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https://www.youtube.com/watch?v=rxju3eGr_7Y
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Introduction

* Showing an example that can be used to guide the
development of V&YV activities for future
applications of mission models

* Bridging to Descriptive Systems Models in Cameo
Systems Modeler

* Driving the behavioral model with analytic domain
models in Python and ModelCenter

* Demonstrating running regression tests on a
SysML State Machine through MBSEPak using
DOEs
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Presentation Outline

* Pegasus Flight Termination Background
* Motivation for Simulation

* Descriptive Systems Model
* Domain Analytical Model

* Descriptive to Domain Integration Bridge
* Automated Testing of Behaviors with DOEs

IIIIIIIIIII

* Project Objective, Goals, Obstacles, Solutions
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Flight Termination Motivation
Protect Against Errant Rocket Flight

e Manual Termmatlon If “Out of Bounds”

w 00§

Nommal Vehlcle
- /%DECUOH of
ovement
Keep Out \%
= Boundary
"o how 150°W 130°W T10°W

e Auto Termination If “Inadvertent Stage Separation”
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Nominal Mission, Concept of Operation

L-1011 Pegasus Drop Stage 3 Burnout
t =0 t=07:56 (mm:ss)

h - 124 km Stage 2/3 Variable h=2512.4 km

Length Coast .

Stage 3 Ignition
t=06:48 (mm:ss)
h =486.8 km

‘Q ' Stage 2
: Burnout

t = 02:48 (mm:ss)
h=174.3 km

Sfade & nition Payload Fairing Jettison

L==°711:3fk(r;"mzss) t = 02:12 (mm:ss)
: h=115.9 km
Stage 1 Burnout
t=01:17 (mm:ss)
X » h =53.5km
Max q

1,413 psf

Stage 1 Ignition
t = 00:05 (mm:ss)
h =123 km
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Pegasus FTS avionics | (T

System

e Ground-initiated command s
destruct also has the capability to Q
sense inadvertent stage separation
and automatically destruct the  Stege2Meter
rocket if errant flight.

Wing

‘ Payload
*Stage 3 Motor Fairing
®

\— Interstage

* The FTS is redundant, with
two independent safe and
arm devices, receivers,

\ P
%
-‘-7¢ é“ logic units, and batteries.

*Optional 4th Stage Available for Precision Injection

Aft Skirt \ Stage 1 Motor
Assembly -

© 2018 Phoenix Integration, Inc. and Orbital ATK. All Rights Reserved. 8



nrbitalAr¢ PHOENIX

Motivation for Simulation
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Biggest Simulation Impact is Early in the Design Process

Simulation Motivation - Gain
system understanding
without manipulating the real
system, either because it is
not yet defined or available,
or because it cannot be
exercised directly due to cost,
time, resources or risk
constraints.

Opportunity
to reduce (Cost of

b , cost design

changes

DoDI 5000.02 E3:9 Policy for Management of all Acquisition
Programs Instructs SEs Approach to Modeling and Simulation
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Industry MBSE and MBE Examples

* DoD Digital Engineering Strategy

https://www.acq.osd.mil/se/briefs/19819-NDIA17-Zimm-DE-Strat.pdf

* SET — Systems Engineering
Transformation, Navy

http://www.sercuarc.org/final-technical-report-published-transforming-systems-
engineering-through-model-centric-engineering/

 GBSD - Model Based SE, USAF

http://www.afmc.af.mil/News/Article-Display/Article/1260958/afnwc-nuclear-
experts-capture-acquisition-awards/

 ARVC iMBE — Integrated Modeling
Environment, ARDEC, Army

http://www.sercuarc.org/publications-papers/technical-report-transforming-systems-
engineering-through-model-centric-engineering-3/

* Europa Model Based SE, JPL

click on the associated icon text for whitepaper

e e.Deorbit, European SA, Airbus

click on the associated icon text for whitepaper

018 Phoe egratio and Orbital A All Rig Reserved
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Project Objective, Goals, Obstacles,
Solutions
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Project Objective and Goals

Objective - Path find an MBSE behavioral model Validation and
Verification (V&V) approach for FTS logic

