ADVANTAGES OF A CONTINUOUS THRUST STRATEGY
FROM A GEOSYNCHRONOUS TRANSFER ORBIT,
USING HIGH SPECIFIC IMPULSE THRUSTERS

Christophe R. Koppel

SEP, division de SNECMA - Aérodrome de Melun-&fiiche
77550 Moissy-Cramayel - France

Tel. 33 (0) 1 64 71 46 93, Fax. 33 (0) 1 64 71 36Bmails Christophe.koppel@sep.snecma.fr, K&@®/anadoo.fr

Abstract > Electric Propulsion, because the basic principle of
the electric propulsion is to convert the electripawer
Since mid-1997, Electric Propulsion is used atioeestern aboard the spacecraft (which do not generally asgs
Geostationary satellites for the North/South Stat®eping. mass) into mechanical power to the expelled magsgan
This first step into the field of the High specifimpulse  thrst the spacecraft by reaction. In such conuitidt is
propulsion will be followed by a generalisation itf use in clear that high levels of performance can be acfiev
order to cover all the propulsion functions aboaatellites, . . . - . .
with electric propulsion. It is sufficient to inase the

including the orbit raising up to the geosynchrasotbit. . . .
The paper presents first a general consideratimout the €l€ctrical power transformed for having a higher

High Specific Impulse Thrusters as the Stationalgsifa mechanic_al power for the same amount of expell_e_d
Thrusters that are characterised mainly by thew thrust mass: this is the performance that we call Specific
level : less than 0.5 N for a typical input powéb&W. Impulse.
A second part deals with thrust strategies framrebiptical The second point to highlight after the first sfin is
starting orbit to a circular one. Advantages of tswous that such High Specific Impulse Thrusters are asway
thrust strategies are listed. In the presentedyswmdnew inrust limited. that means:
parameter is |_ntroduced_: the Specific Impul_se ok th> Low Thrust, because the power aboard the
Manoeuvre, which combine thrust level, duration the . .

jsPacecraft is always limited. We shall recall tizat

manoeuvre and initial mass of the space vehicls. i -
expression, in speed units, is also related tadéal velocity. chemical 400 N thruster produce a mechanical pafver

This parameter is used to simplify the comparisetween 1200000 W (1.2 MW !). If such thruster were an
continuous thrust strategies. Optimisations of frsameter electric one (same thrust, with higher specific usp)
are shown. the electrical power needed to feed the thrusteddvbe

A third part deals with a selection of advantagésn "All 6.4 MW!

electric propulsion satellite”, mainly a very sugtal mass The High Specific Impulse Thrusters are then riyea

gains up to 1000kg for a 2000kg sateliite o the near term, for the mean term and probalsy
geosynchronous orbit, a complete deletion of angmibal for the long term) an electric and a low thrust
system aboard the satellite and the subsequenticaelef propulsion

toxicity and hypergolicity risks, the duration dfet transfer . . Lo
manoeuvre may be as short as 45 days or 90 days whéVow we shall introduce the Electric PropulsiomnisT

electrical power allowed to the propulsion is regjvely 20  kind of propulsion can be divided now into thre@eyéc

or 10 kW. The drawbacks, like the number of passagelasses corresponding to the acceleration process
throughout the Van Allen belts, are finally discets employed to expel the propellamind the available level

of performance (specific impulse):

e Electrostatic thruster, generally called "lon
Bombardment Thruster" or "Radio-frequency lon
Thruster" with a Specific impulse in the range D50
4000 s (25 000 - 40 000 N.s/kg),

e Stationary plasma thruster (SPT or PPS in France),
generally called "Plasma Thruster" or "Hall thruste
with a Specific impulse in the range 1 000-2 600 s
(10 000 - 26 000 N.s/kg),

e Electro-thermal thruster generally called "Arcjet
thruster" or "Resistojet" with a Specific impulsethe

Key words: Electric Propulsion, Continuous Orbit Transfers.

Introduction

What are thedigh Specific Impulse Thrusters? The
answer to this simple question is generally:



range 300-1000s (3000 - 10 000 N.s/kg). Thig laas device that converts electrical power into meictad
kind of propulsion is not a pure electric proputsio power. To do that, of course, a certain quantitynaks
because it may use also the chemical energy of thmust be expelled from the thruster at a high véjoci
propellant (in the case of the use of the hydramineo- and in a privileged direction (generally the theust
propellant). axis).

