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Abstract
Industrial automation relies heavily on embedded systems to manage processes, monitor
equipment, and maintain high productivity levels. However, these systems are susceptible to
faults due to hardware failures, software bugs, environmental disturbances, and
communication errors. Fault-tolerant embedded systems (FTES) are designed to continue
operating correctly even in the presence of such faults, thereby enhancing reliability, safety,
and efficiency. This paper reviews the design principles, architectures, fault detection and
recovery techniques, and applications of fault-tolerant embedded systems in industrial
automation. Recent advancements, including redundancy methods, formal verification, and
Al-assisted fault management, are discussed. Case studies from manufacturing, robotics, and
process control demonstrate practical implementations. The paper concludes by highlighting

emerging trends, challenges, and future research directions in this field.
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1. Introduction

The evolution of industrial automation has transformed traditional manufacturing and process
industries. Embedded systems now serve as the backbone of automated control, monitoring,
and decision-making. These systems integrate hardware and software to manage sensors,
actuators, communication networks, and data processing units. As industries adopt Industry

4.0 principles, the complexity and criticality of embedded systems have increased.

64 Page 64-74 © MANTECH PUBLICATIONS 2025. All Rights Reserved



Journal of Embedded Systems & Its Applications
MANIECH
Publications Volume 6 Issue 2, July-December 2021

Faults in embedded systems can lead to production losses, safety hazards, and equipment
damage. Fault-tolerant embedded systems (FTES) are designed to handle such disruptions
without significant degradation in performance. They employ strategies such as hardware
redundancy, software recovery, and intelligent fault detection to ensure continuous operation.
The ability to maintain reliability under adverse conditions is crucial in industrial settings,
where downtime is costly and safety is paramount.

This paper reviews the concepts, architectures, and applications of FTES in industrial
automation. It also explores design methodologies, fault management techniques, and

emerging trends.

2. Overview of Embedded Systems in Industrial Automation
Embedded systems in industrial automation are specialized computing platforms that are
purpose-built to perform control, monitoring, and decision-making tasks in real-time. Unlike
general-purpose computers, embedded systems are optimized for specific applications,
making them efficient, reliable, and highly predictable. Their role in industrial automation
has expanded significantly with the rise of Industry 4.0, where they form the backbone of
smart manufacturing, process control, robotics, and energy management systems.
The key characteristics of embedded systems in industrial automation are described below:
2.1 Real-Time Operation
Real-time operation is a defining feature of industrial embedded systems. These systems must
respond to events or inputs from sensors within strict deadlines to ensure the correct
functioning of industrial processes. For example, in a robotic assembly line, an embedded
controller must detect the position of a conveyor belt and trigger an actuator in milliseconds.
Failure to meet timing constraints can lead to production errors, equipment damage, or safety
hazards. Real-time embedded systems are typically classified as:

o Hard real-time systems: Missing a deadline can result in catastrophic failures, e.g.,

in chemical processing plants or nuclear reactors.
e Soft real-time systems: Occasional deadline misses degrade performance but do not
cause system failure, e.g., temperature regulation or conveyor speed control.

2.2 Resource Constraints
Industrial embedded systems often operate under significant resource limitations. They may
have limited processing power, memory, and energy budgets due to cost, size, or

environmental restrictions. Consequently, embedded software must be highly optimized, both
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in terms of computational efficiency and memory usage. Resource constraints necessitate
careful task scheduling, efficient communication protocols, and minimalistic operating
system designs. Many embedded controllers in industrial automation use microcontrollers
(MCUgs) or System-on-Chip (SoC) architectures that balance performance with low power
consumption.
2.3 Reliability and Safety
Reliability and safety are critical in industrial embedded systems, particularly in applications
where failures can lead to financial loss, equipment damage, or risk to human life. Faults may
arise from hardware failures, software bugs, or environmental disturbances, and systems must
continue to operate correctly in such scenarios. Embedded systems in industrial automation
often include:
e Redundant hardware to avoid single points of failure.
e Error detection and correction mechanisms for memory and communication.
o Safety-compliant designs following international standards such as IEC 61508
(Functional Safety) and ISO 13849.
High reliability ensures continuous production, reduces downtime, and maintains safe
operating conditions for personnel and machinery.
2.4 Integration with Industrial Protocols
Industrial embedded systems must communicate effectively with a wide variety of devices,
including sensors, actuators, human-machine interfaces (HMIs), and supervisory control
systems. To achieve seamless integration, these systems support standardized industrial
communication protocols such as:
e Modbus: Widely used in PLCs for serial communication with controllers and sensors.
e Profibus and Profinet: Fieldbus protocols enabling deterministic data exchange in
process and factory automation.
o EtherCAT: High-speed Ethernet-based protocol used in robotics and motion control
applications.
e CAN and CANopen: Commonly used in automotive and mobile industrial machines
for robust real-time communication.
These protocols allow embedded systems to collect sensor data, control actuators, exchange
diagnostic information, and coordinate with other devices on the network. Proper protocol

integration ensures interoperability, scalability, and efficient process control.
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Figure 1: Architecture of an Industrial Embedded System

