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Abstract. The INTEGRAL satellite was successfully launched from Baikonur on 17 October, 2002. INTEGRAL is an obser-
vatory for gamma-ray astronomy. The goals are to provide unprecedented high resolution imaging capability for unambiguous
identification of gamma ray sources and high energy resolution for line spectroscopy. This paper summarises the actual orbiti
evolution based on the first 8 months in orbit and provides a status of the on-board limiting life resources. The paper describe
the measured in-orbit performance of the INTEGRAL satellite and summarizes the applicable operational constraints for the
science user community.
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1. Introduction the launcher is provided by the Russian Space Agency and

) . second ground station is provided by NASA. The scientific i
The INTEGRAL (INTErnational Gamma Ray AstrophysiCg ments and the science data centre are provided by Prin

!_aboratory) satellite was successfully launched from BaikonH{vestigators with funding from national organisations. Tl
in Kazakstan on 17 _Octobe_r, 2002 at 04:41:00 (UTC) b)_/ Mission Operation Centre (MOC) located at ESG&rmany

PROTON rocket equipped with a Block DM 4th stage and i i charge of control of the satellite using ground statio
pct_ed into a hlgh_ly gccentrlctransfer or_blt, 70@53000 km at RedyBelgium (ESA) and GoldstoflgSA (NASA). ESOC

inclined at 51.6 with its apogee located in the northern hemip 55 yisipjlity to INTEGRAL via the ground stations at all alti
sphere. INTEGRAL reached its final operational orbit by rai$; jes above 40000 km. The INTEGRAL Science Operatic
ing the perigee height and adjusting the apogee heightd@nie ot ESTE@he Netherlands (Much et al. 2003) an
achieve a geo-synchronous orbit. This was done using i@ |\NTEGRAL Science Data Centre at Verg@witzerland

onboard mono propellant propulsion system. The operatiopgl,ryisier et al. 2003) are in charge of the science planni
orbit: 3 days period, 9000154000 km inclined at 51%6 a5 processing, archiving and distribution of data to the <
was chosen to maximise the time spent outside the radigyific community. The description of the operations concs

tion belt around the Earth to provide a stable environment fﬁ’ﬁ/olving the ground segment s provided elsewhere in this v
the scientific observations. INTEGRAL (Winkler et al. 2003), 1,4 (Much et al. 2003).

is an observatory for astronomy in the field of gamma-rays, ) T )
the most energetic photons at the end of the electromagnetic!NTEGRAL, in orbit since more than 8 months, is pe
spectrum. The aims are to provide unprecedented high rE¥ming flawlessly and in general with much better perfc
olution imaging capability for unambiguous identification off@nce than originally required. The two life limiting on-boa
gamma ray sources and high energy resolution for line sp&gsources: fuel for momentum management and power fr

troscopy. INTEGRAL is a very large and complex satellitdn€ Solar arrays, have ample margin. This should ensure,
it is in fact ESA's heaviest scientific satellite ever. It coulfNTEGRAL will continue observations for the scientific com

be implemented as a low cost mission only by using a sépunity and hopefully make many unprecedented scientific ¢
vice module based on the XMM-Newton design and witfoVeries in the f!eld of h|gh—energy astrophysics long beyc
international cooperation. INTEGRAL is indeed a truly inifS 5 year operational lifetime.
ternational enterprise. While ESA is in charge of the over- The INTEGRAL payload consists of two large gammr
all mission the satellite development and flight operationgy instruments: the gamma-ray imager IBIS, the gamn
ray spectrometer SPI, and two monitoring instruments: t
Send gprint requests toP. L. Jensen identical X-ray Monitors (JEM-X), and a optical monito
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Fig. 1. The INTEGRAL flight model during solar array deployment testing at the ESTEC test facility.

camera (OMC). These instruments (Winkler et al. 2003 amdhin facts and figures about INTEGRAL are given in Table 1.
references therein) are co-aligned and observe the same célesexploded view of INTEGRAL is shown in Fig. 2.
tial object in the wavelength range from visible (500 nm) to
MeV gamma-rays. ) ]
Figure 1 shows the INTEGRAL flight model during solag-1- Main operation modes

array deploymenttesting at the ESTEC test facility. The INTEGRAL spacecraft provides stable pointings with

pointing characteristics as described in Table 1. For the SPI in-
2. Summary of system design and operations strument, the background in each of the 19 independent detec-
' . . . tors varies in time in a dierent way. This variation can limit
;3%)5 &ZCEZL?S ;ﬁg'?:_fstIgtnh\évislvll:ATNa:Xngﬁésefsiieﬁgmﬁéssensitivity that is obtainable. Several types of background
design, (ii) the mass and field-of-view requirements of the igél{;atlozs are present:"(l) short—ferfn Vaf""‘?'o”s due to SOIar ac-
ity an solar system “weather”, (ii) variations over the orbital

struments and (iii) the constraining dimensions of the Prot i . f
fairing. The bas(ic)requirement of tr?e INTEGRAL satellite beQenOd (related to the position of INTEGRAL in the orbit), and

ing compatible with the Ariane 5 and Proton launchers ing'—") long-term variations over the mission duration.

