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ABSTRACT

Fault-tolerant drive control systems (FTDCS) have emerged as critical
technologies in industrial, automotive, and aerospace applications, where
reliability and continuous operation are paramount. These systems are
designed to maintain stable operation in the presence of component failures,
such as sensor malfunctions, actuator faults, or power electronics anomalies.
The integration of fault diagnosis, isolation, and reconfiguration strategies
ensures enhanced system robustness. This review paper presents a
comprehensive examination of fault-tolerant techniques for electric drives,
including fault modeling, detection methods, and control strategies. Key
methodologies such as redundancy, observer-based fault detection, adaptive
control, and reconfigurable drives are discussed. Finally, challenges and future
research directions in achieving highly reliable and efficient drive systems are
highlighted.

KEYWORDS: Fault-tolerant control, electric drives, sensorless control, fault

detection, reconfigurable systems, reliability, adaptive control.
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INTRODUCTION

Electric drives are ubiquitous in modern industries, ranging from manufacturing robots to
electric vehicles (EVs) and aerospace actuators. As these systems become increasingly
complex and performance-critical, ensuring fault tolerance is essential to prevent unplanned
downtime, accidents, and high maintenance costs. Fault-tolerant drive control systems
(FTDCYS) integrate advanced fault detection and control strategies to ensure continuous

operation even in the presence of faults.

A fault in a drive system can occur in power electronics (IGBTs, MOSFETS), sensors (current,
speed, position), or actuators (motors). Without adequate fault-handling mechanisms, even
minor failures can escalate, causing system instability or catastrophic failure. This paper
provides an extensive review of FTDCS, covering fault modeling, detection methods, control

strategies, and real-time implementation approaches.

2. CLASSIFICATION OF FAULTS IN DRIVE SYSTEMS (ELABORATED)

Faults in electric drive systems can originate from various sources, including mechanical
components, electrical circuits, sensors, or even environmental conditions. Understanding the
nature, origin, and consequences of these faults is crucial for designing fault-tolerant control

systems. Faults in drive systems are generally classified into the following categories:

2.1 Sensor Faults

Sensors are critical components in drive systems as they provide feedback on speed, position,

and current. Faults in sensors can lead to incorrect feedback, causing instability, torque ripple,

or even complete system failure. Sensor faults are typically categorized as:

e Bias Faults: A constant offset in the sensor reading. For example, a current sensor may
consistently report 0.5 A higher than the actual current. Bias faults often degrade control
precision but do not immediately destabilize the system.

e Drift Faults: Gradual deviation of sensor output over time due to aging, temperature
variations, or mechanical wear. Drift faults can accumulate, leading to long-term
performance degradation.

e Stuck-at Faults: The sensor output remains constant, regardless of the actual value. For
example, a speed encoder might get stuck at a single value, preventing proper torque or

speed control.
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e Complete Failure: The sensor output is lost or fluctuates randomly, which can lead to
abrupt system instability if redundancy or estimation algorithms are not present.

Example: In a PMSM (Permanent Magnet Synchronous Motor) drive, failure of the rotor

position sensor can make vector control impossible unless a sensorless control method is

employed.

2.2 Actuator Faults

Actuators, primarily electric motors, are responsible for converting electrical energy into

mechanical motion. Faults in actuators affect torque production and can lead to reduced

efficiency or catastrophic mechanical failure. Typical actuator faults include:

e Phase Open-Circuit Faults: One or more motor phases are disconnected. This reduces
available torque and introduces current imbalance.

e Phase Short-Circuit Faults: One or more motor phases are shorted, potentially causing
overcurrent, thermal stress, and damage to the drive.

e Rotor/Mechanical Faults: These include bearing wear, shaft misalignment, or rotor
eccentricity. Such faults induce vibration, increased losses, and torque ripple.

Example: In a three-phase induction motor, an open-circuit fault in one phase can reduce torque

by approximately 30%, while a short-circuit can rapidly damage the stator winding if not

isolated quickly.

2.3 Power Electronics Faults

Power electronic converters, such as inverters and DC-DC converters, are prone to faults due

to high switching stresses, thermal cycling, and voltage spikes. Faults in power electronics can

lead to system shutdown or uncontrolled operation:

e Switch Failures: IGBTs or MOSFETSs may fail short or open. A shorted IGBT can bypass
current unexpectedly, causing high stress on other components.

e Gate Driver Failures: Malfunction of gate drivers can prevent correct switching, resulting
in poor waveform quality or catastrophic damage.

e Diode Failures: Diodes in inverter bridges may fail, causing asymmetrical voltage output,
leading to torque pulsations or motor overheating.

