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Abstract: Theresults of works on the flight monitoring and rdrgrprediction of the emergency
spacecraft Phobos-Grunt fulfilled in Russian MissiGontrol Center within the range of the
Roscosmos activity as well as within the framewajrkhe IADC test campaign are presented.
Information about the organization of these worksl dhe methodic used for the solution of
considered problems are given. For obtaining thestmeliable data on the Phobos-Grunt’ re-
entry a special post-flight analysis on the baseeafization of a great number of variants of its
orbit determination at different input data — measuents and applied models was carried out.
The results of determination of the most probabklemtry time and impact window for survived
fragments of Phobos-Grunt are represented. Thentergrediction data for the Phobos-Grunt,
obtained by other participants of the internatiotest campaign IADC are shown.
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1. Introduction

Intended for exploration of the Mars’ moon Phohagiliplanetary spacecraft (SC) Phobos-Grunt
was launched from the spaceport Baikonur on Novendtl, 2011 at 20:16 UTC. With help of
the launch vehicle «Zenith-2SB41» this SC was piat ieference near-earth orbit.

Because of a mid-flight engine failure SC PhobosrEBivas unable to insert in an interplanetary
flight trajectory to Mars, and was left in a refece low earth orbit. Despite all attempts to
restore its functionality the Phobos-Grunt remait@dbe an uncontrollable object which orbit
constantly became lower due to perturbing forcese Tifetime of the Phobos-Grunt was
reducing and after a while this SC had to re-ertf@ning a total weight (together with fuel) ~
13.5 tons, the Phobos-Grunt could create a rdakrigation at destruction in the dense layers of
atmosphere and falling of its survived fragmentth®Earth. Whereas the SC theoretically could
de-orbit over any point of the Earth’ surface inaage of latitudes £51.4°, the forthcoming re-
entry event of this space vehicle drew a wide raspall over the world.

For implementation of more accurate operative neaiamce of the Phobos-Grunt flight and it
de-orbit monitoring the special operative gro@ps) was formed by Roscosmos. The flight
dynamics experts from the Mission Control Centethef Central Research Institute of Machine
Building (TsUP TsNIImash in Russian abbreviatioopstituted the backbone of this OG. The
designers of the Phobos-Grunt and other experts fidferent organizations competent of
problems of a SC flight control were involved irethctivity of OG as well. The procedure of the
operations’ sequence and informing of the inteckstate structures on SC flight conditions and
a predicted of its re-entry impact window were daieed.

In addition to that the Inter-Agency Space Debrizodination Committee (IADC) initiated
carrying out the international test campaign far tdontrol of the Phobos-Grunt re-entry (IADC
test campaign 2012\1). Roscosmos takes an actitarpaimilar international experiments on
the re-entering space objects that are directedtegration of capabilities of different countries
under the control over the dangerous situationatedeby the risk space objects, and in the case
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of Phobos-Grunt Roscosmos was agreed with the 1A@RPosal and executed all the necessary
procedures connected with the announced relevsintaenpaign.

The Russian Mission Control Center (TsUP TsNIimashbehalf of Roscosmos always was a
principal executor and coordinator of works on Htiglynamics monitoring of the de-orbiting
space objects within framework of IADC re-entrytteampaigns. This role was given to TsUP
in the Phobos-Grunt re-entry test campaign as well.

The results of the works on the Phobos-Grunt ateiermination (OD) and re-entry prediction
executed by the Russian MCC experts within the garfghe Roscosmos OG activities as well
as within the framework of the IADC test campaige presented below.

To estimate the most probable time of the Phobasy3e-entry and impact area for its survived
fragments a special post-flight analysis on thashatkrealization of a great number of the OD
variants at using of varied set of measurement dgieesenting various tracking sensors and
applying the different atmospheric models was Helfi in TsUP. The final results of the
estimation of the re-entry time and a possible ithpaea of the Phobos-Grunt obtained in TsUP
as well as the similar results obtained by othetippants of the IADC test campaign 2012/1
allowing compare them to each other are represented

2. Common information on the space vehicle Phobosr@t

Interplanetary space vehicle Phobos-Grunt was deerfor exploration of the Mars and its
moon Phobos. Delivered to the Phobos’ surface hgndiodule was to take a sample of soil of
this body and after opening a launch window for tight from the Mars to the Earth SC
Phobos-Grunt was to depart to the Earth. As aqgfdhie space vehicle Phobos-Grunt there was
also a small Chinese spacecraft which was to beputin areocentric orbit.

The common view of the space vehicle Phobos-Gmnthe assembled mode and its main
components are shown in a figure 1. The total weaflthe Phobos-Grunt with the propellant
was ~13 535 kg and its overall dimensions weren®8.0 mx6.3 m.

The launch vehicle Zenith-2SB41 with Phobos-Gruatted on November, 8th, 2011 at 20:16
UTC from the spaceport Baikonur and inserted trecepraft into a reference near-earth orbit
with parameters: an inclinationrr51.40°, the minimum altitudél, ~ 207km, the maximum
altitudeH,, = 348km that was close to the nominal one.

After flying on this initial orbit during about 13.minutes space vehicle was to be transferred
into an intermediate orbit with parameters: i ~51,44, ~244.35 kmH,, ~4162.02 km. Further,

in ~2.4 hours by means of executed of a correspgnatigelerating burn SC Phobos-Grunt was
to be transferred into an interplanetary trajectorthe Mars.

But because of the cruise engine failure the itaegiary spacecraft Phobos-Grunt remained in
an initial near-earth orbit. This space object (8@@king flight in a near space was assigned by
the international designation 2011-@68nd by the number 37872 in NORAD catalogue.

Many attempts to establish a contact with the Peabunt and to recover its control were
made. However the hopes of its reanimation werdugily fading. At the end of December,
2011 the Phobos-Grunt was definitely recognized last one.
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3. Navigation and information support of the emergacy Phobos-Grunt’ flight monitoring

After the Phobos-Grunt was not inserted into aarpianetary trajectory to the Mars, the regular
activity on the monitoring of its motion was orgagd in Russian MCC (TsUP TsNIlIimash).
As the onboard equipment of the regular commanda&king system also was unable to work,
the tracking of the SC Phobos-Grunt was mainly em@nted by means of the Russian space
surveillance system (RSSS) and the USA space dana network (US SSN). The permitted
relevant data from these systems were used in TetdRonitoring of SC’ orbit

The results of the Phobos-Grunt orbit determinatdained in TsUP were applied for the

support of the attempts to establish a contact thighobject and to estimate its flying state under
indirect data. The data on a SC’ actual orbit dademaining lifetime were transmitted to the

Roscosmos for an estimation of a real flight sitratind acceptance of subsequent decisions.

