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Systems analysis and conceptual design for new spacaft commonly require the
capability to perform rapid, parametric assessmentsof launch vehicle options. Such
assessments allow engineers to incorporate launckhicle considerations in first-order cost,
mass, and orbit performance trades early during coceptual design and development phases.
This paper demonstrates an efficient approach to lanch vehicle analysis and selection using
response surface equations (RSEs) derived directiyom launch vehicle payload planner’s
guides. These RSEs model payload capability as anttion of circular orbit altitude and
inclination. Following presentation of the RSE fiting method and statistical goodness of fit
tests, the RSE and model fit error statistics forlie Pegasus XL are derived and presented as
an example. In total, 43 RSEs are derived for thdollowing launch vehicles and their
derivatives: Pegasus, Taurus, Minotaur, and Falcosseries as well as the Delta IV, Atlas V,
and the foreign Ariane and Soyuz vehicles. Range$ walidity and model fit error statistics
with respect to the original planner’s guide data & provided for each of the 43 fits. Across
all launch vehicles fit, the resulting RSEs have maximum 90" percentile model fit error of
4.39% and a mean 98 percentile model fit error of 0.97%. In addition, of the 43 RSEs, the
lowest R2 value is 0.9715 and the mean is 0.9964s a result, these equations are sufficiently
accurate and well-suited for use in conceptual degi trades. Examples of such trades are
provided, including demonstrations using the RSEsat (1) select a launch vehicle given an
orbit inclination and altitude, (2) visualize orbit altitude and inclination constraints given a
spacecraft mass, and (3) calculate the sensitivityf orbital parameters to mass growth.
Suited for a variety of applications, the set of RBs provides a tool to the aerospace engineer
allowing efficient, informed launch option trades ad decisions early during design.

Nomenclature

ELV = Expendable Launch Vehicle RSE = Response Surface Equation

h = circular orbit altitude, km RSM = Response Surface Methodology
HAPS = Hydrazine Auxiliary Propulsion System = predictor variable

i = circular orbit inclination, deg. y = response variable

MFE = Model Fit Error P« = partial regression coefficient
Mpay = launch vehicle payload capability, kg

I. Introduction

A common requirement in systems analysis and conabgésign for new spacecratft is the capabilitgediorm
rapid, parametric assessments of launch vehicl®rgpt Such assessments allow engineers to incagpora
launch vehicle considerations in first-order cosss, and orbit performance trades early duringejainal design
and development phases. Often, such launch veimellysis is accomplished through manual referetacseurces
such as launch-vehicle-specific payload plannaniges. This method can be time consuming and isoratlucive

to parametric exploration and trade studies. Ia gaper, we describe a response surface fittingadednd derive
response surface equations describing payload itdypddr a large set of expendable launch vehiqELVs) in
order to enable more efficient launch option aredyfer a variety of space applications.
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Response surface methodology (RSM) provides paramebathematical models of data series by
approximating underlying dependencies between santl outputs using a polynomial relationship. fé@=rilting
polynomial model is known as a response surfacatemu(RSE). For a launch vehicle delivering alpag to a
circular Earth orbit, the maximum payload capapitiepends on two main independent variables: aftiiide and
inclination. Thus, in the response surface equoatitiocumented here, the inputs are altitude arishation and the
output (response) is payload capability to orbit.

In this work, we derive and analyze 43 RSEs forfatlewing launch vehicles and their derivativeggBsus,
Taurus, Minotaur, and Falcon series as well adDisléa IV, Atlas V, and the foreign Ariane and Soweticles.
The results here provided should be useful to gpaftesystems engineers and mission planners owiilg
integrated, extensive, and efficient launch opti@nalyses and parametric trade studies (of cospayidad mass to
orbit, for example) early during conceptual desagm development phases. An illustrative launcimage of the
2006 TacSat-2 spacecraft is used to demonstrageadedifferent applications of these RSEs in answecommon
satellite design questions. These questions iedhaiv to (1) select a launch vehicle given an angiination and
altitude, (2) visualize orbit constraints and tmdgven a spacecraft mass, and (3) calculate satysif orbital
parameters to mass growth.