Example: In an EV traction inverter, a single IGBT failure may result in complete drive

shutdown unless redundancy or fault-tolerant inverter topologies are implemented.
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2.4 Communication Faults

Modern drive systems often rely on high-speed communication networks (e.g., CAN,

EtherCAT) for control signal transmission. Communication faults can severely affect the

performance of distributed drives:

Loss of Signal: Disconnection in the bus prevents commands from reaching the inverter or
motor controller.

Data Corruption: Errors in transmitted data can cause incorrect control actions, producing
torque ripple or sudden speed changes.

Latency: Delayed signals may degrade performance, particularly in high-speed drives.

Example: In a multi-motor electric vehicle, CAN bus errors may cause uneven torque

distribution, leading to instability during acceleration.

2.5 Environmental Faults

External environmental conditions can also induce faults in drive systems, particularly in harsh

or extreme operating environments:

Overheating: Excessive temperature can accelerate insulation degradation, switch failure,
or sensor drift.

Electromagnetic Interference (EMI): High-frequency noise can corrupt sensor readings
or control signals.

Vibration and Mechanical Shock: Can damage sensors, connections, or even rotor and

stator assemblies.

Example: Industrial robots in foundries may experience EMI from welding equipment, causing

transient errors in motor control if filters or shielding are inadequate.

Fault Type Description Example

Malfunction in speed, current, or _ _
Sensor Fault o Encoder failure in PMSM
position sensors

Motor winding short/open or mechanical|| Phase winding open-circuit
Actuator Fault _ _
failures inIM

Power Electronics | Switch short/open, driver failure, or gate|| IGBT short in inverter

Fault control faults bridge

130 I Page 127-141 © MANTECH PUBLICATIONS 2025. All Rights Reserved




Journal of Power Electronics and Drives
MANIECH

Publications Volume 10, Issue 3, September-December 2025
Fault Type Description Example
Communication Loss of data in control signal CAN bus failure in EV
Fault transmission drive system
_ Effects of temperature, vibration, or Overheating of inverter
Environmental Fault .
EMI switches

3. FAULT MODELING

Accurate fault modeling is critical for designing fault detection, isolation, and
reconfigurable control strategies in drive systems. A well-constructed fault model allows the
control system to predict how a fault will affect the system’s behavior and take corrective
action. Fault models are generally categorized into electrical, mechanical, and sensor faults,

each with its own mathematical representation.

3.1 Electrical Fault Modeling
Electrical faults typically occur in the motor windings or power electronic converters. The two
most common types are open-circuit faults and short-circuit faults. These faults can be

mathematically represented in the system’s voltage and current equations.

3.1.1 Open-Circuit Faults
An open-circuit fault occurs when a phase winding or power switch becomes disconnected. In
a three-phase system, if phase a is open, the stator current iai_aia becomes zero:

ia=0i_a = 0ia=0

The remaining phase currents may be redistributed depending on the control strategy, often
causing unbalanced currents:
ib+ic=0(assuming no neutral)i_ b + i c = 0 \quad (\text{assuming no neutral})ib+ic

=0(assuming no neutral)

Effects:
e Torque reduction
e Increased current in healthy phases

e Voltage imbalance across the motor
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Example:

For a PMSM under open-phase fault, the stator voltage equations in the dq frame become:
Vd=Rsid+dAddt-orAqVq=Rsigtdiqdt+orid\begin{aligned} V. d &= Rs id +
\frac{d\lambda_d}{dt} - \omega_r \lambda_g\\ V_q &= R_si_q + \frac{d\lambda_q}{dt} +
\omega_r \lambda_d \end{aligned}VdVqg=Rsid+dtdAd—wriq=Rsiq+dtdrq+wrid

Here, idi_did and igi_qiq are recalculated considering the open-phase condition (ia=0i_a=0ia

=0) to maintain torque control via reconfiguration.

