


Development of H-Infinity Based Speed Control of a Sensorless Induction Motor Drives


ABSTRACT
	Induction motors (IMs) are widely used in industrial and domestic applications due to their robustness, reliability, and cost-effectiveness; however, achieving accurate and stable speed control under varying load conditions and parameter uncertainties remains a persistent challenge. Conventional scalar and vector control methods rely heavily on mechanical sensors for rotor speed and position estimation, which increase cost, system complexity, and vulnerability to environmental conditions. To overcome these limitations, this study developed an H-infinity (H∞)-based speed control system for sensorless induction motor drives, integrating an Extended Kalman Filter (EKF) for rotor speed estimation with an H∞ controller to ensure robust and precise control under system uncertainties and disturbances. A dynamic model of a three-phase induction motor was formulated in the d–q reference frame and implemented in MATLAB/Simulink R2021a. The performance of the proposed H∞ controller was evaluated against a conventional Proportional-Integral (PI) controller using transient response parameters such as rise time, settling time, and percentage overshoot. Simulation results revealed that the H∞ controller achieved a rise time of 2.42 s, settling time of 5.30 s, and overshoot of 0.82%, outperforming the PI controller, which exhibited 1.83 s, 9.83 s, and 4.49%, respectively, while the uncontrolled system showed an excessive overshoot of 52.79%. The integration of the EKF effectively replaced physical sensors, providing accurate and stable rotor speed estimation even under noise and load fluctuations. The developed H∞-based sensorless control system demonstrated superior robustness, enhanced transient response, and improved steady-state accuracy compared to conventional control schemes. Consequently, the proposed control approach provides a reliable and energy-efficient solution suitable for industrial automation, electric vehicle propulsion, and renewable energy applications, where adaptability, precision, and robustness are essential
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1. INTRODUCTION 

