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Fault Equation Cause Effect Graph 
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• Decalibration 

 
 
Jump in the mean value 

 

 
 

 
 
 
Gain 
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• Decalibration 
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•Destruction of the 
sensor 
•Disconnection of 
an electrical signal 

 
 
Signal constant, zero or 
min/max 

 
 
 
 
Offset drift 
Bias drift 
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•Ageing 
•Slow destruction 
of the sensor 
•Temperature  drift 

 
 
Signal slowly deviates 
from the true value 

 
 
 
Increased 
noise 
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•Electro-magnetic 
disturbance 
•Loss of screening 
•Disconnection of 
the ground signal 

 
 
Small signal to noise 
ratio 

 

7/237Context



© cnes

FDI

Context and aim
8/237

time

Fault

Model/Data

Td

Td represents time to detect, isolate and to estimate

Context
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Tr represents time to reconfigure

Tr

FTC

Resilient
Model/Data

Context



© cnes

Model/Data

10/237

time

Fault Tr

Diagnosis and ….

FDI

?

Context



© cnes

Model/Data

Reliability/RUL

11/237

time

Fault Tr

FDI

?

Context



© cnes

DIAGNOSIS & PROGNOSIS
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Tm represents period between fault occurrence
and the end of expected mission

Tm

time

Fault Tr

FDI

FTC

Resilient

Heath Aware Control Design
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Consider the linear system as follows:

with measured output and tracking control loop:
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PROBLEM STATEMENT
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with Unknown degradation (dimension 1)

Consider the degraded linear system as follows:

where           is a nonlinear function 
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PROBLEM STATEMENT

with Unknown degradation

Consider the degraded linear system as follows:

where           is a nonlinear function 

Remaining Useful Life
Dynamic Behaviour
Etc …

Remaining Useful Life dynamics as:

For tracking control as:
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Degradation model sensitive to system input but unknown , so approximated by: 

DEGRADATION MODEL APPROXIMATION

Recurrent formulation 

Time + Cumulative « Energy » 
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State space representation included degradation becomes as:

EXTENDED STATE SPACE REPRESENTATION

where

with
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DEGRADATION ESTIMATION



© cnes25

RUL PREDICTION OVER LONG TIME HORIZON
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d(t)
^

d(t)

Acceptable Threshold

RUL(t)=tB-t

But tb is unknown
However only 
deterioration level 
has been fixed by 
expert

RUL DEFINITION

Dfail
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RUL PREDICTION OVER LONG TIME HORIZON
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RUL PREDICTION OVER LONG TIME HORIZON

or based on 
formal equations
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OPTIMIZATION-BASED SET- POINT MODULATION



© cnes35

HYBRID PROGNOSTICS ENABLED SET POINT MODULATION STRATEGY

35



© cnes36

• Introduction / Context

• Problem Statement

• Our Solution

• Illustrative Examples

• Conclusions / Perspectives

OUTLINES



© cnes37

EXAMPLE 1 – SYSTEM DESCRIPTION 
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Please consider the following academic example:

With degradation

where
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EXAMPLE 1 – CLOSED LOOP 



© cnes39
39

EXAMPLE 1 – DYNAMIC BEHAVIOR IN CLOSED LOOP
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EXAMPLE 1 – EKF
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EXAMPLE 1 – DEGRADATION ESTIMATION & RUL
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HYBRID PROGNOSTICS ENABLED SET POINT MODULATION STRATEGY
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EXAMPLE 1 – DESIGN PARAMETER & CRITERIA
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EXAMPLE 1 – DYNAMIC BEHAVIOR & DEGRADATION & RUL
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EXAMPLE 1 – ANAYSIS

Two Criteria are defined:

Parameter Sensitivies
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EXAMPLE 1 – ANAYSIS
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EXAMPLE 1 – ANAYSIS

Combinaison of both parameters
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g / UB 1.5 3,0 4.5 6,0 7.5 9,0 10.5 12,0

0.010 6.49 12.7 18.30 22.53 26.10 30.07 34.53 39.54

0.100 6.49 12.69 18.25 22.40 25.87 29.70 33.89 38.41

0.250 6.43 12.40 17.44 20.64 23.24 25.77 28.13 30.06

0.500 6.29 11.76 15.64 17.18 18.28 18.88 18.91 18.92

0.750 5.88 9.77 10,00 10,00 10,00 10,00 10,00 10,00

0.900 4.64 4.75 4.75 4.75 4.75 4.75 4.75 4.75

0.990 1.85 1.81 1.81 1.81 1.81 1.81 1.81 1.81

0.999 0.17 0.17 0.17 0.17 0.17 0.17 0.17 0.17

Extension in seconds of system life for various combinaisons  

Note: The system without HAC fails after 443s.  

<10s <20s <30s <40s

Legen
  

EXAMPLE 1 – ANAYSIS
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Simulation Engine: CNES RT-NT-2510000-CNES
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REUSABLE LIQUID ROCKET ENGINE - RLRE
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Degradation

Degradation is the appearance of cracks 
in the combustion chamber. 
This leads to fuel leaking from the 
regenerative circuit into the combustion 
chamber. 

Leak will affect the efficiency on combustion and so the 
dynamic performance of the closed loop

 
  
 

Hötte, F., Sethe, C. V., Fiedler, T., Haupt, M. C., Haidn, O. J., & Rohdenburg, M. (2020). 
Experimental lifetime study of regeneratively cooled rocket chamber walls. International 
Journal of Fatigue, 138, 105649.

RLRE - DEGRADATION
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RLRE - DEGRADATION
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RLRE - WITHOUT OPTIMIZATION

6988
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RLRE - WITH OPTIMIZATION

7327 
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RLRE – REFERENCES

WITH OPTIMIZATION

WITHOUT OPTIMIZATION
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CONCLUSIONS

• Trade-off between dynamic performance and RUL has been proposed

• Degradation model estimation 

• FDI Robustness has been assumed

• Uncertainties on RUL estimation have been omitted

• …
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5% de la distribution 
de la probabilité de la RUL

95% de la distribution 
de la probabilité de la RUL

90% de la distribution 
de la probabilité de la RUL

PERSPECTIVES – RUL with uncertainties
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PERSPECTIVES
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