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What is Systems Engineering?

A System Is ...
Simply stated, a system 1s an integrated composite of people,
products, and processes that provide a capability to satisfy a
stated need or objective.

Systems Engineering Is...
Systems engineering consists of two significant disciplines: the
technical knowledge domain in which the systems engineer
operates, and systems engineering management.

It 1s an interdisciplinary approach that encompasses the entire
technical effort,.and evolves into and verifies an integrated and
life cycle balanced set of system people, products, and process

solutions that satisfy customer needs.
MAE 3340 Instrumentation
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What is Systems Engineering?

Systems Engineering Management Entails...
Systems engineering management 1s accomplished by
integrating three major activities:

* Development phasing that controls the design process and
provides baselines that coordinate design efforts,

* A systems engineering process that provides a structure for
solving design problems and tracking requirements flow through

the design effort, and

* Life cycle integration that involves customers in the design
process and ensures that the system developed 1s viable

throughout its life.
MAE 3340 Instrumentation
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The Systems Engineering Process

* The systems engineering
process 1s a top-down comprehensive, iterative and recursive
problem solving process, applied sequentially through all
stages of development,
that 1s used to:

e Transform needs and requirements
into a set of system product and process descriptions (adding
value and more detail with each level of development),

 Generate information for decision makers

* Provide input for:the next level of development.

MAE 3340 Instrumentation
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Systems Engineering Applied to the Space
System Design Process

. “a spacecraft according
fo ...

* Sometimes individual
subsystem designers get so
focused on their subsystem
designs that they lose sight of
the overall mission objectives
and requirements

* Good systems engineering
coordinates the activities

of disciplinary groups with
disparate design objectives

40 Instrumentation
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Systems Engineering Applied to the Space
System Design Process )

* Systems Engineering is a
fundamental process that can
be used to design anything
from a backyard grill to a
crewed-space platform.

e Each step utilizes established
design and analysis tools.

* The process is iterative.

* Between process steps there
are “feedback loops” to review
decisions made in previous
steps.
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The Systems Engineering Process «

* An Alternative

Viewpoint, .. Notice the
imilarities!

System Analysis
and Control
(Balance)

—} Requirements ‘\‘

Analysis

mwWermMmOOXDDO

Requirements
Loop

- CcCoUoZ -

Functional Analysis |
and Allocation

Design
Loop

Verification

v
Design Synthesis

PROCESS OUTPUT

The Systems Engineering Process

MAE 3340 Instrumentation
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Systems Engineering Applied to the Space
System Design Process

requirements loop

oot ¥

validation loop

* By following a well-defined process, systems spcécrft that meet
mission requirements while staying within budget and conforming to constraints

MAE 3340 Instrumentation
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Systems Engineering Applied to the Space
System Design Process g

Cost, Schedule, Performance

* 3-D trade space that mission must operate within.

* Systems engineers continually trade competing objectives to achieve well-
balanced solution -- “optimal” solution often not-achievable

MAE 3340 Instrumentation
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Systems Engineering Applied to the Space
System Design Process ¢

Trading Requirements

* By trading-off mission requirements versus system-level requirements, an
infeasible mission (too complex or to expensive or both) may become
feasible and affordable

MAE 3340 Instrumentation
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Systems Engineering Applied to the Space
System Design Process o

e First Phase in design process is
to define the mission requirements,
Objectives, and constraints.

* Often documented and detailed in
the mission “Objectives and

Requirements Document.”
(ORD)

11
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The “Baker” Chart
THE SYSTEMS ENGINEERING PROCESS

BY D.J. BAKER, 1/28/09

System Concept
' i System
Organize Team & Information /
. Search Requirements

Design Proposal

Specifications with Option
g Tradeoffs

Technical

Tasking &

System
Architecting

Preliminary Design

Resource Simulation Review (PDR)

Scheduling

- ) Subsystems
) Critical Design Subsystems i
Costing Review (CDR) Fabrication Hardware/Soﬂware System Integration
Testing
. ) Delivery ) System Testing &
Operation Implementation Demonsiiss Documentation Calibration

Evaluation Modifications Maintenance
KEY' Development
Deployment

MAE 3340 Instrumentation 12
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Requirements Analysis

Requirements analysis involves defining customer needs and objectives in
the context of planned customer use, environments, and identified system
characteristics to determine requirements for system functions.

Requirements analysis is conducted iteratively with functional analysis to
optimize performance requirements for identified functions, and to
verify that synthesized solutions can satisfy customer requirements.

In general, Requirements Analysis should result in a clear understanding
of:

» Functions: What the system has to do,

» Performance: How well the functions have to be performed,

o Interfaces: Environment in which the system will perform, and

 Other requirements and constraints.

MAE 3340 Instrumentation 13
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Systems Engineering Applied to Sub-
System Design Process o)

Subsystems Design

|| =
* Subsystem Design Process follows
a distinct order and development
hierarchy

e Hmmmm .. Why is the propulsion
System last on this chart?
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Systems Engineering Applied to the Sub-
System Design Process ¢

Subsystems Design Revisited

e Subsystem Design chart shows the
Interdependence of all of the
Spacecraft subsystems.

