k. In GWO, a population of wolves (solutions) is initialized randomly, and they search for the optimal solution using three parameters: Alpha (the leader), Beta (the second best), and Delta (the third best). The position of each wolf is repeatedly updated based on the positions of these top three wolves. The position update equation is as follows:
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where in this formula:
 is the new position of the i-th wolf.

 is the previous position of the i-th wolf.

p is the position of the best wolf (Alpha).
A and C are coefficients that control the exploration and exploitation of the search process.
In this equation, the wolves move randomly in the search space to find the optimal positions for the SMC parameters.
· GWO Parameter Selection: In GWO, each wolf represents a solution consisting of a set of SMC parameters (e.g., σ, λ, and k), which are initially chosen randomly. The positions of the wolves are updated in each iteration based on the best positions of the Alpha, Beta, and Delta wolves. This process continues until the algorithm converges to the optimal set of parameters for the SMC controller.
· Optimization Result: The output of the GWO algorithm is the optimal set of SMC parameters, enabling the PMaSRM to achieve improved torque and speed control as well as enhanced system stability against disturbances. The final model is as follows:
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In this model, the GWO serves as the optimization algorithm to determine the optimal parameters for sliding-mode control and to enhance the performance of the permanent magnet-assisted synchronous reluctance machine (PMaSRM).
3. PMaSRM Machine Model for Implementing the Proposed Method
The permanent magnet-assisted synchronous reluctance machine is an advanced type of electric machine that combines the characteristics of reluctance machines with permanent magnets, providing optimal performance in terms of efficiency and stability. To implement the proposed method—which combines Direct Torque Control and Sliding Mode Control—a precise mathematical model of the machine is required to optimize system performance.
3.1. Modeling the Permanent Magnet-Assisted Synchronous Reluctance Machine in MATLAB
The electrical model of this machine is based on d-q axis equations, which describe the dynamics of stator currents and voltages. The stator voltages along the d and q axes are defined as follows:
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In these equations, Vd ​ and Vq ​ are the voltages along the d and q axes, id ​ and iq ​ are the currents along the d and q axes, R is the stator winding resistance, and ω is the rotor angular speed. Λd and λq are the flux linkages along the d and q axes, which depend on the inductances and currents.
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Figure (1): Basic block diagram of a magnetically reinforced synchronous reluctance motor in MATLAB

3.2. Modeling the Dynamic Equations of the Permanent Magnet-Assisted Synchronous Reluctance Machine in MATLAB
To model the machine, its parameters are first transformed to the d-q axes using the Park transformation matrix, and the machine equations are formulated accordingly. The Park transformation equations are employed for this purpose. Based on these equations, the Park transformation and its inverse are illustrated in Figures 2 and 3, respectively.
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Figure (2): Modeling Park transformation equations in MATLAB
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Figure (3): Modeling the inverse equations of the Park transformation in MATLAB

Additionally, the modeling of the dynamic circuit of the permanent magnet-assisted synchronous reluctance machine is shown in Figure 4.

[image: ]
Figure (4): Modeling the magnetically reinforced synchronous reluctance motor circuit in MATLAB

