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ABSTRACT

Early during the conceptual design of a space orissi
designers must select a launch system. A wide @werv

of the launcher market helps to find whether there
available launchers with enough capability to pldue
satellite into the desired orbit or escape trajgctd/ith

a long experience in the simulation and optimizatd
launcher trajectories, Astos Solutions presentspaiate

of its Launchability Analysis Tool (LAT) for a fast
choice of the adequate launch system. Based on
launcher performance tables from Space Launcher
System Data-Base (SLSDB) of ESA/TEC-ECN, LAT
computes the payload capability of existing laumshe
for the desired orbit and it compares that with tser
required payload mass. To provide values for every
orbit required by the user, LAT uses an interpolati
algorithm or, where necessary, an extrapolation
algorithm.

The innovation introduced is the inclusion of akkic

stage module that could be based on common chemical

propulsion or on electrical low thrust propulsiche
user may select an already existing kick-stageeofdm
define the module characteristics via a dedicated. G
The computation of the payload capability considers
losses function of the initial and final orbit slkeapf the
number of revolutions and of the maximum burn time.
Additionally the code of conduct for upper stages i
taken into account. With this approach a wider eaafy
launcher systems will be presented to the user thith
possibility to reduce the launch cost.

With its variety of optional choices, the LauncHipi
Analysis Tool from Astos Solutions offers to custm
versatile and fast help for launch system detertiuina
without the tedious search through launcher user
manuals.

1. ASTOS SOLUTIONS

Astos Solutions is a young company with a longdnist
and expertise in simulation and optimization of
ascending trajectories and spacecraft orbits. Its
AeroSpace Trajectory Optimization Software (ASTOS)
is a widely used tool for solving launcher, re-grand
orbit trajectory problems without any programmiry.
General Environment for Simulation and Optimization
Platform (GESOP) is also available for not aerospac

related problems. In recent years small tools Hmeen
created to target specific applications: GAMAG for
magnetic cleanliness, GRAVMOD for interplanetary
propagation and ALWA for launch window analysis.

2. MOTIVATION

In the early phase of a concept study the spadecraf
parameters, e.g. the mass and the dimensions, €hang
frequently until the best design is found. Simifathe
static and dynamic loads that the spacecraft capasti
Every small change in the design entails a lot of
additional changes. One of the frequently asked
question is: Which space launcher is able to lauthish
spacecraft?

Therefore a simple and fast tool is needed to antvige
question without the tedious search through launche
user manuals or the handmade solving of equations.
Adding a kick-stage to the launcher increases the
possible launch systems.

3. STATE OF THE ART

According to [1] there are several launch vehicle
selection tools. This chapter gives a short desoripof
their features and identifies their advantages and
disadvantages.

SMAD Design Template is an Excel file based on the
book Space Mission Analysis and Design [2]. It is
possible to select one by one all the launch vebiahd
obtain several parameters about payload capalbdity
some standard orbits (LEO, GTO and GEO), launcher
reliability, injection accuracies and payload
accommodations.

The user needs to select each launcher and check
whether the information matches the payload
requirements. No tool is provided to select allgilole
launch vehicles that fulfill certain constraintsdano
interpolation/extrapolation algorithm helps to cdéde

the payload capability for a special orbit.

CDF Mission Workbook is another Excel sheet that is
oriented towards the computations of launcher's
performances for elliptic and escape orbits by
computing simplified4V formulas. Calculations are
performed on the upper stage of a launcher (inotudi
the payload) from the moment it departs from thédLE
parking orbit to a higher elliptic orbit.



This tool provides a rough estimation for the lshers
performances for elliptic and escape orbits. Baetuker
needs to verify by himself which launcher matcHess t
payload requirements. No tool is provided to se#dtt
the possible launch vehicles that fulfill certain
constraints.

