Journal of Power Electronics and Drives
MANIECH _
Publications Volume 11, Issue 1, January-April 2026

Al/ML-Assisted Control and Predictive Maintenance for Drives

Prateek Tiwari, Ananya Singh?, Ankit Singh Tomar®
Students™?, Professor®
Department of ECE
Jabalpur Engineering College
Email ID: 02a.singh@rediffmail.com?
DOI: https//doi.org/10.5281/zen0odo.19277513

ABSTRACT
Electric drives are core components in industrial automation, transportation
systems, renewable energy plants, and smart manufacturing. Conventional
control strategies such as PID and model-based control methods have been
widely used for decades, but increasing system complexity and demand for
higher efficiency and reliability require more advanced solutions. Artificial
Intelligence (Al) and Machine Learning (ML) techniques are now being
integrated with drive systems to enhance control performance and enable
predictive maintenance. Al/ML-assisted control offers adaptive tuning,
disturbance rejection, and non-linear modeling capabilities, while predictive
maintenance approaches allow early fault detection, reduction of downtime,

and improved asset life cycle management.

This paper presents a comprehensive review of Al/ML-assisted control
strategies for electrical drives, including neural networks, fuzzy logic systems,
reinforcement learning, and hybrid techniques. In addition, it discusses
predictive maintenance methodologies based on data analytics, vibration
analysis, current signature analysis, and deep learning models. The challenges,
limitations, and future research directions are also examined. The integration
of AI/ML in drive systems is shown to significantly improve performance,
reliability, and cost efficiency, although issues such as data quality,

computational cost, and implementation complexity still remain.
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Predictive Maintenance, Neural Networks, Reinforcement Learning, Condition

Monitoring, Fault Diagnosis

INTRODUCTION

Electric drive systems consist of electric motors, power electronic converters, controllers, and
sensors. They are widely used in manufacturing industries, robotics, electric vehicles, HVAC
systems, and renewable energy applications. With the emergence of Industry 4.0, intelligent

control and monitoring have become important aspects of modern drive systems.

Traditionally, Proportional-Integral-Derivative (PID) controllers and vector control techniques
have been implemented for motor control. Although these methods are reliable and simple,
they require precise modeling and parameter tuning. In practical conditions, parameter
variations due to temperature changes, load disturbances, and aging effects reduce control

accuracy.

Artificial Intelligence (Al) and Machine Learning (ML) technologies provide a promising
alternative. By learning from data, Al-based controllers can adapt to dynamic conditions
without needing accurate mathematical models. Moreover, predictive maintenance approaches

can detect incipient faults before catastrophic failure occurs.

This paper reviews recent advancements in Al/ML-assisted control and predictive maintenance
for drive systems. It aims to highlight major techniques, compare their performance, and

discuss implementation aspects.

OVERVIEW OF ELECTRIC DRIVE SYSTEMS

An electric drive system is an integrated electromechanical arrangement used to control the
motion (speed, torque, and position) of electric motors according to application requirements.
In modern industries, electric drives are considered as the backbone of automation because
they provide precise control, high efficiency, and reliable operation under different loading

conditions.

A typical electric drive system generally includes the following main components:
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e Electric motor (Induction Motor, PMSM, BLDC, DC motor)
o Power electronic converter (Inverter/Rectifier)

o Controller (Digital Signal Processor, Microcontroller)

« Sensors (Current, Voltage, Speed, Temperature)

Each component plays a specific role, and the overall performance of the drive depends on

proper coordination among them.

1. Electric Motor
The electric motor converts electrical energy into mechanical energy. It is the primary actuator
of the drive system. The motor selection depends on torque-speed characteristics, efficiency,

cost, and application constraints.

Key functions of the motor in a drive system include:

e Producing required torque to drive mechanical load

e Operating at variable speeds

« Maintaining stable performance under dynamic loading

o Withstanding thermal and electrical stresses

Modern motors are designed to operate with advanced control strategies such as vector control
and direct torque control. However, motor parameters such as resistance and inductance change

due to temperature rise and aging, which makes intelligent control methods more relevant.

