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5.5. Attitude Control Subsystem.

The IUE stabilization and attitude control subsystem consists of all equipment used to maintain
or change the direction at which the spacecratft is pointing. In order for spacecratft attitude to be
controlled, there must be some sort of attitude sensors, some equipment capable of producing a
change in the orientation of the spacecraft (4otspand an interface between the two. The IUE

is capable of controllingttitudeusing a number of combinations of sensartpators, and
interface.

This subsystem mithout question the mosbmplex subsystem aboaitte I[UE spacecraft. It

was designed to be simple, light weight, low powered and reliable on one hand, and on the other
hand, it was required that the contsnibsystem satisfy precise pointing and séaguracy
specifications. The@rincipal requirements that have largely influenteel controlsubsystem

design philosophy are the following:

> Three-axisstabilization in inertialspace with a +1 arc secombinting accuracy
requirement in pitch and yaw, for periods typically of ¥ hour and more.

> Following a slew or a sequence of slew maneuvers, a new source target must be acquired
to within the 8 arc-minute half-cone angle field of the telescope.

> The pointing accuracy requirement must be satiseeéxtended periods dime even
when stellar attitude measurements of sufficient accuracy and frequency are not available.

> The expected useful operating life was to be 3 or 5 years.

> The stabilization and control subsystem was to be autonomous from a safety standpoint
even though the spacecraft would be in synchronous orbit anelaity continuous
contact with the ground.

The attitude sensorscludeEarth and Sun sensors for use in ground compudedattitude
determination, accelerometers for on-board nutatiotracgs well as rate gyro sets, analog Sun
sensors for initial spacecraft acquisition, and an Inertial Refefaseembly, fine Sun sensors, and
fine error sensor@r startrackers) for use imertial star acquisition and subsequent hold and
slew operations.

Hardwired analogontrol algorithmswere incorporated to perform nutation control and all
spacecratt initial acquisition functions\asll as to provide an emergency rate hold function. The
on-board computer was programmed to duplicate all the hardwired algorithms in addition to its
primary attitude control functions of star acquisition, hold and slew.

For actuators, the IUE uses any three of the four reaction whekéshiold and slew operations,
and the hydrazine propulsion system in emergency attitude control and station keeping maneuvers.
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5.5.1. Inertial Reference Assembly.

The Inertial ReferencAssembly isthe prime attitude sensor of the IUE spacecraft. The IRA
consists of six single-degree-of-freedom, hydrodynamic gas bearing, rate-integrating gyroscopes
with pulse-rebalance electronics.

A gyroscope can be described as an instrument that wapglly spinning mass to sense and
respond to changes in the inertial orientation of its spin axis. The gas bearing effectively eliminates
the gyro bearindailure mechanismand significantly reduces itsoutput noise, while pulse
rebalancingprovides a much improvegtadoutaccuracy as compared to anate@palancing
techniques. The assembly provides redundant analog rate information proportioned to body axis
rates and digital attitude change information referenced to each gyro input axis. Each gyro senses
inputs in all three spacecraft axes, by virtuebeing skewed toall axes, as shown by the
projections of the input axes of the six gyros on the spacecratft pitch-yaw plane.

PROJECTIONS OF THE INPUT AXES OF THE SiX GYROS ON
SPACECRAFT PITCH-YAW PLANE

INPUT AXES LIE ON A CONE ABOUT ROLL AXIS WITH 85°
HALF CONE ANGLZ

Figure 5-43. Projections of the input axes of the six gyros.

The OBC transforms and combines the gyro signals to create the composite control signals. Each
gyro also generates analog signals to the control electronics assembly which drives the low-thrust
engines and reaction wheels for analog Sun acquisition and Sun hold modes.

Each gyro haswo operational modes and the resolution of each gydiffesrent inthe two
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modes. In hold/slew mode, the gyro generates digital signals with a resolution of 0.01 arcseconds.
While in rate mode, the gyro generates analog signals with a resolution of 0.3 arcseconds.

The IRA was not used in the transfer orbibl\OQthe low-power heaters were on during this
missionmode tomaintain each gyro at or above 70° Fahrenheit. The following list summarizes
the IRA modes used during the mission orbit:

> Despin. The IRA provided a redundant setinélog voltages proportional sensed
pitch, yaw and roll bodyates.This information wasised to automatically despin the
vehicle from 5 rpm to near zero rates in all three axes.

> Respin. The IRA acted as a rate reference during the respin maneuver necessary for solar
array deployment.

> Sun acquisition. Analog rate information from the IRA is mixed with position information
from the course sun sensorrmatethe spacecraft. So that the sunline is normal to the
solar array central panel and limit the rate of rotation about the sunline.

> Sun hold. Analog rate information from the IRA is mixed with position information from
the course sun sensors to drive the pitch, yaw and roll reaction wheels and hold the solar
array normal parallel to the sunline.

> Hold during velocity burn. Digital position information is provided by the IRA during this
mission mode to permit the hydrazine system to operate without changing the spacecraft
thrust axis inertial attitude.

> Backup sun acquisition amdte damping. Digital position information is provided by the
IRA during those backumissionmodes to permit an OBC algorithm to despin and
stabilize the spacecratft in three axes.

> Hold/slew mode. Digital information is provided by the IRA during the mission to permit
an OBC algorithm to holthe spacecrafnertial attitude in threexes and to slew the
spacecraft from target star-to-target star.

5.5.1.1. Gyro failures.

At the end of the IUE spacecratt life, only the gyro 4 remained operational. The other five gyros
were lost as is summarized below.

. Gyro 6.
During thefirst two shadow seasons, the 80% depthisthargdimit had been nearly
reached orone battery, so it was decided to reducepbeer loadduring thethird
shadow season by transferring operations to 3 gyros and turning off gyros 2, 4 and 6. On
April 18, 1979, gyro 6 failed to restart.

The test carried out in an attempt to identify the gyro 6 problem indicated that the proper
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amount of current was being drawn by the gyro. The gyro rotor was apparently stuck. All
engineering procedures executed in attempting to restart gyro 6 were unsuccessful.

