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Mission: Through transformative research,

UTC-IASE Overview

education, and workforce development, the
UTC-IASE has the mission to produce
disseminate and commercialize new science
and technology in the field of cyber-physical
systems engineering.
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Technology Elements

Fundamental Insights

TECHNOLOGY INTEGRATION

Embedded Systems

Aerospace Systems
Smart Buildings

Automotive & Naval

Autonomous Systems
Cybersecurity
Smart Cities

Flexible Grid

Modular Systems

Manufacturing
Robotics

Energy

TECHNOLOGY BASE

Platform-Based
Requirements Formalization

Formal Methods

Validation & Verification  Acausal Physical Modeling

System Abstraction

Requirements Modeling

Hybrid & Heterogeneous
Acausal Modeling

Prognostics & Diagnostics

Sensors & Control

CPS Modeling

Information & Big Data
Management & Stewardship

Platform-based Design
Big Data
Machine Learning

Information Stewardship

KNOWLEDGE BASE

Requirements modeling, architecture
and formalization
Physics and data driven modeling,
abstraction and reduction

Robust and resilient system contral,
optimization and supervision

Data / Model-based diagnostics,
prognostics & health management
Uncertainty management in systems
generating big data
Cybersecurity as applied to
cyber-physical systems

Today s Barriers

System modularity
Security & safety

Multi-scale integration
Complexity & uncertainty
Big data management

Today s Barriers

Talent capacity & human capital
Discontinuity of abstraction layers
Uncertainty & noise

System error & faults

Scalability & reusability

Today s Barriers

System scale & complexity
Operational complexity

Variable operating envelopes
Heterogeneity of CPS models
Discipline-based research & training
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UTC Impact - Ecosystem for Talent Creation
Multi-level Industry-Academia engagement

Faculty Capacity
* 9 Teaching

* 40 Research Faculty + Talent
Sponsored . Technology & IP

Research + Supervision
+ Publicity

« Curriculum

Graduate . Research

Education & Training * Supervision
+ Expertise

. + Certificates
Continuing . Master of Engineering

\/\/orking Fducation + Capstone Projects

. - Thesis Work
Professionals _
- Capstone Design

Undergrc:cluo’re * Undergraduate Research
Undergraduate Education -+ Internships
- Co-ops
Students

Undergraduate Engagement Integration of activities (research, education, course content, UG participation)
* 17 Senior Design Projects Faster advancement of talent at all levels

Institute for Advanced Systems Engineering

United Technologies Corporation
v UNIVERSITY OF CONNECTICUT
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Industry-Driven Research
A recipe for prodctive industry-academia collaboration

» Talent training

Skillset ptpeline

Advance state of

» the art in CPS

and MBSE
Joint patents

» Publications

Internships
Sabbaticals

Model-Based:
Systems Engng
Design

Control

PHM

United Technologies Corporation
Institute for Advanced Systems Engineering

UNIVERSITY OF CONNECTICUT

Goals:

Projects that create a
future space for UTC
products.

Expose engineers to
technology that
shapes the future
programs and
products in UTC

Projects that can be
leveraged for and can
leverage extramural
(federal) funding




Research Product

Scalable and sustainable research program
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[ 61 extramural proposals - $24,136,663
| 30 extramural grants - >$13,000,000

L
a9y United States

a2 Patent Application Publication

Bollas et al.

2 Patent applications

1 Sabbatical leave (54) PLATE-FIN HEAT EXCHANGER FOULING
IDENTIFICATION
9 summer internshlps (71)  Applicant: HAMILTON SUNDSTRAND

CORPORATION, Windsor Locks, CT
(US)

(51

40+ Conference presentations

50+ Peer reviewed papers 29 graduate fellows

(72) Inventors: George M. Bollas, Tolland, CT (US);
K K . Kyle Palmer, Willington. C'T (US): (52
39 UTC englneers n resea rch proJectS Dilip Prasad, North Granby. CT (US);
Clas A. Jacobson, Tolland. CT (US):
John M. Maljanian, JR., Farmington,
1l CT (US): Richard A. Poisson, Avon,
10 Core Faculty 40 Affiliated Faculty LG e
CT (US) (57

