Welcome everyone to the...

"6_ phmsociety



Join the Q&A on your mobile
device.

Scan the QR code or visit
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« ZOOM for verbal questions (use raise hand)
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Introducing the Panel’s Chair and Moderator:

Antonios Kontsos Sarah Malik

Drexel University Drexel University

Panel Session s5: Digital Twin -
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1.Chair Intro (8 mins)

2. Panelist Presentations with time for panelist-
specific questions (32 mins)

3. General Audience Q&A (30 mins)
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eefforts to standardize digital twin processes or at least validate parts of them using traceable, repeatable
and effective ways;

ejssues related to creating validated dataset repositories which could assist model and processing approach
development, independent of a given application and of case-specific data acquisition, and contributing
towards demonstrations of successful alignments of the physical and digital spaces;

ebenchmark problems tailored to a PHM-related hierarchy of detection, classification and prediction, similar
to other domains e.g. in nondestructive evaluation, material characterization, as well as inspection
and maintenance;

emodeling including knowledge-based, deep learning, probabilistic, analytical, physics-based etc., which
could be leveraged in digital twin workflows;

eefforts to use digital twinning not only in forward flows that involve steps from data to decision but are
also creating dynamic adaptations capable of evolving as monitoring occurs, providing feedback to sensors
as data is processed and ultimately even creating real autonomy via e.qg. data and model-driven adaptive
control.
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The Digital Twin (DT) Concept

“A digital twin is an integrated multiphysics, multiscale, probabilistic simulation of an as-built
vehicle or system that uses the best available physical models, sensor updates, fleet history, etc.,
to mirror the life of its corresponding (flying) twin.” — Glaessgen & Stargel 2012

Three essential components
* Physical Twin
e A system or system of systems to
which a number of sensors are
used for data acquisition
e Such data could of various types
* Digital Twin
* A model that follows a particular
instance of the product
 The model is updated with data

from the phy5|Ca| twin ONLINE y ,

 Digital Thread s
e Ties twin models together
* |tincludes both hardware and
software

ABIVE TOLERANCE
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Operational monitoring
Sensors/Gateways/Network

Virtual Model based on historical data
New model based on Data Space

Real-time data representation
Storage/Pre-processing/Sorting

Self-improving, self-thinking phase
Automatic knowledge navigation and accumulation

Service system for decision making (CRM, ERP)
Bridge between Data-driven DT and Decision Making

Potential for
Autonomous

Real-time
Decision-
Making



1

" (Merriam-Webster)

Conceptual Model: A composition of abstract ideas used to aid the understanding
or simulation of a subject.

Mathematical Model: Description of a system using a mathematical description of
the relationships between system parameters.

« Governing Equations

« Defining or Constitutive Equations

« Assumptions and constraints

Computational Model: A mathematical model requiring significant computational
resources.

Numerical Model: A mathematical model solved with a discretization scheme

ML/AIl Model: A numerical or mathematical model which uses data to run

‘?Q phm



Concurrent delivery of
physical and digital aircraft

Digital twin is specific to its
assigned aircraft and includes all
known manufacturing anomalies

Onboard sensors
collect load data

during flight Digital aircraft is

updated to include
predicted material
property changes

"Q phm

Digital aircraft subjected to
simulated lifecycle loading

Discrepancies between
predicted and observed
behavior resolved through
statistical techniques

Physical aircraft retrofitted
prior to first flight to correct
deficiencies

Identical Modifications made to
digital aircraft

)

Lifecycle loading of the
updated model can provide
RUL and lifetime cost

estimates
11

Tuegel, Eric J., et al. "Reengineering aircraft structural life prediction using a digital twin." International Journal of Aerospace Engineering (2011)
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Image courtesy of Altair
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Operational

Data

Predictive

Maintenance

) eececieicences >

Operate

Data Driven

/\ ALTAIR

P»Simio

The Altair digital twin integration platform bl
ends physics and data-driven twins to
support optimization throughout the
products lifecycle.