Gyro 1.

Since June 28, 1981, the gyro 1 temperature hadst@sty dropping. The drift rate was

also changing slightly, which indicated that the change in temperature was real and not the
result of a faulty telemetry thermistor.

On March 2, 1982 the gyro 1 was considered lost when its analog and digital telemetry
was very quicklysaturatedmaking it uselesfor eitherdigital or analogcontrol. The
problem was diagnosed as a failure in the Pulsed Rebalance Loop of gyro 1's electronics.

In that gyro 1 had previously been judged unsuitédlaise in the OBC’$old/slew
algorithm, and was not in the gyro matrix used for attitude control at the time, the failure
did not immediately impact operations.

Gyro 2.

On July 27, 1982 the gyro 2 failed. Its motor current rose from a nominal 60 mA to 220
mA in 9 seconds. A similar problem had been observed in this gyro on August 18, 1981;
the gyro current increased from 64 mA to 118 mA and then it returned to normal when
the gyro was turned off and back on immediately.

In this failure, several attempts were made to start up the gyro by commanding it off then
on again venguickly. This method did not work and so the gyro was turned off due to
high temperature, the gyro 2 temperature increased to 69.3° C.

It appeared that thiailure could be the result of small particle jammingthe rotor.
During the turn-on attemptspaximumcurrent was used to try to spin-up the gyro
however no change in spacecraft momentum was observed.

Gyro 3.
On August 17, 1988he gyro 3 failed. Its motor current dropped from a nominal 60 mA
to 2 mA and the spacecraft momentum changed quickly.

The spacecraft wagsut insun-hold mode and the 2 Gyros/FSS backup control mode
was loaded and enabled in the on-board computer. The commissioning of this system was
successfully carried and on September 30, 1985 the observing program was restarted.

Gyro 5.

On February 5, 1991, the gyro 5 motor current dropped from a nominal 60 mA to 0 mA
and remained therélowever, the gyro 5 continued to work properly and no change in
spacecrafangular momentum was observghe rotor continued to spin). Thénal
manufactures conclusion was that gyrpriine windingwas open, so itperformance
should be nominal unless it became necessary to restart gyro 5.

On March 6, 1996 the gyro 5 was switched off by a command conflict being sent to the
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spacecraft and it couldbt be restarted’he IUE wasplaced in sun-hold mode and the
previously prepred andested One-Gyro control mode was loaded into the on-board
computer. On April 4,1996 the observing program was restarted.

5.5.1.2. Gyro Drift Rates.

Changes irthe drift rates of théndividual gyros caused some degradation of the spacecraft
maneuvers and had to berrected by updating the gyscalefactors in the OBC. Newcale
factors were calculatagsingdatafrom maneuvers. The scdkctorsonly changed rarely, and
only once after 2 Gyro/FSS system implemented.

During the last years dahe mission,the gyro 5 driftrateincreased very quickly, which was
associated with the degradation of the gyro’s condition. At the same time, gyro 5's drift rate was
subjected to short term fluctuations, which were thermally induced. In order to correct all these
variations, the gyro 5 drift rate offset was updated very frequently during normal operations.
The gyro counts were converted to differential angles following the equation below.

ABD (differential body angle) = WG (scale factor) * Gyro counts - BGDT (drift rate offset)

The figure 5-44 shows the gyro drift rates along the whole spacecratt life.
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Epoch (year)

Figure 5-44. Gyro drift rates.
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5.5.2. Fine Sun Sensor.

The Fine Sun Sensor (FSS) iB@ital Sun Sensonvhich measurethe spacecraft’s position
relative to the sun. In the pitch direction (rotation about the Y axis) the FSS measures the angle
between the XZ component of the stector to the spacecraft -«is, which isknown as the

beta angleff). In theroll direction (rotation about the Xxis), the FSS measures tegle
between the YZ component of the sun vector and the +Z axis.

Sun

0P 105° %° 75 o /
135° 45°
f angle

?Sun
WLy
2P 15+Z +15 30

Roll angle

Figure 5-45. Definition of the beta and roll angles.

Two independent FSS systems are used to provide functional redundancy. Each system consists
of two sensor heads and a separate electronics unit. The orientationtwb thgstems is
identical. The heads aset up insuch a way thatlead 1 carview the sun from betangles

ranging from 137° to 73° and Head 2 caew the sunfrom beta 77° to 13Both heads are
designed to sendbe sun up to 32° in Roll. In this way, sun presence cooldyinally be
maintained from beta 13° to 137° andaay Roll angle fronx32°. During thdUE life, both
systemsvere powered on and thalowing combinationsvere used during normal spacecraft
operations; System 1/Head 2 for operations below beta 75° and System 2/Head 1 for operations
above beta 75°.

Each sensor has two reticles, a fine reticle and a coarse reticle, for each axis. The course reticle
encodes the Sun angle in six-bit Gray code format over the field of view to an average resolution
of 1°. The fine reticle produces a quadrature sinusoidal output with an average period of 2°. The
guadrature outputs ao®mbined withfour quadrature square wavesgioe a positiorsignal

whose phase angle isgportional to the Sun positiosithin the 2° reticle periodlhis phase

angle is measured by counting the number of high frequency reference pulses that occur between
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zero crossings of the position signal and a reference ac signal.

The overlap between the 2° period of the fine reticles and the 1° resolution of the coarse reticles
gives two digital values, NA and NB, which are transferred to the OBC and ground. These values
are put through nine-term equations with the end result being a beta and roll measurement.

The FSS resolution is dependent of the actual sun to spacawgédtBoth the betand Roll

angles affect the sensitivity of the FSS. The figure 5-46 and 5-47 show how the resolution varies
with beta. Betadel is defined as the difference between the calculated beta angles corresponding
to a FSSoutput measurement differing by a singteunt in theleastsignificant bit weight
position.
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Figure 5-46. FSS beta and roll resolution vs beta angle.

