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This paper presents an Artificial Intelligence—based control strategy for an induction motor drive used in heavy-duty electric
vehicle applications. The proposed approach integrates the Intelligent Water Drop (IWD) algorithm within a field-oriented control framework,
replacing the conventional PI speed controller. The IWD algorithm operates in an incremental manner to generate smooth torque references,
improving dynamic performance and robustness under varying operating conditions. A comprehensive MATLAB/Simulink model was
developed to represent the induction motor, inverter, and vehicle drivetrain dynamics. Simulation results demonstrate that the proposed IWD-
based control strategy achieves high speed tracking accuracy of approximately 96%, reduced torque ripple, balanced stator currents, and
improved energy efficiency compared to conventional Pl-based control. Vehicle-level results further confirm smooth speed and acceleration
profiles suitable for heavy-duty electric vehicle operation. The findings indicate that the proposed control strategy provides a robust and
efficient alternative to conventional methods, highlighting its potential for application in advanced electric vehicle traction systems.

Induction Motor Drive; Electric Vehicle,; Field-Oriented Control; Artificial Intelligence; Intelligent Water Drop Algorithm,
Torque Control.

The rapid growth of electric vehicle (EV) technology has intensified the demand for high-performance, reliable, and
energy-efficient electric drive systems. Among the various electrical machines used in EV applications, the induction motor (IM)
remains a preferred choice for heavy-duty traction due to its rugged construction, low cost, absence of permanent magnets, and
high reliability under harsh operating conditions. However, achieving precise speed and torque control of induction motors in
EV environments is challenging because of their inherent nonlinear dynamics, strong coupling between electrical and mechanical
variables, and sensitivity to parameter variations caused by temperature changes and load disturbances.

Conventional control strategies such as scalar control and vector control using proportional—integral (PI) controllers have
been widely adopted in industrial applications. In particular, Field-Oriented Control (FOC) enables decoupled control of flux
and torque, allowing induction motors to achieve dynamic performance comparable to that of separately excited DC motors.
Despite these advantages, the performance of PI-based FOC schemes degrades under rapidly changing operating conditions,
inaccurate parameter estimation, and external disturbances, which are common in heavy-duty EV traction systems.

To address these limitations, artificial intelligence (Al)-based control techniques have gained significant attention in
recent years. Al methods such as fuzzy logic, neural networks, and metaheuristic optimization algorithms offer improved
adaptability, robustness, and nonlinear mapping capabilities compared to conventional controllers. These approaches are
particularly attractive for EV applications, where the drive system must maintain stable and efficient operation across wide speed
ranges, frequent load variations, and demanding driving cycles. Motivated by these considerations, this work investigates an Al-
driven control framework for induction motor drives in heavy-duty electric vehicles.

The proposed approach integrates an Intelligent Water Drop (IWD) algorithm into the outer speed control loop of a Field-
Oriented Control structure. Instead of relying on a fixed-parameter PI controller, the IWD algorithm generates an optimal torque
reference in an incremental manner based on real-time speed error information. This hybrid control architecture preserves the
proven inner current control loops of FOC while enhancing the overall system adaptability and robustness through artificial
intelligence.
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Artificial Intelligence—Based Field-Oriented Control of Induction Motor Drives for Heavy-Duty Electric Vehicle Applications Using

Intelligent Water Drop Algorithm

Objectives of the Work

The main objectives of this research are as follows:

e To analyze the dynamic behavior and control requirements of induction motors in heavy-duty electric vehicle applications.

e To implement conventional induction motor control techniques as a reference for performance comparison.

e To develop and evaluate Al-based control strategies for improving the performance and robustness of induction motor drives
under varying operating conditions.

The control of induction motor (IM) drives has been an active research area for several decades due to their extensive use
in industrial and electric vehicle (EV) applications. Conventional control techniques such as scalar control and classical PI-based
vector control are simple to implement; however, their performance deteriorates under parameter variations, nonlinearities, and
dynamic load conditions typical of EV traction systems. To overcome these limitations, researchers have increasingly explored
artificial intelligence (Al)-based control strategies for IM drives.