plied interesting design challenges. It required all mechani- !N order to reconstruct the image on the detectors for all sky
cal and electrical interfaces, the environmental requiremeRt%els -250) in the field-of-view with 2resolution for a single
and the spacecraft envelope to be established for designRALNting, a set of 19 equations with 156 unknowns would need
tegrity with both launchers. The large mass of the spectroff-Pe solved. This is impossible, and the only way to increase
eter and the minimum focal length of the imager presented $a¢ number of equations and make the system solvable is to
rious centre-of-gravity and fairing envelope problems, besid@gserve more pointings. Thus, in order to solve this problem
the need to distribute the loads into the Service Module strif-background determination an appropriate dithering strategy
ture. With local cut-outs in the fairing insulation and by roundas to be adopted for every observation.

ing off the corners of the payload module upper part an almost This strategy consists of severalf-pointings of the
perfect balancing of the satellite was achieved. The tight enapacecraft pointing axis from the target in steps ©ofthe in-

lope also influenced the selected accommodation of the tekgration time for each pointing (all instruments) on the
communication antennae. By placing the antennae on shwarter is flexible in the range between 0.5 hour to 1 hour. The
booms and on two diagonally opposite corners of the servigcgegration time is adjusted in a way so that always multiples
module, the desire to avoid deployable booms and the faif-a complete dither pattern are executed for each observation.
ing envelope constraints were both satisfied. A summary of thle spacecraft will continuously follow one dithering pattern
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Fig. 2. Exploded view of the INTEGRAL spacecraft. Dimensions arg £558x 3.2) m. The deployed solar panels are 16 metres across.
mass is 4 t (at launch), including 2 t of payload.

throughout one observation. Twofidirent dither patterns andshown that this is not very often fulfilled (e.g. because of tre
a staring mode (no dithering) are used as operational baselis&nt sources).

(1) Rectangular dithering (baseline):
This mode consists of a square pattern (Fig. 3) centred on
nominal target location (1 source on-axis pointing, 28 0 |ntegral has a large number of on-board autonomous functi
source pointings, eaclt 2part, in a rectangular pattern). Thigjities despite it is operated in near-real time. This is mair
mode is used for multiple point sources in the FOV, SOUrcg$ control the spacecraft during unforeseen and planned
with unknown locations, and extendedfdse emission which yiods with no ground contact and to recover from on-boz
can also be observed through combination (*mosaic”) of thigomalies where a quick reaction is required. INTEGRAL
pattern. designed to survive any 36 h outage period from ground ass'
ing any single point failure. During the perigee passage ther
(2) Hexagonal dithering: a planned ground outage period of 4 to 6 h. During this peri
This mode consists of a hexagonal pattern centred on the naththe eclipses take place. Before and after an eclipse pas:
inal target location (1 source on-axis pointing, fi-source the spacecraft attitude and orbit control system and power ¢
pointings, each 2apart, in a hexagonal pattern). This mod&m reconfigure itself as the Sun is not available for navig
will only be used for a single, strong, known point sourcdion and power source. A specific INTEGRAL feature is t
where no significant contribution from out-of-view sources iBroad Cast Package” (BCP) dsitributed on-board to all t
expected (Fig. 3). Experience from earlier observations hastruments every 8 s. This BCP contains on-board gener:

%g. Autonomy
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Table 1.INTEGRAL — main facts and figures (see also Fig. 2).

Objective Fine imaging and spectroscopy of celestial gamma-ray sources in the energy range 15 keV to 10 MeV
Instruments

Imager IBIS 15 keV-10 MeV, coded aperture mask, 16483 CdTe dets, each(2) mm, 4096 Csl dets, each (8&48.4x 30) mm
Spectrometer SPI 18 keV-8 MeV, coded aperture mask, 19 Ge dets, eaghdf, cooled @ 85K

X-ray Monitor JEM-X 4 keV-35 keV, coded aperture mask, micro-strip detectol) (Reach @250 mm) X€H, gas
Optical Monitor OMC  V-band (500-600 nm), CCD detector, refractive optics

Launch Vehicle Proton with Block DM upper stage. Launch from Baikgfazakhstan
Operational orbit Apogee height: 153657 km

(as achieved on Perigee height: 9050 km

01 Nov 2002) Inclination: 522

Argument of perigee: 302
RA ascending node: 103
Period 3 days

Max eclipse duration: 1.2 h

Ground stations Redu (Belgium) and Goldstone (California)
Coverage 100% above 40 000 km