35.0

30.0

20.0

FSS Roll resolution (arcsec) = 15°/sin(B3)

10.0 : : : . . . . . ; . roo
20 30 40 SO 60 70 80 90 100 110 120 130 140
B (deg)

Figure 5-47. FSS beta and roll resolution vs beta angle.
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While the FSS was always used as an attitude reference tool, its importance to the IUE mission
was not fully realized until the middle of 1985, when the fourth of six gyros failed. This left IUE
with 2 remaininggyros, FES, and the FSShaild an useablattitude controbystem. The 2-
Gyros/FSSsystem usethe FSS to control thRoll axisand, also, for position control on the

Pitch axis during slewsAfter the fifth gyro failed, the 1 Gyro controkystem had to be
implemented. Inhe default modewhenthere washot any available star tquide on, the FSS

data was used to control both the pitch and roll axis with position and rate information. The yaw
axis was computed using gyro 4 information corrected with FSS data to remove Pitch and Roll
components.

5.5.2.1. FSS anomalies.

Until April 1986, no reported spacecraft anomaleslved the FSS. It was noticed that in 1986,
the ability of the FSS to correctly sense the sun position ahbgles less than 20° had degraded.

On March 9, 1988, it appesd that the degraded region slowly grew towards higher beta angles
causing a loss of attitude control while the spacecraft was slewing at beta 22°. At the end of the
maneuvethe FSS gaveorrupted data to the OBC in such a way that the maneuver continued
towards lower beta angles and the sun presence was lost. The spacecraft had to be stabilized by
commanding the sun hold mode. Shortly thereafter it was decided to limit spacecraft operations
to beta angles above 28°.

On July 29, 1988 a spawaft test was performed to determine the feasibility of switching to the
redundant FSS heads. A switch wobhkve been desirabletiie redundant heads offered an
improvement to thexistingFSS operatingmits. This proved to be useless. The back head
(system 1/head 1) provided worse data than the prime one (system 2/head 1).

In 1990, a neworruption to the FSS data was observed. Because the sensbtpesfectly

aligned withthe spacecraft axes, the F®8 angle not only has a component in the spacecraft

roll axis, but also contributes a small amount to the spacecraft pitch angle, beta. In 1990 it was
discovered that thimformation coming fronthe FSSoll axis had becomeorruptedand was
adversely affecting control in both the pitch and roll axes. An investigation into this event showed
that one of the 6 Course Gragdebits that come fronmthe FSSroll axis was intermittently
dropping out (from 1 to 0), and that it was happening consistently in the beta region between 35°
and 38°. A software workaround was uplinked to the OBC to detect this situation and correct it.

While the spacecraft was controlled by the 2 Gyros/&8&m¢the regions iwhichthe FSS
produces corrupted dataad been increasing in numbier several yearsbut had been
compensated by restricting operational beta ranges or by implementing software patches. While
an increase in anomalous functioning would be expectedeaspacecraft aged, theck of

reported FSS anomalies prior to the implementation of the 2 Gyro/FSS system probably resulted
from the use of this sensor in only a secondary manner. Anomalous FSS readings would not have
been as noticeable since they would not impact the attitude control function.

On the 1 Gyro system, the effects of the FSS corrupted data have a more significant impact than
they had orthe 2 Gyro/FSS system. The yaw was now affected by corrupt FSS data as well as
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the pitch and roll axes. The affect of corrupt FSS data on the yaw axes as well as an inconsistent
handling of overflows by the onboard computer would typically cause a loss of spacecraft attitude
under the 1 Gyro system.

5.5.3. Course Analog Sun Sensor.

The course analog sun sensor is used to provide two-axis attitude information with respect to the
spacecraft pitch and roll solar array paddle axes. Six sensors (2 for roll, 4 for pitch) are utilized
and are arranged to provide 4teradian coverage. Tlatput of theCSS is in the form of an

error from roll equals 0° and beta equals 67.5°.

The CSS resolution is approximately 1°. So, the pitch and roll sets would both yield a sensor null
whenthe Sun is at some poiwithin 1° half-cone othe CSS nuléxis (rollequals 0° and beta
equals 67.5°). The information from the CSS was used to drive themneabieels in the sun hold
mode (Sunbath mode). Because the @&Shot have a yawcomponent, thisxis was not
controlled in the Sunbath mode, the spacecraft wspiftdabout the yaw axes while the pitch and

roll axes were maintained.

5.5.4. Spin Mode Sun Sensor.

This systentonsists of a single sensor head and its associated electronics package. The sensor
field-of-view is 180° x 0.5°. Spacecradignment is such that its field-of-view is centred on -Z

axis along the spacecraft X axis. This sensor also prov&las eentred pulse as the field-of-view
sweeps past the sun.

The SMSS was used in the transfer ellipse to measure sun angle with respect to the spacecraft X
axis.

5.5.5. Panoramic Attitude Sensor.

This system consists of two redundant sensor headb@acly a dedicated electronics package.
Each head provides a redundantsferadian coverage from a spinning spacecraft for earth/moon
“look” angles and a sun-centred pulse so that “spin-sectoring” can be accomplished during the
transfer ellipse.

The PAS was used during the transfer orbit and, in addition, was used to help establish spacecraft
attitude prior to stellar acquisition.
5.5.5.1 PAS anomalies.

The PAS 1 failedshortly after launch. On Janua®®, 1978 the PAS countec®ntinued
displayingdata present for 3Minutesafter expected loss of signal had occurred. feilere
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seemed to be a chip failure in the data register.

On April 30, 1985 both PAS’s were turned off. Thepose of this action was to reduce the IUE
power consumption and thereby increase the range of power positive beta angles. The PAS 2 had
not been used for the last four years and, in case the spacecraft attitude was lost, there was other
available recovery modes.

On August 28, 1985 a test was performesdde if the PAS 2 was still operational. It was turned
on and a camera image taken. The stepping motor of the optical scanner would cause noise in the
image if it was operating, but this test showed none. The PAS 2 was no longer working.