1 Admin, 2 Assoc Dirs 8 New Faculty (21) Appl. No.: 15/168,741 at

les
(22) Filed: May 31, 2016 ﬁ:‘r’
inc|
test

15 Invited talks

Related U.S. Application Data

o

(60) Provisional application No. 62/172,486, filed on Jun. par:

$2,210,929 in UTC-sponsored projects
$10,000,000 8, 2015. has

$0 @ DePuy staney mmm «
IUnTc:dJefch;c;logies ;:(;motratim; | | aWﬂ«%&rﬁ‘Mwu company gleaccl.(ker& " l. l' }; | I/{_f::- “ n ite d
nstitute Tar vance ystems cngineering —~— J -
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Major Extramural Funded Efforts

Skate to where the puck is going to be, not where it has been...

Clean Energy Smart Manufacturing Innovation Institute #
» Funded by the DOE <
= $70M in total federal funding, ~$2M project with UTRC, J&J, CCAT

Advanced Robotics for Manufacturing Institute Adyara
=  Funded by the DOD aEm Manufacturing
[nstitute

=  $80M in total federal funding, 2 projects sponsored (Dani and Tang)

National Institute for Undersea Vehicle Technologies g=
= UTC-IASE leads the Modeling/Systems Engineering Technical Area L\ '—
= 2 projects funded (Bollas/Pattipati, Dani/Zhang) NATIONAL INSTITUTEFOR

NESST: Center for Network-Embedded, Smart and Safe Things

= NSF-sponsored IUCRC with Arizona State University, University of Arizona, University
of Southern California, Southern lllinois University, University of Connecticut

Modular Chemical Process Intensification Institute for Clean Energy

Manufacturing (RAPID)
» $70M in total federal funding D‘
= UTC-IASE Proposal for Workforce Training pending ] PI
I Transforming Process Industries

United Technologies Corporation
Institute for Advanced Systems Engineering 7
v UNIVERSITY OF CONNECTICUT


http://niuvt.us/
https://www.cesmii.org/
http://www.arminstitute.org/
https://www.aiche.org/rapid
https://nesst.asu.edu/
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Workforce Training

“The convergence of computation, communications and control enable cyber-physical systems (CPS) to have learning and predictive capabilities
capable of adapting to changing situations” National Academy of Engineering, 2016

United Technologies Corporation
Institute for Advanced Systems Engineering

UNIVERSITY OF CONNECTICUT

We train the engineers of the next decade

between theory and cpolicatior

field of systems

this 2020 work

who cre net constrained by discplnes and bridge the gop
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Graduate Certificate in
Advanced Systems
Engineering

Master of Engineering
in Advanced Systems
Engineering

Custom Professional
Training Programs
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Academic & Training Product

Diverse online, modular, project-based, experiential training program
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38 UTC employees with Certificate in SE

2 UTC employees with MEng in ASE

5 educational proposals (>$10M)

28 P&W Engineers

14 new partners

$1M in revenue 156 Professionals Trained

Platform Based Design

37 UConn Students Tratned

4 UTC Untts 8 Industry Units

9 courses offered 9 Teaching Faculty

o

S0

>

% Pratt & Whitney * Collins Aerospace  $10,000,000

A Lirited Technologios Company

United Technologies C ti 1

ittt for Ao Systons Egesr @@ OTIS 2 United

nstitute for Advanced Systems Engineering T h I -
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Requirements Formalization

- Systems Engineering Fundamentals
+ Model Based Systems Engineering

o Oystem Modeling —

+ Acausal Physical Systems Modeling
+ Embedded/Networked Systems Modeling

System Design

+ Uncertainty Analysis, Robust Design, Optimization
- Systems Engineering for CPS Security

System Manufacturability

» Production Systems Engineering for Industry 4.0
» Data Science in Materials and Manufacturing

System Control & Securit
+ Modern Control Systems
« Security for Embedded Systems

System Verification

+ Introduction to Cyber-Physical Systems
» Formal Methods

Commissioning & Operation

+ Machine Learning for Physical Sciences and Systems
+ Data Communication & Architecture of lol

9]0k e waisAg




Senior Capstone Design Projects in UTC-IASE

Touch and train undergraduate students in industry-posed projects

# - Company - Company Advisor - Project - UConn Faculty Member ~ Department -
Model-Based Systems Engineering using SysML
Kiron Bhaskar, Randy  with Application to a Self-Climbing Autonomous  SE-Amy Thompson, ME-Horea

