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1. Context

« Complex dynamic systems exposed to failures

* Maintenance and repair to reduce cost of products
* Reconfiguration and replanning to maximize rewards

of 'local' missions
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1. Context

 Complex dynamic systems exposed to failures

P

* Maintenance and repair to reduce cost of products
* Reconfiguration and replanning to maximize rewards
of 'local' missions
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* Hybrid systems

e Continuous and discrete observations
* Multi-modes systems (continuous and discrete behaviors)

Degraded mode
« faulty mode » Failure mode
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1. Context

Diagnosis

« Determine the current health state of the system

Prognosis

» Determine the future health states of the system

» Often related to the temporal prediction of the
date at which the system is not operational
anymore

* RUL/EOL prediction
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1. Context

Diagnosis

« Determine the current health state of the system

Prognosis

» Determine the future health states of the system

» Often related to the temporal prediction of the
date at which the system is not operational
anymore

* RUL/EOL prediction

Current approach:

sensors data 4 current and future
current / future actions L health monitoring J time !
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2. Motivations

» Model-based diagnosis and prognosis
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2. Motivations

» Model-based diagnosis and prognosis

* Interleave diagnosis and prognosis (InterDP)
« To perform a more efficient health monitoring [Chanthery & Ribot, 2013]

sensors data
(discrete and continuous)

A 4

>

current and future actions
(command, mission plan)

current and future

health states
(probability distributions)

[ diagnosis ] [ prognosis ]
S S
health monitoring /

\

»

LAAS-CNRS ﬂ December 8, 2014, GT S3 2014



2. Motivations

» Model-based diagnosis and prognosis

e+ Interleave diagnosis and prognosis (InterDP)
| « To perform a more efficient health monitoring [Chanthery & Ribot, 2013]

sensors data e N \ current and future

(discrete and continuous) ) health states
diagnosis prognosis (probability distributions)
> >
current and future actions h %\—tj
(command, mission plan) \ (S IR

* Use degradation laws
» Use probabilistic tools
(uncertainty)
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2. Motivations

» Model-based diagnosis and prognosis

e+ Interleave diagnosis and prognosis (InterDP)
| « To perform a more efficient health monitoring [Chanthery & Ribot, 2013]

sensors data e N \ current and future

(discrete and continuous) ) health states
diagnosis prognosis (probability distributions)
> >
current and future actions h %\—tj
(command, mission plan) \ (S IR

- - . * Use degradation laws
Objectlves. « Use probabilistic tools
« Use probabilistic tools (uncertainty)

for behavioral diagnosis
== To model uncertainty
* Model system degradation
= TO accurately interleave diagnosis
and prognosis
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2. Motivations

» Model-based diagnosis and prognosis

e+ Interleave diagnosis and prognosis (InterDP)
| « To perform a more efficient health monitoring [Chanthery & Ribot, 2013]

sensors data e N \ current and future

(discrete and continuous) ) health states
diagnosis prognosis (probability distributions)
R >
current and future actions &\—j
health monitoring

(command, mission plan) \

- - . * Use degradation laws
Objectlves. « Use probabilistic tools

« Use probabilistic tools (uncertainty)
for behavioral diagnosis
== To model uncertainty
Model system degradation
= TO accurately interleave diagnosis
and prognosis
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3. Methodology for behavioral diagnosis

Modified Particle Petri Nets (MPPN)

State space of the

Set of dynamics equations
associated with some places

Set of places continuous state vector
\
MPPN\:(AP, T ,Pre, Post
vl 7

/ Initial marking
X, Cy,Q, M)

Set of transitions

Incidence matrices

with transitions

T Set of conditions associated

Application associating tokens with places
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3. Methodology for behavioral diagnosis

Modified Particle Petri Nets (MPPN)

State space of the

Set of dynamics equations
associated with some places

Set of transitions

Incidence matrices

health states
of the system

unobservable
fault events

|

Set of places continuous state vector
\ Initial marking
MPPN=(P,T ,Pre, Post,X,C: V.2, M

Set of conditions associated
with transitions

Application associating tokens with places
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continuous behaviors of
the system (state space
representations)

observable
mission event e




3. Methodology for behavioral diagnosis

* MPPN use two types of places to model:

Continuous dynamics of the system
(dynamics equation)

Behavioral modes of the system
(discrete state)
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3. Methodology for behavioral diagnosis

* MPPN use two types of places to model:

continuous and hybrid system

(dynamics equation)

Behavioral modes of the system MPPN can correlate discrete
(discrete state) and continuous observations

Continuous dynamics of the system [ MPPN can model discrete, }
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3. Methodology for behavioral diagnosis