Il. Response Surface Fitting Method

To analyze the maximum payload capability of a thumehicle, mission planners and engineers fretyuesfer
to plots or tables in the vehicle’'s payload plafmguide. This method can be time consuming, &isllimited in
its ability to quickly and efficiently analyze migle vehicles and/or orbits. Figure 1 shows thecgiplayout for a
plot in a payload planner’s guide for the air-ladued Pegasus XL.

As Fig. 1 shows, if a mission planner desiresef@mple, to launch a payload to an orbit altitude0® km and
inclination of 45°, the Pegasus XL can carry a mmaxn payload of approximately 350 kg. If the miaspdanner
wishes to examine another possible mission prufite a desired altitude of 750 km at a 45° inclioaf the figure
look-up process shows that the maximum payloadherPegasus is reduced to approximately 300 kg. planner
wishes to compare vehicles, this process must peated for the alternative vehicles. This tradplaation
process becomes simpler with a polynomial regrassioresponse surface equation, representatithresé plots.
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Figure 1. Pegasus XL Performance Capability.
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A. Introduction to Response Surface Methodology

Given a set of data points, response surface melihgyg (RSM) establishes analytical relationshipwlesn
several independent variables and one (or moregrdigmt variables. RSM can provide significant insigp
previously unknown or complicated response behaviora situation where several input variables {fids paper,
altitude and inclination) potentially influence sermperformance measure (e.g., maximum payload dagpldRSM
provides a means to analyze this influence. Byopeiing a least squares linear regression on te#icents of a
multivariate Taylor expansion, an RSE can be faty set of data. The general form of a first-ofRSE is given in

Eq. (1):

Y =By + X+ BoX, + .t BiXy (1)
Here,y represents the response variaplds the interceptf the partial regression coefficients, agdhe predictor
variables or regressofsFor this work, a second-order response surfaaehis used as shown in Eq. (2):

2 2
Y= By + BiX + BoXo + BiX” + BaXo” + BraXe X, (2)
In this paper, the dependent response varighleEqg. (2), is the maximum payload capability daanch vehicle
and will be noted hereafter a$., The variablex is orbit altitude (also callet) andx; is orbit inclination (also
calledi). Thus, for this application, Eq. (2) becomes:

Mooy = ,Bo + ,Blh + ,Bzi + ,Bllhz + ,Bzzi 2+ ,Blzih Q)

The work presented in Section Ill focuses on theerd@nation of the partial regression coefficiefds a set of
launch vehicles and analysis of the quality of fit.

B. Response Surface Fitting Procedure

In order to determine the proper RSE partial regioescoefficients for each launch vehicle, a statditing
method is here employed and described next. Fataaiiestic launch vehicles, the data to which th& RSfit is
compiled from publicly-available payload plannegisides'*® The data for foreign ELVs is gathered from Ré¥. 1
In most cases, this data exists in the form ofspl&ngauge Digitizer softwdres used to convert the plot images
into numerical tables of data points. Engauge aatmally recognizes lines in the image and higtigline
segments. Figure 2 shows a screen shot of theugegsoftware as it converts Pegasus plot dataairttble of
payload capability as a function of circular
orbit altitude for a given inclination; the
process is repeated for each inclinatic
provided by the planner’s guide. The resultir
three-column table provides payload capabili
as a function of circular orbit altitude an
inclination for the vehicle.

