Alpbach Summer School July 15-25,2019

POLITECNICO
MILANO 1863

System Engineering and Technology

Michele Lavagna

michelle.lavagna@polimi.it



Space Missions and System Engineering

Space segment Design Payload

GPS Block IIR Team w‘t - ———
‘?»:_; 1 & : - - ol o 'II 3 “! ,‘_'".‘ .

M.Lavagna Aerospace Science & Tech Dept. POLITECNICO MILANO 1863




Design Process: strongly multidisciplinary & interconnected
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Mission Design = how

Space Mission Design: any design process is made of the following bricks:

a“ N

Goal analysis->requirements identification and definition (functional,
operation, technical, etc)

Alternatives identification, drivers\criteria definition and
comparison

Analysis & Design

Baseline motivated selection

' Analysis & Design

Requirements refinement\revision and critical aspects identification to
assess the mission feasibility and address next project phases-> to
build & to launch
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Mission Design 2 building blocks: the technologies

» Power Generation, distribution & Control systems
* Propulsion systems
*Dynamics control
v' Trajectory\attitude Guidance Navigation & Control
v Rendez-vous & docking
v Landing
* On board software
* Avionics
* Robotics
» Materials\thermal-structural components
« Communications ,
.Environmental protection
v" Rad-hard (manned\unmanned)
v Sample curation: biological protection\sterilization
v' Impacts
v"lonization
* Sensors\detectors
» Environmental control & Life Cycle systems
* Inhabited modules\surface infrastructures

Technology development
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Mission design: building blocks - technologies

Power

*Solar Cells
*Nuclear Systems
*Fuel Cells

*High efficiency batteries
*Nuclear plants

Propulsion Entry Comms\data
*Electric «Aerobraking/aerocapture/ handling
«Solar thermal aerogravity assist Wireless data
: *Inflatable exchange
*Sails '
eThermal shields *Laser\optical comms
*Air-breathing

Materials
*High temperature

eEnvironmental
aggressions

*Low density High
performance

Human Factor

*Body\Radiation
protection

*EVA support

*Ergonomy

Sw Engineering

*Distributed systems
*Learning units

*Al techniques

/

GNC

*Deep Space Nav
*EDL Navigation
*Precision Landing

*Autonomous
navigation/scheduling/FDIR

*Proximity maneuvering

Descent/Ascent

*Ascending/Launchers
*Descending Mechanism

*Soft Landing
(airbags,crashable legs
skycrane)

eParachutes

—)
N

infrastructures

eIn situ chemical
plants

*Habitats

sgreenhouse

Robotics

*Grasping mechanisms
*manipulators

* Instrumentation: sample
collection (mole, drill
etc), in —situ soil analysis,
storage systems

*Mobility\locomotion




Technologies Assessment: Tech Readiness Levels - TRL

System Test, Launch /—\

& Operations TRL 9 Actual system “flight proven” through successful
. o mission operations
Actual system completed and “flight qualified”
TRL 8
Doveropment o - through test and demonstration (Ground or Flight)
TRL 7 System prototype demonstration in a space
— | _ environment
Technol
Deeﬁ’ngr?s?rﬁinn __ System/subsystem model or prototype demonstration
—_— | — in a relevant environment (Ground or Space)
Component and/or breadboard validation in relevant
Technology environment

Development

Component and/or breadboard validation in laboratory

environment
Research to Prove
Feasibility Analytical and experimental critical function and/or
characteristic proof-of-concept
Easic Teril:hncrlngy Technology concept and/or application formulated
esearc

Basic principles observed and reported
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System Engineering notes: Tech Readiness Levels - TRL

‘ Technology Readiness Levels Handbook for Space Applications

‘ Guidelines for the use of TRLs in ESA programmes (2013)

Tailored ECSS Engineering Standards for In-Orbit Demonstration
CubeSat Projects
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Design process flow: 1/O

Area

Mission Analysis
MA

Propulsion

Mission objectives
Requirements
P/L

TMTC-ADCS-TCS-EPS
Operations-GS

MA
ADCS

Environment
Configuration
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Task\goal

Orbit selection

Av or propellant budget
Launcher selection

Eclipse, visibility and coverage
Station keeping needs

Propulsion system selection
Propellant budget
Propellant feeding definition
& sizing

Tank sizing
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Design process flow: 1/O

PIL  Antenna selection
Telecom *operations * Ground segment definition
TT&C 'MA_ * Tx and Rx component
eenvironment definition
ADCS-EPS-OBDH « Link budget
*All s\s * Thermal analysis
Thermal Control sconfiguration « Thermal control definition

TCS *Environment * Material selection
*P/L-MA * Thermal budget

Attitude Determination ?’CLS MA . Sensors set definition
&Control T e Actuators set definition
ADCS ) . * Control definition
«Configuration

* pointing budget

*EPS
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Design process flow: 1/O

Area

On-Board Data
Handling OBDH

Operations

Input\IF
« P/IL
e alls/s
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Task\goal

Architecture definition
Bus design

Computer budget
Data management
Component list
Interface definition

On board activities planning
design

Mission phases & modes
definition

Mission autonomy level
definition

FDIR logic definition

POLITECNICO MILANO 1863




Design process flow:

/O

Area

Power
EPS

Configuration

Structures\mechs

All s/s
MA
environment

MA
Launcher
all s/s

MA
Launcher

all s/s
configuration
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Task\goal

Power budget

Array surface (or primary power
unit sizing)

Bus definition

Battery selection and sizing (or
storage unit sizing)

Power control definition

Mass budget
Geometry
Components allocation

Structural analysis
Structural mass budget
Mechanisms sizing\selection
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Design process flow:

Area

Costs

Risks

AIV/AIT

Input\IF

Launcher
Ground\space segments
Operations\AIV-AIT

Launcher

All s/s
Operations
AlV
programmatics

Mission objectives
Modes

all s/s

Cost & programmatics
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Task\goal

* Cost analysis
*  Cost budget

* Risk analysis
* Mitigation actions
definition

* Programmatic analysis
* Test plan definition
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Let’s practice
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System Engineering notes - Mass allocation

1. Determine the rough mass for the imposed\selected payload

N

Determine the mission class and, accordingly, the on-orbit dry mass from
statistical data

Determine the total allowable on-orbit mass from current launchers
Deduct launch vehicle adapter mass from the launch mass
Determine the propellants and pressurants required for the mission

Verify the on-orbit needed mass and launchable mass consistency

N O U kW

Distribute the consistent gross mass (m,) among the on-board subsystem to
impose preliminary constraints to start sizing

8. Start looping the design refinement

M.Lavagna Aerospace Science & Tech Dept. POLITECNICO MILANO 1863




Mass,

Step 1-2 Mass versus p/I
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Step 3-4 Launcher’s performance

3. Determine the maximum launch mass for the mission: directly derived from the launcher

capabilities
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Step 3-4 launcher’s interface

4. Deduct launch vehicle adapter mass from the launch mass:

1 | . H
300 y = 0.0755x + 50.252 }//
2 .
R?=0.838 ] *
2 250 * ﬂ-/
G .
& 200
§ ] ‘. M
. 150- R / .
2 100 = ’/‘
50 .0
double p\i
0 ; ' ' VEGA
0 500 1000 1500 2000 2500 3000 3500 4000
| Supported Mass, kg , - ) v ,
SILDA double [ . Adapter | Description Separation system |
p\l ARIANE V
Total height: 1461 mm C,';;""’“d
Total mass: 77 kg ‘s\grzha:;rosnhg::tem
K 3 Total height:  1071.5 mm | S/2mp-band

Total mass: 78 kg (TBC) separation system
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Step 5-6 size the wet mass

5. Determine the propellant required for the mission: preliminary propellant mass
computation (chemical propulsion) with the rocket equation:

AV=IggoIn(my/my,.)

or assuming m_...=60-70%m,

prop

6. Verify the total allowable on-orbit dry mass:

Dry mass+Margin+p/l+propellant < = LM-LVA

LVA=launch vehicle adapter

If the left member is greater than the right member either a different launcher shall be
selected or a decrease of any of the left terms shall be imposed but the margin)
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Technology Readiness Level and Margin philosophy

System Test, Launch
& Operations

System/Subsystem
Development

Technology
Demonstration

Technology
Development

Research to Prove
Feasibility

Basic Technology
Research

TRL 9

TRL S

TRL7

HRST TECHNOLOGY ASSESSMENTS
TECHNOLOGY READINESS LEVELS

Actual system “flight proven” through successful
mission operations

Actual system completed and “flight qualified”
through test and demonstration (Ground or Flight)

System prototype demonstration in a space
environment

System/subsystem model or prototype demonstration
in a relevant environment (Ground or Space)

Component and/or breadboard validation in relevant
environment

Component and/or breadboard validation in laboratory
environment

Analytical and experimental critical function and/or
characteristic proof-of-concept

Technology concept and/or application formulated

Basic principles observed and reported
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Readiness

Level tion Explanation

Basic principles abserved Lowest level of technology readiness. Scientific research
TRL1 o P‘“ﬂej’ begins to be translated into applied research and

report development. (See Paragraph 4.2)
. Once basic principles are observed. practical applications
TRL2 E@hﬂ:fff“ﬂ“"] ::;dm can be invented and R&D started. Applications are
PP speculative and may be unproven. (See Paragraph 4.3).

Analytical and experimental | Active research and development is initiated, including
TRL 3 critical finetion and/or analytical / laboratory studies to validate predictions

characteristic proof-of- regarding the technology. (See Paragraph 4.4)

concept

Component and/or Basic technological components are integrated to
TEL 4 breadbeard validation in establish that they will work together. (See Paragraph

laboratory environment 4.35)

Component and/or The basic technological compenents are integrated with
TEL S breadboard validation i reasonably realistic supporting elements so it can be

relevant environment tested in a simulated environment. (See Paragraph 4.6)

System/subsystem model or | A representative model or prototype system is tested in a
TRL 6 prototype demonstration in a | relevant environment. (See Paragraph 4.7)

relevant environiment

(ground or space)

System prototype A prototype system that is near. or at, the planned
TRL 7 demonstration in a space operational system. (See Paragraph 4.8)

environment

Actual system completed In an actual system. the technology has been proven to

and “flight qualified” work in its final form and under expected conditions.
TRL 8 through test and (See Paragraph 4.9)

demonstration (ground or

space)

Actual system “flight The system incorporating the new technology in its final
TRL 9 proven” through successful | form has been vsed under actual mission conditions. (See

155100 operations

Paragraph 4.2.10)
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Mass margins philosophy

6. Evaluate the mass margin to be set aside

1=new S/ C Abbreyv. Review name
2=next generation S/C CoDR Conceptual design review
. . . PDR Preliminary design review
3=existing design s/c CDR Critical design review
PRR Preshipment readiness review
FRR Flight readiness review

Minimum standard weight contingencies, %

Proposal
stage Design development stage
- Bid CoDR PDR CDR PRR
Class Class Class Class Class
Description/
categories 1 2 3 1 2 3 1 2 3 12 3 123
Category AW, 50 30 4 35 25 3 25 20 2 15 12 1 0 00
0-50 kg
0-1101b
Category BW, 35 25 4 30 20 3 20 15 2 10 10 1 000
50-500 kg
110-11021b )
Category CW, 30 20 2 25 15 1 20 10 08 10 5 05 0 0 0
500-2500 kg 1

1102-55111b

CategoryDW, 28 18 1 22 12 08 15 10 06 10 5 05 0 0 0
2500 kg
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Mass preliminary breakdown

7. Allocate mass percentage for each s/s: preliminary mass percentage distribution ( as % of dry

mass)
GFE=government furnished equipment)
Comsats® Metsats® Planetary | Other

with GFE with GFE with GFE =~ with GFE

Subsystem PA* P/L P/L P/L P/L P/L P/L P/L
Structure, % 21 29 20 29 26 29 21 - 30
Thermal, % T4 6 3 4 3 3 3 4
ACS, % 7 10 9 13 9 10 3 11
Power,% 26 35 16 - 23 19 21 21 29
Cabling, % 3 4 8 12 7 8 5 7

- Propulsion, % 7 10 5 7 13 15 5 7
Telecom, % - — 4 6 6 7 4 6
CDS, % 4 6 4 6 .6 7 4 6
Payload, % 28 — 31 — 11 — 29 —

aComsat = communication satellite. ®Metsat = meteorology or weather satellite. SP/L = payload.