The firsts two classes of thrusters employ noe th For a pure electric thruster, the propellantismically
Xenon gas as propellant that is a clean, non texsily inert so that only electrical powerHs converted into
storable and easily usable for space product, withomechanical power (or the rate at which the kinetic
specific tension surface devices because of tlragggdn energy leaves the vehicle with the propellant),ingk
gaseous supercritical state. The arcjet considierdfiis  into account a certain value of efficiency. Foredectro-
paper is fed with the common hydrazine monothermal thruster, the produced mechanical power is
propellant. coming only in part from the applied electrical pyw

The purpose here is to propose a simplified @maly the other part is coming from the chemical enerighe
showing the advantages of the continuous thrustegly propellant used (hydrazine).
for the most important commercial orbit transfdre t We can write in every case:

transfer between GTO (Geostationary Transfer Orbit) n. P.=1/2.q. \2

and GEO (Geostationary Earth Orbit). where
e (s the total "propellant flow", as previouslhesein
kgls

General Relations, Thruster Comparisons Principles « V is an average velocity of the propellant paetcl
along the thruster axis, as previously seen, in m/s
Before having any discussion, it is needed to descr « P, is the electrical power at the input of the theust
the fundamental relationships and characteristidh® Power Processing Unit (PPU), that is, this powgisP
electric propulsion. directly the electrical power that the Power Canding
The first useful equation is coming from the specif Unit (PCU) of the satellite must provide to theusster
impulse definition (the amount of impulse given &y system, Pin Watt. Generally the power is given at the

unit of expelled propellant mass): input of the thruster, after the transformations thre
Isp=F.dt/dm PPU. Such power is very similar B, because the PPU
Isp=F/q electrical efficiency is ove30%.
where * n is the efficiency of the whole thruster system for
« Fin Newton is the axial thrust, the process of the power conversion. Actually,sit i

+ q is the total "propellant flow" of the thrusterpetter to understand the above equation as an asiom
including anode, cathode and neutraliser propellatie definition of the whole efficiency of the eldct
consumption, in kg/s, thruster system.

+ Isp in N.s/kg. With that definition, Isp can albe  Those equations are combined to elaborate a very
considered as an average velocity V of the propellainteresting relation between the specific power
particles along the thruster axis in m# other usual consumption (electrical power needed to producait u
definition is Isp=F/(q.g) with Isp in seconds, of thrust also called the Power-to-Thrustatio PJ/F])
00=9.80665m/s2. of the thruster type and the specific impulse is/ky:

A very similar equation is the thrust equation wilea PJF=Isp/(2.) (1)
pressure of the propellant particles in the exitisa of
the thruster can be neglected (this is the caseléstric  The data given for any thrusters are sufficiemt t

thrusters): compute the whole efficiency of the thruster type.

F=q.V. Generally that efficiency depends on the size @ th
where thruster and on the operating conditions (mainlg th
* Qs the total "propellant flow", as previouslyesein  discharge or accelerating potential), but it ddegary
kg/s, too much for a thruster type. It is considered as a
* Vs an average velocity of the propellant paeicl characteristic for a qualified thruster type whesrking
along the thruster axis in m/s. Actually V=Isp. in its qualified operating domain.

For arcjet, this efficiency is computed to $80%,

The last equation is coming from the principle ofyhjle for plasm& (sPT Fakel, SER=40-50%) and ion
energy conservation. Electric thruster can be cemsid



thrusters(RIT 10, DASA and XIPS, Hughes=44-50%; XX and Of satellites. The mean value for large commeiiiact

T5n=55-60%)the efficiency is about 50 %. TV Geostationary satellites was 3 000W in the
As a first order approximation, equation (1) irepl beginning of the 90's, 5 000 to 8 000 W now andaip

that the specific power consumption is equal to th&5 000 W or 20 000 W for the beginning of the new

specific impuls&: millenniunt. This electrical power is first used for an
increase of the payload that is the only source of
PJ/F=Isp ! (2) economical profits in a satellite system, and tizéase
of it, increases the potential profits and the
with Isp in N.s/kg , PWatt, F Newton competitiveness. Because those foreseen levels of
electrical power are achievable, we are at therindg
The relations (1) or (2) indicate that: of the age of the electric propulsion for satedlithie to
« The specific impulse is directly proportional teet its well ad-equation with the needs of the payload.
electrical power by unit of thrust. The conclusion of this general introduction istth