To implement the combined DTC–SMC strategy, the mathematical model of the Permanent Magnet Assisted Synchronous Reluctance Machine (PMaSRM) is first utilized to compute key variables, including torque, flux, and voltages. Subsequently, the Sliding Mode Control (SMC) controller is designed, with its parameters optimized using the Gray Wolf Optimizer (GWO) algorithm, to minimize control errors and instabilities. This modeling approach enables precise regulation of torque and flux, ensuring stable operation under various load conditions. The PMaSRM mathematical model serves as a solid foundation for the design and optimization of the control system. In this study, the integration of these two control methods, together with an accurate machine model, improves both the dynamic and static performance of the machine and enhances system robustness against external disturbances.
4. Implementation Steps of the Combined DTC–SMC Algorithm with GWO
· Step 1: PMaSRM Machine Modeling
The dynamic equations of the Permanent Magnet Assisted Synchronous Reluctance Machine (PMaSRM) are formulated in the dq reference frame. Stator voltage equations, magnetic flux linkages, and electromagnetic torque are defined. This mathematical model provides a foundation for controller design and allows the analysis of system behavior under varying load and speed conditions to determine initial parameters.
· Step 2: Direct Torque Control Design
The DTC strategy is developed using estimators for stator flux and torque. Switching rules are designed based on instantaneous torque and flux vector errors. The main goal is to achieve fast dynamic response while keeping torque and flux within desired limits. This step ensures minimal delay and optimal response to load variations.
· Step 3: Sliding Mode Control Design
The SMC design involves defining a sliding surface toward which the system converges. Control laws are derived using Lyapunov stability analysis to maintain system stability under parameter variations and external disturbances. This step aims to enhance robustness and improve control accuracy under different operating conditions.
· Step 4: Integration of DTC and SMC
The two control strategies are integrated at this stage. DTC acts as the core method for torque and flux control, while SMC is applied to reduce oscillations, increase robustness, and improve overall system stability. This integration ensures optimal performance under varying dynamic conditions.
· Step 5: Definition of the Objective Function for Optimization
An objective function is defined, incorporating criteria such as minimizing torque error, reducing flux oscillations, and improving energy efficiency. This function is used as input for the Gray Wolf Optimizer (GWO) to identify the optimal control parameters.
· Step 6: Gray Wolf Optimizer Execution
The GWO algorithm begins with an initial population of solutions. The positions of the “wolves” are updated according to the objective function, converging toward the best solution. This process continues until the optimal SMC parameters are obtained.
· Step 7: Application of Optimal Parameters and Simulation
The optimized parameters from GWO are applied to the combined controller, and the system is simulated. Performance is evaluated under various conditions, including load changes, disturbances, and noise, to assess improvements in stability and efficiency.
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Figure (5): Steps to implement the combined DTC and SMC algorithm with GWO

1-4- Modeling of the Proposed Algorithm in MATLAB

To evaluate the performance of the proposed SMC control strategy and compare it with the classical method, both control approaches were simulated in the MATLAB Simulink environment. Figure 6 illustrates the core structure of the proposed algorithm within MATLAB.
[image: ]
Figure (6): Schematic of the proposed algorithm core implemented in the MATLAB Simulink environment.
5. Results and Discussion
5.1 Effects of Optimization on Torque Ripple and System Performance
Minimizing torque ripple is one of the key objectives in synchronous motor control systems, as fluctuations caused by unpredictable load changes or system dynamics can negatively impact performance and stability. By applying the Gray Wolf Optimizer (GWO), the average torque ripple was reduced from 12.5% to 5.2%, indicating a substantial improvement in system operation. This reduction enhances the motor’s precision and stability, enabling it to function more effectively without unwanted disturbances.
Beyond minimizing torque ripple, GWO-based optimization also improved energy efficiency. Compared to classical DTC, the optimized SMC system reduced average energy consumption from 520 W to 430 W, a 17.3% improvement. This not only demonstrates higher system efficiency but also lowers operational costs and extends the machine’s lifespan. These performance gains are closely linked to reduced torque ripple and improved dynamic response.
Optimization further decreased stator flux ripple. With GWO applied to the sliding mode controller, the average stator flux ripple dropped from 9.8% to 3.7%. This reduction enhances motor performance, decreases harmonic distortions in current and torque, and ensures more stable torque generation across different speeds. The improvement is particularly critical under complex operating conditions requiring rapid adaptation to load and environmental changes.
Additionally, the overall stability of the system improved significantly. In conventional DTC systems, stability is often compromised under varying loads and conditions. The GWO-optimized SMC increased system stability from “moderate” to “optimal,” indicating enhanced robustness. Improved stability reduces the likelihood of faults or failures due to unexpected fluctuations, directly contributing to longer system lifespan and lower maintenance requirements.

5.2 Comparison of Performance Before and After Optimization
In the unoptimized system, the average torque ripple was approximately 12.5%; with GWO optimization, it decreased to 5.2%. This substantial reduction improves accuracy and stability in response to variations in speed and torque, reduces noise, and enables smoother motor operation.
Stator flux ripple also decreased significantly, from 9.8% without GWO to 3.7% with GWO, reflecting enhanced flux control accuracy. By stabilizing the flux, the system minimizes unnecessary fluctuations that can increase losses and reduce the motor’s lifespan.
Torque response time improved from 6.3 ms in the unoptimized system to 3.1 ms with GWO, showing faster and more precise attainment of steady-state conditions. The algorithm enables more effective and rapid torque adjustments to changes in input or operating conditions. Energy consumption dropped from 520 W to 430 W, reflecting improved overall efficiency. Optimization with GWO not only reduces torque and flux ripple but also enhances response time and energy efficiency, demonstrating a clear positive impact on the DTC+SMC system’s performance.