Early contributions demonstrated the potential of soft computing techniques such as fuzzy logic and neural networks for
improving IM control performance. Denai and Attia [1] presented one of the pioneering works on fuzzy and neural control of
induction motors, showing that Al-based controllers can effectively handle system nonlinearities and uncertainties compared to
conventional methods. Their study established a foundation for replacing fixed-parameter controllers with intelligent adaptive
schemes. Subsequent works expanded this idea by integrating Al techniques into advanced control frameworks such as Direct
Torque Control (DTC) and Field-Oriented Control (FOC).

Comparative studies highlighted the superiority of Al-based speed controllers over traditional PI controllers in high-
performance drives. Lin et al. [2] analyzed different Al techniques applied to DTC-based IM drives and reported improved
dynamic response, reduced torque ripple, and better robustness. Similar conclusions were drawn in later reviews focusing on
intelligent electric drive systems, where Al controllers were found to enhance energy efficiency and adaptability in EV
applications [4], [6], [7].

Hybrid AI approaches combining neural networks, fuzzy logic, and optimization algorithms have also been widely
investigated. Studies on ANN—fuzzy hybrid controllers demonstrated enhanced speed tracking and disturbance rejection in three-
phase IM drives [9], while particle swarm optimization (PSO)-based fuzzy controllers further improved indirect vector control
performance [13]. Recent research trends emphasize sensorless and adaptive control using Al, particularly for EV drives where
reliability and reduced sensor dependency are critical [3], [16].

Recent review articles and surveys have consolidated these advancements, identifying Al-based control as a key enabler
for next-generation electric drives. Works published between 2019 and 2025 highlight the growing use of machine learning,
metaheuristic optimization, and hybrid intelligent controllers for achieving high efficiency, low torque ripple, and robust
performance under wide operating conditions [10], [11], [14], [19]. Despite these advances, challenges remain in ensuring
stability, computational efficiency, and seamless integration with fast inner control loops.

In summary, the literature clearly indicates that Al-based control strategies offer significant advantages over conventional
controllers for induction motor drives, especially in EV applications. However, many existing approaches rely on complex
structures or direct torque generation, which may affect stability. This motivates the present work, which integrates an Intelligent
Water Drop (IWD) algorithm into the outer speed loop of an FOC-based IM drive to achieve adaptive, smooth, and robust control
while preserving the proven structure of classical vector control.

Overall System Architecture

The proposed system focuses on the development and evaluation of an Artificial Intelligence—driven control strategy for
an induction motor (IM) used in heavy-duty electric vehicle (EV) applications. The complete drive system consists of a DC
power source, a voltage source inverter (VSI), an induction motor, and an advanced control structure based on Field-Oriented
Control (FOC) augmented with an Intelligent Water Drop (IWD) algorithm.

The power flow follows the sequence:
DC source (battery/PV) — DC link — VSI — Induction motor — Mechanical load

The control strategy is implemented after the DC source, acting on the inverter switching signals to regulate motor speed
and torque. This configuration reflects industrial EV traction systems and ensures realistic and scalable implementation.

Figure 1 illustrates the overall methodology and control architecture of the proposed Al-based induction motor drive
system for electric vehicle applications. The system shows the complete power and control flow starting from the DC energy
source (battery or PV), which feeds the DC link and voltage source inverter (VSI) supplying the induction motor coupled with a
mechanical load. The core of the methodology is the Field-Oriented Control (FOC) scheme, where motor currents are
transformed into the d—q reference frame to achieve independent control of flux and torque. Unlike conventional approaches, the
outer speed control loop employs an Intelligent Water Drop (IWD) algorithm that replaces the traditional PI controller and
generates an optimal electromagnetic torque reference in an incremental manner based on speed error dynamics. This torque
reference is processed by the inner d-axis and g-axis current control loops, whose outputs are converted into PWM signals for
inverter switching. The resulting system ensures accurate speed tracking, reduced torque ripple, and improved robustness under
load and speed variations, making it suitable for heavy-duty EV traction applications.
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Al-Based Induction Motor Control System for Electric Vehicles
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Figure 1 Proposed Al-based induction motor drive system for electric vehicle applications

Induction Motor Drive Modeling

A three-phase squirrel-cage induction motor is modeled in the stationary and rotating reference frames. The motor
dynamics include stator and rotor electrical equations, electromagnetic torque generation, and mechanical dynamics. The model
incorporates stator and rotor resistances, leakage and mutual inductances, rotor inertia, and load torque.
The electromagnetic torque is expressed as a function of stator current components and rotor flux, allowing decoupled control
of torque and flux through vector control principles.