On July 29, 1988 an attempt descharge the batteries was mdéer. this reasonboth PAS'’s
were commanded on, but only PAS 1 drew current. Analysis of the data suggested a relay failure
for PAS 2.

5.5.6. Accelerometer.

This system consists of redundanhekr force-rebalancedccelerometers. The redundant
acceleromters araligned such that their input axase parallel tothe vehiclethrust (orspin)

axes. Information from these units was used to implement active nutation control during the spin
portion of the mission.

5.5.7. Fine Error Sensor.

The Fine Error Sensor (FES) is a photometer which performs the star tracker function on the IUE
spacecraft. Because the FES\@ internally redundant and because of its importance to the
mission, two FES's are installed in the IUE. Near on-axis energy passes through one aperture of
either two sets of aperture holes in the fold mirror at the telescope focal plane. One set of holes,
the small apertures, are 3 arcseconds in diameter and the other set of holes, the large apertures,
are ovals 10 arcseconds by 20 arcseconds. This plate also contains the fiducial lamps, which are
used as references to determine star positions relative to the apertures, and a low reflectivity patch
near the center that attenuates star images by five orders of magnitude. The FES'’s receive all of
the off-axis energy, which is divided by a beam splitter in a 70/30 percent ratio. As a result, the
FES receiving the 30 %, FES 1, is about Gr2@)nitude less sensitive, and the FES that receives

the 70 % share is designated the prime unit, FES 2.

The FES operates in various modehjch are based on counting thember ofphotons of
sufficient energympinging on al2.62 arcsecond square or pixel of photo-cathode surface and
then electromagnetically shifting this square in discrete steps in various fashions. The total number
of photon-events counted will be a function of stellar radiation within the square and the length
of time that the count is continued. This digital count can be compared with commandable preset
values to establish magnitude thresholds. If the stellar flux is excessive and/or the counting period
is excessive, the counter will become inhibited at a count of 28,672 photon-events.

Basically, the FES uses this pixel in either of the two following deflection modes:
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The search deflection mode is a squasterformed by a repeatestep anddwell
sequence. The start coordinates and size of the square are commandable functions which
make it possible to position the raster square anywhere in the tracker field and trade off
raster scan time against raster field size.

The track deflection mode consists of a four position, symmetrical pattern, centred about
the sensor’s latest determination of star position. Photo event data collected from opposite
sides are compared and usediéterminetherelative position othe staimage to the

dwell points of the scan. larder to accommodate theide dynamicrange of star
intensities, the dwell times at the four points of the track pattern can be selected between
0.048 seconds, fast tracknd 0.192 second, slatrack. Thedistance of the opposite

points can also be selected between 10.8 arcseconds, overlap, or 31.3 arcseconds,
underlap.

The FEScombineghese modes with logic operations alveell periods to function in one or
another of three system modes called primary, search and track, and field camera mode.

Primarymode. In this mod&ackdeflection is used to track a guide star in the FOV of
the FES. The groundommand specifiethe approximate location of the star to be
tracked, the track pattesize (overlap/underlap) arnle trackscanrate (slow/fast) to
use. These combinatioasecapable of tracking guidgarsfrom +14 magnitude to +2
magnitude. The accuracy achieved israpinately 0.27 arcseconds, which is considered
as a fine unit (32 fine units are called a course unit).

Search andrack mode.This mode isused to automatically seardut a particular
magnitude star by forming a commanded square raster and proceeding to track the first
star encountere@hich exceedshe commanded threshold. Firshe searclueflection

mode is used and then, once the star magnitude threshold is exceeded, the FES switches
to the track deflection mode and tracks the star.

Field camera modeTlhis mode isised to maphe starfield within a commanded FOV.
Search deflection, synchronized witte telemetrysystem, is used taccomplish this
search. A signal from the DMU initiates readout of the sensor data and directly controls
the stepping through the rast&o, the time needed tdake the stafield is directly
proportional to the telemettyit rate. Themaximumfield diameter is approximately 18
arcminutes, whicleorresponds to 4,068e units. The photon count data and position

of each pixel is collected by the ground system and reconstructed into an image.

During the IUE life the FES has performed the following functions,

»

The information from which initial IUE orientation in the celestial sphere was established
was provided by the FES operating in the field camera mode. The ground computer used
this information torecreate the telescopeew. From this displaythe astronomer
performed comparison between thaentific instrument vievand a star map until a
pattern is recognized.

Aiter performing a slew, the FES operated in the field camera mode to recreate an image
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on the ground. The astronomdentifiedthe starfield and designated one star in the
pattern as the desirddrget starand a second on&henthere was a second star
available, as the guide star.

> After the slew is ended anthe starfield identified, the FES permitteananual or
automatic acquisition of guidance stars. The search and track mode was commanded for
automatic acquisition or the primary mode was used for manual acquisition. In any case,
the FES was finally placed in the primary mode tracking on a star. In this mode, the FES
generated a digita@rror signakshowingthe offsetfrom star center tthe commanded
coordinatesvhichwas used to both center the track pattern on thexsthprovide an
indication of off-null pointing.

> After the guide star was acquired, the FES provided two-axes error data from an offset
star for either open-or-closed-loggsitioning ofthe target star in thexperiment
aperture. The FES was also usedi¢tect,quantize an@orrect thedrift in the gyros.
This was done by allowinthe FES to track guide star and then usitige resultant
errors eithedirectly inthe OBCalgorithm or indirectly aground computer generated
gyro bias compensating for the drift.

> In the 1 Gyro control system, the FES was particularly important. The spacecraft used the
FSS and the remainir@yro to provide coarse contr@o,the FES wasecessary to
accomplish fine pointing control. Withe FES commanded to primary mode tracking on
a guide star, the spacecraft could perform the small, very accurate slews needed to place
the target in the desired aperture and start the exposure.

