|[EPC-99-188

A Method of Placing a Spacecraft on High Orbit

Vinogradov, V. N., Murashko, V. M. and Nattyn, A.G.
FAKEL, Moskovsky pr. 181, Kaliningrad 236001, Russia,

tel. 0112/456-693, fax 0112/53-84-72

Abstract

It is proposed an unorthodox high Earth orbit (HEO) transfer method using a combined chemical-lectric propulsion
system (PS) with state-of-the-art xenon Hall thrusters. This method has equal efficiency for transfering spacecraft (S/C) to the orbit
placed higher than Van Allen belts with any inclination, forward or revers circulation. This method profitability doesn't practically
depend on starting latitude for equatorial as well as for polar orbits and this allows to use it at any point of the Globe. An example of
geostationary orbit (GEO) constellation demonstrates that in comparison with the known by-pass trajectory by Stemfeld the method
offered using Russian Hall thrusters allows to increase payload mass by 50% and to reduce expenses by 15%. As compared with
traditional transfer method (half-elliptical trajectory by Hohmann) gain in payload mass of 30-200% is subject at starting latitude
variations from 0° up to 90° and in GEO-constellation cost of 7-90%.

Introduction

By way of example it is considered economic
benefits for a GEO-constellation development. A half-elliptical
method by Hohmann and unorthodox by-pass method by
Stemfeld are examined for the utilization of low-thrust engines
for transfer a payload to GEO. In addition to the transfer 10-20
years north-south station keeping (NSSK) with chemical
propulsion system (CPS) or electric propulsion system (EPS)
are assumed. For the orbit transfer and for NSSK, the following
technologies are considered: xenon Hall thrusters, xenon ion
thrusters and N;H -arcjets. All thruster parameters are shown in
Table 1.

Table 1. EPS design basis parameters

magnitude, when the initial mass at the parking orbit is 10,000
kg and payload power levels are 10-, 15-, 20-, and 25 kW.

Half-elliptical trajectories by Hohmann.

The Earth transfer orbit (ETO) assumed in this case
has perigee at a circular parking orbit and apogee - at a circular
working orbit. In perigee the carrier rocket uses a chemical
propulsion stage to place S/C into ETO. In apogee S/C uses an
onboard CPS to insert S/C into working orbit following which
the dry CPS is separated.

In these analyses the use CPS or EPS for on-orbit
station keeping is investigated.

A lanching of the satellite with a preliminary
remoteness by Sternfeld

In 1954 A Sternfeld proposed the unorthodox
trajectories with a high preliminary remoteness [1]. This
suggestion requires that apogee altitudes should be removed at
boundaries of the Earth pull. Often these trajectories are called
"bi-parabolic transfers" or "transfers through infinity”. The
trajectory by Stemfeld is performed by the high-thrust three-
impulsive burmes: the first bum-in perigee, the second bum — in
apogee and the last bum — in the working orbit.

Thruster type HallT | IonT | Arcjet
Propellant Xenon | Xenon | N;H,
Tankage fraction,% 15 15 8
Specific impulse, kN-s’kg 16 31 59
Thruster powerto-thrust ratio, | 154 223 82
kW/N
Thruster mass-topower ratio, L6 19 05
kgkW
 Life at data-sheet power, h 5000 | 8000 | 1,500
Thrust cant angle (NSSK only) 45° 30° 17°
Electric spacecraft power-to-mass t_
o on GTO W, =3W/kg
Total anmmal AV budget for AV =505
NSSK year
Total anmal 7y budget for | AT, =150h/ year
NSSK
Storage battery mass-to-power | =47 Skg / kI
Power processing unit efficiency Mo = 90%

The impulsive velocity assume an instantaneous bum
and is assumed for all chemical propulsion buns in these
analyses.

LEO-GEO transfers using combined chemical-
electric propulsion systems.

EPS s were developed and manufactured for LEO-
GEO and for S/C transfer to heliocentric orbits. But great
gravity velocity losses, long trip times and the Van Allen belt

The initial spacecraft power-to-mass ratio is assumed
to be 3 W/kg for all transfer technologies. In addition leading
particulars calculate for the EPS by-pass technology in

Copyright © 1999 by the EDB "Fakel". Published by
the Japan Society for Aeronautical and Space Sciences
with permission.

radiation obstruct the EPS application at low starting orbit. To
illustrate these obstructions Fig.1 shows the comesponding
required ion PS (JPS) rated duration and also LEO-GEO

transfer velocity change A}/ for both EPC and CPS vs starting
orbit inclination [ .

Asifssmwnatthedjagramatﬁ variation from 0°
up to 90° JPS rated duration is raising from 420 up to 840 days
and difference in velocity changes between EPS and CPS is
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changing at 3 = ° from 780 mVs up to 4,460 m/s at
B =90".1e. 1.2-1.5 time.
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As for S/C transfer from LEO exceeding bounds of
terrestrial gravity electric S/C escapes the Earth pull of gravity
theat Al7 = 7.800m /s instead of AV, =3230m/s what
CPSs require.

