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The “V-Model” of Systems Engineering
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Multidisclinary Design Optimization (MDO) —
What it is and where it fits in...
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Outline for today

m NASA Design Definition Process
m Process Overview

m Multidisciplinary Design Optimization
m \WWhat it is and where it fits in...

= Concurrent Design Facilities (CDF)

m Critical Design Review (CDR)



Design Solution Definition Process

= The Design Solution Definition Process is used to translate the outputs of
the Logical Decomposition Process into a design solution definition

: Solid Boosters Oeda I GEM
Flight Segment ' 3m {10 1t) Oia Inert Mass 1,315 kgi2,900 lben
Payioad Usable Propaliant Mass 11,766 k25,940 lbm
Fairing Propeliant Type HTF8
Engine Type Solid
Average Vacuum Thrust
Star 48 Ground Lit 499.1 kN/112.2 kinf
Stane 3 Motoe Air Lt 516.4 kN'£16.1 kibf
> Total Vacuum Imputse
Payload Spacecraft Launch § Stage 2 Ground Lit 31,618 kN-s20/7,108 Kibé-sec
Y P . A Lt 32,699 kN-sec/7 351 kibf-sec
Element Bus Accommodations &m AJO-11E Engine Exit Diameter
1965 Second-Stage Ground Lit D82 263 f
96 ff Sacond-Stag i L 101 M2 N
Pavioad Engie L 01 mA.32
Command ayiea i/ Liguid Core  Dolta Il Stage 1
Telescope Structure — Attached ' Elag Inert Mass (w/ Interstage) 5,534 kgi12,200 lbm
&Data Fitting B Usabé Propellan: Mass 95,808 k211,220 lom
Propellant Type LOx'RP-1
Engine Type RS-27A
; 3B6m EirstS Sea Level Thrust 889.6 K200 klol
Guidance, 1265 1) iy Vaguum Thiust 1,085,8 KNI244.1 Kbt
Detectors [~ | Power Navigation & 1 Electrical AT Sea LevedVacuun Isp 2542 560301.7 s2c
Control 2%4m “"a"' e Engine Exil Diameter 1.4 M7t
25, o
{8361 Liquid Upper Stage Deltz Il Stage 2
Inert Mass 950 085 lbm
Usabla Propellant Mass 5,004 ¥9/13,236 bm
i i i ’ P'S:p:lanll?;p-: i N;O:-gﬁr(nme-so
Electronics [ Electrical Propulsion — Supply LO, Tenk Encine Type i
Vacuum Thrust 9,615 b
[y Vacuum Isp 319.2 s0¢
Engne Exit Diameter NA
Diameter 2AmBiHt
Thermal Mechanisms Dia of Solics Solid Upper Stage Delta It Stage 3
1m(33R) ned Mass 27.7 kg457 Ib
13m Usabie Propellant Mass 2,009 kg'd.430 Ib
(42.5 %) Propeldant Type Solid
Engne Type S:?ruiegm ‘
i- Graphite wum Tarust 66,357 N/'14.,920 Ib
Spacecraft Payload Comrnum Epony el i 25 s
Interface Interface cations gg‘gé’;,’,al Delta 1l 7925-10 Characteristics
\l T '}ﬂlo‘:& S Liftoff Mass [Without Payload) 231,870kg'511,150 In
v Maximum Tarust (T+5 sec) 34,623 kN/TE3 407 Ib
[
RS-274 | Maximum Dynamic Pressure 62,720 Nim?!1,310 psf
tain Engns Maximum Steady State Accalerabion 625q
Figure 4.3-2 Example of a PBS SirerhatTEs -
PBS = Product Breakdown Structure This image is in the public domain.



Design Solution Importance

Define solution space
Develop design alternatives

Trade studies to analyze
= Alternate Design
« Cost, performance, schedule

Select Design Solution
Drive down to lowest level
Identify enabling products

What we wanted

This image is in the public domain.

What we got

This image is in the public domain.