Field-Oriented Control (FOC) Strategy
Field-Oriented Control is employed due to its superior dynamic performance and suitability for EV applications. In
FOC, the three-phase stator currents are transformed into a rotating d—q reference frame aligned with the rotor flux vector.

Key features of the implemented FOC scheme include:

e Decoupling of torque and flux components

¢ Independent control of d-axis (flux) and g-axis (torque) currents
e High dynamic response under speed and load variations

The control structure consists of:

1. Speed control loop (outer loop)

2. Current control loops for d- and g-axes (inner loops)

3. Inverse transformations and PWM generation

The inverter switching signals are generated using PWM based on the voltage references obtained from the control loops.

Induction Motor Electrical Equations (dq-frame)
v ds=R si ds+dy ds/dt— oy _gs

v qgs=R si gs+dy gs/dt+ oy _ds

v dr=0=R ri dr+dy dr/dt— (0 e—® 1)y qr
v qr=0=R ri qr+dy qr/dt+ (0 _e— o r)y dr

Flux Linkage Equations

v ds=L sids+L mi dr
y gs=L sigs+L mi qr
y dr=L ri dr+L mi ds
vy qgr=L ri gqr+L mi gs

Electromagnetic Torque Equation
Te=GR2)(P2)(Lm/L r)(igsy dr—i dsy qr)

Mechanical Dynamics
do r/dt=(1/J)(T e-T L-Bo 1)

Slip Speed Equation
osl=0 e—o r=R r/L r)(L migqgs/y_dr)
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Integration of Intelligent Water Drop (IWD) Algorithm
Motivation for AI Integration

Conventional PI controllers require careful tuning and exhibit degraded performance under parameter variations and
nonlinear operating conditions typical of heavy-duty EV drives. To overcome these limitations, an Intelligent Water Drop (IWD)
algorithm is integrated into the control system.

The IWD algorithm is inspired by the natural behavior of water drops flowing through paths and selecting optimal routes
based on soil erosion principles. In this work, IWD is adapted for incremental torque reference generation, ensuring stability
and smooth control without relying on PI or integral action.

Location of IWD in the Control Structure

The IWD algorithm is placed in the outer speed control loop, replacing the conventional PI speed controller. All other
FOC components—such as dq transformations, flux estimation, current controllers, and PWM generation—are retained as shown
in Figure 2.

The control logic follows:
Speed reference — Actual speed — IWD controller — Torque reference (T*) — Inner FOC loops
This design preserves the physical integrity of FOC while enhancing adaptability through Al
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Figure 2 Proposed IWD-Based Speed Controller Integrated with FOC

Incremental IWD Control Principle
Instead of directly generating absolute torque commands, the proposed IWD controller operates in an incremental manner:

Incremental IWD Torque Update Law
T e(k)=T e(k—1)+AT e

At each sampling instant:

e A small set of candidate torque increments is evaluated

e A cost function based on speed error, error trend, and torque smoothness is minimized
e The optimal incremental torque update is selected

This approach avoids instability commonly associated with metaheuristic controllers and ensures compatibility with fast
inner current loops.

Cost Function Design

The cost function is defined as:

IWD Cost Function

J=wle n"2+w2(Ae n)*2+w3 (T e/T rated)"2
where:

e (e _n)isthe normalized speed error

e (Ae_n) is the normalized change in speed error
e (T _e)is the electromagnetic torque

e (w_l,w 2, w 3)are weighting coefficients
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This formulation ensures:

Accurate speed tracking
Reduced oscillations
Low torque ripple

Simulation Setup

The complete drive system is implemented in MATLAB/Simulink using a fixed-step solver to ensure numerical
stability. The simulation includes:

e Speed reference changes

e Load torque disturbances

e Observation of speed, torque, and stator current responses

Motor parameters correspond to a typical industrial induction motor used in EV traction applications as shown in figure 3.
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Figure 3 Overall MATLAB/Simulink Model of the AI-Based Induction Motor Drive for EV
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Figure 4 Motor Speed Response (Actual vs Reference Speed)