3.1.2 Short-Circuit Faults

A short-circuit fault occurs when two phases or a phase and ground become electrically
connected, forming a low-resistance path. This is often modeled by adding a fault conductance
GfG_fGf between the affected nodes:

if=Gf(Vphase—Vfault)i f=G f(V_{\text{phase}} - V_{\text{fault}})if=Gf(Vphase—Vfault)

Effects:
e High fault currents
e Thermal stress and possible damage to winding or switches

e Sudden torque variations and instability

Example:
In a three-phase inverter feeding a motor, a shorted IGBT in phase b causes a current spike in

that phase. The system voltage equations must be modified:

Vb=ibRs+Lsdibdt+VshortV_b =i b R s+ L_s \frac{di_b}{dt} + V_{\text{short}}Vb=ibRs
+Lsdtdib+Vshort

Where Vshort=0V_{\text{short}} \approx O0Vshort~0 due to the low-resistance path.

Controllers often use current limiting or fault isolation strategies to mitigate damage.

3.2 Mechanical Fault Modeling
Mechanical faults affect the rotor, bearings, or shaft and can produce vibrations, torque ripple,
or resonance. Modeling these faults requires integrating mechanical dynamics with the

electrical drive model.
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3.2.1 Bearing Failures
Bearing faults cause friction and stiffness variations in the rotor, which can be modeled as an
additional torque disturbance TfT_fTf applied to the motor shaft:
Jdordt=Te—TL-TfJ \frac{d\omega_r}{dt} =T e-T L -T_fldtdor=Te-TL-Tf
Where:
e JJJis rotor inertia
e @r\omega_ror is rotor speed
e TeT _eTe is electromagnetic torque
e TLT _LTL is load torque
e TfT_fTfis torque disturbance from the fault

Effect: Torque ripple, vibration, and premature wear.

3.2.2 Rotor Eccentricity

Rotor eccentricity introduces an asymmetric air-gap flux, affecting the electromagnetic torque.
The torque can be expressed as:

Te=TO0(1+kecos/0}(0r))T e =T 0 \left(1 + k_e \cos(\theta_r)\right) Te=TO(1+kecos(6r))
Where kek_eke is the eccentricity factor and 0r\theta_ror is rotor angle. This torque ripple leads

to vibration and possible sensor misreadings.

3.2.3 Shaft Misalignment

Shaft misalignment is modeled as additional mechanical stiffness or damping in the torque
equation:

Jd20rdt2+BdOrdt+KOr=Te—TLJ \frac{d"2 \theta_r}{dt*"2} + B \frac{d\theta r}{dt} + K
\theta r=T e-T_LJdt2d20r+Bdtdor+K0r=Te—TL

Where BBB is damping, KKK is stiffness, and 0r\theta_r0r is angular displacement.

3.3 Sensor Fault Modeling
Sensor faults degrade the feedback used for control. Accurate modeling is essential for

observer-based or sensorless fault-tolerant control.

3.3.1 Bias Faults
Bias faults add a constant offset to the sensor measurement:
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ys(t)=y(D)+by_s(t) = y(t) + bys(t)=y())+b
Where y(t)y(t)y(t) is the true sensor output, and bbb is the bias value.
Example: Current sensor reporting 0.2 A higher than actual causes slight torque

miscalculation.

3.3.2 Drift Faults

Drift faults cause gradual deviation over time:

ys(ty=y(t)+aty s(t) = y(t) + \alpha tys(t)=y(t)+at

Where o\alphaa is the drift rate. This slowly affects system performance and is often detected

via adaptive observers.

3.3.3 Stuck-at Faults

Stuck-at faults occur when the sensor output remains constant:

ys(t)=ys(t0)for all t>t0y_s(t) = y_s(t_0) \quad \text{for all } t > t_Oys(t)=ys(t0)for all t>t0
Effect: The controller may continue using old readings, causing unstable or incorrect drive

behavior. Sensorless estimation or redundancy is usually employed to handle this fault.

4. FAULT DETECTION TECHNIQUES

Fault detection in electric drives is the first step toward ensuring system reliability. It involves
identifying abnormal behaviors or deviations in the system's operation before they lead to
catastrophic failure. An effective fault detection strategy ensures timely mitigation, allowing

fault-tolerant controllers to maintain stability and performance.

Fault detection techniques can be broadly categorized into model-based, signal-based, and

data-driven approaches. Each method has its own advantages, limitations, and applications.

4.1 Model-Based Approaches

Model-based fault detection relies on an accurate mathematical model of the drive system to
estimate expected behavior. Deviations from this expected behavior are interpreted as potential
faults.