Design Solution Definition — Best
Practice Process Flow Diagram

Input

From Logical
Decomposition and

Activities

Output

To Requirements Management
and Interface Management Processes

Configuration Management

Processes

Baselined logical
decomposition
models

>

Baselined derived
technical
requirements

System-specified

Define alternative design solutions

v

Analyze each alternative design solution

v

Select best design solution alternative

v

Generate full design description of the
selected solution

v

Verify the fully defined design solution

v

Baseline design solution specified requirements
and design descriptions

>

requirements
. T

End product—specified
requirements

—>

To Stakeholder Expectations Definition
and Requirements Mangement and Interface
Management Processes

Initial subsystem
> specifications

To Stakeholder Expectations Definition
or Product Implementation and
Requirements Management and

Interface Management Processes

« | Enabling product

Need
lower level
product?

Enabling
product
exists?

Initiate development
of next lower level
products

Initiate development
of enabling products

- requirements

To Product Verification Process

Product verification
plan

—>

To Product Validation Process

Product validation
plan

—>

To Technical Data Management Process

3| Logistics and operate-

to procedures

* To Product Implementation Process

This image is in the public domain.




Design Solution Definition — Important
Design Considerations

Other Considerations

» Software

» System Safety

* Accessibility

* Information Assurance

« COTS

* Disposal
* Human Factors
* Environ. Constraints

System

Capabilities
_ System
Functions Performance
Priorities Technical
Reliability Effectiveness
Maintainability System
Supportability Avallablllty
Producibility
Operations
Maintenance Pr_os:ess
Efficiency

Logistics

Life Cycle Cost/Total Ownership Cost

Effectiveness

Affordable
Operational
Effectiveness




Producibility vs. Total Cost

1 bar

2 bars

0 =0.80 mm

17 bars

o =0.63mm

0

More design freedom

(Better performance)

i

Vv

More complex

(More difficult to optimize)
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Concept Question 7

Which of these three designs
17 bars would you select and why?

Answer Concept Question 7
(see supplemental files)

|

|

|

2 bars
= 1 bar

T I I I I !

0.5 1 1.5 2 2.5 3

Displacement [mm]

Manufacturing Cost [$]
O ~_~NWPHAOIO) N O

o
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Outline for today

= NASA Design Definition Process
m Process Overview

m Multidisciplinary Design Optimization
m \What it is and where it fits in...

= Concurrent Design Facilities (CDF)

m Critical Design Review (CDR)
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Multidisclinary Design Optimization (MDO) —
What it is and where it fits in...

= MDO defined as (ATAA MDO Tech Committee):

= “an evolving methodology, i.e. a body of methods, techniques,
algorithms, and related application practices, for design of
engineering systems coupled by physical phenomena and
involving many interacting subsystems and parts.”

= Conceptual Components of MDO (Sobieksi ‘97)
= Mathematical Modeling of a System
= Design Oriented Analysis
= Approximation Concepts
= System Sensitivity Analysis
= Classical Optimization Procedures
= Human Interface

13



MDO - Motivation

7 E%?{%f}*

=3
Xt v
n Electrical Group Equipment Group

e

’ / >
"Power Plant Group

~

Loit Group

oD

Production Engineering Group

MDO helps us get from this... ..to this...

Hydraulics Group

© C. W. Miller. All rights reserved. This content is excluded from our Creative Commons
license. For more information, see http://ocw.mit.edu/help/faq-fair-use/.
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MDO - Root

Topic 1960 65 70 75 80 85 90 95 2000 2005
MDO Early Years

Schmit's 3 bar truss M >
Gen opt codes appear (Aesop, CONMIN) ]

LaRC 1st MDO SST papers
LaRC IPAD project

LaRC AOO & MDOB & IRO
Government-Sponsored MDO
LaRC SST MDO project

ARC ACSYNT & Applications

EU MOB

NATO AGARD, RTO M
Theory, Methods and Frameworks, Tools and Companies
Excel

Matlab

Mathematica

Integration VRD

Integration Engineous
Integration ALTAIR

Genesis

Integration Phoenix
Concurrent Computing

Linear decomp.

Opt Sensit

System Sensit
Approximations
Approximation based decomp.
Analytical Target Cascading (Michigan)
Collaborative Optimization (Stanford)
BLISS-LaRC

CSSO-LaRC ND

Visualization UofBuff
Commercialization BLISS
Genetic Algorithms

Optimality criteria (KKT)
NASA Glenn NPSS

Physical Programming (RPI)
Isoperformance (MIT)

===
v

v |“|||

||| L

MDO roots found in

structural optimization

Optimization algrthms
in mainstream prgms

More complex
decomposition
techniques appear

Commercialization
of multi-level
algorithm

© Springer. All rights reserved. This content is excluded from our Creative Commons
license. For more information, see http://ocw.mit.edu/help/faqg-fair-use/.

