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The Vision O{ the MT1) program is to be the most
innovative spacecraft technology dcvdopcrx  i n the——
W’orld The progranl Obj cct i ve is to perform—— .
grwnd  based hardware denmnsttations an(l software
situulations,  at the spacecrat’t  systetn level using vcr-y
advanced technology, ainled at enabling fat ure
]~]icrosj~:icecr[ilt.  OUI Approach is to demonstrate
new technology in a systcnl context at the “bench
top” every 6 n~onths [4/96, 10/96, 4/97 . ..]. The
MTI) Mission Fo CIIs is on planctai-y and deep
space tnicrospacecraft.  The Technology IIOCUs is
on using Micro-I ilectro-Mechanical-Sy  stcnls
[Ml;MSj. We arc u s i n g t h e  %cond  ~JeI)~ratk)]~

MicrOspacecraft  1 Syst Cnl Architccturc. I’hc
second generation tnicrospacecrafl concept has been
de.velopd at JI)I.  since 1993. Additional in[orlnation
about tnicrospacecrati  a t .111. is c(u]taind i n
references 2-5.

The MTJ) program has Stnal I Business Innovative
Research partnerships with SS[i, inc. of W:tlthan]
MA. {or silicon carbide structures ancl with Marom
S c i e n t i f i c  COOIIOIS,  inc. of Montvil Ic-, NJ for
rnicrwthruster  research. St uclents at MIT and Stanfkl
universities are also contributing to the work.

10/96 Hardware I)elivcry

T’he  lo/96 hardware is the seconcl of a series of
spacecraft systen~ level  cicrnonstration  a r t i c l e s .
SL]bscclLrerlt  cleliverics  will corllee\ery6 nvanths. Tbc

10/96 delivery  was designedbuilt  i n  6 rnontbs,
prin)arily with commercially a\ailable  parts. It ha~
rllost of the functionality of tk Second Clcneration
Micmspacecraft  for  a Near  I;arth Object I’lyhy
tllission. The most significant deviati(ms WC ir~ the
science instrument where there is no i nfrarc41
spccttonwtcr  functionality and the propulsion
subsystem where there is no delta V functionality.
Whi l e  i t  ha s  mos t  of the t’unctionaiity, t h e
I~crf()rr~l:tr~  ce()fttl[~sc  fLirlcti()r]s isstillr]]Llch]e\s  than
that required 01 the technology for the Second
(icr]cr:tti(lrl Micr(~s[>:tcccrttft,  The required performance
and the science instrument functionality and
propulsion subsystem will be implcmcmted through
(ccl~llologycl e~clo]~rl~erlt” irlslrbsc~clltcrtt  (lelitct-ies.

I’his  hardware has a relativity immature readiness
level compared to that nedd for a flight rrlission.
TJh&rnicrospacccraft  is one of the smallest in the——.—-
yv~known  to includcan atlitude contrwl  wopulsion
subsystem. The microspacecraft  has the following
dinwnsions,  25x35x40  cm and a mass of ab(mt 8.9
kg. T’() (11C best of mlr knowledge, this
tllicros~>:lcecriift  ciemonstrates  the following “tirsts”:
1) use of MflMS components in a propulsion
subsystem, 2) low’ data IAN  on a spacecraft, 3)
lithium ion batteries plLIs a GaAs solar’ army power
subsystem, 4) use of the structure for propellant
distribution, 5) M1iMs micro-gyro integrated onto a
spacecraft and 6) Cornpositc  Silicon Carbide s(wcturc
on a spacecraft. A bricfdcsctiption  of the subsystcrus
oftbc  rllicros[]:tcecr:lft  follows.