1 Otis . . . . . . . SE, ME, ECE
Roberts, Steven Nichols Robotic Motion Platform Design lllies, ECE-Ashwin Dani

Evaluation of Alternative Lightning Protection

Collins
2 Chris Soumakis Design Solutions for an Airborne Embedded ECE-Lei Wang SE, ECE
Aerospace
Controller
Gerb Predictive Maint for C ter Controlled
3 TRer Daryl Stein redictive Maintenance Tor Lomputer Lontrolle e /cHEG - George Bollas SE, CHEG
Scientific Machines
Pratt & Sheridon Haye, Edward Model Based System Design, Optimization, and ME-Julian Norato, ECE-Necmi
4 Whitne Rocco RameshyR’a'a opalan Prototyping of Inductive Coil Based Oil Debris Biviki ’ SE, ME, ECE
Y ! 13g0P Monitoring System with Multiple Flow Passages y
5 UTC CCS Hari Srinivasan Verification Strategy and Tools for [oT Systems ECE- Shalabh Gupta SE, ECE
: UTC CCS Hari Srinivasan, Jiachuan Mode'I-Bas'ed Pesign HDF5 Results Interpretation CSE - Dong Shin SE, CSE
Wang and Visualization
Jeremy Huffman, Geoffrey — :
7 Cabot g Fluidized Bed Cell Plate Design SE/CHEG - George Bollas SE, CHEG
Moeser, Miki Oljaca
g UTRC Brian IVIcCak.)e and Sanjay Software_ Defined Radio-Based Secure Wireless ECE - Shengli Zhou SE, ECE
Bajekal Networking
9 Collins Bo Jahoan ChiI'Ied Water System Modeling, Optimization, and SE/CHEG - George Bollas, ME - SE, ME, CHEG
Aerospace Design Bryan Weber

United Technologies Corporation
Institute for Advanced Systems Engineering
v UNIVERSITY OF CONNECTICUT



Who Participates in Our Programs?

Spans the diverse disciplines of systems engineering

FiIrmware Engineer
Mechanical Engineer

F- |d E . . . Structural Engineer Performaﬂce Engineer
SEEIOINEET Senior Engineer ey, Program Engineer

Acoustic Engineer

Flight Engineer Softwa re E N g INE I cremcaienginee

Computer Engineer Algorithm Engineer Qu a | ity E n g i n eer
Ae rOSpa Ce Eﬂg INEEI Hardware Engineer
Controls Engineer System Architect
Logistics Engineer : l\/larm.e Engineer
System Integration Specialist Applied Mathematician PFOJeC’[ Eng Ineer
Mechanical Systems Engineer Product Engineer Biomedical Engineer

I_ea d Te S't E n g I n ee r‘ Propulsion Engineer CDS Analyst



Institute for Advanced Systems Engineering
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Interface of cyber-physical systems and model-based systems engineering

CYBER-PHYSICAL SYSTEMS ENGINEERING



The 2020 Systems Engineering Workforce

Emphasis on Cyber-Physical Systems

SELF
CONFIGURATION

‘ Resilience

COGNITION
CYBER ‘ Variability
- CLONING Integrated simulation Disturbance
DATA & and synthesis
INFORMATION Digital Twin / Digital Visualization and
Thread translation

CONNECTION O . .
: Variation Identification lagnostics & Decision
AUTOMATION Data to Information latl Imcat Support

Smart Analytics Clustering and
Classification

Sensor Networks Information
Advanced Controls Management The future CPS workforce :
Always Connected Prognostics Health « Engineers trained in foundational fields
Management : , , e . : : :
Inter-Connected « Engineers trained in specific applied engineering fields

» (CPS engineers, who focus on the knowledge and skills
spanning cyber technology and physical systems that
operate in the physical world.*

Institute for Advanced Systems Engineering

e e “National Academies of Sciences, Engineering, and Medicine. 2016. A 21st Century Cyber-Physical Systems Education.
\/ UNIVERSITY OF CONNECTICUT Washington, DC: The National Academies Press. dOI1017226/23686



Cyber-Physical Systems (CPS) Engineering

Systems in which the cyber and physical systems are tightly integrated at all scales and levels

Cyber-physical systems (CPS) are Foundations of CPS

“engineered systems that are built from, and depend upon, the seamless

integration of computational algorithms and physical components.”

