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ABSTRACT
Electric drives are widely used in industrial, transportation, and domestic
applications due to their efficiency, reliability, and precise control. However,
operational stresses and environmental factors can degrade the performance of
electric drives over time, leading to unexpected failures. Condition monitoring
(CM) and predictive maintenance (PdM) have emerged as essential strategies
to detect early signs of degradation, prevent unplanned downtime, and optimize
maintenance schedules. This paper presents a comprehensive review of the
principles, techniques, and applications of CM and PdM in electric drives.
Various monitoring parameters such as vibration, temperature, current, and
acoustic signals are discussed along with diagnostic methods including signal
processing, artificial intelligence, and machine learning approaches. The role
of predictive analytics in improving reliability, extending equipment lifespan,
and reducing maintenance costs is highlighted. The paper also presents
comparative studies of different CM techniques, case studies, and future trends

in smart maintenance strategies.

KEYWORDS: Electric drives, Condition monitoring, Predictive maintenance,

Fault diagnosis, Vibration analysis, Machine learning.

INTRODUCTION
Electric drives, comprising an electric motor and associated power electronics, are critical
components in numerous industrial and commercial applications. They offer precise speed,

torque control, and energy-efficient operation, making them indispensable in modern
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automation systems. Despite their robustness, electric drives are prone to various faults due to

mechanical wear, electrical stresses, environmental conditions, and operational overloads.

Traditional maintenance strategies, such as reactive (run-to-failure) or preventive maintenance,
often result in unnecessary downtime or high maintenance costs. Condition monitoring (CM)
and predictive maintenance (PdM) provide proactive solutions by continuously assessing
equipment health and predicting potential failures before they occur. CM uses real-time data
from sensors and diagnostic tools to evaluate the operational status, while PdM leverages
historical and real-time data, along with predictive analytics, to forecast future failures.

This paper provides an in-depth review of CM and PdM techniques in electric drives,

highlighting their benefits, challenges, and practical applications in industrial settings.

FAULTS IN ELECTRIC DRIVES

Electric drives, comprising motors and power electronic converters, are critical in industrial,
commercial, and domestic applications. Despite their robust design, they are susceptible to
various faults that can affect performance, efficiency, and lifespan. Faults in electric drives can
broadly be classified into electrical, mechanical, and thermal faults, each having distinct
causes and consequences. Early detection of these faults is essential for reducing unplanned

downtime and optimizing maintenance.

1. Electrical Faults
Electrical faults are associated with the components responsible for generating and controlling
electrical energy in the drive system. These faults can originate in the stator, rotor, or power

electronic converters.

a) Stator Winding Faults

Stator windings in AC motors are prone to short circuits, insulation failures, and turn-to-
turn faults. Insulation degradation can occur due to thermal stress, moisture, dust, or aging.
Stator faults often manifest as increased current, abnormal heating, and vibration, which

can ultimately lead to motor failure.

Example: A three-phase induction motor experiencing partial stator winding short circuits may
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show unbalanced currents, increased harmonics, and torque ripple. If not detected early, it can

cause catastrophic failure.

b) Rotor Faults

Rotor faults typically occur in the form of broken rotor bars, eccentricity, or rotor winding
failures. In squirrel-cage induction motors, broken rotor bars can cause uneven torque,
vibration, and overheating. Rotor eccentricity, either static or dynamic, creates air-gap

irregularities, leading to pulsating magnetic fields, additional losses, and bearing stress.

Example: In high-power induction motors, a single broken rotor bar can cause periodic

oscillations in rotor speed and noticeable vibration, which may propagate to mechanical parts.

c) Power Electronics Faults

Power electronic components, such as IGBTs, MOSFETS, and diodes, control the voltage
and frequency supplied to the motor. Failures in these devices may occur due to thermal stress,
voltage spikes, overcurrent, or switching losses. Faults in the inverter or converter can result
in loss of torque control, excessive ripple currents, and voltage distortions, ultimately

affecting motor performance.

Example: An IGBT failure in a variable frequency drive (VFD) can lead to a short-circuit
event, tripping the drive and halting the connected industrial process.

