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A growing need for individualized maintenance policies

= Degradations come from two
main factors:

= Variability in manufacturing (like DNA)
= Variability of usage

= Currently, a “context-blind”
maintenance policy dimensioned
for the worst-case scenario is
applied
= To all the same type of engines
= This leads to over maintenance

v

* Sub-optimal w.r.t. multiple - Important keyword: individualization
C""fe"aj o _ - Provide maintenance recommendations
= Financial cost, logistics, environmental tailored to each individual system

Impact, etc.
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Digital Twin: A powerful tool for health monitoring

= A Digital Twin (DT) is a virtual mirror of the
Physical Twin (PT)
= What happens to the PT will be reflected in the DT

i = The DT can then be used for comparing what-if
scenarios and assessing different maintenance
policies

o -

Digital
model

- -

Digital
shadow

O Currast Collector |

= Maintenance recommendations are fed back to

the PT
( - 5 = > Closed-loop between real and digital worlds
Digital .Mo
twin Q L4 !
‘ M = DTs also help achieve individualization
S Opodl dR T = Each physical engine has its own specific DT(s)

Fig. 2: Digital model, digital shadow, and digital
twin concept for a lithium-ion battery cell within
a larger pack

* Source: Thelen et al., 2022, A Comprehensive Review of Digital Twin - Part 1: Modeling and Twinning Enabling Technologies
S SAFRAN



General Maintenance Pipeline

- j Optional Maintenance Action
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* RUL Figure Source: Beny, M.A,, Fajar, M.N.R. (2019). The Development of Remaining Useful Life Prediction System
on VRLA Battery using Support Vector Regression. Bandung: Institute Technology Bandung
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Towards a generic DT platform for maintenance of industrial systems

= SciTwin: Python-based Scientific DT tool
= A generic tool for realizing and simulating DTs
= Designed to easily instantiate a DT of an

industrial system

= Specialized for testing and evaluating various
maintenance-related algorithms and strategies

= A DT in this tool is composed of
= Preprocessor
= |ndicator Builder
= SoH (State of Health) Estimator
= RUL (Remaining Useful Life) Predictor
= Maintenance Strategy
= Usage Strategy
= Cost Estimator

will be provided
from outside
for simulations

= Any algorithm can be easily plugged in w/o

touching other components
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Use Cases of SciTwin

= Aircraft engine maintenance

= Physical Twin: an internal simplified engine
simulator

= The more realistic engine simulator and real
measurements obtained from operating
engines will be tested later on
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= Aircraft battery maintenance §jPyBavMm
= Physical Twin: PyBaMM, an open-source battery
simulator
= PyBaMM is a battery simulation package that
provides accurate physics based simulation results

= |t is being used in many research activities and under
active developments
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Illustrative Example

[

import matplotlib.pyplot as plt

from scitwin import DigitalTwin, simulate digital twin

from scitwin.case.default impert DefaultRULPredictor

from scitwin.case.dummy import DummyDTModel, DummyPhysicalTwinInterface
from scitwin.maintenance import CorrectiveMS, PeriodicCorrectiveMs

2 . : 3 Corrective Maintenance (Total Cost: 830.0)
physical twin = DummyPhysicalTwinInterface()

1.0 4
dt_model = DummyDTModel(
rul_predictor=DefaultRULPredictor(), T 0.81
. _ . 0
maintenance strategy=CorrectiveMs(), T 061
) %
digital twin = DigitalTwin(physical twin, dt_model) E 0.4 4
i 024 *® Estimated SoH = --- Repair
simulate_digital twin(digital twin, usage=1, simulation_time=580) = = Fail
digital_twin.plot_history(figsize=(6.5, 2.2 0.0 +— T r—— r T T
igi ? _twin.plot_| _j.s or‘yF igsize=( R )} o . 0 100 200 00 o s
plt.title(f"Corrective Maintenance (Total Cost: {digital twin.total cost})") ,
Time or Cycle
e o )
Iphysical twin = DummyPhysicalTwinInterface() 1 Periodic Maintenance (Total Cost: 540.0)
:dt_model = DummyDTModel( 1 1.0 4
1 rul_predictor=DefaultRULPredictor(), : :
o c - o o o I
: maintenance_strategy=PeriodicCorrectiveMS(repair_interwval=188), 1 a 0.8 - :
1 ’ I
I) 1 E 1
Idigital twin = DigitalTwin(physical twin, dt_model) r—-—P I :
1 1 £ 061 !
L]
Jsimulate digital twin(digital twin, usage=1, simulation_time=500) : w o Bt IdS " Repai
stimated So - air
ldigital twin.plot_history(figsize=(6.5, 2.2)) 1 0.4 s + P
E}l‘t.ti‘tle(f"Per‘iodic Maintenance (Total Cost: {digital twin.total cost})") : 0 100 200 300

Time or Cycle
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Live Demo w/ the Aircraft Battery Maintenance Use Case