= Cyber: computation, communication, and control that are -
discrete, logical, and switched

= Physical: natural and human-made systems governed by the laws of .
physics and operating in continuous time .
Application Industries .

e Aerospace e Robotics @ Manufacturing
e Smart Cities & Buildings e Automotive e Health e Energy

Basic computing concepts
Discrete and continuous
mathematics
Physics-Based Modeling
Data-Driven Modeling
Architecture Design
Requirements Engineering
System Design

Al

Data Analytics

Verification & Validation
Optimization & Space
Exploration

CPS will transform how we interact with the physical world just like the Internet transformed how we interact with one another

United Technologies Corporation
Institute for Advanced Systems Engineering
v UNIVERSITY OF CONNECTICUT

H. Gill, National Science Foundation



Cyber-Physical Systems Engineering

SE for the Digital Transformation - INCOSE Vision 2025

Value of SE in the context of CPS

Systems engineering can drive out unnecessary complexity through proper
architecture, systems thinking and system understanding

A virtual engineering environment will incorporate modeling, simulation, and
visualization to support all aspects of systems engineering by enabling improved
prediction and analysis of complex emergent behaviors.

From:
« Requirements Engineering )
. . » . .
* Early-stage, proof-of-concept methods of model-based systems engineering P i
Pc
" ‘:Wcreasgci Dens‘t’of S\/stenj E‘-.;err‘.ai.Elsz'.]e 1ts & Interactions
Increased Interactions BetWen External Elements
Expanding System Domain Boundary In®easing Interactions

To: | el f o i e ety Systems engineering provides the
. E;Srtrgrzi]ssystems modeling for specifying, analyzing, designing, and verifying methods, process, and practices for

implementing Industry 4.0 and new

» Integrated with other engineering models. .. : :
technologies in engineering

« Virtual environment that spans the full life cycle from concept through .
development, manufacturing, operations, and support. environments.

The Essential Discipline for Digital Transformation

United Technologies Corporation Troy A. Peterson, INCOSE Assistant Director, Systems Engineering Transformation
< 2019 INCOSE IW

Institute for Advanced Systems Engineering

UNIVERSITY OF CONNECTICUT



Model-Based Systems Engineering

Challenges & Needs

Th GAP Systems Architects Domain Experts
e
00 —— 0000
« Two separate models or sets of models are created for a w w
given system
» Descriptive models used in MBSE lack the detail of analytical .
0 0 o o 0 o o o escripuve i
models used for high-fidelity simulation and optimization e Mol -
 High-fidelity analytical models used for simulation do not Models
capture the broader systems context and end up ‘\_/
disconnected from requirements and measures of Data Flow
effectiveness
Systems Architects Domain Experts
The GOAL WA =4
Integrated modeling framework to reduce duplication of Bl
effort, improve coherency, and enhance MBSE rigor by P Analytical
inclusion of physics-based models Vet hodel S

Automatic change propagation
Embedded physics-based simulation

United Technologies Corporation
Institute for Advanced Systems Engineering
v UNIVERSITY OF CONNECTICUT



Advanced Systems Engineering

Our view... 4

O REQUIREMENTS OQONTROL

Formalization . Dynamic Opt. . q
Modeling Yass Supervisory
Checking . MODELICA Fault-tolerant . v‘\
MATLAR DEL IVER O

Planning

SECURITY Scale
High fidelity @ [E] Dymola ." Reuse
3 Cybersecurity . Q .Standardize

Reduction /75
Verification . s:ng.z: Data Analytics @ ﬁ
ABAQU .
Translation Resiliency . TEST
Networkin _
O OPTIMIZATION 0 . Verify
Record

ﬂ . MBDoE

Sensor Integration

A NALYZEO

Sensor network design . tl |_!|'
Anomaly detection . ‘
Impact analysis
| | | MATLAB
Hnited Tecnologies Eoreorston N1y alidation .

