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Al~sfmc~- q’hc Danish microsatcl]ite, @rs[cd,
is quipped with an autonomous, advaneccl
stellar compass (ASC.). 3’}]c ASC consists of
two separate units, a Charge  Coup] ccl Dcvicx
(CCIJ) cmcra hcac] (based on a commercial
Sony interline CC])  detector) ancl a clata
processing  Ul)it  with  a powerfu]
]]~ic]c)co]]~])~]tcr  (Intel 80486  type procmsor).
‘J’hc Illicrocol]l])llte.r memory contains a star
cata]oguc  which enables the I]licloc[)lll]llltcr to
rccogniz,c  the constellations of stars in the
fiel(i  of view and thus derive the at[itudc of the
ASC ca]~]cra  head. ,,,+:.;;

‘1’hc mission, and the design, operation, and
]Jcl”fol’l));ll)cc o f  the ASC a r c  (icscribc.d.
Results of ASC prototype tc.sts at the, JP1.
‘1’abk Mountain Observatory (TMO) facility
arc givcl],
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The purpose of the Danish  @lsted micro-
satcl]itc project is to perform an accurate
mapping of the l:ar(h>s magnetic fic]d. “1’hc
scientific obicctivc  of the @rstcd prc)ject  is to
ilnprovc  OLI; ~lll(icrst:~ll(iil)g  of the origins of
this field, and its interaction with the solar

(y”
, ,/.’!

wind [1]. , ‘ / i(,) :

It has been nlorc than a de.ca(ic  since the last
]>jc.cision  mapping  mission, NASA’s M:igsat,
m)dcd.  tirstcd  may be. re.gardcc]  as a follow-on
to it, ‘l’he f%stcd mission has intcrnationa]
su]~port. ‘J’hc [J. S. cfforl is cc~ordil]atccl  by
NASA an(i il]cluclqs  GSIC jJ)d 11’1, science $, >/~
data analysis al)d illte]l)lcta[i(}l], Air 11’orcx or
NASA satellite launch in March of 199’7, a i q:l
JI>I, sup~)licd global position mceiv$  (GPS)

‘> ’{/( j,.~

I cccive.r,  and Jl)l, test and evaluation of the
ASC,



‘J’hc @rs[cd microsatcl]itc has been cmbled  by
IWO llliljO1’  technical (lCVCIOpItlCIltS.  ‘1’j]e, first
om is the availability of’ high rcliabi]ity,  low
cost, law power consumption electronics. ‘J’hc
second onc is the availability of low cost
launch  opportunities m secondary (piggyback)
payloa(is  oIl launch  vchiclcs  s u c h  a s  t h e
1 ‘rc.nch  Ari anc ant] the U .S. I)clta rockets.

‘1’hc @rste.d  payload includes  a vector fluxgatc
magnctomctel”, al] Ovcrhauscr  s c a l a r
magnctomctcr, an ASC [2], sjx chwgcd parti -
CIC detectors, and a Turbo Rogue Global
}’mitjon  (GPS) rcccivcr.  Missjol~ rccjuirc  -
mcnts are to dctcrminc  the magnetic vector
accuracy to at ICast 3 I]’J’ and 20 Wcsccon(ts,

“J’hc physical characteristics and orbit of the,
(drstcd microsatcllite are given in Table 1. An
8 mc.tcr long deployable boom carries the two
magnetic-fic]ct measuring jnstrumcmts  and the
ASC as shown jn F;igurc 1 and t h e  block
diagram in liigurc 2. ‘1’hc boom isolates the
jnstrumcnts  from the perturbing magnetic field
gc.ne,latc.d  by the satcl]ite  main body. Satellite

~ttitudc  cont ro l  i s  b y  g r a v i t y  g r a d i e n t
stabilization, supplcmcntcd  b y  a c t i v e
lll;lgllctic-t[~l(~llcr  coils. “Ilc Positiol~ is dctcr-
mimd  by the CII)S rcccivcrs.