Start sizing and iterate
-]



Power preliminary allocation

Total power versus p/l power and mission category first estimate

Spacecraft mission Power estimating relationship
C,gmmunications P, = 11568 P,; + 55.497

Meteorology Py = 602.180n(P,;) — 2761.4
Planetary P, = 332.930(P,;) — 1046.6

Other missions P, =210+ 1.3P,
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Power margins philospophy

Evaluate the power margin to be set aside

1=new s/c
2=next generation s/c
3=EXiSting design S/C Abbrev. Review name
CoDR Conceptual design review
. . . PDR Preliminary design review
Minimum standard power contingencies, % | pgr Critical design review
Proposal | PRR Pr.eshipmer.lt rcadin;‘ss review
. FRR Flight readiness review
stage TN Design development stage
Bid C@J PDR CDR PRR
Class Class Class Class Class
Description/
categories « 123 1 2 3 1 2 3 1 2 3 1 2 3
Category AP, 90 40 13 75 25 12 45 20-9 20 15 7 5 5 5
0-500 W :
Category BP, 80 35 13 65 22 12 40 15 9 15 10 7 5 5 5
- 500-1500 W \ _
‘Category CP, 70 30 13 60 20 12 30 15 9 15 10 7 5 5 5
15005000 W '
Category DP, 40 25 13 35 20 1t 2015 9 10 7 7 5 55
5000 W *
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Power preliminary breakdown

Allocate power percentage for each s/s: preliminary mass percentage distribution

Percentage of subsystem total

Subsystem Comsats Metsats Planetary  Other
Thermal control 30 48 28 33
Attitude control 28 19 20 11

- Power 16 5 10 2
CDS 19 13 17 15
Communications 0 15 23 30

: Propulsion 7 0 1 4
Mechanisms 0 0 1 5

-,
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Other margins

Computer resources Processing time and data bus usage

Jet Propulsion Lab suggests: The computer processing requirement should
e At computer selection 400% not exceed the 50% of computer capacity at
* Atstart of phase C/D 60% the computer selection

e Atlaunch 20%

Thermal sizing

— —— Design

—— Qualification

Acceptance
" Flight Allowable

e.g. environment [ 0; 50]°C
- accepted for [-10; 60]°C
- Qualified for [-20; 70]°C
- designed for [-35; 85]°C

——— Flight Predicted

15°C |10°C{10°C 10°C{10°C] 15°C
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System margins

¢ 10% mass margin at subsystem level must be considered if the related technology is well

known and already space proven

* 20% mass margin at subsystem level must be considered if the related technology is not

well known and already space proven

* 20% mass margin at system level is strongly recommended in general and is compulsory
if a new technology is necessary. 10% must be considered the minimum for a reused

system.

* 20% at system level shall be considered for launcher capabilities: the overall mass shall be

at least 20% less than the launcher capability.

M.Lavagna Aerospace Science & Tech Dept. POLITECNICO MILANO 1863




Mass Budget example

Target Spacecraft Mass at Launch 1250

Example: mass budge_t Total % at Launch 73,6
| Subsystems Without Margin [kg]|Maturity Level  Margin [%] Margin [ky] [With Margin [ky] % of Total |
T Structure 100 certified 5 5 105 11,4

2 Thermal Contraol 10 to be modified 10 1 11 1.2

3 TTEC 10 to be developed 20 2 12 1,3

4 ADCS 10 new technology 25 25 12.5 1.4

5 EPS 10 . 25 25 12,5 1,4

6 Propulsion S0 25 125 62.5 g, 8

7 Payload 500 " 10 a0 550 59,5

g .. ] " 25 0 0 0.0

g . 1 25 0,25 1,25 09

100,0
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Mission Design
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o Satellite Constellation

Use of two or more satellites (sometimes a lot of S/C) to satisfy spatial and
temporal coverage/observation needs which cannot be met with a single satellite.
In an Earth Observation context such missions have applications in disaster
monitoring, forest fire detection, ocean sampling, virtual payload synthesis, etc.

o Satellite Formation Flying (FF)

Use of more than one satellite either to enable a mission whose objectives cannot
be satisfied by a single satellite (e.g. to synthesise a larger aperture than could
sensibly be carried on one platform), or to achieve the mission objectives more
cost effectively (e.g. by co-operation between agencies or by taking advantage of
low-cost satellite approaches and/or cheaper launchers)

enabled by suitable orbit and attitude control
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Mission sizing: MA architecture for constellations

e Mission and payload requirements
» Constellation performance criteria
¢ Constellation orbital design

e Constellation launch procedure (launcher, single/multiple launch, direct or
parking orbit injection)

e Constellation build-up strategy (global/regional build-up, performance
acquisition by plateau, random build-up, ...)

e Constellation "back-up" strategy (spare satellite placed within the constellation,
on parking orbit, spare satellite kept on ground, ...) t

e Constellation maintenance strategy
e Constellation end-of-life procedure (no end-of-life procedure foreseen, de-
orbiting strategy, graveyard orbit, ...)
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Constellations design Parameters

Factor

Effect

Selection Criteria

Number of Satellites

Principal determinant of cost and coverage

Minimize number of s/c while fulfilling other criteria

Constellation Pattern

Determines coverage vs. latitude, plateaus

Select for best coverage and spatial sampling performance

Minimum Elevation
Angle

Principal determinant of single satellite coverage
for a given altitude

Minimum value consistent with payload performance and
constellation pattern

Altitude

Coverage, environment, launch and transfer
cost; has direct impact on the total s/c humber

System level trade of cost vs. performance

Number of Orbit
Planes

Determine coverage plateaus, growth and
degradation

Minimize for launch and s/c replacement considerations,
consistent with coverage needs.

Collision Avoidance
Parameters

Key to preventing constellation self-destruction

Maximize the inter-satellite distances at plane crossing

Inclination

Determines latitude distribution of coverage.

Combined with altitude, it drives selection of
candidate launchers

Compare latitude coverage with launch cost, and fine-tune
for collision avoidance

Between Plane
Phasing

Determines coverage uniformity

Select best coverage among discrete phasing option, and
fine-tune for collision avoidance, if needed

Eccentricity

Mission complexity and coverage vs. cost

Normally zero; non-zero may reduce the number of
satellites needed

Size of Station-

Coverage overlap needed; cross-track pointing

Determined by mission objectives, perturbations selected

on-board resources, and by acceptable orbit
degradation vs. available fuel margin

keeping Box to be overcome, and method of control. Minimize
consistent with low cost maintenance approach
Lifetime Depends on space environment. Limited by the Select for mission fulfilment and required fuel allocation

for orbit maintenance

End-of-life Strategy

Elimination of orbital debris, planetary protection

Any mechanism that allows to solve the most important of
the two aspects, mission-wise
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Sizing a constellation: # Sats for Earth global converage

100 - =. T T T Main design parameters:
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o '-_\ s ---- 20° slevation =
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g . \\‘ \ N Odyss_ey S ] ]
2 40 g\\ N N ST appropriate link set-up
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&) : b L,
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CRITERIA to trade a EO constellation design

* Most common "Figures of Merit" for Earth Observation Constellations:

— Max/Min/Average coverage percentage at any grid point and globally over a zone

— Max/Min/Average revisit time at any grid point and globally over a zone

— Instrument duty cycle (data acquisition time per orbit)

— Zone, DRS and ground stations visibility for different instruments or antennas

— Data timeliness/latency (time interval from data acquisition by the instrument to
the delivery as data product at the user segment interface)

— Max/Min/Average response time at any grid point and globally over a zone

— Illumination conditions (eclipse analysis) and Sun geometry (limitations can be
imposed on the basis of the Sun position and the min/max “solar p angle”, i.e. the
angle of the vector to the Sun relative to the satellite orbital plane)

e The instrument and payload features and modes of operation are the driving
factors when analysing the performance of an Earth observation satellite system
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CRITERIA to trade a EO constellation design

yii“imﬁggﬁ;?ia . ﬁ’”’*pm{;:m_\: ESA Ground Station Networks
wR_;;; L o\ ~~#"" '« ESAESTRACK (red) + ESA

~ T e ',,‘» e ) B Augmented Network (orange) + ESA
I N TP e Cooperative Network (light blue)
i B , " 0« Identify adequate network in terms

of GS geographical locations to fulfil
GS visibility and data timeliness

[ I

I T T

 — S performance requirements, and to
L & e d guarantee efficient data flows
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CRITERIA to trade a EO constellation design

Orbit Injection and Transfer Strategies

e Direct injection into the final orbit

— The launcher may require an upper stage, adding
to the launch cost

— Quick deployment, so as to start early system
operations

— Feasibility depends on final orbit altitude and
inclination

The s/c performs propulsive manoeuvres to

reach the final orbit from an initial injection orbit
— additional propellant and structure

Indirect injection to populate several operational

orbital planes with a launch: uses the differential

effect of the Earth oblateness on the node

Satellite Orbit Injection — to launch several small s/c using a launcher with
considerable injection capability

— No quick deployment, due to the required drift
time

Technigues
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CRITERIA to trade a EO constellation design

Orbit Injection and Transfer Strategies

Propellant Mass . .
P ; Indirect Injection
for the Impulsive Transfer
T ::' 40 -I—Prf:palla:i\t Me.ass 500 £
% 35 ;";35 ] =g Dr ift Orbit Altitude L 450 %
e
E 20% % 25 4 L350 S
_é- :::. izn 1 L 300 g
& o] & 151 250 &
0
200 300 400 500 600 10 : . . . 200
Injection Orbit Altitude (km) Drift Time (months)
Rocket equation: Orbital plane drift due to J2:

_ . beriis G /Ispe Ny =23, \/E Re | s
Mp_MfIE ?pg)—IJ:MOI_—L S"}Jg)- 85 5 J5 3l Ca cosi
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Constellation maneuvers sizing

e (Constellation Maintenance

— Absolute orbit control: applied to each satellite independently w.r.t. its ref. trajectory
— Relative orbit control: to guarantee the global geometry of the constellation

e (Collision Avoidance

— Avoidance manoeuvres between operational S/C and catalogued debris objects

— Avoidance manoeuvres between two satellites of the constellation in case of failures or
unforeseen events that might trigger a non-negligible collision risk

e Constellation End-Of-Life Disposal

— If necessary, disposal strategy of a LEO S/C shall foresee a manoeuvre to lower the
orbit perigee to an altitude that guarantees safe uncontrolled decay within 25 years

— Of particular concern with regards to LEO constellations is the possibility of a collision
having a domino effect and wiping out all of the satellites within a particular orbit band
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Formation Flying - Design

* FF Definition and Main Properties

The mission consists of 2 or more spacecraft

The spacecraft states are directly coupled such that changing the state of one
satellite affects the state of all others

The relative position and velocity between the satellites are controlled, and
possibly also the relative attitudes

The satellites are moving on quasi coplanar orbits or perhaps Lagrange points

The spacecraft are in close proximity, which means typically below a few-km
separation where the relative motion is in a linear domain (though some FF
mission concepts foresee rather large distances)

A plane is defined for the inter-spacecraft positions with an arbitrary
orientation in space and with respect to a possible local orbital frame.
Spacecraft do not all have to be in that plane in their nominal position

Guidance Navigation and Control (GNC) requirements are typically high to
very high
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Formation Flying - Design

 Ground-track-oriented FF missions: objective is to achieve a relative position
between ground tracks of FF satellites (typically, same ground track), so that they
observe a same area with possibly some time delay between the observations

— Controlling ground track of the S/C composing the FF relatively to each other

— An overlapping ground track or
slightly shifted ground tracks are
obtained by flying the spacecraft on
the same orbit with a shift in
argument of latitude

é @ GPS Satellites

— Depending on the value of this shift in argument of
latitude — along-track separations can range from a
few kilometres to thousands of kilometres — a shift in
right ascension of ascending node is also introduced
in order to compensate for the Earth rotation
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Formation Flying - Design

e Geometry-oriented FF missions: objective is to compose an instrument
distributed on several S/C = S/C have to maintain a given geometry (1D, 2D, 3D)

— Geometry can be a fixed segment obtained by having the S/C on a same orbit
with an along-track shift B —