After recognizing the fact that the Phobos-Gruntiast, a decision on the organization of
activities on the monitoring of the Phobos-Gruntodieit was accepted by the management of
Roscosmos. A special operative groa)s( for realization of the given activities was fath
The space flight dynamics experts from the TsUReveelbackbone of this OG.

Since that time the activity on determination ofaatual orbit of the Phobos-Grunt and its re-
entry prediction as well as on-line informationtbé Roscosmos and other interested entities
about obtained results, has gained a continuousatiype character in TsUP. The intensity and
productivity of the given works increased here frim beginning of the IADC test campaign
during which TsUP on behalf of Roskosmos was orte@inost active participants.



3.1. Methodic of the Phobos-Grunt orbit determinaton and its motion prediction

At the solution of the tasks of the Phobos-Gruititadetermination and its motion parameters
prediction the methodic which main theoretical poss are given in [1] was used.
For the description of a SC motion in a low eanthitathe following model of acting forces was
applied, where a gravitation field of the nonspteri Earth, an atmospheric drag and
gravitational attraction of third bodythe moon and the Sun were taken into account.
Thus the gravitational potential of the Earth wasfgrmed by the Russian model PZ-90 in
which harmonics up to degree and order (16x16) wensidered. The atmospheric density was
calculated according to the Russian dynamic mod@5G-2004. At calculation of disturbances
from the moon and the Sun ephemerides DE403 wexk us
For description of space vehicle’s motion the negtdar geocentric inertial system of
coordinates (reference frameRF) referred to the mean equinox and equator efstandard
epoch J2000 was used. The equations of motiornvendgRF had the following form:

T= —p%+ M - gradU(¥’)+ Fatm(T,F)+ zu{_ra__rs_r%] (1)

r weLs |l =7 Ta

In the right hand part of “Eq. 1" the first summaoarresponds to an acceleration due to the
central force of the Earth gravitational potenttak second one takes into account influence of
the non-central part of a gravitational potentibg third one presents an acceleration due to an
atmospheric drag and the fourth summand charaetetlze perturbation due to a gravitational
attraction of the moon (L) and the Sun (S).

The non-central part of the Earth gravity fiéléf’), is represented in decomposition to a series
by spherical functions (harmonics); (hafe= M Tf —asc position vector referred to the
geocentric Earth-fixed rotating coordinate syst®h;- a matrix of transformation from the

rotating to the inertial co-ordinate system defimadthe known formula).
The acceleration due to an atmospheric drag ineefby the expression:

_ 1 _
Fatm = _Esbpvrelvrel . (2)

Here p(h) — an atmospheric density in the given point of spaceording to the appropriated

model, V.o — velocity vector of a space vehicle concerning aphere (/re|:‘vre|‘),

S — the ballistic coefficient characterizing aerodymamproperties of a given space vehicle and
defined by the relation:

C
Sb = —);nSM ’

where C, — a coefficient of an aerodynamic dr&g, — a cross section area of a space vehicle,

m— mass of a space vehicle.

Integration of the differential equations “Eq. hiplemented by means of a numerical method of
the high order which is original development of BsUR]. The method has been validated
against different space orbits and models of acforges, and allows to guarantee a high
computing efficiency (in sense of accuracy and dpéw the long-term predictions [3].

The task of the SC’ orbit parameters determinationthe majority cases provided the
improvement of the SC’ six-dimension state vec{th,VO} referred to a given epodhand, as a

4



rule, its ballistic coefficient -, in addition. The improvement of the SC motion pagters was
performed by means of the selected measuremeatmeat under least squares method (LSM).

As the original measuring information data on theé & given case the orbital parameters,
performed in space surveillance systems of the iR the USA were used. These data are
presented in a form of state vect{a‘rsV}, or in a form of TLE referred to some epochbbth

cases of the original data the SC’ co-ordinate¥ >and Z (corresponding to the indicated data)
with the assigned errors~1 km were treated under LSM.

Quiality of the obtained LSM solution was charaaedli by a standard root mean square esgpr
defined as:

Mk -
z2 Plk [lPil:)bs N lPil((:alk (q)]Z

oo =\*F——"m (3)

In the formula “Eq. 3” the following denotationsearsed:
‘I’i‘;bs — the measured value bth observation of typé& (i.e. X, Y; or Z),

‘P-k

ICalk(q) — the calculated analog of this observation valueesponding to the improved vector

of the determined parametegshaving dimensiomn, (in our caseq = {‘ro, Vo, Sb}, m=7),
1 : .
Plk =— —a weight ofi-th observation (sik — a mean-square measurement error),
Oj
M\ — total number of fitted measurementkehtype, N=XM,.
k

At a good fitting of the used measurements andtiegjuate definition of their weights the value
op should be close to 1, or the requiremegt 1 should be satisfied.

3.2. Information support of the Phobos-Grunt’ flight in an near-earth orbit

The information support of the Phobos-Grunt’ motioanitoring during its flight in a near-earth
orbit, provided by the TsUP, consisted in the fwilog activities:

e receiving different source’ original data demandedthe solution of the problem of the
SC’orbit determination,

e calculation and formation of the SC’ motion infortioa necessary for various users,

e informational interaction and data exchange witlheot participants in activities on
surveying, tracking and the orbit monitoring ofstispace vehicle,

e on-line informing of the leadership of the Roscosnamd other interested governmental
organizations about the actual orbit, remaineditife and predictions of the expected re-
entry of this uncontrolled SO.

As the original measuring information were used:

a) the orbital data performed by the Russian spaceeillance center on the basis of its sensors
measurements. These data were operatively traesimitt the MCC by means of the direct
communication lines according to the adopted im@nging formats,

b) TLE performed by NORAD and accessible from thblg sources,
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c) TLE and state vectors (S/V) prepared by NASA agdother space agencies (DLR, ESA,
CNES) which were put into the database REDB IAD@rdpthe test campaign,

d) data formed be some other surveying and trackamgors (for example, observatories of the
Russian Academy of Sciences).

The measured and forecasted values of indexesd$dlar and geomagnetic activify;§ 7 and
Ap) submitted by both NOAA and the Institute of ar¢strial magnetism, an ionosphere and
distribution of the radio waves of the Russian Aarag of Sciences (IZMIRAN) were used for
support of the SC’ operative orbit determinatiord gorolongation at atmospheric density
calculations in applied model.

The results of the Phobos-Grunt’ orbit determinmatand its re-entry prediction, obtained in
TsUP, were compared to the similar results obtaedther ballistic centers of Academy of
sciences and the Ministry of Defense of the RusBederation.

Besides, during the international test campaignagerative interchange of information about
SC measurements and its re-entry prediction betwleeMsUP and other participants through
the database REDB IADC was implemented.

In TsUP it was calculated and operatively transsditto the organizations that were responsible
for the designing the Phobos-Grunt and its flighmteol the unconventional information about
actual motion parameters of SC demanded for thysieaf the object state and for the support
of attempts to establish a contact with it.

