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ABSTRACT
Industrial machines are the backbone of manufacturing, power plants,
transport systems and process industries. Unexpected failure of machines leads
to production losses, safety issues and high maintenance cost. Traditional
maintenance approaches like breakdown maintenance and preventive
maintenance are no longer sufficient for modern automated industries.
Condition Monitoring (CM) and Predictive Maintenance (PdM) are emerging
as intelligent solutions where machine health is continuously monitored using
sensors, signal processing, and data analytics to predict faults before they
occur. This paper presents a detailed review of various condition monitoring
techniques used for electrical and mechanical machines such as vibration
analysis, thermal monitoring, acoustic emission, oil analysis, and electrical
signature analysis. The role of Internet of Things (1oT), Artificial Intelligence
(Al), and Machine Learning (ML) in predictive maintenance is also discussed.
A comparison between different monitoring methods, sensors, and diagnostic
tools is presented through tables. The paper also explains the benefits,
challenges and future trends in this area. Condition monitoring not only
increases machine reliability but also improves safety and reduces maintenance

cost significantly.

KEYWORDS: Condition monitoring, predictive maintenance, vibration

analysis, machine learning, fault diagnosis, 10T, electrical signature analysis.
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INTRODUCTION

In industries, machines such as motors, pumps, compressors, turbines and gearboxes operate
continuously for long hours. Any failure in these machines can stop the entire production line.
Traditionally, maintenance was done only after machine failure (breakdown maintenance) or
at fixed time intervals (preventive maintenance). These methods are not efficient because they

either cause sudden downtime or unnecessary servicing of healthy machines.

Condition Monitoring (CM) is a technique where the actual condition of machine is monitored
in real-time. Predictive Maintenance (PdM) uses this condition data to predict future faults and
plan maintenance accordingly. This approach reduces downtime, saves cost and improves
machine life. With advancement in sensors, data acquisition systems, and communication

technologies, CM and PdM become practical for many industries.

MAINTENANCE STRATEGIES OVERVIEW (ELABORATED)

Maintenance strategy plays a very important role in the reliability, safety and operating cost of
industrial machines. Selection of proper maintenance approach decides how effectively the
machines will perform over long time. Over the years, maintenance philosophy has evolved

from simple repair-after-failure to intelligent data-driven predictive maintenance.

Broadly, maintenance strategies can be classified into four main categories: Breakdown
Maintenance, Preventive Maintenance, Condition-Based Maintenance, and Predictive
Maintenance. Each strategy has its own working principle, cost implication, and suitability

depending on the type of machine and industry.

1. Breakdown Maintenance (Reactive Maintenance)

This is the oldest and simplest maintenance approach. In this strategy, machines are allowed to
run until they fail. Repair or replacement is carried out only after the fault occurs.

Working principle:

“Run the machine till failure, then repair it.”

Characteristics:

e No monitoring required

« No maintenance planning
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o Suitable for non-critical and low-cost equipment

Disadvantages:

e Sudden production stoppage

e High downtime

o Possible safety hazards

o Damage may spread to other parts

Example:

A small cooling fan in a panel is replaced only after it stops working.

This method is not suitable for critical equipment like turbines, compressors, large motors, etc.

2. Preventive Maintenance (Time-Based Maintenance)
Preventive maintenance is carried out at regular time intervals regardless of machine condition.

It is based on manufacturer recommendations or past experience.

Working principle:

“Service the machine periodically, whether it needs or not.”
Activities include:

e Lubrication

e Cleaning

« Replacement of parts after fixed hours

o Inspection at regular intervals

Advantages:

« Reduces chances of sudden failure

« Easy to schedule

o No complex monitoring system needed
Limitations:

o Healthy parts may be replaced unnecessarily
e Increases maintenance cost

e Does not consider actual machine condition
Example:

Changing bearing of a motor every 6 months even if it is in good condition.
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3. Condition-Based Maintenance (CBM)
Condition-Based Maintenance is based on real-time monitoring of machine parameters.

Maintenance is performed only when the monitored parameters indicate deterioration.

Working principle:

“Maintain the machine when condition shows signs of degradation.”
Monitored parameters:

e Vibration

o Temperature

o Oil quality

o Noise

o Electrical signals

Advantages:

e Avoids unnecessary servicing

o Early fault detection

o Better utilization of machine components
Requirements:

e Sensors

« Data acquisition system

« Skilled analysis

Example:

Bearing is replaced only when vibration level exceeds allowable limit.

