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THE MAGSAT MAGNETOMETER BOOM

James F. Smola, wWade L. Radford, and Marcus H. Reitz
The Johns Hopkins Univeralty
Applied Physies Laboracory

SUMMARY

A continuing requirement exists for lightweight extendable
structures that can precilsely position magnetically sensitive
instruments safe distances from magnetic sources in a spacecraft.
Présented herein is a brief description of one such device - The
MAGSAT Mdgnetometer Boom System - and an overvieéw of the major
areas of concern that played dominant roles in its development.
Weight, packaging volume, thermal distortion, mechanical nisa-
lignments, dimensional instability, launch é¢nvironments, and low
temperature functioning were areas that présented scme formid-
able obstacles. The ways in which these obstacles were dealt with
are offered here to those involved in the development of similar
aerospace mechanisms with equally restrictive requirements.

INTRODUCTION

The need for a simple, lightwelght, precisely alignable,
virtually distotrtion~free, extendable structure capable of over-
coming the stiffness of sizeable multiconductor electrical cabl-
ing arose during the development of the TRIAD (1972) satel-
lite by the Johns Hopkins University's Applied Physics Laboratory.
Similar devices - all of which utilized the scissors concept -
were developed for GEOS-C (1975) and TIP II and ITII (1975, 1976).
The experience acquired during these programs provided the back-
ground that was necessary for the undertaking that became the
MAGSAT Magnetometer Boofn.

MAGSAT's (Magnetic Field Satellite) mission was to provide
global vector magnetic field data which would be used to create
new maps of the earth's magnetic field and to detect large scale
anomalies in the magnetic field for use in planning resource
exploration strategy. Data collected during the gspacecraft's low
altitude phase following 5 months of expected life prilor to re-
entry, was to be especially desirable for the latter objective.

In addition to these principal objectives, the data was to be used
for core/mantle studies, magnctospheric and ilonospheric rescarch,
marine and other studies.
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Measurements of the three vector components of the earth's
magnetic fleld were the task of an ultrastable, high accuracy
vector magnetometer and 4 pailr of star camerds, Providing redun-
dancy and an independent confirmation of total field magnitude
were the voles of a companion inatvumeat--a sralar magnetometer,

Maguetic contamination o0f the magnetometeér scnsors was
avoided by locating the falrly magnetic star cameras on an opti-
cal bench in the spdcecraft instrument module (I/M). The densors
of both magnetometers were mounied on a platform with passive dnd
detive temperature contrel, which wad attdched to the end of the
magnetometer boom. Upon command the boom was to uncage and dis-
place the sersor platform 6 meters distant from the (I/M). To
satisfy requircments imposced by an Attitude Transfer System (ATS)
which meéasured vector magrnetometer tilt relative to the star
cameras, the boom was to maintain the platform position such that
the centér of an ATS plane mirror, precisely attached to the back-
gide of the vector magnetometer sensor, remained within a +1.91 cm
(+#0.75 in) square target zone. This z6né was centeéred on an opti-
cal axis defined by an ATS infrared light beam emanating from the
I/M. 1In addition the plane mirror was to remain orthogonal to
the optical axis within 3 arc minutes. (See ref, 1.)

SYSTEM DESCRIPTION

Figure 1 illustrates the MAGSAT spacecraft's operational
configuration. Shortly after injection into a 96.76° inclination,
352 km by 561 km sun synchronous orbit, the spacecraft was three-
axis stabilized with its Z-axis near the orbit normal and the
magnetometer boom trailing aft. This orientation was maintained
by an attitude control system consisting of a reaction wheel with
an infrared horizon scanner, a three-axis magnetic torquing sys-
tem, a pitch axis gyro system for pitch rate sensing, an attitude
signal processor for semi~autonomous roli/yaw control, momentum
wheel dumping and pitch loop dynamics compensation, and a second
adjustable boom for aerodynamic trimming.