The ballistic information on the SC’ flight and ite-entry prediction calculated in TsUP
operatively transmitted to the Roscosmos, from whewas transmitted further to the Ministry
of Emergency and to the Ministry of Foreign Affawé the Russian Federation to support of
acceptance of appropriate measure, in particutainform of the world community on the

forthcoming event of a large space object re-entry.

3.3 Monitoring of the Phobos-Grunt motion in different phases of its orbital flight

Practically right after the Phobos-Grunt insertiom® an initial near-earth orbit the monitoring
of the SC’ orbital flight was initiated in Russi8CC. This monitoring was fulfilled on the basis
of the orbital data which were prepared by the sgagveillance systems of the Russia and the
USA. These data were essentially the integratadtsesf the original measurements executed by
different sensors of these systems.

The first confident orbit determination of an unttollable SC Phobos-Grunt was obtained in
the Russian MCC within the first day of an orbitigght of this object. The parameters of this

actual orbit appeared close to the nominal on@ak estimated a remained lifetime of the given
SO. According to the TsUP prediction the PhobosaGmas to be re-entered on January, 9th,
2012.

Further during the whole flight of the Phobos-Grimta near-earth orbit the parameters of its
motion and its re-entry prediction were regulanbdated in TSUP.

In figure 2 the data on changing of the SC’ orl@itgmeters- maximal (in an apoge#,) and
minimal (in a periged?,) altitudes, and a nodical perioBh§y that was regularly determined in
TsUP during the period since 09.11.2012 till 0022 are represented.

Changing of the Phobos-Grunt’ ballistic coefficient,, as a solved for parameter in the OD
task solution, and the re-entry time predictionsr@gponding to these solutions, are shown in
figure 3.
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Within an initial phase of the Phobos-Grunt orbfteght - since 10th till~ 23rd of November,
2011 - the determination of its motion parameterbifal parameters and ballistic coefficient)
was implemented on the basis of measurementskditgd within the measured intervals of
duration from 1 to~ 1.5 days. There were certain problems in obtaimhghe OD solutions
during this period of flight. It concerned a lewdlmeasurements fitting (the paramedgroften
was more than 1). The defined at that period hallisoefficient was varied significantly.
Together with variations d& the predicted re-entry time of space vehicle himeenough wide
limits as well.

Not so good RMS fitting of used measurement ancctimsiderable scatter of the defined values
of the ballistic coefficient in the solutions obitad during the mentioned period, when the solar
and geomagnetic activity was rather quiet, couldekplained inadequacy of the SC motion
model, applied in the navigation task, to the feates acting on the object.

Really, in case when in the applied model it is tagen into account a certain perturbing force
having a nonzero projection to a direction aloragkrof the SC’ motion, the unsuspected force
influencing measured parameters can be cancellaccartain degree by respective alteration of
the force of an atmospheric resistance completedjepted in the same direction. Demanded for

such indemnification changing of an atmospherigdfarce and created by it acceleratiigy,
according to the equations “Eq. 1” can be reachdtieaexpense of respective alteration of the
ballistic coefficient’ value S, associated withF,,, by relation “Eq. 2”. So, if the projection of

perturbing force directed along track of the SC'timm, its influence on moving SO on some
time interval can be considered within the limifstiee used model appropriate decreasing of a

value of Fyy,, and together with it - and decreasing of a vaifi&,. On the contrary, if the

projection of not considered perturbing force igedied against the SO’ motion, the effect of its
influence on moving object within the limits of tlused model can be in a sense considered at
the expense of appropriate increasing of the v8lue

During the indicated initial phase of the Phobositrflight the attempts to recover its
serviceability were undertaken. It was appeared,pamticular, in the attempts to start a
propulsion system for acceleration. The executedrbpard software or spontaneous activations
of onboard devices capable to create a certainstthithe facts of short-term activation of
propulsion systems on the Phobos-Grunt were cogfirbyy the optical observation of this object
made, in particular in the Russian observatorpé3ayan Mountains.

The described circumstances could become the rezfssimarp changing of the determined (on
the base of trajectory measurements) value of llob®s-Grunt’ ballistic coefficient on an initial
phase of its flight. Less significant changessptould be called by a variation of a cross-section
area of the vehicle at the expense of its attittidnging in the course of flight.

At the following phase of flight, since NovembeRBra till December, 20th, 2012, the Phobos-
Grunt’ orbit was characterized by enough stablguake of a pericente#,~215 km though the
altitude in an apocenter was permanently decredseth H,~330 km to H,~270 km.

At determination of the SC’ motion parameters dyrihis phase the measured intervals, that
mainly had a duration from 1.5 till 2 days, weredisThese measured intervals involved great
enough amount of the measuring information. The RM®r op (parameter of measurements
fitting) in all solutions was good enough and itsargot outside the limits 0.16 op < 0.5. The
determined values of the SC’ ballistic coefficidaid uncertainty £11% of around of the average



value §~0.0156. The predicted re-entry times of the spatecle in obtained at the given stage
of activities solutions were within a window: frahanuary, 9 till January, 17th, 2012.

During the Phobos-Grunt’ flight period from 21.1@14 to 02.01.2012, i.e. up to opening of the
IADC test campaign, the task of a SC OD was sotwedhe basis of measurements distributed
on enough long arcs of trajectory, that had duratib2.8 - 3.3 days. On this phase of flight the
altitudesH, andH, were permanently decreasing and reached at itshendaluesH,~195 km,
H,~240 km. The predicted impact window, according lbamed solutions was narrowed to a
three-day interval: from 12 up to 15 January 20L& necessary to mark, that heliogeophysical
conditions in this period was enough stable: théarsactivity index slightly fluctuated
concerning value f5.;~140 and the geomagnetic activity index varied wmithk A, < 7.

4. Monitoring of the Phobos-Grunt de-orbit and its re-entry prediction during the
international test campaign

The activity in the Phobos-Grunt flight monitorimgcreased from the opening of the IADC test
campaign which was opened on January, 2nd20f2otal 11 space agencies that are the IADC
members took part in the given international experit.

The participation of the Russian MCC as an affélithbrganization of Roscosmos in a parallel
activities on the monitoring of the Phobos-Gruniodeit within the framework of the IADC test
campaign gave the chance to use official orbitéh da this object from NASA, and from other
sources of the additional measuring informationluding CNES (France), DLR (Germany) and
ESA. Besides there was a capability to compareSthere-entry predictions results obtained in
TsUP with the similar data obtained by other pgr&nts of this campaign.

In this period in TSUP it was daily obtained fromeato several solutions of the OD and re-entry
prediction task. In total from 02.01.2012 till 15.2012 in TsUP were obtained 30 official

solutions of the OD and re-entry predictions of Btebos-Grunt. The obtained results of the
monitoring of the descending space vehicle moti@arewsed for information support of the

Roscosmos and other interested organizations. btening Phobos-Grunr re-entry prediction

results were also put into the database REDB IAD&w@ling to existing rules.