Simio Simulation Software can be used for
Digital Twin where a virtual copy, or software
model, of a physical entity is created. The
entity may involve processes, people, places,
systems and devices.

Ansys Twin Builder is an open solution that
allows engineers to create simulation-based
digital twins-digital representations of assets
with real-world or virtual sensor inputs.




A Representative Industrial DT Demo Application

PREDIX

Cloud (public or private) based capabilities are closely integrated

with an on-premise Predix Machine and Edge Analytics Control

machine data and for executing machine level analytics where

real-time responses are required on site.

System, responsible for collecting, formatting and sending

Connectivity

Industrial Assets

Figure 3: Predjx Platform
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Edge Analytics Engine

O

Lifing
Capital equiprment
predictive reliability
models for
personalized intervals,
dispatch tradeoffs &
long-term outage
planning.

Anomaly

Physics & data driven
models for prognostics,
early fault detection &
asset specific failure
mode management to
reduce unplanned
downtime.

Figure &: GE Digital Twin Model Categories

Services

Digital Twin

Acoets

Dxta Autharization

Operations

Azsets || Analytics

Cloud Foundry

Data Infrastructure

The Predix Cloud |

End-to-End Security

Solutions

Bursiness

; Operations
. (ptimization

Performance
Management
|APH]

Digital Twin Modeling Focus

—_—
—_—
h

Thermal

Plant thermal cycle
models to make
informed operational
tradeoffs, manage
degradation and
improve efficiency
over the load profile.

Ul Mobile
Applications

244

D,

Transient
Physics & predictive
moedels for achieving
best plant operational
flexibility while
managing equipment
& site constraints.

Panel Session s5: Digital Twin 13



DT @ Drexel (Overview)

The Physical

Drexel Mechanical & Structural Testing Facility
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FIG. 1

The Data
Edge-Fog-qoud

* Big Data Processing
- + Data Warehousing
Cloud * ML Algorithm Training
+ Data Visualization
* User Interface

* Data Aggregation
_— + Data Classification
xxa + Data Reduction
Fog Devic “— |+ DataFiltering

Data Acquisition Systems

High Performance Computing

[ \ P

LEL phmsociety

The Digital

Predictive Manufacturing

Temperature (C)
1084 5324 6585 7848 91.05 w1

AUTODESK' SIMULATION
UTILITY FOR NETFABB

Design Optimization

Panel Session s5: Digital Twin 1




DT @ Drexel Application (Remote Monitoring with AR/VR)

Communication
and Control

MATERIALS EVALUATION

Remote Sensing

Computer Vision

Measuhﬁ "o
Dynamic Strain »

Optical Metrology q ﬁ

Finite Element —— Structural Health
Modeling — Monitoring

(2018) A. Ellenberg, A. Kontsos, I, Bartoli, “On the Use of Unmanned Aerial Vehicles in
Nondestructive Evaluation of Civil Infrastructure”, Materials Evaluation, Vol. 76(5), pp. 629-642
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(2016) Ellenberg, Kontsos, et al., "Bridge Deck Delamination Identification from Unmanned Aerial Vehicle
Infrared Imagery", Automation in Construction, Vol. 72, pp. 155-165 15


https://www.nbcphiladelphia.com/news/local/Could-Drones-be-Used-for-Emergencies_Philadelphia-477681883.html

DT @ Drexel Application (Predictive Metal Additive Manufacturing)

OEM Part Digital model FEM model

! Digital Design Iterations

AM DESIGN PIPELINE

3D-printing Process Model Digital Fabrication Model

3D-printed Optimized Part
e o B

16
(2020) V.I. Perumal, A. Najafi and A. Kontsos*, “4 Novel Digital Design Approach for Metal Additive Manufacturing to Address Local Thermal Effects”, Designs, Vol. 4, pp. 41
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DT @ Drexel Application (loT for Digital Threading)

