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Industry 1-2-3-4
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The 4th Industrial Revolution - ,Industry 4.0

Drivers
Quality of life

Engineering Sciences

T1782
Power generation
Mechanical automation

pelectronics

Mobility

Industrialization

Electronic
Automation
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Smart
Automation

From Industry 1.0 to Industry 4.0
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Big Knowledge(ID)
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Can the Big KID become SMART for
Reliability Engineering ?
|
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SMART Reliability Engineering — component
Big KID opportunities
|
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Reliability analysis for Design for Reliability:

From failure modeling to degradation-to-failure modeling
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SMART Reliability Engineering — component
Big KID opportunities
|

Reliability analysis for Design for Reliability:

From failure modeling to degradation-to-failure modeling

Integrating physics-of-failure knowledge in reliability models
« Multi-State Physic-Based Models
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SMART Reliability Engineering — component
Challenges
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Reliability ? KID 1 Model

(Knowledge, Information, Data)

Thermal Sleeve

Low Alloy Steel Nozzle

Safe End Fill-in

— Statistical models
e Sufficient failure of time to failure

Alloy 82/182 Butt Weld

Slainless Steel Safe End
Stainless Steel Field Weld d at a :D
Stainless Steel Pipe

Stochastic process
B models
— Physics-based
- Physics knowledge models
Expert judgment | = —
Highly reliable Field data Multi-state

models
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SMART Reliability Engineering — component
Multi-State Physic-Based Models
|

Alloy 82/182 dissimilar metal weld of piping in a PWR primary coolant system
O Physical laws
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Macro-Crack
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Leak State

Multi-state physics model of crack development
in Alloy 82/182 dissimilar metal weld

apPp

AN .:{dMuZ(l—Pnu—anf(uaM)})' [ u>ap/ay
(O @ s @i

acPg . . 1 . .
ifu=a-/a -, Jw=>=la —a [}
CI) @ {amuz(l—Pc{l ac/(udp)))’ f c/au {w f (aL —ap)/ay
C else 4 0, else
entraleSupél " I




SMART Reliability Engineering — component

Opportunities
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Random shocks

Degradation

— process
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Dependences in degradation processes
Internal leak

I ia

D, (t)

Dy (1) = wp(1+ ﬁYp(t))

Cy Amnvis

CentraleSupélec

Z(t)

reliable innovation Science - Enseignement
en partenariat avec

Initial state Failure state

A

() T

-
-
-
R

L J
“ % FONDATION €DF

I'InStitUt de France I_I—_



_ PCITECNICO
QERE- ¢ D! JAILANO
7P

SMART Reliability Engineering — component

Opportunities
||
Maintenance
_ ‘threshold
Degradation | . -~ . + PM
process threshold
> t

TLI ZTLI 3TL1 Tfmrss
Preventive maintenance (a)
Corrective maintenance (b)
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SMART Reliability Engineering — component

C_h allenges
Uncertainty
Internal leak O Uncertain parameters in degradation models
| ; Initial state Failure state
Dy, (t)
Dy (£) =@(1 D)
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SMART Reliability Engineering — component
Challenges
|

Degradation processes
Internal leak

TS

Initial state Failure state
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-
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SMART Reliability Engineering — component
Challenges
|

MC Simulation Finite-volume scheme

While &= 8
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Samgle a ¢ by tsing the probability density fimction (3.7) A

Sample an ammival state ¥ for stochastc process ¥(¢) Som all the possible states by
tasing the conditional probahbility destribution (3.8)

SetT=T+¢
Calculate X(T) by using the physics eg (3.3)

St 7= (X17))

T % T A
Hrer I

B, |

Set k' =k"+1

Break Y Gy
| 2

End if
Flse (when T = T}

Calculate 2(T,,,..) I, B1 \i

BT ) EF u.] ” A
Setk'=k"+1
Break Bz "
End if
End if
End While
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SMART Reliability Engineering — component G e
Big KID opportunities &
u

Reliability analysis for Design for Reliability:

From failure modeling to degradation-to-failure modeling

Integrating physics-of-failure knowledge in reliability models
» Multi-State Physic-Based Models

?And the data”?
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Theory

Assumptions about how things
Reflnements work

l ADT Procedure

Insight about what works,
gained from analysis

A Evaluation Experiment
P e I'fO rm an Ce L i fe Assessr:;‘zn::;;:li:nt;:ttcome i Trial to test hypothesis

arameter I , ) ) .
"p"""""*._"j'(;‘\‘d@'w - General testing procedure
: - : - | .