The magnetometer boom dystem consisted of a 14 1link scissors
boom, a three axis gimbal and the sensor platform (S$/P). The §/P
was connected to the I/M electrically with multiconductor cabling
that was routed through the interior of each boom link. Two
independent pytrotechnically actuated caging systems were used to
contain and protect the boom and S/P in their stowed configurations
during launch. The three-axis gimbal located at the boom base
provided the boom with pitch, yaw, and roll capabilities of 4209,
+2°, and +5° for ATS acquisition. The drivers for each gimbal ‘
actuator, consisting of a 491 cycle square wave inverter powering
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2 phase aynchronous~-hyatereals gearmotors coupled fo gearboxes,
provided average piteh, yaw, and roll acan ratea of 19 are arc/anc,
A palr of tenalon springs attached to the drive hasde and I/M atrue~
ture eliminated all unvestralned play in the gimbal actuator
adjuating scrawa., Rotary potentlometers geared te the oufput
ahafts of each of theae gearhoxes wore calibrated to give S/P
angular orlentation, (8ce Figure 2)

The boom drive eonsisted of a right and left handed ball secrew
which was similarly driven. A rotary potentiometer geared to the
output shaft of the gearbox was calibrated to give beom length
during deployment, Confirmatien of total extension was given by a
second pot made ¢f non-magnetic materials and pinned to one of the

boom linges ¢losest to the S/P. Total runout timé was about 20 nin.

Weight and thermal distortion dictated the use of graphite
epoxy for the boom links. The basic link was 0.94 meters (37.125
in) long and measured 1.07 em x 5.08 em (0.42 in x 2.00 in) in
crossection. Magnesium fittings were fastened to the ends and
the center of each link with a semi -rigid epoxy to prevent inter-
face cracking due to differential expansion. Each link was a
hollow box with a .076 em (0.030 in) thick wall and was covered
internally and externally with an aluminum foil moisture barrier.
(The hygroscopic nature of graphite epoxy is a source of dimen-
sional instability). A final wrapping of aluminized Kapton* with
an aluminum oxide overcoat was added for temperature control. The
links were hinged to each other with pins that were forced
through compliant undersized bushings which permitted rotation,
but eliminated all unrestrained mechanical side play.

The aluminum foiled, graphite epoxy S/P was attached to the
tip of the boom through a hollow graphite epoxy, box-like spacer
and a "figure-eight" mechanism that enabled the S/P to translate
while maintaining its attitude normal to the boom axis as the
boom extended. Attached to the S/P with a kinematic suspension
was the temperature controlled vector magnetometer base (VMB)
which in turn had attached to it the vector magnetometer sensor,
the remote plane and dihedral ATS mirrors, and a precision sun
sensor. The kinematic suspension provided a compliant mount
for the VMB and isolated it from thermally induced structural
distortions that would be detrimental to the alignment of the
vector magnetometer and the remote mirrors. The scalar magneto-
meter was attached to a 1.27 cm (0.50 in) thick epoxyglass thermal
isolator which was fastened to the side of the graphite epoxy
spacer.

The weight breakdown for the boom system is shown in Table 1.

*Kapton, polyimide film manufactured by E. 1. duPont
deNemours and Co. Inc.
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AREAS OF MAJOR CONCERN

Although the precision sclasoras hoom was a flight-proven con-
cept, the remote, precisely aligned S/P was not. Magnetic con-
Aalderatlons disallowed clectrically powered adjusting mechaniams
at the S/P ond. Conscquently 8/P tilt adjusthents could only he
achiceved by gimballing the hoowm at ita hasce which caused the §/P
to translate. This side effect coupled with the ATS's narrow
field of view severely limited tilt adjusting capabllity. For
this reason considerable engineering analysis and teésting were
necessary to demonstrate that the S$COUT launch environment, un-~
caging, deployment, thermal distortions and attitud¢ control dis-
turbances would not compromise the ability to achieve the prdécilse
alignments that were required.

The discussion that follows focuses on three major areas of
coricetn that rec¢eived considerdable attention.