To overcome these problems the use of a combined
CPS-EPC for LEO-GEO transfer has been investigated by
several authors. By way of example authors of the work [2]
have shown the net mass benefits of using EPS for transfers
from optimal ETO to GEO, where the LEO-ETO insertion is
performed by CPS. It was shown: when the transfer duration is
increased then the net mass is increased, but the solary array
degradation due to Van Allen belt radiation is increased too.

As follow from 3] the profitability of replacement of
CPS with EPC can be considered in proporting to the product
of the final net mass into power degradation factor. Analysis of
estimation data states in paper [@] shows: when CPS velocity

change A} =1000m/s and EPS velocity change

AV, =1,250m/s this product is a maximum These
leading particulars were used for the trajectory analysis.

The other method for high orbital injections was
presented for the first time in [3]. The proposed mission
scenario involves a chemical insertion into ETO following by
EPS transfer to raise apogee up to the by-pass trajectory peak
and finally a low-thrust transfer to working orbit using EPS.
This by-pass trajectory calls for the optimal propulsion modes
that maximize final net mass and profitability of replacement
CPS with EPS. As a simplification a non-optimal by-pass
trajectory will be considered. In this analysis an upgoing parth
of the trajectory performs by CPS only.

In this case the CPS velocity change
isAF =17 .2 -1,. where V, - satllite velocity at the
circular parking orbit, and EPS velocity change AV, =V, |
where V- satellite velocity at the circular working orbit.
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In these analyses the starting orbit is 185-km-altitude
circular parking orbit and VP =7,793m/ s . The satellite

velocity at geostationary Earth orbitis V/,, = 3,075m /s .
Model input specifications. Criteria for performance.

The criteria for technology performance are the net
mass delivered into high Earth orbits and the total price of a
launch vehicle and a spacecraft per net mass kilogram when
EPS rated duration is the same.

The many LEO-GEO transfer methods call for two
chemical stages with masses 72, and m” and singe

onboard cruise EPS with mass m:, . In this case the S/C mass
ms/ after a separation of chemical stages is
(o4

ms/ =m, _mjf _m.{rl =m, (1_#51)(l—ﬂ.{{)’
(o}

where m,, - the initial S/C mass at parking orbit;
1
r_my : :
M., =—— -mass fraction of the stage 1;
mO

i
Ho = *#— - mass fraction of the stage 2.
mO - mst

The final net mass m,, is called the S/C

mass m 5/ less the masses of all onboard propulsion
C

systems:

t s
e mops 2

m, = m% —-m

where #° - the OPS mass for station kecping.
ops ping

By rearranging, we bring this equation to
form

Mo = mg, 1 1)~ (1= 1) 4. ]

where = m, - mass fraction of the transfer EPS;

e

u = ™M, - mass fraction of the transfer EPS
I4 m%
propellant;
p = m® ops - mass fraction of the OPS
s ms, ~m,
for NSSK;

m; - the propellant mass for cruise EPS.
In the long run:



m
net
/U net

= (1= pl)- (1= plf ) x
)

Jomw-a-uyue]

In turn, the constellation development price
(without reference to the propellant cost) is

_Cmytc,-m

[l =

dry
" ;

“net

where m, =m, — Z(m ) - the S/C dry mass;
g - P/ -

)

(m » ), - the propellant mass 1 — th propulsion
system;

¢, - specific cost of massm,, transfer to the
start orbit;

¢, = - specific cost of dry mass m dry

m

manufacture;
or
Z (mf’ )l
c
(e, +¢p ) [ 1m e
C'I + Cm WIO
" - i N©)
lLlVl(”
where
D ),
-t =ul+ (L=l + (= )y x
m,

x (U= gy )+ (U= ) (L= ) - (U= )

! 1 s
' _’”I’. 1 o_ ”7P ) s an
Hp=—"1 Hp ==y = —————
g my—m, mg/ —my
/C
m). m} andm? - the propellant mass for stage I,

stage IT and OPS, respectively.

As 1t results from (2) while comparing
alternative projects of a constellation between each
other a relative gain in expenses is specified not by

absolute values ¢, and ¢, . but by their ratio and this

allows to apply at comparison analysis rather rough
cstimatcs of specific costs. Taking this into account of
the base of [4] we consider specific cost of transfering

LEO payload mass ¢, = 8car. (1c.u= 1k$/kg). In this

paper a specific cost manufacture of satellites placed
on transitive orbit (GTO) about 30 c.u. is presented.
While calculating a dry mass this gives ¢, = 62cu.

c
and this leads to ratio —— = 0,129.