L‘ﬂ\'imnmcntal_
control and

/( life-support

e When the design of one sub-system
is modified, then it typically become s
necessary to adjust the designs of
Some or all of the other sub systems.

e In extreme cases, the payload
sometimes needs to be modified as
the result of a mandated sub-system
Change.
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Typical Spacecraft Program Management Structure
(The bottom row is subsystem team leads)

Program Manager

Systems Engineer

Engineering

|

Payload C&DH COMM EPS ADC Structures Thermal

Ground
Station

MAE 3340 Instrumentation
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Program Management ¢

Level 1 Aircraft System
Level 2

SE/ Peculiar Common Initial

Air System e Op/Site Industrial

. Program Training Data Support Support . e Spares and

Vehicle Mgmt T&E Equipment | | Equipment Activation Facilities Initial
Repair
Parts

Airframe DT&E Equipment Tech Pubs Test and Test and Sys Construc-

. . Measurem’t Measurem’t Assembly, tion/Conver- .
Propuision . Services Engrg Data Equipment Equipment Installation sion/Expan- (Specify by
Application Software Mockups Facilities Support and sion Allowance

Data Support Support Checkout List,
System Software T&E and and Sit Equipment  Grouping
C3l Support Manage- Handling Handling on site Acquisition or H/W
Naviaation/Guid Test ment Data Equipment Equipment Contractor or Mod Element)
avigation/Guidance Facilities Data Tech Support - tenance

Central Computer Depository Site
Fire Control Construction
Data Display and Controls Site/Ship

. . Vehicle
Survivability Conversion
Reconnaissance
Automatic Flight Control Subsystem
Central Integrated Checkout * .

r

Antisubmarine Warfare Level 3 0 g anlzatlon
Armament Stl’uctul’e

Weapons Delivery
Auxiliary Equipment

17




UtahState

INTechanicaledrAenospac e

UNIVERSITY The D tati d e
Review Process
Alternative System Review
Requirements . .
Reviews System Requirements Review
System Functional Review
Design Preliminary Design Review
Reviews (includes System Software Specification Review)
Critical Design Review
_ _ Reviews
Test Readiness Review
correspond to
Production Readiness Review natural
verification Functional Configuration Audit phases in
Reviews .
design
System Verification Review .
evolution
Physical Configuration Audit
Typical System-Level Technical Reviews
MAE 3340 Instrumentation 18
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Systems Engineering I1: Design Tools

Sellers: Chapters 11, 15 + Material
From Auburn University Lunar Excavator
Design Course, Courtesy of David Beale

This section provides examples of systems engineering
tools which may be needed during the design process.

MAE 3340 Instrumentation
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Systems Engineering Applied to Sub-
System Design Process o)

Subsystems Design

|| =
* Subsystem Design Process follows
a distinct order and development
hierarchy

e Hmmmm .. Why is the propulsion
System last on this chart?
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Systems Engineering Tools

SE Function Tool Phase(s) where Tool
Applied

Input

Derived

Requirements

Architecture/Design  Product Breakdown A B
Structure, Trade

Studies

Concept of

Operations

Interfacing Interface Control ABC
NBsoslimiEaid Simulation

Mission Environment

Resource Budgets Mass, Power, Cost, ABC
Link budgets

Risk Management Failure Mode B C
Analysis

Configuration

Management

Management Functions Work Breakdown throughout
Structure,

Gantt Chart, SEMP

MAE 3340 Instrumentation 21
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1.3 :
A Allows the systems engineer
i to systematically divide an
138 | entire project into a set of
Launch . .
vehidle major production areas
, } 1 -including, sub-areas, and
1.3.81 1.382 1383 b b
First Stage Upper Stage Upperstage [ SUD-SUD areas.
Engine
| | | | | |
13824 1.3825 1.3.826 13827 1.3828 1.3.829 13.82.10
MPS US RCS FSRCS TVCS Avionics Software l’;teg'r:/t:vd
est
—1:IntegMPS  |-.1: Integ RCS 1: Integ RCS = 1:Integ TVCS  |-.1: Integ Avionics |-.1: Integ S'W . 1: MPTA
) ) System )
- 2:LHSystem 2! Integ Energy —2: Actuator —.2: CR&DH System "~ —.2: GVT
L3: 02 Fluid Sys. Support L3 Hydraulic —.3: GN&C H/W —HFItSW 3 o
L4: Pressure & Power —.4: Radio Frequency —4: US for DTF-1
Pneumatic Sys. ~4: APU System |5 US for VTF-2
L_5: Umbilicals & —5:EPS 6: US for RRF-3
Disconnect . ) . ~
L 6: Electrical Integration 7:Struc. Thermal
| .7: Develop Flight Instrument -Component Test
|_.8: Sensor &Instrument System
| 9:EGSE
| .10:Integ CLV Avionics System
Elemant Testina

MAE 3340 Instrumentation 22
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Work Breakdown Structure ¢

-- An Alternative Viewpoint

Architecture WBS WBS Elements
System System
Air Vehicle 1000 Air Vehicle :
| ——P» | —P»| 1000 Aircraft Subsystems
Aircraft Subsystems 1000 Aircraft Subsystems
| | 1610 Landing Gear
Landing Gear System 1610 Landing Gear System .

The first three WBS Levels are organized as:
Level 1 — Overall System

Level 2 — Major Element (Segment)

Level 3 — Subordinate Components (Prime Items)

MAE 3340 Instrumentation




UtahState

UNIVERSITY

Work Breakdown Structure (WBS)

Fundamental Management Tool

MAE 3340 Instrumentation

| sub-tasks. (Level 1 WBS)

INechanicIlEdRenospace)

Engineering

-- WBS allows the systems
engineer to systematically
divide an entire project into a
set of major tasks, sub-tasks,
and sub-sub tasks.

-- In this example, the tasks
for fabrication of the attitude
and orbit control system
(AOCS) are broken into 5

-- Each sub-tasks can be
further sub-divided (Level 2
WBS)

24




UtahState INtechsnicSledrenospac )
U N l V E R S I T Y Engineering

Product Breakdown Structure

v N PBS for the
SOFIA infrared

telescope
l Observatory System I Ground Support Systeml

L | [ ]
Science Airbome Enclosures/ Facility Mission Planning
Instruments Facili Labs/Offices GSE Simulators
[ |
Aircraft Telescope -
Element Element i
| |

Telescope Consoles/Elec-
Subsystem tronic Subsystem

MAE 3340 Instrumentation




UtahState INtechsnicSledrenospac )

Engineering

UNIVERSITY

Work Breakdown Structure ¢

SOFIA Project

WBS for
SOFIA Project

I l

Project . Operations

Manage- onc
ment

Logistics
Planning

Figure B-2 — SOFIA Project WBS (Level 3).