Induction motors (IMs), often referred to as asynchronous motors, have remained the backbone of industrial and domestic systems due to their mechanical simplicity, rugged construction, high efficiency, and low maintenance requirements [1]. They are extensively employed in applications such as conveyors, pumps, compressors, elevators, fans, and electric traction systems [2]. Structurally, an induction motor consists primarily of two components a stationary stator and a rotating rotor. The stator is built from laminated steel sheets embedded with copper or aluminum windings, while the rotor may be either a squirrel-cage or wound-rotor type. The squirrel-cage design, comprising aluminum or copper bars short-circuited at both ends, is particularly preferred for its simplicity, durability, and efficiency [3].
The operating principle of induction motors is based on electromagnetic induction. When a three-phase alternating current is supplied to the stator windings, it produces a rotating magnetic field (RMF). This RMF induces an electromotive force (EMF) and current in the rotor conductors, creating torque that causes the rotor to rotate in the same direction as the RMF [4]. The speed of this field, called the synchronous speed, depends on the supply frequency and the number of poles on the stator. However, due to the phenomenon of slip the difference between synchronous and actual rotor speeds the rotor always lags slightly behind the RMF. This slip allows continuous torque generation and typically ranges between 1% and 5% under normal load conditions [5].
Despite their proven reliability and versatility, achieving precise speed control of induction motors has long been a technical challenge, particularly under varying load conditions, temperature fluctuations, and parameter uncertainties. The simplest control method, the scalar (V/f) control, maintains a constant ratio between stator voltage and supply frequency to regulate flux and speed [6]. While this approach is easy to implement, it lacks dynamic torque control and fails to provide optimal performance under transient or nonlinear operating conditions. To improve precision, vector control (VC) also known as Field-Oriented Control (FOC) was introduced, which allows independent control of flux and torque components of stator current, mimicking the behavior of a separately excited DC motor (Yazici et al., 2014). This decoupling leads to improved torque response, higher efficiency, and smoother speed regulation, making FOC the foundation of modern high-performance motor drives [7].
However, both scalar and vector control methods require accurate rotor speed or position feedback, commonly obtained using physical sensors such as encoders, resolvers, or Hall-effect sensors. Although these sensors enhance accuracy, they increase system cost, complexity, and vulnerability to failure in harsh industrial environments [8]. Mechanical sensors are also prone to wear, misalignment, and electromagnetic interference, making them unsuitable for compact, sealed, or high-speed applications. As a result, sensorless control techniques have emerged as an effective solution to eliminate physical sensors by estimating rotor speed or position indirectly from measurable electrical quantities, such as stator voltages and currents.
Over the past two decades, several sensorless estimation algorithms have been developed, including Model Reference Adaptive Systems (MRAS), Luenberger Observers (LO), Extended Kalman Filters (EKF), Sliding Mode Observers (SMO), and Artificial Intelligence (AI)-based approaches [9;10]. These methods rely on the motor’s mathematical model to estimate the unmeasured states, such as rotor flux and speed. While MRAS and LO techniques are computationally efficient, they are highly sensitive to variations in machine parameters, especially stator resistance and rotor time constants, which change with temperature and magnetic saturation. Kalman filter-based and AI-driven techniques, though more accurate, are computationally intensive, limiting their real-time application in low-cost embedded systems [11]. On the other hand, SMO methods offer robustness to parameter uncertainties but suffer from chattering effects, which can distort control signals and cause system instability.
To mitigate these limitations, recent studies have shifted toward robust control strategies that explicitly account for uncertainties, disturbances, and nonlinearities in system models. Among these, H-infinity (H∞) control theory has emerged as a highly effective solution for ensuring robust performance in dynamic systems with unknown disturbances and parameter variations. Rooted in optimal control theory, H∞ control aims to minimize the worst-case gain from disturbance inputs to controlled outputs, guaranteeing performance stability across a range of operating conditions [12]. Unlike conventional control schemes that rely on nominal model accuracy, H∞ control explicitly incorporates uncertainty and noise into the design process, allowing the system to maintain stability even when actual conditions deviate from the modeled parameters [13].
The strength of H∞ control lies in its ability to provide robust stability and disturbance rejection through a frequency-domain optimization framework. This design approach allows engineers to balance performance and robustness by defining suitable weighting functions, which shape the closed-loop frequency response according to the desired dynamic specifications [14]. The controller synthesis typically involves two main phases: the formulation phase, where performance specifications and weighting functions are defined, and the solution phase, which involves solving a set of algebraic Riccati equations or using optimization techniques to minimize the H∞ norm of the closed-loop transfer function. This makes the H∞ method particularly attractive for sensorless induction motor drives, where precise control is required under unmodeled nonlinearities, inverter switching effects, and unpredictable load variations.
The integration of H∞ control with Extended Kalman Filter (EKF)-based estimation further enhances performance by combining the robustness of H∞ control with the adaptive estimation capability of EKF. The EKF serves as a nonlinear state observer that dynamically estimates rotor speed and flux using measured stator quantities, thus eliminating the need for physical sensors. Together, the H∞ controller and EKF estimator form a hybrid control architecture capable of maintaining high-speed precision, rapid transient response, and strong disturbance rejection even under parameter mismatches and external perturbations.
Recent studies demonstrate the effectiveness of H∞ controllers in diverse engineering applications. For instance, Yeneneh et al. (2024) successfully applied H∞ control to semiactive suspension systems, achieving superior ride comfort and robustness compared to PID-based approaches. Similarly, Kulkarni (2025) showed that H∞ control outperforms conventional PI controllers in systems subjected to variable external loads and uncertainties, though most existing studies remain focused on linear or DC motor systems. Despite these advances, the application of H∞ control to sensorless induction motor drives remains relatively underexplored, particularly for low-speed operations where nonlinearities, flux estimation errors, and inverter distortions dominate system dynamics.