To produce the same thrust, the higher the specif@@plied to commercial direct TV satellites, a valid
impulse of a type of electric thruster is, the ligthe comparison between electric thruster types should
electrical power need is. assume first that the same level of electrical powés

 In other words, with the same electrical poweg thavailable for each kind of thruster. As consequence,

thrust produced is inversely proportional to thecific ~ the thrust produced by each type of electric tieru
impulse. reduced when the specific impulse is increasedaBsz

the duration of an orbital transfer is proportiotalithe

The first assertion means that the electrical growthrust, this is a very important penalty for theyhkigh
delivered by the electrical generation system af thspecific impulse thruster applied to telecom sidsll
satellite can be changed depending on the thrtstee While applied to non-commercial spacecraft, a valid

used. This could be achieved with: comparison should assume first that the same thrust
increase of solar panels dimensions, is produced by each kind of thruster.As consequence,
increase of solar electric power transfer assiesibl the duration is always kept constant and the eébedtr

mechanisms power produced by the satellite is reduced when the

increase of the power conditioning unit and bige ~ specific impulse of the thruster is not so highc&ese
However, such approach is purely theoretical bsga the mass of the whole electrical system of thellgates
each system must be completely qualified and thoskecreased (by e.g. a factor 2) there is a very iitapd
qualifications are most of the time more expensind Penalty for the very high specific impulse thruster
have longer development schedule than the propulsi@pplied to non-telecom satellites.
system one.
In fact, the most probable strategy (for specific
applications as non-commercial direct broadcast ~ Thrust Strategies for the Transfer to the
satellites or scientific spacecraft's) would baléarease Geostationary Earth Orbit
the power capacity of the spacecraft when using the
lower Isp thruster. This shows that for a iso-thrus The main drawbacks of High Specific Impulse
comparison, despite their lower intrinsic performen Thrusters is their low thrust and the long duratidran
medium high specific impulse thrusters can be ver@rbit transfer.
competitive with very higher Isp thruster, becatise Lots of strategiés*>****have been investigated before
mass saving at system level (solar panels, batier)e finding a valid continuous thrust strategy betw&rO
can compensate largely the increase of propelsed.u and GEO which can minimise the Orbit transfer
The second assertion is practically the most imamo duration.
one, because it is almost always in those termistilea  First studies were based on the thrust arcsesgyat
comparisons between thruster types are done (fafound the apogee (similar to the high thrust chami
commercial direct TV satellites). The electricaiygo of ~Propulsion "apogee burns"). The results indicates a
a satellite is primarily devoted to the payloadd amly ~slight increase of the Delta-V needs (or propeltaass)
secondly, to the electric propulsion, if and whée t wrt. the corresponding high thrust strategy and the
whole satellite system takes advantage of that. duration of the transfer could be considered as
Historically, we can correlate this point of viewith ~ prohibitive. A computer output of this apogee-cedtr
the increase of the electrical power of the lasiegation thrust arcs is showing. 1.



Node axi:

Fig. 1: Inclined initial orbit (Sub-GTO 28.5°) to GEO
with Apogee-centred thrust arcs Note that the effects of the
large thrust arcs with a large increase of thegeerialtitude, and a  Fjg. 3: Continuous Orbit Transfer from an Inclined initial

slight increase of apogee altitude. The total nurmoberbits is 295. orbit (Super-GTO 60 000 km and 28.5°) to GEOThe total

. . . number of orbits is only 91.
Second studies were based on the integratioeof t

super GTO strategies into a thrust arcs strateftg @ The hypothesis and a comparison between those
suggestion of Mr. Marcel PouliqugrThe results were ditferent strategies is shown table 1
that the duration of the transfer could be decragth

_burns around apogee and burns arour_1d _perige_e. Theaple 1: Hypothesis and comparison between strategies.
increase of the Delta V needed for achieving tH@tor The shortest duration is given with a continuouategy.