The table from the Engauge digitization )
then imported into the JMP statistical softwa ||§
package for RSE least-squares regress 5
fitting.'* For a given launch vehicle, JMI %

L Engauge Digitizer 4.1 [Qt] - [PegasuswoHAPS11]
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outputs a set of partial regression coefficier
(B values) corresponding to the second-orc
model in Eq. (3). The goodness of fit is verifie
through a series of statistical tests, includit
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predicted plot, and the distribution of the mod
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The first test, the R2? value of the fit
indicates how large the sum of squared error:

Figure 3-3. Pegasus XL Without HAPS Performance Capability
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Figure 2. Engauge Digitizer interface during a Pegsus XL
figure-to-table conversion.
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in comparison to the total sum of squares. An Rievalose to unity indicates that a large degretefvariability
in the response (payload capability) is explaingthle assumed second-order model. The R? is phatig relevant
for this application because the number of degoédésedom in the assumed model (six, from the remas’s in
Eq. (3)) is much smaller than the number of poirsisd to produce the fit. Furthermore, the poistdun each fit
were spread as uniformly as possible throughoutréinge of altitudes and inclinations examined. wWi be
discussed shortly, all R2 values for the fits ifs thaper are greater than 0.971. The R? valuehierPegasus XL
example is 0.9994.
The second test for the goodness of fit of the RS&n

3500~~~

response, the actual by predicted plot is populdtgda
series of points along a one-to-one (45°) line o$ifive
slope. Figure 3, the actual by predicted plottii@ Pegasus ‘ !
XL, is an example of a good fit, as all points\Very close ! L
to the red one-to-one line and display little clumgp ! !

The third test, similar in nature to the second, tissa N oo .
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residual by predicted plot, an example of whiclshiswn in
Fig. 4. Thex-axis of the residual by predicted plot i
identical to that of the actual by predicted pldtey-axis, 100 0 0 o 00
howe_ver, shows the difference b_etween the_ actudl Predicted Payload (kg)
predicted response values. In the ideal casbgiptyload
capability of a launch vehicle is very preciselgcigbed by Figure 3. Actual by Predicted Plot for the
a second-order model, errors should be small apeaap Pegasus XL.Note that data points lie very close
random without dependence on the predicted outpldte to the 1:1 actual-to-predicted line with little
that in Fig. 4, which shows the Pegasus XL’s reslichy clumping, indicating a suitable fit.
predicted plot, although some patterns are visilthe
residual values are at most about 3% of the prediicalues.
The fourth and final test is a check of the modegrror
(MFE) distribution. This distribution represents et
residuals as percentages of the actuals (i.e., easent
errors) and can be plotted as a histogram. Figuskows
this metric for the Pegasus XL; note that errorg i
distributed evenly across the 0% error line, intingpthat
the central tendency of the model has no upward
downward bias. Figure 6 shows the distributiontho$
absolute value of the error, and thé"760", 97.8" 99.8",
and 108 (maximum) percentile errors are marked. Figure
shows, for example, that the ®®@ercentile error is 1.12%
for the Pegasus XL. That is, the resultant RSE tha !
Pegasus XL correctly predicts the payload capaatgan !
accuracy within 1.12% for 90% of the points usedittthe !
model. The maximum error in the payload capac 105 2(‘)0 200 460 00
prediction of the_: RSE is 3.12%. As a resul_t, tmigy be Predicted Payload (kg)
regarded as a highly accurate model for applicatibat are
able to tolerate 1-3% error in launch vehicle citpga 5.7  Figure 4. Residual vs. Predicted Values Plot.
kg error at most). These percentiles will be regmshortly ~ Displays Pegasus XL's payload residual, or error

for the RSE fits of all launch vehicles considered. between actual and predicted, versus the actual
payload value from the payload planner’s guide.
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lll.  Resulting Response Surface Equations

The fitting procedure described above is appliedifterent launch vehicles and launch vehicle fasil
including the Pegasus, Taurus, Minotaur, and Faseoies as well as the Delta IV, Atlas V, and treign Ariane
and Soyuz vehicles. Derived and analyzed are 4®nsg surface equations. For example, the RSHdoP¢gasus
XL example, for which error statistics were prowde Section Il, is given in Eq. (4):

m,,, = 5317-0.2543 h—0.8343 i - 2.136x10°-h* +5.292x10*-i* - 0.008710i-h (4)

Shown in Tables 1-3 are the error statistics andea of validity for all 43 response surfaces. |&dbprovides
information for the launch vehicles manufactureddspital Sciences and SpaceX, Table 2 providesnimdtion for
United Launch Alliance’s (formerly Boeing’s and ldeed’s) Delta IV and Atlas V launch vehicles, drable 3
covers the foreign Ariane and Soyuz launch vehickeach table lists the coefficient of determinat{&2 value) of
the fit, the number of data points used in the essjon analysis, the model fit error (MFE)"9and 97.%
percentiles, and the altitude and inclination rangeer which the fit is validl.

