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Traditional Systems Engineering

» Document-centric
» |solated, disjointed views

» |neffective for cross-functional
collaboration

Slide adapted from M. Vinarcik, 2022
Supercruise: Model-Based Systems Engineering and Digital Engineering in 2022 ]
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Traditional Systems Engineering

» Document-centric

\4

Isolated, disjointed views

» |neffective for cross-functional
collaboration

» Integrated system models viewed as

secondary and descriptive only.
(Weilkiens, et al. 2016) 2]

Slide adapted from M. Vinarcik, 2022
Supercruise: Model-Based Systems Engineering and Digital Engineering in 2022 ]
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The Shift to Model-Based Systems Engineering %’

Docu.ment Based Shared Common Model
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Executable System Models

» Descriptive system model — executable simulation
V¥ Ineffective toolchains

V¥ Significant descriptive model rework
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Problem Statement

» How can the rigor and precision of a model-
based approach be extended from the
system definition space into the system
simulation and analysis domain?
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Solution: The Shared Systems Simulation Methodology

bdd [Package] Logical Tables and Matrices [ Lunar Habitat Logical Architecture ] J
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System of Interest

Technical Stakeholder Engineering
Complexity Interest Novelty
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"We choose to go to the moon” — John F. Kennedy

Technical Stakeholder Engineering
Complexity Interest Novelty

(8] 9] [10]
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The Three Phases
of Architecture
Decomposition

Functional

A

Logical

9/

Physical

&
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Functiona

«requirement»
Requirement
Id = IIOII ’
Text = "Sample Requirement"”

Decomposition

. and % definition.

Ly Ny,
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uc [Package] Actor to Use Case[ Actor to Use Case ]
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Functional Decomposition

req [Package] 00 Source Content[ Requirement to Artifact Trace Diagram ] )
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Functional Decomposition

www.incose.org/symp2022
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Logical and Physical Decompositions

Logical Architecture: generic representation of system elements, defined in terms of
functions they provide

bdd [Package] Logical Tables and Matrices [ Lunar Habitat Logical Architecture ])
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Logical and Physical Decompositions

Logical Architecture: generic representation of system elements, defined in terms of

functions they provide

4 | & Physical Architecture: unique, specific instantiations of system elements

bdd [Package] Logical Tables and Matrices [ Lunar Habitat Logical Architecture ]

«subsystem»

«logical»

«system»
«logical»
Lunar Habitat System

«subsystem»
«logical» «subsystem»

Life Support Subsystem «logical»

Structure Subsystem

«subsystem»
«logical»
Transit Subsystem

Communication Subsystem

«subsystem»
«logical»

Habitation Module

«subsystem»
«logical»
Power Subsystem

parts
: Pow er Conversion
: Pow er System Shielding

&

«subsystem»
«logical»

«subsystem» Data Handling Subsystem

«logical»
Flexible Mission Module

- -
bdd [Package] Power Subsystem[ GE SSG Nuclear Power System ] )
«subsystem»
«physical»
Nuclear Power Subsystem .::ygd.é;b
values H
OutputPerhodule - Real = 1000000 Nuclear Power Conversion
UnitAreaModule : Real = 27.878 359G PWR i s
— General Electric S9G PWR : Reactor
. proxy pons Westinghouse SPFWH Low Prs : Heat Exchanger
out : Electrical General Electric Arabelle 1700 : Steam Turbine
in From Sply Ship : ~Physical Resource General Electic Gen-W : Generator
out : Solid Waste Trillium Tricentric : Reactor Cooling
inout Rejected to Space : Heat Mitsubishi Heavy Industries 1320MW : Pump
out : EM Radiation
inout : Water

www.incose.org/symp2022 19




bdd [Package] Logical Tables and Matrices [ Lunar Habitat Logical Architecture ] J
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bdd [Package] Logical Tables and Matrices [ Lunar Habitat Logical Architecture ] J
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Shared Systems Simulation Development Wy

» Defined system behaviors using detailed system simulations
» Sequenced and integrated simulation elements via a simulation workflow

Phoenix

Integration

/ An Ansys Company
[6]
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Shared Systems Simulation Coupling

bdd [Package] Logical Tables and Matrices [ Lunar Habitat Logical Architecture ] J

Model-Based Systems Simulation
Architecture
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Shared Systems Simulation Coupling

» Coupled the simulation to the model-based architecture

MSBE System Architecture
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: ~EM Radiation

Visible Light,
Electromagnetic Radiation

L : ~Electrical

Electrical Pow er
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- T
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Architecture Trade Studies

» Coupled system simulation enabled trade studies to characterize system behavior
and guide decision-making
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Design Configuration #1: Passive Filtration

Pow erEfficiency : Real = 20.0
GenerationCapacity : Real = 20.0
Area : Real = 250.0 = o o N e e e >
ModulesRequired : Real - |

WaterGeneration WaterSupply

«block»
«physlcal» '— ———————————————————
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I I
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— et BT l
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«block»
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Active Chemical Filtering : Water Generation
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PowerEfficiency = 120.0

