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CONVENTIONAL AIRCRAFT POWER DISTRIBUTION

Source: AERTEC, 2018.
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MORE ELECTRIC AIRCRAFT POWER DISTRIBUTION

Source: AERTEC, 2018.
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ELECTROMECHANICAL ACTUATOR (EMA)

Source: QIAO et al., 2017.
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• Industry trend towards power-by-

wire actuators with evolution of the

More Electric Aircraft concept

• Lack of accumulated knowledge and

experience regarding EMA reliability

and the risk of failures

RESEARCH
MOTIVATION
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• Industry trend towards power-by-

wire actuators with evolution of the

More Electric Aircraft concept

• Lack of accumulated knowledge and

experience regarding EMA reliability

and the risk of failures

• Study and implementation of a

quantitative model-based fault

detection and isolation methodology

based on bond graph

• Application to an EMA model

RESEARCH
MOTIVATION

RESEARCH
OBJECTIVES



FAULT DETECTION AND ISOLATION
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FAULT DEFINITION

“Fault is generally defined as a departure from an acceptable
range of an observed variable or a calculated parameter
associated with a process.” (VENKATASUBRAMANIAN et al., 2003)
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FAULT DETECTION AND ISOLATION (FDI)

Fault detection: to determine if the
system behavior has departed from the
acceptable operation, raising a fault
alarm in case of unacceptable behavior.

Fault isolation: to reduce the number of
fault candidates, using one or more
decision procedures to isolate the
component responsible for the faulty
behavior.
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FAULT DETECTION AND ISOLATION (FDI)
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Methods

Model-Based

Quantitative

Observers

Parity Space

EKF

Qualitative

Causal Models

Digraphs

Fault Trees

Qualitative
Physics

Abstraction
Hierarchy

Structural

Functional

History-Based

Quantitative

Statistical

PCA / PLS

Classifiers

Neural
Networks

Qualitative

Expert
Systems

QTA

EKF: Extended Kalman Filter
QTA: Qualitative Trend Analysis
PCA/PLS: Principal Components Analysis/Partial Least-Squares

Source: adapted from (VENKATASUBRAMANIAN et al., 2003)
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RESIDUAL SPACE MODEL-BASED FDI
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RESIDUAL SPACE MODEL-BASED FDI



ELECTROMECHANICAL
ACTUATOR MODEL
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DIRECT DRIVE EMA

Source: FU et al., 2018.
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DIRECT DRIVE EMA
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DIRECT DRIVE EMA – WORD BOND GRAPH

EM: Electric Motor

MPT: Mechanical Power Transmission
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EMA BEHAVIOURAL MODEL

Electric Motor Mechanical Power Transmission Load Coupling
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EM stator winding

insulation

deterioration, wire

chafing, permanent

winding failure.

MPT Excessive wear

leading to

backlash, or lost-

motion.

MPT Increased

friction, structural

failure.

Load coupling

broken mechanical

linkage.
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EMA FAILURE MODES
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DIAGNOSTIC BOND GRAPH
MODEL
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DIAGNOSTIC BOND GRAPH

• BG behavioural model with
preferred differential causality

• Inversion of sensor causalities,
i.e. sensors become sources

• Introduction of residual virtual
sensors
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EMA DIAGNOSTIC BOND GRAPH

residual virtual sensors or residual sinks
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EMA COUPLED MODELS

RESIDUALS

Behavioural BG model
with fault injection

Coupling with noise
injection

Diagnostic BG model
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• Analysis of the causal paths

leading to each residual detector

• Detectability index (D) of a

component is set to 1 if at least

one residual is sensitive to it

• Isolability index (I) is set to 1

when the component's fault

signature is different from fault

signatures of all other components

EMA FAULT SIGNATURE MATRIX



SIMULATION AND RESULTS
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20-SIM BG MODEL IMPLEMENTATION
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NORMAL OPERATION
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SHORT-CIRCUIT
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SHORT-CIRCUIT
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BACKLASH
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BACKLASH
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FDI RESULTS SUMMARY
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The Diagnostic Bond Graph approach was

proven as a powerful tool, suitable for the

implementation of FDI on complex

multidisciplinary systems, such as the

electromechanical actuator.

CONCLUSIONS
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EMA MODEL – ELECTRIC MOTOR
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EMA MODEL – MECHANICAL POWER TRANSMISSION
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EMA MODEL – LOAD COUPLING
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OPEN-CIRCUIT
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OPEN-CIRCUIT
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FREE-PLAY
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FREE-PLAY



47

JAMMING
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JAMMING



49

1. Refinement of the EMA model, including PDE and

actuator control;

2. Analysis of the closed loop response, and its

impacts over the response to failure modes;

3. Robust FDI and sensitivity analysis of the residuals

in the presence of parameter uncertainties;

4. Evaluate the inclusion of more sensors in order to

improve faults isolability;

5. Bicausal Bond Graph (BBG) models for analysis and

improvement of sensor placement for better

isolability;

6. Multiple-fault scenarios, applying multiple-fault

isolation techniques;

7. Fault Tolerant Control (FTC) techniques for fault

accommodation / passivation;

8. DBG online simulation, with inputs from a real

system.

FUTURE
RESEARCH
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MEA

MORE ELECTRIC AIRCRAFT
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EMA MODEL PARAMETERS
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CAUSAL PATH ANALYSIS

Causal paths leading to residual r1:
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BACKLASH MODEL
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EXPERIMENTAL THRESHOLDS
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NOISE MODEL