Lifetime 2.2 years nominal 5.2 years extended

Dimensions Satellite body dimension : (X8.2x 5) m
Solar array span 16 m

Mass Total mass: 3954 kg

Dry mass: 3414 kg
Fuel (hydrazine, at launch): 540 kg
Instrument mass 2013 kg
PowefEnergy Storage 28V regulated power bus
Advanced Rigid Solar Arrays, Silicon cells.
@ launch (@ 2.2 years): 2377 W (1960 W), Sun aspect angle: 0
@ launch (@ 2.2 years): 1834 W (1630 W), Sun aspect angfe: 40
Two 24 Ah NiCd rechargeable batteries
Communication S-band up and down link, 2 fixed antennae
Telemetry rate: 113 kbps (payload: 108 kbps)
Telecommand rate: 2 kbps
Mechanical Properties  First axial moge38 Hz
First lateral modex>12 Hz
Load case 1x9 g longitudinal +£1.5 g lateral
Load case 2x0 g longitudinal,+4.5 g lateral
Pointing and alignment 3-axes stabilised spacecraft (instrument pointingraiSun pointing:+2)
(as specified) Absolute pointing error: &, Z), 15 (X)
Instrument alignment:’X(Y, Z), 3 (X)

information and on-ground loaded information and includes iattitude control and the on-board power system, which are the
formation about orbital events to which the instruments shoubdly two sub-systems which eventually could endanger the sur-
react: (i) timealtitude when an observation can start or shalival of INTEGRAL in case of failure. The attitude and orbit
finish due to the radiation belts, (ii) time of eclipse entry toontrol system operates with three hardware groups: nominal
warn instruments before being switcheff during eclipse, operation, failure detection and failure recovery. This ensures
(i) status of “On Target Flag”, which relates to the attitudeecovery for any single point failure. The failure recovery mode
stability. When the flag is set it indicates that instruments c@a hardwired control mode using the thrusters for actuation.
start observations, e.g. after a slew, and, (iv) radiation monifbine spacecraft has in addition a software based on-board mon-
readings according to which the instruments shall power dowaring and action routine. Any on-board generated telemetry
the high voltage and go to safe mode, as soon as an instrungamt be monitored, and in case a pre-set threshold is passed
specific threshold is met. All these features are designed to tree consecutive times the defined action will be invoked. This
timise operationalfciency and protect the instruments in castinction is already used to monitor the compressor power de-
of anomalies. mand from the SPI cooling system. The function will be impor-

INTEGRAL has several on-board failure detection art@nt later in the life cycle of INTEGRAL, when more on-board
recovery functionalities, which are mainly focussed on ttgnomalies can be expected.
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Table 2. INTEGRAL transfer orbit (achieved).

SPI - FOV
IBIS - FOV Parameter Value
°° ° Epoch 2002010/19  23:58:04 UTC
o a ] 5 o 2deg Semi-major axis 82746.8 km
s le ol o Eccentricity 0.915145
O O Inclination 51.71
@ @J ° Ascending node 104.45
=] [:o n* o Arg of perigee 300.25
% \ True anomaly 0.007
JEM-X-FOV omc- Fov, Perigee height 643.3 km
Apogee height 152094 km

Table 3. INTEGRAL final orbit (achieved).

Target position

. Parameter Achieved orbit  Nominal orbit
O 7 point hexagonal pattern
o 25 pointrectangular pattern Epoch 200A.1/01
20:15:00 UTC
Fig. 3. Dither patterns for INTEGRAL (see text). Semi-major axis 87731.5km 87678.14 km
Eccentricity 0.824148 0.813202
Inclination 52.246 51.6
3. Mission analysis Ascending node 103.07 104.9
. . Arg of perigee 301.72 300.0
3.1. Orbit design TrSe ar?om%ly 180 0.0
INTEGRAL was launched on a three stage Proton rocket, Perigee height 9049.6 km 9000.0 km
which is a powerful launcher plus a Block DM upper stage that Apogee height 153657.2km  153600.0 km
is capable of making several re-starts. This allowed a variety of ~ Orbital period 72h 72h

different orbits from circular to highly eccentric that were all
studied in detail. An inclined, highly eccentric orbit with the
apogee in the northern hemisphere and with nominal pararbeits. The short eclipse minimises the thermal drift and th
ters as shown in Table 2 was selected. malmechanical stress of the detectors and electronics, whic

This orbit was preferred over a more circular orbit due tisnportant for the instrument calibration. There are two peric
simplification of the injection scenario and being less demarelsery year with eclipses, each lasting approximately 21 di
ing on the spacecraft thermal and power subsystems. The oapitl containing 6 to 7 eclipses.
also provides 84% of the time above an altitude of 60000 km The finally achieved operational orbit parameters are {
which is completely outside the Earth’s radiation belts. Thigribed in Table 3 and are very close to the nominal (design
provides perfect conditions for real time, long duration undigperational orbit.
turbed scientific observations which is one of the important The INTEGRAL operational orbit is predicted to slowl
design requirements. The two ground stations in Redu aindrease in perigee height from 9000 km to 12500 km and
Goldstone together provide complete telemetry coverage fatrease in inclination from 51260 87 during the first 5 years
satellite altitudes above 40000 km. in orbit, due to the natural disturbances from Sun, Earth &
Moon. This evolution provides an increasingly favourable ¢
bit in terms of the radiation belt avoidance and ground stat
coverage. A very minor propellant budget is required to ma
INTEGRAL was injected into the expected highly ellipticatain the geo-synchronous orbit, i.e. to maintain the longitude
transfer orbit. Table 2 presents the parameters of the actpafigee passage in a range providing maximum ground sta
transfer orbit. coverage. From a coverage point of view, it becomes less