* MPPN use two types of places to model:

(dynamics equation) continuous and hybrid system
Behavioral' modles of the'system MPPN can correlate discrete
(Elpegsis st and continuous observations

 MPPN use three types of transitions to model event uncertainty
about:

The occurrence of an unobservable event
(supported by continuous observations)
The occurrence and the non occurrence
of an observable event

Continuous dynamics of the system [ MPPN can model discrete, }

The occurrence of an observable event
(supported by continuous observations)
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3. Methodology for behavioral diagnosis

* MPPN use two types of places to model:

Continuous dynamics of the system MPPN can model discrete,
(dynamics equation) continuous and hybrid system

Behavioral modes of the system MPPN can correlate discrete
(discrete state) and continuous observations

 MPPN use three types of transitions to model event uncertainty
about:

The occurrence of an unobservable event / \
S orted by continuous observations
(Sup  — ions) MPPN combine
The occurrence and the non occurrence conditioned-firing
of an observable event and pseudo-firing
(duplication of tokens)
The occurrence of an observable event
(supported by continuous observations) \ /
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3. Methodology for behavioral diagnosis

MPPN on line process
* Use particle filters to model uncertainty about:
* Model equations
¢ Continuous observations

S TN
fulo f‘ulo
Prediction |
Observations
; S AN
S Correction < (01,0r)
tate <
5‘4( ' 1
(p”.p")
i i
hlk ﬁ-ﬁlk
Prediction |
Observations
) N
S Correction < Oi41: Ok
tate < T ' |
a2 v
(pS ¢p_w) ﬂfk-{-l ﬂfk+1
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3. Methodology for behavioral diagnosis

MPPN on line process
* Use particle filters to model uncertainty about:
* Model equations
* Continuous observations RETI el R lalale!

S TN
f‘ulfo f‘ulo
Prediction |
Observations
Correction <— (07, 07)
State |«
¢ »
S N
(p°,p") .
TS “‘LN
le i ﬂ-ilk
Prediction |
Observations
Correction ‘_(Ofﬂ ’ Oiﬁrl)
State < 7 ' 3
V7S o
S¢ N ﬂfk-{-l ﬂIk-{-l
(p~,p")
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3. Methodology for behavioral diagnosis

MPPN on line process
* Use particle filters to model uncertainty about:
* Model equations
* Continuous observations RETI el R lalale!

S TN
f‘ulo p,.lln
Prediction |
Observations
. = N
Correction < (07,07")
State |«
v \
S N
(P, p") |
Y “‘LN
f'ul’ i ﬂx_‘ik
Prediction |
Observations
Correction <~0711,00%)
State |« : : i
NS y YV
(PS‘L N) ﬂ’rkﬂ ﬂ"rkﬂ

1. particle filtering
2. hybrid mechanism based on numerical
belief and discrete observations
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3. Methodology for behavioral diagnosis

Behavioral diagnosis using MPPN [Gaudel et al. 2014]
* Based on the generation of a diagnoser
* The diagnoser is also a MPPN
* The diagnoser is an upgrade of the MPPN model
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3. Methodology for behavioral diagnosis

Behavioral diagnosis using MPPN [Gaudel et al. 2014]

* Based on the generation of a diagnoser
* The diagnoser is also a MPPN
* The diagnoser is an upgrade of the MPPN model

 Diagnoser generation steps:

1. generate ARR and
add numerical
conditions on residue
from ON to OFF

KO OFF
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3. Methodology for behavioral diagnosis

Behavioral diagnosis using MPPN [Gaudel et al. 2014]

* Based on the generation of a diagnoser
* The diagnoser is also a MPPN
* The diagnoser is an upgrade of the MPPN model

 Diagnoser generation steps:

2. remove conditions 1. generate ARR and
on observation of - add numerical

unobservable events conditions on residue
because they are ’ from ON to OFF

unsatisfiable
(unobservable)

KO OFF
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Behavioral diagnosis using MPPN [Gaudel et al. 2014]

* Based on the generation of a diagnoser
* The diagnoser is also a MPPN
* The diagnoser is an upgrade of the MPPN model

 Diagnoser generation steps:

2. remove conditions 1. generate ARR and
on observation of add numerical

unobservable events conditions on residue
because they are . from ON to OFF

unsatisfiable
(unobservable) 3. merge transitions
modeling the same
change of dynamics
into a single one

KO OFF
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3. Methodology for behavioral diagnosis

Behavioral diagnosis using MPPN [Gaudel et al. 2014]

* Based on the generation of a diagnoser
* The diagnoser is also a MPPN
* The diagnoser is an upgrade of the MPPN model