Ultimately, this work contributes to the advancement of intelligent, fault-tolerant, and energy-efficient motor drive systems, with practical implications for industrial automation, electric vehicle propulsion [15] and renewable energy systems where adaptability, precision, and reliability are essential. Speed controls on the motors are primarily of either altering the frequency or poles as the governing equation for the synchronous speed of a motor is directly proportional to the frequency and inversely to the poles. Proportional Integral and Derivative controls show the control system closed loop system for typical speed vs time characteristics. Additionally, (Salem et al, 2024) have eliminated coordinated transformations and achieved rapid torque and flux control using their speed control methodology [16].
This research, therefore, focuses on the development of an H-infinity-based speed control system for sensorless induction motor drives, integrating H∞ control with FOC principles and EKF-based estimation to achieve high-performance operation. The study involves the modeling of a three-phase induction motor in the d–q reference frame and implementation using MATLAB/Simulink R2021a. The proposed H∞ controller is evaluated against a conventional Proportional-Integral (PI) controller using transient response metrics, including rise time, settling time, and overshoot, to assess dynamic performance.
The results demonstrate that the developed H∞-based control system significantly improves speed regulation accuracy, robustness, and stability compared to traditional control approaches. By effectively minimizing sensitivity to disturbances and parameter variations, the proposed method ensures consistent performance across a broad range of operating conditions. Ultimately, this work contributes to the advancement of intelligent, fault-tolerant, and energy-efficient motor drive systems, with practical implications for industrial automation, electric vehicle propulsion, and renewable energy systems where adaptability, precision, and reliability are essential.
The paper is organized into five sections. Section 1: Introduction presents the background, fundamental concepts, and motivation for the study. Section 2: Methods outlines the mathematical modelling, system design, and analytical procedures employed. Section 3: Results reports the simulation outcomes and performance evaluation of the proposed approach. Section 4: Conclusion summarizes the key findings and contributions of the research. Finally, Section 5: Recommendations and Future Scope provide suggestions for further improvements and potential areas for continued investigation.
2. methodology 
2.1	Research approach
This research focused on the development of H-infinity-based sensor-less speed control of Induction Motor Drives. The speed of an induction motor was mathematically modelled to represent the real-time operation of an induction motor. The Extended Kalman Filter (EKF) also was modelled as the speed estimator that will be used as an interface between an induction motor and the controller. The modelling of the proposed H-infinity controller was formulated and implemented with the modelled induction motor and EKF using MATLAB R2021a. The performance of this methodology was evaluated using the rising time, settling time, and percentage overshoot as performance metrics and then compared with the conventional PI controller.
This research focuses on the development of an H-infinity-based sensorless speed control system for induction motor drives. A mathematical model of a three-phase induction motor was developed to represent its dynamic behavior under real operating conditions. The Extended Kalman Filter (EKF) was modeled and implemented as a real-time speed estimator, serving as an interface between the induction motor and the designed controller. Subsequently, the H-infinity (H∞) controller was formulated to enhance robustness and speed regulation performance under system uncertainties.
All models were designed and implemented in MATLAB/Simulink R2021a, and the performance of the proposed control system was evaluated using standard dynamic response parameters rise time, settling time, and percentage overshoot which were compared with those obtained from a conventional Proportional-Integral (PI) controller.
2.2 	Modelling of the Induction Motor
The three-phase induction motor was modeled in the d–q reference frame, which allows for decoupling of torque and flux components for efficient control. The stator and rotor voltages are transformed into orthogonal d–q axes, ensuring that the produced magnetomotive force (MMF) in the air gap is equivalent to that of the three-phase system.
The dynamic equations of the motor in the d–q frame are expressed as follows (Metwaly et al., 2019; Sharma et al., 2020):
                     						 1
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where  ,  are stator voltages, ,  are stator currents  is the stator resistance, ,  are stator flux linkages and  is the synchronous angular frequency.
The electromagnetic torque is given by:
							3
and the motion equation is expressed as:
								4
where is the rotor inertia, is the damping coefficient, is the load torque, and is the rotor angular speed
2.3 	Extended Kalman Filter (EKF) Algorithm for Rotor Speed Estimation
To estimate rotor speed without a physical sensor, the Extended Kalman Filter (EKF) was applied to the induction motor model. The continuous-time system equations were discretized using the Euler approximation with a sampling period , forming the state-space model as:
 + 								5
 + 									6
 where and represent process and measurement noise, respectively. The EKF algorithm performs prediction and correction steps iteratively based on the covariance and Kalman gain matrices as detailed by Simon (2006).
This method efficiently estimates the rotor speed in real time, even under varying load conditions, making it suitable for sensorless applications
2.4 	Design of the H-Infinity Controller
The H∞ controller was designed to guarantee robustness and performance against system uncertainties, disturbances, and measurement noise. The objective is to find a controller for the augmented plant that minimizes the closed-loop transfer function from the disturbance input to the regulated output :
|| = ||Fi(G(s), K (s)  < ɤ							6
where ɤ represent the upper bound on the system gain 
weighing function   and  were employed to balance performance and robustness by shaping the sensitivity (S), control (C) and complementary sensitivity (T) functions: 
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Appropriate weighting functions were selected to ensure low sensitivity at low frequencies, constrained control effort, and effective disturbance rejection (Roncero et al., 2017; Pohl and Vesely, 2016)
2.5 	Simulation and Implementation
The developed induction motor model, EKF estimator, and H∞ controller were integrated in MATLAB/Simulink R2021a. A three-phase inverter supplied the motor with a reference speed of 1300 m/s, and simulation outputs were recorded for comparison with a PI-controlled and uncontrolled system.
3.6 Performance Evaluation
Performance was evaluated using rise time (Tr), settling time (Ts), and percentage overshoot (Mp) as defined by Nise (2019):
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Where = natural frequency of the system