Institute for Advanced Systems Engineering

<v UNIVERSITY OF CONNECTICUT



INTEGRATION OF DESCRIPTIVE & QUANTITATIVE
MODELING



The GAP

Two separate models or sets of models
are created for a given system

Descriptive models used in MBSE lack the
detail of analytical models used for high-

fidelity simulation and optimization

High-fidelity analytical models used for
simulation do not capture the broader
systems context and end up
disconnected from requirements and
measures of effectiveness

The GOAL

&

Integrated modeling framework to
reduce duplication of effort, improve
coherency, and enhance MBSE rigor by
inclusion of physics-based models

United Technologies Corporation
Institute for Advanced Systems Engineering

UNIVERSITY OF CONNECTICUT

Integrated MBSE Framework

From requirements, to architectures, to models, to verification

Stakeholder needs.

| Requirements, System |

Concept

Descriptive
Model

(SysML)

SysPhS Translation to
Mapped Libraries

FMU Import,

Simulation Configuration,

Constraint Generation

Subsystem
Analytieal
Models

(Modelica)

Functional ‘
Mockup Interface

One SOLUTION

» Mapped libraries for model
components in each language

« Automated generation of analytical
models from descriptive model

 Rigorous MBSE activities through
integration between the descriptive
and analytical simulation tools

Augmented
Model

(SysML)

Requirements Verification,
Measures of E ffectiveness,
Change Impacts & Trades

Quantitative and

Subsystem
Analytical
Models

(FMU)

| Qualitative Evaluation |

of Proposed Designs /

AOR)



Systems Modeling Language(s)

SysML, Modelica et al.

1. Structure 2. Behavior

SysML: a graphical modeling language for system
specification, design, analysis, verification and
validation

« diagram-focused

« System architecture visualized in a standard
framework

Modelica: Acausal, equation-based, object-
oriented modeling language

e Reusable com ponents SYSPHS SysML Extension for Physical Interaction and Signal Flow Simulation
 Interface standards (FMI, SysPhS) for
connection to other languages and tools f‘ ' ‘l FUNCTIONAL
. INTERFACE

« diagram-focused
« System architecture visualized in a standard v m .
framework | @
MODELICA
<\/ aversmy or comeencor 20
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SysPhS Translation to Modelica

Structure and parameters

S Translate a SysML Block into a Modelica Model:
L —— « Model components from mapped libraries

Const ‘
{name = "Modelica. Blocks Sources Constant}

«ModelicaBlock»
es y

- - » Connections and graphical representation

«ModelicaBlock»

N {name = "Modelica. Blocks Sources Sine') ’L'l:fy: e ° Pa ra m ete riza t i O n

u1 : RealSignalinElement

eqHiz’, vaiue =3 LI
va 0.5 l «ModelicaBlock»
|

= .Interacti RealValue y
a

{name = "Modslica Blocks .Math Add"}
M

wopa

annotation (Placement(trans

protected

%, I

Modelica.Bloc

u2 : RealSignalinElement
annotation
Modelica.B

annotation

o

-

ibd [Elock] Model[ Mode! ] J

numberPort : RealZignallnElement

-
-
[ BT v s ]

annotation mation(extent={

con * Const vy - RealSignalDutElement equation

connect(:

annotat

utl: RealSignaIInElemer add : add FignalQutElement

u2 : RealSignallnElement

sin : Sine
v - RealSignalCutElement freqHz=3.0 —
+ 1
/_\a___,/
Cameo Systems Modeler 19.0 SP3 > s
con y ®
United Technologies Corporation =TT
Institute for Advanced Systems Engineering . 21 )

v UNIVERSITY OF CONNECTICUT



Modelica Translation to SysML

Closing the simulation loop

Functional Mockup Interface standard for model exchange
and co-simulation is

Export Modelica Model as a Functional Mockup Unit
« FMU is a self-contained executable model object
« FMI 2.0 Co-simulation with embedded solvers
« Simulation time is similar across environments
Import FMU into Cameo Systems Modeler
» Created as a SysML Block with FMU stereotype

« Same behavior as other blocks, can allocate to
structure and behavior; connect requirements