Reading: [6a] Agte J., de Weck O., Sobieszczanski-Sobieski J., Arendsen P., Morris A., Spieck M., “MDQO: assessment and
direction for advancement - an opinion of one international group™”, Structural and Multidisciplinary Optimization, 40 (1), 17-

33, January 2010
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MDO - Example

= Simple example of interdependency

Range (R) is the system objective

Wing - structure ! P Wing - aerodynamics ! P
‘ Loads
P R
a=sw ngle a
—_—

 Structure influences R:
» directly by weight
« indirectly by stiffness that
affect displacements
that affect drag

Displacements

|Loads & Displacements
must be consistent

R = (k/Drag) LOG [( W, + W_+ W.)/ (W, + W_)]

* What to optimize the structure for? Lightness?

Displacements = 1/Stiffness?
An optimal mix of the two?



MDO — Method: Bi-Level Integrated System Synthesis

X, - Variables

T-throttle
Ny tail sweep
L,-wing mom. arm
L,;-tail mom. arm
[t]-thickness array,
size 1x9
[ts]-thickness array,
size 1x9
A-taper ratio

D-drag

ESF-eng. scale fact.
L-lift

N,-max. load fact.
R-range

SFC-spec. fuel cons.
®-wing twist
W_-engine weight
W_-fuel weight

W -total weight

M,h 1 t/c, h, M, ARy, A, SpersSyAR M. h
WM, AR, S |« Ly Ue.Sur ARy
v ARy, Sgpp,Ast/c ASppp ARy r
Propulsion A L ¥ Y
Y ESF > W, »| SFC
XIOCZ{T} VY*
Iky*
vA| Aerodynamics [y~ ¥ v
D |« y » L » L/D
A
o=t Ao Ly L} yY*
v+
A Structures A ¥
iRt W0 |« X X > Wr, W
I\ R
XlOC:{[til’[ts]’ 7\’} VY*
A
Wi, W
N> Comm v« F(i\fz © Range
77 /K> A
N ) A 4
Weo» Wos N7, s MIN M<1>TTH R
Constants<x

AR,,- wing aspect ratio
AR, tail aspect ratio
h-altitude

M-Mach #

Sppp-Wwing surf. area
Syr-tail surf. area
t/c-thickness/chord
Ay~wing sweep

XLOC

17



MDO — Method: Bi-Level Integrated System Synthesis

= Formulation of Design System: Supersonic Business

Jet Example

X ,-design variable shared
by at least two subsystems

X,..-design variable unique
to a specific subsystem

Y*-coupling variable input
to ‘]garticular subsystem

Xioe L Lws- Ayt

loc

Aerodynamics

_____.____.

o7 I ™

- :/_l

l
I
I

Structures

X [t] [t ] A

“'//KY

Xioe-T

loc

Propulsion

‘Sﬂ/i T

Range

18



MDO — Method: Bi-Level Integrated System Synthesis

= Subsystem Optimization (SSOPT)
» SSOPT Formulation

Xloc - |-W'LHT'/\HT

Aerodynamics

v
L

v
L/D

ne

F=w Y +w,Y, +wY', :ZWiYi
i=l

Given:
minimize:
by varying:
Satisfy:

and retrieve;

Q = {[Xsn],[Y"], W1},

f(w, YA(Xioc, Xsh, Y¥))
[Xloc]-

gd(Xiec) = 0

h(Xioc) = 0 and

[Xloc,LB] < [Xloc] < [xloc,UB],
[Xioc] and [Y*] at optimum

where n = # of Y~ outputs

19



MDO — Method: Bi-Level Integrated System Synthesis

= Subsystem Optimization (SSOPT)

N @ Have series of approximation
/ models, one for each Y~ output

i=l " where n = # of Y~ outputs

20



MDO — Method: Bi-Level Integrated System
Synthesis

= Subsystem Optimization (SSOPT)

System-Level

) Opftimization

These make up an approxi-

mated subsystem...

...which is then sent to the
system-level optimization.