WJULMQU
A regulated, nitrogen cold gas propulsion system
provides the attitude control function. The system
consists of a single string of 12 cold gas thrusters
oriented to provide attitude control i n al [ tbrcc
spacecraft axes. A MIiMS rniclovalve,  made by TiNi
has been adapted to function as both a rnicrothrustcr
aad a “hang-hang” pressure regulator. Another Mf lMS
microval  V C, made hy Redwmd Microsystcn)s,  has
been adapted to function as a microthrustcr.  Tksc
valves both use material deformation in their
actuation, hut c1 i ffer i n other features and
specifications. The regulator is capable of rcg,ula(ing
dmvnstr-eatu  pressure between O ancl 100 psi with a
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response time 0.2 seconds. Miniature pressure
tr:insducers  are used, both upstream and dow’ns(rean~
of the pressure regulator, to monitor system pressure
and provide feedback to the regulator.

Structure
I’hepritnary  structure, while not ciesigne4i for fligilt,
gives rnuiti-functiona  iityto ourciernonstration nlwiei
by pro\’ iciing structural support an(i gas ciei i very to the
rnicrovalves.  ]t is constructeci of tubing (S S303) arKi

nvwilin~i f i t t i ngs  (ai ailoy 606i).  I’he structu[c is
assernbieci using a bonding agent (}lysoi  liA9309,
75(K) i}si s h e a r ) . Suhsystenls provi(ie structural
stiffness to this franlework. The ]noduiar  systetn is
sitnple to fabricate, assenlbie  and rnociify. The gas
systeru was tested to 250 psig with no leaks. The
operating pressure is i(K) psig.  Threadeci AN type gas
fittirlg  ]>r()\'iCie easy changcjLrt  ofnew`ttlrLlsters. Screen
fiiters (2 micron) are cont:iineci withirl  the structural
tubing at each thruster iocation.

The optical instruments are sapporteci by a ceranlic
fiber reinforced conlposite [C1;RC] Siiicon Carbicie
[SiC] chassisof a monolithic ciesign. This rnatcrial
has excellent rnechanicai tnateriai properties and a
neariy exact CT1l match to SiC optical eien~ents.
I’his  createsa  i~assiveiy atherrnai  bus whicil can be
exixa]cicxi  to become tile entire spacecraft bus. Very
cornplicateci georlletric shapes ruay be cteate~i in the
i>refor tnphase offabrication.  This rtxiuces rn:iciliniag
ancl fasteners and tk parasitic losses associated with
thcnl.

Avionics

‘1’hcruicrospacecraft  avionics are all integrate(i into a
ccntraiiz,tii rectangular soiici or “brick”. All of tile
conventional spacecraft avionics subsystetus; attitu(ie
control, conlrnanci  & ciata, tciecc)rllrllll tlicz{ti(lrls,  anti
powerare  integrated into this brick. Thceiectronics
connects to tile rest of the spacecraft by nwans of” a
single network. This network provi(ies the rneiins ti~at
tile smart sensors and actuators cornn]unicatc  with ti]e
central avionics.

liach e l ec t ron ic  subsys(ern is irnplen~erlteci in a
rno(iuie or “siice”. The ciesign was in]i>ien]ente(i in
the foiiowing  siiccs:

1 ) CPU and Soii[i State I)isk
2) Power Converters
3) Teiecom
4) AI’S Camera Interface
5) Snlarl Battery Charger

~ectroaic Packaginq

The n]icrcrspacecraft avionics are being transitione(i
frotn  the “brick” packaging scilcnlc to the “space-
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c u b e ”  i>ackagiag schetne.  ~’how itelns stiii in tile
brick forn~at inciacie t h e  CX’U w i t h  solici state ciisk

siice a n d  t h e  wireiess l,AN Telecorn siice. lterns
package(i in tile s i ~ a c e - c u b e  inciu(ie ti]e imwer
subsystell~  slice, the AI’S catnera interface slice and
the Stnarl llattery slice.
It,e “t)ric~,, p a c k a g i n g  scimme is bavxi on the
conlrnerciai stan(iarcis I’Ci04 and PCMCIA. I’C104
boar(isare4”x  4“ andawbuseci  togetilet with a l(El
cir~”ait c(ltlr]cctora  iorlgot]eccigc.  ‘i’husa  backi]lane is
not necessary, since one slice plags into it\ neighbor.
lL:lci~I’C  i04bo:lrciis p:lckage(l”  in a chassis (.8” x 4“
h 8“) which facilitates stack ingan(i i]eat transfer. l’he
use of cwnn~erciai  1’Ch4Cl A nwiulcs  enabieci us to
takeacivantagc of the }ligi] ievel of integration found
in tile i~orl~\b]ec or]lI>Lrlerrl l:\rkct.”