« Simulation configuration block specifies settings
and timescale for simulation

* FMU can be simulated in conjunction with other
SysML constructs

United Technologies Corporation

Institute for Advanced Systems Engineering

&

UNIVERSITY OF CONNECTICUT

Type

Maodel exchange
@ Co-simulation using Cvode

Model exchange, and Co-simulation using Cvode

Co-simulation using Dymola solvers

Version
1.0
@ 2.0
Binaries
| 32-bit binaries
| 64-bit binaries
Model description filters

| Protected variables
Auxiliary variables
Black-box

Options

Indude source code
Store result in mat file
| Copy resources to FMU
| Show dialog when exporting

RN o

= oot U

CK ] | Cancel

«SimulationConfign &
sim

Ul = #Chatto
addControlPanel = false
animationSpeed = 99

|autoStart = frue

autostartActiveObjects = true
cloneReferences = frue
constraintFailureAsBreakpoint = false
decimalPlaces =5
executionTarget = QSimS‘ystem
fireValueChangeEvent = true
initializeReferences = true
numberOfRuns = 1

rememberF ailureStatus = true
runForksinParallel = true

silent = false
solveAfiterinitialization = true
startTime =0

startWebServer = false
stepDelay = 0.0

timeUnit = millisecond
timeVariableName = "simtime”
treatAliCIassifiersAsActive = true

22
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Performing Systems Engineering Activities

Requirements verification in simulation

kai Model[ [#58 SimConfd
bdd [Model] Model[ FHU4]J_J package Mooe [ m-en ]J
. ublocks e SimulationCon figs a8 «TimeSeriesCharts Eif]
SineModel4 @?:m—sﬁtem i B EEENSIED
Ilblﬂckl'l E _ MTILNSIIC Dnng .'-:E;.' .'.'E..'EE..""_'.'
e LI = B chart4 represents = = SineM odelFMU4
SineModelFMU4 «requirements addControlPanel = false value=Cdy
constraints TestReqd animationSpeed = 95 imeSenesChart
fy==1} | wrefines [1d="103" autoStart = true T Rl
< ssatisfys 5| Text="The autostartActiveObjects = true fixedRange = false
y:Real 4 — 7 7|output value cloneReferences = false gridx = frue
L out_ [EEEgRe W, y shall be at constraintFailureAsBreakpoint = false gridy = true .
. least 1" endTime = 1000 I-_:eept]penﬁ.ﬁer_Term|natmn =true
executionTarget = & SimSysternd linear nterp_n!latlnn =true
fireValueChangeEvent = true LlEie= 2
. . . initializeReferences = false e lEs L .
Automatic constraint generatlon numberOfRuns = 1 D'GtC;'Ff‘lfm:D *;55334585!
. recordTimestamp = false EEL] RS
from I‘eqUII‘ementS rememberF ailureStatus = true refreshRate = 1
. . . runForksinParallel = true oy ——
 Constraints refine requirements silent = false ;
sohveAfterinitialization = true W=
° 1 1 startTime =0 y
Values SatISfy requil rements R e

i . . req 103 fails req 103 fails reg 103 fails
timeUnit = millisecond

Constraints written in Modelica timeV ariableName = "simiime"
treatallClassifiersAsActive = true

syntax and evaluated by integrated 1
OpenModelica solver

-y

United Technologies Corporation

« Common namespace
* Refined requirements continuously =)
evaluated during simulation B R N (N
—

Institute for Advanced Systems Engineering 2 3

v UNIVERSITY OF CONNECTICUT



Conclusion
Realized benefits and outlook

Demonstrated value
 Rapid development of analytical models

« Automatic generation of Modelica models from descriptive SysML model

* Requires pre-defined component libraries

« Faster change propagation — change one model and generate the other
 Physics-based requirements verification

« Extends verification beyond functional/structural and state-machine allocations

* Integrated models ensure common namespace

« Automatic generation of constraints with direct connection to analytical model
Benefits to be realized in ongoing work
 Rapid development of descriptive models

« Automatic generation of SysML model block diagrams from Modelica models

* Propagate changes from analytical models to descriptive model
 Improvements to other systems engineering activities

« Change impacts and trade studies

United Technologies Corporation
Institute for Advanced Systems Engineering 24
v UNIVERSITY OF CONNECTICUT
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United Technologies Corporation

Institute for Advanced Systems Engineering
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The problem