Goals - V&V Behavioral Models with Simulations
* Verify State Machine Logic
» Validate Regression Testing of State Machine Logic

 Verify the Bridge between Descriptive and Analytic
Simulations
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Project Obstacles

ITAR restrictions

Genericized the application

Logic Complexity — Well
over a dozen States with
multiple triggers on each

Simplified the System Architecture
Model without sacrificing the
Project Objective

Test Complexity

Isolated Testing to avoid Full-
Fidelity-Analysis-Model issues and
to reduce run times
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Project Obstacles

Complexity of Repetitive
Time Based Activities

Synchronize time between the
behavioral and analytical
simulations

Multiple Mission Scenarios

Stimulate all scenarios ensuring
expected mission outcomes with
DOE methods

Each Modeling Layer (STM,
ACT, Domain Sim) has
Similar Triggers and
Responses for Each Event
(eg, Inadvertent Stage Sep)

Ensure Capture of Mission Results
Occurs in the Behavioral Simulation
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The Pegasus FTS Project is a Digital System Model built
in three layers using commercial tools

stm [State Machine] Vehicle States [ Vehicle States U

State 1 Flight
with Stargazer |

State 2 Pegasus Mission_Success State 3 Deploy
e ! Payload
Nominal Flight do / Deploy Payload
do / Vehicle Activities

Destruct
Inadvertent_Stage_Separation do / Auto Destruct

Out_of_Bounds State 4 Terminated
— by Safety Officer
do / Manual Termination
State 5 Auto

act [Activity] Vehicle Activities [ Vehicle Activities ]J

@

«CallMBSEAnalyzerBehaviors s
CallSim : CallSim

.
( FlyNormal )

| [else]

B o s e

[MissionSuccess==true]

[ : Deliver Payload to Space

o % %":AdvanceTim; \ ai‘«rt-.\m‘lSelf»
resul

f : Terminate fro
L — e
%I iOutofBoundsntrue%

Descriptive Systems Model
(Cameo Systems Modeler)

par [Block] Pegasus[ Pegasus
«constraints |
CurenfTneSep o eExemaldnaesy | | WvertentSagesep: Bocean |
Sim: missionSim | qvenentStagesep
i
InadvertentStageSepTime : real MissionSuccess : Boolean
InadvertentStageSepTime

| MissionSuccess
OutOfBoundsTime : real OutOfBounds : Boolean
* Qui0fBoundsTime - ‘

jOutOfBounds

¥ Phoenix Integration MESE Analyzer -
Analyzer Edit iew Tools Help
Wielcame ]| Review Requrements | Mansge Constraint Blacks | Manage Peremetric Disgrams | Evaluate Designs

SysML Model ModelCenter
si el
Execute
m'h“""" s Analysis
I—E o — Evaluate | | E—
‘camphance status e
|zimm—ca
=== and perform trade
Manage _:nf;:::p
oo, Parametric
.~ Diagrams
Browse parametric
disgrams
Import

Analysis .
Manage Constraint Blocks _VS %& %

Browse and import external analyses as constraint blacks

=

Analysis Server

Descriptive/Domain Integration Bridge
(ModelCenter MBSEPak)

Domain Analytical Models
(Python, ModelCenter Integrate)
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Descriptive Systems Model
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Use Case — Terminate if Inadvertent Stage Separation

uc [Package] Use Cases[ Terminate, Inadvertent Stage Separation JJ

Terminate Flight Due To Inadvertent Stage
Separation

A -

Primary Actor: Flight Trigger: Inadvertent
| Termination System Stage Separation y

Guarantees: Termination
into small pieces

Supporting Actor: Pegasus Scope: Flight Precondition:
and The Stargazer L1011 / 2 Pegasus in Free Flight

S e
- g S i
e s
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Goal — V&V State Machine Logic

stm [State Machine] Vehicle States [ Vehicle States Ll

State 1 Flight |
with Stargazer '

N State 2 Pegasus Mission_Success State 3 Deploy
R Indepedent Payload
Nominal Flight .