21



MDO — Method: Bi-Level Integrated System
Synthesis

= System Optimization (SOPT)

X, Y*, w » SOPT Formulation
Given: approximation models for opt-
imized subsystem outputs,
— e — w minimize: F (Xsn, Y*, W),
, “— by varying: Q = {[Xsn],[Y*],[WI}.
— e — Satisfy: ¢ =[Y*]-[Y"] =0,

[Xsh,LB] = [Xsh] = [Xsh,ugl,

\ Y's
- '\ / | 1 [Y*is] € [Y*] £ [Y*us], and

SN o : . [wig] < [W] < [wus],
::{\ Y's | and retrieve: [Xgn],[Y*],[w], and F at optimum

/.'/ \ i T » SOPT Objective Function
Y's

---------

22



Range (MNM)
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40 + b
30+ :
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10+ E
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Range (MNM)

50

40

30r

20¢

10F

BLISS Cycle # 10 ¢

0+
20k
30t
A0 ¢
_50 1 1
20 40
Objective Function, Range
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Exact Range
o000 | — +—Approx Range ||
i
i
8000 |y A
4
!
7000 F 8
\
\
BO00F % .
i
|
5000 - | .
|
%
4000 - i -
N
N . -
i UL, o e :
2000 1 1 1 1 1 1 1 1 1
1] 1 2 3 4 5 6 7 8 9 10

BLISS Cycle Number

Wingbox Sheet Thickness (in)

100

Progression of Wingbox Sheet Thickness

o
(s3]
T

o
w
T

Inner Wingbox
— + —Midspan Wingbox
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MDO - Challenges

Fidelity vs. Expense
high fidelity |, h
we do owto
(e.g. CFD,FEM) % implement?

intermediate

fidelity g
(e.g. vortex lattice, _B'I
beam theory) =
©
- can the
empirical g/ts be
models Level of MDO believed?
trade limited full
studies optimization/iteration MDO

from Giesing, 1998

25



MDO - Challenges

high fidelity

(e.q.
CFD,FEM)

intermediate
fidelity
(e.g. vortex
lattice, beam
theory)

empirical
relations

Breadth vs. Depth

t | I>design howto
practica/? implement?
<
a
(0]
()]
=
©
=
g can the
a ults be
System Breadth believed?
focuson a all critical constraints complete
subsystem system




Outline for today

= NASA Design Definition Process
m Process Overview

= Multidisciplinary Design Optimization
= What it is and where it fits in...

m Concurrent Design Facilities (CDF)

m Critical Design Review (CDR)
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Concurrent design approach

Credit:
Dr. A. Ivanov

= A Concurrent design facility (CDF) is an environment where engineers of
different specialties come together to perform a system engineering study
for a project. Key elements for a CDF:

B feam

B process
|

[ |

environment (including A/V and software)
knowledge management

®m Challenges in an academic environment

® short learning curve

) Simulation 04/Model/Spacecrafl K-1000,

B3 Microsoft Excel - thrusters
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CDF in industrial setting

= Design centers in Space Agencies
m JPL: TeamX

m studies have shown than cost estimations of TeamX were within
10% of the final mission cost

m rapid assessment of proposals

m ESTEC (ESA)
m all of the future projects at ESA are going through the ESA CDF
m e.g. CHEOPS

= Others

m Most NASA centers, ASI, CNES, commercial applications of the
idea (painting, shipbuilding, medical devices)

= Benefits
® improvements on quality for redesigned products
m very quick turnaround for ideas
m petter cost estimates
m increased creativity and productivity in a company

29



Example of Cubesat Design in J-CDS

CDP Product Tree

=

|l

n
Yo » P L s 4 &

II‘H!I II [0 0

ol @
Mame Acronpmn Description

& CubETH
¥ System S5 Systern Lewvel
¥ Sub-System 55 Sub-Spstem Lewel
P Equipment EQO Subzystem components
L5]

pozition level edited succesfully

L3]

Step 1. Define decomposition levels

Step 3. Fill in details from databases and models.