3. Faults in Embedded Systems

Faults in embedded systems are deviations from correct system behavior that may lead to
errors or failures. In industrial automation, faults can have serious consequences, including
production downtime, equipment damage, and safety hazards. Understanding the types,
causes, and effects of faults is crucial for designing robust, fault-tolerant embedded systems.
Faults can generally be categorized into hardware, software, communication, and

environmental faults.

3.1 Hardware Faults
Hardware faults occur when physical components of the embedded system fail or behave
unpredictably. These faults are typically caused by wear and tear, manufacturing defects, or
external disturbances.
1. Permanent Faults:
These are faults that persist until the faulty component is repaired or replaced.
Examples include:
o CPU failures due to overheating or electrical stress.

o Memory corruption or module breakdown.
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o Sensor or actuator malfunction in industrial equipment.
Permanent faults can lead to system crashes, requiring hardware redundancy
or replacement strategies to maintain operation.
2. Transient Faults:
These are temporary faults that occur sporadically and often disappear without
intervention. Common causes include:
o Electromagnetic interference (EMI) from nearby machinery or power lines.
o Voltage spikes or power fluctuations.
o Cosmic rays affecting memory cells in high-altitude or large-scale industrial
facilities.
While transient faults may not cause permanent damage, they can introduce
errors in computation or control outputs if not properly detected and corrected.
3. Intermittent Faults:
Intermittent faults appear irregularly and are challenging to diagnose. They often
result from:
o Loose connections or deteriorating solder joints.
o Aging electronic components.
o Thermal cycling leading to expansion and contraction stresses.
Intermittent faults may cause sporadic system instability, making predictive

maintenance and continuous monitoring essential.

3.2 Software Faults
Software faults, or “bugs,” originate from errors in code or logic and can propagate into
critical failures if not detected. In industrial embedded systems, common software faults
include:
1. Algorithmic Errors:
Bugs in control logic or mathematical computations can produce incorrect outputs,
leading to unsafe operations or reduced efficiency. For example, an error in a PID
controller may result in improper motor speed regulation.
2. Memory-Related Issues:
o Memory leaks: Continuous allocation without release can exhaust system

memory.
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3.

o Stack overflows: Excessive recursion or deep function calls can crash the
system.
These issues may not immediately surface but can degrade system
performance over time.
Synchronization Errors:
In multitasking embedded systems, race conditions or improper synchronization
between tasks can cause inconsistent outputs or deadlocks. Such errors are critical in

real-time industrial systems where timing correctness is vital.

3.3 Communication Faults

Industrial embedded systems often rely on wired or wireless networks for data exchange with

sensors, actuators, and supervisory systems. Communication faults can disrupt system

operations:

1.

Data Loss or Corruption:

Errors in transmission can occur due to noise, interference, or weak signal strength,
resulting in corrupted sensor readings or control commands.

Latency or Timing Faults:

Delays in message delivery can violate real-time constraints, causing late actuation or
incorrect sequencing of operations. For instance, delayed emergency stop signals in
robotic systems can compromise safety.

Protocol Errors:

Misconfiguration, packet collisions, or software bugs in communication stacks may

lead to inconsistent system states or lost messages.

3.4 Environmental Faults

Environmental conditions in industrial settings can significantly impact embedded system

performance:

1.

2.

Temperature Extremes:

Excessive heat can degrade semiconductor performance, while extremely low
temperatures may cause mechanical and electrical stress.

Vibration and Shock:

Machinery vibrations can loosen connectors or damage delicate components,

especially in robotic arms or conveyor systems.
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3. Humidity and Dust:
Moisture can lead to short circuits or corrosion, and dust accumulation can interfere
with sensors or cooling systems.

4. Electromagnetic Interference (EMI):
High-power motors, welding equipment, and wireless devices generate EMI that can

disrupt embedded system operation.

