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Khrunichev State Research and Production Space Center is carrying out Research & Development of unified space
bus Y acht which should be inserted into the orbit using Rockot, Angara-1.1 or Angara-1.2 light-weight class launch
vehicles. The Y acht space platform is equipped with electric propulsion module based on stationary plasma thrusters
SPT-100. One of Yacht applications is geostationary telecommunication satellite. It is proposed to use combined
flight profile to insert the geostationary satellite into GEO. Within this profile, the Breeze upper stage is used to
form an dliptical transfer orbit. The insertion into GEO from the transfer orbit is provided by the spacecraft’s
electric propulsion module. The electric propulsion module is used during the GEO operations as well, including
station-keeping and reaction wheels unloading. The carried out study shows that spacecraft having mass 450-500 kg
with 100-150 kg of telecommunication equipment can be delivered into GEO using Rockot launch vehicle from
Plesetsk or Baykonur launch sites.

ABBREVIATIONS Electric propulson dlows reduce the

cogt of SC insertion into GEO. High specific

Egll: i E%igfwilr_?oflife impulse of dectric propulson thrusters leads
EPU i Electi e s " to the decreasing of mass consumption which
GEO i G Srtlac‘:t.propusogtunl is required for insartion in comparison with
LEO i Leo eal‘t%nml/)'(t)r ' conventiond chemicd propulson. Therefore
LV -Lowndw d?;' the lessxr initid mass is required in the
- -anchvenice paking LEO when dectric propulson is
PSS - Power supply system -
SC " used. So the smdler launch vehide can be
- - SSpaceCa. rait N used. This is the main factor which decreases
To i T arl}(;cnary '&?gna ruster insertion cost. To reach acceptable economic
- Irensier or indicators the common EPU and common
us - Upper stage

power supply system (PSS) should be used
for providing of interorbita transfer and on

INTRODUCTION

Khrunichev Space Center is developing
the new  geodationary  communication
sadlite based on unified space platform
«Yacht»"*® (Fig. 1). The communication
pacecraft has eectric propulson unit (EPU)
having 4 gdationary plasma thrusters SPT-100
of Fekel desgn bureau. The thrusters are
placed on the rotation gears. Only 2 thrusters
can run Smultaneoudy. EPU  provides
interorbitdl  transfer to the GEO, reaction
wheds unloading, dation keeping, and
orbital maneuvers.
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GEO operations. The EPU's low thrust
causes long transfer duration. The onboard
gysems lifetime expends during this trandfer
and solar arrays degradates due to multiply
Van Allen Bdts cosing. The trander
duration should be shortened to reduce these
pendties. The following ways can be usad to
decrease transfer duration:

Increesng EPU thru when specific
impulse remains invariable, The
corresponding increesng EPU and PSS
electrical power is necessary. This leads to
growth of EPU/PSS mass and cost.



Incressng EPU thrust when
input electricd power
remans  invaigble  The
decreasing of EPU's specific
impulse is necessay to
redize this option. This
requires EPU revison and
leads to increese of mass
consumption.

Combined flight profile for
insertion. Upper stage (US)
ddivers spacecraft from the
paking LEO into an
dliptica transfer orbit (TO).
The interorbitd  transfer
from TO to GEO is provided
by spacecrafts EPU. This
profile is named
«combined» because both
high- and low-thrust
propulsion are used.

Al ways of trander
duration shortening are
compromise ones. The man
shortcoming of fird way is
essentid cost incressing because increasing
power of solar array which is one of most
expensve component. The solar array power
should be found to supply communication
equipment and other on-board systems at the
EOL taking into account solar arays
degradation. So power excess of solar array
in comparison with power providing SC
operations aa EOL can be consdered as
source of cost and mass pendties. The
second way of decreasng transfer duration
has redtricted usage because redtricted ability
and effectiveness of required  specific
impulse redization. Therefore there was
taken decison to use combined flight profile
foo  new communication spacecraft  of
Khrunichev Space Center.

Fig. 1. Unified space platform "Y acht"
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Fig. 2. Combined flight profile

FLIGHT PROFILE

The man flight profile verson (Fig. 2)
based on Rockot light-weight  cdass
converson LV launching from the Plesetsk
gte. Rockot LV inserts SC with Breeze-KS
upper stage into the circular parking LEO
having dtitude 250 km and indinaion 75°.
The firg ignition of Breeze-KS is used for
this insertion. The second ignition of Breeze-
KS has place in the vicinity of orbitd node.
As result SC is ddivered into an dlipticd
transfer orbit. The spacecrafts EPU runs
after the upper dage separation. EPU
provides transfer from the transfer orbit into
the GEO.