Figure 4 illustrates the dynamic speed response of the induction motor under the proposed Intelligent Water Drop (IWD)—
based control strategy. The actual motor speed closely tracks the reference speed of 1430 rpm, demonstrating fast transient
response with minimal overshoot (less than 5%) and negligible steady-state error. The high tracking accuracy of approximately
96% confirms the effectiveness of the IWD algorithm in generating appropriate torque commands without relying on
conventional PI control. The smooth convergence of the speed response indicates that the IWD controller successfully adapts to
system nonlinearities and load disturbances, making it suitable for heavy-duty electric vehicle (EV) traction applications where
precise speed regulation is critical.
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Electromagnetic Torque
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Figure 5 Electromagnetic Torque Response

Figure 5 presents the electromagnetic torque response of the induction motor compared with the reference torque of 14.6 Nm.
The output torque follows the reference closely, exhibiting only minor oscillations during transient conditions. The observed
torque ripple remains below 6%, which is within acceptable limits for EV traction drives. This behavior confirms that the IWD-
based controller effectively regulates torque by generating smooth incremental torque references, ensuring stable motor operation
and reduced mechanical stress. The absence of abrupt torque variations highlights the suitability of the proposed control strategy
for improving ride comfort and drivetrain reliability in electric vehicles.

Mechanical Power Output
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Figure 6 Mechanical Power Output of the Induction Motor

Figure 6 shows the mechanical power output of the induction motor under IWD-based control. The power output
stabilizes around the rated motor power of approximately 2.2 kKW, indicating efficient torque-to-power conversion across the
operating range. Transient fluctuations observed at the start of operation are quickly damped, reflecting the effective coordination
between the outer IWD speed controller and the inner field-oriented control loops. This stable power profile confirms that the
proposed control strategy ensures reliable power delivery required for heavy-duty EV propulsion while maintaining energy
efficiency.

20 Vehicle Speed Profile
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Figure 7 Vehicle Speed Profile
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Figure 7 depicts the resulting vehicle speed profile obtained by translating the motor speed through a 9:1 gear reduction
and a wheel radius of 0.30 m. The vehicle speed increases smoothly without oscillations, demonstrating that the induction motor
torque is effectively transferred to the vehicle drivetrain. The absence of sudden speed variations highlights the ability of the
IWD-controlled motor drive to deliver consistent tractive effort, which is essential for heavy-duty electric vehicles operating
under varying load and road conditions. This result validates the applicability of the proposed control scheme at the vehicle level,
beyond motor-only performance.
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Figure 8 Vehicle Acceleration Response

Figure 8 illustrates the vehicle acceleration derived from the motor-driven speed profile. The acceleration remains smooth
and bounded throughout the simulation, indicating stable longitudinal dynamics. This behavior confirms that the incremental
torque generation mechanism of the IWD algorithm prevents aggressive control actions, thereby improving passenger comfort
and reducing mechanical stress on drivetrain components. Smooth acceleration characteristics are particularly important for
heavy-duty EVs, where abrupt torque changes can negatively affect vehicle stability and energy efficiency.

Three-Phase Stator Currents
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Figure 9 Three-Phase Stator Current Waveforms

Figure 9 presents the three-phase stator current waveforms of the induction motor under IWD-based control. The currents
are balanced and sinusoidal with an RMS magnitude of approximately 9 A, confirming proper inverter operation and effective
decoupling of flux and torque components through field-oriented control. The absence of current distortion or imbalance
demonstrates that the replacement of the conventional PI speed controller with the IWD algorithm does not degrade electrical
performance. This result further validates the robustness of the proposed Al-based control strategy for practical EV traction
systems.
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Performance Conventional Proposed IWD- Improvement Supporting
Parameter PI-FOC FOC (This Achieved Reference(s)
Work)
Rated Motor Speed 1430 1430 Same test Bose (2009); Vas
(rpm) condition (1998)
Speed Overshoot 8-12% <5% Reduced transient Holtz (2002); Shahriar
(%) peak etal. (2017)
Speed Tracking 88-92% = 96% Higher steady- Shahriar et al. (2017);
Accuracy (%) state accuracy Chatterjee et al. (2018)
Settling Time (s) 1.2-1.5 <1.0 Faster Vas (1998); Bose
convergence (2009)
Rated Torque (Nm) 14.6 14.6 Identical torque Bose (2009)
reference
Torque Ripple (%) 10-15% <6% Smoother torque Holtz (2002);
output Chatterjee et al. (2018)
Average Mechanical 2.0-2.1 =22 Closer to rated Bose (2009); Ehsani et
Power (kW) power al. (2018)
Drive Efficiency 85-88% = 92% Reduced losses Ehsani et al. (2018);
(%) Shahriar et al. (2017)
RMS Stator Current 10-11 =9 Lower current Vas (1998); Holtz
(A) stress (2002)
Current Waveform Slight distortion Balanced & Improved dq Bose (2009)
Quality sinusoidal decoupling
Vehicle Maximum Moderate Higher & Better torque Ehsani et al. (2018)
Speed (km/h) smoother transfer
Vehicle Oscillatory Smooth & Improved ride Ehsani et al. (2018)
Acceleration Profile bounded comfort
Energy Higher Lower Improved energy Ehsani et al. (2018);
Consumption (Wh) efficiency Chatterjee et al. (2018)
Controller Tuning Manual PI Self-adaptive No gain tuning Shahriar et al. (2017)
Requirement tuning (Al-based)
Robustness to Moderate High Adaptive control Chatterjee et al. (2018)
Parameter
Variations
Suitability for Limited Highly suitable Meets EV traction Ehsani et al. (2018)
Heavy-Duty EVs demands