‘ Observatory System I

Primary Mirror

Tertiary Mirror

Alr-

Worthiness
Assurance

| | |
Science Airbome System
‘ Instruments II Facility | M:?:rg"'

MAE 3340 Instrumentation
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Research
Fins 5
- Fins
Analyzed
Materials
Nosecone I—
Y

Geometry [

USU Chimaera WBS, 2008-2009

[terative Optimizing Process

Obtain ] Internal
Dimensions Structures
from Other

Teams
Last Year's ™™ Preliminary

Data Coefficients

Rocket Will Be
Stable

INiechanicSlEdrenos pace)

Engineering

. Test

1

Optimize
Geometry

T

Optimize Aero-
Coefficients

I

T

Aero
Coefficients
from Missle

Datcom

MAE JIGU LInyrurmnenwulon

Wind Tunnel
Testing

Launch

|

Analyze Launch
Data

1

Optimize
Controls

|

Competition Launch
at Huntsville, AL

27
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Bar chart that can be used to allot time to tasks, schedule reviews, and date
milestones .. Complements WBS

No Milestone Organ- Base Period Option Period
Associated Major Task ization Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4

1 |Structures Concept Desiagn
Create Structurses. University |
Optimize construction University I
Test Environment SusceptabilitMSFC — :
Perfomm Strength Testing University — I MlCI'OSOft
Strength Model Comparison University _— .

2 |Detailed Design PI'OJeCt
Strength Resulis fed into DesignUniversity [ | Chart

—
Create product Contractor
Testing of Select Desian MSFC —
2 JAssembly of Structure
—
Construction Optimized University
Final Testing MSFC I

4 |INASA Approval of Design
Final Improvements Added MSFC
Manufacturing Assessment University

Major Deliverables

1 [Matrix of Structure Designs

Samples
Optmmizad Structure

1 |Base Pericd Report

Reviews/Reporis

2 [NASA Review

3 |Opticn Period Report

1-2 Gantt Chart showing schedule of taskd

AVA/L AR 4 JJTU LTI LI ILLALLUVIL

28
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UNIVERSITY Microsoft EXCEL Gantt Chart

E3 Microsoft Excel - gant.xls
E_T] File Edit View Insert Format Tools Data Window Help Adobe PDF

NS HRG BRI A8 = 4 MBle v .0 -|B 7 U|E=
o M | :_J A :) _‘” 6 B ] i é_,] @__][ V"¢ Reply with Changes... End Review... !
i lic
F19 v #
A B ¢ [ o [ € el 6 [ w [ T [ J [ kK [ L
1
Schedule
2 by Month
3 Sep [Oct. Dec. [Nov. Jan. [Feb. Mar. [Apr. May
Phase: Concept Studies Concept And Tech Preliminary Design Final Design Assembly

- noloay Developtment [nteraration And Test

5

6 MCR MDR PDR DR RR

1 | | |

8 Concept Studies Concept Development And Engineering Design Final Design+Assembly

9

10 A

11 d

12

13 Symbol Legend

14 A\[Set Due Date

15 /\][Set/Moveable Due Date

16 [ Dcpartment Set Date

17 T Finished Milestone

18 Terminated Milestone

19 [Arrival Date :l_

20 |Time Worked and Due Date

MAE 3340 Instrumentation 29
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Concept of Operations (CONOPS)

Short Verbal or graphic statement, in broad outline, of a commander's
assumptions or intent in regard to an operation or series of operations.

The concept of operations frequently is embodied in campaign plans and
operation plans; in the latter case, particularly when the plans cover a series
of connected operations to be carried out simultaneously or in succession.

The concept is designed to give an overall picture of the operation. It is

included primarily for additional clarity of purpose. Also called commander's
concept or CONOPS.

MAE 3340 Instrumentation 30
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CONOPS Example

1 Month

* As magnetosphere
processes evolve during a
geomagnetic disturbance,
HiDEF E-field
observations provide a
detailed map

12 Months

* Constellation will utilize
natural RAAN precession
to transform cluster from
initially densely packed
“sting of pearls” to a
globally distributed
sensor cluster

e HiDEF mission proposed for in-situ simultaneous E-
field measurements
using constellation of pico-satellites

MAE 3340 Instrumentation 31
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Dispersion Envelope 1

\E Altitude Correction 1

‘L Altitude Correction 2

Altitude Correction 3

QW?YRQIQI!‘;Qooooocoooo [ NN N NN NN NN Dispersion Envelope 3
.w?yp.inI!t..‘.....‘O 000000 OOOO Final
Dispersion
Envelope
QW?YRQioI!tooooooo 000000000
Airbrake Deployments At
Predetermined Altitudes
Launch
Site

e Launch “high” and then control maximum altitude through successive application of airbrakes until
desired energy state is reached

e Inertial navigation used during powered ascent and a Kalman filter used for navigation during
coasting stage-both navigation algorithms were student designed and implemented

MAE 3340 Instrumentation 32




UtahState INechanicSlledhenospace,

UNIVERSITY Engineering
Trade Studies

* Trade study is a tool used to help choose the best solution among
alternatives.

* Numerical values are given based on weight factors and a normalization
scale for the evaluation criteria.

* Evaluation criteria are important factors that are included intrade study.

*  Weight factors are used to dictate how important the evaluation criteria
are relative to each other.