Design Configuration #2: Active Chemical Filtering 31



Example Trade Study: Social Wellbeing

» Social considerations = sustained architecture success

» Social Wellbeing Factor enables qualitative analysis in the shared system model

Social Wellbeing Factor

Social Wellbeing Factor
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32



Example Trade Study: Social Wellbeing

» Architecture decisions influence down-stream system response
» Identify sociological emergent behavior

Social Wellbeing Factor (as a function of)
Structure Volume per Person and Habitat Population

Habitat Population (No. of People)
3
o

Relative Social Wellbeing Performance (%}

200 400 600 800 1000 1200 1400 1600 1800 2000
Structure Volume per Inhabitant (m3)
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Example Trade Study: Social Wellbeing

» Studies can predict both present and future behavior
» Methods supports analysis of the “soft” aspects of complex socio-technical systems

Social Wellbeing Factor (as a function of)
Structure Volume per Person and Habitat Population
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Advantages and Successes

v' Leveraged the Shared Systems Model

v’ Created a flexible, rigorous, robust, and efficient
simulation

v' |dentified emergent system behaviors

Wwww.incose.org/symp2022 35



Challen ges emre

v System simulation DOEs require multiple
physical architecture configurations
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Instance Management

bdd [Package] Physical Instances [ Instance Deployment ] )

«blocks
«physical» Q
Passive Filtration : Water Generation

= water Generation.physical Resource
= water Generation.electrical

= water Generation. liquid Waste

= water Generation.lunar Material

= water Generation.solid Waste
Area=250.0

From Sply Ship = water Generation.from Sply Ship
GenerationCapacity = 20.0
ModulesRequired = 4.0

NumModules = 4.0

PowerEfficiency = 20.0

Baseline Conﬁgurati%

\

«block»
«physical»
Water Generation

values
NumModules : Real= 1.0
PowerEfficiency : Real= 3.5
GenerationCapacity : Real = 200.0
Area : Real = 100.0
ModulesReguired : Real

bdd [Package] Physical Instances [ Instance Deployment ] )

«block»
«physicaly Q
Passive Filtration : Water Generation

= water Generation.physical Resource
= water Generation.electrical

= water Generation. liquid Waste

= water Generation.lunar Material

= water Generation.solid Waste
Area =250.0

From Sply Ship = water Generation.from Sply Ship
GenerationCapacity = 20.0
ModulesRequired = 4.0

NumModules = 4.0

PowerEfficiency = 20.0

Instance Deployment

\

«block»
«physical»
Water Generation

values
NumModules : Real = 4.0
PowerEfficiency : Real = 20.0
GenerationCapacity : Real = 20.0
Area : Real = 250.0
ModulesRequired : Real = 4.0

www.incose.org/symp2022
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Instance Management

» Modeler-in-the-loop intensive
» Document-centric
» Inefficient and fragile

www.incose.org/symp2022

bdd [Package] Physical Instances [ Instance Deployment ] )

«blocks»
«physical» Q
Passive Filtration : Water Generation

= water Generation.physical Resource
= water Generation.electrical

= water Generation. liquid Waste

= water Generation.lunar Material

= water Generation.solid Waste
Area=250.0

From Sply Ship = water Generation.from Sply Ship
GenerationCapacity = 20.0
ModulesRequired = 4.0

Numiodules = 4.0

PowerEfficiency = 20.0

Instance Deployment

\

«block»
«physicals
Water Generation
values

NumModules : Real = 4.0
PowerEfficiency : Real = 20.0
GenerationCapacity : Real = 20.0
Area : Real = 250.0
ModulesReguired : Real = 4.0
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Parallel Physical Trees ey

bdd [Package] Power System Types [ Power System Types ] )

«subsystems»
«physical»
Nuclear Power Subsystem

«subsystem»
«physical»
Solar Power Subsystem

values
OutputPerModule : Real = 1000000
UnitAreaModule : Real = 27.878

values
OutputPerModule : Real = 1000
UnitAreaModule : Real = 0.108

!

!

«block»
«physicals
Nuclear Power Conversion

«block»
«physical»
Solar Power Conversion

parts
: Reactor
: Heat Exchanger
: Steam Turbine
: Generator
: Reactor Cooling
: Pump

parts
: Solar Array
: Solar Racking System
: Battery Module
: Inverter

—) Map Analysis Variables

Systems Model Structure | Requirements List

Name Type

<

Analysis Variables

Name

«systems 4§ Example: Nuclear w/ | ©»  PowerLifeSuppo
«physicals O pump ©»  LunarHabitatPo\
Physical Lunar Habitat System 4 (7J Nuclear Power Subs 4 powerTypes
€ UnitAreaModule  Real »=  PowerType
€ OutputPerModule Real ©»  LunHabPwrReq
‘i::syglsé:;‘ > [ Heat Exchanger »= Unit_ Module_Ar
Power Subsystem O Reactor Cooling »= Output_per_Mo:
== T Nuclear Power Cony ©»  NumModules
: Power System Shielding O Reactor o+ PowerSgFt
(J Steam Turbine e IntarinrUnntDauon:

=) Map Analysis Variables

«blocks :
«physicals» +) Requirements Details
JEEmeraion 9 Q Analysis Name: | Power_Analysis NUCLEAR]

Systems Model Structure | Requirements List

Name | Type
4 {7 power Subsystem
" 4 Example: Nuclear w/ |
4 {7 Example: Solar w/ De'
4 (7 Solar Power Subsys:
¢ OutputPerModule Real
€ UnitAreaModule  Real
(O Solar Power Conver
O Inverter
(O Solar Array

(3 Solar Rackina Svstel
<

Analysis Variables

Name
=+ LunarHabitatPo\
PowerTypes
PowerType
LunHabPwrReq
Unit_Module_Ar
Output_per_Mor
NumModules
PowerSqFt
InteriorHeatPower

A ArchitactiraRarfAarmane

+) Requirements Details

9 Q

Analysis Name:

Power_Analysis_SOLAR




Parametric De

finition

par [Block] Power Conversion [ Power Conversion ] )

«block»
«physical»
Power Conversion
constraints
: Pow erOutput_Type
: Pow erArea_Type
values

Module Pow er : Real = 0.0

/Number of Modules : Integer = 0{readOnly}
«pow er type» Pow er Type : String = Solar{|
/Total_Sq_Ft : Real = 0.0{readOnly}
/OutputPerModule : Real = 1000000.0
UnitAreaModule : Real = 27.878

o I

: Real

OutputPeriodule
]

nuclear Power

: Nuclear Power Subsystem [1.."]

OutputPerModule_Nuclear

_—

OutputPerModule_Solar
@

«constraints
: PowerOutput_Type
{if PowerType == "Solar” :
OutputPeriodule = OutputPerl; s_Solar

: Nuclear Power Conversion
th
PowerType ;]
:Real I
A4
solar Power Solar Power %]
PoweTa j «mn.-rm
“rg Extoe! I Unitarealodule_Nuciear -
eif PowerType == "Nuclear” :

UnitAreaModule_Solar

UnitAreaModule
@

——

UnitArealodule = UntArealodule_Nuciear }

& Smulation |
Simulation ax
> o=@ BISTEel®] @ @ mger: 1] Anmatonspeed: |
Gmx\— '>).i:amul=$<| g = x'|‘6° x]
™o wer Conversion [P dy a' z aé 0.
00:00:00,000 : Initial solving ... Name Value
200-00,000 : Initial sohd Sz | -
00:00:00,000 : **=* Power Conversion is initialized. ***= = [Power Conversion@179d86ec
i~ Module Power : Real 0.0000 Expand Recursively
[ /Number of Modules : Integer 0 Export Value To N
03 - i 000 Save To Default Value(s)
2 Ul Show in Timeline Chart
(3 [Total_Sq_Ft: Real 0.0000 .
[~ Unitareattodue : Real 27.8780 Sodlo >
-08 nudear Power Subsystem : Nudear Power Subsyst... Nudear Power Subsystem@72715be| T = Select in Containment Tree Alt+B
[# solar Power Subsystem : Solar Power Subsystem [1... Solar Power Subsystem@648¢1b80 Create Sequence Diagram

1

>>

| (@efauit) v

: PowerOutput_Type {if Power Type == "Solar™: ...

: PowerArea_Type {if Power Type == "Solar" :

PowerOutput_Type @76289d6d
U... PowerArea_Type@50536c03
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Coupled Design Catalog

Design Catalog: ModelCenter Excel-based element
that stores design detail in a tabular form
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Coupled Design Catalog
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Coupled Design Catalog

«block»
«physical»

Thermal Insulation

values

R-Value/m: Real = 273
Thickness : Real = 0.1

nsulation Type : Strind= Aerogel

Insulgrion Type R_Value Thickness
[Aerogel | | 273 0.1}
Silica Aerogel 390 0.1
Glass Bead Aerogel 780 0.1
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Coupled Design Catalog

» No requirement of duplicate physical trees or bespoke
parametric equations

» DOE support
» Architecture as authoritative source of truth
» Minimal architecture modification for executability

www.incose.org/symp2022
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Conclusions L

The Shared Systems Simulation Methodology:

» Translates MBSE rigor to the detailed engineering phase.

» Maintains the model-based architecture as the A.S.O.T.

» Supports expansive system characterization via simulations.

» Requires novel solutions to emergent issues such as multiple
physical architecture configuration requirements.

www.incose.org/symp2022 45



Further Reading
University of Detroit Mercy Masters Thesis:

Applying Model-Based Systems Engineering
(MBSE) Methods to a Novel Shared Systems
Simulation Methodology '}

Authors: Christopher Caron, Christopher Craft, Ashishkumar Prajapati,
Stephen Pien, and Jeremy Ross

Advisor: Professor Michael J. Vinarcik, ESEP-Acq, FESD
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