The figure 5-48 shows a null FES 2 image, which is represented in FES coordinates (X,Y). The
relation betweernthe FES axe¢X,Y) and the spacecraft ax€8,Y) arealso displayed. The
fiducial lamps are named by letters.
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Figure 5-48. FES field-of-view.
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The two x-marked points were known as the reference point (-144,-176) and the offset reference
point (-208,-1584). During normal operations, the target waaslyslaced at one of them before

it was moved into thaperture. IMApril, 1989 thefirst one (-144,-176) was chosen to replace

the old one (-16, -208), which had loshsitivity due to fatigue effects from repeated saturation.

On March, 1993 the offset reference point had to be chosen in the less contaminated part of the
FES field due to the FES streak light anomaly.

5.5.7.1. FES geometric calibration.

The FESsuffers from geometrical distorti@cross its field of view. The overall pattern is that

of a distorted S-shape. For instance, if a star is moved from one point to another in the FES field
of view, the star will not be precisely at the expected point, but displaced by an amount roughly
equal to the relative FES geometrical distortion between the star’s original and final positions in

the field. This effect had a great importance under the 1 Gyro control system, which had to rely
on accurate positioning of a guide star in the FES field to place the target in the aperture.

Most of the distortion appears to come from the nature of the FES itself which is a magnetically
focused device. In addition there appears to be an “edge effect”. As one approaches the edge of
the aperture plate, there ig@aneral tendency fahelevel of distortion to rapidly increase, for

the reflectivity of the aperture plate to drop, and the distortion to be radially directed away from
the center of the FES. Data taking for the FES geometric distortion measurement indicated that
the distortion was stable over the years.

The figure 5-49 shows the FES 2 distortion values.
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5.5.7.2. FES 2 reference point shift anomaly.

On October 25, 1979 an intermittent change of aperture locations in the FES 2 was noted. The
usual drop of light did not take place when targets were moved into the small apertures.

A few months later, the same behaviour was seen again. The problem was thought to be related
with the FES electronics.

On January 9, 1981 a test wasdueted to analyze this FES problem. The result suggested that
the apertures, the aperture plate, and the cameras are remaining fixed relative to each other.

5.5.7.3. FES 2 star count variations anomaly.

On April 15, 1985 an anomalous behaviour of the FES 2 was noted. During an observation of a
star with known magnitude, count variations of up to 100 times of its known counts were seen.

Along the spacecratife, severalcases had showsimilar behaviour All cases occurreghile

having the FES configured in fast track/underlap mode and in a period when the spacecraft passed
the radiation belts of the Earth.

5.5.7.4. Scattered light anomaly.

On January7, 1991 anncrease of backgrourht in the FES wadirst noticed,which was
called the scatterelight anomaly.The following ideaswere proposed as the cause of this
problem.

. A FES temperature dependent problem.

. A hydrazine cloud reflecting sunlight. The hydrazine cloud could have been formed by the
unloads performed on a routine basis.

. A Barium cloud with forward scattering of the 4554.03 resonance line ofF. B
January 20, 1991 abum canister was exploded at 30,000 km near the longitude of the
IUE orhbit.

. The sunlight could be coming ite telescope tube due topahole caused by a

micrometeroid. Another idea was that insulation had been torn loose and was drifting on
the opposite side of the tube-end from the sunshade.

Several test were done in order to determine the cause of the light and its dependance on certain
parameters (telescope tube temperature, beta angle, roll angle, etc). The following characteristics
of the scattered light were determined:

> The scattered light was independent of the electronic configuration of the spacecraft. For
instance, it was independent of the telemetry bit rate.
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The scattered light was present in both FES's.

The scattered light was distributed in a uniform pattern over the FES FOV.
The light could be made to disappear by closing the sun shutter.

The spectrograph images were not affected by the scattered light.

The light usually increased in intensity with increasibgta angle, as is shown in the
figure 5-50.

The light intensity decreased with positive roll angle.

The FES scattered light is strongly affected by shadow season periods. The figure 5-51
shows the evolution with time of the FES background of two stars at beta 90°. Since the
anomaly first appearethe backgroundecame enhanced during eachtef shadow
seasons, but returned to pre-shadewvels after the shadow season was over. The
exception to this is shadow season tB@;lack of an increase ithe counts during the
shadow season was thought to be the result addfieerate attempts to pass shadow
each day abetaangles less than or equals@®°, thusminimizing the thermal shock
experienced by the end of the telescope tube.
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Figure 5-50. FES background counts (s/0) vs Beta angle on June 29, 1992.
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Figure 5-51. FES counts (s/0) vs since January 1991 until September 1992.

A 12.0 magnitude star is approximately equivaler226 FES counts slow track/overlap, and
11.0 magnitude, to 560 counts slow trasletlap. Fast track mode measures approximately four
times less counts than slow track mode since its dwell time is one forth the duration of slow track.

5.5.7.5. Streak light anomaly.

A significant enhancement of the scattered light was detected on September 14, 1992. This was
known as the FES streak light anomaly and was mainly associated with Sun and Earth irradiation.

The behaviour of this anomaly was different than the previous light in several aspects.

»

The light decreases with negative roll angles.

The long duration long wavelength spectra could be contaminated.

The light was always seen in the same area of the FES fields. A typical FES contaminated

image is shown in the figure 5-52.

The streak was highly variable. The figures 5-53 and 5-54 show the background measured
during two similar maneuvers, from low beta togh beta and from &igh beta to low

beta respectively. So, one could attempt to reduce the extent of the streak in the FES by
performing a straight pitch maneuver to beta 105°, then maneuver back at beta 90°.
During the first year of this anomaly, this procedure dramatically reduced the level of the
streak at beta 90°. The figure 55 shows the streak evolution during the last four years of

IUE’s mission.
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The streak presented some difficulties for operations in the identification of the target field. It also
precluded tracking oanyguide starsvhich fall in the affected portion of the FES, unless they
were high enough in magnitude to sit well above the level of the streak.
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Figure 5-52. FES contaminated image.
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Figure 5-53. FESCAM counts yssummarized maneuvering from beta 35° to 115°.
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5.5.8. Reaction wheel.