In figure 4 the results of the Phobos-Grunt resetitne predictions, obtained in Russian MCC
during the IADC test campaign are shown in a gregdhiorm. A red color line corresponds to
the points of the center of impact window (COIWIyédand green — to the left and the right
borders of these windows respectively.

It is apparent that during the whole period of thgt campaign the results of the Phobos-Grunt
re-entry time predictions obtained in TsUP pradiycan all solutions gave the date 15.01.2012
which appeared to be a real date of the SC’ regentr

Especially strained activity on the monitoring betdescending space vehicle de-orbit was the
last day of the Phobos-Grunt orbital flight befai® re-entry. On that day TsUP received the
measuring information from the RSSS, NASA, CNESRDand ESA. At an estimation of the
possible scatter in the re-entry time impact windtve analogous information from the
appropriated organizations of the Ministry of Deferand Academy of sciences of Russia, also
sharing in the monitoring of this descending objeas used. Obtained on this day results of 8
official solutions on the Phobos-Grunt re-entrydicgons that was transmitted to the IADC
REDB are presented in table 1. Here are given thet mprobable time when descending SC
reached the altitudé/ = 10 km with an estimation of a possible uncertawindow of this
impact time. In table for each solution are givermeell: a measured arc within which the used
orbital data was spread, the total number of us¢sl&f data and their sources, the epoch of the
last used measurement data and its producer, the ¥BRMS errok,.
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Figure 4. Phobos-Grunt re-entry time predictions acording to the TsUP TsNIlImash data

As it follows from table 1, on the last day befahe impact of the Phobos-Grunt the predicted
re-entry time monotonically restricted, in a whale ~36 minutes. The last prediction of the
Phobos-Grunt re-entry time, obtained approximatehour before its re-entry, gave an epoch of
re-entry referred t45.01.2012, 17:5%TC. The impact area of the space vehicle cornedipg

to this epoch fell above Brazil. This solution wasg into the database REDB IADC as the last
official solution obtained by the Russian sidehia given test campaign.

Table 1. Results of the last 8 official predictionsf the Phobos-Grunt re-entry, obtained in
Russian MCC on 15.01.2012

Mez;sgred Total number and source of Epoch of last data - Ri}i}ﬁztry Uncertainty wir-ldow

(hours) data vTo (UTO | border | border
25 (RSSS+NASA+2C1NES+DLR+ESA 2012.01.15/02:08sa | 0.58 2011%:0315.15 201126.:%12.15 201221-:%%).15
22 (RSSS+NASA+2C1NES+DLR+ESA 2012.01.15/03:3ssia | 0.58 2011%:03215 201126'2111.15 201221':(())%1.15
24 (RSSS +NASA3§NES+DLR+ESA 2012.01.15/04:58s4 | 0.60 2011%:%%).15 2011%3'21%3.15 2012%'2115.15
25 (RSSS +NASA3§NES+DLR+ESA 2012.01.15/06:2¢sa | 0.59 2011%:%%5.15 2011%3.:%17.15 2012%:%19.15
23 (RSSS+NASA+2(§1NES+DLR+ESA 2012.01.15/07:54sa | 0.55 2011%2%3.15 201127.:%%1.15 2011%.:%16.15
24 (RSSS+NASA+2C7NES+DLR+ESA 2012.01.15/09:2%sa | 0.50 2011%3%3.15 201127':%%).15 20113:0112.15
15 | (rsssisaionessoLrsesa| 201201 15140sa| 035 | 00 1) ST ) 6
13 Ressnsy | 2012011571650 044 | * 10T P00 S

The information corresponding to the last preditsiof the Phobos-Grunt re-entry (on reaching
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by it of a given altitude), obtained by other pagants of this test campaign and put into the
database REDB IADC, are presented in table 2.

Table 2. Last official predictions of the Phobos-Gunt re-entry obtained and inserted into
REDB by the participants of the IADC test campaign2012/1

Uncertainty window COIW

Epoch of last dateL Re-entry time

Participant (country (UTC) (UTC) Left Right H N

¢
border | border | (km) | (deg) (deg)
JAXA (Japan) 2012.01.15/09:21 2012.01.15/16{30 01 | +1.60(h) 10 -

CNES (France) | 2012.01.14/09:]0 2012.01.15/17:10 (r86] +57 (m)| 10 | +33.0] 1271

NASA (USA) 2012.01.15/09:21 2012.01.15/17:23 -24 (m+24 (m) 10 -7.6 161.1 K

NSAU (Ukrain) | 2012.01.15/06:2] 2012.01.15/17{26 162(h)| +2.65 (h) 10 | -12.5 | 164.4E
CNSA (China) | 2012.01.15/12:30 2012.01.15/17[27 (8D | +30 (m)| 10 -

UKSA (UK) 2012.01.15/09:2] 2012.01.15/17:36 -3.05| +3.13 (h)] - -

ISRO (India) 2012.01.15/09:21 2012.01.15/17|37 (R | +1.57 (h) 10 | -485 | 145.0W

DLR (German) | 2012.01.15/15:33 2012.01.15/17[43 (@5 | +24 (m)| 10 | -51.0| 108.0W

ESA (EU) 2012.01.15/17:08 2012.01.15/1745 -9 (m) 8 (m) 10 -51.4 | 113.9W

ASI (ltaly) 2012.01.15/17:03 2012.01.15/17:60 -89 (| +11(m)| 10

Roscosmos (Russid) 2012.01.15/16{54 2012.01.1%17:519 (m) | +21 (m) 10 -18.2 49.3 W

The data listed in table 2 are given in the indreasrder of the SC re-entry time obtained by the
participants of the IADC test campaign. The ungetyawindow is presented by its borders that
are calculated from a point corresponding to theereof impact window to the left and to the
right on the indicated value in hours (h) or mirsu¢e). The location of a COIW is determined
by co-ordinates- latitude (p) and longitudeX) - at the indicated altitude (H). Absence of tli@ S
re-entry parameters in table 2 means, that thetseveis not put into the database REDB by the
corresponding participant of the IADC test campaign

As a rule, in the IADC test campaigns on de-orhitgpace objects as a final official result on
determination of the SO re-entry parameters dataréaching by SO of altitud&~80 km)
submitted by the USA Strategic Command are adopisdally these data are transmitted in the
IADC headquarter quickly enough, frequently - imilis from one till some hours. However in a
case of the Phobos-Grunt a prompt reply from US ATGOM on re-entry parameters has not
happened. Only in 10 days after the SC re-entered January, 25th, 2012, US STRATCOM
submitted data on a final determination of the RiseGrunt’ re-entry, according to which the
80 km atmospheric interface pass of the SC lecbtdahuary-2012 17:46 UTC at about 87.0°W
and 46.0°S. On the basis of this data the 10 knogpimeric interface pass of the SC was
determined. This time threshold corresponded toefiacht = 15.01.2012, 17:53 UTCThese
data was serve as reference during the subseqreghition assessments.