* The choice of weight factors and normalization scale are extremely
important to this process.

 Normalization scale creates a constant interval scale that allows us to set a
numerical for each of the evaluation criteria (e.g. cost, mass, volume,
power consumption legacy, ease of use).

MAE 3340 Instrumentation
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Trade Studies ¢

Establish the study problem

* Develop a problem statement

¢ |dentify requirements and con-
straints

* Establish analysis level of detail

v

Select and set up methodology

* Choose trade-off methodology

* Develop and quantify criteria,
including weights where
appropriate

Analyze results

¢ Calculate relative value based
on chosen methodology
Evaluate alternatives

Perform sensitivity analysis
Select preferred alternative
Re-evaluate results

Review inputs

* Check requirements and con-
straints for completeness and
conflicts

* Develop customer-team com-
munication

Identify and select alternatives

* Identify alternatives
* Select viable candidates for study

!

Measure performance

* Develop models and measure-
ments of merit

* Develop values for viable
candidates

>

Document process and results

MAE 3340 Instrumentation

Trade Study Process

Engineering

Steps to a trade study
. Define the problem.

. Define constraints on
the on the solutions.

. Find 3-5 solutions

. Define evaluation
criteria.

. Define weight factors

. Define normalization
scale

. Populate trade matrix

. Rank the solutions

oo SN DN NN N»—*
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Trade Studies A3)

Decision Factors Range Speed Payload
Wt.=2.0 Wt.=1.0 Wt.=2.5 Weighted

Total

Alternatives U W U W U W

Transport System 1 .8 1.6 v g 6 1.5 3.8

Transport System 2 g 1.4 9 9 4 1.0 3.3

Transport System 3 .6 1.2 v g 8 2.0 3.9

Transport System 4 5 1.0 5 5 9 2.25 3.75

Key: U= Utility value
W= Weighted value

Sample Pugh Decision Trade matrix

*Decision matrix: a decision-support tool allowing decision makers to solve
their problem by evaluating, rating, and comparing different alternatives on

multiple criteria ... Finding a “best” design

*Prevents a team from “falling in love” with a flawed design or one not
meeting all design constraints or objectives

Communication tool; builds consensus

MAE 3340 Instrumentation

35




UtahState . P B (RIS e pe T
UNIVERSITY Trade Studies

The Pugh Evaluation Process

Phase 1
1. Criteria: The list of evaluation criteria is developed through team discussion. A benchmark or datum

is selected, usually the “best” existing product. If no comparable product exists, one of the new con-
cepts (selected at random) can serve as datum.

2. Design concepts: Original design concepts are brainstormed by individuals or small teams..

3. Evaluation matrix: Each design concept is discussed and evaluated against the datum. Through the
discussion, new concepts emerge; they are added to the matrix and evaluated.

4. Round 1 results: The results of the first round are evaluated, and the top-ranking concept is selected as
the datum for the next round. During an incubation period, the teams improve the original design
concepts by borrowing ideas and components from each other, as well as through additional creative
thinking. Then Steps 3 and 4 are repeated with these improved, synthesized designs (further rounds).

Phase Il

5. Better designs: The weakest designs are dropped; the improvement process is continued for additional
rounds with fewer but increasingly better concepts. During the process, the strong, surviving concepts
are engineered to more detail; the criteria are expanded and further refined. The weak points of the
concepts are being eliminated. The team gains insight into the entire problem and solution.

6. Superior concept: The process converges to a strong consensus concept that cannot be overturned by
a “better idea.” The team is committed to this superior design and wants to see it succeed.
(Lumsdaine ef al., 2006)

MAE 3340 Instrumentation 36
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Trade Studies «

Study Example — Comparison of Controllers for CubeSat

Microcontroller vs. FPGA Trade Study

Criteria Weight (%)|Microcontroller |Grade |Antifuse FPGA Grade
Radiation Tolerance 30% Logical 2 Physical (rad hard by design) |5
Programming Language 20% C 4 VHDL or Verilog 2
Power consumption 15% 16.5 mW 4 <16.5 mW 5

Cost per unit 10% $15.05 4 $30 2

Initial Cost 5% $0.00 5 $500 2

In Flight Programmable 5% Yes 5 No 1
CubeSat Legacy 15% Extensive 3 Unknown 1
Average Score 3.8571 2.57143
Weighted Score 3.35 3.15

MAE 3340 Instrumentation
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Engine Selection Trade Study

Define scope of trade study

v

Initial research and analysis

v

1%t elimination round

!

In-depth research and analvsis

!

224 elimination round
|

v

Final 4 engines: quad chart & matnx rating

'

Final selection

MAE 3340 Instrumentation
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Maneuvering System — Initial Trades ()

; Blade- Predict > Torque
Required : I
Thre > Element > Propeller
Lo Size >| Power
Rattaras Power Motor Gear
Requirements Selection Ratio

“Rotor, Drive Mechanisms, and Power  *Matched Electronic Speed Controllers

Component Selection Process _
*Batteries Selected to Meet Brake Power

*Brushless DC-motors, direct propeller Requirements

drive
MAE 3340 Instrumentation 39
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Modeling and Simulation

Prove System Need:
Use existing high resolution
. models to emulate
$ Savings operational situation
Shortens
Smooth Transition to Operation Need Schedules
» Manual proven e
* Trained personnel
* Operationally ready before Test “concepts” in the “real
equipment is given to world” of simulation using
operators Prod simple models and putting
Deploy Concepts operators into process
O&S
Saves Time Improves IPPD A
Detall Prelim llows complex
Reduce Program Risks DeSIgn DeSIgn interactions tO be

* Design Helps Refine Requirements : :

: !Il'::iel%ri?it:)?lnto production G Dlscovered prlor

ST i s to hardware

o commitments
Sometimes it’s the only way
to verify or validate

MAE 3340 Instrumentation 40
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Modeling and Simulation ¢

Verification Validation

Accreditation

It suits my needs.” Verl/icatlon’
) Valzdatwn, and

Accreditation are
integral part of
simulation and
modeling process

“It works as |
thought it would.”