As Tables 1-3 show, all R? values are at leastil®97The mean R? value for these 43 RSEs is sagmifly
higher, at 0.9961. No fewer than 34 points weerslUdsr any one fit (more than five times as manthasminimum
required to estimate the 6 parameters of the RSHe mean number of data points used for fits gaiicantly
higher, at 305. Tables 1-3 also show that the mami 9¢" percentile model fit error (MFE) is 4.39% and thean
MFE 90" percentile is 0.97%. This is well within accuraeguirements for conceptual design and trade esudi
Furthermore, if the Delta IV series is not considerthe maximum 90percentile MFE is reduced to 2.06% and the
mean 98 percentile MFE is reduced to 0.60%. This levehoturacy (a 90% probability of obtaining payload
capability values correct to within 2%) is likely &lso be applicable well after the stage of cotusdmlesign.

The altitude and inclination ranges of validity ateongly dependent on the data available in theda vehicle
payload planner’s guides. In general, altitudédiglranges extend from roughly 200 km low Eartbits to 2000
km medium Earth orbits. Inclinations are more able but generally span 28.5° to 90.0°. ExceptHerFalcon 1
and Falcon 1le vehicles, which provide data to madions up to 99.6°, circular retrograde orbits unex
extrapolation from these plots. More precise @daa RSE fits for sun-synchronous circular orbits ba produced
upon request.

$ Specifically, these ranges indicate the span mifits used in the regression. While small extrajmsia may still
be accurate, data does not exist in the payloathpté guides to validate the models outside af¢hranges.
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In general, these RSEs represent the aggregaté afcalar orbit performance curves across mudtitdunch
sites. The most common sites for the domesticclehiare Cape Canaveral Air Force Station and \fdvetg Air
Force Base, with limited additional capability frdfodiak Island, Wallops Flight Facility, and Reagéest Site.
Although payload planner’s guides often associateéalination capability with a single launch site,some cases
multiple launch sites are associated with the sacigation. In these cases, the higher-perfornsitg is used for
the regression. In certain rare cases, atypicahda trajectory features, such as inclination-gedogleg
maneuvers, would skew the entire fit for a launehigle. In these cases, which occur only for thertis and
Minotaur vehicles, the discrepant inclination iglexed from the regression to avoid skewing préahet for other
inclinations. Table 4 shows the error that resiatisy applying the RSE (as documented in Tabl®1hé¢ excluded
inclinations. For the Taurus, this applies to ldnewto 45°, and for the Minotaur this applies te @%-65°
inclination range. Note that the'®ercentile error on these excluded inclinatiomsaies below 5%, and the 97.5
percentile errors remain below 7%.

Table 1. RSE Fit Statistics and Ranges of Validity for the Blcon, Minotaur, Pegasus, and Taurus Vehicle

. Altitude Inclination
Vehicle - P?)?r:?s RSI?1 Model Fit Erro:h Range (km) Range (deg.)
used in fit o Sy Min | Max | Min | Max
Percentile Percentile