5. The post-flight analysis of the Phobos-Grunt orib determination and impact area
estimation

For the purpose of obtaining the most reliable petars of the Phobos-Grunt re-entry and
finding a center of impact window for the spacecgirvived fragments the special post-flight
analysis of the orbit determination and re-entrgdgstion for the final phase of its flight was

fulfilled. Different models of the SC motion and rieal sets of the measurement data
representing various tracking sensors were us#dsranalysis.

Source data for this analysis were:
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¢ an available orbital data from different sensors,
¢ 3 models of a gravitational field of the Earth,
e 4 models of an Earth's atmosphere.

As it was mentioned above, as the measurementpatiecages of orbital data referred to the
appropriated epoch were used. This orbital data masived either in a format of two-line
elements (TLE) or in the form of rectangular staetors (S/V) of the SC. In analysis mainly the
orbital data received during the day before tha&€ntry were used.

At the post-flight analysis in the Phobos-Grunt’ tto model the same forces which have
already been described in 3.1 were considered.c@ingeed out estimates showed, that at the
solving of the given problem the influence of otimatural perturbing forces can be neglected.
Some onboard processes could produce a certauripatiopn on the SC’ motion but there were
no reliable data about this.

For the estimation of the influence of one or arotmodel of a gravitational field of the Earth
on the results of a navigation task solution theresponding calculated parameters of SC’
motion were compared. For this purpose the Russiaaiel PZ-90, the American model JGM-3
and the European model GEM-T3 were chosen. The aosgm of the calculated parameters of
SC’ motion when different numbers of harmonicshaf selected geopotential models were used
was done as well.

For the estimation of a dependence of the predinteentry time on the chosen atmospheric
model the variants of a problem’ solution at usiofythe dynamic models of the Earth
atmosphere GOST-2004, NRL MSISE-2000, Jacchia bedtatic model of atmosphere SMA-
62 were realized. At carrying out the estimatintgwlations in the indicated dynamic models of
the atmosphere the actual (i.e. updated on themeakurements) indexes of solaiy@ and
geomagnetic (4 activity were used.

At the calculation of parameters of SC’ motion iempkented by means of numerical integration
of the equations “Eq. 1” the parameters of the iapgphigh-performance method allowing to
reach any given precision was set up in such a tialythe methodic error in the numerical
prediction of the SC’ trajectory was negligibly dma

The usage of different models of a gravitationaldiof the Earth at the final phase of the SC’
flight led to the residuals (in calculated posisasf a space vehicle on a prolongation interval of
one day) having the values of no more than 850 nmdfer the same number of taken into
account harmonics). The difference in the calcdlg®’ positions on the given interval of
prediction at taking into account the restricted &l number of harmonics in the used model of
a geopotential could be already more consider&mnefor the case of usage of the model PZ-90
the results obtained on the base of restricted marmbharmonics up to (16x16) and on the base
of full number of harmonics for the given modelfeied on the value reaching ~4.5 km.

In table 3 the common set of the orbital data resgkiin TSUP during the last day of the SC’
flight and being used at the post-flight analysispresented. Here sequentially are given: an
ordinal number of measurement data; epoch of tthgab data; a remaining number of orbits
(before re-entry) to which the data corresponds; gburce of measurement; a format of data.
Thus, the data on the Phobos-Grunt orbit duringléisé day of its flight was performed by
5 sources (Russian space surveillance system - R$SSpace surveillance network - NASA,
German tracking sensors - DLR, France trackingasnsCNES, ESA tracking sensors - ESA).
It is seen that in the final phase of SC’ flighgb®ing with the forth orbit before re-entry the
measurement information was mainly gained (exceptohe set of measuring data) from the
Russian space surveillance system.
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Table 3. The orbital data received in MCC during the last day of the Phobos-Grunt flight

N Epczﬁr_ll_(g)data Reonr1€i|trs1|ng Source | Format N Ep(zg.'r%f)data ReoTéli[{glng Source | Format
1 |2012.01.14/17:49 17 RSSS S/IV| 18 2012.01.15/04:59 8 NASA TLE
2 |2012.01.14/19:0p 16 DLR TLE | 19| 2012.01.15/06:2) 7 NASA TLE
3 12012.01.14/19:16 16 RSSS SIV| 20 2012.01.15/07:%4 6 NASA TLE
4 12012.01.14/20:1p 16 NASA | TLE | 21| 2012.01.15/07:54 6 NASA TLE
5 12012.01.14/20:3p 15 DLR TLE | 22| 2012.01.15/09:21L 5 NASA TLE
6 |2012.01.14/20:48 15 RSSS SIV| 23 2012.01.15/09:21 5 RS$S SV
7 |2012.01.14/21:24 14 ESA TLE| 24| 2012.01.15/12:31 4 RSSS S/
8 [2012.01.14/22:08 13 DLR TLE | 25| 2012.01.15/12:34 4 RSS5 STAY
9 |2012.01.14/22:11 13 RSSS S/IV| 26 2012.01.15/13:%9 3 RS$S SV
10 | 2012.01.14/22:30 13 ESA TLE| 27| 2012.01.15/14:03 3 RSSS S/
11 | 2012.01.14/23:10 12 NASA | TLE | 28| 2012.01.15/14:04 3 RSS5 STAY
12 | 2012.01.14/23:34 12 DLR TLE | 29| 2012.01.15/15:21L 2 RSS5 STAY
13 | 2012.01.14/23:42 12 ESA TLE| 30| 2012.01.15/15:33 2 RSSS S/
14 | 2012.01.15/01:40 11 CNES | S/V| 31 2012.01.15/16:36 1 NASA TLH
15 | 2012.01.15/02:056 10 NASA | TLE | 32| 2012.01.15/16:54 0 RSS5 STAY
16 | 2012.01.15/03:32 9 NASA | TLE | 33| 2012.01.15/17:02 0 RSS$§ SIAY
17 | 2012.01.15/03:32 9 RSSS SIV| 34 2012.01.15/17:03 0 RSS$S SIV

For the definition of the best combination of theasurements for the solved problem from
those received during the last day of SC’ flightimas samplings of this information were

analyzed. In each variant corresponding to the nsadgpling the task of the SC OD improving
the six-measured state vector and ballistic caefiicof the object was solved. Further on the
basis of the improved parameters the SC’ orbitaionahe prolongation of its motion up to the

restricted epocfhi; corresponding to the orbital altitutie~100km was implemented.