The reaction wheel assembly consistioof wheels, four wheel driver modules and a redundant
power converter. Three reaction wheels are aligned to the spacecraft pitch, yaw and roll control
axes. The fourth wheel is skewed symmetrically with respect to the orthogonal control axes. This
unigue configuration provides redundancy in the event the pitch, yaw or roll wheel fails. During
the whole IUE mission, the three prime wheels worked properly, so the redundant wheel was not
used.

A reaction wheel is &otating disk used tostore momentum or transfer momentum to the
spacecraft body for the purpose of executing slews. Whewiibel is accelerated or decelerated,

the reactiortorquecan be used as the actuatiogjue for an attitude contrel/stem. Thus, a
transfer of angular momentum between the vehicle and the wheels is possible. The reaction wheels
provide the following advantages for a three axis stabilized platform.

> The capability of continuous high accuracy pointing control.
> Large angle slewing maneuvers without fuel consumption.
> Sun hold acquisition.

The angular momentum that can be stored in the wheels is limited, so a secondary control system
is used to prevent the storetbmentum from becomingpo high ortoo low. The secondary
dumping system is a jet thruster system (HAPS). The reaction wheels must be kept within certain
rpm limits to assure optimum control and to prevent beargay Wl he limits are as follows: Pitch
(/200]-|1000 rpm), Yaw (200/-|500/ rpm) and Roll [200|-|500/rpm). The momentum
dumping operations are carried out during specified limited pericgfsagkcraft activities, so that
unacceptable attitude errors are not introduced into the scientific instrument experiments.

Each wheel driver module generatesv@ phase square wavegsal to driveits associated
reaction wheel. Eithdralf of the redundandligital to analogconverter (DAC) angommand
decoder module provides wheel command information to the wheel driver module. The pitch, yaw
and roll reaction wheel driver modules are also able toveecgormation from the compensation

and mixing card (C&M) of the control electronics assembly (CEA). This card provides processed
analog sun sensor information and rate information for the reaction wheels for use in the sun hold
emergency mode.

5.5.9. Hydrazine Auxiliary Propulsion System.

The IUE hydrazine auxiliary propulsion system (HAPS) is a monopropellant catalytic hydrazine
blow down propulsion system. It consistsspf propellant tanks, fill/'vent valves for each tank,
fill/drain valvesfor each pair of tanks, pressure sensiitsrs, seven latching valves, heaters,
temperature sensors, twelve monopropellant engines (eight 0.2 pound low-thrust engines, LTE’s,
and four 5 pound high-thrushginesHTE’s) and arelectrical junction box which contains all
necessary connections, circuits and current shunts for the heaters and valves.
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The HAPS unit comprises two physically distinct sections. The first section is located in the body
of the spacecraft between the main equipment platdmehthe apogee boost motor, and contains
the hydrazine fuelainks, four LTE’s and the associatetes and valves. The second section
consists of two remote engine modules (REM’s), which extend about 2 feet below the propulsion
bay. Each REM contains two LTE'’s, two HTE’s and the associated lines and valves.

The figure 5-56 shows a diagram of the HAPS assembly.
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Figure 5-56. HAPS, schematic.
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The tanks are connected in pairs and are located at equal distances from the spacecraft x axis. This
arrangement permits fuel to be depleted from two, four or six tanks at once and permits system
balance to be maintained. Each tank contains a flexible diaphragm to separate the hydrazine from
the pressurizing gas, nitrogen. The hydrazine flows from the tank pairs through a common filter
past a pressure monitor. A latching valve separates eachaiaffopm a common manifold which

feeds four engine groups. Each group is separated from the rest of the system by a latching valve,
which allows operations to continue if there is a component failure. The problem area is isolated
from the system by closintghe specific latching valve, anithe secondary jet or tanks would be

used.

The propellant, hydrazine ¢{N,H ), was chosen for the IUE because it is fairly inexpensive, is flight
proven, can handleoth long andshort jetfirings, and vill not contaminate thescientific
instruments.

The system was originally loaded with 27.3 kg of hydrazine divided equally among the six tanks.
Before launchthe system was filled with hydrazine down to the engine valves. All latch valves
were closed antivo tanks were pressurized to 200 psi, and the other four were pressurized to
350 psi. Once in orbit, latclalves 2, 4, 5, 6 and 7 were opened. Then, latch valve 2 was closed,
and latch valves 1 and 3 were opened. This loading procedure was followed to prevent possible
latch valve problems becausesafdden pressure changes wkien latchvalveswereinitially

opened. During the whole mission, the IUE had all latch valves open except latch valve 2. This
valve separates theo tanks C & G,which wereonly used to pressurize tlsysteminitially

following launch. The tanks could have been opened if needed but the other four tanks supplied
sufficient N, H, through out the mission.

The figures 5-57 and 5-58 show the temperature and pressure evolution in the tanks.
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Figure 5-57. Tank group pressures.
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Figure 5-58. Tank group temperatures.

On February 18, 1996 the B&&nk pressure indication dropped to 14.2 psi, which corresponds

to a raw telemetry value of zero for the tank pressure signal, and remained there. As, there was
not any spacecrafhomentum change, the failure was assigned to the pressure sensor for Tanks
B&F, either directly or in the wire connections to the telemetry system.

Prior to the N H venting on September 30, 1996 there was approximately 17.7 kg of hydrazine
remaining in the tanks. The figure 5-59 shows the hydrazine consumption during the mission.
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Figure 5-59. Hydrazine remaining on IUE tanks.
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A jet can be fired in a continuous mode or a putsede. In the continuous mode, #m@gine

valve isactivated andemainsopenuntil commanded to stop firing. The continuous mode was

never used, exceccidentally. Inthe pulsed mode, thengine valve iopenonly for 30

milliseconds, the hydrazine flows over the catalyst beds and this chemical reaction occurs:
3N,H, ===(catalyst== 4NH; + 2N, + 1500 BTU

These gases expand and are forced out of the nozzle producing the thrust.