Falcon 9 0.9998 133 0.292% 0.373% 200 | 2000 28.5 90.0
Falcon 1e 0.9989 357 0.686% 1.150% 185 700 9.1 99.5
Falcon 1 0.9989 276 1.145% 1.948% 185 700 9.1 99.6
Minotaur | 0.9995 1194 1.317% 2.269% 186 | 1990 28.5 90.0
Minotaur IV 0.9950 838 2.059% 3.175% 185 | 1854 28.5 90.0
Pegasus XL without HAPS 0.9994 763 1.125% 2.071% 203 | 1393 11.0 90.0
Pegasus XL with HAPS 0.9990 770 1.219% 1.901% 501 | 1994 10.0 90.0
Taurus 2110 0.9937 909 1.796% 2.245% 200 | 1000 28.5 90.0
Taurus 2210 0.9922 995 1.794% 1.964% 200 | 1000 28.5 90.0
Taurus 3110 0.9980 874 1.175% 1.762% 200 | 1000 28.5 90.0
Taurus 3210 0.9950 899 1.808% 2.091% 200 | 1000 28.5 90.0
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Table 2. RSE Fit Statistics and Ranges of Validity for the Blta IV and Atlas V Launch Vehicles
Note that any R? values reported as 1.0000 aret@ueunding.

. Altitude Inclination
Vehicle - Plziz::?s RSI?1 Model Fit Erro:h Range (km) Range (deg.)
used in fit o Sy Min | Max | Min | Max
Percentile Percentile
Delta IV Medium 0.9833 399 4.195% 4.445% 388 | 4965 28.7 90.0
Delta IV Medium 4,2 0.9854 405 3.306% 3.557% 358 | 4987 28.7 90.0
Delta IV Medium 5,2 0.9848 385 3.602% 4.030% 348 | 4988 28.7 90.0
Delta IV Medium 5,4 0.9851 407 3.488% 4.554% 512 | 4982 28.7 90.0
Delta IV Heavy 0.9735 406 4.386% 4.822% 348 | 4982 28.7 90.0
Atlas V 401 Single-Burn 1.0000 35 0.051% 0.063% 204 498 63.4 90.0
Atlas V 401 Two-Burn 0.9997 144 0.124% 0.242% 519 | 1993 63.4 90.0
Atlas V 402 Single-Burn 0.9998 63 0.180% 0.246% 208 593 28.6 55.0
Atlas V 402 Two-Burn 0.9998 156 0.160% 0.220% 604 | 1983 28.6 55.0
Atlas V 411 Single-Burn 1.0000 44 0.043% 0.065% 202 497 63.4 90.0
Atlas V 411 Two-Burn 0.9997 168 0.122% 0.249% 499 | 1994 63.4 90.0
Atlas V 421 Single-Burn 1.0000 43 0.037% 0.060% 206 500 63.4 90.0
Atlas V 421 Two-Burn 0.9992 161 0.224% 0.379% 500 | 1996 63.4 90.0
Atlas V 431 Single-Burn 0.9972 156 0.465% 0.581% 208 497 63.4 90.0
Atlas V 431 Two-Burn 0.9967 169 0.489% 0.603% 501 | 1983 63.4 90.0
Atlas V 501 Single-Burn 0.9999 34 0.058% 0.063% 206 490 63.4 90.0
Atlas V 501 Two-Burn 0.9996 167 0.204% 0.358% 501 | 1998 63.4 90.0
Atlas V 511 Single-Burn 0.9999 36 0.058% 0.092% 208 499 63.4 90.0
Atlas V 511 Two-Burn 0.9999 176 0.092% 0.143% 503 | 1998 63.4 90.0
Atlas V 521 Single-Burn 0.9999 37 0.062% 0.107% 204 498 63.4 90.0
Atlas V 521 Two-Burn 1.0000 172 0.037% 0.054% 508 | 1992 63.4 90.0
Atlas V 531 Single-Burn 0.9993 54 0.159% 0.332% 187 554 28.6 90.0
Atlas V 531 Two-Burn 0.9998 167 0.165% 0.197% 501 | 1985 63.4 90.0
Atlas V 532 Single-Burn 0.9955 170 0.652% 0.812% 183 556 28.6 51.6
Atlas V 541 Single-Burn 0.9999 34 0.079% 0.100% 204 486 63.4 90.0
Atlas V 541 Two-Burn 0.9995 169 0.198% 0.281% 498 | 1991 63.4 90.0
Atlas V 551 Single-Burn 0.9999 35 0.069% 0.117% 204 487 63.4 90.0
Atlas V 551 Two-Burn 0.9998 168 0.128% 0.159% 502 | 1987 63.4 90.0
Atlas V 552 Single-Burn 0.9715 50 1.952% 2.736% 186 569 28.6 90.0
Atlas V 552 Two-Burn 0.9999 170 0.104% 0.153% 501 | 1356 63.4 90.0