 	(for 2% settling time)

 	(for 5% settling time)


Where = the damping ratio,  = natural frequency of the system

									11

Where = the damping ratio
	
3. results and discussion
3.1	Sensorless Speed Estimation
The induction motor model integrated with the Extended Kalman Filter (EKF) was first simulated for rotor-speed estimation without applying any external controller. The EKF demonstrated strong estimation capability, accurately tracking the rotor speed throughout the operating period, as illustrated in Figure 1. The close alignment between the estimated and actual speed profiles highlights the robustness and reliability of the EKF for sensorless induction motor applications.
However, in the absence of a controller, the motor exhibited poor and unstable speed regulation. As presented in Table 1, the system recorded a rise time of 1.758 s, no identifiable settling time (NaN), and significant performance issues including a 52.79% overshoot and an 18.10% undershoot. These instability indicators clearly demonstrate the inadequacy of the open-loop configuration and underscore the necessity for a more effective control strategy to ensure stable and precise motor speed regulation.

3.2 	Sensorless Speed Control Using H-Infinity Controller
The developed H∞ controller was incorporated into the Simulink model, utilizing the EKF-generated speed estimates as feedback for closed-loop regulation. With this configuration, the system successfully achieved the target speed of 1300 m/s and exhibited a markedly improved transient response, as illustrated in Figure 1. The enhanced performance reflects the robustness of the H∞ control strategy in stabilizing the induction motor under sensorless operation.

[image: ]
Figure 1: Speed of an Induction motor with the developed H-infinity controller

Key results include:
i. Rise time: 2.4207 s
ii. Settling time: 5.3029 s
iii. Overshoot: 0.8229%
iv. Undershoot: 0.0019%

Table 1: Step information of an induction motor with H-infinity controller
	Quantity
	Values

	Rise time 
	2.4207

	Settling time
	5.3029

	Settling Minimum
	1.1468e+03

	Settling Maximum
	1.3107e+03

	Overshoot
	0.8229

	Undershoot
	0.0019



The H∞ controller demonstrated rapid convergence to the reference speed while maintaining exceptionally low overshoot and undershoot, resulting in smooth, stable, and highly accurate speed regulation. This level of performance makes the proposed control strategy well-suited for precision-demanding applications, including electric vehicles, industrial robotic systems, and elevator drives, where reliability and dynamic responsiveness are critical.

3.3 	Sensorless Speed Control Using PI Controller
The conventional PI controller was tuned using MATLAB’s built-in auto-tuning feature, complemented by manual fine-adjustment to enhance its performance. While the tuned PI controller achieved overall stable operation, as illustrated in Figure 2, its dynamic response was comparatively slower. Performance metrics indicated a rise time of 1.8252 s, a settling time of 9.8309 s, an overshoot of 4.4926%, and an undershoot approximately equal to zero, as summarized in Table 2. These results highlight the limitations of the PI controller in achieving fast and highly responsive speed regulation.

[image: ]
Figure 2: Speed of an Induction motor with PI controller

Table 2: Step information of an induction motor with PI controller 
	Quantity
	Values

	Rise time 
	1.8252

	Settling time
	9.8309

	Settling Minimum
	1.0439e+03

	Settling Maximum
	1.3584e+03

	Overshoot
	4.4926

	Undershoot
	2.7088e-05



Although the PI controller successfully reduced the oscillatory behavior observed in the uncontrolled system, it was unable to match the precision, dynamic responsiveness, and robustness demonstrated by the H∞ controller. Its performance, while stable, remained limited in handling parameter variations and ensuring high-accuracy speed tracking under varying operating conditions.