2. Mechanical Faults

Mechanical faults arise from moving components in the drive system. They are among the
most common causes of failures in electric drives.

a) Bearing Wear and Misalignment

Bearings support the rotor and ensure smooth rotation. Continuous operation under heavy load,
contamination, or inadequate lubrication can cause bearing wear. Misalignment between the
motor shaft and the driven load leads to increased vibration, noise, and localized heating,

which accelerates bearing failure.

Example: A conveyor motor operating in a dusty environment may suffer from premature

bearing failure due to accumulated debris in the bearing housing.
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b) Shaft Imbalance and Looseness

Rotor imbalance occurs when the mass distribution along the shaft is uneven. This results in
periodic forces during rotation, causing vibrations, noise, and potential damage to bearings
and couplings. Shaft looseness, such as from worn couplings, can further amplify mechanical

stress.

Example: A motor with an unbalanced rotor operating at high speed may induce oscillatory

vibrations in the frame, potentially damaging nearby sensors and equipment.

c) Coupling and Gear Defects

Mechanical couplings transmit torque from the motor to the driven load. Gearboxes may be
used for speed reduction or torque multiplication. Faults in couplings or gears, such as
misalignment, wear, broken teeth, or lubrication failure, can lead to jerky motion, noise,

vibration, and loss of torque transmission.

Example: In an industrial mixer, worn coupling teeth may lead to torque fluctuations, reducing

mixing efficiency and causing further damage to the motor.

3. Thermal Faults

Thermal faults are primarily caused by excessive heating, which can degrade insulation,
mechanical components, and electronics.

a) Overheating Due to Overloading

Continuous operation above rated load can cause the motor or power electronics to exceed their
thermal limits. Overheating accelerates insulation breakdown, bearing deterioration, and

demagnetization of permanent magnets in synchronous machines.

Example: An induction motor driving a conveyor beyond its rated torque may reach winding

temperatures above 150°C, reducing its expected lifespan.

b) Poor Ventilation
Inadequate cooling or blocked ventilation paths prevent heat dissipation. This may result from
dust accumulation, fan failure, or improper enclosure design. Persistent high temperatures

lead to thermal stress on both electrical and mechanical components.
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Example: A motor installed in a confined enclosure without proper airflow may experience

localized hotspots in the stator windings, leading to partial insulation failure.

¢) Insulation Degradation

High operating temperatures, moisture, chemical contamination, and electrical stress cause
insulation deterioration over time. Insulation failure is often the primary cause of stator faults
and can initiate short circuits and motor breakdown.

Example: In industrial pumps, insulation breakdown due to thermal aging can lead to winding
shorts, tripping the motor protection system and halting operations.

Table 1: summarizes common faults and their effects on electric drives

Fault Type Common Causes Effect on Drive Performance
Stator winding Insulation breakdown Reduced efficiency, overheating
Rotor bar Mechanical stress, fatigue Vibration, torque ripple
Bearing wear | Friction, lubrication failure Noise, vibration, eventual seizure
Thermal overload||Excessive load, cooling issue Insulation failure, reduced lifespan
Power electronics||  Switching stress, heat  ||[Converter malfunction, unsteady operation

3. Condition Monitoring (CM) Techniques

Condition monitoring (CM) is a systematic approach to continuously or periodically track the
operational health of electric drives. It helps in detecting early signs of faults, minimizing
unexpected failures, and optimizing maintenance schedules. Modern CM techniques combine
sensor measurements, signal processing, and data analytics to provide reliable diagnostics

of mechanical, electrical, and thermal issues. VVarious CM methods are discussed below.

a) Vibration Analysis

Vibration analysis is one of the most widely used CM techniques for rotating machinery,
including electric motors. Vibrations in a motor or drive system are caused by mechanical and
electrical irregularities. By measuring and analyzing vibration signals, faults such as bearing

defects, rotor imbalance, misalignment, and mechanical looseness can be detected early.
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Instrumentation

e Accelerometers: Piezoelectric or MEMS accelerometers are attached to motor housings to
capture vibrations in axial, radial, or tangential directions.

e Data Acquisition Systems: High-speed acquisition systems convert the analog signals

from sensors into digital data for analysis.

Analysis Techniques

1. Fast Fourier Transform (FFT):

e Converts vibration signals from the time domain to the frequency domain.

e Peaks in the frequency spectrum indicate specific faults, e.g., bearing defect frequencies or

rotor imbalance harmonics.