‘1’hc,  primal  y purpose. of the ASC is to provide
a rcfcrcllcc coordinate systcm to the vc. ctor
magnctomtcr.  ‘1’hc scc.ondary  purpose is to

‘J’able J. Microsatcllite.  physical properties
—— —

l’ar’amc(cr’ Value. —
h4ass: 61.4 kg

Width: 45.0 cl])

l)cptll: 34.0 Cll)

IIci@: 68.0 cl])

Boom: 8.0 n]

I’OWC1’: S01:11  }>Lil)C1/t>[lt(crics.  avg.
54/22 W

Stabilimtio]]: Gr;]vit:\tiorlal/lllagllctic-
t Orqucl’s

of bit: l’olar, 450 x 850 km-.— .—

f

A’

Gondola with
Vector magnetometer.

//4< ‘

Overhauser
(scalar)
magnetometer

Six charg
detectors

J~ Satellite
=3$$ main body

Figure  1. Drawing, of the Q13tcd  IIlicrosatcl]itc  with boom deployed
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l(’igurc  2. fkstcd  block diagram

p r o v i d e  d a t a  f o r  at[jtude  COIItIO]  USC. ‘J’hc

ASC camera hcacl and vector Inagnctomcte.r
are intcgratd  into a common Si-Si~  optical
bcnc.h.

2. ‘1’~]i  L AINANCX~lJ  SrI’JiI,1  ,AJt COMPASS

Only onc a[tituclc reference franlc exists that
fulfills the need for the high accuracy rcquird
to support the vector nlagnctomcter-  the
celestial  coordinates of the stars oI) the
firlnalnent. ‘l’his reference frame has an
i~ltrinsic,  average accuracy of better than 0.3
arc-second per star. The  ASC operates in the
stc.llar reference frame and outputs an attitude
quatcrnion [3] based on the highly accurate
cclectria] coordinate system,

. .

II) order to provictc  the computing powcl
]]cccssary  10 fulfill the task, utili7,ation of a
])owcrfu] microcomplltcr  is unavoiclab]e.  S u c h

colnlmtcrs coIIsumc  a substantial amount of
powc.r  and the  electric noise  from such devices

contain frequencies from O to 50+ MIIz,  and
have magnetic and highly conductive.
materials (e. g., the. aluminum housing). Since.
the. C: L1lIC1’:L hC:\d  IllUSt O] KT’tC ill C]OSC
proxinlity  to the, vector nlagnctonlc[cr,  and the
computer cloes
separated and
body. ‘Ibis,
aJ)ploach  t o

I1OI have to, the compLlter is
nlove.d to the satcl]itc.  lnain
then> is  a  str:iiglltfc)lw:ir(l
Inininlizing  nlagnctometer

J

intcrfcrcncc  from the AS~.. ?’hc. rcsLlltillg two
ASC components am shown in sounding
rocket (rl’llLll](lcrstorrll  111) configuration in
IiigL)lc 3 [4]. ‘1’tlllll(lcrstorlll  111 was laLlnchccl
in Sc.JMernbcr of 1995 and was tllc first sp:lcc
flight operation of the AS~.

‘J’hc canlcra head is based on a conlnlcrcia]
il]tcrlinc  m i c r o - l e n s  ~C~ll;  tllc S O N Y
[11) X039 AI, a n d  i t s  conl~)anion  CMOS
decoder ancl driver chips. T h e  C;~I>  }las a
resol Lltion of 752 by 582 active. pixc.Js, each
with a dinlcnsion  of 8.6 pm by 8.3 pn]. The
nlass of the canlcra head is 170 g anti it
consLlnlcs ().5 watts. It is depicted ill FigLlrc  4,

A  cLlstonliz,ed.  flat-ficlcl, 7-clcnlc.rlt  ]ens  w a s

clloscll as the image-forming Ot).jcctivc. ‘1’he
I 6 mm focat length,  f/O.65 lens is wide field
and Cxtrcnlc.ly fast. It is oJ>tinli7,cd  to yield a
Jmint spread function diameter of 50 pm OVCI
(hc entire field of view,