On the basis of estimation of the fitting valag and the formal errors of the orbital parameters
determination at the applying the LSM the navigatidficiency of the selected combination of
the measurements, its capability on reaching (ind@al case) of a certain precision of the
predicted lifetime of the Phobos-Grunt was estimaguch a kind of calculations were carried
out at using of the Earth gravitational potentiadal PZ-90 where was taken into account a full
number of harmonics, and dynamic model of the Eatthosphere GOST-2004 [4].

In table 4 the results of the measurements fitang the formal estimations of the improved
parameters’ precision for different variants of @B task solutions on the base of measurements
spread within orbital arcs of different duratiofiem ~4.3 hours up to ~1 day are given.. In table
are given as well: the beginning and the end ofasured interval, its duration; total number of
the used sets of original orbital data and thestrdtiution on sources; the RMS erreg; the
value of a ballistic coefficien§, obtained in the corresponding solution with itsnal error
(30); the formal errors of the SC’ positiond)3referred to the momenk; in the orbital co-
ordinate system RNB (the centre of the given systégoordinates coincides with the centre of
SC’ mass, the axis R is directed from the Eartlmtieetowards the space vehicle, the axis N is
orthogonal to the R, it lies in the orbital planedalirected towards a space vehicle movement,
the axis B supplements the right handed systemjredtment of the measurements under the
least squares method it was supposed that all flama different sources have the same
precision, which was determined by the root-mearasg errors of the object position (after
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transformation of the original data to the formS&’ state vectorsiX = oY =6Z =1 km.

The last two of the presented in the table 4 smhgti(variants 11 and 12) were obtained on the
basis of measurements only from one principal sowfcinformation: in the first case - from
RSSS, in the other - from NASA. Thus, in each alkéhe measurements from the appropriate
source performed during the last day of SC’ fliglere used.

At selection of the best variants of the OD solusidor the concerned purposes there were taking
into account the following arguments: the used doatibn of measurements, the value of RMS
error oo, the obtained value of a ballistic coeffici€at and its error, the values of prediction
errors at the epoch. Thus the prediction errors were determinant.

Table 4. The main characteristics of the solutionfaa problem of the SC orbit
determination on the base of various combinationsfdhe measurements.

var, Measured interval Total number, RMS Obtained valud Prediction errors at;
# | Begin—end, | Duration,  Source of data o0 of § 36R, | 3N, | 30B,
(UTC) hours km km km

15 —RSSS(4),

1, [2012.0L.14/17:49\— g 5 NASA(3). ESAB)  0.427 0.0135+0.00026 0.260 10.818 0.5p2

2012.01.15/02:05 DLR(4), CNES(1)

2012.01.15/02:05 L
2. 201201 15/07-54 5.83 |7 -NASA(6), RSSS(1 0.553 0.0120+0.00063  0.6529.226| 0.633

3, [20120L.15/07:54)- ¢ 5 | 7 _NASA(3), RSSS(4 0.605 0.0138+0.00042  0.9780.941| 0.897

2012.01.15/13:59
2012.01.15/12:31 11 —RSSS(10),

4 oo ot Toiass| 430 |NASAC 0.310 0.0141#0.00012 0.47# 2.676 0.630

5. [2012.01 1ML 99 12562 o _ﬁigi((g)),' ESAG)|  0.449 0.0133:0.00011 0.228 6.882  0.4p3
DLR(4), CNES(1)

6. ggg:gﬂg%;gg‘ 11.90 |12 —NASA(7), RSSS(E)  0.574 0.0136+0.00012 0.55p 7.893  0.5[0

7. [B012.00.1500059" 12.07 ;785'2?15_1‘)\(6)’ 0.470 0.0138+0.00004 0447 3.492  0.402

, 25 —RSSS(8),
g. [20120L14/17:49)~ 1 g 45 NASA(9), ESA(3), 0.566 0.0134+0.00005 0.268  5.109  0.447

2012.01.15/12:34 DLR(4), CNES(1)

_ 24 _RSSS(12),
g, [2012.01.14/23:10\~ 47 g NASA(9), ESA(1)]  0.562 0.0137+0.00008 0.324 3.396  0.471

2012.01.15/17:03 DLR(1), CNES(1)

34 -RSSS(16),

2012.01.14/17:49|- NASA(10), i A
105015 01151703 2323 ESAG), DLR(4), 0.759 0.0136+0.00008 0.31#4 4.137 0.5p1
CNES(1)

2012.01.14/17:49|-
11. 2012.01.15/17-03 23.23 | 16 -RSSS 0.526 0.0138+0.00003 0.498 4,665 870,6

2012.01.14/20:15|—
12. 2012.01.15/16-36 20.35 | 10 -NASA 0.377 0.0135+0.00002 0.3y3 12.87537%.

As a result of the fulfilled analysis the variadts7 and 9 were selected. In all these variants the
latest measuring data on the Phobos-Grunt’ orb& wsed. This measurement was performed in
a set of orbital parameters referred to 2012.01.TH)3 (UTC) by RSSS.

Formally the best valuey of the LMS fitting and the best precision of the’Sfajectory
prolongation afT; were in variant 4. However it was obtained on Kfase of enough short
measured arc (duration of this arc ~4.3 hours)ritgunainly, data from one source (RSSS).

Variants 7 and 9 yielded comparable results onigimat of the trajectory prolongation at.
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Thus the variant 7 (with estimation RMS ersge= 0.470) was obtained on the base of 17 sets of
orbital data that was received from two sourcesS®&nd NASA) and spread within ~ 12 hour
interval. Formally, the estimation of RMS error time variant 9, obtained on the base of 24
measurements distributed over ~18 hours interval avéttle bit worsedp = 0.562) than in the
solution 7. However in variant 9 both the numbethd treated orbital data and the number of
sources (5) were greater that made more randoratgsof possible errors of measurements.

The SC impact time (the time when SC reached &nadt// = 10 km at using the atmospheric
model GOST 2004) JflGOOST in the indicated variants was determined as ¢Heviing:

- forvariant 4:tthst = 2012.01.15, 17:55 (UTC),
- forvariant 7:ttpst = 2012.01.15, 17:57 (UTC),

- forvariant 9:tthsT = 2012.01.15, 17:59 (UTC).

Apparently, a difference in the Phobos-Grunt’ réegntime predictions at usage of the
atmospheric model GOST-2004 for the selected veriarakes 2-4 minutes.

A dependence of the precision of the obtained tesuilsolving the tasks on the Phobos-Grunt
orbit determination and re-entry prediction on thesen atmospheric model at the final phase of
SC flight was estimated. For this purpose the gmistof the OD and re-entry prediction tasks
on the base of the same combination of the meagurformation as in variants 4, 7 and 9, but
at using in the SC’ motion model of other atmospgherodels, namely: NRL MSISE-2000 [5],
Jacchia [6] and Russian static model MSA-62 [7],enfelfilled.