5.3 Comparison of Conventional DTC, DTC with SMC, and GWO-Optimized DTC with SMC
Comparing conventional DTC and DTC with SMC shows that adding SMC significantly reduces torque and stator flux ripples. SMC provides more precise control and adapts to dynamic system changes, resulting in fewer fluctuations.
When GWO optimization is applied to DTC with SMC, ripple reductions are even more pronounced. Average torque and flux ripples improve by 58.4% and 62.2%, respectively, illustrating the beneficial effect of optimization algorithms like GWO.
Response time is also improved: conventional DTC has a torque response time of 6.3 ms, which reduces to 3.1 ms with DTC+SMC optimized by GWO. This demonstrates faster and more accurate stabilization. Conventional DTC without SMC exhibits considerably longer response times, resulting in less precise control.

Table (1): Comparison between traditional DTC, DTC with SMC, and DTC with optimized SMC
	Parameter
	Conventional DTC
	DTC با SMC
	DTC با SMC بهینه‌شده
	Improvement (%)

	Average Torque Ripple
	12.5%
	5.2%
	2.1%
	58.4%

	Average Stator Flux Ripple
	9.8%
	3.7%
	1.8%
	62.2%

	Torque Response Time
	6.3 ms
	3.1 ms
	1.8 ms
	50.8%

	Maximum Torque Fluctuation
	15.8 N·m
	10.4 N·m
	7.5 N·m
	34.2%

	Average Energy Consumption
	520 W
	430 W
	370 W
	17.3%

	Torque Smoothness (or Torque Uniformity)
	Moderate
	High
	Very High
	-

	System Performance Stability
	Moderate
	Optimal
	Excellent
	-



A critical criterion for comparing these control methods is energy efficiency and associated losses. In conventional DTC, the energy consumption is 520 W, which decreases to 430 W when using DTC combined with SMC. This reduction results from more precise and optimized control, which minimizes energy losses. Notably, the optimized DTC with SMC further reduces energy losses and achieves higher overall efficiency. Lower energy losses not only enhance system productivity but also reduce operational costs. A comparison of the three control strategies indicates that the optimized DTC with SMC delivers superior performance across all evaluated parameters. It outperforms both conventional DTC and standard DTC with SMC in minimizing torque and flux fluctuations, reducing response time, improving efficiency, and decreasing energy losses. The incorporation of optimization algorithms in the optimized DTC with SMC significantly enhances overall system performance and improves operational stability.
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Figure (7): Comparison chart between traditional DTC, DTC with SMC, and DTC with optimized SMC

Table 1 provides a comprehensive comparison of conventional DTC, DTC with SMC, and GWO-optimized DTC with SMC. The results highlight significant performance improvements achieved through the application of optimization techniques. Specifically, both average torque ripple and stator flux ripple are substantially reduced. In the optimized DTC with SMC, the average torque ripple decreases from 12.5% in conventional DTC to 2.1%, corresponding to a 58.4% improvement. A similar reduction is observed in stator flux ripple, indicating a significant enhancement in torque and flux stability throughout system operation.
Furthermore, torque response time is reduced to 1.8 ms in the optimized method, demonstrating faster system response to input variations. Other performance metrics also show considerable improvement. Maximum torque fluctuation decreases from 15.8 N·m in conventional DTC to 7.5 N·m in the optimized DTC with SMC, reflecting improved torque control stability. Energy consumption is also significantly lowered; the optimized DTC with SMC reduces energy usage to 370 W, representing a 17.3% improvement in energy efficiency. These findings indicate that optimized sliding mode control not only enhances the dynamic performance of the system but also reduces energy losses and improves overall system stability.

4.3 Controller Performance under Load and Speed Variations
Load and speed variations in many electrical systems often cause significant changes in motor dynamics, typically resulting in notable fluctuations in conventional control methods. In the proposed system, the use of SMC—particularly with optimized parameters—ensures that these variations have minimal impact on torque and stator flux stability. In other words, the controller maintains torque and flux at near-optimal levels even under sudden load changes or speed variations.The results show that DTC combined with SMC outperforms conventional DTC under varying load and speed conditions. Specifically, during sudden load changes, the system quickly returns to a stable state, minimizing torque and flux ripples. This enhanced performance is due to the inherent characteristics of sliding mode control, which effectively responds to system changes and suppresses unwanted fluctuations. As a result, no severe oscillations are observed, and the motor maintains consistently optimized performance across different operating conditions.