transfer were more significarftd. 2) Fig. 1 Fig. 2 Fig. 3
Apogee- Apogee and| Continuous
centred thrust  Perigee- Orbhit
arcs centred thrust Transfer
arcs
Initial alt. (km) 185x26 500 185x55 000  185x60 0P0
Initial incl. (°) 28.5 28.5 28.5
Initial Mass (kg) 3000 3000 3000
Thrust (N) 0.9 0.9 0.9
Isp (s) 1 600 1 600 1 600
In plane thrus Local Local Local
orientation horizontal horizontal horizontal
Out-of-plane +41.5°, + 33°, constan + 26°,
thrust orientation constant constant
DeltaV (m/s) 2 540 2120 2475
Theoretical impul 2026 1678 1657
minimum deltaV
DeltaV efficiency 80% 79% 67%
: . . . . (impulse/real)
Flg; 2: Inclined |p|t|al orbit (Super-GTQ 55 000 km and Laupncher TRy —Io1 333 T
28.5°) to GEO with Apogee and Perigee-centred thrust increase (m/s)
arcs. The total number of orbits is 178. Final Mass (kg) 2552 2621 2562
Duration (days) 148 113 89
Finally the continuous thrust stratedig( 3) has been | Number orbits 295 178 91

discovered in order to decrease at a maximum tiBecause the initial orbits of table (1) are not siaene,
duration of the transfer without taking care of ttight the launcher increase of performance requiredvisngi
increase of propellant mass used during the orlalgebraically wrt. the GTO transfer (185 x 36 000, k
transfer manoeuvre. Heavy optimisation techniquez8.5°). The Out-of-plane thrust component is alisermy
conducted by S. Geffrdyhave shown similar results asalgebraically in table 1, because the change of aiy
the proposed strategy. This strategy has been aeahpathe radius perpendicular to the ascending node akis
with the strategy given by SpitZéf. Lots of practical Delta V efficiency is simply the ratio between the
advantages have been founded in favour of owninimum impulse delta V required for the transfada
strategy>1* the real delta V needed.



This simple historical shows that the durationtltd ¢ Second Phase Increase of perigee altitudes and
orbit transfer between GTO ant GEO has been reducddcrease of apogee altitudes until the circulait asb
by more than 60 % (at same thrust level). This ieeached. The best results are obtained with a aimil
naturally the counterpart of the loss of the mamoeu strategy as in phase one. However, a major chante
efficiency (67% instead of 80%). orientation of the thrust around the perigee ibaanti-

One should note also that the total number oft®orb collinear to the velocity. Another good thrust otgion
needed for the transfer has also been reduced by m@ to have an in-plane component oriented contislyou
than a factor 3. This is a very important resudtcduse wrt. an inertial direction.
the radiation of the Van Allen belts can be minedis « Third Phase Decrease of perigee altitudes and
when the number of orbits crossing the proton baiés decrease of apogee altitudes until the GEO is ezhch
minimised. This number can be considered as dyrécttl This is a typical spiralling strategy between tviwwaar
relation with the total number of orbits. orbits. The thrust is in the local horizontal plane

The first phase can be skipped if the initial gg®
Continuous Orbit Transfer. altitude is very high or if the initial orbital ped is
higher than 24 hours.

The low thrust is continuously provided to théefide. The third phase can also be skipped if the ttiansi
The thrust orientation strategy (in the local abjilane) between phase 1 and phase 2 is produced when the
is quasi-optimised when considering the three ¥alig  orbital period is equal to 24 hours.
general phases: Orientation changes are provided thanks to asthru
* First Phase Increase of perigee and apoge&omponent out of the orbital plane. The absolufeera
altitudes. The best results are obtained for tHeviing  of the out-of-plane component is held constant rayri
thrust orientation. When the satellite is aroun@ ththe whole orbits, although the sign of that comparie
perigee, the thrust is "tangent to the trajectdiiffust reversed twice per orbit when the satellite readud t
in-plane component collinear to the velocity). Whiee orbital radius perpendicular to the ascending node
satellite is around the apogee the thrust is inlteal axig ¢
horizontal plane (perpendicular to the orbit radiusFigure 4 andFigure 5 hereunder show the tri-axial
vector). The term “"around" refer to the whole halbutput of the software. The thrust vector is shdmvn
ellipses centred to the apogee or perigee. Theitiam each point of the trajectory. One can easily see th
between perigee and apogee orientation strategy visrious zones and transition points. One can
located at the ellipse minor axis. With such thrusdlistinguish so that the different thrust orientatio
strategy, this phase is curiously characterisedaby strategies
increase of apogee altitude higher than the pergee
Another good thrust orientation is to have the shru
always is in the local horizontal.