Uncertainty masks faults

&

] Fault-Free . .
Monte Carlo simulation data of

20% Blocked = 50% Blocked +  80% Blocked = Antu:lpated

L1=10% —— 1.49952% 1(F ——
o 5 _ heat exchanger measurements.
il - - = 10° —y . .
2 v g Moo | £ Heat exchanger studied is a
‘E g E | @ IE  plate fin heat exchanger used
= ' . . .
2 z Z | 2 £ inaircraft environmental
E £ & 950’ | & 2 control systems.
= Z | B e S Solid lines show the measured
= = i = ..
3 - outputs at the anticipated value of
8.5%10 Lt T 1 499485107 b uncertainty
MC Sample MC Sample MC Sample

Sensor Fused k-NN Classification Rates

Simultaneous inferential A= Nearly 100% correct

sensor and test design = g o3l | — classification for the entire

Leads to complete E: . gﬁ;ﬂﬁh j uncertainty range

separation of the - 3 s Sho peked ‘f_ — Over 85% correct

evidence of faults in the 2 — Anticipated 3 [ classification for the worst-

system z S ol case realization of A

0 S0 100 150 n’;_ H uncertainty ®

Uit Technalogies Corporation MC Sample T ncertainty Secnario .

Institute for Advanced Systems Engineering

<v UNIVERSITY OF CONNECTICUT
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Information Design

Overview

Focus: design and use of inferential sensors that reduce the impact of uncertainty on information gained from fault
diagnostics and prognostics.

Method: A novel algorithm for the sequential design of inferential sensors and admissible input settings to be used
during maintenance testing. The inferential sensors are symbolically regressed to create mathematical representations of
the noisy, uncertain system input and output measurements that infer richer information about the system health status.

Benefits: Improve fault diagnostics by:

(i) generating a set of inferential sensors that augment and improve upon measured information about the system;
(i) reducing the evidence of uncertainty in the inferred variables and thus the rate of false alarms;

(i) inferring distinguishable responses due to fault, reducing the rates of nondetections and misdiagnoses.

Application: The performance of the inferential sensor and test design is assessed using k-NN classification and
exemplified in an aircraft air management system component.

Science Base: The developed inferential sensors are explainable in the form of mathematical equations, which enables
application of information theory to further improve inferential sensor development, by leveraging methods of symbolic
mathematics and automatic differentiation to calculate inferential sensors whose sensitivities with respect to the parameters &5
of interest relating to fault and uncertainty are optimal. ®

United Technologies Corporation

.

Institute for Advanced Systems Engineering

UNIVERSITY OF CONNECTICUT
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Background work & Further Reading

Science Base and IP

Intellectual Property

» Bollas GM, Hale WT, Caballero RE. Evolved inferential sensors for improved fault detection and isolation. US Patent Application, University
of Connecticut and United Technologies Corporation, 2019.

* Bollas GM, Palmer K, Prasad D, Park Y, Maljanian J, Poisson R, Jacobson C. Plate-fin Heat Exchanger Fouling Identification. US Patent
Application #201562172486, EU Patent Application #16173593.1 - University of Connecticut and United Technologies Corporation, 2016.

SC|ent|f|c (peer-reviewed) Papers

Palmer KA, Bollas GM. Sensor Selection Embedded in Active Fault Diagnosis Algorithms. /EEE Trans Contr Syst 7. 2019; in press

« Palmer KA, Bollas GM. Active Fault Diagnosis for Uncertain Systems using Optimal Test Designs and Detection through Classification. /SA 7rans. 2019;
in press, DOI: 10.1016/].isatra.2019.02.034.

» Palmer KA, Hale WT, Bollas GM. Active fault identification by optimization of test designs, /EEE Trans Contr Syst 7. 2019; in press, DOI:
10.1109/TCST.2018.2867996.

« Palmer KA, Bollas GM. Optimal Sensor Selection for Active Fault Diagnosis using Test Information Criteria. /FAC-PapersOnLine. 2019;52(1);382-87.
« Palmer KA, Bollas GM. Active Fault Detection and Identification using Transient Data. Comp Chem Eng. 2019;47;335-40.

« Halle WT, Wilhelm M, Palmer KA, Stuber DM, Bollas GM. Semi-Infinite Programming for Global Guarantees of Robust Fault Detection and Isolation in
Safety-Critical Systems. Comp. Chem. Eng. 2019;126;218 - 30.