 Diagnoser generation steps:

2. remove conditions 1. generate ARR and
on observation of add numerical

unobservable events conditions on residue
because they are . from ON to OFF

unsatisfiable
(unobservable) 3. merge transitions
modeling the same
change of dynamics
into a single one

KO, OFF
The diagnosis results is the marking of the diagnoser at time k N = M
* Indicates the belief on the fault occurrences level-headed with particle weights k™ k
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4. Methodology for degradation diagnosis

MPPN behavioral level

Objectives:

» Use probabilistic tools
for behavioral diagnosis /
== To model uncertainty
* Model system degradation
== To accurately interleave diagnosis
and prognosis

KO OFF
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4. Methodology for degradation diagnosis

MPPN behavioral level

Objectives:

» Use probabilistic tools
for behavioral diagnosis
== To model uncertaint
* Model system degradation
== To accurately interleave diagnosis
and prognosis

KO OFF
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4. Methodology for degradation diagnosis

Introduction of health modes

* Degradation is an hybrid information

* Health modes are composed of one symbolic place and one numerical place

LAAS-CNRS

behavioral level

OFF
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4. Methodology for degradation diagnosis

Introduction of health modes

* Degradation is an hybrid information

* Health modes are composed of one symbolic place and one numerical place

behavioral level

“~_ nominal modes

KO OFF
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4. Methodology for degradation diagnosis

Introduction of health modes

* Degradation is an hybrid information

* Health modes are composed of one symbolic place and one numerical place

behavioral level

~~ nominal modes
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4. Methodology for degradation diagnosis

Introduction of health modes

* Degradation is an hybrid information

* Health modes are composed of one symbolic place and one numerical place

behavioral level

failure modes <

~~ nominal modes
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4. Methodology for degradation diagnosis

Introduction of a new “hybrid” level

* Creation of hybrid places
* Associate health mode degradation law to corresponding hybrid place
* MPPN are extended in Hybrid Particle Petri Nets (HPPN)

behavioral level
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4. Methodology for degradation diagnosis

Introduction of a new “hybrid” level

* Creation of hybrid places
* Associate health mode degradation law to corresponding hybrid place
* MPPN are extended in Hybrid Particle Petri Nets (HPPN)

behavioral level OK-ON
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4. Methodology for degradation diagnosis

Introduction of a new “hybrid” level

* Creation of hybrid places
* Associate health mode degradation law to corresponding hybrid place
* MPPN are extended in Hybrid Particle Petri Nets (HPPN)

behavioral Ievel§ OK-ON hybrid Ievel§
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4. Methodology for degradation diagnosis

HPPN on line process

* New kind of tokens: hybrid tokens
* Hybrid tokens are associated with two token of the behavioral level

behavioral Ievel§ OK-ON hybrid Ievel§

— "I—> R
OK-OFF
— "I—' -
KO, -OFF

| e

KO,-OFF

_— +|—> e

KO OFF NS
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4. Methodology for degradation diagnosis

HPPN on line process

* New kind of tokens: hybrid tokens
* Hybrid tokens are associated with two token of the behavioral level

behavioral level OK-ON hybrid level

TN N

KO,-OFF
»I—h i
AN o /
KO,-OFF
‘,,"’/”/ o \\\‘
KO OFF NS
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4. Methodology for degradation diagnosis

HPPN on line process

* New kind of tokens: hybrid tokens
* Hybrid tokens are associated with two token of the behavioral level

behavioral level OK-ON hybrid level

/

Sl
fffffffffff ] -
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4. Methodology for degradation diagnosis

HPPN on line process

* New kind of tokens: hybrid tokens
* Hybrid tokens are associated with two token of the behavioral level

1

R

behavioral level OK-ON hybrid Ievel§

OK-OFF

AN

R L

I B
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4. Methodology for degradation diagnosis

HPPN on line process

* New kind of tokens: hybrid tokens
* Hybrid tokens are associated with two token of the behavioral level

1

R

behavioral level OK-ON hybrid Ievel§

OK-OFF

AN

R L

I B

LAAS-CNRS “ December 8, 2014, GT S3 2014



4. Methodology for degradation diagnosis

HPPN on line process

* New kind of tokens: hybrid tokens
* Hybrid tokens are associated with two token of the behavioral level

behavioral level

/ N
fffffffffff -] -
\\\ B /

OK-ON hybrid level
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4. Methodology for degradation diagnosis

HPPN on line process

* New kind of tokens: hybrid tokens
* Hybrid tokens are associated with two token of the behavioral level

/

— +I—> .

behavioral level OK-ON hybrid Ievel§

OK-OFF

AN

R L

‘h*
| e 4>I—> I
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4. Methodology for degradation diagnosis