Step 2. Define details of the system

Create budgets (mass budget shown)

A,
Sum of Valuifly

1
2 Model Code
3 Sp5.ADCS 0.133 10
4 Sps.COMS 0.034 10
5 Sps.COM 0.09
E Sp5 ERPS 0.259
7 | SpS.Pay 0.2
8§ |SpS. Structure 0.317
8 |Grand Tatal 1.033
1 oy ste
11
17
SwissCube

B e ]
shared subleviid Margin [%t]lkd Total with marg g
5

0.146
0.037

a4 T CubETH

F

walue
B S¥S : Ground Segment
B 55 : Ground Station
B 55 : Mission Operation Center
B> S¥S : Launch Segment
B 5%5 : Managment
B S¥S : Mission Design
B SYS : Space Segment name: Managment [MAN]
@ Fesponsible description: -
4 B SS-ADCS u:;w-ner: P»1ar;|:§gn?entl [Eﬂa:] (vl
decompaosition level: System [SY
B EQ:ADCS OBC mc;delcpode: MAMN :
B ENQ : Algorithms
P General
B EQ : Gyros
B EQ : Magnetometers
B EQ : Magnetotorquers
B EQ : Sun Sensors
4—PB 55 :CDMS
P General
B EQ : IF board
B> EQ : OBC board
4P SS:COM
B~ EQ : Amateur band TxRx
B EN : Antenna deployment system
B+ EOQ : Beacon
P General
4B 55 :EPS
B- EQ : Batteries
P General
B EQ : PDCU and BCR
B- EQ : Solar Panels
B 55 : Flight Software
B 55 : Payload
B SS:SE
4—PB 55 : Structure
P General
4P 55 : Thermal
P Geneal

30



Design of a suborbital space
olane in CDF

Isometric views of K1000

31



Requirements

= Level 1 requirements.
m Reach an altitude of at least 100km over sea level
m /ero G-phase flight phase of several minutes

Passenger vehicle carrying 6 people

= Level 2 requirements

Safety: load limit 6 g
Spacecraft shall be controllable at any time

Customer experience: view on earth’s curvature and
atmosphere

Environment: The spacecraft’s impact on
environment should be as small as possible

Mass budget: The spacecraft’'s mass should not
exceed 11.6t (with propellants)

32



CDF Design: K1000

K-1000

Computation of forcas in uvw-frame

AERODYNAMIC
COEFFICIENTS

command signals

Rudders
deflection

= Y%thrust
max (pwm)

. onoft—p| (RD0-0110)

OO~ (Larzac)

5 e Forces and

» (Thrust, Torques)

L__ur |

|__DRAG |

| PITCH MOMENT |

ROCKET ENGINE

Theust

SECONDARY
PROPULSION

Theust

RUDDERS
torques

ATTITUDE
THRUSTERS
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Altitude [km]

120

Requirements verification by modeling

100 o

BO -

&0

a0 -

a0

100

184s

0-G Experience
< >

200 -

oo

400 -

500

Mission time [s]

GO0

oo

Altitude [km)

Load factor [-]

200

200

¥

1000

5
e
O
=
o
o
L
=
o
o
™
B
|_|
1
0

(norm of load vector in uew)
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K1000 landing

Isometric views of K1000

View from windows

35



S3is it feasiblee What are the key challenges?

© Swiss Space Systems. All rights reserved. This content is excluded from our Creative
Commons license. For more information, see http://ocw.mit.edu/help/faq-fair-use/.



http://ocw.mit.edu/help/faq-fair-use/

Partner Exercise (5 min)

m \What are your experiences with Concurrent Design
Facilities (CDF)?

® For which project or application did you use it?
® \What went well? What did not?
® \What could be improved?

® Discuss with your partner.
= Share.
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i\

ECOLE POLYTECHNIQUE

Lessons |eOrned EPFL CDF FEDERALE DE LAUSANNE

m The Swiss Space Center CDF operates in a student environment
and tied to the university’s schedule.

m gccess to a wide body of students and lalbbs who can work on
projects in the space center

= mechanical engineering, robotics, microtechnique, electrical
engineering, physics

m need to adapt to university schedule and cycle
m very clear formulation of a work package for each student
® simple schedule and milestones during the semester
® learning curve
® emphasis on model development and documentation writing
m database development
B encourage tfeamwork
m integration info CDF

38



Lessons learned EPFL CDF (2)

m CDF is a modern analogy of a “smoke-filled room” or “war room”
m Optimal size of the team: 72

m Distributed centers
m q |ot of information is lost over telecons

m videocons are better, but still not ideal, as there is a lot of exchange
near “water cooler”

Staff
m pulling people from active projects is problematic
m every chair should be at least 2-3-person deep