Additiond verson of flight profile uses
Baykonur launch dte. Permissble parking
LEO inclinations are 65° and 51.3°.



MAIN DESIGN AND TRAJECTORY
PARAMETERS

The Rockot faring and upper stage is

modified to meet the requirements of
communication  spacecraft  insartion.  The
gengd requirements ae fdlowing:  the

transfer duration should not exceed 6 months,
the communication equipment has mass 100-
150 kg and power consumption 1000 W.

Upper stage desgn parameters variation
dlow to vay avalable mass in the parking
LEO within some range This defines
avalable apogee dtitude of trander orbit
when spacecraft mass is fixed. The transfer
duration depends on TO agpogee dltitude,
initid mass of spacecraft, EPU thrust and
specific impulse, and EPU thrust control.

EPU is equipped by regular verson of
SPT-100 thrusters having proven 7500-hours
lifetime and high rdiability. So gpedfic
impulse is fixed and it equals to 1500 s EPU
thrugt is limited by number of running SPT-
100 at the same time. The decison to use 2
Smultaneoudy  running  SPT-100  during
interorbital trandfer was taking in the ealy
phase of R&D. So required solar arays
power is agpproximately equals to 3500 W.
Such dectricd power is enough to supply
both smultaneoudy running of 2 SPT-100
and communication/service equipment
operdting a EOL including dsation-keeping
taking into account 30-40% degradation of
solar arrays.

So, ta&king into account  exising
congrants  following man desgn and
trgectory parameters define trandfer duration
and spacecraft massin GEO a BOL.:

Initid mass in the parking LEO (it can be
vaied in a little range by means of upper
stage and fairing modification);

Apogee dtitude of transfer orbit (it
depends on initid mass in the paking
LEO, upper dage dedgn parameters,
Spacecraft initia mass);

EPU thrus control during transfer from
TO to GEO (it defines required mass
consumption for given spacecraft mass in
GEO at BOL).

The problem is to find compromise
solution to provide insettion in GEO of
maximum mass for an minimum time,

The misson desgn and andyss was
caried out on base of solution minimum time
optimal control problem for given spacecraft
mass in GEO a BOL and TO apogee
dtitude.

L OW-THRUST TRAJECTORY
OPTIMIZATION*

The problem of minimizetion trander
time was solved to obtan thrust dseering.
Pontryagin's maximum principle was used to
solve the optima control problem. Optimal
thrus steering was found for motion in the
Newton's gravity fidd without any
congraints on attitude angles and their rates.
Obtained solution was refined for more
redigic modd taking into account red earth
gravity fidd and solar-lunar perturbations.
As it follows from the optimdity conditions,
EPU should run during dl trander from TO
to GEO (excuding eclipse trgectory arc
when it is impossble to provide EPU
running). The new software was carried out
to solve problem of multi-orbits minimum
time trander between non-coplanar dliptica
orbits.  Andyss of optimization results
shown in the Figs 3-8. At the initid trandfer
phase spacecraft is accelerated using low
yaw angle in perigee and one close to 90° in
gpogee (the yaw angle increases from 75°-
80° to 90°, see Figd). A low thrugt
component, which directed agang veocity,
has place in the gpogee vicnity within this
phase (Fig. 3).
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Fig. 3. Optimal yaw and pitch versus true anomaly
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Fig. 4. Optimal thrust steering
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Fig. 5. Orbita evolution
(rp — perigee radius, ra— apogee radius,
a— semi-mgjor axis)

Fig. 6. Tragjectory from transfer orbit to GEO

This  thrus  component  partidly
compensates  perigee  growth due to
acceleration in the grester part of orbit. At

the second transfer phase gpacecraft is
accderated during whole orbit. The maxima
yaw angle near gpogee decreases from 90° to
30°-60° and near perigee increases to 90°
when orbit reaches maxima eccentricity at
the end of this phase. When eccentricity
cdose to maximum, the thrust projection on
the orbit plane is directed practicdly aong
veocity. At third trandfer phase maximd
yav angles near &gpogee and perigee
decreases to 30°-40°. The spacecraft is
accelerated in apogee to increase perigee and
brakes in perigee to decrease apogee.