Radiuspkpé’ndicular

——to node axis

7~ Elfipse minor axis
\“

Fig. 4 Orbit Transfer from inclined orbit, First Ph ase(2
transition zones: one at the ellipse minor axisferigee and
Apogee altitude increase, one at the radius peipeiad to the Fig. 5 Orbit Transfer Second Phase (in-plane
orbital node for the inclination change) component inertial) (1 transition zone, due to inclination
change, at the radius perpendicular to the orbadk)

Specific Parameter Definition



radiation dose. The high density (fluence > 20 000
The goal of the new definitions is to characterike protons per cm? per second) and high energy (>3)MeV
orbit transfer as simply as possible. The maiprotons Van Allen belt are centred at an altitude o

characteristics of the orbit transfer are: 5 000 km. The belts begin at an altitude of 2 0O@0akd
® The duration of the transfat, end at an altitude of 7 000 km. So that each tesinsf
®* The mass of propellant used, strategy is characterised by its number of perigee

®* The number of perigee crossing the Van Allen beltscrossing the Van Allen belts (i.e., having a pegige
for a satellite, having an initial mass at lauridh;, altitude higher than 7 000 km or 8 000 km with agira
powered by a given propulsion system with a specifiof 1 000 km).
impulse of the thrusters Isp.ser @and a total given
thrustF. This second parameter has been called Specific
Perigee Number.It is a normalisation of the number of
The first simple parameter has been calledSthecific  revolution needed by a satellite, propelled byragtf,
Impulse of the Manoeuvre: with an initial masd ; , to escape the Proton Van Allen
belts (i.e. for having a perigee higher than 8 R@J.
ISP manoeure = F-At/ M (3
PerigeeSpecific: Number perigee crossing- F/' M i
with F Newton At s, M; kg, ISPmanceuvrein M/S.
with F Newton, M Ton, Perigegpeciicin #N/Ton.
This parameter allows to directly compute theation
of the orbit transfer when the thrutand the initial ~ The Perigeespeciic Number allows to directly calculate
mass of the satellitel ; are known. the Number perigee crossingOf the orbit transfer when the
Because the thrust is continuously applied to tHérustF and the initial mass of the satellid ; are
satellite, the mass of propellant used during tHaito known.
transfer () is simply equal to the mass flow rate time It is also, of course, the number of orbits diéstt by
the duration of the orbit transfer. a satellite of one Ton propelled by a thruster pé o
One shall mention thd$p manceuwre IS @lMost equal to Newton needed to reach an orbit having a perigee
the Delta V of the orbit transfer. This is becatise altitude higher than 8 000 km. In order to havdista
specific impulse of the thrustetsp yuser is high and Vvalues for thePerigeespeciic Number, it is preferable to

then the initial mas ; and the final onéM ; are very compute it with the mass expressed in Ton.
close together. This Number depends firstly on the initial orténsfer

altitude (GTO, Sub-GTO or Super-GTO 60 000 km or

M. Super-GTO 90 000 km) and depends secondary on the
Delta V = Ispyystertn (/M) inclination change to be done during the trangfés. of
M, _ EA course faster to escape the Van Allen belts when no
DeltaV =Isppryster /M, With 1SPster = 'A/le inclination change are produced during this firatt pf

the transfer.
DeltaV = F % .