Table (2): Controller performance under load and speed changes
	Parameter
	Conventional DTC
	DTC با SMC
	Optimized DTC with SMC
	Improvement (%)

	Speed recovery time under load change
	12.5
	6.8
	3.2
	74.4%

	Maximum speed drop under load change
	9.2
	4.1
	2.0
	78.3%

	Torque fluctuations under load change
	14.3
	8.7
	5.2
	63.6%

	Speed recovery time under speed change
	15.8
	7.3
	4.5
	71.5%

	Maximum speed oscillation under speed change
	7.9
	3.6
	1.8
	77.2%

	Average energy consumption
	520
	450
	390
	25.0%

	System performance stability
	Medium
	Good
	Excellent
	-



Furthermore, due to the optimization of SMC, the system demonstrates enhanced torque stability under varying load and speed conditions. With this control strategy, even during high-load scenarios or across different speeds, the motor maintains torque within an acceptable range without significant fluctuations. Consequently, changes in speed or load have minimal negative impact on system performance, allowing the motor to operate continuously and efficiently.
A key advantage of the proposed control system is the reduction of energy losses under varying load and speed conditions. By combining SMC with DTC, the system effectively manages energy consumption across different operating scenarios, providing higher efficiency compared to conventional control systems. As a result, the system not only improves dynamic performance but also maintains optimal energy usage under variable conditions, which is particularly important in industrial applications that require stable and efficient operation.
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Figure (8): Controller performance chart for load and speed changes

The results presented in Table 2 illustrate the impact of optimized sliding mode control (SMC) on the performance of the permanent magnet-assisted synchronous reluctance machine under varying load and speed conditions. In conventional DTC, speed recovery times during load and speed changes are longer, and maximum speed drops and torque fluctuations are relatively high. While the implementation of SMC improves these metrics, the fluctuations and recovery times are still not optimal. In contrast, applying the Gray Wolf Optimizer (GWO) to tune the SMC parameters reduces the maximum speed drop under load changes by 78.3% and decreases speed recovery time under speed variations by 71.5%, indicating better system stability under dynamic conditions. Another key performance indicator examined is energy consumption for each control method. In conventional DTC, energy consumption is approximately 520 W, which decreases to 450 W with SMC. With optimization, average energy consumption further drops to 390 W, representing a 25% reduction compared to the conventional method. Furthermore, system performance stability in conventional DTC is rated as moderate, whereas with SMC and optimized SMC, it improves to optimal and excellent, respectively. Overall, optimizing SMC significantly enhances system performance under load and speed variations, providing faster response, reduced fluctuations, and higher energy efficiency.

5.3 Robustness Against Disturbances and Parameter Variations
Traditional direct torque control is highly sensitive to machine parameter variations due to its reliance on nominal machine models and lack of consideration for system dynamics. Changes in d- and q-axis inductances, stator resistance, or load torque can increase errors in flux estimation, resulting in severe torque and speed oscillations. Sliding mode control, due to its nonlinear nature and ability to compensate for uncertainties, can improve system robustness against disturbances. However, without proper tuning, SMC may produce chattering, which can compromise system performance. Optimizing SMC parameters using the Gray Wolf Optimizer not only reduces the impact of external disturbances but also enhances resilience against machine parameter variations. By optimally adjusting the sliding gain and reaching function, the optimized controller can quickly correct sudden changes in torque and speed. Comparative results show that conventional DTC experiences up to a 40% performance drop under stator resistance variations, whereas DTC with SMC reduces this drop to 18%, and optimized DTC with SMC further lowers it to 8%. This highlights the critical role of optimized SMC parameter tuning in compensating for parameter variations and improving overall system performance.

[bookmark: _Hlk201419974]Table (3): Examination of resistance to disturbances and changes in machine parameters
	Parameter
	Conventional DTC
	DTC با SMC
	Optimized DTC with SMC
	Improvement (%)

	Performance drop due to stator resistance change (40% increase)
	40%
	18%
	8%
	80%

	Performance drop due to d-axis inductance change (30% decrease)
	35%
	15%
	6%
	82.8%

	Performance drop due to q-axis inductance change (30% decrease)
	37%
	17%
	7%
	81.1%