ESA Launch Vehicle Catalogue [3] is a summary of
very valuable information of any launch vehicle nfro
USA, Europe, Russia, Ukraine, Japan, China, India,
Brazil and Israel. This information is in PDF forma
with a navigation function. Again, the user neealgo
one by one among all the launchers to find out whic
are suitable for a given payload and no
interpolation/extrapolation algorithm is available.
Launcher Selection Module (LNCHR) Orion [1] is a
software tool that is intended to help the missioalyst

to plan a generic constellation, taking into acdoan
wide range of possible mission requirements and
constraints like the target orbit inclination, tlinch
sites available, the launcher capabilities and some
spacecraft related aspects.

The LNCHR uses a Launchers LEO Performances
Database and its output file comprised a list of
applicable launch vehicles for the constellatioro N
interpolation/extrapolation algorithm is available.

It is clear that exist several tools which shallphthe
user to choose an appropriate launcher for itsogalyl
and the desired orbit. But no one of them provide t
combination of automatic comparison of all launcher
inside a database, the possibility of
interpolate/extrapolate the payload performancetter
desired orbit and the launcher selection procetased

on user specific requirements. This is exactly what

will do.

4. DESCRIPTION OF LAT

The idea behind LAT is that the user can identifyich
commercial available launcher is able to transjitsrt
payload to the desired orbit - with just one toada
within few seconds.

Instead of going through the user manuals of each
launcher, the user simply fills the program witte th
required parameters. This is done via a clearlgrayed
graphical user interface that will be accuratelgalibed

in chapter 6.

Some specifications are optional and help to cairstr
the launcher pre-selection in the forefront of riagrthe
interpolation/extrapolation algorithm. These aree th
maximal acceptable launch cost, the requested launc
service provider, details about payload dimensions
and/or tolerable payload environment. This infoiorat

is not necessary, but can reduce the computatioa ti
significantly: filtering some launchers before the
interpolation/extrapolation process.

when an escape orbit is chosen and the orbit gutibdin.
The use of a kick-stage is an optional input tkahat
used to filter the launchers, but to increase tpmability

of them.

With this information the interpolation/extrapotati
algorithm is feed and the computation of possible
launcher can be activated.

Vega performance from database
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Figure 1. Interpolation process

LAT uses a Space Launcher System Data-Base
(SLSDB) [1] that contains a huge amount of

Other specifications are necessary. These are the specifications of available commercial launch syste

payload mass and important orbit information: pegig
and apogee altitude respectively the infinite viéyoc

This database includes a performance table forrakve
orbits. If the user desired orbit is identical withe from



the SLSDB no further calculations are needed and LA  up to date.

simple compares the payload mass from the search In principle, the user can interface LAT with any
criteria with the payload capability of the launchEhis database that is available to him or even compie h
case is not so frequent, since usually the desirei is own catalogue. Astos Solutions uses a database for
different from those in the database. In this situ the space launcher systems from ESA/TEC-ECN, SLSDB.
interpolation/extrapolation algorithm applies.

The user specifications of desired orbit periged an 6. GRAPHICAL USER INTERFACE

apogee altitudes describe the orbit type; both ethes
parameters can be incorporated in the mass specific
angular momenturh.

The present chapter should be intended as a fastr“U
Guide” for LAT. After connecting to a database tgh

the file menu all necessary inputs for computation can
be entered in th8earch Criteriasheet shown in Fig. 2.

L=rxv (1) . _ i
|2 Launchability Analysis Tool [ o [

Wherer is the space craft position from the center of ||Ffil
Earth andy is its inertial velocity. | 4
This reformulation reduces the parameter size tteeth | Search Criteria | Resuits]
(angular momentum, inclination and payload), e >
simplifying the interpolation/extrapolation. o T e .
As second step the values in the performance table

Perigee altitude [km] 0.0

SLSDB (grid points) can be arranged over a three
dimensional surface as shown in Fig. 1. Via an Apogee altitude [km] 0.0

interpolation algorithm the payload capability dfet | Inclination 7] 0.0
launcher can be computed for every orbit included i || |
the surface range. o . Pavioad mass [kl P

In case the user requested orbit is outside thaeval _

range of SLSDB, an extrapolation could be performed Ml xtpdcinn, | [eg =

It should be clear that the further the desireditorb
deviates from known grid points, the less realistitt
become the computed payload. Therefore, the user
needs to explicitly allow the application of the
extrapolation algorithm and a warning is raised for
extrapolation results that are far away from thailable
SLSDB data.