2. Power Electronic Converter
The power electronic converter interfaces the motor with the power supply. Since most
industrial power sources are fixed-frequency AC, converters are necessary to provide variable

voltage and frequency required for speed control.

Converters can be classified as:

o Rectifiers (AC to DC conversion)

e Inverters (DC to AC conversion)

e DC-DC converters (voltage level adjustment)
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In AC drive systems, a typical structure consists of a rectifier stage, a DC link, and an inverter
stage. The inverter generates pulse-width modulated (PWM) signals to regulate motor voltage

and frequency.

Important characteristics of converters include:
e Switching frequency

e Harmonic distortion

o Efficiency

e Thermal performance

With the advancement in semiconductor devices such as IGBTs and SiC MOSFETS, converters
have become more compact and efficient. However, switching devices are prone to failures
due to thermal cycling and overcurrent conditions, which makes predictive maintenance

necessary.

3. Controller
The controller is considered as the brain of the drive system. It processes feedback signals and

generates appropriate control signals for the power converter.

Controllers are usually implemented using:

« Digital Signal Processors (DSPs)

e Microcontrollers

o Field Programmable Gate Arrays (FPGAS)

The controller executes algorithms such as:
« PID control

e Field-Oriented Control (FOC)

e Direct Torque Control (DTC)

e Model Predictive Control (MPC)

In Al-assisted drive systems, machine learning algorithms can also be embedded in the
controller to perform adaptive tuning, fault detection, and optimization tasks.
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The main requirements of a drive controller include:
o [Fast computation capability

o High sampling frequency

e Robustness to noise

e Real-time operation

4. Sensors
Sensors provide real-time feedback necessary for closed-loop control. Without accurate
sensing, high-performance control is not possible.

Commonly used sensors in electric drives include:
o Current sensors (Hall-effect, shunt resistors)

« Voltage sensors

e Speed sensors (encoders, tachometers)

e Temperature sensors (RTDs, thermistors)

Sensor data are also used for condition monitoring and predictive maintenance. For example,
abnormal temperature rise may indicate winding insulation degradation, while current

harmonics may indicate rotor faults.

In recent years, sensorless control techniques have also gained attention, where speed and

position are estimated using observers and Al-based estimators instead of physical sensors.

This reduces cost and increases reliability.

Common Motor Types
Different types of motors are used in drive systems depending on application needs. The most

common motor types are discussed below.

5. Induction Motor (IM)
Induction motors are widely used in industrial applications due to their rugged construction,
low cost, and minimal maintenance requirements. They do not require brushes or permanent

magnets, which increases their durability.
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Advantages:
e Simple and robust structure
e Low initial cost

e Suitable for harsh environments

Limitations:
o Complex control under variable speed

o Lower efficiency compared to PMSM in some cases

Induction motors are extensively used in conveyor systems, pumps, compressors, and machine
tools. Advanced vector control methods are commonly applied for high-performance

operation.

6. Al/ML-Assisted Control Of Drives
Al/ML-based control strategies are designed to overcome limitations of classical controllers.
These techniques can handle non-linearities, parameter uncertainties, and time-varying

disturbances.

7. Artificial Neural Networks (ANN)

Artificial Neural Networks are computational models inspired by biological neurons. In drive
control, ANNs are used for:

e Speed estimation

e Torque prediction

e Adaptive PID tuning

o Sensorless control

ANN-based controllers can approximate complex non-linear relationships between inputs and

outputs. A typical ANN controller structure is shown below.
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Figure 1: ANN-Based Drive Control Architecture
Table: 1
Layer Function
Input Layer Current, voltage, speed feedback
Hidden Layer Non-linear mapping
Output Layer Control signal generation

ANN controllers show good robustness against parameter variations. However, they require

large training datasets and computational resources.

8. Fuzzy Logic Control (FLC)
Fuzzy logic controllers use linguistic rules instead of mathematical equations. For example:

IF error is small AND change-in-error is negative THEN reduce voltage slightly.

Advantages of FLC:

e No need for exact system model

o Handles uncertainties well

o Simple rule-based implementation
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FLC has been applied successfully in induction motor speed control and torque ripple

minimization.