“It looks just like
the real thing."

Developer

Functional Expert
Verification Agent Validation Agent

Requester/User

Accreditation Agent
As design matures, re-examine basic assumptions.

MAE 3340 Instrumentation 41
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Functional Block Diagrams

Inert Gas 5 E&J -I
Pressurization | . I;ower | S -
Subsystem ubsystem | >
! !_ (Ref) | | Manual Control and |
£ _—— " Display Subsystem |
Oxidizer Remaining Indication (Ref)
l Inert Gas Pressurant -_ -
Fuel Fuel Remaining Indication T
i Storage .
Oxidizer Subsystem Attitude and
Storage Command Signals Na\S/llgla\tal?:al
SUbsyStem Command Signals g
+ Y Command Signals —_——— — 1
| MSRV Guidance

Solenoid Solenoid | and Navigation |

Valve Valve Command Signals | Subsystem |

Oxidizer | (Oxidizer) (Fuel) <_Fuel L Eel ]

v v
Rocket Engine Nozzle Assemblies . )
+ + + + Moon Station Rendezvous Vehicle
Pitch Roll Yaw  Longitudinal .

Thrust Thrust Thrust  Velocity Attitude Control and

Increments Maneuvering Subsystem

Schematic Block Diagram Example

MAE 3340 Instrumentation

Schematic Block
Diagram (SBD) depicts
hardware and software
components and their
interrelationships.

Developed at
successively lower levels
as analysis proceeds to
define lower-level
functions within higher-
level requirements.

Useful for developing
Interface Control
Documents (ICD’s)
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Functional Elements _

—h A5 = /‘/
/AN
. T
Vehicle vy
J \
Jet Engine Propellers
—>| Structure
Thrus.t > Power Controls
Vectoring
—>| Avionics
v

MAE 3340 Instrumentation
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Outer Platform

Power System Distribution Diagram

. QuadPower w
Receiver
board \\‘

fr—

LiPo —1 E.S.C. Motor
— Power Hub P E—
LiPo E.S.E. Motor

EE—
LiPo P E.S.E: Motor
—— C o
LiPo Z | E.S.C. Motor
N——
Power Hub
With Integrated

On/Off Switch
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Interface Control Document (ICD)

-- ICD’s define how the block within the SBD schematic are actually
“connected”

--Interface control documents are a key element of systems engineering as
they define and control interface(s) of a system, and bound its requirements.

-- The purpose of the ICD is to communicate all possible inputs to and all
potential outputs from a system for some potential or actual user of the
system.

-- An ICD should only describe the interface itself, and not the characteristics

of the systems which use it to connect -- The function and logic of those
systems should be described in their own design documents.

MAE 3340 Instrumentation 45




Interface Control Document

-- Allows Disparate groups to work integrate sub-systems without complete
working knowledge of what is inside of the “black box

-- In this way, independent teams can develop the connecting systems which use
the interface specified, without regard to how other systems will react to data and
signals which are sent over the interface.

-- An adequately defined ICD will allow one team to test its implementation of the
interface by simulating the opposing side with a simple communications
simulator.

black box
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Interface Control Document g

Example ICD

SYSTE HOW COMMUNICATED Voltage PIN CONNECT

NAME(INTER-MODULE) M TO C&DH Range |#'s OR COMMENT

WHAT
ANALOG SIGNAL
Power Voltages
Gnd EPS
2.3V regulated supply EPS
5.0V regulated Supply EPS
unregulated supply EPS

EPS Voltages

bat1 EPS
bat2 EPS
solar cell output EPS
unregulated supply EPS

EPS Currents (sent as voitage)
batl charging current EPS
bat 1 discharging current EPS

bat2 charging current EPS
\bat2 discharging current EPS

MAE 3340 Instrumentation

NA
CDH MCU ADC (PFO)
CDH MCU ADC (PF1)
CDH MCU ADC (PF2)

via I12C from ADC1 on
EPS
via I12C from ADC1 on
EPS
via I12C from ADC1 on
EPS
via I12C from ADC1 on
EPS

via I12C from ADC2 on
EPS
via I12C from ADC2 on
EPS
via I2C from ADC2 on
EPS
via I12C from ADC2 on

oV

3.3V

S5V
32.2-4.25

3.7V
3.7V
PLa=h Y

4.25v

12C

12C

12C

12C

12C

12C

12C

I12C

signal ground

C&DH power

TNC power, XCVR power
nothing directly uses

the entire array

nothing directly powered from this |
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Interface Control Document ¢

Example ICD
Pin Description MCU Pin

RS-232 level flow control signal out of the TNC. Indicates

1|CTS Clear to Send whether the TNC is allowing or holding off data input on pin 3. PE4

2|RXD Receive Data RS-232 level data out of the TNC. PEO

3| TXD Transmit Data RS-232 level data into the TNC. PE1
RS-232 level flow control signal into the TNC. Indicates the

4|RTS Request to Send |MCU wants to send data to the TNC. PE3

5|GND Ground Common signal and frame ground. GND

6|DCD No connection. N/C

MAE 3340 Instrumentation

Table 4: MCU/TNC Interface
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Power and Mass Budget Analysis