During the computation process two different |
interpolation algorithms are implemented: one foe t

|| Payload shape

7] Max axial acceleration E

|| Max Iateral acceleration

|| Minimum longitudinal payload frequency

angular momentum of the desired orbit and oneHer t [  [=/Minmum steral payioad frequency
inclination. Several approaches have been invastiga |

and are Compared in Chapter 7. || Company fCrganisation {multiselection)
In the case of a kick-stage implementation, adudiitio

computations are performed based on the final aibit ] Max launch cost

the launcher, the user required orbit and the ratio |
between the kick-stage thrust and the payload weigh

[7] Allow kickstage(s)

5. LAUNCHER DATABASE

The database used by LAT is a key factor for thalfi I
result of the computation. First of all it has tmtain all
necessary information about the launchers: fairing &
dimensions, typical payload accommodations duriay t Figure 2. Graphical user interface of LAT

launch operation, estimated launch price, general

information about the launch service provider and t  Required inputs are the orbit type and the payloads.
launch site. Optional information about launcher's In the drop-down menu @rbit TypeLEO/MEO, GTO,
reliability is advantageous. Moreover the perforomn  polar, SSO and escape trajectories can be chosen.
tables should be as updated and comprehensive asDepending on the choice made, up to three
possible. Those tables determine how accurately the specifications of the orbit must be inserted.

performance of the launcher for the desired orilithe If no extrapolation is allowed, no launcher will be
computed. considered for computation which performance data

Therefore it is important that the database is pdnkapt from the linked database does not enclose the eatesir




orbit.

The other entries are optional and can be activated
selecting the associated check mark.

In particularAllow Kick-stage(see Fig. 3) opens a long
selection area containing the market available-kicge
and the possibility to define an own module.

| Allow kickstage(s)
Predefined Kickstages -
Predefined Kickstages
Choose one or more kickstages
Aerojet HIPAT
V| Aerojet MR-104
Aerojet R-40B
Aerojet R-42
Astrium 300N Cryogenic Thruster
/| Astrium 400N Hydrazine Thruster
Astrium 400N Eipropallent Apogee Motor {Jong version)
Astrium 400N Eipropallent Apogee Motor (short version)
/| Astrium 500N Bipropallent Apogee Motor
Isayer DMT-600

TRW Dual Mode Liquid Apogee Engine

Mass of kickstage motor [ka] 4
Figure 3. Kick-stage input interface

Details about the payload shape are used to determi
whether a suitable payload fairing
Dimensions of cylindrical and cuboid payloads can b
entered.

Several optional specifications define the accdptab
payload environment during the launch operatiora If
launcher exceeds these values it will not be cemsitl
for further computation.

In the field Company/Organisatiothe user can select
the preferred launch service providers, multi-g@decis
allowed. If this box is not activated all providease
considered.

The last option allows the user to set the uppeit fior
the launch cost.

6.1. Results Window

After filling the search criteria the computatios i
started by the green button below thiée menu. The

waiting time depends on the dimension of the cotatec
data-base: with the actual version of SLSDB it take

few seconds to compute suitable launchers that can

fulfill the specified mission.

The results are presented in tResultssheet (next to
the Search Criteria. It contains all the launchers that
are capable to transport the user defined payloatlet
desired orbit in alphabetical order. For each l&enc

is available.

some basic information are listed.
- The type of the payload fairing; if more than one

suitable fairing is available, they are listed
separately.

- The company/organisation and the operator of the
launcher.

- The location of the launch site and available

azimuth range.
- The estimated launch price.
- The reliability of the launcher and its status.
- A summary of payload accommodations during the
launch operation.
The results can be saved to a file for further wtand
comparison. Therefore the listed launchers can be
selected individually or in groups.