do / Deploy Payload ;

do / Vehicle Activities
[ Out of Bounds State 4 Terminated
— e - by Safety Officer
o Nominal & i do / Manual Termination
\6‘ \I;ierheiction of
75'J ;zzzc?al:; %\6\ G : l:"
! e P ~ State 5 Auto
Destruct ;
Inadvertent_Stage_Separation do / Auto Destruct |
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Component Tree

=
&

AT<DéO b 20 HPED

- cess
o QutDfBounds

P

Pegasus-'

Pegasus_Pega...

o
El

(‘act [Activity] Destruct Automatic[ Destruct Automatic ]J

| A
Inadvertent

_Stage_Sep
aration /

N\

1 E ATION

Vehicle Activities Diag ? PHOENIX

(‘act [Activity] Vehicle Activities [ Vehicle Activities ]J p

_;" : Advance Time " «readSelfs
e w P

resuft

N

«CalMBSEAnalyzerBiehaviors | pooacys
CallSim : CallSim

1

I

I

I

I

: ( FIyN\l’ K
orma

| = )

I

I

I

I

I

: Safety Officer
| [OutOfBounds==true] (State 4)

%" : Terminate from

| [else]

é_{lnaﬁveﬁentﬁta %S@nt_rueg[ Aﬂfg,t,::f.f; | |
Telse] (State 5) rh |
F -

[MissionSuccess==true]

" : Deliver Payload to Space |
I,.(State 3) th

®
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Goal — V&V State Machine Logic

stm [State Machine] Vehicle States [ Vehicle States JJ

State 1 Flight
with Stargazer

State 2 Pegasus | Mission_Success ~ State 3 Deploy

Indepedent
Nominal Flight

do / Vehicle Activities

L Out_of_Bounds

Payload

do / Deploy Payload

~ State 4 Terminated

by Safety Officer

do / Manual Termination

State 5 Auto

Inadvertent_Stage_Separation

Destruct
do / Auto Destruct
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Auto Destruct Activity Diagram (State 5)
(if inadvertent stage separation occurs)

(‘act [Activity] Auto Destruct[ Auto Destruct ]J ‘
’ areadSelfs
output | Setto True | ( : §et output
— ] * Terminated j_
:l- J ~ Automatically
value | «addStructuralFeatureValuex ( zaddStructuralFeatureValue» )} value
‘ﬁ{j Destruct ‘ EndState
J
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Domain Analytical Model
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Domain Analytic Model: Python mock Mission Simulation

Marme Yalue | Units

== missionSim
----- +4 |[hadverentstagesepTime 127 5

o QutOfBoundsTime -1

S CurrentTime Step 127
----- = hdissionSuccess false
o nadvertentStageSep true
o QYtDfBounds false

AE~92¢0 6F,0 BopPd [Jx
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Domain Model Verification Test Results

Nominal Mission

true

e MissionSuccess
®* QutOfBounds
* InadvertentStageSe

MissionSuccess, OutOfBounds, InadvertentStageSep

t=476s

false

0 100 200 300 400
CurrentTimeStep (s)

500
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Domain Model Verification Test Results

Out of Bounds

true O
t=400s

o MissionSuccess

* QOutOfBounds
* InadvertentStageSe

MissionSuccess, OutOfBounds, InadvertentStageSep

false

0 100 200 300 400 500
CurrentTimeStep (s)
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Domain Model Verification Test Results

Inadvertent Stage Separation

true O

t=127s
® MissionSuccess
®* QutOfBounds
* InadvertentStageSe

MissionSuccess, OutOfBounds, InadvertentStageSep

false

0 100 200 300 400
CurrentTimeStep (s)

500
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Descriptive/Domain Integration
Bridge
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FTS Parametric Diagram

Inputs

Outputs

par [Block] Pegasus|[ Pegasus ]J

t:real

CurrentTimeStep

”

InadvertentStage SepTime : real

InadvertentStageSepTime .

OutOfBoundsTime : real

OutO fB.ou ndsTime

.