CONTROL OF THERMAL DISTORTION

The requirement here was to limit initial boom thermal dis-
tortion-due to broadside solar illumination - sufficiently to per-
mit acquisition of the ATS remote mirrors by gimballing the boom
at its base. Although the gimbals were adjustable +29 1in pitch
and yaw and +5° in roll, any tilting of the boom at its base
would translate as well as rotate the remote mirrors. Since the
target zone was #1.91 em (40.75 in) square, any mirror tilting
that was necessary for acquisition had to be achieved within 0.33°
once the mirrors entered the target zone. This made the initial
tilt angle of the mirrors and. direction of tilt extremely impor-
tant. If, for instance, the mirrors were perfectly centered with-

in the target zone initially, acquisition would have to be achiev-
ed within 0.169 or 9.6 arc min.

The +3 arc min requirement on mirror angle iimited the
Permissible transverse offset of boom tip position to +0.51 cm
(+0.20 in) for simple mechanical misalignment and +0.25 cm
(£0.10 in) for misalignments caused by thermal distortion. It
was important then that the system was free of play and that
the boom elements were made of some material that was virtually
immune to thermal distortion. (Active temperature control was
ruled out because of the complexity required to implement it in

the time that was available, and lack of sufficient electrical
power) .

The thermal problem natrrowed the field of materials down to
a very few. The goal was to find a material whose coefficient
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of thermal éxpansion (CTE) would remaln very close to zero aver a
temperature rangé of 0°C ta 40°C, Once other conaidérations asuch
as welght, atrength atiffness and avallabhility were thrown in,
the only material that remalned suitahle was graphite fiber rein-
forced plastie (graphite epoxy).

Design analyasis concluded that graphite epoxy GY 70/X30
(co=cured foll, 0, 54, =54, =54, 54, 0, foll) would be the optimum
sclection. The average CTE for the 14 links in the MAGSAT bhoom
was +0.34 x 10"6/0¢,

The thermal coating sclccted to contrel link temperatures
and temperature gradients in the presencé of the solar and earth
infrared environments was vapor deposited aluminum with an Aljy04
overcoat on a Kaptofi substrate. It was attached to the aluminum
moisture barrier with an acrylic, pressure seénisitive adhesive.
The coatings 0.11/0.16=0.69 ratio of solar absorptance to infrared
énmittance was chosen to give link equilibrium temperatures closc
to 259C., This temperature was dictated by the fact that all mech-
anical alignments would be done and checked at room temperature.

Thermal distortion tests conducted in the NASA/GSFC solar
simulator on a four link vérsion of the flight boom provided
temperature data that was fed into a NASTRAN model of the test
boom. Tip deflections in pitch, yaw and roll that evolved were
then compared against those measured during the test. Satis-
factory correlations gave a high degree of confidence in the
NASTRAN model of the flight boom which was three times as long.
This model indicated that the transverse and angular displace-
ments of the S/P due to boom thermal distortion would be well
within the ATS allowable range.

UNCAGING, SEPARATION, AND EXTENSION

The fact that the boom and seénsor platform were to trail
behind the I/M and base module in orbit made stowing for launch
rather elaborate. To preserve mechanical alignments and to pre-
vent the 7.03 kg (15.5 1b) S/P from transmitting sizeable launch
loads into the more delicate boom structure, two independent
caging systems were provided. The S/P was held securely by two
separate chains of latches each consisting of three latches inter-
connected by two pullrods. Pyrotechnic piston-type actuators were
used to open each latch chain by command.

A second caging system consisting of two "T=rods" strapped
the folded boom links and drive base securely to the vertical
bulkhead of the I/M. The lower ends of these T-rods were inserted
into anchor posts that were mounted to the same . rtical bulkhead.
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Two pyvocechnically actuated pullrods heneath the drive bhaae pinned
each T~rad to its anchor poast, An adjustable nut at the other end
of cach T-vad waa then torqued to preload the folded boom at two
points 0,59 m (23,25 in) apart to 1067.6 nt (240 1ba). The preé-
load was requlrad to keep the hoom links and gimhal actuators from
chattoring and to prevant the linke and drive hape from vaolling
ovoer when subjectod to aldae loada during vibration testing and
launch. Boom uncaging preceaded §/P uncaging in the hoom deéeploy-
ment seonarlo.,

The atowod ayatem abounded with potential hanpgupa. Multil=
layer insulation in reglons of tight eloaranee and extremely eold
temperatures at 8+ . aratlon gave great cauvse for conecern., Eight
150 ohm 7.5 watt resilators were attached to the drilve base to
provide about 15 watts of heat whleh kept the drlve mechanism 1n
a temperature range that would prevent Lt from loading up and
possibly seizing due to differential contraction., The heat also
kept the drive lubricants in an acceptable operating range.