7. INTERPOLATION/EXTRAPOLATION
RESULTS

For LAT several interpolation algorithms have been
studied. It was searched an approach that can dx us
for both interpolation and extrapolation computatio

Fig. 4 shows two interpolation approaches for the
angular momentum. The linear approach is simple and
reasonably accurate when the grid points are velsti
near to each other. Unfortunately the nature o$ thi
approach forces the extrapolated values to
underestimate the real ones. The deviation congtant
increases with the increasing distance from tha& gri
points making the computed payload not realistic.

The second approach is described in Eq. 2:

payloadL) =a+ % )

wherea and b are variable coefficients and is the
angular momentum.
The coefficients are computed from the performance
information of the database, in particular the paglfor
two orbits with same inclination but different ateyu
momentum.
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Figure 4. Interpolation of angular momentum

This approach provides a perfect match with thé rea



performance table, so good that the differenceots n
visually detectable (in Fig. 4 the red line covérs blue
one). Also the performances for near extrapolatiom
acceptable, therefore this approach is implemenied
LAT.

The Eg. 2 describes the interpolation of the regglir
payload for the desired angular momentum (i.e.geeri
and apogee) for an orbit inclination already defime
the database. In the next step the payload cafyatuiti
the user specified inclination has to be computed.
Several approaches have been evaluated.
The linear approximation provides satisfactory hssu
only when a close-mesh grid points are includeth&n
database, situation rarely present. For extrapolatie
computation is really inaccurate.
A second analyzed interpolation algorithm is the
Lagrange polynomial interpolation as shown in Eg. 3
This method has the advantage that it can handle an
number of data points. If the database containsaber
of nodes 1), this polynomial interpolation will create a
n-1 degree polynomial. Furthermore the degree of the
polynomial increases by adding new performance data
to the launcher’s database. With this approactdatih
points are included in the computation.

j 3

where x is the user desired orbit inclinatiofy,is the
payload capability for same angular momentum but
different inclinations from databasg, andx, are orbit
inclinations from database.

On the other hand the polynomial interpolation tves
serious disadvantages.

The first one is displayed in Fig. 5. The real euof the
payload performance for the Vega launcher is digala

in blue. Ten reference grid points are marked. ther
test of the algorithms only the inner six of therargv
used as input data points; the interpolation-extiapn
capability can be appreciated respectively in the
internal-external part of the curves.
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Figure 5. Interpolation of inclination
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The green curve (Lagrange) has a satisfying cdioela
with the original values as long as it lies betweka
input data points (interpolation). But on the edgeis
diverging from the real performance data: bad
extrapolation.

The second disadvantage is visible only if moreadat
points are taken into account. Where more then ten
input data points are considered, the curve becomes

oscillating; known problem for high degree
polynomials.
For these two reasons the Lagrange polynomial

interpolation has been discarded.

The method implemented in LAT for computing the
payload capability depending on desired inclinai®oa
trigonometric interpolation, as shown in Eq. 4.

payloadi) =a+blcos() (4)
Wherea andb are variable coefficients amnds the orbit
inclination.

The coefficients are computed by using the perfocea
information of two grid points with same angular
momentum but different orbit inclinations.

The use of trigonometric interpolation is in lingwthe
physic involved: the required!VV for plane change
depends trigonometrically on the difference
inclination between the two orbits [4]. The cort&la is

shown in Eq. 5.
&Y (4
V, 2

1

in

()

WhereV; is the orbit velocity before the plane change
and 4i is the inclination difference between the two
planes.

The trigonometric interpolation is the yellow daghe
curve in Fig. 5: the computed performance is irelin
with the real grid points both during interpolatiand
extrapolation.

Interpolation is always performed considering the t
nearest data points. Instead for extrapolationcaiier
points are used.

An extensive error analysis for the Delta IV famdf
launchers indicates that the deviation between the
computed and the real payload performance does not
exceed five percent during extrapolation and isamor
accurate for interpolation. It is clear that thevidéon
depends strongly on the distance between the known
point (performance table in database) and the user
desired orbit. Further information about the error
analysis can be found in [5].