Part Mass (kg) |Quantity [Mass Total

Memory 0.0030 1 0.0030
ATmega2561L 0.0010 2 0.0020
3V relays 0.0003 4 0.0012
1I2C ADC's 0.0010 3 0.0030
12C GPIO 0.0010 1 0.0010
Circuit Board 0.0250| 1 0.0250
Crystal 0.0010 1 0.0010
Miscellaneous 0.0100 1 0.0100
Thermistors 0.0010 8 0.0080
Total 0.0433 0.0542
Contingency | 10%
Total Plus Cont. 0.0596

Table 5: C&DH Mass Budget

MAE 3340 Instrumentation

Weight and Power
growth are major
enemies of any spacecraft

Power and Mass Budget
Analyses Insure
spacecraft growth is
bounded and eventually
mandates comes in
“under weight” and
“overpowered”

Example
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C&DH Power Budget Example
Voltage Range |Current [Power Max|Power Mode
Part Quantity IMin  |[Max |V used|mA mW Safe Idle Normal |Transmit
Memory 1| 2.7000] 3.6000| 3.0000] 4.0000 12.0000f 0.1000f 0.1000f 1.0000| 1.0000
ATmega2561L 2| 1.7000] 5.5000{ 3.0000f 5.5000 33.0000] 16.5000] 16.5000] 16.5000] 16.5000
3V relays 4| 1.0000| 5.0000{ 3.0000f 0.0000 0.0000f 0.0000f 0.0000] 0.0000{ 0.0000
[2C ADC's 3| 2.7000| 5.0000( 3.0000f 0.2250 2.0250] 1.0125] 1.0125| 22050 2.2050
2C GPIO 1] 2.3000| 5.5000| 3.0000f 0.1040 0.3120f 1.0000f 1.0000] 1.0000{ 1.0000
Circuit Board 1~ ~ ~ ~ 0.0000f 0.0000f 0.0000] 0.0000{ 0.0000
Crystal 1|~ - e e 0.0000f 0.0000f 0.0000[ 0.0000{ 0.0000
Miscellaneous 1|~ ~ ~ ~ 0.0000f 0.0000f 0.0000] 0.0000{ 0.0000
Thermistors 8( 1.0000] 5.5000( 3.0000|] 0.3333 7.9992| 8.0000f 8.0000] 8.0000{ 8.0000
Total 10.1623 55.3362| 26.6125| 26.6125| 28.7050| 28.7050
Contingency 15%)j 15%) 15% 15% 15%|
Total Plus Cont. 63.6366| 30.6044| 30.6044| 33.0108| 33.0108

MAE 3340 Instrumentation

Tahle 6 C&DH Pawer Rudost
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Failure Modes and Effects Analysis
(FMEA)

-- A failure modes and effects analysis (FMEA) is a procedure for analysis
of potential failure modes within a system for classification by severity or
determination of the effect of failures on the system.

--FMEA provides an analytical approach, when dealing with potential

failure modes and their associated causes.
Actions +Check

e

Risk priority number (RPN) = Stepl: Detect a Failure mode: The manner by which
SEV*OCCUR*DETEC failure mode . . .
a failure is observed; it generally
describes the way the failure occurs.
T:]1[.A|"’; vioge &
Stepd: Detection Effect Analysis Step2: Severity 1 . i
ranbar (DETEC i Failure effect: Imrpedlate |
YV consequences of a failure on operation,

function or functionality, or status of

some item
~ Step3: Probability

number (OCCUR)
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“Failure Mode
Criticality Analysis (FMCA) .,

Example Sources of Risk

In the “identify” activity, checklists such as this can
serve as a reminder to analysts regarding areas in
which risks have been identified previously.

e Unrealistic schedule estimates or allocation

e Unrealistic cost estimates or budget allocation

e [nadequate staffing or skills

e Uncertain or inadequate contractor capability

e Uncertain or inadequate vendor capability

e Insufficient production capacity

e Operational hazards

e [ssues, hazards, and vulnerabilities that could ad-
versely affect the program’s technical effort

® Unprecedented efforts without estimates

e Poorly defined requirements

MAE 3340 Instrumentation

¢ No bidirectional traceability of requirements
e Infeasible design

e Inadequate configuration management

e Unavailable technology

e Inadequate test planning

e Inadequate quality assurance

e Requirements prescribing nondevelopmental prod-
ucts too low in the product tree

® Lack of concurrent development of enabling prod-
ucts for deployment, training, production, opera-
tions, support, or disposal
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Hazard Assessment Matrix

Risk matrices provide assistance in
managing and communicating risk.

Qualitative and semi-quantitative
measures of likelihood with similar
measures of

consequences.

Likelihood

Track the status and effects of risk-
handling efforts,

And precisely Communicate risk
status information.

Consequences
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Hazard Assessment Matrix

Low (Green) Risk: Low potential for cost
increase, schedule disruption, or performance
degradation. .. acceptable risk. 5

Moderate (Yellow) Risk: May cause some cost 4
increase, schedule disruption, or performanceg

degradation. Special action and management 2 |
attention may be required to handle risk.

Likel

2
High (Red) Risk: Likely to cause significant

cost increase, schedule disruption, or
performance degradation Significant additional 1
action and high-priority management attention
will be required to handle risk.