Dependencies of yaw and pitch angles
versus time are presented in the Fig. 4. This
example corresponds to tranfer from TO
having perigee dtitude 250 km, agpogee
dtitude 30000 km, inclination 75°; initid
gpacecraft mass in the TO equals to 630 kg,
gpacecraft mass in the GEO at BOL equds to
472 Kkg. Projection of optimal thrust direction
on the orbitd plane oscillaes between
tangentid and  crcumferentid  direction
during second trandfer phase and this
projection rotates in the bound (1% and 39
phases providing accel eration/braking.

The evolution of orbitd parameters is
shown in the Fig. 5. It should be noted that
maxima agpogee dtitude can essentidly
exceeds GEO dtitude. For example the
maximal gpogee dtitude is 68000 km br TO
apogee dtitude
30000 km and TO
indingtion 75°. The
perigee dtitude
duing 1%  phase
remans  practicaly
invariable.

An example of
3D-view of low
thrust trgectory is
presented in  the
Fig. 6.



MISSION ANALY SIS

The following parameters were varied to
andyze misson performance using
combined flight profile:

TO agpogee dtitude;
Initid massin the parking LEO;
Spacecraft massin the GEO at BOL.

Figs. 7,8 presents dependency of transfer
duration with respect to TO agpogee dtitude
and inclination when spacecraft mass in GEO
a BOL is given (485 kg). Every points of
these plots is computed udng solution of
minimum time trandfer problem  between
given TO and GEO.

One can see from Fig. 7 that optima TO
googee  dtitude exiss for evey TO
incdination. This TO agpogee dtitude provides
minimd trander durdtion for given EPU
parameters and spacecraft mass in GEO a
BOL. Thus the optimd TO dtitude is
~150000 km when TO inclinaion is 75° and
it is~70000 km when TO inclination is 0°.

But use Rockat LV with Breeze-KS US
imposes condraints connected with ability to
deliver SC into given TO. The dashed curve
on the Fig. 9 represents dependency of
required spacecraft mass in TO versus TO
gpogee dtitude (TO indlination is 75 when
TO indindion is 75°) to insert 485 kg in
GEO. The solid lines represent spacecraft
mass in TO which can be ddivered usng
Breeze-KS US having given dry mass. Points
of crossng dashed and solid lines defines TO
googee  dtitude which  provides minimum
duration of TO-to-GEO transfer usng US
having given dry mass.

Anaogoudy it was computed
dependency of transfer duration versus given
initid mass in the parking LEO (within range
3350-3750 kg), spacecraft mass in GEO at
BOL (within range 425-575 kg), and Breeze-
KS dry mass (within range 900-1650 Kkg).
These results are presented in Fig. 10. One

can see, in particularity, the trandfer duration
is 140-190 days when gspacecraft mass in
GEO a BOL is 475 kg, Breeze-KS dry mass
is 1000 kg, and initid mass in the parking
LEO is vaied within range 3350-3750 kg.
So, the 100 Kg increase of initid mass in the
parking LEO leads to ~12 days shortening of
transfer duration due to increesng TO
gpogee dtitude. The transfer duration is 140
200 days when initid mass in the paking
LEO is 3550 kg, US dry mass is 1000 kg,
and spacecraft mass in GEO a BOL is varied
within range 425575 kg. So, 100 kg
increasing of spacecraft mass in GEO a BOL
leeds to ~40 days incressng of trandfer
duration.

If transfer duration should not exceeds 6
months then the 575 kg (475 kg) spacecraft
can be delivered in GEO only if US dry mass
is not greater 960 kg (1140 kg). The transfer
duration from TO having indinaion 75°
decreases to 4 months if initid mass in
parking LEO is 3550 kg, spacecraft mass in
GEO at BOL is 425 kg, and US dry mass is
900 kg.

Desgn edimation of Yacht space
platform mass in GEO a BOL is 350 kg
(without commercid communicetion

equipment). So spacecraft mass in GEO a
BOL sould be 450500 kg for
communication equipment mass 100-150 Kg.
The dry mess of Breeze-KS US should not
exceed 1120-1040 kg respectively.

CONCLUSION

The carried out andyss shows capability
to use Rockot LV and combined flight profile
to insat into GEO spacecraft having mass
450-500 kg with 100-150 kg of commercid
communication equipment. The duration of
transfer to GEO s 5-6 months for launching
from Plesstsk dte. The transfer duration can
be decreased on one month using Baykonur
launch dte due to indination of LEO parking
orbit decreasing.
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