7.1.Kick-stage computation

The additional of a small stage with variable pitzwe
mass will increase the overadl of a launcher. In this
way the desired orbit could be achieved with a ¢éwun
system that naturally has not the required perfomaa



In order to perform the orbit transfer, the statiiband
the final orbit have to be defined. The final orbiuals
the user-defined desired orbit. For the start orihie
orbit out of the launcher database that comes sidse
the desired orbit regarding orbit energy and iratlon
is chosen. Furthermore, LAT checks that the inttiddlit
energy is lower than the final orbit energy. Thetne
step is to calculate the requira¥ for the orbit transfer,
including inclination change. For the calculatidme t
orbit transfer is treated as a Hohmann transfer,
consisting of three impulsive maneuvers: raise haf t
apogee, inclination change, raise of the perigae. AV
for the raise of apogee and perigee can be cadcliay
using the Vis-Viva-Equation, Eq. 6

F-3)
v=pull——=
r a
Wherev is the inertial velocityp = 3.98610* m3/s? is
the gravitational constant of the Earthis the distance
to the Earth’s center aralis the semi-major axis. The
AV for the inclination change is calculated by Eq. 5
where V; is the inertial velocity at the apogee of the
Hohmann ellipse andi is the difference between start
orbit inclination and final orbit inclination. Asiireality
the maneuvers are not impulsive, the resultig is
incremented by losses.

An extensive optimization work has been performed t
evaluate the losses resulting from orbital transfére
result of these optimizations are summarized iakdet
function of: the energy difference between theiahit
and final orbit, the orbit inclination differendde range

of true anomaly during burn time and the code of
conduct for upper stages.

The next step is to calculate the mass of the redui
propellant for the orbit transfer. Therefore, thertout
mass of the kick-stage after the transfer needbeto
calculated first by applying Eq. 7.

(6)

)

s

AV
| sp @O

Wherem, is the burnout mass of the kick-stag®, is
the maximum payload mass the launcher can briryg int
the start orbit of the orbit transfesV is the required
change of velocity for the orbit transfer (includithe
losses), |y, is the specific impulse of the kick-stage
motor andg, is the standard gravity acceleration. The
mass of the required propellant is then the diffeee
betweenm, andm,. The mass of the kick-stage tank is
assumed to be 10% of the propellant mass. Fintdéy,
maximum payload mass for the desired orbit can be
calculated as:

mpayload = rn‘o - Ol[qmo - rno)_ rnm (8)

Wherem,, is the motor mass of the kick stage.

The payload mass so computed is then compared with
the user requested one and in case the requegt &iE
higher the launcher with the specific kick stage is
included in the list of the result window.

8. CONCLUSION AND FUTURE REMARKS

Up to now there is no tool on the market that epslal
comfortable and fast computation of launcher
performance. Therefore Astos Solutions developed
LAT. To facilitate the handling LAT offers a frieyd
user graphical interface. Numerous selection daiter
allow the search of appropriate launchers for #srdd
orbit and payload mass.

A comprehensive database with performance tables of
commercial launchers has to be linked to LAT. Betmwe
the data points from the database LAT interpolties
payload capability with the best fitting algorithms
Where the required orbit is external to the datapas
extrapolation is performed. In the case the presefa
kick-stage is requested additional computations are
performed according to the user selection. Intargss

the extensive optimization work performed to define
losses as function of typical parameters.

All launchers that fulfill the user requirementsear
presented in a clearly arranged result sheet vathes
additional basic information about launch site and
launch provider. The kick-stage with variable pritgre
mass will increase the overalV of a launcher: in this
way the desired orbit could be achieved with a ¢éun
system that naturally has not the required perfocea
With this approach a wider range of launcher system
will be presented to the user with the possibility
reduce the launch cost.

For future outlook the kick-stage could be based on
electrical low thrust propulsion with a new opti@imn
task to identify the losses in this different saéma
Additional work can be performed on the interplamgt
scenarios, with the definition of typical targenétion

of the required4V to achieve them: payload mass in
Mars orbit.
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