The injection into the transfer orbit was followed by perigeportant to control the longitude of perigee passage with incre
raise manoeuvres at the 3rd, 4th and 5th apogee passag@drinclination. This feature is reflected in Fig. 4, which shov
order to raise the perigee height to the nominal 9000 km. fte accumulated ground station coverage above 60 000 K
the 5th perigee passage a minor apogee height adjustment thashominal ground stations at Redu and Goldstone at laur
performed to achieve a perfect synchronous orbit. INTEGRAR.2 years and 5.2 years.
was designed for a maximum eclipse duration of 1.8 h but Spacecraft operations also disturb the operational or
by careful selection of the local launch time it was possihe thrusters used to perform the momentufinl@ading of
ble to reduce this maximum eclipse time to 1.2 h and stilhe reaction wheels are all oriented with & 1ift with respect
achieve an orbit where the perigee remains outside the protorthe Spacecraft bore-sight axis-axis). Any thruster firings

3.2. Initial orbit and evolution
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SOLID, DASHED & DOTTED LINE RESP. AT 0,22&5.2 Y

packets. The IREM S14 counter and the TC3 counter (Zehnder
& Hajdas 2001), were selected for this purposes, because these

o
e

o 1/ . ! .

) AV RN N R two counters arpurecounters, i.e. S14 idkectively only sen-

CI) ° ¢ K N sitive to protons and TC3 only to electrons. Each instrument is
= i / / . automatically put to safe mode, once a radiation level reported
(Sl / \\ in the broadcast packet exceeds the relevant, instrument spe-
< 1/ cific threshold.

) J \ The proton threshold was always reached well below
S ] N // 40000 km, when the instrument were already switchédlitie

g o \/\ K critical radiation level is reached at higher altitudes at perigee
o o 1 ' exit compared to perigee entry. There is only very little evolu-
> tion of the altitude when entering perigee.

O -180. -90. 0. 90. 180. . L .

O LONGITUDE OF PERIGEE PASSAGE (DEG) The critical electron radiation level is reached around

INTEGRAL on PROTON 72-h. hlim = 60000 km 3(_) 0_00 km at perigee exit. This altitude is more or less stable
@socias s o mos wes  WithiN the fluctuations, though a small decrease may have oc-
&urred during revolutions 39 to 60. Soon after launch it was re-
dlized that the electron radiation is still high above 40000 km
at perigee entry. Consequently the operational altitude was
adjusted to 60000 km, i.e. by default the instruments high
will therefore result in a parasitic thrust in theaxis, which voltage are switchedfbat 60 000 km. However, the electron
eventually could disturb the operational orbit. However, by useunter threshold for JEM-X was very often reached above
ing an elaborated strategy to perform the reaction whéel 0660 000 km and therefore JEM-X is now routinely switchetl o
loading, the Mission Operation Center (MOC) can actually tuggt 70 000 km. In the period from revolution 35 to 52 a JEM-X
this into an advantage and control the orbital evolution usimgnsition into safe mode was triggered several times by the
this parasitic thrust. The mairffect of the dt-loading on the IREM broadcast packet even above 70000 km, reflecting the
orbit is around perigee passage, and by choosing the descéiigh electron radiation in this period.
ing or ascending trajectory — while performing tH&loading — Figure 5 shows a comparision between the measured
the desired fect on the orbit will be achieved. IREM S14 (proton) and TC3 (electron) counting rates with
The predicted orbital evolution is very close to the actughe predictions from the NASA AE8PS8 radiation belt mod-
evolution (up to June 2003), i.e. the actual perigee and apogéefor the perigee passage from revolution 7 to 8 (from 01 h
heights difer by less than 300 km from their predicted valuesp 10 h UTC on November 6, 2002). The model predicts for
and the actual inclination fiers by less than 0:8The actual both counters the measurements qualitiatively, but not quanti-
evolution of the longitude of perigee is very close to the preatively. This is not suprising considering the rather low thresh-
dictions and favourable from a ground station coverage poiitl settings (0.3 S14 courésand 60 TC3 counts) com-
of view (Fig. 4). No dedicated orbital correction manoeuvrgsared to the maximum radiation level reached during perigee
have yet been required. (3 S14 counts and 200000 TC3 couri$3. The threshold set-
tings are sensitive to the noise in the radiation belts. It is there-
fore required to continue monitoring the evolution of the radi-
ation environment with the IREM and to adjust the operational
The space environment is very harsh in terms of the radiatialtitudes accordingly.
environment. Particle radiation degrades the quality of the col-
lected data by increasing the background, but moreover it CRng
degrade instrument components, can cause high voltage break-
downs and it is responsible for the radiation damage in tlel. On-board resources
SPI Ge detector crystals. Therefore the INTEGRAL orbit (s
above) was selected to minimize the radiatifieets and the
orbit stays above the proton radiation belts at all the time.
As the monitoring of the radiation environment is critic

Fig. 4. Accumulated ground station coverage as function of longitu
of perigee and orbital time.