HPPN on line process

* New kind of tokens: hybrid tokens
* Hybrid tokens are associated with two token of the behavioral level

behavioral level

/ N
fffffffffff -] -
\\\ B /

OK-ON hybrid level
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4. Methodology for degradation diagnosis

HPPN on line process

* New kind of tokens: hybrid tokens
* Hybrid tokens are associated with two token of the behavioral level

/

— +I—> .

behavioral level OK-ON hybrid Ievel§

,,,,,,,,,,, +I—> hhzz/,>
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4. Methodology for degradation diagnosis

HPPN on line process

* New kind of tokens: hybrid tokens
* Hybrid tokens are associated with two token of the behavioral level

behavioral Ievel§ OK-ON hybrid Ievel§

— "I—> o

.

OKTQF F S

TN \\

T +I—> > F

j \7 // 373 F2 3:
KOI-OFF oo

| 22—
KO, OFF I - h™
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4. Methodology for degradation diagnosis

Hybrid Particle Petri Nets for diagnosis
discrete states continuous behaviors hybrid dynamics

// \\\
- ( ) -
o / / \
NS i )
\ //,
///777\\ —
- [ \ / g \\
| ) ( \
\ / | )
_ N S \ /
Q w o

{ |
/ 4 \\
( )
‘\\
AN -
~
N\
.
{ |
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4. Methodology for degradation diagnosis

Hybrid Particle Petri Nets for diagnhosis

- discrete states continuous behaviors hybrid dynamics

/—671 N
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4. Methodology for degradation diagnosis

Hybrid Particle Petri Nets for diagnhosis
discrete states continuous behaviors hybrid dynamics

/ N
\ e : [ —
e / \ _ | | ) RN
0 ; \\\ ) J/
E T o
.
\ —
‘ ) / N J—
] ( \ Ve AN
4 | ) ( \
\ / | )
\ - N4 \ )
v Q : o
|
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4. Methodology for degradation diagnosis

Hybrid Particle Petri Nets for diagnhosis

discrete states

/ A 4 i‘
[ — | v
\ ?2 e
f < / T
5 ‘ >
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4. Methodology for degradation diagnosis

Hybrid Particle Petri Nets for diagnhosis

discrete states

continuous behaviors

N
. ®

®

hybrid dynamics

\\

/
/
( TN
\ / \
N ( |
\_/
N S
— N\ - 4
N
|
4
7N
f J
"
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4. Methodology for degradation diagnosis

Hybrid Particle Petri Nets for diagnosis
discrete states continuous behaviors hybrid dynamics

7N\
- ( ) TN

o / / \

N i )

\\W 7 //,

— \\\ 4 / \ )
Q : o

TN
f )
\

pPupPup”||TuT " UT"UT"| |QUQ"UQ"
X
HPPN=\P,T 'Pre, Post,X,C,H,F,y,Q,M,)

State space of the Set of dynamics equations
numerical hybrid vector associated with hybrid places




4. Methodology for degradation diagnosis

Hybrid Particle Petri Nets for diagnhosis
discrete states continuous behaviors hybrid dynamics

/ N\
_ ( ) —

D N i :w

/,/771\\ —

— ( \ Ve AN

| ) [ \

\ / | |

— N S \ Y.
Q o

|

pPupPup”||TuT " UT"UT"| |QUQ"UQ"
X
HPPN=\P,T 'Pre, Post,X,C,H,F,y,Q,M,)

! numerical hybrid vctor associated with hybrid places
R HPPN are a nice toolkit for modelers
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Conclusion & future work

Conclusion

* Definition of a new HPPN formalism to monitor hybrid system by enriching the
MPPN formalism

* Application of the HPPN for behavioral and degradation diagnhosis of hybrid systems

* lllustration of the proposed method on an academic example
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Conclusion & future work

Conclusion

* Definition of a new HPPN formalism to monitor hybrid system by enriching the
MPPN formalism

* Application of the HPPN for behavioral and degradation diagnhosis of hybrid systems

* lllustration of the proposed method on an academic example

Future work

* Implement and test the proposed framework
* Introduce model-based prognosis method into the proposed framework
« Test the health management architecture on a mobile or flying robot
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Conclusion

Health Monitoring of Hybrid System Using Hybrid Particle Petri Nets

Thank you! Any question?

Key words:
* Hybrid systems
* Model-based diagnosis under uncertainty
* Behavioral diagnosis
* Degradation diagnosis
* Health management architecture
* Hybrid particle Petri nets

x \
[ diagnosis ] prognosis ]

healt mon/tor/n
\ . /
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