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Critical Parameters

YORK LI,
Engineers work primarily with numbers and mathematical
relations.

System design trade-offs may also be expressed in terms of
these parameter sets.

Is there one specific choice of parameterization?
How do we identify an optimal model?
Example possibilities

= Propulsion — Delta V, Specific Impulse, Delivery mass

= Communications — Data rate, Band width, Coverage

= Human presence — Volume, Area, Life support capability
Leads to Step 7 in SMAD
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YORK LI,
= Identification of critical parameters R
= Cost analysis
= Mission performance and utility analysis
= Mission utility and concept selection
= Mission Simulation
= Evaluating the propellant budget
= The critical design review
= Exercises
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Cost Modeling
YORK LI,

= The most significant engineering parameter?
= What does ‘cost’ depend on?
= What are we trying to estimate?
= Probable cost / most likely
= Distribution of cost / spread
= ROM cost, Fixed price, Cost plus.
= Ultimate maximizing performance subject to (multiple)
constraints (one of which is cost).
= Uses of cost model
= Win work for organization
= Feasibly study
= Go/No go decisions
= Project revenue / spend require to complete porject
= What are the outputs of a cost modeling exercise?
= Cost by year (RY/FY$), Cost by subsystem, Cost by segment
= Cost by phase (Design cost, build cost, repeat build cost, ops cost)
= Risk, Uncertainty
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Cost Analysis

YORK I

= Identify cost drivers
= cost analysis requirements descriptions
= What are the cost drivers?
= Typically cost alternatives, not just our best guess — why?
= Costs formalized in Work Breakdown Structures (WBS)
= Divide job into cascaded series of work packages
= Each package has dependencies (inputs), results or deliverables
(outputs), a description of ‘work’ or ‘objectives’ and schedule
information, expected cost, cost breakdown.
= Provides formal documentation for project management, control and
accountancy.
= Top level packages breakdown into lower level hierarchal structure.
= Ultimately need to cost a particular configuration in terms of
units, elements, subsystems, hardware, software, staffing.
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Cost Analysis Il

L ) YORK“
= But how do we cost a subsystem of mission not yet desighéd?
= Options:
= Detailed Bottom-up costing — Ultimately going to be required.

= Similar or analogy cost — does cost compare with existing system of
similar complexity (usually used as sanity check).

= Parametric estimation — use previously derived heuristics to estimate the
cost of a “not too dissimilar system” — See textbook.
= Formal procedures

= Large companies and agencies such as NASA have formal cost
estimation procedures for cost estimation

= May also be applied (in limited form) beyond organisation
= See references in Ch. 20

= Software
= Buy range of software packages to cost systems.

= Ultimate objective of such approaches is to turn engineering design into
expected mission cost in automated fashion (currently Sci-Fit).

= Beware — Garbage in, garbage out!!!
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Types of Dollars

= Currency changes value

= Need consistent basis for analysis

= Typically assume an epoch and cost everything in this year
= Eg. Fiscal Year (FY) 2004 CAD$

= Then convert to Real Year Dollars RY$ by accounting for
expected exchange rate (see p791)

= How much is $10K (2000 FY$) worth in (2010 RY$)?

= Typically, agencies will specify these conversion rates in
order to provide consistent cost analysis with which to judge
proposals.
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Cost by element

= Divide system into elements
= Payload
= Spacecraft Bus
= Structure
= Thermal
= Electrical Power
= Tracking, Telemetry
= Attitude Determination and Control
= Propulsion
= Integration, Assembly and Test
= Program Level — Systems Engineering, Project control
= Ground Support Equipment
= Launch and Operations Costs
= Use Table 20-6 p797 to cost for SCISAT-2 a Canadian low
Earth orbit spacecraft mass 200 kg, 100 kg fuel.
= What is the error estimate for this cost?
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Mission Evaluation: Critical Requirements

What are principal (critical) performance requirements? YORKL

What are the “top level” requirements that we used to define mission
objectives?
What are the hidden requirements?

= Use of existing systems?