3.3. Radiation environment

pacecraft performances

q%ere are two key life limiting resources on board: propel-
lant used to fi-load the reaction wheels and electrical power
aproduced by the solar arrays, which degrade continuously due

for the operation and safety of the instruments, a radiation m ﬂ-the radiation environment. The present INTEGRAL on-
oard resources as per 1 June 2003 have been evaluated an

itor, the INTEGRAL Radiation Environment Monitor (IREM), d with th timated f t the Elight A t
was placed on the spacecraft. IREM detects and counts eﬁ%?rppare Wi € estimated nigures at the Fig ceeptance

trons, protons and cosmic rays with a coarse spectral res view (FAR).

tion. It also measures the total radiation dose encountered by

its sensors. IREM comprises of two detector systems, a pRropellant versus lifetime The propellant quantity inside the
ton sensitive coincidence detector system and a single detetaoks is regularly computed by ESOC Flight Dynamics to con-
that measures electrons@.5 MeV) and protonsx20 MeV). firm the satellite remaining lifetime. The INTEGRAL space-
INTEGRAL has the capability of distributing onboard twacraft was loaded before launch with 543.7 kg of hydrazine pro-
IREM counter values to the instruments in so called broadcastlant and 4.2 kg of pressurant (corresponding to a pressure of
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1000 Fig. 6. Measured (blue) and predicted (red) fuel depletion.

slew manoeuvre amplitude and frequency, in orbit disturba
torque due to the solar pressure, and reaction wheel set
der usage. Two momentunffdoading manoeuvres were base
lined for each orbit giving an average consumption per orbit
0.0572 kg.
Figure 6 shows the comparison between the fuel deplet
trend, as recorded from on board data, and as estimated.
two curves are consistent, confirming the assumptions mad
the estimate. Extrapolating the actual measured propellant «
sumption until now throughout the mission lifetime of 5.2 yea
gives an estimated fuel consumption of about 37 kg for mom
tum of-loading. This results in an expected margin of 82 |
after 5.2 years.
Each momentumfé-loading causes a small parasitic del
November velocity to the orbit. However, by performing the momentu
2002 off-loading at an appropriate spacecraft attitude, the paras
Fig.5. Comparison of the IREM S14 (protons — red solid lineflelta velocities averaged out such that no orbit maintena
and TC3 (electrons — green solid line) counting rates with the predifranoeuvre is foreseen up to now. Also up to now no anom
tions from the NASA AE%PS radiation belt models (dOtIEd CUrVES)Causing an emergency attitude control mode has occurred.
The perigee passage from revolution 7 to 8 is shown on Nove_mber 6. The need to do momentunffdoadings depends on the op
2002 from 01 h to 10 h UTC. In both cases the model predicts g, jona| yse of INTEGRAL and in particular on the amou
measurements qualitiatively, but not quantitatively. . . . .
of large slewing. With the present fuel situation and assum
a similar operational scenario without any on board failurg

24 bar at a temperature of 3Q). The fuel budget presented a{here is enough fuel for approximately 15 years in orbit.

the FAR was based on a loading of 540 kg of fuel and a final
perigee height of 10 000 km. The estimated fuel margin at ERdwer The INTEGRAL spacecraft employs fixed solar array
of Life (EOL) after 5 years in orbit was 49 kg. The initial fuelTwo elements need to be considered related to the on b
used on INTEGRAL was related to the initial Sun acquisitiopower resource: (i) the power supplied by the solar arrays ¢
and Sun sensor acquisition control mode of the Attitude afuhction of the Sun aspect angle, and (ii) the power degra
Orbit Control System (AOCS). The actual consumption wa®n as a function of the satellite life (2.2 years nominal mi
0.61 kg against a budgeted value of 1.63 kg at FAR. The fugbn). The first point is shown in the Fig. 7, where the me
consumption for the perigee and apogee manoeuvres was estaled power is corrected at Winter solstice conditions, to all
uated to be 360 kg based on in-flight data. This compares witb@nparison with supplier’s predictions (continuous line). Tl
budget estimate of 384 kg, showing a total saving of 24 kg. Thagreement is good and minorfidirences are due to the fac
saving was mainly due to the very accurate injection in to tlieat the attitude is not sficiently stable over a long period, a
transfer orbit the veryféicient perigee raise manoeuvre planlNTEGRAL is almost continuously slewing. In addition, th
ning and execution. The only other sources of propellant carsulting non-steady temperatures makefificlilt to refer the
sumption are the reaction wheel momentufialoading, orbit measurements to the predictions at25
maintenance and the emergency attitude control mode activatedThe lifetime degradation of the solar arrays was evalua
in case of an attitude anomaly. from the “Beginning of Life” performance by applying degre

The amount of fuel allocated for reaction wheel momemtation factors derived from supplier’s information based
tum of-loading was estimated pre-launch to be 45.2 kg for thieeir experience. This exercise was primarily needed to e\
5.2 years extended life and based on certain assumptionsuate the need for reducing the maximum allowed Sun asy