Table 3. RSE Fit Statistics and Fanges of Validity for the Soyuz and Ariane Launch ¥hicles

. Altitude Inclination
Data RSE Model Fit Error
Vehicle R2 Points 5" IEE RETLE () REIT(E (G0
used in fit i > Min | Max | Min Max
Percentile Percentile
Ariane 5-ES 0.9979 146 0.703% 1.102% 198 | 1392 48.0 86.0
Soyuz 2 0.9956 190 1.592% 1.741% 399 | 1567 51.8 90.0
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Table 4. Model Error Statistics for Excluded Inclinations.

' Excluded Model Error
RELcls Inclination 90" . 97-5m_
Percentile | Percentile
Minotaur | 64° 3.037% 5.114%
Minotaur IV 65° 2.005% 3.117%
Taurus 2110 45° 2.818% 5.687%
Taurus 2210 45° 4.437% 6.198%
Taurus 3110 45° 4.147% 4.463%
Taurus 3211 45° 4.591% 6.996%

IV. Example Applications

Presented next are three examples illustratingpthetical use of the launch vehicle RSEs descradsolve.
Covered first is an example where an engineer hikesiaed payload and mission scenario and is fatédthe task
of selecting a launch vehicle that will provide fatiént margin for potential future mass growthec8nd is an
example where a payload mass is known and the R&Esised to visualize the space of available othas
different launch vehicles can provide. Third isexample of how an RSE can be mathematically diffeated to
yield sensitivity information.

A. Deciding on a Launch Vehicle given Payload and Migm

One common task required in conceptual designasstiection of a launch vehicle once payload att or
requirements are given. To illustrate how thesE&R®ay be used in such an application, we take agample the
2006 TacSat-2 spacecraft, a joint effort among Depent of Defense organizations and NASA. TacSa@2
launched on December 16, 2006 from Wallops Fligidilfy with the mission of both demonstrating respive
space capabilities and delivering 11 onboard instnt packages and experimehit¥. The mass of TacSat-2 was
370 kg, and it was launched aboard a Minotaur kebdo a 40° inclined circular orbit with an altitl of
approximately 410 km#**

Traditionally, a mission planner or engineer mighfier to a payload planner’s guide to analyze aickate
launch vehicle’s capability at the desired orbid &mclination, as notionally illustrated in Fig. Vhis process would
need to be repeated for each candidate launchleeirid could require significant time and resourdescontrast,
RSEs allow mission planners to use a program, siscMicrosoft Excel or MATLAB, to calculate the pesgt
capabilities automatically. In the example of TaeBaa user may calculate the payload capabilittheo40°, 410
km circular orbit for several launch

. . 500 - - 100
vehicles and compare launch margin ( : : Ok nination i
well as cost and reliability, if this data i: <« | : R e R =] 11000
avalla_ble). Any launch veh|_cles w_|th - | M -tk S O =
negative margin can be immediatel Ml i | T A D b
eliminated from consideration. 350 |— o