‘J’hc oJXical  system has a spectral ban(ipass  of
400” to 800”11111 al~d a ];ie,ld  of Vic,w (1 ;OV) of
78”. ‘1’hc lens is ccluipped  with a baff]c to
extinguish stray light and mi11inli7,c  the effect
of bright objects  oLltside.  the. FOV. ‘lIc t-xight
Object e.xc.l  Llsion

106° hori701]tally.
cone is 84° vertically, al)d
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],‘igu  r( ? 3. The AS~, shown in “1’bundc]  storm 11 I sounding rocket configura
tion,

“1’llC  CC1_)  i

with a nois

‘“h~ J v p-p
Collllccwd  \

pl’OCcssiIlg  I

magc  integratio~l  time is 1 second I’hc ASC consists of the logical blocks shown
,C-ICVCI  equivalcl)t  to 10 c]cctrons, in ];igurc 5 [5]. The image is cligitizcd  and

analog output of the camera is StO1”C(i  by the, fl’:il”llc-~ra[]l>cl’  al)d Call bc rea([
~ia the 6-nl boon] cables to the data e i ther  by  the  cent ra l  proccssil]g
llrlit. unit

(~1)[1)  (in normal  m o d e )  o r  dircct]y by  an
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cxterJ]al  device  (il~ b y p a s s  m o d e ) .  ‘1’hc CPLJ
derives the at(iluclc  based on the image and the
star calalogLIc.  storcci in the IIamnling code
prole,ctccj  IIlcnlory. All communication is
muted  via the tc]c]nctry intcrpdce.

“1’hc AS~  contains a catalog of 10,000 stars
which arc at least as bright as an instrLlnlent
n~agnituc]c  of 6.5. I;rom this catalog, up to
2(KI stars, ancl  typically 65, arc tracked pcr
franlc. ‘J’}lc rcsidll:ll  error in  an inclivi(iua]
fra]nc is rc(iuccd by the square root of the.
Ilunlbcr  of stars which arc being  tracked.
‘J’bus, high accuracy is obtained wi(h a wide.
1 ‘(JV duc to the large number of stars being
trackc.d.  Since sn]all star trackers, with such a
low n~ass potential (790 gr:ims, including the
0’11 proposcct for AS~’Rll]  2), l]avc  failed to
achicvc high accuracy before this, the. AS~
rc.prc.scnts a breakthrough, or paradi ,gm shift in
star Irackcr illll~lclllel]tatioll.

]11 llorIna] mode the C]ata processing unit dots
all ncccssary  data reduction, calculates the.
atlitudc,  conlprcsscs  ilnagcs, scrviccs  t h e
tclcnmtry ll;, and updates the internal  orbit

moclc]. F’or  r e d u n d a n c y  p u r p o s e s ,  t h e

instI’Llmcnl  inc]udcs  a  b y p a s s  m o d e .  111 t h i s

lnodc,  the collllllllrlic;itiotl  inlcrfacc  (ll;),

frame grabber, a[ld camera head arc operated
separate.]y. ]n the bypass ]nodc the. necessary
ck]ta  reduction is done by the flight conlputcr.

‘1’hc processor is a 50 Mllz IN’]’};], 80486,
with an 01’”1’1 495slc/206  sLIpporl chipsct.  All
of the.  a c t i v e  c o m p o n e n t s  w e r e  t e s t e d  atlci

sclectcct  fc)l r a d i a t i o n  r e s i s t  a n c e . . “I”hc.

compressed program and star data base arc

down loadc.d  from a 1 lanlnling code protcctcd
(2 bits detection, 1 bit correction) flash-ran) to
thC 4Mt>  I> I< AM. All m:tjor chips arc
])rotcctcd ag, ainst l a t c h - u p  v i a  currcn(
lncasuring  shunts in the power circuits.
lixccssivc.  current causes  the power supp]ics  [0
turn off, nlon)cntarily,  thus rcse.tting  the
]:ltChCd  COllllXWICJlt.