Count rates [1/sec]
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Fig. 7. Current generated by solar arrays (see text). Fig. 8. Power margin of solar arrays at Sun aspect angle afA¢tual

measurement (red diamond), predicted degradation (line), and power
demand (horizontal line at 1280 W).
angle during eclipse season and during the extended mission
after the nominal 2.2 years in orbit. INTEGRAL is designedto )
operate with a Sun aspect angle of 4@ring the first 2.2 years &cquiringan increased rate of packets and was furthermore eas-
in orbit and with 30 during eclipse seasons and during the eXy Programmable. _
tended mission after the initial 2.2 years in orbit. ~ The problem was the telemetry manager, designed for a
Figure 8 shows the expected degradation of the solar arf&@d Dit rate. However, it tured out that a divider which de-
power, and the satellite power consumption including an allfved the telemetry clock from an oscillator, could be set dif-
cation for on-board failures (horizontal line at approximatesf‘ren“y by a software patch. After careful validation on the
1280 W). The power supplied after 8 months in orbit is also iy TEGRAL engineering model (after all, the telemetry is the
dicated. From this we can conclude that it will not be requirdperational life line of the satellite) the patch was uplinked
to reduce the Sun aspect angle during eclipse season of theGinging the crucial divider stage fromiQ to ¥8. The over-
tial 2.2 years nominal life of INTEGRAL and that the extendedl! télemetry rate (payload and spacecraft) thus was increased
mission can be carried out with a Sun aspect angle dbH4@ from about 105 to 131 kbits at frame level. This allowed to
side the eclipse season. The overall power situation must be@ange the polling sequence table from 204 to 256 pakets
viewed on a 6 months basis in order to benefit from the larg&gking full use of the data handling capability margin. The

possible Sun aspect angle and thereby achieve the maxirdimber of packets available to instruments went up from 195
sky visibility. to 246 packet8 s, a gain of 26%.

4.2. Telemetry 4.3. Pointing stability

Soon after launch it became evident that the radiation baddl® sPacecraft orthogonal co-ordinate system is described by
ground in the gamma-ray instruments was higher than &% Y-, Z-axes (Fig. 2) with origin at the centre ofthe_ separation
pected. As a consequence the instrument event rate wasPi&€ between spacecraftand launch adaptorXras is per-
ceeding the telemetry downlink capability. Enhanced on-bodigndicular to this spacecrééuncher separation plane, point-
processing for background rejection could solve the probldf@ POSitively from the separation plane towards the spacecraft
only partially. It was therefore decided to investigate a potentféf€: theX-axis is the pointing direction). The-axis is orthog-

increase of the telemetry rate. The telemetry system consistQBf! © the solar array surface, pointing positively to the Sun.
three major elements TheY-axis completes the coordinate system.

Scientific observations with INTEGRAL require that the
— the on-board date handling which acquires source pack&gacecraft pointing is stable to within"1&roundY- andZ-axis
from instruments and subsystems in a sequence determifgé 60" aroundX-axis (line-of-sight). This stability is achieved
by the programmab|e po"mg sequence table and then (-Hé_the inertial pointing and slew (|PS) mode of the Attitude
livers the packets to the telemetry manager; Orbit and Control System (AOCS), which uses the fine mea-
— the telemetry manager, which assembles the packetssi#iements of the star tracker and fine Sun sensor as inputs to
frames, performs the encoding and finally provides a coffie three control loops. The output from these controllers are
tinuous bit stream to be modulated on the radio frequengjementum demands for the reaction wheels that are operated

carrier; in speed feed-back loops. The performance of the steady point-
— the s-band radio frequency downlink from the on-boaréng stability is measured by the controller errors around the
transmitter to the ground station. threeX, Y, Z-axes which are provided d@s ® and¥ angles in

the telemetry.
Ground station fi-point tests confirmed that the downlink  Figure 9 is theD error evolution over a 4 hrs time period,
had good margin providing a 1dB head room for telemetshowing a complete fulfilment of the requirement (7r&axi-
rate increase. Also the on-board data handling had margin foum error vs. 60 requirement). Two samples afidirent flight
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Table 4. Pointing stability (operational vs. worst case simulation). Controller e®o®, ¥ are given in arcseconds.

Simulation Operational Operational
18 Dec 2002 25 May 2003
¢ e v | o €) v | o €) v
Max | 75 8.1 9 | 6.958 0.8906 2.59| 6.62 0.885 1.85
Min | -75 -8 -75| -5.57 -1.0738 -4.86| -7.69 -0.834 -3.06

8.00E+00 0.03.36

6.00E+00

4.00E+00 0.02.53 s
Error ‘ | i -
(arcsec) 2.00E+00 2 . /./\

0.00E+00 E 0.02.10 \/ \/

~2.00E+00 i E

~4.00E+00 [ H ‘ AT I g 0ot

-6.00E+00 a

-8.00E+00 0.00.43

-1.00E+01 : : : : : : :

0 200 400 600 800 1000 1200 1400 1600 1800 2000 0.00.00 , , ; ; ; ; ; ;
Time (8 sec) 3.46136 3.47187 3.50258 35464 3.50968 3.7005 3.70194 4.95139 4.99944