~.. un-Synchronous
Table 5 shows the results of suc s : - 0 £
RSE calculations, considering the Falcc z =
: 3 500 F
1, Falcon 1e, Minotaur I, Pegasus X g0 %
(without the Hydrazine Auxiliary .- 1% 3
Propulsion System, or HAPS), Tauru & i a0 &
2110, and Taurus 2210 as candide 150~ . pepcondthns
. —1 300
launch vehicles. The second column - uanmEmn: : ; : :
the table shows the payload capacity e ?n‘;:::;::'::m:?::.::x::‘zm Sepaaten Syl Stbapionva | |
H 1 1 Launch Vehile Side .
the deSIred Orblt USIng the RSE S B + Fairing Sepdration at 0.01 ps! DynampcPrsssura : ' g 100
deSC”bed ear“er. The thll‘d Colum\ . ﬁooegreel amahcnassumleo Launcneti:rorr Kwapalem.-\ssunrmg RangeSa'cw.ﬁpproval
shows the difference between th  “a 400 600 800 1,000 1200 o
required and available payload capacit ' 200 %0 100 500 50 706 &
Circular Orbit Altitude (km) IRequires VAFB Waiver

and the fourth column shows thi
expressed as a percentage of the requi

capacity. Note that while the Falcon Figure 7. Notional TacSat-2 Graphical Payload Capaibity Lookup

Technique for Pegasus XL (without HAPS; adapted frm Ref. 1).
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would not be able to carry TacSat-2, the enhan@ddoR 1le would be able to do so with a 135% ma(gig.,

enough margin to piggyback with another sateliftelesired). The Pegasus XL is able to carry Ta@Saith a

slight 4% margin. Note that the Pegasus XL withR$Acapability is not presented because its rangaliofity is

limited to altitudes over 500 km. The Taurus 2ahd 2210 provide ample capability, although note the Taurus
2210 has the slightly smaller capability becausésfarger fairing. Finally the Minotaur I, on wh TacSat-2
actually launched, demonstrates a modest 37% margin

Table 5. RSE-Calculated Payload Capability and Margin for the TacSar-2.

vetici copaits 6g) | 09 | 00
Falcon 1 330.9 -39.1 -10.6%
Falcon le 869.1 499.1 134.9%
Minotaur | 507.2 137.2 37.1%
Pegasus XL without HAPS 385.2 15.2 4.1%
Taurus 2110 1176.7 806.7 218.0%
Taurus 2210 973.6 603.6 163.1%

B. Visualizing the Orbit Selection Space given Payloa@onstraints

While the previous example illustrated how thes&&Ean be used to directly calculate payload céipafstom
a known mission profile, another use involves \iigadéion of the trade space of possible orbits myearly stages
of design. Using the RSEs, contour plots of paylas a function of altitude and inclination canpbeduced as in
Fig. 8. The left plot of Fig. 8 shows the paylaapability of the Minotaur 1, and the right plotcsts that of the
Pegasus XL (without HAPS). Note that, as mighekeected, both plots show a monotonic decreasapalility
as altitude and inclination increase.

In this scenario, the required payload capabititinown (370 kg, as with TacSat-2), and the regafrise plots
that do not meet this constraint are shaded. €helting white region not shaded is the feasiblgt drade space.
Note that in the Minotaur plot, the user may maxenaltitude to about 1000 km if choosing a low-imation orbit
or achieve a polar orbit if he accepts a lower K@0altitude. Knowing the specification of this edyity envelope
is useful, for example, in trading the amount albgll coverage against swath width or instrumerd fé view. For
the Pegasus, the trade space is smaller; for exarB@D km in altitude may be gained if inclinatisrallowed to
decrease from 80° to 28.5°. At the 200-500 kntwalé range, this may represent a particularly itgmbrtrade
between global coverage (for a near-polar orbit) spacecraft on-orbit lifetime (due to atmosphdrayg).

Minotaur | Payload Capability (kg) Pegasus XL without HAPS Payload Capability (kg)

\q;i 1200

1200

1100 1100

1000 1000

900 - 900
800 800,

700 700

Altitude (km)
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600 - 600

500 500

b 400+

95, 300} A
550 0\ 7 \
200 L N L L 200 = L L

I i
30 40 50 60 70 80 90 30 40 50 60 70 80 90
Inclination (deg.) Inclination (deg.)