JFAY _ .
DeltaV = A/Ii = 18P nceuvre Main results of a parametric study

Because thésp manceure i the order of the Delta V to The parametric study takes into account:
be produced for the orbit transfer, the adoptethifish ~® an initial elliptical orbit with a given inclinain wrt.
is very interesting for electric propulsion contms the equgtonal plane_, _
manoeuvres. Its minimisation lead to minimise ie th® the final Geostationary orbit. _
same time, the duration of the transfer and theln order to have an analytic view of the orbarisfers,

minimisation of the propellant mass needed for th&€ results of the computations have been sumndarise
transfer. thanks to a multiple regression analysis technigires

the case of the low thrust electric propulsion (§)2

The second simple parameter has been introdwed For the first phase, for a given initial orbit, &ep final
having simplified comparison between orbit transfePerigee altitude and a given total inclination amna
strategies, from a point of view of the Van Alleel® first regression allows the estimation of the etieity



and the apogee altitude at the end of the firss@hA given in terms oflSp mancewre FOr information, the
second regression allows the estimation of thedaYelt values of the real DeltaV needed are shown in
efficiency (lowest impulse Delta V divided by theaf brackets (in case of use of a thruster having a
Delta V needed). specific impulse different from 1 600 s).

The lowest impulse DeltaV is given by a classical
Hohmann transfer, as shown fig. 4, with the inc¢lowa
change totally produced during the apogee impulse.

econd apogee dV
Initial orbit

.
Transfer orbjt,.s**"
bl T A

Fig. 4: First phase of a continuous transfer: Equialence
with the classical Hohmann impulse transfer.

Final orbit ( circular or GEO)

Fig. 5: Second phase of a continuous transfer:

. L . Equivalence with the classical Bi-elliptic impulsearansfer.
For the second phase, for a given initial orbd a

given total inclination change, a unique regression o figure 6 are shown the results dealing with the
allows the estimation of the DeltaV efficiency. For mber of perigee crossing the Van Allen belts

that case, the lowest DeltaV is given by the ct@si  qyring the orbit transfer. Obviously, the inclirati
Bi-elliptic transfer, as shown fig. 5, with the  of the thruster wrt the local orbital plane (betwde
inclination change totally produced at the first 5nq 30°) is not of prime importance for this number
apogee impulse. Thus, table 3 doesn't take into account any

. , , inclination change.
The main results of the regression analysis areisho

in table 2 Various inclination changes have been
considered from 0° to 30°, according to the lagtsd
of the main launch facilities. The results aretfirs

Table 2: 1Spmanceuvre iN M/s for different initial orbits and different initial inclination. A Super GTO with an apogee
altitude of 60 000 km is about optimum whateverittedination change is. ISRinoewre=F At / M

Inclination chang® 0° 10° 20° 30°
ISP manceuvre @Nd (real deltaV)<y
Initial orbit =
Super GTO 200 x 50 000 km 2 0d5191) 2 120(2 278) 2 290(2 475) 2 530(2 759)
Super GTO 200 x 60 000 km 1 95Q 082) 2 010(2 151) 2 150(2 312) 2 350(2 546)
Super GTO 200 x 70 000 km 1 96M82) 2 000(2 139) 2 120(2 278) 2 290(2 475)

Table 3: Perigeespeciic Number in N/Ton for three different initial orbits . A Super GTO with an apogee altitude of
60 000 km is characterised by only 23 perigee angshe Van Allen belts (for a 3 Tons satellite dnhél N thrust).

Perigeespeciic Number Number perigee crossingin the Van Allen belts

Initial orbit = (N/Tonne) Satellite mass 3 Ton, Thrust 1 N
GTO 620 x 36 000 km =17 =57
Super GTO 300 x 60 000 km =7 =23

Super GTO 300 x 90 000 km =3,5 =12




Fig. 6: Number of perigee crossing the Van Allen bts.
Fast escape of the proton Van Allen belts are a&eligvith Super GTO initial transfer orbits!

Perigee Alitule during the orhit transfer (k)| PERIGEE ALTITUDE PROGRESSION of a SATELLITE
s000 T ‘ Il l ‘ / and NUMBER of PERIGEE CROSSING r
DURING the ORBIT TRANSFER

Launch in BUPER GTO (300 x50 000 k)
7000 + o 4z /
j 4

Launchin 3UPER GTO (300 x 60 000 k)

o f, 7 30 45

6000 1

5000 1

4000 1

Protons density > 20 000 per cm? per second)

R

Van Allen Belt (Protons with energy > 3 Mew

3000 +

=

2000 +

1000 +
620 km

300 km

p
=

/
Launch in GTO (620 x 36 000 fam /
Thruster Inclinaizon wit. the orhital plane |

v 15 e 45°

The number of perigee crossing the Van Allen belts
iz propottional to the satellite launch mass
Itis also inversely proportional to the thoast.