A blueprint of the procedure

Threshold
distribution

Performance

, 1ime

distribution >
| S S, s, Stress
Degradation Model: Acceleration Model:
Degradation VS Time Stress VS Time
Stochastic process or degradation-path: Physical or empirical models:

Wiener process: Y(t) = aB(t) + d(S)t Arrhenius: d(S) = AeEa/kS
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Degradation
Process Model
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I Challenges iInADT

BELIEGEUN > The whole trend is defined
trend (linear, exponential, etc.) ERTTT > Incgm_plet‘_a knowle_dge due

to limited information

uncertainty S
Aleatory > Inherent randomness > Interval, possibility, etc.
WA > Probability

Challenges: Stochastic Process — some revised models:

v" Traditional methods mainly DBM model Revised model I* Revised model 11
model degradation trend

and aleatory uncertainty. O =QE t+aBO YO ‘d@)t +ogB()  Y(0) = E‘&’St + 05B(t)

\ , ~
~——_ - -~ ___—’

.. ] d(S) : adefinite value d(S) ~ N(u,c?) d(S) ~ N({i, o2
v" Failing to consider (S) ~ Nlu ($) ~N(@E a%)
Degradation trend

Istemic uncertainty m - -
episte C unce t_a ty ay IIDegradatlon trend IIDegradatlon trend TR
cause serious reliability [Aleatory uncertainty ) [ Aleatory uncertainty ) Episteric uncertainty

evaluation problems. I
opB(t) oB(t) & d(S) oB(t) & d(S)
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SMART Reliability Engineering — component
Big KID opportunities
|

Maintenance:

Integrating physics knowledge and data:

* Prognostics and Health Management (PHM)
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| Maintenance

Maintenance
1950 1980 2000 2016
Corrective Planned Periodic Condition Based Predictive
Maintenance Maintenance Maintenance (CBM) Maintenance (PrM)
\/

Prognostics and Health
Management (PHM)

PHM is fostered by advancements in:

( inte ) inside™
2ol CORE"i7
® . . .
c’.) AR/\\/"S 23 FOl sensor Algorlthm Computation power
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PHM for what?

PHM in support to CBM and PrM

Conditions paage:

\@ @) I ( intel‘ inside™
1“: : F? -% = ;—':n._ril"-
qd E . s
, ﬁ" CORE”i7
Normal
Fault ®— Conditions
O —— : Detection  \
\ Vibration | Abnormal

¢ Anomaly of Type 3

Equipment /\/\/ ' Decision Maintenance
; \ Maker Decision

_____________________________________

- o&— Anomaly of Type 1 : - )
Temperafl,/f e \ ! < (.

...........................

Fault
Prognostics

Remaining Useful

Sensors Life (RUL)

measurements
@
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| PHM: why? (Industry)

» Increase  maintainability, availability, safety,
operating performance and productivity

» Reduce downtime, number and severity of failure
and life-time cost
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PHM: how? (Fault detection)

|
Signal Real
reconstructions measurements
MODEL OF
PLANT BEHAVIOR
IN NORMAL OPERATION
O al Range-based <

Data-Driven (AAKR, PCA,

LI
"

RNN,...)

Abnormal Condition
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PHM: how? (Fault diagnostics)
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* Signal measurements representative of the fault classes: «xy,x,,...x,, class»

_ % Empirical
— Classifier

*  Empirical classification methods:

« Support Vector Machines

« K-Nearest Neighbours

« Multilayer Perceptron Neural Networks
« Supervised clustering algorithms

- Ensemble of classifiers
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PHM: how? (Fault prognostics)
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|
Kalman Filter Autoregressive (AR) idden Semi-Markov
models Models
Monte Carlo Data- Artificial Neural
Simulation Driven Networks
Particle filter Similarity-basea Neuro-fuzzy
methods systems
* Physics-based « Current degradation * Degradation trajectories of
model of the trajectory similar components
degradation « A threshold of failure  Life durations of a set of
process . External/operational similar components
* Measurement conditions
equation

¢y
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PHM: performance ?

 Accuracy
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N PHM: performance ? (detection)

* Accuracy
> Fault Detection:

4 Low rate of False Alarms
4 Low rate of Missing Alarms

Example:
False Alarm Missing
Normal Rates Alarm
Detection / Condition Rates
Model Conanton 0.54% 0.98%

A
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PHM: performance ? (diagnhostics)

 Accuracy
» Fault diagnostics:

J Low Misclassification rate

Cl
- C
> | Diagnostic 2
5 Model
—e C3
® ® °° 0 = true
 ees ® e e © © xox sse x = diagnostic model
H® ® BREDDJRDED 2R 2.2 ] ®

o MlscIaSS|f|cat|on rate = 2.58%
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PHM: performance ? (prognostics)

 Accuracy
» Prognostics

900

]

— Predicted RUL

]