400

300

Figure 8. Minotaur | and Pegasus XL Payload Capabily Contour Plots with 370 kg TacSat-2 Constraint.
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C. Analytically Assessing Sensitivity to Mission Changs or Mass Growth

A final illustration of capabilities enabled by #8RSEs is the analytical determination of payleausitivity.
Mass growth is a common concern during spacecesfgd and development, and the analytical natutbeoRSE
provides a straightforward method of determining éfffect of mass growth on mission altitude oriimation. The
general equation for the fits in this study in E2). can be differentiated with respect to altitfdpand inclination
(i) to yield two partial derivatives of mass shownHEgs. (5) and (6). Since the original RSE is gafidr these
partial derivatives are linear functions of altiéuahd inclination.

ampay :

oh = ,Bl + 2,Bllh + ,Blzl %)
om ., )

3 = ,Bz + 21822I + ,Blzh (6)

Equations (5) and (6) are plotted in Fig. 9 asrection of altitude and inclination for the Pega¥iis(without
HAPS). While the sensitivity is a function of &lile and inclination, note that it is a relativelgak function in the
case of the altitude sensitivity. Over the 1000 &titude span and 60° inclination span of FigiH® altitude
sensitivity ranges from -0.29 to -0.22 kg/km (ouieglently, -4.6 to -3.4 km/kg). Thus, for everjogram of mass
added to a spacecraft launching on the Pegasuth¥lmaximum attainable circular orbit altitudeésluced by 3.4
to 4.6 km if inclination remains constant. Thelimation sensitivity is somewhat more variable,nfre2.3 to -0.7
kg/deg (equivalently, -1.4 to -0.4 deg/kg). Thifas,every kilogram of mass added to a spacecrafidhing on the
Pegasus XL, the maximum attainable inclinatioreduced by 0.4 to 1.4 degrees if altitude remainstemt. Along
with providing helpful rules of thumb, rapidly attable sensitivity information such as this is walited for use in
assessments of programmatic risk and launch vetublestness.

Pegasus XL Capability Altitude Sensitivity (kg/km)

Inclination (deg.)

Pegasus XL Capability Inclination Sensitivity (kg/deg)
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Figure 9. Pegasus XL Altitude Sensitivity §mya/ch, left) and Inclination Sensitivity (0mg,/di, right).
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IV. Conclusion

This paper presented the motivation, method, aatisstal results for fitting a quadratic resporssgface to
maximum payload capability for multiple launch &hs, including the Pegasus, Taurus, Minotaur, Raldon
series as well as the Delta IV, Atlas V, and theiffn Ariane and Soyuz launch vehicles. The respRSEs were
demonstrated to a model fit error no greater th88% in the 98 percentile and 4.82% in the 9% percentile, with
the mean model fit error across launch vehiclesgbaiuch lower at 0.97% in the ‘©@ercentile and 1.25% in the
97.5" percentile. Of the 43 RSEs generated, the minirRamoefficient of determination is 0.9715 and tthean is
0.9961. As a result, these equations are suffigieamtcurate and well-suited for use in conceptusdigh and
beyond, enabling rapid trade studies among a yaokbrbit altitudes, inclinations, and launch \ahioptions.
Examples of such trades were provided, includingalestrations using the RSEs to (1) select a lawmtticle
given an orbit inclination and altitude, (2) visaal orbit constraints and trades given a spaceanafs, and (3)
analytically calculate sensitivity of orbital paratars to mass growth.

Areas for future expansion of our current RSE wiordlude (1) addition of new launch vehicles suchttes
Proton and other foreign launch vehicles, (2) aolditof response surfaces for interplanetary, gedsymous
transfer orbit, and sun-synchronous orbit scenaaasl (3) creation of a user interface to fac#taftficient and
transparent use of the database.

Whether in its current state or with future expansiour RSE work provides a powerful tool to th@giamer
during conceptual design and beyond. It is intdriiat the capabilities enabled by this work witl the engineer
or project manager in making efficient, informeddes and decisions on launch options early duresigd and
development phases for a wide variety of missiguliegtions.
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