In table 5 the values of RMS errargobtained in the indicated variants of the OD tsskitions,
and a difference in the SC’ impact time determimedhese variants and predicted in similar
variants at usage of the GOST-2004 model are pregemnhe given difference is determined as

AttS =t 19 <, where a bottom index «other» takes on the valM&ISE, Jacchia or

MSA-62 and means that the given difference is oleiat usage of the appropriate model of
atmosphere. The superscript «10» indicates, tleataltculated re-entry time corresponds to the
time when SC reaches the altitude10 km.

Table 5. Quality of the obtained OD solutions and ifferences in a predicted impact time
at using of different atmospheric models.

NRL MSISE-2000 Jacchia MSA-62
Variant #
0o At]'i/?S|SE’ min 0o At%g.cd]ia’ min (4} At]’i/?SA’ min
4 0.364 -11 0.325 -10 0.312 -7
7 0.668 -17 1.111 -20 0.973 -17
9 0.695 -19 1.367 -25 0.898 -19

The calculated model force of an atmospheric dsagleéfined by the used model of the

atmosphere density and the ballistic coefficiens6f On the other hand a ballistic coefficient of
SC is correlated with an atmosphere density anth isome sense a solved for parameter
flattening errors of an atmospheric model at fgtof the trajectory measurements. Thereby an
inaccuracy in the atmospheric model will be reveéadtethe calculated atmospheric drag force
and therefore in the calculated parameters of anSton and further in the calculated values of
the observed parameters (C), and as a resultlibevihppeared in appropriate residu@lsQ).

For estimation of the considered atmospheric modaldity the following comparative analysis
15



have been carried out. Two sets of the measurerbasexl on the orbital data used earlier in the
considered variants 7 and 9 of the OD solutionvhith did not include three last measurement
sets performed be the RSSS were selected. In othw@ls, the last used measurement in these
sets, was NASA'’ TLE referred to the epdgh, = 2012.01.15/16:36 (UTC). The solution of the
OD task on the base of these sets of measureméhtshe use of different atmospheric models
(from among indicated above) was fulfilled. On thase of the obtained in each variant
improved orbital parameters the prolongation of &t motion on the epochs to that the 3 last
untreated measurements were referred was impletherftether the comparison of the observed
(O) and calculated (C) of the SC position at meam@nts’ epochs was implemented.

In table 6 for the considered variants of the Ofktsolutions and the subsequent prolongation of
the SC’ movement the following information is pldceéhe value of RMS errasy of the used
measurement data fitting, the residuals of the oreasand the calculated values of the SC state
vectors for the appropriated epochs correspondirntfe untreated measurements. This residual
was transformed into the form:

Ar = \/{(Xobs_ Xcal)z + (yobs_ 3/cal)2 + (Zobs_ anl)z} .

Table 6. Characteristics of the solution of the S@rbit determination task at measurements
treatment with using of different atmospheric modes.

. ResidualAr (km) at tps(UTC)
Measured interval Atmospheric o] = = =
model 0 tp=2012.01.15, tp=2012.01.15, tore=2012.01.15,

16:54 17:02 17:03

GOST-2004 0.470 1.779 2.522 2.702

Zgglzé(?()li_lfé%é‘?;;NRLMSISE-ZOOO 0.516 3.617 6.177 6.249
(11.6 hours) Jacchia 0.920 6.938 10.841 11.176
' SMA-62 0.733 7.646 10.126 10.415

GOST-2004 0.494 3.064 4.048 4.303

Zggfz'%i.lfgfé:lgsnNRLMSISE-ZOOO 0.551 2.633 4.850 4.827
(17.4 hours) Jacchia 1.069 9.022 13.411 13.837

' SMA-62 0.777 3.634 6.342 6.440

On the basis of the data given in the table 6 jtassible to draw a conclusion, that old enough
models of atmosphere Jacchia and MSA-62 considesabld on precision of representation of
a real atmospheric density to the more resent dimaradels of GOST-2004 and NRL MSISE-
2000. It confirms both by the measurements fitpagameterdy) and the residualgr between
measured and calculated values of the orbital patens on the prediction arcs, received with
using of the given models. It is possible to suggeth a high confidence, that the prediction of
the SC’ re-entry time and an impact area with usafgthese old models will have also the
considerable error.

Usage of GOST-2004 and NRL MSISE-2000 models incthresidered variants of the OD task
solutions allow to reach much better level of theasurements fitting. Thus, at usage of these
models it is possible to consider that the respiitthe measurements fitting by criteriop are
quite comparable in a whole though formal the rtestilata treatment at usage of GOST-2004
model was a little bit best. Within the prolongatiarcs a precision of the calculated position of
the SC (at comparison with the untreated measuresneepended on the variant of the OD
solution. So, as it follows from table 6, for thagions, obtained on the basis of greater number
of measurements fulfilled on the longer measuréeiwal, the measurement fitting parametgr
and a prediction error are comparable at usageotf BOST-2004 and NRL MSISE-2000
models. At the same time, in case of the navigatask’ solution on the base of shorter
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measured interval, despite comparable resultseok#ime combination of measurements fitting
(by measuresp), the prolongation of the space vehicle motiorhwisage of GOST-2004 model
was much more exact, than at usage of NRL MSISE200del.

Thus, the fulfilled analysis allows preferring GO3004 model, as the most adequate on
representation of the real atmospheric densithénsppace areas where the Phobos-Grunt was in
orbit during the last day of its flight.

At the same time, there was opened a question wtheaelative proximity of the results of the
Phobos-Grunt orbital motion at final phase of lightt, the re-entry prediction of this object at
usage of GOST-2004 and NRL MSISE-2000 models ensaigingly differed. The answer to
this question was found on the basis of compatiegatmospheric densities produced by these
models in the areas of space through which the #@yunt passed at the final phase of its
flight up to the entry into dense layers of thetRastmosphere.

In figure 5 the behavior of the ratio of densitigss se/pcost, calculated at using NRL MSISE-
2000 and GOST-2004 models accordingly, in spacetpdhrough which the Phobos-Grunt flew
during the remained lifetime, starting approximgatat 12 hours before the tint®¥ when the
descending object has reached the altitdid80 km is shown. In the same figure the curve of an
altitude changing for the indicated points of spacer the Earth’ surface is given.