— Triangle varying at the orbital period can be
obtained by introducing a shift in argument of
latitude and in right ascension of ascending node

— §/C evolving on a circle or an ellipse around a reference orbit
can compose a geometric figure. This ellipse is obtained by
introducing shifts in cross-track and radial direction and by
properly phasing obtained relative oscillations at orbital period

e Design driver of these FF geometries being always to stay as close
as possible to a natural evolution of the formation, so as to minimise
control manoeuvres to be implemented during the mission lifetime
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Formation Flying maneuver sizing

e Formation Acquisition
— Distribute the S/C in space at the beginning of the mission, so that they can achieve
the nominal FF configuration to perform the observations foreseen
— Correct FF initialisation errors (initial position and velocity dispersions)
 Formation Reconfigurations and Recovery (i.e., FF re-initialisation)

— Modify FF spatial configuration (inter-satellite distances and/or angles), so as to tune
characteristic observation scale (e.g. interferometric baseline) or measurement type

— Recover unforeseen perturbation events and re-initialise the FF configuration following
an anomaly affecting one or more FF satellites

e Formation Maintenance

— Maintain the FF configurations within given control deadbands in terms of relative
satellite positions, distances, angles, etc. (tight vs. loose FF control)

e Formation Attitude Control

— Needed to comply with stringent pointing requirements, for instrument FOV co-
registration, simultaneity of measurements, interferometry, etc.

e Formation End-Of-Life Disposal

— If necessary, disposal strategy of a LEO S/C shall foresee a manoeuvre to lower the
orbit perigee to an altitude that quarantees safe uncontrolled decay within 25 years

M.Lavagna Aerospace Science & Tech Dept. POLITECNICO MILANO 1863




Constellation\FF launch configurations

SSMS Stack conf#1

SSMS Stack conf#2

FLEXI 4 configuration with Mini and Micro

FLEXI 4 configuration with Micro S/C

s/C

One (1) Mini satellite on a stretched central
column

Four (4) Micro satellites on Deck#1 on four
tower modules

Four (4) Micro satellites on Deck#2

Three (3) Nano satellites on Base module
Three (3) Cubesats deployers on Base module

One (1) Micro satellite on the central column

Four (4) Micro satellites on Deck#1 on four
tower modules

Four (4) Micro satellites on Deck#2

Three (3) Nano satellites on Base module
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Three (3) Cubesats deployers on Base module

POLITECNICO MILANO 1863




Propulsion s\s
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Propulsion system types: Chemical

Cold gas:
« the simplest the cheapest (O(2*103) €)

» Propellants are compressed inertial gases (N,) - at high storage pressure - or high vapour
pressure hydrocarbons (Propane Cj;Hg)

* No heating, kinetic energy depends only on the storage pressure

« very low impulse (~40-60s) and very low thrust (O(10mN)) @ Temperature Sensor T

Tank

« Multiple starts - - Fil Valve ¥

LLTENTIE )oY .
JTEe aportzer
LITETITTT

—@ Pressure Transducer @—

ooe Filter ==
V Pressure Regulator v

* Pulsing

* No throttling

 Applications:

. Fross. S:l
¢ AttItUde ContrOl Mozzle Mounting Flange Solenoid Vake Pelief Valve —® Pressure Transducer ®—
« Fine control _ —E/J I — Thruster — [
» Nano-platforms % %’
Compressed Gas Sydemn Vaporiging Liguid System
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Propulsion system types: Chemical

4
. . E
Vacuum Thrust \.Ia.ctfum Cycle life [Engine mass| Inlet pressure | Input power I Delone
. Specific impulse range [mm]
Engine |Manufacturer IN] [Cycles] kel [bar] [Watt]
[s] ¥ & [volt] (LxD)
3
Bradford 55e-3 77
VP-03-001| AMPAC-ISP 0.001 >70 <0.300 1 -20to +150 | 87x16x91
58-125 Moog 0.0045 65 0.00734 2.4
Marotta 0.05 0.07 6.9 <1
CGT1 DASA 0.02 67 0.120/ 7.0 64 (L)
2
Sterer 1 68 250,000 0.174 3.5 5-6 24-32 66 x 31
58-102 Moog 1.11 10,000 0.015 8.8-6.3 30 24-32 24.7x14.5
58-112 Moog 1.11 10,000 0.015 7.4-4.9 30 24-32 24.7 x 14.5
58-115 Moog 2.89 0.013 30
58-113 Moog 3.33 10,000 0.015 8.8-6.3 30 24-32 24.7x14.5
58-103 Moog 5.55 10,000 0.015 8.8-6.3 30 24-32 24.7x14.5
1
50-673 Moog 44.5 5,000 0.231 10.5-4.9 6-12 24-32 87 x 80 x 64
50-820 Moog 52 6-12
58-126 Moog 266 10,000 0.181 10.5-4.9 30 24-32 70 x 63(e)
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Propulsion system types: Chemical monopropellant

Monopropellant gas:

« moderately cheap (O(8*103) €) A

» specific impulse (~200-300s) @

« Large thrust range: (O(10%) N) | I 1 1

* Multiple starts Valve

« Pulsing Catlyst Bed
A Nozzle

« Throttling

» Moderated lifetime (>12y, limited by the catalyst bed lifetime)

 Fuel: hydrazine (N,H,), stored as liquid (melting point 2°C;boiling point 114°C)
exhaust gases are corrosive

» Heating may increase the thruster effectiveness
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Propulsion system types: Chemical monopropellant

Performance Characteristics

MONAREC-1

| -

Engine

L

seysmnE  on  amipe  aomms  eimps azems ezome s ¢
£l P oo . ot i oS 4 o
Nazrie Exparelon ET:1 1251 B0:1 a1 401 50:1 B
Veahve Fower 15 wass 18 watts 0 walts ) WSS 72 watts 72 walts Hwam
Mass 0EIIm38ky 1.08BMQARKY 1SEMMEOTZRE 151 RMDEIkE ZA7DmM{AZN)  ZATEM1Zk)  25Em[1LGkg
B2m{i3dem/ S4N@iBom  BR@I3em)/  OMERScmy/  12ZNn{@0om) 12 mp0em)) 16 In 1 o)/

EnelmghEdiem |~ o e e om) Anpsemy  15n@Aeml  12nEdem)  23nEdom  13n@deml  SEW{48cm)

Specic mpuss 7975 3¢ 7361 secs 7705 @i 276 1 a8 7271 secs 734.0 3808 PM0sws —————
0.0006 Bf-58e 00007 Ibf-gac 0.07 If-56c 017 bf-sae 0.04 f-8ac 076 Ibf-s6c 2,50 bf-s8z
Minlmum Imputse B8 (2.6 -3 {31 mi-sec) [@12m N-a0) [E26m N-5e0) (1.8 N-ane) {116 N-5ac) [11.52 N-5ec)
et 5000 bi-sec 138000 Re-mc 120,000 bissc 23720 bi-sec FBE.000 458,100 Ibi-sec  1.750,000 I-sec
. — (11,250 NGec (613,857 Nsec)  EIL7BANGG  (1,17108SNseq  (RS00000N-sc) [ROMZITENGEX)  (5,B00.000 N-sa
‘—

Fuises 75,000 205,000 50,000 10,000 12,000

M.Lavagna Aerospace Science & Tech Dept. POLITECNICO MILANO 1863

230,000 110,000




Propulsion system types: Chemical monopropellant

CubeSat End/Cener Propellants Thruster Thrusters Nomina
Propulsion Mount type Thrust
System (mN)
BUC 0.14U- _ R236FA/  Warm 54 Nano-sats VACCO propulsion
1U S0O2 Gas
R134a/ Cold
CPOD 1U Center 8 25
R236FA Gas
Cold
MarCO 2U End R236FA 8 50
Gas
Green
0.5- ADN/AF- Mono-
Mono Prop End 4 400
1U+ M315E Prop
System
End
0.25- R134a/ Cold
mounted End 5 10
1U R236FA Gas
standard
Hybrid
0.5- ADN/AF- Mono- 1 Hot, 4
Green End 100
1U+ M315E Prop Cold
Monoprop
0.3- R134a/ Cold
Standard End 5 10
1U R236FA Gas
Cold
MEPSI 0.25U End Isobutane 5 53
Gas
Cold .
Palomar  1U Center Isobutane 8 35 http://www.cubesat-propulsion.com/vacco-systems/
as
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Electric Propulsion

TAXONOMY

— Electrothermal (T/W < 1E-3)
— Type: resistojet, arcjet
— Principle: thermal\mechanical energy exchange

— Electrostatic (T/W < 1E*)
— Type: Gridded EP, Field Emission EP
— Principle: electric\mechanical energy exchange

— Electromagnetic (T/W < 1E-4-1E)
— Type: Hall (magneto static), pulsed plasma (PPT)
— Principle: magnetic\mechanical energy exchange
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Electric Propulsion

Regions of mission utility

11 GEO N.S. Stationkeeping/
.U drag makeup
—— Orbit maneuvering/adjustment
1000.0 - Solar power orbit transfer T
@ P i i HE— MPDs
3 Nuclear power orbit transfer SErdls _+ b&% o [r:'lagneto
2 ! 3 : Eisehl plasma
= = fies  dynamic)
o 100.0 — FEA R e =
g ups : § SHERS
oy Arc jets : B8 2!
a | —
E — Hall
% 10.0 effect thrusters
O Resistojets
\T ~J = _— lon engines
( I
1.0 f | f £
,I-'"# . [ '11+-" |
HIH |‘ Uﬁﬂ, ,', i' -PPT (pulsed plasma thrusters)
! | “iE
01 | I I|j I i I: || i !
100 500 1000 5000 10,000
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European electric Propulsion: fields of application

| Constellutions |

1T N - P
| o
{ Elacfrostatic Thrusters
1 N [Flectomemal Thusters
10 N - — .
-2
10 N =
g |
™ -3 |
210 N 'T'
b
=
=
= -4
10 N T i
|
|
-5 :
10 N T !
|
!
6 |
10 N == :
!
Ultra-fine ! Drag compensation
positioning | {Science,
{ . (Science) | Earthobservation) |

g
S Qualified 3
E (1 Close to qualification t
LA 27277 R&D ;
I e L T TR T A = e e

in LEOQ
(Telecom)

Field of application

* Station Keeping

| Primary propulsion and |
GTO-GEQD transfer

{Telecom) |
| f 5 ﬁen ce, Telecom) i
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Electric Propulsion: electrothermal

Gas Flow
—_—

Cathode

Electric Arc

Arcjet

heat propellant using an electric arc

preheat /thermal insulation
/ channels

generated between the anode and the
cathode (M<50%)

*low thrust level 0.1-0.3 N
 High specific impulse 500-1500s
* good for SK

> -
é X ‘77;?‘“\‘777?\’:7";('1‘,}\‘\"’K""x\‘ k —
I e i 2 exhaust
i ) Te J ‘\.fl (VAR V.ERVERY. ‘\
= /e 5 =
eowply electrical “nozzle
insulator heater
Resistojet

heat propellant by passing it on an
electrically heated surface(n=65-85%)

* low thrust level 0.2-0.3 N
* low specific impulse 100-400s
* good for attitude control system

Propellant: Hydrazine, Nitrogen, Ammonia (low mass; High specific heat preferred)
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Electric Propulsion: Gridded lon Thrusters

Radiofrequency lonised Thruster RIT (ASL)

Thrust & Powar

Mominal Thrust
nom. Power

Functional Performanca

extanded / on requast
|=2p

max. demonstrated
Divergance angle”
Total Impulss

Max Operational cyclas
Total Lifetime
Technology

lonization
Acceleration
Gridzystem
Propeallant
mass
Dimensions

Diametar

Langth

|

50 - 500 PN
< 50 W

10-100 pM, 300 - 3000 pN
300 - 3000s
» 35008

-
=

> 10kMs up to 200kNs
= 10000
> 20000 h

RF-Principle
Electrostatic
2 Grids
Xenon

4409

78 mim
T8 mim

I

smM |15mM |25 mN

145'W |435W | 780W

= 18003 | = 3000s | = 32003
- 34:":'3-
< 15

= 1.1 MNs
= 10000
= 20000 h **

RF-Principle
Electrostatic
2 Grids

Xonon

1.8 kg

188 mmi
134 mimi

gomN | 115 mN | 168 mi | 200 mM
2185 W | 2885 W | 4650 W | 5785 W

= 34003 | = 34345 | = 40005 | = 43008
= BO00s (RIT 22)
< 25

=10 MNS
= 10000
= 20000 h

RF-Principle
Electrostatic
2 Grids
Xanon

8.8 kg

308 mim
215 mim
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Electric Propulsion: Field Emission Electric Propulsion - FEEP thrusters