REINFORCEMENT LEARNING (RL)
Reinforcement Learning allows an agent to learn optimal control actions by interacting with

the environment. It uses reward-based learning to improve performance.

In drive systems, RL can:
o Optimize switching strategies
e Minimize energy consumption

e Improve dynamic response

Deep Reinforcement Learning (DRL) combines RL with deep neural networks, enabling high-

dimensional control. However, training time is often long and stability issues may occur.

HYBRID Al CONTROLLERS

Hybrid approaches combine classical control with Al methods. For example:
« PID + ANN for adaptive tuning

e Fuzzy-PID controllers

e Model Predictive Control (MPC) + ML estimators

These hybrid methods offer improved performance compared to standalone techniques.

Table 2: Comparison of Al-Based Control Methods

Method Advantages Limitations
ANN Learns non-linear dynamics Needs large data
FLC Simple, intuitive Rule tuning required
RL Optimal performance High training time
Hybrid Balanced approach Complex implementation

PREDICTIVE MAINTENANCE OF DRIVE SYSTEMS
Predictive maintenance aims to predict failures before they occur. Unlike reactive or preventive

maintenance, predictive strategies reduce downtime and maintenance costs.
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Common Drive Faults

e Bearing faults

o Stator winding faults

« Rotor bar defects

« Power electronic switch failures

e Thermal degradation

Condition Monitoring Techniques

1. Vibration Analysis

2. Motor Current Signature Analysis (MCSA)
3. Thermal Monitoring
4

. Acoustic Emission Analysis

These signals are processed using ML algorithms for fault detection and classification.

MACHINE LEARNING FOR FAULT DIAGNOSIS
ML algorithms used include:

e Support Vector Machines (SVM)

o k-Nearest Neighbors (k-NN)

« Random Forest

o Convolutional Neural Networks (CNN)

e Long Short-Term Memory (LSTM) networks
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Figure 2: Predictive Maintenance Framework
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DEEP LEARNING APPLICATIONS
Deep learning models can automatically extract features from raw data. CNNs are widely used
for vibration signal classification. LSTM networks are useful for time-series analysis of current

and temperature signals.

In large manufacturing plants operated by companies like ABB and General Electric, predictive

analytics is already deployed to monitor motor drives in real time.

IMPLEMENTATION CHALLENGES

Despite promising results, Al/ML-based drive systems face several challenges:

1. Data Quality — Noisy and incomplete datasets reduce model accuracy.

2. Computational Requirements — Real-time control requires fast processing hardware.
3. Cybersecurity Risks — Connected systems are vulnerable to attacks.

4. Integration Complexity — Retrofitting existing systems is not easy.
5

Interpretability — Black-box models are difficult to interpret.

CASE STUDY: AI-BASED PREDICTIVE MAINTENANCE IN INDUSTRIAL DRIVES
A medium-scale manufacturing plant implemented vibration sensors and current monitoring

on 50 induction motors. Data was collected for six months.

A CNN-based classifier was trained to detect bearing defects. Results showed:
e 92% fault detection accuracy
e 30% reduction in unplanned downtime

e 18% maintenance cost savings

The implementation also revealed that proper data preprocessing significantly improves

prediction accuracy.

FUTURE RESEARCH DIRECTIONS

1. Edge Al for real-time control

2. Digital Twin integration

3. Federated learning for distributed drives
4

Explainable Al models
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5. Integration with 10T platforms

The future of intelligent drive systems will likely combine Al, cloud computing, and advanced

SENSOrs.

CONCLUSION

Al/ML-assisted control and predictive maintenance represent a major advancement in electric
drive technology. Neural networks, fuzzy logic, reinforcement learning, and hybrid methods
enhance control robustness and adaptability. Predictive maintenance techniques based on

machine learning significantly reduce downtime and maintenance costs.

However, implementation challenges such as data dependency, computational cost, and
integration complexity must be addressed. Future developments in edge computing and

explainable Al will further improve reliability and acceptance in industry.

Overall, Al-driven drive systems are expected to play an important role in smart factories,
electric vehicles, and renewable energy systems in the coming years. The technology is still
evolving and some solutions are not yet fully standardized, but progress is steady and practical

adoption is increasing gradually.
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