. NVIDIA Jetson
-

FOG DEVICE

DAQ

Filter Feature
el xtraction

Configuration S Configuration

-

r...1 L LiPo Battery

A0 Sampling
Configuration

" ™ WiFi Module

¥

Real-time

6 S5LT5L

USER INTERFACE CLOUD NETWORK

. _ Web Server » MongoDB Server
Configuration
v
Network Computers

Data Visualization : ; s
(Algorithm Training)

(2020) S. Malik, R. Rouf, K. Mazur and A. Kontsos*, “The Industry Internet of Things (IlloT) as a Methodology for Autonomous Diagnostics in Aerospace Structural Health 17
Monitoring”, Aerospace, Vol. 7, 64




Actual
Predicton | -« Step 1: Post-Process NDE data to define a Health

Health Index

_ Forecast
1.2 Index (HI)
1 .0 - — '_'-'—-':—--c—*__._.._'.éiag :-;_\.\
] « Step 2: Train a Hidden-Markov Model (HMM)
0.8 -
0.6 - « Step 3: Train an Adaptive Neuro-Fuzzy Inference System
i (ANFIS)
0.4 -
0.2 . S.tep 4: Implement Steps 3 & 4 in the loT system (real
! time RUL)
- . (RUL)
T L I L ] L 1 L T L I d T
0.0 0.2 0.4 0.6 0.8 1.0 1.2
Strain (%)
(2019) K.Mazur, S.Malik, R.Rouf, M.Bahadori, M.Shehu, M.Mathew, E.Tekerek, B. Wisner, and A.Kontsos*, “Composite Material Remaining Useful Life Estimation Using an loT- 18

Compatible Probabilistic Framework”, 11th International Workshop on Structural Health Monitoring, Stanford University, California, September 2019



DT @ Drexel Application (Composite Material RUL prediction)

Training
Data

Diagnostic Training

r Prognostic Training

| « Training ‘ Health Index
Trainin ANFIS S
Strain Data & ini
Input Training Training ‘
I ‘ Input

ﬁ
|
|
|
|

Strain Data

(ANFIS)

(2019) K.Mazur, S.Malik, R.Rouf, M.Bahadori, M.Shehu, M.Mathew, E.Tekerek, B. Wisner, and A.Kontsos*, “Composite Material Remaining Useful Life Estimation Using an loT-
Compatible Probabilistic Framework”, 11th International Workshop on Structural Health Monitoring, Stanford University, California, September 2019
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Benjamin Grisso

Naval Surface Warfare
Center
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Naval Surface Warfare Center, Carderock Division

AMERICA’S FLEET STARTS HERE

Dlgltal Twin for Navy ShlpStructures

1 December 2021
CAPT Todd Hutchison I PESETET 0 I Lawrence Tarasek, SES
Commanding Officer, NSWCCD / Benjamm Grisso, PhD, Code 654 / Technical Director, NSWCCD

Distribution Statement A: Approved for public release; distribution is unlimited.



Ship Structural Monitoring and Prognostics

Root Problem Existing Solution Gap

. \\//

SHMS Data Stream:

A
5 \//\\//\\/ » Time
Past! Future??
t=present
@ = Strain Gauge
Avoid structural damage during operations Structural Health/Hull Monitoring System (SHMS) SHMS is backward-looking (reactive)

MBPS: Common Readiness

Improvement Opportunity: Prognostics Digital Twin Used to Predict Future State
HMS Data Stream: 2 o e ?nuc:::; EI:)tiiSript:Efig:lt e
» r NPDIM .
ATMOSPHERIC ENVIRONMENT ;‘ L o 6 3 Drawings' Manufac-turing r-/‘\
AL PR igd o Model/Data ;;'ﬂﬁf
q s STRUCTURAL : .-._.".. = J ‘_..‘._:_:.l:. ;n--= -. Enumhsurr_onm.nou , ‘ R =
g e ‘:, i - 2 --...'... ..- / 2 S ot '-.- e > p eoo as;_li;ciiingcé;i;:s
FLUIDS & MOTIONS é‘;‘&
= - Predicted, Optimizedand  [[j=q
procen . scan P Prediced optimamdn [y
Forecast future platform condition based on historical Pr OV’deNCIL’\J\”/"gg i\agq ft u t/“;_ i’ Condd’t’on to ¥
data, current condition, and future mission parameters igita rea . .
(oroactive) P Damage Material Ordering
o Event and_ Ava|Iab|I|ty_
NAVSEA Planning for repairs

WARFARE CENTERS Distribution Statement A: Approved for public release; distribution is unlimited. 23
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How do we define digital twin?