\N\

That gives the definition of the Specific Perigee Number
(in Hewton per Ton),
It iz also the number of orbites described by a satellite
of one ton with & thraster of one Newton.

[Specific Perigee Number (4*N/Ton)|
I I

=
=
I
o
oo

The conclusion of the parametric study showsvirg

10 12 14 14 18 a0

3 tons satellite. (i.e. a Chemical High thrust Kise

interesting properties of the proposed continuousansfer requires an initial mass of 4 200 to 4 B§@or
transfer strategy between Super-GTO 60 000 km amilivering in GEO, the same mass as after the ralect

GEO. The all electric orbit transfer duration can be
as short as 77 days (from Kourou) or 90 days (from

transfer).
Even when the increase of performance required fo

Cape Canaveral) The mass of propellant needed foithe launch into Super GTO instead of GTO is takea i

the transfers are respectively 381 kg and 444 kgsé&
data are valid when considering a satellite initialss of
3 000 kg and a thrust 0.9 N, having a specific ilspof
1600 s (i.e. 16 kW/N) and an electrical power 441
kW. In that casethe number of perigee crossing the
protons Van Allen belts is only 23 This is also a main

account, the net advantage is still comfortablevieeh
780 and 1150 Kkg. (The launcher decrease of
performance is quoted at iso-launch price. In #eeof
Ariane 5, the penalty is 13 % in terms of mass, gor
launch in Super GTO with a 60 000 km apogee instead
of a launch in the classical GTO with a 36 000 km

advantage of the proposed Super GTO transfer withagogee).

continuous low thrust strategy.

Transfer from GTO and SUPER-GTO to GEO

It is clear that the high efficiency of electdmpulsion
is very interesting for the orbit transfer compatedhe
classical chemical propulsion. Depending on thituidd
of the launch facilities, the advantage, betwee20d
and 1 600 kg, is in favour of electric propulsiar &

Of course, when comparing an all electric saeglli
having a launch mass of 3 000 kg, with an all cloami
satellite for a 15 years mission, the chemical simguld
have a launch mass between 5 200 an 5 700 kg! @he n
advantage is 1750 to 2250 kg (because the
accumulation of the electric orbit transfer bengfith
the electric on-orbit station keeping benefit)!

The next particularly interesting study is abalé
comparison of GTO to GEO transfer using SPT with
respect to lon bombardment thrusters. Such orbital



transfers are considered as interesting when oy aSPT satellite. This is the consequence of the highe
electric propulsion is used. The main arguments aperformance of electric propulsion compared to the
related to the overall removal of the chemical pifsjpn  chemical one.
system aboard the satellite, the deletion of sulesety To have an economical valid comparison one sakdl
toxicity, hypegolicity or pollution risks of liquid into account, once more, the higher energetic launc
chemical propellafit the reduced cycle of needed for a Super-GTO compared to a simple chissic
manufacturing and integration of the satellite Kwiit launch in GTO. This can be achieved when comparing
use of any simulated liquid propellant during viilma the ratio of launcher capability rather than thessna
tests for example). The reduction of the initialssa Such ratio is equivalent to the percentage of tis¢ of
leads also to other benefits as simpler ground @uppthe launch. Even this economical comparison leads t
with a smaller volume of satellite. This inducesoah similar situation on those two kinds of systemse@an
better payload accommodation in the spacecraftwe)Ju conclude that: for a same launcher cost, one aarcha
particularly for heat pipes. a combined Chemical/Electric ion bombardment

The unfavourable aspects of electric propulsiom asatellite or an all electric SPT satellite thatdeao
related to the duration of the whole manoeuvreabse transfer within about the same duration about Hraes
of the low thrust of electric thrusters. This négat mass in GEO.
aspect can be partially compensated with the retluceThe main drawback of the combined Chemical/Eiectr
cycle of manufacturing and integration of the &ofric  ion bombardment satellite is the presence of the
satellite, and with the spacecraft outgassing ti@er chemical propulsion system. In addition the initizss
common drawbacks of electric propulsion are thef the satellite is larger. Moreover, the duratmmnthe
damages to the satellite caused by the sputfefiifithe manufacturing and integration process cannot be
thrusters are fixed to the anti-earth face of thelite, reduced as when the chemical propulsion system is
such damages are really non-significant. removed (this duration seems to be larger, in fabgn
To minimise the residual duration of the transfar, itis needed to integrate two kinds of propulsigstem).
continuous thrusting strategy, as exposed heratpfer The conclusion is that the overall advantagessiee
considered from the launcher injection into Sup&QOG be in favour of a medium high specific impulse syst
to the final Geostationary earth orbit. like SPT, instead of a very high specific impul$his is