Consequences
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Flight Safety Hazard Assessment Matrix

Risk Consequence:

1 - Catastrophic, Loss of Vehicle, Death of Crew

11 - Severe, Significant Damage to Vehicle, Injury to Crew

i - Minor Damage to Vehicle, Potential for Minor Crew Injury
Loss of Mission Objectives

V14 - Nuisance, Most Missions Objectives Accomplished

V - No Mission Impact Consequernce

V v III II I

Failure Probability:
A - Likely (1 -- 1/10)
B - Probable (1/10 -- 10?)
C - Unlikely (1072 ~107) &
D - Very Unlikely (107 ~10) %
E - Remote < 107 £
(=9

Items in Yellow require NASA management
Waiver, Shuttle flies with I1I,C & management waiver

MAE 3340 Instrumentation
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Risk Assessment
Example Hazard Tracking List
H d
azar Hazard Causes Preventative Measures
Level
Engine Failure, causing | Debris Screen on jet intake, Check flying
an inability to keep Weather conditions, Pre-flight checklist
vehicle in air Temperature Pre-flight and in-flight systems check
Wear protective equipment,
Burns from Jet Engine Exhaust Designate “Keep out” zones, No
9 Human Injury Blowing debris power during maintenance, Follow
Low-Voltage Electrical shock manufacturer’s recommendations,
Follow checklists
Electronics Failure, Communication loss
8 causing a loss of power | Communication interference Pre-flight and in-flight systems check
to rotors Electrical shorting
Vibration Effects,
causing the vehicle to
8 become unstable or Rotors rotating near Resonance Pre/Post assembly testing
components to become
loose
Fuel Leakage, forcing
the time of the mission Ba;l seal on Fuel Tank, Improper Quality check, Pre-flight checklist
filling of Fuel Tank
to be reduced
MAE 3340 Instrumentation >
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Test Checklist
DAY OF TEST (typical)
0400 Mx Prep

0600 Crew Brief
07:30 Aircraft “Crew Ready”
07:45 Aircrew Step to Aircraft

08:15 Engine Start
08:45 Taxi
09:00 Takeoff

MAE 3340 Instrumentation
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THINGS TO THINK ABOUT

*GO-NO-GO ITEMS

*WEATHER

*Equipment STATUS

*Contingency Options

*LIMFACS (bandwidth, test site availability,
range availability)

*CONTROL ROOM POSITIONS
COMM SETUP

MAE 3340 Instrumentation
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Rapid Prototyping

Rapid prototyping (RP) can be defined as a group of
techniques used to quickly fabricate a scale model of a part or
assembly using three-dimensional computer aided design

(CAD) data.

RP has obvious use as a vehicle for visualization. In addition,
RP models can be used for testing, such as when an airfoil
shape 1s put into a wind tunnel. RP models can be used to
create male models for tooling, such as silicone rubber molds
and mvestment casts. In some cases, the RP part can be the
final part, but typically the RP material is not strong or

accurate enough.

MAE 3340 Instrumentation
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Rapid Prototyping
The reasons of Rapid Prototyping are

1o increase effective communication.

1o decrease development time.

1o decrease costly mistakes.

1o minimize sustaining engineering changes.

1o extend product lifetime by adding necessary features
and eliminating redundant features early in the design.

Rapid Prototyping decreases development time by allowing
corrections to a product to be made early 1n the process. By giving
engineering, manufacturing, marketing, and purchasing a look at the
product early in the design process, mistakes can be corrected and
changes can be made while they are still inexpensive.

MAE 3340 Instrumentation 60
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Eight Rules for Prototyping

1 Recognize That Ideas Are Cheap — Given the connected, Internet-savvy world in
which we live, ideas have become cheap and they will probably become cheaper
with time. The expense lies in testing and verifying what has economic value.

A great prototype is often the best way to start a dialogue with potential customers
and test your 1dea’s value.

2 Start with a Paper Design — You may be eager to start coding or designing the
electronics too quickly. Fight the urge. Writing code without real consideration for
several design factors leads to heartache and a lot of rework. Start with a simple pape
design. For a user interface or Web software prototype, a paper design is

efficient and effective for quickly working through the functionality.

You can get peers and, hopefully, customers to give feedback on where images,

text, buttons, graphs, menus, or pull-down selections are located. Paper designs

are imnexpensive and more valuable than words.
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Eight Rules for Prototyping

3 Put in Just Enough Work — Know your objectives and stick to them. There
are two good reasons to prototype: the first is to test the feasibility of a
hardware or software architecture, and the second 1s to create a demonstration
and gain customer feedback so you can price and put a value on your
innovation. Keep these objectives in mind and be careful not to fall in love with
the process. Prototyping is fun and innovators love to tinker, but you want to
invest just enough time and work to meet the objectives.

4 Anticipate for Multiple Options — Design your prototype with modularity in
mind. Great prototypes are often modular, which means you can quickly adapt
them to meet customers’ unforeseen needs. Customers ultimately decide how to
use your product, not you. Design in options for expansion, performance,
packaging, and lower cost.
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Eight Rules for Prototyping g

5 Design for Reuse in the Final Product — The ideal situation is to design a
prototype you can produce and distribute in high volume. Not many prototyping
tools can deliver on this promise. Typically you give up performance for design
flexibility. Look for prototyping tools that make 1t possible for you to scale your
prototype from lab to market.

6 Avoid Focusing on Cost Too Early — For hardware designs, a potential time sink
and pitfall is getting caught up in endless cost optimization analysis during the
early stages of your prototype design. Cost is always important, but your goal with
a prototype is to be within striking distance of a profitable design. Initially, focus
on proving the value of your innovation, and design with modularity in mind.
While frustrating, your design may follow many paths that do not ultimately lead
to value. Focus on securing your first set of customers and then work on cost
optimization.
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Eight Rules for Prototyping «

7 Fight “Reversion to the Mean” — When prototyping, the tendency is to
develop something easy rather than develop something that has a “wow”
factor. Stay true to your vision and make sure your prototype captures the
original thought of your innovation.