CBM is more efficient than preventive maintenance because it is based on actual condition

rather than time.

4. Predictive Maintenance (PdM)
Predictive maintenance is advanced form of CBM. It uses historical data, signal processing,

and machine learning algorithms to predict when a fault will occur in future.

Working principle:

“Predict the future failure and plan maintenance before it happens.”
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Tools used:

e 10T sensors

o Data analytics

e Al/ML models

e Cloud monitoring systems
Advantages:

e Minimum downtime

o Accurate fault prediction

e Optimized maintenance schedule
o Cost effective in long term
Example:

Al model predicts that bearing will fail in next 20 days based on vibration trend.

Maintenance Type Description Limitation
Breakdown Maintenance Repair after failure High downtime, unsafe
Preventive Maintenance Maintenance at fixed interval Unnecessary servicing

Condition Based Based on machine health parameters | Requires monitoring system

Predictive Maintenance | Fault prediction using data analytics|  Needs skilled analysis

Predictive maintenance is most effective but requires proper monitoring techniques and data

interpretation.

PARAMETERS USED FOR CONDITION MONITORING (ELABORATED)

In condition monitoring, the health of a machine is understood by observing measurable
physical and electrical parameters. Every fault inside a machine produces a specific change in
one or more of these parameters. By continuously tracking these variations, early symptoms of
failure can be detected before serious damage occurs.

Different parameters reveal different types of internal problems. Hence, in practical systems,

multiple parameters are monitored together to get accurate fault diagnosis.
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1. Vibration

Vibration is the most informative parameter for rotating machines. Any mechanical defect such
as unbalance, misalignment, looseness, bearing defects or gear damage directly affects
vibration pattern.

What it indicates:

e Unbalance — high vibration at running speed

e Misalignment — vibration at 2X running frequency

e Bearing defects — high frequency vibration spikes

e Gear faults — sidebands around gear mesh frequency

Sensors used: Accelerometers, velocity pickups

Vibration analysis is widely used in motors, pumps, turbines, compressors and gearboxes.

2. Temperature

Abnormal temperature rise is a strong indication of internal problems like friction, overloading,
poor lubrication, insulation failure or cooling blockage.

What it indicates:

e Bearing friction — local temperature rise

e Motor overloading — winding temperature increase

o Electrical loose connection — hot spots

e Lubrication failure — heat at contact surfaces

Sensors used: RTD, thermocouples, infrared cameras

Thermal monitoring is useful for both electrical and mechanical equipment.

3. Noise and Sound (Acoustic Emission)

Machines produce characteristic sound during operation. Any change in sound pattern indicates
abnormality. Cracks, leaks, friction and impacts generate acoustic emissions.

What it indicates:

e Air or gas leaks — hissing sound

e Bearing crack — ultrasonic emission

e Gear tooth damage — repetitive noise pattern

e (Cavitation in pumps — crackling sound

Sensors used: Microphones, ultrasonic sensors
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This method is useful where vibration sensors cannot be easily mounted.

4. Oil Quality and Lubricant Analysis

Lubricating oil carries tiny particles from machine surfaces. By analyzing oil, internal wear can
be detected without dismantling the machine.

What it indicates:

e Metal particles — wear of gears or bearings

e Increased viscosity — oil aging

e Water content — contamination

e Presence of carbon — overheating

Tests performed:

e Spectrometric analysis

o Viscosity test

o Ferrography

This method is very useful in gearboxes, engines and turbines.

5. Current and Voltage Signals (Electrical Signature Analysis)
Electrical parameters of motors change when internal faults occur. Motor Current Signature
Analysis (MCSA) is widely used.

What it indicates:

« Broken rotor bars — sideband harmonics in current

e Air gap eccentricity — frequency modulation

e Stator winding faults — imbalance in phase current

e Mechanical load problems — change in current pattern

Sensors used: Current transformers (CT), Hall sensors, voltage probes

This method does not require extra mechanical sensors.

6. Speed and Torque
Variations in speed and torque indicate mechanical loading issues and transmission faults.
What it indicates:

e Load fluctuation — torque ripple
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e Gear damage — speed variation

e Belt looseness — irregular speed

e Overloading — high torque demand

Sensors used: Tachometers, encoders, torque sensors

Used mainly in conveyors, gear drives and machine tools.

7. Magnetic Flux

Magnetic flux monitoring is used in electrical machines to detect rotor and stator faults. Search
coils or flux sensors are placed around motor frame.