Ultimately, a Systems of
Systems model that

enables greater insight 2o & \\
into the platform ey — - Integrates data
T from on and off
& / the platform
PI’OVIdeS T ;}i-;;'._JE-. ib:'. :.::.:lyif"v - EGUIPMENT CONDITION ;

Digital Twin is a continuous blending of data, physics-based models, and machine

learning combined with our best knowledge of the ocean battlespace to forecast

platform performance. These insights improve situational awareness and enables a
user to readily identify optimum, actionable decisions

NAVSEA

WARFARE CENTERS Distribution Statement A: Approved for public release; distribution is unlimited. 24

Carderock




Navy Cyber-Physical Digital Twin: The basis for a digital fleet

Starting with design, and progressing through model testing, fabrication, fitting out, and into service, the
“Digital Twin” is “built” alongside the real world vessel. Shipboard sensors and data with model test data
(when needed) allows the “Digital Twin” and furnishes a virtual fleet for enhanced performance and
readiness for emerging and future threats

the model ereLt sails

_ the labo ato seas...

. the Cyber-Physical, Dlgltal fleet
. . sails the \m’tual seas..

"\

Real fleet-sails the world’s seas...

NAVSEA

WARFARE CENTERS Distribution Statement A: Approved for public release; distribution is unlimited. 25




What can twins provide?

Insights are provided
across a range of
timescales

888888888888

Course and Speed Ship Routing Expected loads
NAVSEA Adjustments Decisions during deployment
WARFARE CENTERS Distribution Statement A: Approved for public release; distribution is unlimited. 26
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Digital Transformation of Ship Structural Condition

Fully digital ship inspections

capturing images, NDE, and visual
findings & continuous SHM

Digital Ship
Inspections
&
SHM

Create and update predictive
maintenance models

mplement

Capture Transmit Store Analyze i
Data Data Data Change

Data

Continuous Feedback Loop = Continuous Improvement

CBM+ for Ship

Structures 3D Structural
Condition Tracking

3D data capture, visualization, and
analysis of structural condition
(corrosion, cracking, deformation), etc.

Digital Twin for

Continuous analytical fusion of data, Prognostics ‘
physics-based models, and machine Update PhySiCS-

learning to prescribe multiple future Based Models
predictions of the ship and its

environment

NAVSEA

WARFARE CENTERS Distribution Statement A: Approved for public release; distribution is unlimited. 27

Carderock



Connection to NAVSEA Digital Thread

Digital Ship

N Inspections
AVSEA Dins &
L] Threq SHM
Interface to Navy Common CBM+ for Ship

Readiness Model (NCRM) for
structural CBM+ planning

3D Structural
Condition
Tracking

Structures

Digital Twin for
Prognostics

Physics-Based
Models

NAVSEA

WARFARE CENTERS Distribution Statement A: Approved for public release; distribution is unlimited. 28

Carderock

Model Based Product Support (MBPS)
interface for structural condition
“Authoritative Source of Truth”
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Yolanda Mack

Raytheon
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Setting the pace

i

N qutheon Digital Transformation Executive

%\& Missiles & Defense  Svm™mary

Yolanda Mack, PhD

. November 2021

Raytheon Technologies - Approved for Public Release



RMD Digital Transformation (DTx) Objectives
rH

LINKED s =
ARCHITECTURE

el

Design Exploration Digital Product T&E Manufacturing Training 0&S
SoS Context Development
—  Cycle Time Reduction
» Responsive (even predicative) to new threats
» New capabilities and features into the hands of the warfighter quicker
——| Improved Productivity and Quality