A first comparison between SPT and ion bombardmedue especially because it allows the complete remuiv
thruster has been shown in previous stdfli@sthe case any chemical propulsion system aboard a commercial
of an all electric transfer. Obviously, due to dipm Geostationary satellite. The drawback of the atklc
(2), the very high specific impulse of ion thrus{grO00 propulsion with SPT deals with the Van Allen rautiat
s) imply that at same input power as for the SPdlegradation. In the first part of this paper, it Hseen
(1 600 s) the thrust of ion propulsion is twice BT shown that when the initial orbit is carefully ckasthe
one. Thus, 90 days with SPT mea1$8 days with ion number of perigee crossing the Van Allen belts ban
propulsion... This comparison shows the real acagmt as low as only 23. This figure is less than thrieset
of SPT propulsion over the ion propulsion, whatether higher than the current design criteria of the cemuial
reduction of propellant mass are. Geostationary satellites. There are no criticaléssto

In order to overcome this situation for ion prigion, overcome this drawback. One shall add that for rothe
the most interesting strategy is a combination afrbit transfer strategies, as the one exposedyid,fihe
chemical propulsion and electric propulsion (corebin number of Van Allen belts perigee crossing are abou
propulsion). Such strategy has been patented B$0. This shows the large advantage of the proposed
Hughe$'? It seems well adapted with XIPS (ionorbit strategy.
bombardment type thrusters system). It allows a
significant reduction of the number of passages

throughout the Van Allen belts (especially the pnst Conclusions
belts), but the advantages of the high specificuisgm
are naturally reduced. This paper shows the importance of the choicthef

When comparing, at iso-platform mass, such coatbin launcher transfer orbit injection. In order to miise
chemical/electric propulsion systems to an all telec the number of perigee crossing the Van Allen béits,
system with SPT, one can found that the totdlest choice would be a very high Super GTO apogee.
manoeuvre duration's are very comparable and tlss m#&n the other hand, the higher the apogee is, thieehi
at take-off is always largely lower with an all etiic  the increase of performance required to the launishe
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The choice proposed here is based on the minimukp D. Valentian, C. Koppel ~ Workshop ~ on  Solar  Hiect

duration of the whole transfer with electric prcagiah. propulsion - Future Planetary Mission - Stationaf_asma th_rusters:
prapa erformance Development Status And Potential Appbo To

This choice is a medium Super GTO apogee altitugs, netary Missions, ESA/ESTEC 13-14 Feb. 1997.
(60 000 km). Only 23 perigee crossing the Protoas V 16. C. Koppel, "Optimal specific impulse of electpropulsion”,
Allen belts are needed. The corresponding contisUOSEP, Proc. Second European Spacecraft Propulsiafe@ace, 27-
thrust strategy is analysed in details. This chaicst be 29 May, 1997 (ESA SP-338, Aug. 1997).

| b d th f di hiah ificil 17. S. Geffroy, "Généralisation des techniques dyemnation en
also based on the use or a medium high SpecinaiEBp  qqs1e optimal. Application aux problémes de $fernt et rendez-

electric thruster (SPT). vous orbitaux & faible poussée”, Thése de doctdraB52/1997, date
Compared to the other kind of propulsion, SPB0 October 1997.

propulsion shows the higher advantages. High mag® J-E. Pollard, The Aerospace Corporation , AlR8-3486

savings with respect to the chemical propulsionr o"EV""lu"’ltion of Low Thrust Orbital Maneuvers' 34"
9 P prop G‘n AIAA/SAE/ASME/ASEE Joint Propulsion Conference aBahibit,

than 780 kg for a 3 ton electric satellite). SPIbwa$ a  july 13-15, 1998 / Cleveland, OH.
complete deletion of any chemical subsystem when
compared to the ion propulsion.
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