The HAPS provides the spacecraft with @tegtude torquingapabilityneeded to perform the
following functions:

> Nutation control. The spacecraft spun at a raggppfoximately 60 rpm around its X axis
after it was separated from the Delta third stage. Because it was an unfavourable moment
of inertia axisthe spacecraft would develop awcrigasingly conicalvobble, which, if
unchecked, would cause it to enter intflaa spinaround the transversis with a
maximum moment of inertia. This conical wobble was monitored by the nutation sensor
assembly (NSA). The NSA containwo redundant accelerometevghich provide
information for computing the nutation cone buildup. The spin axis nutation is controlled
using either of the angled 5 pound thrust jets (jets 5 and 11). The firing of these jets was
controlled by an onboard nutation control algorithm.

> Precession control. During the transfer orbit, the spacecraft was released from the Delta
third stage with itq?ABM facing aft. After the separation, the spacecraft was precessed,
or flipped, 180 degrees to fatzke the ABM burn. This precession maneuver maintained
a constant solar array exposure. The maneuver was performed using the angled 5 pound
thrusters (jet 5 andl1). During the precession maneuver, the NSA diaabled. After
completion ofthe precession maneuver, the NSA waabled to removany nutation
prior to the ABM burn and despin operations.

> Velocity correction to initially acquire the orbit station. After the ABM was commanded
to ignite by ground command, the hydrazine provided the velocity change required to get
on station . It was actually achieved with very little hydrazine consumption.

> Despin of the spacecraft. Wnthe desired station was obtained, the spacecraft was
despun intwo phases to calibratdhe HAPS thrusters angkin three-axigyro rate
control. The IUE waspun up to 2 to 5 degrees per second, and the solar arrays were
deployed. After deployment, thHBE was ratedamped td.25 degree per second. The
solar acquisition phase was then initiated and the spacecraft was aligned with the sunline
normal to the primary plane of the solar arrays.

> Spacecraftorquing to acquir@roper Surangle inthe event of attitude loss. Rate +
Position Hbld mode was a backup attitude control configuration thatadable in an
emergency. An OBC program, Worker 19, used the information coming from the attitude
sensors (itially gyros, in rate modenly; under the 2 Gyro/FSS control mode, gyros,
in rate mode, and FSS) to compute the jet torques.

> Velocity correction for east-west station keeping (Delta-V). The HTE’s 2 & 8 were used
to control the yaw axis and give the thrust to induce translational spacecraft motion while
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LTE continued to provide pointing control in the pitch and roll axes. The three axes were
controlled in a similar way to the Rate + Position Hold mode.

Spacecraft torquing to unload reaction wheleisng ajet produces an external force

upon the spacecraft. The gyros sense this fortteeiform of spacecratftotations and

send the information to the OBC. The jet firings produce both rotational and translational
motion. The rotational motion, througtold/slew program’sworker 0)intervention,

results in wheel velocities being changed. Worker 0 changes the wheel speeds in order to
counteract the external force and keep IUE from moving. The translational motion was
an ignored side-effect until@ogram was developed on October 2, 1989 to select the
most favourable momentum wheel unloadipgtg to counteract the westward drift of

the spacecraft. This was done to reduce the frequency of the Delta-Vs.

The effectiveness of the HAPS in performing reaction wheel unloads depended largely on
EV temperature, propellant tank pressure and catalyst bed temperature.

> High EV temperature were believed to cause the disassociation of the hydrazine
within the fuel lines. Small pockets of disassociated or partially disassociated fuel
produced low thrust when they move through the engine catalyst chambers.

> The system pressure affected how much fuel could be delivered to the engine per
unit time. The continuing decrease in tank pressure due to fuel usage resulted in
a decreased flow of hydrazine through a jet during a firing, decreasing the thrust
of the jet.

> Catalystbeds aregenerallymore efficient at highertemperaturesThis was
demonstrated in the low performance of & which didnot have chamber
heaters, and in the locally high output of engines which had recently been fired and
had higher than normal catbed temperatures.

Unload performance is measured by comparing the change in reaction wheel speed in each
axis to the number of 30 millisecond engine fifngdses performed. ThERPM per pulse
measurements for the single jet unloads are compared to the benchmark 1980 data and a
composite percentage decrease is calculated. The figures 5-60, 5-61, 5-62, 5-63 and 5-64
demonstrate the trends in unload performance.

HAPS thermal design.

The missiorrequirements for thermabntrol throughout the HAPS unit were dictated by the
freezing andraporization points of the hydrazine fuel. The region was maintained above 5°C to
prevent freezing, which would have both disrugtesifuel supply and damaged the control valve
assemblies. The upper temperatiné on all HAPS component was initially set at 65°C but had

to be raised to 85°C for all components except for two sensors, +ZLN and -ZLN, which had an
upperlimit of 90°C. This was done in a effort to reduce cycling of the catalyst bed heaters, after
the HAPS heater group 1 failed due to excessive cycling.
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Figure 5-64. Comparison of LTE average output and hydrazine tank pressure.

Although there was a need for additional heater units, the primary thermal control was provided
by solar energy. The following HAPS heater groups are present.

. Group 1. Primary chamber heaters LTE 1, 3, 4, 6, 7 and 9.
. Group 2. Backup heaters for group 1.
. Group 3. Backup heaters for group plus primaryheater on +zZhydrazinelines,

hydrazine tanks B and H, and LTE 10 and 12 valves.

. Group 4. Primary heaters on +Y and -Y REM struts, +Y and -Y REM mount, and LTE
4 and 6 valves.

. Group 5. Backup heaters for group 4.

. Group 6. Primary heaters on HTE 5 and 11.

. Group 7. Primary heaters on -Z hydrazine line, hydrazine tanks C, D, F and G.

The IUE used only the low-thrust engine chamber heaters (HAPS heater group 1 and its backup,
group 2). The other heaters weret needed during thenissionbecause temperatures in the
HAPS area remained higher than predicted.



99
5.5.9.1. HAPS heater group 1 failure.