® Human interaction is very important

® humans are still more effective at choosing an optimal scenario and
in some cases a scenario that is ‘good enough’ (= isoperformance)

m multidimensional optimization MDO is an excellent tool on level of
subsystems, and also potentially at the system level

39



Critical Design Review (CDR)

m Critical Design Review (CDR)

Main Purpose: Approve the final design and all its details
Give Green Light to “cut metal” and manufacture the system

Large teams, lots of details ...
Can last 1+ week for a large complex project

Critical Design Review

The purpose of the CDR is to demonstrate that the ma-
turity of the design is appropriate to support proceeding
with full scale fabrication, assembly, integration, and
test, and that the technical effort is on track to complete
the flight and ground system development and mission
operations to meet mission performance requirements
within the identified cost and schedule constraints. Ap-
proximately 90 percent of engineering drawings are ap-
proved and released for fabrication. CDR occurs during
the final design phase (Phase C).

© Northrop Grumman. All rights reserved. This
content is excluded from our Creative Commons
license. For more information, see http://ocw.mit.
edu/help/fag-fair-use/.

For very large projects
conduct sub-CDRs for
every major element

http://www.techtimes.com/articles/2966/2
0140126/james-webb-space-telescope-
passes-last-major-element-level-critical-

design-review-eyes-2018-launch.htm.
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Critical Design Review

1. Successful completion of the PDR and responses made to all PDR RFAs and RIDs,
or a timely closure plan exists for those remaining open.

2. A preliminary CDR agenda, success criteria, and charge to the board have been
agreed to by the technical team, project manager, and review chair prior to the CDR.

3. (CDR technical work products listed below for both hardware and software
system elements have been made available to the cognizant participants prior to
the review:

a.

b.

=
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CDR Entrance and Success Criteria

updated baselined documents, as required;

product build-to specifications for each hardware and software configuration
item, along with supporting tradeoff analyses and data;

fabrication, assembly, integration, and test plans and procedures;

technical data package (e.g., integrated schematics, spares provisioning list,
interface control documents, engineering analyses, and specifications);
operational limits and constraints;

technical resource utilization estimates and margins;

acceptance criteria;

command and telemetry list;

verification plan (including requirements and specifications);

validation plan;

launch site operations plan;

checkout and activation plan;

. disposal plan (including decommissioning or termination);

updated technology development maturity assessment plan;

updated risk assessment and mitigation;

update reliability analyses and assessments;

updated cost and schedule data;

updated logistics documentation;

software design document(s) (induding interface design documenis);
updated LLIL;

subsystem-level and preliminary operations safety analyses;

systemn and subsystem certification plans and requirements (as needed); and
system safety analysis with assodiated verifications.

1.

The detailed design is expected to meet the
requirements with adequate margins at an
acceptable level of risk.

Interface control documenits are appropri-
ately matured to proceed with fabrication,
assembly, integration, and test, and plans
are in place to manage any open items.

High confidence exists in the product
baseline, and adequate documentation
exists or will exist in a timely manner to al-
low proceeding with fabrication, assembly,
integration, and test.

The product verification and product valida-
tion requirements and plans are complete.

The testing approach is comprehensive,
and the planning for system assembly,
integration, test, and launch site and mis-
sion operations is sufficient to progress into
the next phase.

Adeguate technical and programmatic
margins and resources exist to complete
the development within budget, schedule,
and risk constraints.

Risks to mission success are understood and
credibly assessed, and plans and resources
exist to effectively manage them.

SMA (e.g., safety, reliability, maintain-
ability, quality, and EEE parts) have been
adequately addressed in system and opera-
tional designs, and any applicable SMA plan
products (e.g., PRA, system safety analysis,
and failure modes and effects analysis) have

been approved.

This image is in the public domain.

NASA SE Handbook (2007) p. 178
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Summary Lecture 6

m Detailed Design Phase is very important
m Take the PDR-level design and define all the details to full maturity
m Create design documents and models:
m Detailed Bill of Materials (BOM)
= All Computer-Aided-Design (CAD) files
m Software / Control systems Definition
m User Interface

® Multidisciplinary Design Optimization (MDO)
m Optimize at the system or subsystem level
® Tradeoffs between disciplines and objectives

m Concurrent Design Facilities (CDF)
m Standard practice in advanced aerospace and product design companies

= CDR is the last gate before “cutting metal”
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