« Efficiency (and effectiveness) through automation
« Rapid design iterations using integrated Digital Thread ecosystem
* New technologies (e.g., AIML) to more thoroughly interrogate design space

——{ Respond to DoD Need
 New RFPs require digital product development

Partnering with the government to jointly address DTx needs to help more rapidly respond to emerging threats

V2 Raytheon
Missiles & Defense

Raytheon Technologies - Approved for Public Release

32




I
Digital Transformation spans the Product Life Cycle

Manufacturing

Product Operation & Support ——

Specialty Engineering Models

Eng/neelr/ng & Design Chain Development/Production B

Use Cases

§oS Models,
Requirements

Effectiveness Based

Design Loop X 1 |
Iy ! Product Development !
, . p .
Design for Design Models Repairs rognostics
Manufacturing Loop ‘
. Digital Twin
Capability & ¢® Manufacturing -
Deviations
Support data & findings I - <
Digital Interface 4

v~ Operators
In-service data & findings

Shared data and models, rapid flow, and feedback loops characterize our future product life cycle

V2 Raytheon
Missiles & Defense

Raytheon Technologies - Approved for Public Release
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Tom Wiegele

Collins Aerospace



THE COLLINS DIGITAL THREAD

Raytheon Technologies
Collins Aerospace
Power & Controls

Tom Wiegele, Ph.D.
Senior Technical Fellow



DIGITAL THREAD OVERVIEW

A PROACTIVE APPROACH TO PRODUCT LIFECYCLE MANAGEMENT

NS
%" In-Service
e > BUILD RECORD ~» INSTALLATION RECORD !
Behavioral Serial Lot Date ATP : .

Models Number Code records SinE futzl AIC tail

Product
Lifecycle

> REMOVAL RECORD — REPAIR RECORD

Root Cause Analysis:
Hous/ oo Faut Failure Part ATP How long has my product
cycles history Maode Condition Records

been on-wing?

Traditional Approach

Manual compilation of data

Weeks to collect dozens of part histories

Incomplete RCCA, repeat fixes to field

Excel Spreadsheets

’-'?Q phms
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DIGITAL THREAD OVERVIEW

A PROACTIVE APPROACH TO PRODUCT LIFECYCLE MANAGEMENT

"Q phm

Ny
%‘, In-Service
" Events Repository Cloud
PRODUCT — SN creation, ATP, teardown/rebuild Repository A - >
DESIGN BUILD RECORD > INSTALLATION RECORD I Build/test records RepositoryB | _»  Extraction ->
B Repository C _ -
Benavioral Serial LotDate ATP Ship to Install A/C tail nstall on wing Reito D o apcar 7
Models Number Code records Flight routing -postiory - Query -> Tail # )
Sys reports, maint msgs > Transfer = -> _lal Tail #
: . Etc. -
On-wing analytics -> > A 4
Product Sched/unsched removal | Repository G | > = °’::-- \_)
Lifecycle -
Discrete Data Repositories v SN #
> REMOVAL RECORD > REPAIR RECORD Root Cause Anafysis: Tai] # Relational G raph
Database
Hours/ oo Faut Failure Part ATP How long has my product
cycles history Maode Condition Records

been on-wing?

Traditional Approach

Manual compilation of data

Excel Spreadsheets

Weeks to collect dozens of part histories

Incomplete RCCA, repeat fixes to field

Digital Thread Approach

A/C Platform A
P Ac Piatorm B
A/C Platform C

MTBUR* HOURS

# UNITS

Data standards that enable integration of sources
Full fleet data compiled in seconds (100's of parts)
Accelerated RCA, Improved reliability predictions

Fixes fully validated

*Mean Time Between Unscheduled Removals

38




DIGITAL THREAD OVERVIEW

A PROACTIVE APPROACH TO PRODUCT LIFECYCLE MANAGEMENT

ﬂa phmsociety

Tail# Tail #
:@)// SN #

Relational Graph

DESIGN

Supplier
data

UPSTREAM: Build Data

Factory Instructions

>

©Tail# Tail #
~ o
©/ SN#
Tail #

Supplier Quality Question:
g performing )