2. Wavelet Transform:
e Analyzes non-stationary signals, capturing transient events.

e Useful for detecting intermittent faults or sudden changes in vibration patterns.

3. Envelope Analysis:
e Focuses on high-frequency vibration components, typically caused by bearing defects.

e Helps isolate fault signatures from overall vibration noise.

Applications
e Detecting misalignment in coupled shafts.
¢ Identifying bearing wear before catastrophic failure.

e Diagnosing rotor bar breakage in induction motors.

Example: A study on industrial pumps showed that vibration analysis detected early bearing

wear two months before failure, allowing preventive replacement.

b) Temperature Monitoring
Temperature monitoring is a simple yet effective method to track the thermal condition of
motors and power electronic components. Excessive heating is often the first indicator of

overload, bearing friction, insulation degradation, or cooling failure.
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Sensors and Measurement Methods

e Thermocouples: Measure temperature at specific points on stator windings or bearings.

e Resistance Temperature Detectors (RTDs): Provide accurate temperature readings with
low drift.

e Infrared Sensors / Thermography: Non-contact monitoring of motor housings or

electronic boards.

Analysis
e Continuous temperature trending allows detection of abnormal heating patterns.

e Sudden temperature spikes can indicate short circuits or excessive load.

Applications
e Detecting stator insulation degradation in induction motors.
e ldentifying hotspots in power electronics, such as IGBT or MOSFET modules.

e Monitoring bearing temperature to prevent lubrication failure.

Example: Infrared thermography of industrial induction motors revealed localized overheating

due to poor ventilation, preventing eventual insulation breakdown.

¢) Current and Voltage Analysis (Motor Current Signature Analysis — MCSA)
Motor current and voltage analysis is a non-intrusive method to detect both electrical and
mechanical faults. Changes in current waveforms indicate deviations in motor operation caused

by faults.

Principle
e A healthy motor draws a predictable current pattern based on load and speed.
o Faults, such as broken rotor bars, stator winding short circuits, or eccentricity, introduce

harmonics or sidebands in the current spectrum.

Techniques

o Fast Fourier Transform (FFT): Converts current signals to the frequency domain for
fault detection.

e Harmonic Analysis: Identifies characteristic harmonics related to rotor bar faults or

misalignment.
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e Time-Frequency Analysis: Useful for transient conditions, capturing intermittent faults.

Applications
o Detecting broken rotor bars in induction motors.
« Identifying stator faults without physical inspection.

e Monitoring load irregularities in drive systems.

Example: MCSA was used in an electric vehicle traction motor to detect a single broken rotor

bar, enabling preventive replacement without dismantling the motor.

d) Acoustic Emission Monitoring
Acoustic emission (AE) monitoring involves capturing high-frequency sound waves
generated by mechanical faults. Unlike vibration sensors, AE sensors detect stress waves from

cracks, friction, or impacts.

Instrumentation
o Ultrasonic sensors: Detect high-frequency emissions from faults.

e Microphones: Capture audible acoustic changes in the machine environment.

Analysis Techniques

o Time-domain analysis: Detects sudden bursts of acoustic energy.

e Frequency-domain analysis: Identifies specific fault-related frequencies.

o Pattern recognition and Al: Distinguishes between normal operation sounds and fault-

related noise.

Applications
o Detecting bearing defects before vibration signatures become prominent.
« ldentifying gear or coupling faults in enclosed systems.

« Early warning of mechanical looseness or friction in rotating machinery.

Example: AE monitoring in wind turbine generators identified micro-cracks in bearings

several months before conventional vibration analysis detected any anomaly.
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e) Oil and Lubricant Analysis
In motors and drives with lubrication systems, oil or lubricant analysis provides valuable
insight into mechanical health. Wear particles, metal contamination, or chemical changes in

lubricants indicate bearing wear, gear degradation, or lubrication failure.

Techniques

e Particle counting and microscopy: Detects metal debris from bearings or gears.

e Spectroscopic analysis: Identifies chemical changes in lubricants.

e Viscosity measurement: Monitors oil degradation due to high temperature or

contamination.

Applications
e Predicting bearing failure in large industrial motors.
« Identifying gearbox wear in variable-speed drives.

e Monitoring overall mechanical health in maintenance programs.