‘1’hc protection  mccbanisms  inherent in the
486 architcctLlrc arc fully ut ilizec]  to catch aaci
correct sing]c cvcllt upsc.ts  (S1 Xl) and bit-flips

(e.g., the processor runs in “protcctcd  mode”).
At regular intcrva]s the CTLJ pcrfouns  bit-



was]] OH the flash-ram  to avoid  C1OU1JIC faul[s.
All pro~,rams, d a t a ,  and systcln sctti]lp,s
(exe.cpt for a core loader) can bc changed,
verified, or uploaclc,d  during flight. ‘1’hc Inass
of lhc clata processing unit is 1.6 kg and it
consu]ncs  4.() watts of regulated, sccenda]  y
power. Note that over 1.0 kg of mass of tllc
lhc data processing unit is rcprcscnk,d by its
soli(i alunlinun]  chassis, and will lx glcatly

rc.duccd in future, proposed mode]s.

O~)eratiollal I’rimiplm

1]) normal operation on a 3-axis stabi]iwxl
satcl]itc, tllc angular diffc,rcncc bctwccl)  two
consccufivc  itna,gcs  i s  so  sn~all that t h e
following proccduic is aclccylatc.  ‘1’hc imasc is
siilcd for stars. All star ccntroids arc derived
allct  tlmll Corrcctc,rl  for lens distortion. II;iscd
on the previous attitLldc  and the star cataloguc.,
the corresponding cataloguc  star locatiol]s  wc

calculated. ‘J’hc star cc.r~lroid frame and (Ilc
s(ar  calalofylc  frame arc thm oriented, rc]ativc

[0 each other in orctcr to minilnix,c the. sllatia]
diffcrcnccs  bctwccn  ll]c]n. ‘Illis is done by a
]cast squares fit and rcsu]ts  in tllc rc.lativistic.

a t t i t u d e  (Ilet  corJcctccl  for light  ti]nc
al)crratiol)) of the calnc.ra head, fol tl)a( fIall)c.
‘J 1] is at ( itudc is then corrcctc.d  for astrollolnical

Gfi+@l’”j-
no y e s  [

l _

[.- J
.—

acquire
image

1

_ .

camera head
image frame

+

[.:. )derive
triplets

I

( l ight  tilm) aberrat ion al]d  the quatcrniol~  is

0111])[1[  to tllc tclcmctry  queue.

]n a number of sitLlations,  such as, following
power cycling,  S1 i(l, or invalid images (brig,llt
ol>jccls  in the ficlct  of vic.w clc.), the previous
attitude. is invalid or n~issing. 11] these cases
an additional image proccssin~  step, initial
attitude. acc]uisition,  is then app Jicd.

la ini[ial atitudc acquisition, the star ccntroi(]s
at c analyx,c.d for t ripJcts of nearest and sccon(i -
I)carc.s[ ncighbcws. “J’hc rcsul~it)g  set of triplets
i s  then lnatcJlcd  t o  a  prcfJight  colnpilcd
version of’ the. star catalog, uc- the star
database. ‘1’IIc. entries in this star database
illcludc  all of the lmssib]e stay triplets. Based
01] this match, an attituctc  is obtained which is
uscxl ill the consecutive processing instead of
the previous invalid attitLldc  [6].

1]) o r d e r  10  transfornl  the rc]ativistic  :tt(itu(ic.,

illcJuding  Jig,l)t tilnc. aberration, to [hc abso]utc
atti[udc,  the. vc.]ocity  vc.ctor  of the sJEtcccIaf(
rc.]alivc  to the hc.lioccntric  system is rcquircxl.
‘J’j]is vc,ctol  is dclivc(l  flolll an orbit ltlOdCl th:it
nc.cds  to bc updated at rc.gu Jar intervals. 0])
tllc (?Jrstcd lnicrosatcllilc,  lhcsc ulxlates arc .
based 011 G1’S data. ‘1’hc opcrationa]  flot~’
diaglan~  of (I]c AS~ is shown in 1 ;igurc  6.

j , [!$!,1
[. )catalogue attitude output

+ image position
frame

+

[.-. )look in
star database



3. R1;A1 , SKY ‘1’liST

in  order  to dcternlinc  the pe.rforlnance  of the

ASC, it has been evaluated with rca] sky
inla~cs= at J])] ,’s ‘1’ab]c Mountain Obscrvatory
(’1’MO)  facility [7].