«constraints
«ExternalAnalysis»

. Sim : missionSim

‘'

InadvertentStage Sep : Boolean

InadvertentStageSep

MissionSuccess : Boolean

. MissionSuccess

3

OutOfBounds : Boolean

QutOfBounds

5
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MBSEPak Bridges from Descriptive Parametric Diagram
to Domain Analytical ModelCenter Workflow

“? Phoenix Integration MBSE Analyzer
File Edit View Tools Help

Design Exploration

Select a Subject to Analyze

Analysis Case | <none

Trade Study :{none;:

| Webcomel Review Requirenbentsl Manage Constraint Blocks | Manage Farts Catahgl Manage Parametric Diagrams| Evaluate Designs | Simulation

E-C3 Structure, Vehicle -
Battery

Destruct Charge

Flight Termination S
Logic Unit -
-
Premature Separati
Receiver gl
<« | M | N

Farametric Diagrams | Selection Filter

V1= Pegasus
- Pegasus

=54 Pegasus

Froperty Units Original  News
+u InadvertentStageSepTime  real -1.0 4+ 127.0
+= QutOfBoundsTime real -1.0 -1.0

=+ InadvertentStageSep Boolean false o true
== MissionSuccess Boolean false false
= QutOfBounds Boolean false false
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ModelCenter Workflow Automatically Generated frofyi™"
the SysML Parametric Diagram

Marne Yalue Units “'&f_}
=3 Model
=== Pegazys ﬂ”
El-: Pegasus_Pegasus a.
- [+ Pegasus
== Sim R
----- o |nadvertentSt.. 127 % E
----- o= QutdfBounds... -1 %
----- o= CurrentTime5... 127 %
----- e MiggionSucc...  falze %
----- e |nadwertentSt.. brue M"b
----- e QutdfBound:  falze
=4 Pegasus ’
----- +u t 127
----- + |nadvertentStage... 127 ’
1 o
----- o= |nadvertentStage...  tiue :
----- o MizsionSuccess falze
----- o QutdfBounds falze H
-

1
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Mission Simulation - Demonstration

4 Phoenix Integration MBSE Analyzer - ] X — O e
File Edit View Tools Help
Welcome Review Requirements Manage Constraint Blocks Manage Parts Catalog Manage Parametric Diagrams Evaluate Designs Simulation I L Hih - - - @; @ Q Q Q 117%
Design Exploration Analysis Case | <none> v (o] - stm [State Maching] V ehicle States [ V ehicle statesj) ~
Trade Study | <none> v = R
State 1 Flight
SdsEin Sy R e Froperty Units original News Margin R ilSigazer
SR Str”;ﬂ;ywemde || &1 pegasus =4 Note -
Destruct Charge i = Destruct Boolean false false [ Comment .
Flight Termination S oot real 1.0 1.0 State 2 Pegasus Mission_Success State 3 Deploy
Logic Unit i~ = EndsState String Payload Deployed  Payload Deployed =5 Problem N:Ir?n?I?:IﬂFTiglht Payload
m = InadvertentStageSep Boolean false false =5 Rationale D do [ Deploy Payload
Premature Separatic SRS A CIN B S
Receiver 2 = MissionSuccess Boolean  false false & Element Group
< > = OutOfBounds Boolean false false {} Constraint -2 Out_of_Bounds s?;es;flgnsfizil:rn
ST = Out0fBoundsTime real -1.0 -1.0 !
=t real 0.0 0.0 ] state Machine Diag.. do / Manual Termination
() State o)
N == Composite St... + :
State 5 Auto
ol Destruct
® Final State Inadvertent_Stage_Separation do/ Auto Destruct
X Terminate
O Entry Point v a7
< >
sct [Activity] Vehicks Actiities [ Vshicle Activites || R
Tools —, —
:Advance Time <readSafs
Blasxe |-}
] common | resut
5 Note . n | [ «CalNVBSEAnayzerBenavion |
| | CallSim - CallSim
[ Comment |
—
=5 Problem I (" FyNormal )
= Rationale ! [ Terminate from
vy o= = — % sarety Dificer - @
@& Element Group | | [Out0fBounds ==true]| h
{} Constraint -~ | | I=e] )
- Y éi"*’ﬁ“ﬂ“@aﬂfﬁ’iﬁgl Adtamstie w, @
5 SysML Activity Diag... || | e | 0
O Action Lol | I - 7%%
[ Object Node M s onSuccess =trus]
&) Activity Parame. .. | Ry foad o SF’“;
\
"4, Control Flows
"% Object Flow é
Refresh Restore Defaults Restore Initial Values Design: | Save Save As Analysis: | Run Export D Send Signal Ac... v v
- 3
Ready. | I - < >
Phoe egratio and Orbital A All Rig Reserved
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Automated Testing of Behaviors
with DOEs
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Custom DOE — Goal - Exercise All the Different Scenarios