. . lown bem
Emitter Slit Accelerator _ - Ve:Va ~5keV

I

* TocL= aperture length

3:5
« Propellant: liquid Cs E\ Emaw ﬁ

r.....n..... syt Liguid metal
Propellant el TN
T : o Plume
Ve Teservoir Va Vi | ! TaylorCone .-

Capillary

Thrust is produced by exhausting a beam of mainly singly-ionized cesium atoms, produced by
field evaporation.

thrust level very low 1-100uN, good for fine attitude control

thrust to power ratio 16mN/W
High impulses: 6000-10000s; efficiency 98%
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Electric Propulsion: Field Emission Electric Propulsion - FEEP thrusters

Manufacturer Centrospazio Centrospazio Centrospazio | Centrospaz
(Italy) (Italy) (Ttaly) io
(Ttaly)
Propellant Cs Cs Cs Cs
Slit Width (mm) 2 70 3 70
Configuration Single module | Single module | Cluster of 2 | Cluster of 4
thrusters thrusters
Nominal Thrust | 40 1,400 2x100 4 x 1,400
(UN) *
Isp (sec) 9000 9000 9000 9000
Power (W) ** 2.7 93 13 370
Specific Power | 66 66 66 66
(W/mN)
Max Emitter | +5.5 +5.5 +5.5 +5.5
Voltage (kV)
Accelerator Voltage | -5 -5 -5 -5
(kV)
Thruster Mass (kg) | 0.6 112 1 32
Thruster or Cluster | 8x6x 8 13x7x9 10 dia. x 10 18 dia. x 15
Size (cm)
PPU Mass (kg) 1 12 2 o)
PPU Size (cm) 8x12x 16 8x16x16 16x12x 16 20x25x 16
Comments Qualification Qualification Under Under
model model development | developmen
t

" Maximum attainable thrust may be larger by a factor 2.

** Assuming all thrusters operating at nominal thrust.
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Pulsed Plasma Thrusters: PPT

Features: high specific impulse and low power and fuel requirements; pulsing
Application: SK maneuvers
Principle:

Energy is stored in a capacitor; an ignitor shoot electrons between anode and cathode to
discharge the capacitor and create and arc; the arc evaporates and ionizes the solid fuel which
accelerates out the thruster by Lorentz forces provoked by the induced electromagnetic field.

The capacitor is then charged up again from a power supply and the pulse cycle repeated.

CATHODE
capacitor

+—— zpark plug

4
- GHMTOR o l
w cathode
=\ i |
= .
g L= “ ........................................ S <+—— plasma sheet

¥
PROPELLANT

FEED SPRNG _f_

Y propellant

anode
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Pulsed Plasma Thrusters: PPT

Features

« Non toxic propellant

* Low power demand (50-70W) .
« High specific Impulse 650-1350s ".'\ W
* Very small bits 90-860 uN-s

» Single capacitor->multiple thrusters

* Mass 5-6 kg

Parameter Unit LES 6 SMS LES 8/9 TIP/NOVA
That, L Newton - 26.7 111 300 400
(Thrust @ 1 Hz) second
Specific Impulse Seconds 312 505 1000 543 Pilsed Plasmia Thnister
Thrust to Power LN Watt 10.6 122 12 13.3
Capacitor Energy Joules 1.85 g4 20 20
Total Impulse N-Sec 320 1779 5560 2450
Life Pulses 12,000,000 13,000,000 18,500,000 10,000,000
Mission East-West Attitude Attitude Orbit Insertion &

Stationkeeping Control Control drag make-up
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Pulsed Plasma Thrusters: PPT

* 50 - 300 kg spacecraft
o 400 km circular orbit. 0° inclination

¢ Disturbance torques per orbit (all N-m): 45

1.9x10°
* Aerodynamic 8.7x 107
o Gravity Gradient = 3.9x 107’
e Magnetic Field 2.6x 107
Total 1.1x10*
* 5 year mission life

¢ Solar Pressure

M.Lavagna Aerospace Science & Tech Dept.

= == = LES8/9FPT
— =— PPT Isp 1000s ]
- =« = PPTIsp 1500s TOMS-EP ]
—~@
407 e PPT Isp 2000s P ]
—  Wheels w/ N2ZH4{@200s _~ ’ .
_ | Sl ]
35 - Wheels w/ N2H4(@ 280s — ]
30 e .
e ]
.-""f - -
i "f ]
25 s — ]
ACS mpss (k) L~ ® ]
N A LI DL AN T Y S N i
20
Altitude 400k, array cross-sectional area 1.7 m
6N H, thrusters for dumping |
15 12 PPTs, Ib 380uNs
1 L1 [ L1 L1 1 [ [
10
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Spacecraft mass (kg)
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Propulsion solution comparison

Type of Propulsion Thrust level Exhaust Velocity Advantages Disadvantages
[System [N] [m/s]
[Cold Gas (N2) 0.0045-10 700 Extremely simple, Very low performance, highest
reliable, very low cost mass of all systems
onopropellant 0.5 2200-2300 [Simple, reliable, I‘Low performance, higher mass
Hydrazine) relatively low cost han bipropellant
i-Propellant 4 -500 2850-3110 |High performance Ll:ore complicated system than
MMH/MON) onopropellant
lid Propellant 50 - 50 000 2400-3000 [Simple, reliable, low |:.imited performance, higher
cost hrust
EACT, Hydrazine 0.1-05 3 000 High performance, low Fore complicated interfaces,
Power Augmented power, simple feed ore power than chemical
atalytic Thruster) system hrusters, low thrust
[ARC-JET (Hydrazine) 0.2 5000 High performance, High power, complicated
simple feed system interfaces (specially thermal)
|Stationary Plasma SPT 0.08 16 000 High performance High power, low thrust,
100 (lon Engine) complicated
Kaufman, UK-10 (lon- 0.0M 30 000 Very high performance [Very high power, low thrust,
Engine) complicated
adio-frequency RIT 10 0.01 31400 Very high performance |Very high power, low thrust,
lon-Engine) complicated
Field-Emission 107 - 2-10” 60 000 -100 000 [Extreme high Very high power, very low
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Attitude Determination and Control
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How other S\S influence the ADCS reqs

Mission
* Earth-Pointing or Inertiai-Pointing? -
* Control During AV Bums? * Omit?
* Separate Payload Platform? * Autonomy?
* Accuracy/Stability Needs? * Mission Life?
* Slewing Requirements? * Onboard Navigation Data Required?
g : _
[ ™ :
: Power
Thermal + ACS Load
Thermal _ Regulation
Maneuvers ADCS Trades
Required? * Spinnervs. 3-Axis | !
- J ' vs. Passive -
- Stabilization
' * On-orbit vs. Ground
_ Determination . F osngfarr Array
( * Sensor Selection Pointing
* Actuation Device Requiredl;
Propulsion Selection )
* Thruster Size + Computational
* Propeltant Load Architecture : —
¢ Minimum _ Structures
Impulse Bit * Centerof
Mass . -
~— J o - Constraints
* Inertia
Constraints
( ) * Flexibility
Communications Constraints
* Antenna * Thruster
Pointing Location
Accuracy : + Sensor
: Mounting )
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Attitude control Architectures

RN RN mmmmnmmmmmnummummmaammmmmmmmmmRRRIR RN AERRRREEIMY
Method

The s\c axes are kept aligned with a reference either inertial
3 axis stabilized or nadir reference, thanks to gyros periodically updated by
star scanning.

Passive method.
Effective below 1000 km orbits ( for Earth)
Roll and pitch axes can be controlled

Gravity Gradient o -
yaw axis 1s stabilized by means of a momentum wheel

Ipitch>IrollI>Iyaw always stable; Iroll>Iyaw>Ipitch sometime
stable

A momentum wheel spins at nearly constant high speed
Momentum bias | ¢ It provides inertial stiffness in two axes
* control of wheel speed provides control in the third axis.
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Attitude control Architectures

Method Notes

The s\c is stabilized along an axis by keeping an angular
velocity around it.

With no disturbance the angular momentum keeps constant.

. vye P dicular disturbances make the rotational axis to precess
Spin stabilized crpendict . * P

Parallel disturbances change the angular momentum modulus.
Translational manoeuvres may occur only along the
spinning axis.

A compromise between the three-axis and the spin stabilized
Dual sbin stabilized solution.

ual spin stabilize
g The major mass is spun while a platform with p/l or

antenna is de-spun.
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Attitude control architectures versus reqs

Gravity Three Momentum

Requirement gradient Spin Dual spin axis bias
Nadir pointing Yes No Poor OK OK
Geosynchronous No OK OK OK "OK
Planetary | No OK OK OK NO
Thrust vector control No Good Good OK NO
Maneuvering No Limited Limited Good Poor
Pointing accuracy, deg 5 1. 0.1 0.001 0.1to3
Relative cost — 1.00 1.19 2.10 1.45

M.Lavagna Aerospace Science & Tech Dept.
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Disturbance Torques

Source

- Type

Influenced primarily by

Gravity gradient .

Constanttorque for Earth-oriented

vehicles, cyclic for inertjally oriented
vehicles

Spacecraft inertias
Orbit altitude (significant below 500 km)

Solar radiation

Cyclic torque far Earth-oriented
vehicles, constant for solar-oriented
vehicle or platform

Spacecraft geometry and lacation of
center of gravity

Spacecrafl surface reflectivity

Magnetic Field

Cyclic

Orbit altitude (significant autlo GEO)
Residual spacecrafi magnelic dipole
Orbitinclination

Aerodynamic

Constanl for Earth-oriented vehicles,
variable for inertially oriented vehicles

Orbit allitude (significant outlo GEO)

Spacecraft geometry and localion of
cenler of gravily

M.Lavagna Aerospace Science & Tech Dept.
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ADCS Sizing: actuators

Actuators must have sufficient torque authority to counteract disturbances.
Control Autority: Control Torque-disturbance torque
ex. CT=2DT-> 100% C.A. margin

110 4,000 A-m2*

Weight Power
Actuator Typical Performance Range (kg) (W)
Thrusters _
Hot Gas (Hydrazine)  » 0.5 t0 9,000 N* Variable? | N/AT
Cold Gas < 5N* Varigblet | N/AT
Reaction and v 0.4 t0 400 N+*m-*s for momentum 2t020 10to 110
Momentum Wheels wheels at 1,200 to 5,000 rpm;
: max torques from 0.01 to *N=-m
Control Moment Gyros (CMG) | 25 to 500 N-m of torque > 10 90 to 150
Magnetic Torquers / 04to50 |06t016

M.Lavagna Aerospace Science & Tech Dept.
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ADCS Sizing: Reaction Wheels

Characteristic ~ , Mini-wheel HR0610 HR 12

HR 2020

HR14 HR16 HR4820 HR 2010 HR 2030 HR 4520
Angular momentum, 021010 4t012 12t050 20t075 75t0150 65 332t0684 27 19510456  60.75

N-m-s _ ‘ N , |
Output torque, N-m ~ >0.028 0.07t05 0.1t02 01002 0.1t02 0.14 0.1 0.13 0.21 0.135
Wheel rpm, + 9000 6000 6000 6000 6000 6000 6000 6500 6000 5400
Power, W? ' >6 <15 22 S22 2 2 17 35 20 35
Bus voltage, dc 121034~ 141035 231057 231057 231057 22t036 27t 44 70 277t0313 - 51
Mass, kg 1.3 36050 7.0 85 12 102 92t0109 7.9 89112 111
Integral electronics Y Y Y Y Y Y N Y Y Y
Diameter, mm® - 108 267 316 368 418 405 406 300 305 406
Height, mm - 54 12.0 159 159 178 214 235 172 191 215
Op temperature,? : , . :

Low ' -25 —-15 ~30 -30 -30 ~15 —-15 - —13 -15 =24

High . 460 460 70 +70 +70 +71 +70 +75 +80 +61

alRepro«:lm::ed with permission of Honeywell International, Inc.
®Power values are steady-state power at maximum wheel speed, W.
, "DLmens;ons are overall envelope, mm.