‘J’he. AS~  was mounted on the front of a 24-
inch telcscopc as in Figure 7. It should be
noted that even with the long irltclco~ltlcctio~~,
only a small clcgraclation  ili performance, duc
to noise pickup, was observed.

Vigurc  7. The J]’]. “1’M()  24-inch tclcscopc  in
star tracker test configuration

S e v e r a l  paranlcters  of the ASC~ w e r e ,
Cv:lltlatccl-—prilllarily to detcrnline.  the. noise
cquiva]cnt  angle (NIiA)  of  the .  sys tem.
I lowcve.r, other csscntia] parameters of the
stc.llar conlpass can also be e.valuated during a
test like this (e.g., lens correction fLlnction,

star color class response, acceptable image
]notion  smcw,  rcla[ive  accuracy etc.).

A IO(;I1 of 728 exposures were taken with the

tclcsco]jc tracking or  s tat ionary (exposures
sub]cctcd  (0 no motiol)  smear or jLls[ the effect
of [Ilc sidereal rate, rcspcctivcly).

‘1’hc, NliA (inc]l]ding star ficlcl  variation) of the
AS~ was dctcrmincd  by pointing it toward
Y.cl]ith and acquiring continuous at(itudcs.  ‘1’hc
( incl inat ion o f  t h e  boresight  rinlaills
csscntial]y constant and the right ascension
changes with the, sidereal rate. l’he.  N1.iA is
then dclcrmincd  statistically from a series of
:lttit UdC. 111  C/:lSLll’CJ1  lC1lt  S.

“1’hc attitude mcasurcmcnt  series was acquired
over a pc.riod of onc hoLIr. This implies that
the star field in the last in~agc  is conlplctc]y
different from the star field in the firs~.
}Icncc, t h i s  t e s t  incl Lldcs  sccin~  ( t h e
atn~osphcric distortion), hTl{A, variation in the
Star’ field, etc. ~’}lc attitLldc  lllcas~lrc,]~le,nts  are
shown in l;igLlres  8 through 10.

Ijigurc 8 shows the declination n~e.asLlrcd  by
the AS~ vcrsLls the inlage  nLlnlbcr  (i.e., the
tinlc).  ‘l”hc reason for the slight slope of the
declination is the epoch of star cataloguc.
(J2000). l’hc.  pole position is some 250
arcscconds  fronl the pole position at the date
of inlagc  acqLlisition  (Sept. 1 995). IIccausc of
this, a diLlrna]  sinLlsoida] variation in the
declination will arise. ‘1’hc :inlplitudc. of this
variation is cLlrrcntly  250 arcscconds. “I%c 30
acc Llracy of this tt~c:\sL~relllcl~t  is shown to bc
5.7 arcsc.conds.

‘]’hc right ascension is clcpictcd  in I;igLlrc  9.
‘1’hc accuracy in this axis is harclcr to cstinlate,
as this axis changes with the sidereal rate. If
the sidereal rate were subtractccl,  the accLlrate
tilning  of the single inlagcs  WOLI]CI have to be

LISCd. ‘1’his was not  availab]c.  Ilowcvcr,  in
spite of this, thC JllCaSLlrCITICJltS W i t h  the
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I’igurc 8. l)cclillatioll  for ‘1’MO z,cnitl)  w]easLIrcI)IcIl[s  (star cataloguc  epoch  J2000,  no preecssioll
nor nut:ltic)j]  correction), 2 arcsccol]cls  seeing).