Cost Parameters v
. . Run One Cycle Reset DT 1 - COSt: $ 210, Repair, SOH: 95-00/0, RUL: inf
Measurements Dlglta| N T - .
+ un Cycles ' A *
TWI n 1 Digital Twin 1 Settings ‘E o LJ . ] i <A . :
£os * . ] * . . §
Maintenance Strategy B | e e A '“". ]
j PL:lBaM Corrective ~ op4 @ Fal -g 3‘
P h S i Ca I M a I ntena nce SoH Uncertainty RUL Uncertainty Gycle Humber
y Decision L . .
. DT 2 - Cost: $ 20, Do-Nothing, SoH: 95.6%, RUL: inf
TW| N Digital Twin 2 Settings
Maintenance Strategy e I % A | Estmatsd S Repa
Periodic Corrective v g oee T ;‘ . .
E L * L I
Measurements SoH Uncertainty RUL Uncertainty g . 1 .
0.01 -+ 050 - - i
Repair Interval e umber
_‘ Digital Twin 1 in Detail v
1 25
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Perspectives (non-exhaustive)

[
= Develop the two main use cases and apply to other ( Dig?tal Twin )
use cases as well . y
: : : : : . re-process
= Integration of algorithms (inverse problem, survival analysis, PR reestng lWMeo\suremen‘ts
signal processing) from the MATD team as SciTwin'’s building
blocks ( Indicator Bu'\[dlnﬁ ]
Indicato
= Study on uncertainties from various sources zZ \,_____“:PE°:°‘P
° . o o - [SOH ES't;MO\'CIOnHRUL Predic‘t}or\;
= Comparative study on the individualized aspect of SoH  _--TROC T
the DT <
Maintenanc Usa
= Fleet-level management where there are
interactions among individuals
= Multi-criteria maintenance optimization o
= E.g., environmental impact, financial gain and availability ) -
N

A
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Towards a generic DT platform for maintenance of industrial systems

= Safran is involved in the ambitious “JNI” = JNI Program Partners
DT program with diverse academic and
industrial partners

= JNI: Jumeaux Numérique pour la Résilience et
Durabilité des Systéemes Industriels

= Project duration: 4 years @ NAVAL .* “EDF
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I Degradation Modeling: Two Approaches

1. Top-down (TTF - Degradatlon Statistical, Physics blind)

@ TTF %lbutlon @ Draw a TTF ® Degradation
(Slmple or Generalized) e
1512
5 3
N
,,/ Y 7 °

2. Bottom-up (Degradation - TTF, Generative, Physics knowledge can be reflected)
@ Degradation @ TTF

(Increase by time or usage

= | 1 @] i
© 1 1 1 1
1 1 1 1
o | -1 - A
1 1 1 |
1 1 1 1
A~ | A1 A
1 1 1 1
1 1 1 1
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I_Degradation Modeling Comparison

Bottom-Up

Starts from TTF observations Starts from degradation observations and possibly
from physics knowledge

When degradation observations are difficult or When TTF observations are difficult or impossible
impossible
When TTF distribution is known When degradation process is known

Degradation process is rather deterministic since  Requires domain expert knowledge to realize and
it's dependent on a drawn TTF sometimes hard to reflect real-world TTF
observations

Impact of different usages could be reflected in Relatively easy to reflect impacts of different usages
only an aggregated way

Simple and easy to realize Provides a finer way to simulate rupture failures

MATD / DST / Safran Tech / 19/02/2025 S SAFRAN
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I Maintenance Policies [1/2]

= Corrective (Reactive) Maintenance * Predetermined (Scheduled) Maintenance

> Let it fail, then repair > Repair periodically

> Wait until the next scheduled repair
1st Lifetime 2nd Lifetime 3rd Lifetime even if there was a failure
o @ o o > _
TO Failure Failure Failure 1st Life’t,.(mé—----an\Llfghm%rd Lifetime
. . . ~ 7
- Repair - Repair - Repair ® —GC —05 ‘ o— .
TO Repair Repair  Failure Waituntil the n
scheduled repair

» Perfect (ldeal) Maintenance » Predetermined + Corrective Maintenance

> Repair right before a failure (no failure at all) > Repair periodically

> Possible in the simulation world ! > Repair right after a failure

> Provides cost lower bound and availability upper bound

= 2nd Lifeti
1st Lifetirfie “d\"*? MB31d Lifetime
1st Lifetitie  2nd-Lifelime™"""~<g.4 | ifetime o *—O *—C0—

P < é > TO Repair Repair Failure
TO Repair Repair Repair
MATD / DST / Safran Tech / 19/02/2025 \S/\ SAFRAN
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I Maintenance Policies [2/2]

A
o : Failure Threshold . __ . ______
= Condition Based Maintenance (CBM) e
> Inspect (or check) periodically _§ . nRepa'i?n
> Repair when a degradation level is over a threshold T |Repair Threshold __Z1" """ __ e
o |
1st Lifetimie  2nchLifetime 2 Inspectio |
—e ® — o O—o—o- 00— o _ :
TO  Inspection Insp. > Failure Inspectio
Repair TTF R
Time or Usage
* Predictive Maintenance '
> Predict RUL (Remaining Useful Life) Failure Threshold_______, msspmee
> Repair depending on the RUL prediction S a’
> Simple predictive approach could be easily ® Preg.”” !
implemented (e.g., linear projection) g A&Repair
e > :
1st Lifetifie  2nchLifetime a !
— o o o © O o o i
TO Inspection Pred.? Failure M TTE .
& Prediction Repair Time or Usage
MATD / DST / Safran Tech / 19/02/2025 5 SAFRAN
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