= Technology demonstration?
Distinguish this analysis from system drivers (the mission parameters that
most strongly effect performance cost and risk)

TABLE 3-1. Most Commaon Critical Requiremants. Ses ten Ior tiscussion,

Whare
Requirement What It Affocts Discussed
Caverage or Nurmber of satelies, alids, inclinason, commurications| Secs. 7.2, 13.2
Fasporse Time | archilecture, paylad fild of view, scheduling, statfing
requiramants
Resaltion Instrument size, aiiude. atilude control Sec. 5.3
Sansilivily P procEEsing, ard of,| Secs. 9.5, 13.5
altituda
“Mapping Atitude contral, orbit and aftituda knowledge, mechanical| Sec. 5.4
Accuracy afignments, payload precision, processing
Transmit Powsr | Payload siza and power, altilude Secs, 11.2, 135
On-ovtil Litafima wighL, power p ion budgets, Socs, 623,
component seleckon B.1.3, 10,4, 19.2
Swvivabiry Altftuda, waight, power, companent selection, design of | Sec. 82
spacae and ground spsiem. rumber of sabalites, number of
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Mission Evaluation: Analysis Hierarchy

YORKL
= Define typical process for mission evaluation
= Again cyclic (like all good engineering processes)

= Ultimate objective is quantification of performance and utility

TABLE 3-2. The Mission Analysis Hierarchy. These heip us deckle how much detail to shudy

during the prallmenary disign phase.

.

A
¥ Type Gl
B I To estatiksh whathar an abjective & achievabie and
b m,},‘;‘ its appecximate dagran of complaxsy
i g

& To estimata baske paramaters such 88 Blze, weight, Quick,
: Enlsr‘,?ga e i it :__":"L;J"I""
b | Poim Design | To demonstrate lsasibiity and estabish a baseling lor
B cornparsen ol allematives
B | Trage Soudy | To establsh the relatve advantages of atemative
ul APOIOBLNEE of aplions
wl

Performance | To quanily parommance pa More
» | Asseszent | g, resclution, hmnlnnﬂ‘hlannﬂw approach W“P':F
4 complux
B | Usiity To ' o will 1ha: SYSIBM: Can meat avarall ®
¥ Agsassmen! | Mg el
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System trades of dependent parameters

TABLE 3-4. System Trade Process for Paramesers with Multiple Effects. The exampie s ihe
altisde trade for the FieSat mission. See &k Fg, 31

FiraSat Where:
Slep Example Discussed
1, Salact vade paramatar | Alilude See 23
(typically & system drivar)
2. Iartify factors m'cn Caverage See 72
aflect = g Sec. 76
aro affoctad by it Oroit period Secz 61,72
Time in view Sec. 7.2
Ecipsa fraction Sec 5.1
Response time Sec.72
HNumber of spacecrah needed Socs. 7.2, 78
Launch capaiiity Sec. 18.2
Resalution Sec 9.3
Paylcad weight Sec. 9.5
Radiaticn arvircament Sec. 8.1
Survwaniity Sec 8.2
Jamming suscapsblity Secs. 8.2,13.8
Communicabens Sacs 151,132
Lifatime Secs. 6.23,8.15
3, Assess impact of Can launch up to 1,800 km
eath factor Baal coverngs Bbove 400 km
Resalution—cwes is betler
Survivagiity not an issua
4, Dacument and Launch Fig. 31
sUmMarize resulis Covarage
Regiution
Survivabiity
6. Select parameles value | Alitude = 700 km discussed in taxt
Prof. B. M. Quine and posshila rangs B0 1o B0 km

Intro 11

Performance Assessment

= Need to quantify performance demands YORK“
= Techniques include:
= System Algorithms — geometric and physical formulae
= Analogy with existing systems
= Simulation — develop computer simulation of performance
= Previously designs nearly always used (1) and (2). Simulation now
becoming widely deployed.
= MoOE — Measures of effectiveness (scalar measure based on weighted
averaged performance requirements)
= FoM - Figure of Merit (graphical description of design space)
TABLE 35. Comman Sysiem Algorithms Used for Quantifying Basic Lewels of Perfor:

mance, Thasa analysas u=e physical or geomatrical formulas to delerming how
sysien perlarmance varies with key parametens.