4. Fault-Tolerance Techniques
Fault-tolerance ensures system operation despite faults. The primary strategies include:
4.1 Hardware Redundancy
Duplicating critical components to prevent single-point failures.
e Triple Modular Redundancy (TMR): Three processors execute the same task;
outputs are voted to determine correctness.
e Dual Modular Redundancy (DMR): Two components perform tasks; comparison
detects inconsistencies.

Table 1: Common Hardware Redundancy Techniques

Technique Description Advantages Disadvantages
Three parallel units with . o High cost, power
TMR o _ High reliability .
majority voting consumption

Cannot correct errors

DMR Two parallel units Detects faults ‘
without restart
‘ ‘ Scalable fault- o
N-Modular|Multiple units >3 Complexity increases
tolerance

4.2 Software Fault-Tolerance

e Checkpointing: Saving system state periodically for recovery after a crash.

o Exception handling: Detecting and responding to software errors dynamically.

e Watchdog timers: Resetting the system when operations exceed time thresholds.
4.3 Information Redundancy

e Error-detecting codes: Parity checks, CRC (Cyclic Redundancy Check).

e Error-correcting codes (ECC): Correct single-bit errors in memory and

communication.
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4.4 Hybrid Approaches
Combining hardware and software redundancy enhances robustness while balancing cost and

performance.

5. Fault Detection and Diagnosis
Accurate detection and diagnosis are key to maintaining system reliability.
5.1 Monitoring Techniques
o Heartbeat signals: Periodic signals indicating system health.
e Sensor validation: Cross-checking sensor outputs to detect anomalies.
5.2 Diagnostic Algorithms
e Model-based diagnosis: Comparing observed behavior with a formal system model.
o Data-driven methods: Machine learning algorithms detect deviations and predict
faults.
5.3 Prognostics and Predictive Maintenance

Predicting potential failures before they occur reduces downtime and maintenance costs.

6. Applications in Industrial Automation
Fault-tolerant embedded systems have broad applications across industries:
6.1 Manufacturing Automation
e Robotic arms: FTES ensure continuous operation even if individual sensors or
actuators fail.
e CNC machines: Redundancy in controllers prevents production halts.
6.2 Process Control
e Chemical plants, refineries, and power generation systems rely on FTES for safe
operation.
e Redundant controllers and error-checking protocols maintain continuous process
flow.
6.3 Energy Systems
e FTES in smart grids and renewable energy systems handle hardware faults and
communication delays.
6.4 Autonomous Vehicles in Factories
o Embedded systems with fault-tolerance manage navigation and obstacle avoidance of

automated guided vehicles (AGVs).
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Figure 2: Fault-Tolerant Industrial Automation System

7. Emerging Trends

7.1 Al-Assisted Fault Management

Machine learning algorithms detect complex fault patterns and optimize recovery procedures.
7.2 Formal Verification

Mathematical methods verify system correctness, reducing undetected software faults.

7.3 Hardware-Software Co-Design

Designing embedded systems in conjunction with specialized hardware accelerators improves
fault handling efficiency.

7.4 10T Integration

Connected industrial devices allow real-time monitoring, predictive maintenance, and

distributed fault-tolerance.

8. Challenges
e Cost and complexity: Redundancy increases system cost, power consumption, and
design complexity.
e Resource constraints: Embedded systems in industrial environments may have
limited memory and processing power.
e Cybersecurity: Fault-tolerance must account for malicious attacks in addition to

hardware/software faults.
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o Standardization: Lack of uniform standards for fault-tolerant industrial embedded

systems.

9. Future Directions
o Lightweight fault-tolerance for resource-constrained devices.
e Adaptive redundancy strategies based on real-time conditions.
o Integration of edge Al for predictive fault management.

e Cyber-physical security frameworks combined with fault-tolerance.

10. Conclusion

Fault-tolerant embedded systems are critical for reliable, safe, and efficient industrial
automation. By employing hardware and software redundancy, advanced monitoring, and
intelligent fault management, these systems mitigate the risks of hardware failures, software
bugs, and environmental disturbances. Emerging technologies such as Al-assisted fault
diagnosis, formal verification, and IoT connectivity are further enhancing system reliability.
Despite challenges in cost, complexity, and cybersecurity, fault-tolerant embedded systems
remain an indispensable part of modern industrial infrastructure. Continued research in
adaptive, resource-efficient, and intelligent fault-tolerance techniques will drive the next

generation of robust industrial automation systems.
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