4.1.1 Residual Generation

Residuals are defined as the difference between measured system outputs and model-
predicted outputs:
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r(t)=ymeasured(t)—ymodel(t)r(t) = y_{\text{measured}}(t) -
y_{\text{model}}(t)r(t)=ymeasured(t)—ymodel(t)

Where:

o r(Or(r(t) is the residual signal
e ymeasured(t)y_{\text{measured}}(t)ymeasured(t) is the actual sensor measurement

e ymodel(t)y_{\text{model}}(t)ymodel(t) is the output predicted by the drive model

A non-zero residual exceeding a threshold e\epsilone indicates a potential fault:
[r(t)|>e=>Fault Detected|r(t)| > \epsilon \quad \Rightarrow \text{Fault
Detected}|r(t)|>e=>Fault Detected

4.1.2 Observer-Based Fault Detection

Observers are used to estimate internal states of the system, such as motor currents, rotor speed,
or flux, which can be compared to measured values. Common observers include:

e Luenberger Observer:

XN =Ax"Bu+L(y—Cx")\dot{\hat{x}}
C\hat{x})x" =Ax*+Bu+L(y—Cx")
Where LLL is the observer gain. Faults are detected by monitoring y—Cx”y - C\hat{x}y—Cx".

Al\hat{x} + Bu + L(y -

e Sliding Mode Observer (SMO): Robust to disturbances and model uncertainties.

Residuals are generated using sliding-mode dynamics to detect sensor or actuator faults.

e Extended Kalman Filter (EKF): Used in nonlinear drives like PMSMs:

x k+1=f(x"k,uk)+Kk(yk—h(x"k))\nat{x} {k+1} = f(\hat{x} k, u k) + Kk (y k -
h(\hat{x}_Kk))x"k+1=f(x"k,uk)+Kk(yk—h(x"k))

Where f(:)f(\cdot)f(-) and h(-)h(\cdot)h(-) represent the nonlinear drive model, and KkK_kKk
is the Kalman gain. EKF can estimate rotor position or speed even if a sensor fails, and the

residual between estimated and measured speed can signal a fault.

Advantages:
e High accuracy if the model is precise.

e Can detect both sensor and actuator faults.
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Limitations:
e Requires an accurate system model.

e Computationally intensive for nonlinear or high-order systems.

4.2 Signal-Based Approaches
Signal-based techniques monitor measured signals such as current, voltage, speed, or torque to
identify abnormal patterns indicative of faults. These methods are often simpler to implement
but may be sensitive to noise.
4.2.1 Time-Domain Analysis

e Monitor changes in current or torque waveforms.

e Sudden spikes, drops, or deviations from expected patterns indicate faults.

Example:
A sudden drop in phase current in a three-phase motor can indicate an open-circuit fault.

4.2.2 Frequency-Domain Analysis
e Use Fast Fourier Transform (FFT) to detect harmonics caused by faults.
e Electrical faults (short/open phases) introduce specific frequency signatures in current
or voltage signals.
e Mechanical faults like bearing wear or rotor eccentricity create sidebands in the

vibration or current spectrum.

Mathematical Representation:
I(F)=FFT{i(t)}H(F) = text{FFTR{i(O)\H(H)=FFT{i(t)}
Where i(t)i(t)i(t) is the measured current. Faults are identified by characteristic frequencies

fff_fff in the spectrum.

4.2.3 Time-Frequency Methods
e Wavelet transform (WT) is used for transient detection and non-stationary signal
analysis:
Wx(a,b)=lalx(thy*(t-ba)dtW x(a, b) = \frac{1}{\sqrt{a}} \int x(t) \psi**\left(\frac{t-
b}{a}\right) dtWx(a,b)=allx(t)y+(at—b)dt
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Where x(t)x(t)x(t) is the signal, y\psiy is the wavelet, aaa is scale, and bbb is time shift.
Wavelet-based methods can detect short-duration faults, such as IGBT switching anomalies or

torque ripples due to rotor eccentricity.

Advantages:
e Can detect faults in real-time.

e Suitable for mechanical and electrical faults.

Limitations:
e Sensitive to noise and load variations.

e Requires careful threshold selection.

4.3 Data-Driven Methods

Data-driven approaches rely on historical or real-time datasets to learn normal and faulty
system behavior. These methods have become increasingly popular due to the rise of machine
learning (ML) and artificial intelligence (Al).

4.3.1 Machine Learning Approaches
e Use supervised learning to classify drive states as healthy or faulty.
e Algorithms include:
o Artificial Neural Networks (ANNS)
o Support Vector Machines (SVMs)

o Decision Trees and Random Forests

Example:
Current and voltage waveforms from a PMSM drive are fed into an ANN to classify the type

of fault (open-phase, short-circuit, sensor bias).