Whare
Algorithm Used For Discussed

Link Budge! Communicaticrs and daa rate analysis Sec. 13.36
Diffraction-Amited Apariure sizing 151 SPICS Of antannas; Sec. 03
Optics delermining resclukion
Paylaad Sensilivity Payioad sizing and parformance esimabes
Aadar Equation Radar sizing and parfarmancs esimates
Earth Coverage, Coverags assassment; sysbem sizing.
Arsa Search Rates pararmance estimabés
Mapping and Gealocation; instrument and anténna pointing; Seoc. 54
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Mission Utility Analysis

2ORKIL

= Step 8in SMAD process.
= Provides quantitative analysis for decision making using
(usually) a set of FOM and MoE.
= Describes mission performance as a function of design, cost,
risk and schedule
= MUST BE CLEARLY STATED MEASURES PRESENTED IN A
NON TECHNICAL MANNER (TO NON ENGINEERS)
= MoEs typically fall into
= Discrete events
= Coverage of a continuous activity
= Timeliness and other quality indicators
= What would be good MoEs for
= Gravity probe-B?
= RADARSAT?
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MoE for Firesat Example

Derive performance parameters first and use these to
develop MoEs

TABLE 34, for FireSar, By using various peror-
MENGE Wi gat a betier u of gur FiraSat caskgn.
Performance Parameter How Determined
INEIAMANacUS MAXIMILIM ARa Covirage rabe Analysis
Orbit avarags arca ooverage ra Simulation
(takes into acoount forest covarage, duty Gy L
Maan tima batween cbservalionrs Analysis
Giround pesition knowledge Analyss
Syswm responsa Hma (56 Sec. 7.2.3 for defirition) Simaulaticn
TABLE 37, MoEs) for FiraSal. Thess Measures
al ENecweness nelp us desarmine how wall various designa meat our missan
objectives.
Goal MoE How Estimatec
Dhesaction Probability of detection vs. time Smulason
(milastanes at 4,8, 24 hours)
Framgl Knowlaoge Time late = time from observation Analysis
ta wwadabiity &l monitoding office
Monilering Protiabdity of containmant Simulation
Save Prapanty Value af property saved plus savings in Simulation +
and Raduce Cost frufighling casis Analysis
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Mission Utility Simulation

, - . . - YORKL
= Forest fire warning time provides natural MoE for Firesat. This istii
contrasted to expected warning without system.
= Requires mission analysis and simultation steps.

= Can we improve on this MoE figure?
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Fig. 3-2.  Fesest Fire Warmning Time for innabited Areas. A Fypothetical measura of affective-
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Performing the Trade Studies

YORK“

Trade studies developed to inform simulator and processors

Simulator &
Maln Modals Output Processars Principal Duipais
Enagy AnTEEIGN I8GUErce
Tima wtik zation Obsenvation daa
Skl porlormanca Sysiem patastans
Scheduling Enengy used
Blankgecund charadiuisbics Painting statisics
Ssaich lnge Tims: ugsd
Deta wiikzaiion Gap stalistos
Pronandity of
Observation Types delactionicontainmant
(FireSal eamgie) Principal inputs Resporse imes
Egarch maeds Loenans Scheculing siafsies
Map mode: Taeaking Cigud cover
Fira boundary meds Syalem pammetns Firn dalnction MoEs
Terparalums sensng Constalalion paramales

Fig. 33, Results of FireSat Altitude Trade. See Table 3-d and Table 7-8 in Sec. 7.4 lor a fat
ol irada issues, Poilicel corstiaints and survivability wene not of cancem far the
FiraSal altituds irste.
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Typical Mission Utility Simulation (for Firesat)

YORK

TADLE 3-8. Typical Sequence Flow of a Time-Slepped Mission Utility Simulation. Follow-
i Wiis SeqUaNCe for many NS, we can creale BlaRstcal maasures of effactive-

rass thal help us evaluale our cesgn.

Phase | — Data Genaration
Arteance time #ap
Ciompute changas in langal o background charastafistics
Update satellita positians
LUipclate vigwing geameiry parametars
Zehedule obsanvations of oparations
Compaie poining chamges
Computs and save parlcemance stalislics
Updasa satelite consumanias
Sawe data for his lime step
Gio % hikl ma steg

Phase || — Qutput Genaration snd Statistics Callection
Campube scenaric stalistics
Campute measures ol effectivenass for the individual run
Prepara cuiput plots and data or the ndividual un

Phasze Il — Monte Carlo Runs
Sat rew soanaiic san ima
Arpeat Phasa | and ii
Collect muli-ran statistics: |
Compute stalistical measures of sftactivenass
Prapane Monis Catle suiput plals and dats
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Mission Utility Animation