Inadverte OutOf SimD Dest End State
ntStageS Bound urati ruct
epTime sTime on (t)

-1 -1 476 False Payload Deployed

127 -1 127 True Terminated Automatically

-1 250 250 True Terminated by Safety Officer
127 250 127 True Terminated Automatically
127 100 100 True Terminated by Safety Officer
500 -1 476 False Payload Deployed

-1 500 476 False Payload Deployed
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Regression Testing Verifies the Model After Making

Changes to the Model
» Software Development Technique

* Leverages Automated Testing

* Repurpose this by re-running the DOE whenever the Model is
changed

 MBSEPak Automated Regression Testing
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DOE Demonstration of Mission Simulation

4 Phoenix ntegration

- m] X Vehicle States
File Edit View Tools Help 7" &5 vehicle States X
Welcome Review Requirements Manage Constraint Blocks Manage Parts Catalog Manage Parametric Diagrams Evaluate Designs Simulation Mi%e T - - i i I GG Gl
Desi 4 M ooe 1o
ign Exploration Analysis Case | <none> V| || |- i
Trade Study |<none> o| [+ = [ @ ||| DPesignVariables
-
[ﬂ Design Table (Custom: 7 Runs) [m] x
Sl zE e S5 EE i stz Property Units Original News Margin OH@ D %X +
BB Structure, Vehicle A
Battery B-'4 Pegasus P InadvertentStageSepTime P.OutOBoundsTime
= Boolean false
Destruct Charge SEE] El
Flight Termination § real
Logic Unit g 2127 il
m = InadvertentStageSep Boolean 39 250
Premature Separatii = InadvertentStageSepTime  real -1.0 Resg
Receiver v = MissionSuccess Boolean false o .
< > = OutOfBounds Boolean false - 5|127 100
ST = OutOfBoundsTime real -1.0 w» | 6500 ]
=t real 0.0 o
= | 70 500
Desil
Cust] Design Table
Statu
Runs
X
Run__ I Options. -
1
at - N éi@wﬂe@a@eyiugl i W, ®
=) SysML Activity Diag... || | . L th
O Action Lol | L S 7%%
[ Object Node  ~+ Ve s ionSuccsss ==trug]
&) Activity Parame... |":D=|iwer Payload to Spacde‘
“4. Control Flow =
"% Object Flow (g)
Refresh : Restore Defaults Restore Initial Values Design: | Save Save As Analysis: | Run Export D Send Signal Ac v v
-~ .
Done. | L} ol as 2
8 Phoe egratio and Orbital A All Rig ervea
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Summary

 Demonstrated running regression tests on a SysML State
Machine using DOEs in MBSEPak

* Driven by analytic domain models in Python and ModelCenter

* Bridged to Descriptive Systems Models in Cameo Systems
Modeler

* In an example that can be used to guide the development of
V&YV activities for the actual Pegasus models and future
Applications
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Thank You

Discovery Canada for the Mighty Planes video clip

H\F No Magic, Inc for the Cameo Systems Modeler Tool

eroenix  Phoenix Integration for the ModelCenter and
MBSEPak Tools

Customers for pulling MBSE into new Programs
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Abstract

Bridge development is being evaluated for Rocket Systems
between SysML behavioral simulations and analytical simulations
to not only verify logical system architecture earlier but also
predict consequences of failures earlier in the product
development life cycle. The idea of rolling behavioral simulation
results across the input bridge from SysML programming into
analytical iterations expands the input field. For example, a
rocket system termination model progressing through flight
states has been simulated for scenario iteration in rocket
tracking. Progress on the MBSE bridge development between
rocket system behaviors and analytical solutions will be
demonstrated.