800
700 .......... True RUL

RUL(t)

I

600

500
400

300

200

100

r r r r [
100 200 300 400 500 600 700
time
[Days]
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SMART Reliability Engineering — component
Challenges (PHM)
|

1) Context changing
2) Uncertainty management

3) Fleet
PHM & 4) Return of Investment

5) Safety
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Context changing: concept
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Context changing (fault detection)

Monitoring components of a (e.g. nuclear power) plant

The detection model should be able to follow the process changes:
* Incremental learning of the new data that gradually becomes available
* No necessity of human intervention for:

* selecting recent normal operation data

* building the new model New data are coming
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Context changing (fault prognostics)

Degradation indicator !
A |
E ! } f !
N : A";‘r'v\’\’{ ’rv\\s M N
: - - =
IS
=
/
I > t
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Context changing (prognostics)

Degradation indicator !
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Context changing (fault prognostics)

||
5 -
Ll
0.7 L L L L L L L L L
06~ -
O New FV: 13 « {
I PN
i <> Changed FV: 57 i
| N VA
e "W‘ A
7 04r -
E 0.3 — Target 7]
= — Predicted values
0.7 — Upper bound i
'.%M‘ ,\ — Lower bound
r '\‘\‘j y < Pasttion of changed FV
0= V O Position of new FV ]
0 i [ [ [ [ i i i i
0 a0 100 150 200 240 300 3a0 400 430 a00

Time steps (four hours)
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Challenges (PHM)
|

1) Context Changing

2) Uncertainty management

3) Fleet
PHM & 4) Return Of Investment

5) Safety
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Uncertainty management (prognostics)

Sources of uncertainty:

1) noise on the observations (measurements)

Seal leakage
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Noise on
degradation
measurement

o

Failure Threshold

e True leakage

e Leakage measurement
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Uncertainty management (prognostics) !
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Sources of uncertainty:
1) noise on the observations (measurements) !
2) intrinsic stochasticity of the degradation process

Seal leakage
A://-//JFailure Threshold

Vv

t Time
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Uncertainty management (prognostics)

|
Sources of uncertainty:
1) noise on the observations (measurements) | o
2) intrinsic stochasticity of the degradation process VR
3) unknown future external/operational conditions
4) Modeling errors, i.e. inaccuracy of the prognostic model used to

x10°

perform the prediction |

Uncertainty on the RUL prediction ?
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Prognostic Model

Probability to have
a failure in this interval is

Present lower than 5%
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3) Fleet
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Fleet (fault diagnostics)

|
« Can we use data from similar industrial plants of the same fleet to

build diagnostic systems?
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N Return Of Investment (ROI)

* Most frequently used measure to estimate the economic benefit of
PHM:
Cost avoidance
ROI = —1
Investment
Questions:

1- How to reformulate the ROI based on these economic benefits and make the ROI
framework general?
E— How the performance indicators will affect the ROI ?
[ J

@

[
r</\AMIS * T FONDATION eDF
m ‘ Science - Enseignement
C en tra] e S u 'p é] ecC en partenariat avec I'Institut de France _ 7 8




ST POLITECNICO
eSSy DI MILANO
7P

SMART Reliability Engineering — component
Challenges (PHM)
|

1) Context Changing
2) Uncertainty management

3) Fleet
PHM & 4) Return of Investment

5) Safety

@ q
CI.) [\R/\VIIS * < FONDATION €DF
/ reliable innovation Science - Enseignement
C en t]"a] e S u p é] ecC en partenariat avec I'Institut de France I_I—_




S5 POLITECNICO
S y DI MILANO

PHM & safety

e . : (Terje Aven, ESRA Webinar,
RISk 9 (pi; Cj |k)i=1 ....N What is Risk, March 17, 2016)

v

. Avoided failures thanks to PHM

. Reduction of unnecessary maintenance interventions (< human errors in maintenance)
. Management of abnormal conditions

. Missing alarms of the fault detection system

. Late RUL predictions of the prognostic system

. Unexpected scenarios

[p— x
C.Za.f PHM System -2 (p;k,C;klk )i=’|,

L J
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PHM & safety

+ PHM System

Initiating Detail of an
Event System 1 System 2 Accident
L SH
Reliability-based IE*S,*S
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Conclusions: Big KID and Smart KID
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SMART KID

—_

= Knowledge
-

* —@&7 Information

6 Data

i

Simulation, Modeling, Analysis, Research
for Treasuring Knowledge, Information and Data

¢y

CentraleSupélec

(for Reliability Engineering)
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Conclusions: Smart KID for Reliability Engineering
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E. Zio, IEEE Trans on Reliability, 2016
Some challenges and opportunities in reliability engineering
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