« Hale WT, Palmer KA, Bollas GM. Discrete fault identification and isolation in complex systems. /EEE Access. 2018;6;50959-73.
» Palmer KA, Bollas GM. Active fault detection and identification using transient data, Comp Aid Chem Eng. 2017;40:1687-92.

» Palmer KA, Hale WT, Bollas GM. Built-in test design for fault detection and isolation in an aircraft environmental control system, /FAC Papers Online.
2016;49(7):7-12.
» Palmer KA, Hale WT, Bollas GM. Optimal design of tests for heat exchanger fouling identification, Appl. Thermal Eng. 2016,95:382-93.
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Industry Applications

Join the Data Revolution

FDI Workflow using Inferential Sensors

Application Areas —
Diagnostics, prognostics and Health Management NEgy Syemdedcs

Uncertainty: E@]'; ; I: ;i:;l
Inferential (model-based) Control and Decision Support DTM 9%4 —To,
System Design & Optimization et . Equations
- v(t)=h(x(t))+w
Big Data Reduction L

fault and uncertain parameters, f(i{t],I{I},u(t),ﬁu_.ﬁﬁl)=0 <
Inputs:

Clean

w

measurements

e

—_—

No: Re-analyze system Apply system model

I n d U St ry A p p I i Catio NS domin, ol t0 optimization procedure

procedure, and/or Sequential Optimization Procedure:
dia gnostic method

Aircraft Environmental Control System (applied) Rireler i

Genetic Algonthm

Smart Manufacturing Process Optimization (in progress) ' i i
Augmented Equations:

Chemical Process Monitoring o HEOXOu00.050- -

v(O=h(x(t)+w
z(t) = 1(¥(1)

Energy Systems (power plants) TR—

for test design
/" ""\\ Test Design Optimization:
End: , G(u(t),8,,8:y(t).z().t)
l-. Improved FDI Test Design via | i Local Solver

\ Symbeolic Regression /’ !
- - u, y*¥, 7%, G*
A o ]
Yes: Optimal test No: Perform next

Fault design for FDI 15 iteration of the
‘ found Termmation procedure
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Engage
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Find Collaborators
Get funded
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Web: http://utc-iase.uconn.edu/

LinkedIn; https://www.linkedin.com/groups/8512041
Twitter: https://twitter.com/uconniase

Facebook: https://www.facebook.com/UTCIASE/

YouTube: https://www.youtube.com/channel/UCyIDa
1nLXJE4)JzvA039fmAA
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SysML Extension for Physical Interaction and Signal Flow Simulation (SysPhs)

Translation standard for SysML <-> Modelica/Simulink

 SysML profile and libraries for
translation between SysML and _ — _
. . Table III. Correspondences between Terms in Extended SysML and Example Simulation Languages (NA = not available)
SI m U I atl On tOO I S Extended SysML Modelica Simulink/Simscape

. Blocks without internal block diagrams Models without connections Block types/Components
¢ Sta n d a rd p U b I I S h ed by O M G Blocks with internal block diagrams Models with connections Systems/Components

Part properties Model instances (informal) Reference blocks/Component instances
Connectors Connections Lines/Connections
* P ro Of Of CO n Ce pt by N | ST Generalization Extension NA/Subclassing
Redefinition Redeclaration NA
® C I I SimConstants Parameters Parameters
O m merCI a I m p e me ntatl O ns Ports with SimProperties referring to signal flow Input, output variables Inport, outport/Input, output variables

properties (in and out direction)

u n d e r d eve I O p m e nt Ports with SimProperties referring to physical Ports (informal) Connection ports/Nodes
(inout) flow properties

Ports without SimProperties NA NA

« Currently supports T-way Flow propertic NA NA

SimBlocks Connectors NA/Domains

tra n S | atl O n fro m SyS M I_ Conserved SimVariables Flow variables NA/Balancing variables

(flow property direction inout)

Non-conserved SimVariables Variables NA/Variables
¢ S O m e a S p eCtS Of e a C h (flow property direction inout)
ConstraintBlocks NA NA
| f | | d ConstraintBlock usages Equations S-functions/Equations
a n g u a g e n Ot u y Cove re Value types Data types Data types

AR

United Technologies Corporation
Institute for Advanced Systems Engineering 31
v UNIVERSITY OF CONNECTICUT