What it indicates:

e Rotor bar defects

e Air gap eccentricity

« Stator inter-turn faults

o Core saturation

Magnetic flux analysis gives early indication of internal electrical faults.

VIBRATION ANALYSIS
Vibration analysis is most widely used technique for rotating machines. Faults like bearing
defects, misalignment, unbalance, looseness and gear damage produces specific vibration

patterns.

Instruments used:

e Accelerometers

e Velocity sensors

e FFT analyzers

Advantages:

« Early fault detection

« Suitable for motors, pumps, turbines
Limitations:

e Needs skilled interpretation

« Affected by external vibration

Typical Vibration Spectrum:

184 Page 177-189 © MANTECH PUBLICATIONS 2020. All Rights Reserved



M ANI ECH Recent Trends in Electrical Machines and Drives

Publications Volume 5, Issue 3, September- December 2020

Amplitude
*  Bearing Fault
* * Unbalance

|
|
| * *
|
I

Frequency

THERMAL MONITORING

Excess heat indicates problems like overloading, insulation failure, friction or poor lubrication.
Infrared thermography cameras are used to detect hot spots.

Applications:

o Electrical panels

e Motors

e Transformers

e Bearings

Advantages:

« Non-contact method

e Quick inspection

ACOUSTIC EMISSION AND NOISE MONITORING

Cracks, leaks and friction generate acoustic signals. Microphones and ultrasonic sensors
capture these signals.

e Used in pressure vessels

« Bearings and gears

o Leak detection in pipelines

OIL AND LUBRICANT ANALYSIS

Oil carries particles from worn surfaces. By analyzing oil sample, internal wear can be detected.

Parameter Checked Indication
Metal particles Wear of gears/bearings
Viscosity Lubrication quality
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Parameter Checked

Indication

Water content

Contamination

Acidity

Oil degradation

ELECTRICAL SIGNATURE ANALYSIS

Motor Current Signature Analysis (MCSA) is used for electrical machines. Faults in rotor,
stator, and air gap eccentricity produces harmonics in current waveform.

Benefits:

« No need of extra sensors

e Online monitoring possible

ROLE OF SENSORS IN CONDITION MONITORING

Sensor Type Measured Parameter Application
Accelerometer Vibration Motors, bearings
RTD/Thermistor Temperature Windings, bearings
Microphone Sound Gearbox, leaks

Current Sensor Current Motor faults
Oil Sensor Oil quality Gearbox, engines

DATA ACQUISITION AND SIGNAL PROCESSING
Collected sensor data is processed using:

e Fast Fourier Transform (FFT)

e Wavelet Transform

o Time-frequency analysis

« Statistical analysis

These techniques help in identifying fault patterns.

IOT BASED CONDITION MONITORING
loT allows sensors to send data to cloud for remote monitoring.

Architecture:
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Sensors — DAQ — IoT Gateway — Cloud — Analytics — Maintenance Alert
Advantages:

e Remote monitoring

o Data storage

e Real time alerts

MACHINE LEARNING IN PREDICTIVE MAINTENANCE
Machine learning models are trained using historical data to predict faults.
Common algorithms:

o Artificial Neural Network (ANN)

e Support Vector Machine (SVM)

o Decision Trees

e Random Forest

ML improves accuracy of fault prediction and reduces human error.

APPLICATIONS IN DIFFERENT MACHINES

Machine Monitoring Method Used
Induction Motor Vibration, MCSA, Temperature
Transformer Oil analysis, thermal imaging
Gearbox Vibration, oil analysis, acoustic
Pump Vibration, flow, temperature
Turbine Vibration, temperature, speed

BENEFITS OF PREDICTIVE MAINTENANCE
e Reduced downtime

« Increased machine life

e Improved safety

» Lower maintenance cost

e Better planning of maintenance
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CHALLENGES IN IMPLEMENTATION

High initial cost

Need skilled personnel
Data management issues
Sensor placement difficulty

False alarms

FUTURE TRENDS

Al based smart diagnostics
Wireless sensor networks

Digital twin technology

Edge computing for faster analysis
Integration with Industry 4.0

CONCLUSION
Condition Monitoring and Predictive Maintenance are becoming essential for modern

industries. By continuously observing machine parameters like vibration, temperature, oil

quality and electrical signals, faults can be detected at early stage. With the help of IoT, Al and

advanced signal processing, predictive maintenance becomes more accurate and reliable.

Though initial investment is high, long term benefits in terms of reduced downtime and cost

saving are significant. Industries adopting these technologies will achieve better productivity

and machine reliability in future.
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