3.4 	Performance Validation
The comparative performance results presented in Table 3 clearly demonstrate that the H∞ controller outperformed both the uncontrolled system and the PI-controlled configuration. It delivered the smallest overshoot, the shortest settling time, and virtually no undershoot, affirming its superior robustness, dynamic responsiveness, and precise speed-tracking capability across operating conditions.

Table 3: Summary of the simulation results of all the cases considered
	Methods
	Rise time
	Settling time
	Settling Minimum
	Settling Maximum
	Overshoot
	Undershoot

	Without controller
	1.750
	NaN
	-235.2546
	1.9863e+03
	52.7897
	18.0965

	PI Controller
	1.8252
	9.8309
	1.0439e+03
	1.3584e+0
	4.4926
	2.7088e-05

	H-infinity Controller
	2.4207
	5.3029
	1.1468e+03
	1.3107e+03
	0.8229
	0.0019



Figures 3 and 4 visually depict the superior performance of the H∞ controller, highlighting its ability to track the reference speed more smoothly, rapidly, and accurately, with minimal transient deviations, compared to both the uncontrolled and PI-controlled systems. These results confirm that the developed H∞-based sensorless control system offers exceptional robustness and precision in speed regulation, rendering it highly suitable for high-performance industrial machinery, electric vehicles, and other advanced motor drive applications.

[image: ]
Figure 3: Speed of an Induction motor without controller, with PI controller and with H-infinity controller

Figure 4: Comparison of all the cases considered
4. Conclusion
This study successfully developed and implemented an H-infinity (H∞) based speed control system for a sensorless induction motor drive, integrating an Extended Kalman Filter (EKF) for rotor speed estimation to achieve superior performance under system uncertainties and disturbances. The mathematical model of a three-phase induction motor was formulated in the d–q reference frame and simulated using MATLAB/Simulink R2021a, enabling a detailed evaluation of the control strategy under varying operating conditions. The EKF estimator effectively replaced mechanical sensors, ensuring accurate and stable rotor speed estimation despite measurement noise and load fluctuations. Comparative analysis between the H∞ controller, Proportional-Integral (PI) controller, and uncontrolled system revealed that the proposed controller achieved the lowest overshoot (0.82%), shortest settling time (5.30 s), and negligible undershoot (0.0019%), demonstrating superior robustness, stability, and speed-tracking precision. The results confirm that the H∞-based control strategy offers improved transient response and steady-state performance compared to conventional approaches, maintaining high reliability under nonlinearities and parameter variations. These attributes make it particularly suitable for high-performance industrial drives, electric vehicle propulsion, and renewable energy systems, where adaptability and efficiency are critical. The study further highlights the potential of integrating robust control theory with sensorless estimation to develop intelligent and fault-tolerant motor drive systems. Future research should focus on experimental validation through hardware-in-the-loop testing, optimization of weighting functions for adaptive robustness, and the inclusion of AI-driven self-tuning mechanisms to enhance scalability and energy efficiency. In summary, the developed H-infinity-based sensorless induction motor control system represents a significant advancement toward achieving energy-efficient, reliable, and intelligent electric drive technologies for industrial and renewable energy applications


4. RECOMMENDATION
This study's findings underscore the efficacy and practical significance of the H-infinity (H∞)-based sensorless speed control system for induction motor drives. The amalgamation of the H∞ controller with an Extended Kalman Filter (EKF) exhibited enhanced performance regarding robustness, speed-tracking precision, and disturbance rejection relative to the traditional Proportional-Integral (PI) controller. The system demonstrated reduced overshoot, faster settling time, and enhanced dynamic responsiveness, making it a promising solution for industrial automation, electric vehicle propulsion, and renewable energy applications where precision and dependability are crucial. It is advised that subsequent research concentrate on the hardware implementation and real-time validation of the developed model utilizing digital signal processors (DSP) or field-programmable gate arrays (FPGA) to ascertain its practical efficacy. Additionally, adaptive adjustment of weighting functions and incorporation of artificial intelligence or machine learning algorithms could further boost the controller’s adaptability and energy efficiency under variable load and environmental conditions. The study also recommends exploring multi-objective optimization frameworks to balance control performance with computational cost, thereby facilitating the development of intelligent, cost-effective, and energy-efficient motor drive systems suitable for modern industrial and transportation applications.
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