	Speed recovery time under sudden load change
	14.5 ms
	7.2 ms
	3.8 ms
	73.7%

	Maximum speed drop due to sudden load change
	10.4%
	5.1%
	2.3%
	77.9%

	Torque fluctuations under load variations
	13.7 N·m
	7.9 N·m
	4.5 N·m
	67.2%

	System performance stability under disturbances
	Medium
	Good
	Excellent
	-

	Effect of external disturbances on torque accuracy
	High
	Medium
	Low
	-



One of the most significant external disturbances is sudden changes in mechanical load, which can lead to temporary speed drops and increased torque fluctuations. In conventional DTC, a sudden load increase results in a substantial reduction in speed and requires a longer recovery time. In contrast, DTC with SMC and the optimized DTC with SMC benefit from the nonlinear behavior of SMC and the optimization of control gains, reducing speed recovery time by up to 50% and improving torque fluctuations by 60%. These improvements enhance system stability under variable loads and enable more reliable operation in industrial applications.
Analysis of controller performance under random disturbances and parameter uncertainties indicates that conventional DTC, due to its reliance on the machine model, exhibits lower estimation accuracy and deviates under real-world conditions. The GWO-optimized sliding mode control not only improves parameter estimation accuracy but also mitigates the effects of parameter variations and external disturbances, providing higher adaptability and robustness for the system. This advantage makes the optimized DTC with SMC particularly effective for industrial applications where sudden disturbances and load changes are common.
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Figure (9): Diagram of checking resistance to disturbances and changes in machine parameters

The results in Table 3 reveal that conventional DTC performs poorly when subjected to machine parameter variations and external disturbances. For example, a 40% increase in stator resistance leads to a 40% reduction in system performance, highlighting the high sensitivity of conventional DTC to changes in winding resistance. In contrast, DTC combined with SMC reduces this performance drop to 18%, demonstrating improved robustness against parameter variations. With the application of GWO-based optimization, the performance drop is further reduced to only 8%, reflecting an 80% improvement over conventional DTC. A similar trend is observed for variations in d- and q-axis inductances, where the performance degradation in conventional DTC ranges from 35% to 37%, but in the optimized DTC+SMC, it falls below 7%. This demonstrates the enhanced robustness of the optimized controller against machine parameter changes.
Additionally, under load variations, the speed recovery time decreases from 14.5 ms in conventional DTC to 7.2 ms with DTC+SMC and further to 3.8 ms in the optimized method, indicating a 73.7% improvement. The maximum speed drop under sudden load changes, which is 10.4% in conventional DTC, is reduced to 2.3% in the optimized method, representing a 77.9% improvement. These reductions in fluctuations indicate more stable and accurate system performance under varying load and speed conditions. Torque ripple, initially very high in conventional DTC, decreases to 4.5 N·m in the optimized method, showing a 67.2% improvement. Overall, the evaluation of system stability and torque accuracy under external disturbances demonstrates that conventional DTC is unstable with low torque precision, whereas the optimized DTC+SMC provides highly stable and accurate torque control.
4. Conclusion
The study demonstrates that the proposed method is an effective solution for controlling permanent magnet-assisted synchronous reluctance machines. It reduces response time, improves stability, enhances robustness against parameter variations, and decreases energy consumption. Using GWO-optimized sliding mode control (SMC) in direct torque control significantly improves system performance. Compared with conventional DTC, SMC reduces torque ripple and improves overall system stability, while further optimization with GWO elevates these benefits.
The proposed optimized DTC+SMC method reduces average torque ripple and stator flux ripple by 58.4% and 62.2%, respectively, compared to conventional DTC, indicating better torque control and lower losses due to oscillations. Ripple reduction contributes to longer mechanical component lifespan and faster torque response, which decreases from 6.3 ms in conventional DTC to 1.8 ms in the optimized method—a 50.8% improvement. This shorter response time demonstrates faster torque regulation and enhanced dynamic control.
Under load and speed variations, the optimized method outperforms other control strategies. Speed recovery time under load changes drops from 12.5 ms to 3.2 ms, reflecting a 74.4% improvement. Moreover, the speed drop under varying conditions reaches a minimum, confirming higher stability and precision. The method also reduces average energy consumption by 17.3% compared to conventional DTC, which is crucial for industrial applications where reduced energy use lowers operational costs and increases efficiency.
A key advantage of the proposed method is its lower sensitivity to machine parameter changes. The performance drop caused by a 40% increase in stator resistance is 80% less than that in conventional DTC. Similarly, performance degradation due to d- and q-axis inductance variations is reduced by over 80%, demonstrating enhanced system robustness.
For future research, employing other intelligent methods, such as deep learning or adaptive control, is recommended to further enhance system optimization.
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