Example: Oil analysis in an industrial compressor revealed excessive iron particles, indicating

bearing wear. Maintenance was scheduled before catastrophic failure occurred.

PREDICTIVE MAINTENANCE (PDM) IN ELECTRIC DRIVES

Predictive Maintenance (PdM) is a proactive maintenance strategy that relies on monitoring
the actual condition of equipment rather than adhering to fixed time intervals. Unlike
preventive maintenance, which schedules interventions based on average lifetimes, PdM uses
real-time data and predictive analytics to determine the optimal timing for maintenance.
This reduces unnecessary interventions, minimizes downtime, and extends the life of electric

drives.

The PdM process can be divided into four main stages: data acquisition, data preprocessing,
fault diagnosis, and remaining useful life (RUL) estimation.

1. Data Acquisition
The first step in PdM is collecting operational data from the electric drive system. The quality

and quantity of data directly influence the effectiveness of predictive maintenance.
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Key Parameters Measured

e Vibration signals: Captured using accelerometers to detect mechanical faults such as
bearing wear, misalignment, or rotor imbalance.

e Temperature readings: Thermocouples, RTDs, and infrared sensors monitor motor
windings, bearings, and power electronics for thermal stress.

o Electrical signals: Motor current, voltage, and power factor measurements reveal electrical
anomalies like rotor bar failures, insulation faults, and unbalanced loads.

e Acoustic emissions: Ultrasonic or microphone sensors detect high-frequency sounds
associated with mechanical defects.

e Lubrication and oil condition: Wear particles and contaminants are monitored to assess

bearing and gearbox health.

Data Storage
Collected data is typically stored in cloud-based platforms or local servers, enabling
historical trend analysis. Industrial 10T systems allow real-time streaming and integration with

maintenance dashboards.

Example: In an industrial conveyor system, accelerometers and temperature sensors were
installed on all motors. Data acquisition over six months allowed early detection of abnormal

vibration patterns in two motors, preventing catastrophic failure.

2. Data Preprocessing
Raw sensor data often contains noise and irrelevant information. Data preprocessing is critical

to ensure accurate fault diagnosis and predictive modeling.

Key Preprocessing Steps

1. Noise Filtering: Remove high-frequency or irrelevant noise using filters such as
Butterworth, Chebyshev, or Kalman filters.

2. Normalization: Standardize sensor values to a common scale for comparison and model
training.

3. Feature Extraction: ldentify parameters that reflect the health of the drive system.
Common features include:

e RMS vibration amplitude: Quantifies overall vibration energy.
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4.

3.

o Temperature rise: Indicates thermal stress or insulation degradation.

« Harmonic distortion: Reveals electrical faults in stator or rotor.

o Bearing defect frequencies: Extracted using envelope analysis or FFT for early fault
detection.

Dimensionality Reduction: Techniques like Principal Component Analysis (PCA)

reduce large datasets to key features, improving computational efficiency and model

performance.

Example: In a wind turbine induction motor, preprocessing of vibration and current data

reduced noise and extracted key features that were later used to predict bearing failure with

high accuracy.

Fault Diagnosis

Fault diagnosis identifies the type, location, and severity of potential failures. PdM relies on

advanced algorithms that can detect patterns in sensor data and classify faults before they

escalate.

Techniques Used

1.

Support Vector Machines (SVM):
Classifies faults by finding optimal hyperplanes that separate healthy and faulty conditions.

Effective for small- to medium-sized datasets with labeled fault data.

Artificial Neural Networks (ANN):
Mimics human brain learning to recognize complex patterns.
Can classify multiple fault types in induction motors, such as broken rotor bars or bearing

defects.

Random Forests:
Ensemble learning technique that builds multiple decision trees for classification and
regression.

Robust to noise and capable of handling large datasets from multiple sensors.

Principal Component Analysis (PCA):
Reduces the dimensionality of datasets while retaining essential information.

Helps detect anomalies by identifying deviations from the normal operation patterns.

35 Page 25-40 © MANTECH PUBLICATIONS 2026. All Rights Reserved



Recent Trends in Electrical Machines and Drives
MANIECH _
Publications Volume 11, Issue 1, January-April 2026

Applications
o Detecting stator winding faults using harmonic analysis of current signals.
o Classifying bearing defects in rotating motors based on vibration features.