8 Ensure You Can Demonstrate Your Prototype — Your prototype should be
casy to demonstrate. With customers, venture capitalists (VCs), and potential
employees, you want to start strong and show the most amazing capabilities
first. Do not build up to a crescendo. Most people’s attention spans are limited
to less than 60 seconds. In presentations, whether they are for a new employee
or a VC, get to the demonstration as fast as possible. If the demonstration is
amazing, all else falls into place.

http://zone.ni.com/devzone/cda/pub/p/id/579?metc=mtnxdy
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Keys to Holding a Successtul Meeting

* Meetings are essential to any team effort, be it designing a rocket System,
or launching a new cosmetic product

* Done properly, meetings can quickly disseminate information, solve
problems, create consensus, and get everyone “on the same page”

* Done improperly, meetings can bog down, cause dissention, delay, and
sometimes cripple a project.

* Every meeting must a specific purpose — before arranging a meeting one
need to think precisely about what it is that needs to be accomplished.
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Keys to Holding a Successful Meeting

* Typical Meeting Purposes”
Brainstorming new ideas
Developing an idea or plan
Having a progress update
lechnical interchange
Considering options and making a collective decision
Selling something to a potential buyer
Building a relationship with somebody

There may be a mixture of objectives and desired outcomes for a particular

meeting, however, primary objectives should kept clearly in mind and those
should prioritized above others.
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Keys to Holding a Successful Meeting g

1. Invite the right people. Make sure these people attend.

Start with a clear objective for the meeting. Particularly with routine
meetings, it's tempting to hold the meeting because it's “checking a
box”, but what are you really trying to accomplish? People don't

actually bond very much in unproductive meetings that lack clear
objectives.

3. Set up a written agenda in advance. As you build the agenda, get real
about how long it will take to address each topic. As a guideline,
assume that if the goal is to make a decision, it will take four times
longer than if the goal is to simply provide a status report.

MAE 3340 Instrumentation
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Keys to Holding a Successful Meeting «

4. Formally track problem-solving and decision-making discussions. If
everyone is in same room, use a flipchart or whiteboard, otherwise use
electronic recording media. Appoint someone to take notes at the
beginning of the meeting. Formally archive meeting notes in a data base
with access to participating team members.

5. Formal Tracking Tools:

a. Action Items — Requests for Action (RFA)
Who is assigned action?
When is action due?
Who are action s “customers”

b. Information Items — Requests for Information (RFI)
Who provided the information and verification?
When is action due?
Who needs the information
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Keys to Holding a Successful Meeting

6. Log and Track Action Items.. Don’t let people “off the hook” require that
action forms be formally CLOSED.

7. End each meeting with a “consensus” check. Is everyone clear on
assigned actions, and due dates. FORMALLY set a tentative time and

date for a follow-up meeting, and who needs to be in attendance at this
meeting. Log that follow up meeting time.
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Technology Readiness Level

» NASA measuresthe

maturity of a technology
on a scale from 1 to 10.

TRL 1 level projects are
considered basic
research (most student
excavator projects will
start here and stay low
TRL level).

TRL 9 meansthe
technology is mission
ready (for an excavator,
thatimplies it is ready to
send to the moon).

INTechanicaledrAenospac e

Engineering

* Designing sub-systems|
using high TRL
components is a good
way to reduce or
mitigate programmatic
risk.

 High TRL systems
have “heritage” and
offer increased
reliability and
(hopefully) enhanced
ease of integration.
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Technology Readiness Levels ()

* Cardinal Sub-system Design Rules:
Integrate when can (high TRL)
Design and fabricate when you must

Low TRL sub-systems require significant testing and evaluation
before integration

Low TRL's can “fight” each other and have potential to seriously
impact overall design budget and schedule!

* High TRL systems have “heritage” and offer increased reliability and
(hopefully) enhanced ease of integration.
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Readiness Levels, 1

Technology Readiness Level

Description

1.

Basic principles observed
and reported.

Lowest level of technology readiness. Scientific research begins
to be translated into technology’s basic properties.

o

Technology concept and/or
application formulated.

Invention begins. Once basic principles are observed, practical
applications can be invented. The application is speculative and
there is no proof or detailed analysis to support the assumption.
Examples are still limited to paper studies.

Analytical and experimental
critical function and/or char-
acteristic proof of concept.

Active R&D is initiated. This includes analytical studies and
laboratory studies to physically validate analytical predictions
of separate elements of the technology. Examples include
components that are not yet integrated or representative.

Component and/or bread-
board validation in labora-
tory environment.

Basic technological components are integrated to establish that
the pieces will work together. This is relatively “low fidelity™
compared to the eventual system. Examples include integration
of “ad hoc™ hardware in a laboratory.

/]

Component and/or bread-
board validation in relevant
environment.

Fidelity of breadboard technology increases significantly. The
basic technological components are integrated with reasonably
realistic supporting elements so that the technology can be
tested in simulated environment. Examples include “high
fidelity™ laboratory integration of components.
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Prototype and Deployment Technology

Readiness Levels, ¢

Technology Readiness Level

Description

6. System/subsystem model or
prototype demonstration in a
relevant environment.

Representative model or prototype system, which is well beyond
the breadboard tested for level 5, is tested in a relevant environ-
ment. Represents a major step up in a technology’s demon-
strated readiness. Examples include testing a prototype in a high
fidelity laboratory environment or in a simulated operational
environment.

7. System prototype demon-
stration in an operational
environment.

Prototype near or at planned operational system. Represents a
major step up from level 6, requiring the demonstration of an
actual system prototype in an operational environment.
Examples include testing the prototype in a test bed aircraft.

(continued)

8. Actual system completed and
qualified through test and
demonstration.

Technology has been proven to work in its final form and under
expected conditions. In almost all cases, this level represents the
end of true system development. Examples include develop-
mental test and evaluation of the system in its intended weapon
system to determine if it meets design specifications.

9. Actual system proven
through successful mission
operations.

Actual application of the technology in its final form and under
mission conditions, such as those encountered in operational
test and evaluation. Examples include using the system under
operational mission conditions.
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Questions??
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