_ dTemperature ranges are quahﬁcatlon limits, operating, °C.

M.Lavagna Aerospace Science & Tech Dept.
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ADCS Sizing: sensors

Sensor

Typical Performance Range | Weight | Power Comments
(kg) (W)
Inertial Measurement Unit Gyro Drift Rate = 0.003°/hrto 1°/hr| 116 15 10 to 200 | No external inputs required
(gyres and accelerometers) Accel linearity = 1 lo 5 x 10 g/g? Very high short-lerm accuracy, but poor
{over range of 20 o 60 g) long-term accuracy
Normally réquires periodic updates from
. “other sensors to reset reference
Sun sensors Accuracy: 0.005°to 3° 0.1t0 2 0.1to 3 | Bright, unambiguous target
Target‘not available at all times due o
_ eclipses -
Star sensors Accuracy: 1 arc sec to 1 arc min 2to 5 Sto 20 | High accuracy
(scanners & mappers) (0.0003 to 0.02 ") Orbit independent
Tends to be heavier and require mo_ré
power than other sensors
Horizon sensors Bright target that is always available
Scanner/Pipper Accuracy: 0.1 “to 1.0"_(LEO) 1lo4 510 10 Direct measurements of pitch and roll
Limited accuracy due to difficulty finding - |
Fixed Head (static) Accuracy: <0.1°t0 0.25° 0540 3.5 0.3to5 the Earth's horizon
Magnetometer Accuracy: 0_.,5° o 3° 03to 1.2 <1 Cheap, reliable, and light weight
Magnetic field uncertainties and variability
dominate accuracy.
- Usable only below ~6,000 km.
Accuracy: ~0.1° ~5 =15 Requires one receiver and muitiple

.antennas separated appropriately

No moving paris .
Convenient mainly in low Earth orbit




ADCS architectures & HW

Hardware Gravity gradient - Spin . Dual spin Three axis Momentum bias
Sensors Sun or horizon Star, horizon, or sun Gyros, star, or - Precision gyros, sun Sun sensors, horizon
' ' ' horizon scanner sensor, star sensor

: tracker, or horizon
: - sensor ‘
Control Control electronics Control electronics, Control electronics, Control electronics, Control electronics,
damper : damper, programmable programmable
programmable computers, /O computer
computers, [/O and software :
and software
Torquers Boom, momentum Thrusters Thrusters Thrusters, reaction Momentum wheel,
wheel : | : - wheels, magnetic thrusters
) ' torquers
Mechanisms None Dampers Despin drive, - Antenna pointing, Antenna pointing,
dampers, slip solar array . solar array
rings pointing pointing, slip ring

%
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Telemetry\tracking & Telecommands
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Ground Segment: architecture

Ground Control Station
GCS

KRN

|

KIRUNA
X Band Receiving Station

Programming messages

Technological Mission
Center- TMC

M.Lavagna Aerospace Science & Tech Dept.

Programming messages

DonwLink Plans
Raw data

IHET Telemetry:

Scientific Mission Image
Ground Segment — SMIGS
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Ground Station networks: Estrack

mLa
WL,.E 5

[Santa wari B : —
"L

>y 11

Poker Flat Kourou South Point 5
Goldstone 2 10 Kiruna Santiago

Madrid Redu Troll 8
Weilheim Cebreros Svalbard 7

ESRANGE Villafranca Dongara
HBK Maspalomas

Malindi Perth

Kerguelen New Norica

9 Usuda Santa Maria
10 Masuda 0 Malargtie
11 Canberra

N BB W N
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The Link budget

Eb _ PtXLthstLaGrX
N, kT,R

Link budget equation q

GOAL = energy per bit E, versus noise density N, (Rx)ratio - containment
Tx Power P,. —>Minimization

P. = emitted power/area

L = Losses Digital transmission
R = data rate
G = gain of the transmitting/receiving antenna E — i [Ws]
, b~
k= Boltzmann’s constant R

T.= Noise temperature

Design variables Parameters

G  —>antenna diam and frequency selection g

_ TR —>payload/orbit
L —>architecture optimization T. Senvironment/sys design
E./N,~>error containment °
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TELECOMMUNICATION

Frequency, Hz E M S peCtrU m

1021W

10®{ Gamma Rays

1019.
10"] Xrays S
10" ' Band " Freq. range, GHz
10% P 0.225-0.39
; J 0.35-0.53
10"™) Uttraviolet
Visible Light : 0.39-1.55
10"} Infrared S 1.55-3.9
10" C 3.9-6.2
X 6.2-10.9
1THz 10% K 10.9-36.0
10™] K-Band Ku 10.9-18
: 18-31
10 XBand b Spacecratt ) | 36.0-46.0
S-Band | Communications
1GHz 10°{ L-Band \Vv 46.0-56.0
' - Cell Phones W 56.0-100.0
10%-| Garage Door Openers
TV Stations
10’4 FM Radio
.| CBRadio
1MHz 10°1 AM Radio —— Intersatellite links
10° . .
» Space operations
10*
1kHz 10°-

M.Lavagna Aerospace Science & lech Dept.
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Antennas characteristics

Horn antennas: small aperture for Earth coverage with 4GHz (C band)

/ Aoy

* Helical antennas: Earth coverage for frequencies below 4GHz (S band - MGA; Navstar)

* Reflectors: narrow beam requirement (HGA)

Patch antenna: flat metallic surface, low gain (3-7 dB, 6=65°)
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Thermal Control
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Radiation

Quartz mirror radiator

1.0 absorptance or emintance

1

08 [ ’“i
§ o8 b Solar spectrum | |
£ 07k /(no vertical scale) : | ‘ '
E 06 ~ ‘ / Room temperature
E os L ’ body spectrum
o (no vertical scale)
§ 04 |
B os /
§ 02 {

91 / /

0 — — e

03 1 0 20

Wavelength (um)

Visible [0.2um — 2.8 pm] [800°C _14000°C] (= 95% of Sun energy,<0.5% of IR energy)
Infrared [Spm — 50pum] [-200°C_300°C] (=92% of IR energy,< 1% of the Sun energy)

Depending on the wavelengths the following terminology is applied:
ABSORBIVITY - a — heat transfer in the 1) frequency band
EMISSIVITY - ¢- heat transfer in the 2) frequency band

Nb. Attention if wide temperature ranges exist in the scenario
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Heat Sources & thermal design - preliminar

Environmental inputs

e Sun radiation

* Planetary sources: Direct Solar Flux

 Albedo
. . Internal Albedo
* IR emission dissipated Mg

Earth
Infrared

* Internal sources
Emitted © ¢
radiation '

In general we can assume (unless internal heat source is particularly high in shadow):
Hot Case Q+Qr+Q,+Q,-Q,=0

Cold Case Q+Q;r-Q4=0
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Thermal Control Components

The main Thermal Control solutions are:
 PASSIVE THERMAL CONTROL (PTC) simple, reliable, low mass, power,costs

- ACTIVE THERMAL CONTROL (ATC) allowable ranges tight and precise, large
power to be evacuated, variable environment, cryogenic application,... el

Radiation Conduction
- Coating - Structural material radiator
@ | - MLl blanket - Doubler, filler S/C structure
2 |- radiator - Washer, strap, bolt h’ﬁfﬂg'ﬁfm;‘g
& | Latent heat & ablation - foam e
- Thermal protection system
- Phase change material
Heater Heat pipes
- Thermostat control - fixed/variable
g |- Electronic control conductance
% | - Ground control Fluid loops
< | Peltier element - mono/diphasic fluid
Louvers
Coolers

M.Lavagna Aerospace Science & Tech Dept. POLITECNICO MILANO 1863



Thermal Control Components: Coatings

§
H t

Black paint

i
'
!
H
i
i

. Black Ni,Cr, Cu
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:
}
s
:
H
|
‘
|
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i
'
1
1
i
t
¢
¢
v
H
t

Absorptivity, oy

a
1
0.2 r 1
: {

® ! i

. Au 5 Ag FEP or Al FER ;
0 0.2 0.4 0.6 0.8 1
Emissivity, g, 1
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Thermal Control Components: Insulators - MLI

lhlnnner 15965 SCI
004 b—

R.'Iarlnar 1871 5C1
| AN

| I {SETE :[Clﬁﬂ Tﬂlmhus
B, Saries
a0 b oEer \

Mag Maringr
\ 1971 Bus ‘\
‘|'GSFE \\ ‘ILUHM

‘E ] Fioneer -«  |hodule

8 oo FAG x\

% 0,008 - : qr g N

5 Discontinurty Density £ Prop

= —— —

o |TTTT L w0

LeRC Tank

JPL Calor Tank -[MSFC AN

Calor
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Electric power subsystem

M.Lavagna Aerospace Science & Tech Dept. POLITECNICO MILANO 1863




Electric Power Subsystem

/ It converts any energy source into electric energy
Power Source

It stores the primary source energy excess to

provide electric power supply whenever

/ the primary source is unavailable or for
power peaks

Energy Storage

Electric Set of components (harness) devoted to the
Power / loads\sources interfaces

Power Distribution

Set of components devoted to the power control
; in terms of V and | to provide to the loads.
Power Regulation Regulation is needed because of:
& Control T - Loads requirements
« Mission profile variability
- Power source degradation
- Batteries charge\discharge control
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Electric Power Sources

Primary Power Sources

* Primary Batteries

« Solar array
RTGs (Radio Isotope Generators)
Fuel Cells
Solar Dynamics
Nuclear Reactor

Power Storage and Secondary Power Sources

« Secondary Batteries (accumulators)

Regenerative Fuel Cells
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Electric Power Sources: alternatives and taxonomy

Power density wrt mission lifetime

107 T . m TP T
(T
Ml | | | ;'
| NUCLEAR | i
108 |— | REACTORS |||/ I
- < 40 Wikg ;
—T00$/W
—
< 10°— 'Hs.,,l
= FUEL CELLS \
" < 400 Wkg \ ,
ﬁ ||'-|'1 A ~h'l| :! i : i !
: S il
= —_ : REHEE S
S a 4 I\'.' he
g = -
= =
. PRIMARY SOLAR 2
10? |— BATTERIES ARRAYS  — S
<150 Wivkg < 200 wmg —N 1-}:
10! | TP l l = 25 . u@
TMINUTE 1 HOUR T DAY 1T MONTH 1 "-'E.ELI?I =10 ¥EARS

USE DURATION
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Secondary batteries sizing

Steps:
*Operational profile assessment:
» # and frequency of eclipse cycles

100
Danionics, Li-lon targpt for
Li-Polymer ground applications
.
80 "_-‘ ESA
LY
SONY B
Li-lon

- 60 e
&
o
Q X

m -\

INicke! Cadeium Mature Space
~ ] N Grade Li-lon
Y . @ Batteries 7?7?
2 \\‘ Li-lon target
SAFT |+ for LEO
I L Ll L ilL g |}
> y 10%
One year in GEO ycle Life ( 5 years in LEO
10 years in GEO One year in LEO
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Energy Storage: Batteries sizing

The battery is sized computing its capacity as a function of the required power in eclipse and its
characteristic DOD.

The capacity of a battery is computed as:

P.T P.t
) — [~ [Wh] M — € C
(DOD)N7 E,

where

+ P, is the average eclipse load in Watt

« T, is the correspondent maximum eclipse time in hours

* DOD is the limit on battery’s Depth-Of-Discharge

* N the number of batteries

« h transmission efficiency between batteries and load=f(T, C/rate)
« E4 energy density per unit mass

Batteries need to be re-conditioned—->completely discharged to re-gain the global capacity
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Secondary batteries: performance comparison

100,000

‘Super
capacités

10,000

=
=
!