4.3.2 Deep Learning Approaches
o Convolutional Neural Networks (CNNs) process raw signal spectrograms for fault
detection.
o Recurrent Neural Networks (RNNs) and Long Short-Term Memory (LSTM) networks

handle temporal dependencies in drive signals for predictive maintenance.
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4.3.3 Predictive Fault Detection
o Predict faults before they occur using historical trends and pattern recognition.

e Reduces unplanned downtime in industrial and EV applications.

Advantages:
« Handles complex, nonlinear, and high-dimensional data.
e Can detect multiple simultaneous faults.
Limitations:
e Requires large datasets for training.
o Risk of overfitting if data is insufficient.

e Less interpretable than model-based methods.

Table 2: Comparison of fault detection methods

Method Pros Cons
Model-based High accuracy, interpretable Requires precise system modeling
Signal-based Simple implementation Sensitive to noise
Data-driven || Handles complex nonlinear systems Needs large datasets, may overfit

5. FAULT-TOLERANT CONTROL STRATEGIES
Once faults are detected, control systems must adapt to maintain performance. Common
strategies include:
5.1 Redundancy-Based Control
e Hardware redundancy: Duplicate sensors or actuators.
o Software redundancy: Multiple control algorithms running in parallel.
e Pros: Immediate fault mitigation.
e Cons: Increased cost and system complexity.
5.2 Reconfigurable Control
e Reconfigures control law dynamically after fault detection.
e Uses observer feedback to maintain stability and torque production.
o Example: Reconfigurable vector control for permanent magnet synchronous motors

(PMSMes).
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5.3 Adaptive Control
e Adjusts controller gains based on detected fault parameters.
o Effective for parametric variations such as resistance changes in motor windings.
5.4 Sensorless Fault-Tolerant Control
o Utilizes model-based or estimation methods to replace faulty sensors.
e Observers such as Sliding Mode Observer (SMO) or Luenberger Observer are

commonly used.

6. FAULT-TOLERANT DRIVE ARCHITECTURES
Drive architectures are designed to inherently support fault tolerance:
6.1 Multi-Phase Motors
e Motors with more than three phases (e.g., 5- or 6-phase) can continue operating with
one or more phase faults.
e Reduces torque ripple during faults.
6.2 Modular Inverter Topologies
e Modular multilevel inverters (MMC) can isolate faulty modules without stopping the
motor.
o Enhances reliability and reduces downtime.
6.3 Distributed Drive Systems
e Independent motor modules in vehicles or industrial robots allow localized fault
isolation.

o Failure in one module does not affect overall system operation.

7. CASE STUDIES IN FAULT-TOLERANT DRIVES
7.1 EV Applications
e EV traction motors equipped with sensorless vector control have demonstrated
operation under encoder failures using EKF-based speed estimation.
7.2 Industrial Drives
o Five-phase induction motors in conveyors can continue operating with single-phase
open-circuit faults, maintaining 80-90% of torque.
7.3 Aerospace Actuators
e Redundant actuators and dual-channel control in aircraft flaps ensure safe operation

under actuator or sensor failures.
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CHALLENGES AND FUTURE DIRECTIONS

Despite significant advances, challenges remain in FTDCS:

o Complexity vs. Cost: Hardware redundancy increases cost and size.

o Fault Detection Delay: Timely detection is crucial for avoiding instability.

e Cybersecurity: Connected drive systems are vulnerable to malicious faults or attacks.

e Integration with Al: Machine learning can enhance fault prediction but requires robust,

noise-tolerant models.

FUTURE DIRECTIONS

« Advanced multi-sensor fusion for robust detection.

e Al-driven predictive maintenance.

« Fully reconfigurable drive topologies for EVs and aerospace systems.

o Integration of wide-bandgap devices (SiC/GaN) to improve reliability under high-speed

operation.

CONCLUSION

Fault-tolerant drive control systems are essential for high-reliability applications across
industrial, automotive, and aerospace domains. By combining fault detection, diagnosis, and
reconfigurable control, FTDCS can maintain operational continuity even under component
failures. Multi-phase motors, redundant sensors, modular inverters, and adaptive control
strategies significantly improve drive reliability. Future work will focus on Al-based fault
prediction, integration with next-generation power devices, and cost-effective fault-tolerant
architectures. Overall, FTDCS represents a vital step toward robust, intelligent, and resilient

electric drive systems.
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