DOWNSTREAM:

DL804 DL118 DL1064
MSP ATL ATL
r A v
ATL CLT MCO
03Jun21  03Jun21  04Jun21
Flight Routing

Tail #

Database

Utilization Data

How is the ACME O-Rin
wumm condﬂfry

DIGITAL TWIN CAPABILITIES

Weather

SERVICE

03Jun21
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Sankaran Mahadevan

Vanderbilt University
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Probabilistic Digital Twin for Individual Asset
Risk Management (Sankaran Mahadevan, VU)

Digital Twin

Virtual representation of the physical system S
Design, manufacturing, properties, operational history, health history PHYSICAL REALITY ’

Updated with new data about the physical system
Individualized risk management for each asset INTERCONNECTION
Decision-making with up-to-date information

VIRTUAL
REPRESENTATION

Probabilistic digital twin methodology

Information fusion (multiple, heterogeneous data sources and computational models) Vanderhorn &
. . Mahadevan, DSS, 2021
Dynamic Bayesian Network
Uncertainty quantification, aggregation and reduction = Decision support
Both forward and inverse problems - Model calibration, V&V, Asset diagnosis and prognosis
Computational effort reduction strategies

Efficient stochastic sampling (e.g., importance sampling)

Surrogate modeling, machine learning

10 hours =2 1 sec

Sensitivity analysis, dimension reduction, reduced-order modeling, multi-fidelity modeling L 2 Mahadooe

Efficient Bayesian network computation RESS, 2021



Decision Support with Probabilistic Digital Twin

Applications

Decision Support

Marine vessel fatigue
monitori ng Vanderhorn et al, RESS, 2022

Li & Mahadevan,

Load profile optimization

!

Mission

Aircraft wing sustainment RESS oo

Optimization under uncertainty

Rotorcraft operations Sisson et al, AIAA J, 2022

Additive manufacturing
pProcess co n‘trol Nath & Mahadevan, AM, 2021

|

Damage growth minimization

Mission

optimization

Multi-physics modeling

}

Sensitivity analysis

!

Prognosis

Funding: FAA, NASA, US Air
Force, US Army, ABS, Mitsubishi

Sensor placement

Sustainment: Inspection, repair, maintenance

Mission planning

* Flight parameters, AM process parameters
Operational maneuvers

* Flight maneuvers, AM process control

Damage evolution modeling

!

Surrogate modeling

!

Model uncertainty quantification

!

Prognosis uncertainty

Probabilistic Surrogate modeling
damage |
diagnosis Bayesian estimation
. Information fusion
Probabilistic I
damagF:- Diagnosis uncertainty
prognosis

Karve et al, EFM, 2020

Complexity of models in digital twin
depends on decision turnaround time!
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eefforts to standardize digital twin processes or at least validate parts of them using traceable, repeatable
and effective ways;

ejssues related to creating validated dataset repositories which could assist model and processing approach
development, independent of a given application and of case-specific data acquisition, and contributing
towards demonstrations of successful alignments of the physical and digital spaces;

ebenchmark problems tailored to a PHM-related hierarchy of detection, classification and prediction, similar
to other domains e.g. in nondestructive evaluation, material characterization, as well as inspection
and maintenance;

emodeling including knowledge-based, deep learning, probabilistic, analytical, physics-based etc., which
could be leveraged in digital twin workflows;

eefforts to use digital twinning not only in forward flows that involve steps from data to decision but are
also creating dynamic adaptations capable of evolving as monitoring occurs, providing feedback to sensors
as data is processed and ultimately even creating real autonomy via e.qg. data and model-driven adaptive
control.

‘?Q phm



Thank you:!

Thank you to all of you who attended today’s panel on PHM for Digital Twins. And thanks
to our panelists for their time and perspective.

If you would like to continue these discussions
and network with the other conference
attendees, please use Chat

Enjoy the rest of the conference!
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