Specific power Wikg

10 -

0 20 40 60 80 100 120 140 160 180 200
Specific energy Whikg
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Energy storage: performance comparison

Cells packaging efficiency degradation
(~20%) 400 T
350 it
12 Future cell I :
300 Hcel I |
O Battery | |
N |
2
= 200 T =1
= r |
=1 ]
100
Ni=NN
0 m ; ; I I
Ni-Cd Mi-H2 Li-lon Advanced Li
Supplier: http://www.saftbatteries.com/
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Solar Arrays

mechanisms

—

solar cells &
connectors

e H o
T

substrate i

solar cell

A assembly (SCA)
HEH
panel laydown EaEEEEs:
t i t
HHHH
= string assembly =
{modules)

T

cover glasses

harness
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EPS-Solar Arrays standards-> ECSS-E-20-08
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Solar Array Sizing Process

First Step: identify worst case
« Maximum time in eclipse T, and correspondent time in daylight T
« Maximum total power requirements in eclipse P, and in daylight P,
« Compute the total power required P., considering an efficiency factor in
eclipse X, and in daylight X, : to this end a Power Budget table for different

modes must be filled

PeTe Pde  DET (Direct Energy Transfer: Xe=0,65; Xd=0,85
+ :
Xd  PPT (Peak Power Tracking): Xe=0,6; Xd=0,8

« Consider the required voltage from the loads to size the bus (string\cell

number for SA and battery)
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Solar Array Sizing Process

Second Step: identify power source characteristics
« For solar arrays compute the power generated at Beginning Of Life (BOL) Pgg,

Pgor = Pyl4 cosa

« |4 is the inherent degradation factor (0.49-0.88) and Po is in W/m? is the specific
power at 1AU for the selected solar cells
- Estimate solar array degradation factor L

Ld _ (1 _ d)lifetime
« Compute the power produced at End Of Life (EOL) Pgq,

PgoL =Pporlg
« Compute the total area required

Sa

sa —
« and the correspondent mass ProL

M.Lavagna Aerospace Science & Tech Dept. POLITECNICO MILANO 1863




Power Sources: different junction performances

LLEEEE
Deep Space1 Best Research-Cell Efficiencies 9]

0 TN NGNS Y AT
> 2J GaAs+Scarlet C trators 2.6kW | ° %
a S Car e Oncen ra OI'S . Multijunction Cells (2-terminal, monolithic)  Thin-Film Technologies 4, 3020
gplo bhelaicenekies © CIGS [concentrator) Boeing- P8
~ wmm= orphic ® CIGS ok Solar " o
J u n o MM = irverted, metame:ph e O Cdle Junction | Fraunhofer

V¥ Three-junction {cencentrator) O Amarphous SiH (stabilized) ] 1SE/ Soitec

N 44 = ¥ Threequnction fnon-cencentrator] Emerging PV
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L .
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< Quanium dot cells o o Spectrolab

A single crystal
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. NRELI
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Array TeCh n0|og ies = 32 ] Shge st gmncenvalur) ) NREL éﬁpn) — {1028 FRGHSE (117X} ANREL
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ita Kadak g @ p g Boeing !
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U. Linz
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U, Dresden
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(3J) 26 80

InGaAlP/GaAsl/I
nGaAs/Ge (4J) 35 100

Suppliers
http://www.azurspace.com
http://www.spectrolab.com

http://www.cesi.com

Amorphous Si 10 100

CulnGaSe2(CIG
S)
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Photovoltaic source performance

| \Maximum |

power point

. I | \
\ IV curve i

e Arga = maximum
power outpul

Imp P = constant

o 30 &0 @0
SN angle deg;

Effect of Sun Angle on Solar Array Power.

BOL

EOL

Effact of Radiation on Selar Cells.

Typical Solar Cell Power Characteristic.
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Effect of Temperature on Solar Cells.

HOT

\EDLD

Effact of Solar Distance.

_~Antensity = 1 sun

Intensity = 0.5 sun
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Photovoltaic source performance

Degradation |
37 37

Gawp | [Acae |

Galnis GalnAs

Ge Ge

Ge- Ge

substrate substrare.
BOL[] target 28% 209, 204, 31%
(Wim?) (378) (391) (391) (418)
EOL] target 232%  25% 26% 28%
(Wim?) (313) (337) (351) (378)
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Power Control and Distribution & Conditioning

Source Power Distribution Power
Power Source =»{ Control [ Main Bus Voltage Control = Conditioning > Load
Main Bus Protection

— Batteries i — DC-DC Conversion

— Solar Array Energy Storage Control — DC-AC Conversion

— RTG I — Voltage Regulator

> Fuel Cell |

— Nuclear Energy Storage

— Solar

Dynamic

> — Shunt Regulator — Battery Charge Control
— Series Regulator — Voltage Regulator
— Shorting Switch Array
- .

M.Lavagna Aerospace Science & Tech Dept. POLITECNICO MILANO 1863



Power Regulation & Control

LU
BUS REGULATION

Power Subsystem Options ]\

Dissipative Systems Non-Dissipative Systems

(Direct Energy Transfer) (Peak Power Tracker)
DET _ PPT
Regulated Unregulated Regulated Unregulated

Bus . Bus _E Bus
BCRJBDR BCR| |BDR| [BCR
_J:—Dj ==

BCR: Battery Charge Regulator  BDR: Battery Discharge Regulator 6 solar Amay . Shunts

\'
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On board Data Handling
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GENERAL ARCHITECTURE

WATCHDOG | g,|  CENTRAL NUMERICAL |

TIMER PROCESSING CO-PROCESSOR }

UNIT UNIT !

J 1 I ;

PROCESSOR DATA BUS
11 11 11 11
MEMORY: MASS INPUT/QUTPUT BUS
ROM, RAM, STORAGE PORTS INTERFACE
SPECIAL-PURPOSE f** * + + + +

SPACECRAFT DATA BUS

On-board Data Systems encompass a vast range of functional blocks that include:
* Telecommand and Telemetry Modules

* On-Board computers

e Data Storage and Mass memories

* Remote Terminal Units

 Communication protocols and Busses
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GENERAL ARCHITECTURE

Application software

Plan/ Autonomy
Satellite Conf System mode
and Eqpt Mgmt mgmt

System FDIR SEMM Mamt PIL Manager

Execution platform

On board computer
Hardware

Hardware functions

Buses

Abstract Component Connector Container
Libraries: component services services services
£ mathematical, services

etc.
0BCP
interpreter ]

I Standardized  Legacy

2 PUS monitoring cc'";';'r:'i:::‘"’" devices devices
PUS specific l Context |
.

— addressing
1 Avionics | - N,'?m physical
Equipment - distribution i 3
( PUS 1 virtual devices On-board time across nodes RTOS |
] | =SOISDVS =80IS TAS =S0ISMTS | | |
r \ Sensors &
S0IS Subnetwork layer (1553, CAN, SpW) BSP actuators
Telemetry Solid State (including HDSW) Intelligent
isciminands | | Wisck Masicey —_— bt
File/ o

Compress/ Remote Terminal Unit Computation
Ensryp — Remote Interface Unit
m MIL-1553 I OETimer I I:g':‘ | Apcs/pace . L_i?:?a
Security HW SR I Digital
| Unit | CPU | { mlcmcuntru\ler‘ Sensatbus | CPU |
——

Onboard Communications H/W (e.g. MIL-STD-1553B, SpaceWire, CAN, UART )
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Building blocks - Microprocessor instruction\power

Fault-Tolerant COTS
Multiprocessors

1004

10—
VME and Standalone
Fault-Tolerant COTS

Uniprocessors

Power (watts)

Qlcro-COntroller

1

I l I I
10 100 1 10
MIPS MIPS GFLOPS GFLOPS

Highest Industry MIPS/Watt Performance
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Building blocks - Microprocessor

Leon4 (HRPN-Leon4)

TMR Module (HAPN-Atom)

P4080 (HPPN-P4080)

+ High Reliability Module

- Standard: PICMG CPSI-S.0
compliant

» Processor: Rad Hard Leon 4
« Performance: 700 MIPS

+ Power consumption: <5 W

« Mass: <0.5kg

- TRL:4

M.Lavagna Aerospace Science & Tech Dept.

High Availability Module

Standard: PICMG CPSI-S.0
compliant

Processor: intel Atom N270 in
Tripple Module Redundant
configuration with voting unit

Performance: 2000 MIPS
Power consumption: 5-10 W
Mass: < 1kg

TRL: 4

High Performance Module

Standard: PICMG CPSI-S.0
compliant

Processor: Freescale P4080 in
Dual Module Redundant
configuration

Performance: 60 GIPs, 12
GFLOPs

Power consumption: 18-28 W
Mass: < 1 kg
TRL: 4
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System Engineering Notes - Costs

ATTENTION!!
The software weights nothing but costs a lot and takes time to be
developed and tested, often more than what required for hardware

High level Cost Breakdown (highly mission dependent)

* 50% of mission cost is due to the ground segment
* 50% of mission cost is due to the space segment
*50% 1s due to the payload
*50% 1s due to launch +satellite

Note: for Europe, as far as scientific missions are considered, the
payload s paid by national agencies, the platform by ESA
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System Engineering
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Requirements flow down
from level above

v

SYSTEM
DESIGN
PROCESSES

TECHNICAL MANAGEMENT
PROCESSES

Requirements Definition
Processes
. Stakeholder Expectations
Definition
2. Technical Requirements
Definition

Technical Planning
Process
10. Technical Planning

System Engineering notes: System Design process

Realized products
to level above

A

PRODUCT
REALIZATION
PROCESSES

v

Technical Solution
Definition Processes

3. Logical Decomposition
4, Design Solution Definition

Technical Cantral
Processes
11. Reguirements Management
12. Interface Management
13. Technical Risk Management
14. Configuration Management
15. Technical Data Management

Product Transition Process
9. Product Transition

‘r

Evaluation Processes
7. Product Verification
8. Product Validation

Technical Assessment
Process
16. Technical Assessment

Design Realization
Processes
5. Product Implementation
6. Product Integration

Requirements flow down
to level below

Technical Decision Analysis
Process
17. Decision Analysis

System design processes
applied to each work breakdown
structure model down and
ACross system structure
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Realized products
from level below

Product realization processes
applied to each product
up and across
system structure
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System Engineering notes: space projects lifecycle

Formulation Implementation
Pre-Phase A: Phase A: Phase B: Phase C: Phase E: Phase F:
Concept Studies Concept & Technology Preliminary Design & Final Design & Operations & Closeout
Development Technology Completion Fabrication Sustainment

e Ul N aaadia

* Pre-Phase A—Advanced Studies ("find a suitable project")

* Phase A— Preliminary Analysis ("make sure the project is worthwhile")

* Phase B— Definition ("define the project and establish a preliminary design")

* Phase C— Design ("complete the system design")

 Phase D — Development ("build, integrate, and verify the system, and prepare for
operations")

* Phase E— Operations ("operate the system and dispose of it properly")

* Phase F— Disposal
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System Engineering notes: System Design process

Stakeholder

Expedations
Mission Trade Studies and lterative Design Loop
Objectives &
VROl Siot | | Constraints =
Authority Derived
! + Allocated
) Requirements
—» |Operational = Functional
Objectives = Performance
= |nterface
*’ = Operational
= “Jlities”
Mission
Success
Criteria ConOps
Mo — Mext Level

Legend:
[] Stekeholder Expecations Definition

Select

Baseline

[ Technical Requirements Definition Yes

. Logical Decomipasition

Il Design Solution Definition
[ Decision Analysis
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System Engineering notes: System Design process

Frade frusbien s meescren Denkge Lo

=

s

e
-

D and.

Mhocated
.-.......
| s
e
- Cpmatond
-

I+

-‘k '. -

o=
Prombhet

Ereabdomn
prae

To sample Europa

v

Trade-off space

|

To collect and
analyse 50g of ice

|

To collect and
analyse (TBC) of
ice 50g
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a

Single orbiter
Orbiter +lander
Transfer +land
Transfer
+capture+land
LANDER:
landing s/s;
sampling s/s;
distribution
s/s;analysing
s/s etc
ORBITER:

Re-ENTRY
module

*Structure;PS;

A

operations

failure

* To land with a final v
of 1m/s (TBC)

* To keep the sample
temperature at TBC °C

ADCS;MA... -L * To wait from ground to
Y activate sampling

* To avoid single point

. Launch-transfer-
orbit

== *  Sample-distribute-
analyse—>comm

‘—l

Analysis

@

Baseline
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System Engineering notes: measure of Effectiveness

This is one of the Systems Engineer's most important tasks.
An elegant solution to the wrong problem is less than worthless.
The word optimal should not appear in the statement of the problem, because there is

no single optimal solution to complex systems problems.