As one can see from a figure, the ratio of dersiigsy se/pcosr on a flight arc from 12 o'clock

till approximately 1 hour before the SC entry itite atmosphere dense layers had the oscillating
character correlated with the varying profile o t8C’ altitude in appropriate points of space.
The amplitude of oscillation of the ratms se/pcosr on this flight arc was negligible, and its
average value gradually decreased at reductioheofémained lifetime of the object from the
value ~1 at the beginning of a considered intefv&aR hours before t§°) to approximately 0.8

at the end of this interval (1 hour beforet®®). However at descending of the SC, since an
altitude band of 120-110 km, the character of changf the ratiopums se/pcost became sharp.
The value of this ratio fast increased during acpss of the altitude decreasing, having reached
the valuepus se/pcost ~1.7 atH ~ 100 km. After that the ratio of densities alsomptly began

to decrease, having reduced to the value ~ 1HeadltitudeH ~ 80 km.
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Figure 5. Dynamics of changing the ratio of atmospdric densitiespms se/pcost and the
altitudes of the Phobos-Grunt orbit during the find phase of its flight
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The revealed fact of the essential distinctionha atmospheric densities produced by models
NRL MSISE-2000 and GOST-2004 during the Phobos-Gdescending in an altitude band of
110-80 km was, most likely, the reason of the atersible divergence in an impact time of the
space vehicle predicted at usage of one and otbdeinmeven when both these models supplied
the similar results of the space vehicle motiongrorbit.

Returning to a problem on determination of the npysbable re-entry time and impact area of
the Phobos-Grunt it is necessary to make a follgwionclusion. As a result of the investigations
fulfilled on the basis of implementation of a greaimber of various calculations and a detailed
study, the preference in the solution of the taskhe Phobos-Grunt’ OD and its re-entry time

and location prediction at the final phase of light has been given to the variant 7 from among
the considered above ones. In this variant ther@ion model, considering the influence of the

Russian complete model of gravitational potenti&I® and the atmospheric drag introduced by
the Russian model GOST-2004 was used. The meashbasig of the given variant was the

Russian and American orbital data received in &isé day of the Phobos-Grunt ballistic lifetime

including the latest data from the Russian spaceegslance system produced less than 1 hour
before the SC’ re-entry at extremely low altitudéds flight.

According to the selected variant of the navigati@sk solution the Phobos-Grunt entered into
the dense layers of the Earth’ atmosphere at ttiedd H=80 km on January, 15th, 2012 at
17:51 UTC at the point with co-ordinates: 36.9°®oaid 291.0°East. The survived fragments of
this space vehicle reached the altitdflel0 km at 17:57 UTC with a grouping centre over the
point with co-ordinates: 24.8°South and 305.0°East.

The possible scattering of parameters of a re-eptipt was estimated by the uncertainty
window which left border (start) was determinedtbg epochst= 2012.01.15/17:53 UTC and
the point with co-ordinates 35.1°South and 293.4t@ad the right border (end) was determined
by the epocht= 2012.01.15/18:02 UTC and the point with co-oatiss 10.0°South and
317.2°East.

The possible scattering of the Phobos-Grunt’ reyepbints according to the selected variant is
shown by a solid line against a card of the Eartfigure 6. Here the left border, the center and
the right border of an impact window are showrfignre 6 a point indicated &#0SCOSMO&

the center of an impact window corresponding to lded official solution, obtained in the
Russian MCC and inserted into the REDB IADC dutimg test campaign.

The point corresponding to the center of an impactow officially adopted by IADC is shown

in this figure as well. This point referred to tepoch ¢ = 2012.01.15/17:53 UTC which is the
time when the descending SC Phobos-Grunt passedltihiede levelH=10 km. The given
official IADC data was obtained on the base of 8@ Phobos-Grunt re-entry parameters that
was determined by the Joint space operations c&l#@C) of the USA Strategic Command.

According to the US STRATCOM’ data the Phobos-Grintdrsected the altitudd = 80 km at
the epoch® = 2012.01.15, 17:46 UTC + 1 minutes. It happenedr @ point of the Earth’
surface with co-ordinates:46°South and 273°East.

It is possible to notice, that the IADC’ officiahBbos-Grunt re-entry data practically coincides
with the left border of the impact window determdrnfer the best selected solution, obtained in
TsUP TsNIImash.

In figure 6 the points corresponding to the cemtean impact window, obtained and inserted
into the REDB IADC by some other participants of test campaign, are shown as well.
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Figure 6. The Phobos-Grunt impact window corresponuhg to the Russian MCC results,
official IADC and US STRATCOM data and results of ®me other participants
of the international test campaign
6. Conclusion

The Russian MCC (TsUP TsNllimash) began monitorimg Phobos-Grunt’ flight practically
right after it was not inserted into an interplamgttrajectory to the Mars because of a failure of
a SC mid-flight propulsion system and it remainean initial supported near-earth orbit.

Because of the loss of serviceability of this S@ snpossibility of its regular trajectory tracking
the activity on an actual SC’ orbit determinationtbe base of an alternating measurements
from other sources, first of all, from the spacevsillance systems of the Russia (RSSS) and the
USA (US SSN) was fast organized in TsUP.

The principal executor of activities within a spdabperative group formed by the Roscosmos
for the monitoring of Phobos-Grunt de-orbiting aftecognizing its full uselessness, was a
ballistic & navigation division of TsUP. From thiatne the regular operative maintenance of the
Phobos-Grunt flight including its OD and a re-engrgdiction with on-line information support
of the Roscosmos and other interested entitiesulited in TSUP.

The intensity of the works on monitoring SC de-brbcreased here from the opening by IADC
the international test campaign on the Phobos-Giurihg which TsUP on behalf of Roskosmos
was one of the most active participants. In totalspace agencies that are the IADC members
took part in the given experiment. During the tmmnpaign 30 official solutions of the Phobos-
Grunt re-entry prediction were obtained in TsUP aiadsmitted to the REDB IADC. Practically
in all these solutions an epoch of the SC re-ewg stably predicted on January, 15th, 2012.
The last solution obtained in TSUP approximatelg twur before the termination of SC flight,
determined an epoch of its impactl&s01.2012, 17:59TC.
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The fulfilled post-flight analysis, in which diffent variants of the orbit determination task were
considered and all circumstances influencing omegipion of the SC re-entry parameters were
in details examined allowed to update a time andrgract area of the Phobos-Grunt’ re-entry.
According to the best solution, obtained by usirfgthe TsUP methodic, the Phobos-Grunt
entered atmospheric dense layers at the altitird®0 km on 15.01.2012 at 17:51 UTC and
passed the altitudd=10 km at 17:57 UTC with the centre of groupingtefsurvived fragments
over the point with co-ordinates: 24.8°South an8.@%East. The possible uncertainty in the SC
impact time was estimated by a value ~ + 4 minuiée official impact time of the Phobos-
Grunt, adopted for IADC test campaign corresponiedn epoch 15.01.2012, 17:53UTC, i.e.
differed from the TsUP updated data on 4 minutek Hrereby, was within admissible scattering
for this data.

The post-flight analysis revealed an essential rdimece in atmospheric density representation
within a descent arc of the Phobos-Grunt flighthat altitude range 110-80 km at it producing by
the dynamic models of atmosphere GOST-2004 and MBLSE-2000. That can be a subject of

investigation for developers of the given models.
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