Cm

Leading particulars.
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The propellant mass fraction:
_AV
p=1-e /J *®

where AV - velocity change, m/s;

7

k)

J, - special impulse, N-s/kg.

The chemical propulsion system fraction:

Stage 1 Stage 2 NSSK OPS
J  sec 4515 314 314
sp 2
CPS 1_ b s
=1.145x =1.12 =1.12
mass He #e xR i
fraction x4, x xp,

The electric propulsion system fraction:

p, =0+, +y, W,
where VVQ - initial electric S/C power-to-mass ratio;
V., - mass-to-power ratio for power-varying
mass;
« - tankage fraction.

The total energy consumption referred to the
initial S/C mass prior to a propulsive maneuver:

— /jP ) qz: ’ Jsp
Mpc

w,T,

E)

where q;; - thruster power-to-thrust ratio;
T, - EPS rated duration;

Npe - PPU efficiency.

In general case xenon thruster power-to-thrust
ratio can be presented as:

q, :A+B~Jsp,(4)

For ion thruster (IonT) on the base analysis
data [5]
Gonr =9,900+0.4-J
for Hall thruster (HallT) on the base of data 6]

G = 5,500+ 0.62‘JW ,
where
q,, -in Wikg.
J,, -inN-s/kg.

sp
Than admitting that EPS will use duplicate
thrusters and using mass estimates listed in paper [2]

we'll give mass-to-power ratio for xenon transfer EPS
at 1, = 0.9 as:
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7L =1.76-(n+1)-y, +9.6 . kg/kW]
and for hydrazine arcjet PS (one reserve arcjet):

YL =1.76-(n+1)-y, +6.6, [kg/kW]
where y,, - thruster mass-to-power ratio,

A1 - number of main thrusters in order to

maintain EPS in operation for rated
duration 7t .

EPS used for NSSK normally operates at the
same tme with telecommunication equipment. That
requires increasing capacity of the onboard storage
battery (OSB). Extra OSB mass share 4, , not

included in payload, can be considered directly
proportional to the mass of main battery and ratio of
total energy stored in extra OSB and in main OSB [3],
ie:

T -

H e

Ly, =7 'Wr\ ‘T;

where y, - mass-to-power ratio for main OSB;

Q, - total power consumption of

telecommunication equipment while solar
are in shadow;

W, - power consumed by telecommunication

cquipment.
Assumption Q, ~0.05-W, - T, makes

Hh :20"YIW W

€

T —
AP 1073 -y, - AT-
T 2.28:107 -y, - AT,W(5)

where 7, - spacecraft lifetime;

ATy -total annual 74z budget, [h/year].

In the final analysis EPS mass-to-power ratio
for NSSK only is

Yo =v.+228107 AT, -y,
When the transfer and NSSK thrusters are the
same type. PPU is common to all thrusters:

70 =176 (n+1)y,, +2.28-107 AT, -7,

/

The initial electric stage acceleration is

_____w_.é_. (6)
9in
Actually S/C power-to-mass ratio on GTO is 2-
2.5 W/kg. For next few decades it should expect an

a, =

increasement of I/—V—O up to 3-5 W/kg. In this case it
follows from [6] with small thrust of
J,, =15=50kN -s/kg initial acceleration will not
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/)
exceed a, = (1-3)-107* — - Therefore a known
S

relationship can be used to specify AV, with
sufficient accuracy which is required for LEO-GEO

transfer
2~cos(7z-A%) 1
AI/e = _—— ;4“; N

where 7, - relation of the circular orbit final radius to
initial radius;
Ai - angle between planes of initial and final
orbits;
AVe - velocity change, expressed in terms of
speed at initial circular orbit.

Results

Hall thruster technologies.

As an example of the by-pass EPS method,
consider LEO-GEO transfer. For comparison
purposes, the leading particulars for traditional half-
elliptical trajectories are given in Table2. In
additional to the transfer 10-, 15- and 20 years NSSK
are performed by CPS or EPS. The starting latitudes
vary from [ =0° up to £ =90°. For traditional
technology corresponding resulting net mass fractions
and price per net mass kilogram outlined in Table 2
are depicted in Fig.2 on a per unit basis with respect to
all-chemical propulsion system. The quotien of

(mm)e by (mnet )C and I{, by I is demonstrated

as a function of satellite lifetime. These curves show
the net mass and the GEO constellation development
cost benefits for implementing EPS technology just
for NSSK. As it's demonstrated at the diagram at the
satellite lifetime increasement up to 20 years the gain
in net mass is increased up to 20% and the price per
net mass kilogram is reducing almost by 10%.
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The leading particulars for the EPS by-pass
technology are integrated with the technology by
Sternfeld and the technology by Oleson et al in
Table 3. The corresponding benefits for implementing
unorthodox LEO-GEQ trajectories are shown in Fig.3
and Fig.4 in terms of net mass and of cost — to
traditional technology net mass or cost vs. starting
latitude.