Most system designs have several performance and cost criteria.

Typical performance and cost criteria in space system design may be the “budgets”:

e Mass budget e Link budget

e Power budget e Cost budget

e Av budget e Risk assessment

e Pointing budget e Mission specific budgets (e.g. DOP, coverage,

revisit time, etc)
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TRK,Cmd,and HKTIm ~____L.eeme= » g
A

System Engineering notes: Operations Architecture

S-Band:
Ground Site #2 External HK TIm, TRK Data
S-Band S Band ’ )
TRK, Cmd, and HK TIm GroundiSUstem Tracking Station <_Acquisition
€ (Including Short-Term
S-Band Data Storage) Data
" Same Interfaces Cmd

. ‘-“ S-Band: Ka-Ban@ Ka-Band <
. s, TRK.Cmd, 150 Mbps Ground System
. and HKTIm Science Data
RS Ground Site #1

Observatory Commands

as Prime Ground Site

Y

Ka-Band:*« s <Band

. Acquisition Data
150 Mbps  *« 4 Ground System -

Mission Operations Center

Science Data (Including Short-Term Station Control

S-Band Data Storage)
bservatow Housekeeping Telemetry )
Ka-Band ' Tracking Data >
Ground System '

Station Status >

Ka % seoeeeee
Science * ¢
Data

Data Distribution DDS Control

System DDS Status

(Including Short-
Term Science
Data Storage

55 Mbps |mrument
) #3

>

Instrument
- #
Science Data

Science Data Science Data
Mbps \58 Mbps R/T Housekeeping Telemetry
R/T Housekeeping Telemetry

Instrument
SOC

|ﬂ5§rcl)1&nent < R/T Housekeeping Telemetry

Instrument
SOC

¢ Science Planning
and FDS Products

Telemetryand )

Command System
ASIST/FEDS
Telemetry Monitoring
Command Management
HK Data Archival
HK Level-0 Processing
Automated Operations
Anomaly Detection

4 Flight Dynamics R
System
Orbit Determination
Manuever Planning
Product Generation
R/T Attitude Determination
Gensor/Aduator CaIibratioD

\

( Mission Planning
ahd Scheduling

Plan daily/periodic events
Create engineering plan

Generate daily loads
\ y J

Ground Station
Control System

|

DDS
Control System

Alert Notification j
System

Flight Software

Memory Dumpi Simulated
Commands

Instrument Commands/Leads ——)»

Flight Software
Maintenance Lab




System Engineering notes

Define mission timeline - phases

Define Conceptual Operations (ConOps) - Moon service example (LOP-DSG)
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System Engineering notes

Define mission timeline - phases

Define Conceptual Operations (ConOps)
Mars Sample Return Example

Mars Surface F
Caching RDVE'FT .Sample Cache Mote: Alternative Is
“"ﬂ " Fetch Rover/Platform MAV
- .' Mabile MAV

-~ ——

Mars Atmosphere , . Mais
‘. ‘. . Ascent
/. = /’ L= Entry & Descent " Vehicle
/ \ S Stage, Direct Entry N i Expended MAY
Mars Orhit ’ Mars Crulse Z Orbiting Sample © e

Stage Xy 0s
/ '. t03) Orbiter Captures

| “/_____F___:Tr_ . = 0 0s

] Orbiter Spirals to
x e X

Mars Orbit

On surface activities\elements

|
’ﬁ’ Diverted Earth _ n mission
N ." te

Earth |
Ziah J MSR - Sample | MSR-Orbiter 4  MSR-Lander Release |
Caching Rover EEV
Ariane 5 Atlas V 551 re
| | Atlas v 541 (candidate) (candidate) i S S et ap
s shadidaes) Mote: MSR-Lander and MSR—ﬂrbltercan be launched in either order CHEsbar Fackiy

® ©)

Sample-fetching mission
(date unknown)

ample-caching mission
(to be launched by NASA in 2020)

Overall mission

Mars ascent
vehicle

Rover caches
samples

Second rover
fetches samples to
be sent into orbit

Cache
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System Engineering notes: the requirements

Requirements Engineering | ECSS-E-ST-10-06C

A requirement transforms the broad mission objectives = quantifiable design
parameters in terms of specific requirements and constraints

The key points to remember about requirements are the followings:

o ) FUNCTIONAL
define “what” has to be done

— OPERATIONAL

define “how” it has to be done

define “how well” the requirement should be satisfied ==y PERFORMANCE

define “how” the requirement should be verified ‘ VERIFICATION
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System Engineering notes: typical redgs
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System Engineering notes - INTERFACES

Interfaces between subsystems and interfaces between the main system and
the external world (launcher\payloads etc) must be designed.
Subsystems should be defined to minimize the amount of information to be
exchanged between the subsystems.
Well-designed subsystems send finished products to other subsystems.

Interfaces shall be clear, unambiquous, limited.
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System Engineering

INTERFACES

Existing interfaces

M.Lavagna Aerospace Science & Tech Dept.

Interface type

Mechanical

Electrical HW

Functional SW |

Structuralimechanical
~Physical structure
~Mechanical
mechanizms
~Mounting of electrical
and fluid connections
and fecdthroughs
=Joint to trazs

attac hments

~Module mounts
~Loads, forcing
functions and d ynamic
conditions

=Muts and bolts
assemblies, latches
=Alignment and
indexing

—Fastener matenals

Load

-Launch interfaces
—On-orhit loads
-Docking

~Flume impingement
—Reboost

Electrical
—Electrical-power
functional charactenstics
—Connector and pin
assignments

—Wire type/oircuit
protection

=Shielding

—Grounding

Dhgital’analog
—Signal list, type
{standard},
accuracy/quantization
—Current/ voltage range
—Sourceidestination
impedance constraints

Power

-Power quality
specifications
—Current/ voltage range
~Power interface
characteristics

—Source and destination
impedance
—Architecture interface
connectivity

Network data

—Data buss tand ards,
protocols

~Duata rates, formats,
data flows

—Error detection and
corres tion

~Bandwidth allocations
—-Synchronization'iming
~Message packaging
~Time tagging
—Processor imtiahzation,
reconfiguration, loading
—Status reporting
~Memory readidump
~Metwork intialization

Dataisoftware
interface

— Signal path.
waveforms, digital bit
pattems

—Software functional
charactenstics
—-Software interface
charactenstics

—Duata routing
—Command routing
-Messagerword formats

Thermal

I  Thermal
—Cooling loops
~Thermal shield,

isolation

- Passive thermal
~Interface temperature
limits

—Heat transfer rate
constraints

~Thermal model
definition

~Thermal conducting
Consraint

Active thermal
—Coalant type and
specification
~Interface architecture
connectivity

Functional data

—Software functional interface requirements allocations

—Command/data validity

—Data flows, defimition, accuracy

~Time tagging
—Handshaking

—Message sequencing, contents

—Command definition
—Status reporting

—Functional initialization, reconfiguration




System Engineering notes: tools — INTERFACES - N2 diagram

The N2 diagram helps visualizing, highlighting and identifying interfaces among subsystems

Input
Alpha
M
A —:
A~ ss EMSS ) _
¢ Structure —g ® o O U] O . o s
Fuel | T
C M Pods bl L4 [, SR R
Thrusters \ 1L .
EMSS [ 1 vl
@ D Solar
E E Arrays ov
S EMSS EMSS Heat | | |
E Converters L\
Voltage | |
Converters LB (8| o O
Antenna \
A T (i}
Legend: .
E  Electrical Am;nna [ | al
M Mechanical ? E | S
55  Supplied Services EXpe']'mem, . -~
@ Interface Qutput ——
H —» ; Experiment]
n A-H: System or Subsystem Beta Legend: P 2 | + @
® Mechanical/Physical Interface T —
[Experiment| |
[ Electrical/Functional Interface 3 | [; [
¥ Supplied Services Gyros
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System Engineering notes — TRADING OFF

Exploring alternative desing concepts — trade-offs

Alternative designs shall be investigated and ranked according to multiple\ multidisciplinary
CRITERIA

For the design of complex systems, alternative designs reduce project risk.
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System Engineering notes

Explore Alternatives — TRADE OFF

v v v

Goals/Objectives Define
and Constraints Cefine Colection >
Plausible Fule
Ahternatives ] *The following questions
should be considered:

C‘Effnrm Furu:tin@ — * Hawve the goalsfobjectives and

Analysis constraints bean met?
|

* |5 the tentative selection robust?

* |5 more analytical refinement

Define measuras and Collect data i needed to distinguish among
mieasurement methods for: each alternative alternatives?
_ to support
* System effectiveness evaluation by * Have the subjective aspects of
» System performance or selected the problem been addressed?
technical attributes TITerITETh
* System cost methods
h
* Compute an estimate of system effectiveness M
! - * akea Proceed to further
pEI"FﬂI'I‘I'IaI'II:EEI"I_:Ed"II‘IIEa| attributes, and cost fentative resobution of
for each ahem ; et system design, or to
* Compute or estimate uncertainty ranges {deckion) implementation
* Perform sensitivity analyses
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System Engineering notes— trade process example

Manned Lunar south pole mission

I Lunar South Pole Missions

Element Options:
A. Launch Crew and Cargo Separately

B. Launch Crew and Cargo Together

Launch Vehicle Choice: C Ananc V., I, Shuttle, .

combination

F. Integrate at [SS

(5. Launch pre-integrated

Transfer Propulsion Type: H. Chemical, I. Ion ‘
I Stage mn lunar orbit

K. Direet to surface

e o /ﬂ il (fﬁ\ l\ 'fl I

Lunar Surtace Duration: N. 3 days, '
0. 14 days, P. 28 days

'»

i ll[. ﬂ

576 Mission Design Optlons!

:

it

Surface Infrastructure: Q. Sell-contamned
m Lander, R. assembled basc
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System Engineering notes— trade process options

Development Related Operations and Support Related

e Custom versus commercial-off-the-shelf
e Light parts (expensive) versus heavy parts (less expensive)
e On-board versus remote processing

e Radio frequency versus optical links

e Levels of margin versus cost/risk

e (Class S versus non-class S parts

e Radiation-hardened versus standard components

e Levels of redundancy

e Degrees of quality assurance

e Built-in test versus remote diagnostics

e Types of environmental exposure prior to operation
e Level of test (system versus subsystem)

e Various life-cycle approaches (e.g., waterfall versus spiral
versus incremental)

e Upgrade versus new start

e Manned versus unmanned

e Autonomous versus remotely controlled

e System of systems versus stand-alone system
e One long-life unit versus many short-life units

e Low Earth orbit versus medium Earth orbit versus geosta-
tionary orbit versus high Earth orbit

e Single satellite versus constellation

e Launch vehicle type (e.g., Atlas versus Titan)
¢ Single stage versus multistage launch

e Repair in-situ versus bring down to ground
e Commercial versus Government assets

e Limited versus public access

e Controlled versus uncontrolled reentry

M.Lavagna Aerospace Science & Tech Dept.
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System Engineering notes— trade process options

Pre-Phase A Phase A PhaseB Phases C&D Phases D&E Phases E&F
e Problem selec- | @ On-board e Levels of e Single source e Platform STS-28 | e Adjust orbit
tion versus ground redundancy versus multiple versus STS-3a daily versus
e Upgrade versus processing e Radio frequency |  Suppliers e Launch go- weekly
new start e Low Earth orbit links versus e Level of testing ahead (Go or e Deorbit now
versus geo- optical links No-Go) versus later
stationary orbit

Acquisition Phase Trade Study Purpose

Mission needs analysis Prioritize identified user needs

Concept exploration (concept and technol-
ogy development)

. Compare new technology with proven concepts
. Sel | . . s

. Select alternative system configurations

. Focus on feasibility and affordability

. Select technology

Demonstration/validation

Full-scale development (system develop- . Select component/part designs

ment and demonstration _ Select test methods
. Select operational test and evaluation quantities
Production . Examine effectiveness of all proposed design changes

1
2
3
4
1
2. Reduce alternative configurations to a testable number
1
2
3
1
2

. Perform make/buy, process, rate, and location decisions
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System Engineering notes: ingredients

Requirements flow down
from level above

SYSTEM
DESIGN
PROCESSES

Requirements Definition
Processes
1. Stakeholder Expectations
Definition

2. Technical Requirements | 1|

Definition

7

Technical Selution

Definition Processes

3. Logical Decomposition
4. Design Solution Definition

TECHNICAL MANAGEMENT
PROCESSES

Technical Planning
Process
10. Technical Planning

Technical Control
Processes

Realized products
to level above

PRODUCT
REALIZATION
PROCESSES

Product Transition Process
9. Product Transition

11. Requirements
12. Interface Management

13. Technical Risk Managemen
14. Configuration Management]

4-} Evaluation Processes

15. Technical Data Managemen

7. Product Verification
8. Product Validation

Technical Assessment
Process
16. Technical Assessment

Design Realization
Processes

5. Product Implementation

6. Product Integration

Reguirements flow down
to level below

applied to each work breakdown

System design processes

structure model down and
across system structure

Technical Decision Analysis
Process
17. Decision Analysis

Realized products
from level below

Product realization processes
applied to each product
upand across
system structure

DESIGN REALIZATION

N —4
|

|

Product

EVALUATION PROCESSES

Product

Implementation

= Acquire
* Make/Code
* Reuse

Integration

Product
Verification

Product
Validation

= Assembly
* Functional
Evaluation

* Functional
* Environmental
* Operational Test-

ing in Integration
& Test Environment

* Operational
Testing in Mission
Environment
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System Engineering notes: MODELS

System implementation means the realization (buy or build) of the system elements.