Since the boom system was located in an external ecavity whieh
was shadowed from the sun prior to uncaging not much more could
be done simply to keep certaln parts from growlng very cold.
Temperature predictions for link ends that protruded from the cav-
ity were as low as =-709C. Telemetry indicated that cavity gide
wall temperatures dropped to -69C while the drive base dropped
to -109C at the time of heater turn on. After 100 minutes of
preheating the drive base temperature reached 139C, after which
the 8/P was uncaged. Boom extension followed.

Early in the development effort there was great concern over
the ability of the boom to overcome the stiffness of the multi-
conductor cabling that was routed through the interior of each
boom link and across 16 hinges. This cable consisted of 52
electrical conductors insulated with Durad-coated Teflon* and
woven into a flatpack. Two such flatpacks ran between the S/P and
I/M. With so much cabling present, it was feared that cable
stiffness would become a critical factor at temperatures as low
as -70°C. Cold temperature tests demonstrated that the increased
stiffness of the cable was manageable. Torsion springs operating
at each link pivot were of sufficient capacity to overcome cold
cable stiffness as well as hinge frictional moments.

*Durad, fluorocarbon polyimide, manufactured by Haveg
Industries, Winooski, Vermont

Teflon, tetrafluorovethylene, manulactured by E.I.duPont
deNemours Co. Inc.
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PRE-LAUNCH MECHANICAL ALTIGNMENTS

The objective hera was to bring the vremote mivvores mounted an
the 8/P into the flelds of view of the ATS pitch/yaw and roll opti-
¢al heads and thaen te bring them inte the lincar roglon of the
ATS by flna adjustmoent, How this wae to be accomplishad with a
6,02 m Acparation hotween them was not immodiately apparent at
the outnet. A way had te bo found to climinato thae one=g bilas
whieh would overwhelm any boom system blases that might ho prescnt.

The ldea that turncd out te be the host of those prringed was
one that utilized a pair of 6,1 m long watcer troughs = rigure 3.
Speelally designed floats with gimballed pulleys were attached to
the boom link pivots. The idea here was te simulate a Zero=g
conditlon in a plane parallel to the plane of the water. Remoto
mirror €ransverse and/or angular offset could then be correctaed by
gimballing the boom at its base and/or introedueing shims at the
VMB-S/P interface. The boom system was installed in a speeclal
fixture which was attached to a rotary table, the purpose of
which was to rotate the boom into its pitch and yaw-planes for
orthogonal pline zero-g measurements and adjustments. With the aid
of an autoreflecting telescope, a theodolite, and numerous mirrors
to measure the transverse and angular offset of the plane remote
mirror, the data in Table 2 was peneratcd,

Tests I and V were the baseline and final tests. Tests II
through IV (not shown) were performed to check alignment repeat-
ability following numerous boom extensions and retractions, removal
of the boom from and its reinstallation in the flotation system,
and vibration testing. These test results indicated that errors
introduced by the test system were slipght and that the aligned
boom system had sufficient margin to accommodate the remote mirror
tilting and displacement that could be expected from thermally
induced structural distortions. Following this the boom system
was Installed in the I/M and aligned for flight.

The boom was extended from 1.52 m to fullout and back 30 times
during alignment testing at voom temperature and never exhibited
any functional abnormaliti¢s whatsoever. Complete retractions
were not easily achievable due to limitations imposed by the
flotation system. Consequently only 10 total extensions and re-
tractions were performed.