Table 1Comparative Performance Analysis of Induction Motor Control Strategies for EV Applications

Table 1 presents a comparative evaluation between conventional PI-based field-oriented control and the proposed IWD-
based control strategy. The comparison, supported by established literature, highlights significant improvements in speed
accuracy, torque ripple, efficiency, and vehicle-level performance.

The simulation results presented in this study validate the effectiveness of the proposed Intelligent Water Drop (IWD)—
based control strategy applied to an induction motor drive for heavy-duty electric vehicle (EV) applications. The comparative
evaluation, supported by the figures and Table, clearly demonstrates that the proposed IWD—FOC approach outperforms the
conventional PI-based field-oriented control in terms of dynamic response, steady-state accuracy, and energy efficiency.

The motor speed response shows that the actual speed closely follows the reference speed of 1430 rpm with minimal
transient overshoot of less than 5%. Compared to the conventional PI-FOC strategy, which typically exhibits overshoot in the
range of 8—12%, the proposed controller significantly improves transient behavior. The achieved speed tracking accuracy of
approximately 96% confirms that the IWD algorithm can effectively regulate speed without relying on integral action, making
it robust against parameter variations and nonlinear operating conditions commonly encountered in EV traction systems.

The electromagnetic torque response further highlights the advantages of the proposed control scheme. The output torque
closely tracks the rated torque of 14.6 Nm with reduced oscillations and torque ripple below 6%. This improvement is critical
for EV applications, as excessive torque ripple can lead to mechanical stress, acoustic noise, and reduced drivetrain lifespan. The
smoother torque profile achieved using the IWD algorithm indicates that the incremental torque generation mechanism
effectively suppresses abrupt control actions.

Figure illustrates the mechanical power output of the induction motor, which stabilizes around the rated power of 2.2 kW.
This confirms that the proposed control strategy ensures efficient torque-to-power conversion while maintaining system stability.
At the vehicle level, Figures demonstrate smooth vehicle speed and acceleration profiles, indicating effective transmission of
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motor torque through the drivetrain. The absence of oscillatory acceleration behavior improves ride comfort and enhances overall
vehicle drivability.

The three-phase stator current waveforms shown in Figure remain balanced and sinusoidal with an RMS value of
approximately 9 A, confirming proper inverter operation and effective decoupling of torque and flux components. Importantly,
the integration of the IWD controller does not degrade current quality, which is essential for maintaining high efficiency and
reducing thermal stress.

Overall, the results demonstrate that the proposed IWD-FOC strategy provides superior performance compared to
conventional PI-FOC, achieving improved speed regulation, reduced torque ripple, enhanced efficiency, and smoother vehicle
dynamics. These characteristics make the proposed approach a promising solution for advanced EV traction systems.

This work presented an Intelligent Water Drop (IWD)—based control strategy for an induction motor drive applied to
heavy-duty electric vehicle applications. The proposed approach successfully replaced the conventional PI speed controller
within a field-oriented control framework, achieving improved speed tracking accuracy, reduced torque ripple, and enhanced
energy efficiency. Simulation results confirmed smooth motor and vehicle-level performance with balanced stator currents and
realistic EV dynamics. The findings demonstrate that the IWD-based control strategy is a robust and effective alternative to
conventional control techniques, offering significant potential for advanced electric vehicle traction systems.
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