* Breadboard: A low fidelity unit that demonstrates function only.It often uses commercial and/or
ad hoc components

* Engineering Unit: A high fidelity unit that demonstrates critical aspects of the engineering
processes involved in the development of the operational unit. Engineering test units are intended
to closely resemble the final product (hardware/software) to the maximum extent possible and are
built and tested so as to establish confidence that the design will function in the expected
environments.

* Prototype Unit: The prototype unit demonstrates form, fit, and function at a scale deemed to be
representative of the final product operating in its operational environment.

* Qualification Unit: A unit that is the same as the flight unit (form, fit, function, components,
etc.) that will be exposed to the extremes of the environmental criteria (thermal, vibration, etc.).
The unit will typically not be flown due to these off-nominal stresses.

* Protoflight Unit: In projects that will not develop a qualification unit, the flight unit may be
designated as a protoflight unit and a limited version of qualification test ranges will be applied.
This unit will be flown.

* Flight Unit: The end product that will be flown and will typically undergo acceptance level testing.
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System Engineering notes

Verification is a process of confirming that a requirement or system is compliant
Verification answers the question:

Does the system meet its requirements?

Validation is a process confirming that a set of requirements, design or system
meets the intent of the developer or customer.
Validation answers the question:

Are the system requirements correctly defined and mean what intended?
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System Engineering notes: Models and Test plan

BREAD BOARD (MECHANICAL/THERMAL ENG./ENG. QUAL. MODEL FLIGHT/PROTOFLIGHT MODEL ]
REPRES.) (Comm._or_mil grade_ports) (Flight sfandard)
BB DUMMIES EM/EQM FM/PFM
& :I
=
w
=
=
—]
a :
w ]
DEVELOPMENT ACCEPTANCE OR
QUALIFICATION OR
o ACCEPTANCE TESTIN FROTOFLIGHY
REQ. TESTING
STRUCTURAL THERMAL .
MODEL
o EM
o BB STM
2
=
w
s
(S
2 DEVELOPMENT FUNCTIONAL PROTOFLIGHT
= TESTING AS TESTING TESTING
REQ.
o) EM/EQM FM/PFM
&
=
[v8)
7
7 SUBSYSTEM
a SUBSYSTEM FUNCTIONAL FUNCTIONAL e )
QUALIFICATION ACCEPTANCE
v v b 4
MOCK-UP I STM EM SUITCASE J SVF I
w ¢ #
= |
—
—
w
=
& STROCIRAL FUNGTIONAL DATA AND RF PROTOCOL ACCEPTANCE/
DEVELOPMENT THERMA: QUALIFICATION COMPATIBILITY COMPATIBILITY QUALIFIGATION
QUALIFICATION TESTING TESTING
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Purpose

System Engineering notes

Equipment/Facilities
Required

Process

Ensure product will perform in a
vacuum under extreme flight
temperatures

Validate thermal models

gas analyzer) as needed
Instrumentation to

measure temperatures at key
points on product

(e.g. batteries)

Vibration & Ensure product will survive Vibration table and fixture * Do low-level vibration survey (a.k.a. modal
Shock Testing launch enabling 3-axis survey) to determine vibration modes and
testing, and/or establish baseline
Comply with launch authority’s * Do high-level random vibration following profile
requirements Acoustic chamber provided by launch vehicle to prescribed levels
* Repeat low-level survey to look for changes
Validate structural models « Compare results to model
Thermal & Induce and measure outgassing | Thermal/vacuum chamber » Operate and characterize performance at room
Vacuum to ensure compliance with Equipment to detect temperature and pressure
Testing mission requirements outgassing (e.g. coldfinger or - Operate in thermal and/or thermal vacuum

» chamber during hot and cold-soak conditions

* Oscillate between hot and cold conditions and
monitor performance

» Compare results to model

Electromagne
tic
Interference/
Compatibility
(EMI/EMC)

Ensure product does not

generate EM energy that may
interfere with other spacecraft
components or with launch
vehicle or range safety signals
Verify that the product is not
susceptible to the range and/or
launch EM environment

M.Lavagna Aerospace Science & Tech Dept.

Radiated test: Sensitive

receiver, anechoic chamber,
antenna with

known gain

Conduction susceptibility
matched “box”

Detect emitted signals, especially at the
harmonics of the clock frequencies

Check for normal operation while injecting
signals or power losses
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System Engineering notes

Communications and Tracking Labs

Power Systems Labs
Propulsion Test Stands
Mechanical/Structures Labs
Instrumentation Labs

Human Systems Labs

Guidance and Navigation Labs
Robotics Labs

Software Development Environment
Meeting Rooms

Education/Outreach Centers

Models and Simulation

Labs Thermal Chambers

Prototype Development Shops Vibration Labs

Calibration Labs Radiation Labs TeSt fa C| I ItIeS
Biological Labs Animal Care Labs

Space Materials Curation Labs Flight Hardware Storage Areas

Electromagnetic Effects Labs Design Visualization

Materials Labs Wiring Shops

Vacuum Chambers NDE Labs

Mission Control Center
Training Facilities

Server Farms

Logistics Warehouse
Conference Facilities

Project Documentation Centers

Test types

M.Lavagna Aerospace Science & Tech Dept.

Types of Testing

There are many different types of testing that can be used in verification of an end product. These examples are pro-

vided for consideration:

e Aerodynamic e Acceptance

® Burn-in ® Characterization

e Drop o Electromagnetic Compatibility
® Environmental ® G-loading

® High-/Low-Voltage Limits e Human Factors Engineering/

Human-in-the-Loop Testing

e Leak Rates e Lifetime/Cycling
e Nominal e Off-Nominal

e Parametric e Performance

® Pressure Limits e Qualification Flow
e Security Checks e System

e Thermal Limits e Thermal Vacuum

POLITECNICO MILANO 1863

e Acoustic

e Component

o Electromagnetic Interference
® Go or No-Go

@ Integration

e Manufacturing/Random Defects
e Operational

e Pressure Cycling

e Structural Functional

e Thermal Cycling

e Vibration




Equipment acceptance baseline

ost Recommended Category/type of equipment
sequence d 4 h

Physical properties 1 R R R R R R R R R R R R
Functional and performance 21 R|R|RE|R|R|R|R|R|R|-|R]|R
Leak 3,5,8,11 R3 - R3 R R R 0 - - - - -
Pressure 4 - - | R R R R | o - - - - -
Random vibration 6 R |R®|R R | R |R R R | R -
Acoustic 6 0% | R4 - - - - - - - 0 0 | RN
Shock 7 of(-1|-1-1-1-1-1-1o]l-1-1-
Thermal vacuum® 96 RZ |0 |RE|R|R|O|R R | R |0 | R |R"
Thermal cycling® 96 R|O |RE|R|R|O R|R|O|R|O
Burn-in10 10 R|-|-of|-|-|o]|-|-1-1]-]/]-
Microgravity” 12 R - - R - - - - - - - -
Audible noise® 13 R | R - R | R - R - - R | R -

Categories

a = Electronic or electrical equipmem g= Thrusters

b= Antennas h = Thermal equipmem ECSS E 10 O3A

c = Batleries i=  Opfical equipment

d= Valves j= Mechanical equipment

e= Fuid or DI'ODUISIOH equipmem k= Mechanical moving assemblies

f= Pressure vessels = Solar arrays

Legend

R = Required 0 = Opfional - = Not required
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ESA tests facilities
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System Engineering notes:
European Cooperation for Space Standardisation (ECSS)

ECSS-8-ST-00C ECSS-5-ST-00-01C http://www.ecss.nl/

System description Glossary of terms

l

| Space sus" ‘

U © cipl
60 discit

M-10 discip

=

ISCip
SC
T
disc

==

(as of 6 May 2014)
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System Engineering notes

PHASES
onl s Te ol = 1 ECSS 30A ESA
|
I NOTE AR = Acceptance Review
| CDR = Critical Design Review
MISSION/FUNCTION | FRE = Flight Readiness Review
I MDE = Mission Definition Review
I ORR = Operational Readiness Review
A REQUIREMENTS | FDE = Preliminary Design Review
| PRE = Preliminary Requirements Review
C ¥ Reg
R OR = Qualification Review
T : .
SEE = Systemn Reguirements Review
| DEFINITION & WEBS = Work Breakdown Structure
v JUSTIFICATION
I I oR Figure 1: Typical project life cycle
T VERIFICATION INCL.|
| QUALIFICATION R
E
Operations ~ Changes
S PRODUCTION and and (\ g:ﬁ'e'“’“"l
| Maintenance  Upgrades J/ G
UTILISATION &
System Verification Plan
System Acce System
DISPOSAL LSisle Ay Pla‘l@l—-m&
¥ Subsystem e
E— Verification Plan
CONTROLLED ‘i‘;!@-?ﬁ (Sreysen Acoentangs) (Subsystem
BASELINES g Design Verification
WES LE"||I'EL 0
Document/Approval
SEQUENCE OF | A ——
PROJECT
DEFINITION | Implementation
| Time Lina Development Processes

WEBS LEVEL N
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System Engineering notes: V-diagram

The simple life cycle can be re-organized as a V-diagram to emphasize:

. Verification between phases, checking what has been built against its regs
. Validation as end-to-end verification ensuring that the complete system meets the

user needs
. Decomposition and definition of what is to be built
. Integrating and verifying what has been built

User's Needs .F' S
Roquirements | @ == == . Validation  __ _ __ Dgerazt_;rtlﬂl &5
and Approval apability ,g?
\I’eriﬁcatic»n
Verification
. System '

Integrating,
what is to verifying, &
be built Verification e_" o Validating

Verification oo
AChitectural | = m - Integrated = S what has
Design Subsystems L .
P& been built
Systems Engineering Verification ™ " Verificatio P

Development and Component
Fabrication Development
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System Engineering notes

o 100% — 2004
= | seaLly Souwn  Prasanta¥on by Wiser G,
% 90% E 4 Otfico of fhe CompiroBior. ALSA MCY, T804
- 0,
2 809% 500-1000x 100% g oo ]
© kB A i
3 70% - Operations L] e
3 through = s T
i 60% — Disposal .E T
o B pordohe
2 50% — = h S
S 40% 2 %0% ﬁﬂ.‘l}- 4
£ Ll
S 30% Prod/Test g ol L
= .
S 20% - a
>
= 0,
% 10% — Concept - 20% g
£ 8% Develop ™
3 0% - -
A A A A A A A A B o
MCR SRR SDR PDR CDR SIR ORR DR/DRR a . yi
Time E
|7 i P Ol .l S 1 i j
MCR Mission Concept Review CDR Critical Design Review 15 d 8 a0
SRR System Requirements Review SIR System Integration Review Costs in Phases A and B as Parcent of Developmaent Cast
SDR System Definition Review ORR Operational Readiness Review
PDR Preliminary Design Review DR/DRR Decommissioning/Disposal Readiness Review

Overruns are very likely if phases A and B
are underfunded
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