. . . . Amplitude {deg}
Fig. 9. ® control error stability over 4 h. Requirement is60

Fig. 10. Slew duration for open loop slews.

times are shown in Table 4 where a comparison with worst ce
simulation results is provided. 15 +
[ - +
. " g
4.4. Operational efficiency W . ¢; s et
The operationalf@ciency is given by the percentage of the ta 0.8 \:‘* "‘ MM -
tal mission time that is available to science observations abc o ‘32’ *e *: :
an altitude of 40000 km. The time available to science is r 0 50 100 150 000
duced by the time to perform slews and the number of reacti
wheel dt-loadings. Two dierent type of slews are performec Slew Length

by INTEGRAL: Fig. 11. Slew error for large open loop slews. Units for slew lengt

. and error are degrees.
— Closed loop slews (manoeuvre with control on all three g

axes, Fig. 2), i.e. typically 2 slews during dither
observations. ) ) )
— Open loop slews (manoeuvre with theaxis uncontrolled, Reaction wheel fi-loadings are needed for mainly thre
andX- andY- axes controlled), i.e. typically"%lews dur- independentreasons:

ing Galactic plane scans and very large slews to re-point to ¢ te th N lati db
another target, — to compensate the momentum accumulation caused by

ternal disturbance torques;

The performance of the slews can be rated as a function of slew 0 compensate the momentum accumulation due to s

duration and pointing error at the end of the slew and the need ManNOEUVres; _ _
to perform a corrective slew to achieve the desired pointing. ~ © mleetl the momentum slew constraints (basically for la

From flight data, the duration of open loop slews be- angle slews).
tween .2.and 7 was always found within the rt_squ!red ValueData from 121 reaction wheel fldloading maneuvers
of 5 min; a snapshot of open loop slews duration is shown n

. . . performed since the end of the commissioning phe
F'_g' .10' The du_ratlon of closeq loop slewsX) is also always (November 2002—-April 2003) show that the time spent fitr 0
within the requirement of 3 min.

- loading is in line with the expected one and does not have ¢
The present statistics from large open loop slews wi

) ficant impact on science time.
lengths between 4%nd 147 showed a maximum error (length
of the corrective slew) of 1.55compared to a requirement of
less than 5% as deplct_ed in Fig. 11. Open Io_op slews up tog/ Operational constraints
are well within the requirement as shown by Fig. 12 taken from
a set of open loop slews performed during the commissionifigis section summarizes constraints for operating |
period. spacecratft.
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1000 ——Worst Case Error —= Error limit Radio frequency subsystem The radio frequency subsystem
900 . is working nominally and link budgets showfBaient margin
800 /S so that it is even possible to keep the ranging permanently on.
200 / A check of those margins showed that the link budget could
& 600 accommodate an increase of the telemetry data rate.
LE— 500
2 400 ) )
uoe . A\ On-board data handling The On-Board Data Handling
200 / (OBDH) subsystem is working properly. No problems or
100 < ™~ o / > degradation have been identified so far. Modifications have
a , ‘ \/ ‘ ‘ ‘ ‘ been implemented in the software to allow the increase of the
3.46136 3.47187 3.60258 35464 359968 37005 370194 4.95130 499944  telemetry rate; with this modification a 26% increment of the
Amplitude (deg) data collection from payload instruments was achieved.

Fig. 12. Slew error for small open loop slews.

Power subsystem The power subsystem is working properly.

The solar arrays provided power of 2380 W at “Beginning Of
Sun aspect angle The power design requires that the angleife” at 0° Sun aspect angle is as expected. No degradation
(Sun aspect angle) between the spaceeiafaxis (Fig. 2) and of the solar arrays has been identified so far. The performance
the Sun vector must not exceed°40he original constraint of the two 24 Ah NiCd batteries was measured during the
to limit the Sun aspect angle to 3@fter the first 2 years wasfirst eclipse season. The end of discharge voltage at the end
replaced by a more rational approach based on the supplidthe eclipse is a good indicator of the battery degradation: the
current and the main bus (consumed) current: as long as theasured value is above 39 V for both batteries at the end of
difference between them is greater than 5 A there is no nekd longest eclipse, significantly above the minimum operating
to reduce the Sun aspect angle. If thffatience becomes lessvoltage of 31 V. This result shows that the batteries are in good
than 5 A, a reduction to 30would be needed to safeguard théealth. The maximum depth of discharge measured during the
spacecraft operations. Further to this limitation and becauseedfipse season was less than 15%. Therefore it was decided to
thermal protection of the instruments the roll angle around tpestpone the battery reconditioning (a maintenance operation
Z-axis must not exceed5° with respect to the Sun vector.  aimed to restore the energy storing capability requiring a com-

plete battery discharge followed by a complete recharging) to

. . . after the second eclipse season.
Minimum approach angle To avoid excess stray-light from P

Earth and Moon into the star tracker field of view, the angle be-

tween theX-axis and the Earth and Moon limbs must be largetitude and orbit control subsystem (AOCS) The function
than 13 and 10 respectively. and performance of the AOCS meets all the subsystem specifi-
cations. All the units are periodically checked and for some of