OPERATIONAL PERFORMANCE

MAGSAT was launched on 30 Oct 79. By 1 Nov 79 the spacecraft
attitude was stabilized and at 23:27:53UT, following S/P uncaging,
the magnetometer boom was extended. Telemetry in the form of
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potentiometeér rcéadouts ~ convoerted to hoom length - of the drive
acraw vrotatlions and the angle between the laast hinged set of links,
indicated that the hoom extended properly. The final readinga were
practically identieal tao the readinges obtained during the deplay-
ment teata. ATS telemetry surprisingly Indicated that the vemote
mirroras wore within atght of the ATS optical heada. This ebviataed
the nead for extennive gilmhal scarching for ATS acquisiticns Tha
following day slight gimbal adjustménts were made to bring tha ro-
mote mivrors lnto the linear range of the ATS. Suhscquent glmhal
adjustments ware unnecassary.,

Figure 4 = onc orblt of data 28 days Into minsion life = shows
ATS roll, pitech, and yaw angles relative te orbital tinme and boom
1ink temperatures as measured by thermistors attached directly
oppositc ene anether on o beom link., The plots indleate that the
remote mirrors were osmclillating slightly 4in piteh, yaw, and roll,
but well within the +180 are sce piteh and yaw and +300 arc scec
roll limitations of the ATS. These oseillatlons had puriods
approximately equal to the spacceraft orbltal period. Interesting-
ly the boom link temperatures exhilbited this same charactgristic.
The variations in temperatures were caused primarily by the once
per orbit coning of the solar vector. Thelr magnitudes were func-
tions of the boom link angle relative to the sun which was estab-
lished by the link angle relative to the boom axis and the scasonal
variation of the solar vector. The near cyelical coincildence of
these curves led to the inference that the boom was being ther-
mally excited at the orbital fredquency.

Bulk temperatures ran somewhat hotter than expected. The
design goal - about 25°C - was exceeded by temperatures that ran
as high as 32°C early into mission life. Twenty=-four and 43 days
later, readings as high as 38.6°C and 40.5°C were observed and
were repredentative of a general upttrend that started shortly after
boom extension. This 1s symptomatic of degradation in the link
thermal control durface.

Hot-to-cold side temperature differences cyecled with bulk
temperatures and typically fell into the 2. 0°C to 2.5°C range.
Analysis predicted a range of 4.09C to 4.6°C.

CONCLUDING REMARKS

The ability of this boom system to mailntain the precise
position and angular inclination required of the sensor platform
18 an endorsement of the concept and the speclal precautions that
were exercised to puarantee its successful utilization.
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TARLE 1 - BOOM SYSTEM WEIGHT BREAKDOWN

Link Structure 2.72 kg 6,00 1bn
Drive Asa'y 2,93 645
Giwmbal Aetuatora (3) 3,09 6,82
Caglnpg Subayatems 113 2,50
Tnverteora (2) 0.62 1,97
Elecetelcal Subsystem .76 1.68
1.38 kg 1.05 Lho
Sensor Pluatform Ass'y 7.03 15.50
Boom Cable L2472 6,00
9.75 kg 21.50 1bs

TABLE 2 - ALIGNMENT TEST RESULTS

TEST MIRROR MIRROR TRANSVERSE SUM OF POSITION
NO. TILT POSTITION DISPLACEMENT OFFSET AND
ANGLE (1) OFFSET (2) TO CORRECT TRANSVERSE
(are min) (em) MIRROR TILT DISPLACEMENT (3)
e o Lem) — lem)
A. Rotary Table at 0° (Pitch)
L +.75 0 -,128 -,128
\ +1.12 0 +.191 +.191
B. Rotary Table at 180° (Piltch) 1
I +1.87 +.064 +.317 +.381
\Y ~4.12 +.128 -.699 -.571
C. Rotary Table at 90° (Yaw)
I +3.75 0 +.635 +.635
V -1u12 +0381 "olgl +‘.|.91
D. Rotary Table at 2709 (Yaw) ,
I ~4.87 +.128 ~.826 -.699 |
V -075 +l191 -5127 +u06[’ ;

(1) Mirror {s normal to ATS optical axis when tilt angle
1s 0.0 arc min,

(2) Mirror is centered on ATS optical axis when position
offset 18 0.0 cm.

(3) Opecratlion of the pitch (or yaw) gimbal to produce a
displacement of this magnitude reduces tilt angle to
zero and leaves thls positlon offget. Size of target
zone for position offset 1s +1.91 cm in both pltch
and yaw.
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