‘1’he  “space cube” i>:ickaging schcrnc is comprised of
stacking circ’Llit  siices (3.5” x 3.5”) which have a i(~()
c ircuit  connector  on each ecige. The slices are
interconnecteci \vitil an eiaston]e  tic coanector  an(i are
not iinliteci in tilickness  orrnatcrial  type.They coai(i,
in fact, be rnuiti-cilip  n~(l(iLlies (hI(; Ms).  At this titne
o n e  of tile 4 connectors is ciefirwd as a 1’~~io~ bus ,
anotiler is ixulitioaeci  into tile camera intel”face  bus,
the Mic!-ol.AN aaci soiar array iniwt po\ver.  l’he two
t“emaining i60conCi Llct(wbLlses can be Llseci  ill ? ? ? ? ?

f:i’U :ir]ciSoliciStateI)isk

I’he CI’LJ for the r]licrosi~~icecrilft  is baseci on ti]c
(IARI)IO’l~~ - 486 f r o m  S-h40S Systetns. Ttlc
(ARi)lO”l - 486 is essentially an entire liIM PC
A l ’  C(NKiellSe(i to thC Si7e Of a CI’CCiit  CWLi.  ~’hC Cd

c o n t a i n s  t h e  1ntei486’1~[  S1, supe r  s e t  (\vith 8KII
(’:(ct]e:tr~(ill’11), togetiwr with VGA, }~lX;,  }Ii X,
256KII ROM, ui~ to i 6MlI of RAM. The carli rLlns

at  LIiJ to 33M } iz an(i can be powcrcxi by eiti]er  a S or
S.S \Joit SLlpp!y.

The ilasil ciisk is from SanlJisk anti contains 20h4il
o f  fiasil non\’oiatiie  m e m o r y  :tnci  a contmiler. T h e

cont ro l le r  a l lows the f lash rnetnory tu be vieweci by
tile Ci)LJ as a n  orciinary ciisk cirive. This feature
greatly rcduceci tile atnount of rcquiteLi software I’he
{lasil disk can bc uilgra(ieci up tu 185hl B.

The CARi)107 ‘f - 4Wr is constructeci \vith a mixture
o f  (hip On lloar(i (0311) aaci  c(mventionai imch:ing

tecilni(lLlcs. The voiume is for the flash ciisk is iess
then i .5” x i .5” x 0.4” an(i is rna(ie  possihie by the
stacking of ti]in packageci conlimnents,

!lwer Subsystem

The  avion ics  of tile nlicrospiicecrafl  arc powere(i  frt)rn
citi]cr  batkries  contaiaeci  within the powet- system or
fronl the solar panci. Any energy not useci by the



.
electronics is UWCI to recharge the batteries. Tbc
power systcn]  consists of the f{)]  lowing cotnponcnts:

1 ) GaAs solar panel
2) 4 l,i Ion batteries
3) Battery charging circuitry
4) power converters

The solar panel is constrLlcted of N strings of M dls
each. The solar panel is capable of producing about
- low at 2(I - 36 volts. I:our  I.i - Ion batteries art
contained within the elcc(ronics  cube. The batteries
at-e pzzckagcd as a si[]gle 0.6” slice at one end of the
cLlbe. The batteries are from the J]’]. New
Millennium Program  and are pure’bawl ft-on~ Sanyo
I;lectronics. The batteries each have a 4.1 tnax.
voltage and a 1.2 A-Hr rating. The  b:it[erics  aJv
booked in series to prmiLlce  a max. voltage of I 6.4
volts. The batteries are char.qxi  at a constant cLlrrcnt
L]nti I a dcsirtd voltage is reached, at that time the
batteries arc charged at a cmst:int’ volt:igc. The
chat-ging  circuit is supervised by a I’lC I 6C73
II]icroc{)rltrollcr.  This nlicrocontroller  monitors the
charging of the batteries, keeps track of 13attcry
voltage, current, tetnpcraturc,  ctc , along with battery
charge sLlpcrvision