« ldentifying rotor imbalance or eccentricity in induction or synchronous motors.

Example: ANN-based fault diagnosis in an electric vehicle motor identified early-stage rotor

bar faults with over 90% accuracy, allowing intervention before significant damage occurred.

4. Remaining Useful Life (RUL) Estimation
RUL estimation predicts the time before a component or system reaches failure, enabling
timely maintenance and resource planning. Accurate RUL estimation is critical for optimizing

maintenance schedules and reducing operational risk.

Methods for RUL Estimation
1. Statistical Modeling:
o Uses historical failure data to estimate probability distributions and expected life.

e Techniques include Weibull analysis and survival analysis.

2. Physics-Based Models:

o Simulates the physical degradation process of components, such as bearing wear or
insulation breakdown.

e Requires detailed knowledge of material properties, operating conditions, and stress

factors.

3. Machine Learning-Based Models:
o Leverages sensor data and historical failure patterns to predict RUL.
e Techniques include deep learning (LSTM, CNN) for time-series prediction, regression

models, and hybrid Al approaches.

Applications

o Estimating RUL of bearings in industrial induction motors, preventing unexpected
downtime.

e Predicting the life of IGBT modules in VFDs, ensuring replacement before catastrophic

failure.
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e Optimizing maintenance schedules in wind turbines based on RUL of mechanical and

electrical components.

Example: A predictive maintenance system for a fleet of electric vehicle motors combined

vibration and current data with LSTM neural networks to estimate RUL, extending motor life

and reducing maintenance costs by 25%.
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Figure 1: lllustrates the PdM workflow for electric drives
Table 2: Compares common condition monitoring techniques
) Fault Detection ) o
Technique . Complexity| Cost Limitations
Capability
o || Mechanical, bearing, ) ) Sensitive to mounting,
Vibration Analysis Medium |[Medium )
rotor noise
Temperature Thermal overload,
o ) ) Low Low | May detect faults late
Monitoring insulation faults
) Rotor, stator, load ) ) Requires skilled
Current Signature ) Medium ||[Medium ) )
anomalies interpretation
) o Bearing, mechanical ) ) Sensitive to
Acoustic Emission Medium |Medium ] ]
looseness environmental noise
_ _ Bearing wear, Only for lubricated
Oil Analysis o Low Low
contamination systems
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CASE STUDIES

1. Industrial Conveyor Systems

An industrial plant implemented vibration-based CM on 10 induction motors driving conveyor
belts. Early detection of bearing wear reduced unplanned downtime by 30% and maintenance
costs by 20%.

2. Electric Vehicle Traction Motors
A study on EV traction motors used MCSA and Al-based PdM to predict rotor bar faults. The

model achieved 95% fault detection accuracy and allowed timely component replacement.

3. Renewable Energy Drives
Wind turbine generators benefited from temperature and vibration monitoring combined with
Al-based RUL estimation. Predictive maintenance extended generator lifespan by 15% and

prevented catastrophic failures.

FUTURE TRENDS

e 10T and Edge Computing: Real-time CM using connected sensors and edge devices
reduces latency and allows decentralized PdM.

o Digital Twins: Virtual replicas of drives simulate operation and predict faults before they
occur.

« Al-Enhanced Predictive Analytics: Deep learning models improve RUL estimation and
fault classification.

e Integration with Smart Grids: Predictive maintenance data can optimize energy

efficiency and grid reliability.

CHALLENGES

e High installation and sensor costs for small-scale systems.

« Data quality and sensor calibration are critical for accurate fault diagnosis.
« Integration of heterogeneous data sources is complex.

o Need for skilled personnel to interpret AI/ML results.

CONCLUSION

Condition monitoring and predictive maintenance are essential strategies for enhancing the
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reliability and performance of electric drives. By combining real-time data acquisition,

advanced signal processing, and Al-based analytics, faults can be detected early, reducing

downtime and maintenance costs. Vibration analysis, temperature monitoring, current

signature analysis, and acoustic emission techniques form the core of CM, while PdM leverages

predictive models for maintenance optimization. Future trends, including loT, digital twins,

and Al integration, promise smarter, more efficient maintenance strategies. Implementing CM

and PdM not only extends the life of electric drives but also contributes to energy savings,

operational efficiency, and overall system reliability.
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