2ORKIL

Fig-3-4.  Hypoihetical Animation Output for FireSat Mission Utillty Simulator. Color dis-
plays are very valuatle for animation sequances because we need i comvay mulliple
panametars in each frme.
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Commercial Off the Shelf Software
. - . . YORK
= Massively reduce mission costs by not reinventing the wheel. =
= COTS software and libraries becoming increasingly popular
= Someone else maintains code -- tested Before...
= Can directly develop required documentation formats (MIL-STD-
499)
- Analysis and De: Software. New varsions &g
ThBLESS. m?wl s”::m'::nuanl}"s:mse Jﬁ.’fw small size of 1ha Gpaca
markat, commearcial space software Dot anters ard leaves. Ihe marketplace on a
regular basis.
Approx,
Product Publisher Cost Purpase
Amatew | and gratationsl moded of e sokar
ﬁ"&'ﬁm o Sceres [ sysiem {ummmwmm migsion dasign
Profassianal misgon analysis sysiem; mary
il e O & oulos: can b cusorized
el Protessicral 160l for space mission trade S0UHES;
e tot || Sk Saace Stason
ity Systen i tool; evaluates
WMUSE moade Ihcrocesm 36500 ke e e by o
il ¥ e ook
T o Rl =
Works - — usatby
o bk many groUnG Oparatians groups
# 10 sofware modules tat mplement equations n
GMADw KB Sciences | $800 Ihi‘SM.ﬂDMk
Saiellite Tool | Analytical (¥ Predegzional mission analysis sysiem; many
Prof. B. M. Quine e, 5TK Graghics rnodules
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Concept Selection
YORK

= Meets Objectives? Feasible? Acceptable Risk? S U
= Better than alternatives (ground system solution)?
= Organizational responsibilities acceptable?
= Meets political objectives?
= Supported by existing infrastructure?

TABLE 3-10. Math Madal of Hyp Decision Process (casts in $M), Mumer-

ically, wa would choase B or A if it were svallabin. Foaistically, any of the choices.
may be bast depanding on the deckion crtara.

Cument Cast £5008
Potantial Savings if Improvamant is Succeash 3008

Coat of Probabiity Totl Cost  Total Cost  Expectsd  Expeciad
Opton  Improvement  of Success # Succsehul o Faied Taotal Gest  Savings

L a5 T 235 B35 X265 175
2] o 9% 30 GO i) w7
c 200 53 50% 400 TG 4003 ea.7
& 35 ot 235 535 295 znu
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?v Budgets

of velocity change required to achieve new orbit.
= Could use other units as computational basis but analysis
developed for rocketry.
= For ?v we use momentum conservation analysis.
= Consider instantaneous change in momentum of a rocket
mass m moving at velocity v and ejecting propellant at velocity
75
= mdv=vdm
= Can show by integration that
= My = mg exp(-?vivg)
= Where m, is the original mass of the spacecraft, my is the final mass
and ?v is the change in velocity.
= Spacecraft and rocket maneuvers traditionally accounted for
in ?v a budget that include all the expected maneuvers during
the vehicle lifetime.
= Conversion to fuel by Specific Impulse I, = Vy/g (9 =9.8 ms2)
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Critical Design Review

= Critical design review usual occurs after detailed design

phase-B of project development

= Present intended mission solution, architecture and

required elements

= Includes trade-off tables to indicate why this is desired

solution

= Include analysis of system parameters
= Includes preliminary system engineering “budgets” and

cost estimate

= Includes statement of performance, performance floor and

measure of mission utility (how well does the system satisfy
the original constraints).

= Our critical design review:

= Should be presented in 50 minutes up to three team members
presenting.

= Web-based version will be required following review.

Prof. B. M. Quine
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Exercises

YORK I

= Earth Observation coverage ~ id g

= A low Earth polar orbit spacecraft (~600 km, ~90 minute period) has a
swath width of 500 km.

= What coverage pattern will be required to cover the whole globe?
= What is the repeat period?

= If the spacecraft is allowed to slew 20 degrees from nadir, how often
can the same target be observed?

= [f the planet was Mars instead of Earth, how would this analysis vary?
= Design a simple thermal model of a space station in low Earth
orbit.
= What happens if we choose to orbit L2 or the moon?
= How much fuel is required to maintain a 1000 kg spacecraft in
a 600 km Earth orbit for 5 years and under typical conditions.
= How does this compare with the fuel required to put the spacecraft in
this orbit in the first place
= What contingency would be required to counter solar output
variations?
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