Slew constraints The open loop slew for angles larger th&n 7them a rggular mai_ntenancg campaign Is performed_, in particu-
is constrained by a limitation on the initial angular momentufft’- (i) noise and drift of the inertial measurement unit are mea-
on the spacecraft axes to avoid instability of the slew controll§Hr€d every six months, and the drift value is compensated in
Moreover, to account for the slew error, a margin on the fin]€ attitude control computer, (ii) the drift of the rate measure-
angular momentum needs to be left on each wheel to avoid t§gENt Unit is measured daily on the main unit and twice a year

gering of the so-called autonomous momentum dumping (486 the redundant one; the measured value is compensated on-
below) board. Both these units show values well within the expected

range. The reaction wheels are indirectly checked comparing
the expected speed profile with the one provided in the teleme-
Wheel speed range Reaction wheel operation must avoid thatry; the good correlation of the two and the correspondence
each of the wheels crosses the regidr20 rpm to-120 rpm  between the measured and the theoretical power demand in-
at a low speed, and, exceeds its maximum (4000 rpm) spedidate that the units are operating as expected. The star track-
The constraint must be guaranteed by a ground controlled &gs are correctly operating showing full performance; however,
action wheel @f-loading function. To cope with the outage rethe number of guide star losses is higher than expected. These
quirement or on-board malfunctioning a autonomous momesvents mainly occur during perigee passages and the only con-
tum dumping function is implemented on-board. sequence is a more frequent intervention of the inertial mea-
surement unit in the control, as foreseen by the autonomy de-
sign. Therefore this behaviour is no matter of any concern.
6. Spacecraft status

The general status of the spacecraft is good, the baseline d®aaction control subsystem All the components of the sub-
figuration selected before the launch is still maintained and sgstem are nominal and perform as expected. The fuel con-
need to use redundancy or back-up functions occurred. sumption is better than expected as shown above. The stability



P. L. Jensen et al.: The INTEGRAL spacecraft L1

of the reaction wheelfé-loading manoeuvres indicates that naommunity and hopefully make many unprecedented scient
thruster degradation has occurred so far. discoveries in the field of high-energy astrophysics long
yond its 5 year operational lifetime.

Thermal control subsystem After an initial threshold adjust- . INT.EGRAL is the result of good de5|.gn practhes, S.OI'q e
ment during commissioning phase, the thermal control SLg;peerlng and thorc_)ugh qn-_ground_ testing. Despite this, it |
system performs nominally. Payload module temperatures f qaver;:jcclas?ﬁcmr)l('c'\rﬂnl\l:sl\llon rtnalntllyl duettc_) t_hetr_e-ufse Of:::
basically maintained by the lateral radiators. The s;ubstituti8ﬁrv'cet_mo Iu € :om d-l etV\gotn, tel partlggg |(1n rqmt

heaters, controlled by thermostats, do not intervene exc%?ma lonal partners and fast but not leas ent projec

when the units are switched¥di.e. during eclipse passage). anagement.

All units of the service module have been qperatlonal since f'?kvt\fknowIedgementsThe successful INTEGRAL project is the resul
hours after spacecrafipper-stage separation and the thermgj ihe great forts and dedication of all the teams of the principal it
control performed as expected keeping them within the prgsstigators, the industrial teams spread all over in Europe, and
dicted range. To verify the thermal mathematical model, tWeBA teams and individuals both at ESTEC and ESOC, who h:
guasi-steady state cases have been identified and analysedcoitebuted to making the satellite an outstanding observatory.
results show in general good agreement and we conclude eaticular the team of the prime contractor at Alenia Spazio, Turir

the thermal control is working correctly without degradation gfcknowledged for their dedication, professionalism and excellent
radiators and multi-layer insulation. operation and the operation teams at ESOC, ISOC and ISDC for t

dedication andféiciency in operating the INTEGRAL satellite for the
benefit of the scientific community. It has truly been a privilege
7. Conclusions work with so many competent people. The authors are also grat

. . to P. Bihler for supplying the comparison between IREM measu
The INTEGRAL satellite was launched precisely on the Sefenis and the NASA AEBPS radiation belt models and to P. Favr
ond as planned at 4:41:00 UTC from Baikonur. The injectiqgy supplying the IREM data.

into operational orbit and the commissioning of the satellite

were carried out as planned. The INTEGRAL satellite per-

forms in general better than specified and no failure of afgferences

on-board units has happened. The performance continues t@bgrvoisier, T., Walter, R., Beckmann, V., et al. 2003, A&A, 411, LE

optimised. The operational constraints are continuously undgiich, R., Barr, P., Hansson, L., et al. 2003, A&A, 411, L49

optimisation to increase the operationfil@ency. Winkler, C., Courvaoisier, T., Di Cocco, G., et al. 2003 A&A, 411, L1
INTEGRAL has adequate on-board resources to ensufehnder, A., & Hajdas, W. 2001, IREM User Manual, IREM-UM

that INTEGRAL will continue observations for the scientific ~ PSI-001, 12.3