Right ascension
TMO test 15-17/9/1995
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Figure 9. Right ascension  for TMO z,cnith  ntcasLlrclllcl~ts  (star catalogLlc  epoch J2,000, no
prcccssior]  nor nutatioll  corrcctiol~,  2 :IICSCCO])C1 sccil~g).  Note that individLt:[l

star positions are not resolved duc to the. scfilc of the figlllc.
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Rol] ang]c for ‘I’M() zcni(h n)c;IsLIrcmcnts  (star cataloguc  epoch J2000,  “ ,’
no precession nor llutation con ection, 2 arcsccond  seeing).

tclcscopc tracking show that the clcclinalion
and right  ascension are, equally accurate, as
cxJ)cc.[cd.  ‘J”he two “jLllllps”  in right ascension
were duc to operator intervention.
1 ‘igLlrc  10 shows the measured rotalioll (or roll
ang]c) aro LInd the borcsight. Again, this
parameter is affected by the J2000 coor-
dillatcs.  ‘J’hc accuracy is 42 arcseconds,  30.

]t ShOLl]d  bC llOtC(i  ttlat  thC  tCSt rcsu]ts Obt:liIICd

w i t h  t h i s  p r o t o t y p e  c a m e r a  hcacl  a r c  n o t  a s

good as those that arc cxpcctcci  from the flight
AS~. ‘1’hc lens distortion corrcctio[]  was not
01jtin~i7,cd,  causing, an uncorrected systematic
error, nor was the 800 nm cutoff optical
coating  inc.orporatecl, resulting in greater
chromtltic  :ibc~r:~tj~]~. A l s o ,  the flight
kinc]natic  moun( of the camera head was not
LISCd. ‘1’csts of a full, flight vc.rsion of the.
caIIlcra hc.ad and (iata processing uni t  arc
plaIIIIc.d at ‘J’M()  in I)cccmbcr of 1995.

‘J’hc tests in }Jigurc.s  8, 9, an(i 10 inclucic  stat
ficl(i variation, NRA, an(i seeing. 1 lowcvcr,  in

o r d e r  tO CXC]LldC  thC star ficlci vari:ltioll,  th~:
salnc tcsl was performed With tl]c tclcscopc
tracking (tile exact san]~ image ill the field of
view). “1’hc variations in attitude il]fornlatiorl
will thus only inc.ludc  NfiA and seeing. ‘J’bc
result of this test is silown in l~i~urc  11. “1’his
shows tilat ti~c 30 N1;A is 4.25 arcsc.c.oncis.

4. ~ON(’1  ,LJSION

‘1’hc design, opcratiol)  :u]ci pcrfornlancc  of the

l)rototypc version of the A(iv[itlcc(i Stellar
(.:on~pass (AS~) for t h e  l)anish @rstcd
Inicrosa(cllitc.  have been (ic.scribed. ‘J’bc ASC

lcprc.scnts  a paraciigm shift  in star trackc.rs
l)ccause it con] bincs the bcnc.fits of lc~w njass,
low power consumption, fLllly  autonomous
operation, quatcrnion  output  an(i hi~,il
acc Llracy with a low cost it~)]>lcl~lcl)t:ltiol~.  ‘1’ilc

Incas urc(i rc]ativc accuracy was  5 . 7
:lfCXXOlldS  (.30)  for C.;lCh O f  two :IXC. S, 4 2
arcsccon(is 30 f o r  r o l l  aI)glc  about  t h e

borcsight  an(i an NI;A of 4.25 arcsccon(is  (30)
for cacb of the two axes. I;]ight versions of
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l’igurc 11.  I)cclination for ‘l’MC) zenith measurements (star catalogLIc epoch J2000,  no
precession nor nutation  cor] c.c.tion,  2 arcscconds  seeing).

the AS~ are expected to exhibit  bctte.r
accuracy  . ‘J’his performance is obtaincc] by
typical]y  tracking 65 stars per frame vs. less
than 10 stars per frame for conventional s~ar
tl”ackcrs. The low power, mass and cost were
rca]iz,cd by Llsing r e l i a b l e ,  conlnlcrcial
components which have been scle,cte(i  for a
hi.g]) lc.vcl  of ra~iiatiol~  resistallcc.
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