Comparison with all-chemical technologies is
done at 7, = 20years .

As a diagram shows in comparison with
traditional half-elliptical trajectory (all-chemical PS)
the EPS by-pass technology net mass gain is increased
from 28% to 200%, when a latitude is increased from
£ =0° to f=90° In comparison with EPS for
NSSK only EPS by-pass gain measures up to 6-150%.
At the samc time GEO-constellation development
expenses is decreased by 7-90% (CPS NSSK case)
and up by 70% for EPS NSSK case.
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In comparison with trajectory by Sternfeld a
net mass gain for the EPS by-pass trajectory is
increased by around 48% and GEO-constellation
development expenses are decreased by 15%. From
analysis of results presented in Table 3 it also follows

that for the latitude £ =26.5° an economical

operation of Oleson method ignoring power
degradation is approximately equal to the proposed
by-pass method. Therefore it is anticipate that one
may usc the technology by Oleson et al for low
latitude orbital injection.

Table 4 presents leading particulars for the
EPS by-pass technology in magnitude when a starting
mass at the parking orbit 10,000 kg and payload
power levels are 10-, 15-, 20- and 25 kW. The
corresponding net mass and Hall PS power level vs.
Hall PS rated duration are shown in Fig.5. As
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expected the higher rated duration provide a greater
net mass and a less required power.
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Compared to the baseline traditional all-
chemical PS (T ,= 20years ) the net mass increase is
820 kg at 3=26.5° and 1750 kg at 5 =90°.
Compared to the traditional trajectory with NSSK Hall
PS only the net mass increase is 470 kg at
B =26.5° and 1570 kg at # =90° . Figure 5 also

shows that the net mass is decreased by 8,5% when
the power level is increased from 10 kW to 25 kW.
Simultaneously the rated duration is decreased by 136
days.

Arcjet and ion thruster technologies.

Figure 6 contains results of the comparative
analysis for implementing an arcjet technology for
S/C by-pass transfer in terms of net mass-to-net mass
ratio. All assumed parameters are shown in Table 1.

Sketch shows that the net mass for
implementing Hall thrusters is all but 1.5 times as
many as the net mass for implementing arcjets. Even
relative to Sternfeld all-chemical method the net mass
for implementing arcjet by-pass method is smaller by
a factor 0f 1.01-1.10. Figure 6 also shows the net mass
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gain for implementing Hall thrusters in reference to
Sternfeld technology (intermitten line). Thus an arcjet
PS is unifit for implementation of the by-pass
technology.
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As for JPC applying realize a method offerd at
W, =3W/kg and

Jsp =31kN -s/kg lonT rated duration will be

about 100 days more than for HallT. To reduce this
difference it's required to lower lonT specific impulse
to the HallT level and because this lonPS will lose as
for pavload mass in comparison with HallPS.

power-1o-mass ratio

However by increasing W_/n the difference in T# will
decrease and this will allow in the future to use JPS
for flight along by-pass trajectory.

Combined EPS.

In other turn combined EPS with transfer Hall
thrusters and station keeping ion thrusters or arcjets
right today can be used with success for forming
GEO-constellation.
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Figure 7 contains the result of this analysis in
terms of net mass fraction vs. S/C lifetime as against
common Hall PS. All assumed parameters are
summarized in Table 1. Graph in Fig.7 indicates, that
net masses of common Hall PS and combined EPS
closely spaced. The more HallT cant angle (see Table

|[EPC-99-188

1) can account for the minor gain of HallT+IonT
combined.

Conclusions

For comparison purposes economically viable
LEO-HEO transfer methods are carried out. It is
demonstrated, that by-pass trajectory using a
combined chemical-electric propulsion system with
xenon Hall thruster have advantages over any other
transfer technologies. As an example S/C net masses
at GEO are 2,400-2,800 kg for the Hall EPS by-pass
technology, when the initial S/C mass is 10,000 kg at
185-km-altitude  parking orbit.  Corresponding
increases in net mass of 440-880 kg are enabled in
comparison with by-pass trajectory by Sternfeld and
330-1750 kg — in comparison with traditional all-
chemical technology, when starting latitude is subject
to variations from 0° to 90°. Trip times are 230-90
days for the proposed LEO-GEO transfer method,
when payload power level varies from 10kW to 25
kW.

At the same time it was demonstrated that
together with transfer Hall EPS to provide NSSK
common Hall EPS, can be successfully used as well as
arcjet or ion EPS. This patricularity allows on the base
of Hall thrusters for HEO-constellation development
to make unified electric transfer module with being
integrated with existing buses providing station
keeping will allow to reduce considerable cost and to
increase profitableness of high orbit
telecommunication constellations.
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