On December 15, 1980 the heaters on jets 4 and 6 Hiegl.are wired in series with each other
and in parallel wittthe othentwo pairs. Theother heatersontinued to function properly. A
switch was made to heater group 2, backup for the low-thrust engines.

The cause of the failure was believed to be excessive cycling. To guard against this type of failure
again, the decision was made to raise the red-line limits of the HAPS to 85°, and only turn off the
heater group when that linitas reached. This option was chosen at the recommendation of the
HAPS designers, who preferred a hot HAPS rather than firing cold jets. The problem with an 85°
limit on the HAPS was possibility of hydrazine decomposing and gas bubbles forming near the
engine valves. These gas bubbles would not cause any harm but would show up as weak firings
or give the appearance of a missing pulse in a unload. Operationally, it was a simple matter to just
uplink commands for more pulses, so this reduced thrust was a minimum problem.

5.5.9.2. N H venting.

On September 30, 1996 the N H venimmgcedure was performed and was the start of the final
shut down operations. The need to ventrémaining N H was based on the assumption that
eventually after being left unattended, the HAPS system components would freeze and thaw. This
action would lead to a structural failure of the system venting N H , which could be catastrophic
to any ill-fated satellite irthe vicinity of IUE. The ventingprocess decomposed the N H
eliminating this possible event.

The venting procedure was named the roll spin venting method. In this methpd,of N H venting,
the spacecraft was maneuvered tspecifiedattitude,which was selected tgive a planned

change to the orbit based on the expected Delta-V that resulted from the venting process. Once
at the desired target, all the non-essential pieces of equipment were powered off. The pitch and
yaw reaction wheels were dped as close to zero as possible, while the roll wheel was dumped
close to the saturation limit (around 1460 rpm) to cause +Roll rotation of spacecraft. Then, the
reaction wheelsveredisabled. There was ramntrol on the spacecrgibintingattitude at this

time, so IUE began to spin.

The valve 2 was open approximately15:10 UT. The N,H, venting was achieved in
approximately two hours while several jets were firing in continuous mode. The figures 5-65 and
5-66 show the tank temperatures and pressures during the venting (the B&F tank pressure is not
present due to its sensor pressure failure).

The LTE’s used tespin upthe spacecraft were selected so that most ohtdmeRoll axis
momentumwas cancelled, althoughe spinwasnot purelyabout theRoll axis since all of the

LTE’s have a Roll component as well as a component in either the Pitch and Yaw axis. While the
jets were fired, higltemperatures were reached (around 170°C). figee 5-67 shows the

LTE’s and HTE's used. In the last minutes, the HTEs were fired due to the slow venting achieved
with the LTE's.
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Figure 5-67. Jets fired during the,N,H venting.

5.5.10. Control Electronics Assembly.

The Control Electronics Assembly (CEA) which provides the interface between the sensors and
the actuatorgperforms thefollowing functions: provides certain hardwired logic functions
(primarily through thelaunch phase commencing Relta separation and endirggter Sun
acquisition in elliptical sychronous orbit), provides power switching internal and external to the
unit, decodes digital command words from the OBC, generates analog signals for inertial wheel
driving, provides highdvel signaldor energizing hydrazinéhrusters and provides telemetry
conditioning for the various telemetry sensors in the HAPS.

The unit consists of eight cards with functions as defined below.

. Card 1. Precession/Nutation Card.
This card provides thdigital logic for spin sectoring, precession commands, active
nutation control aneéngine mode selectiomhe spinsectoring portiomeceives a sun-
centered pulse from the PAS and an input from the spacdocit @/ith this information
available, the spin period is divided into 128 parts. The current sector status (position) is
maintained and updatedroughouteach spin cycle. This logic information tre spin
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status isnterfaced with both the precession command logic and active nutation control
logic. In the precessiologic the current sector status is compaveith a ground
command consisting of three parts: sector ID to start firing a precession thruster, sector
ID to stop firing a precession thruster and the number of consecutive spin cycles during
which the precession jet will be fired.

Card 2. Relay Card.

This module contains a bank of latch relays and relay drivers to enable power switching
to all cards within the control electronics assembly and wheel driver assembly. The effect
of switching betweerthe buses isiot only to ensure power byeing able to select
between redundant buses, but to remmweerfrom unneeded functions Isyvitching

them to the standby bus.

Card 3. Digital-to-Analog Converter and Wheel Commands.

These are redundant cards that develop the asgjoglsused by thevheel drivers.
Reaction wheel commands are serially gated intec#ns from either Command Decoder
and converted to analog voltages for the pitch, yaw, roll and redundant wheel drivers.

Card 4. Engine Valve Command Logic.

These are redundant cards that provide low-level signals used by the engine valve drivers
to activate the hydrazine system. Inputs to the cards are through the spacecraft command
system, DMU, compensation/mixing card and the precession/nutation card.

Card 5. Compensation/Mixing Card.

This card receives analog sun sensor infaonaind rate information and combines them

to form logic levels to drive the low level thrusters during despin and sun acquisition. In
addition, thiscard drivesthe reactionwvheels duringhe sun hold mode of operation
(SUNBATH mode) which severs as a backup in the event of an OBC hangup preventing
the normal digital control algorithm from being processed. In this mode, the card receives
position from the set of six coarse sun sensors distributed about the IUE spacecraft. These
signals are combined and the analog error signals are used to drive the reaction wheels.

Card 6. HAPS Telemetry Conditioning Card.

The functions of thiard are to condition thsignals to and/or fronthe various
temperature and pressure sensors in the HAPS and monitor and indicate the positions of
various latch valves between tanks and manifolds and jet valves. This card is powered by
the redundant power supplies in the wheel driver assembly.

Card 7. Engine/Valve Driver Cards 1 and 2.

These redundant cards serve agpiheer stage tdrive the hydrazine system’s engine
solenoids and transfer valve solenoids. The output from each of the redundant cards are
logically OR’ed together via isolation diodes to drive the common solenoids.