One electronic slice provicles all of the voltage
nccessar yfortheelcctronics.  This slice nlakesLlsc of
cc~lllrllcrcial prepackagal ~w}\'er ct)rl\'erler  lll(Jcll]1cs and
MCMS. This carxltakc ssolarancl b:ittcry\[)lt:tges:i\
inpLlts ar~dproducest hefoll(~w’i[~g  voltages:

I ) 5V @ [ ()()(),]]:1
2) 3.3V @ I ()()()n~:l
3) i12v @ I s(hna
4) -5V @2001t][{”
5)+18V @ I fKKh]]a_
6) +15\’ @ I ()(K)nla_

~elccom

A  fUIIC(iOna]  place holckr for a  spacccraf(
telecc)l]]l]~l]nicatio~] subsystcn~  is made possible by
tneansof  a wireless network card. Wireless networks
are used in the cotnnlercial  environ nlcnk to allow for
portable cot]] ]~Lltcr cO1]~l~lLlr~icatic)r].  Thccwd  chosen
i s  the XI RCY3M C.rcditCard Aciaptcr. The card is
f’CMCIA based and has the following f@Llrcs: 1)
lMbs operation, 2) 2.4 ~J117,  frqLwwy hopping, 3)

Internal Antenna aad 4) 750 ft r:ingc.

~4icro1.AN
Interface between a spacecraft’s electronics and the
oLltside is usually done in three t i e r s  of
co]]]tllLlr~ic:\tiotl  as follows: 1) high speed baclcpianc
(1S11, PC], VM};),  2) medium speed serial bus ( 1553,
1773)  and 3) discrete wiring.

I’be Microl.AN  c o n c e p t  rqnescnts  a w’ay o f
Lwtllprcssing t h e  con]plcx,  tnassivc,  and t i m e
cons L]nling discrctc wiring down to a single serial
bLls, At]yexterl]ai c[c\’icet}l:it istoosin]pi  etojLlstify
\vith its own 1553 iaterfacc can benefit l“ronl this
concept, Three cxan~ples of this were illustrated in
(Iw (Ictl][lllstratic)rl, tcnlperatLlic s e n s o r s ,  sitnple
actuator>, distribLl  ted tl~icroc{)[~tr(lllers

“Ike Microl,AN is tnadc possible by 2 devices frotn
I)allas Sctl]icc)r](lL]ctor;  the 1) S1820 tcnq~cratL]re
semsor  and the 1) S2407 addressable switch. The
clevices appcat- to bc a  s imp le  3 -wi r e  transistw
[>:lck;[ge, bllt:irc:lctlt:  il[ya comp[cx scri:i[ addrcssatde
controlled. C;o]l]l]lLltlic:ltic)r] is clone with I wire and a
return, to the controlling processor. The device is
powered from tbc data line. I;:ich cievice contains a
LIIli(]LIC s i l i c o n serial n u m b e r , allowing multiple
dcvicesto  share the samebus.

The 1)s1820 temperature sensor nlea$llrcs
ternpcraturc f r o m  -55”C to +125(’C i n  0 . 5  “C
increments. Tcmpcraturc  is read as a 9-bit value.
The 1) S1820 contains an internal A-1) converter
which dt)cs the tctnpcraturc conversion in 2( Kht]s.
~’t~c Llnithzi\ pr:{ctic:\lly rlost:itl~l by power  < ]onw’,
and < 4(hnw while operating. There a r e  20
tetupcr~it  u re sensor-s scat t md throLlghoLlt” t h e

n]icrospacccr2rft.

The 1) S2407 is an acklrwsable switch. The s\vitch
also contains an input capability which can be LIW41

to verify pr<)pcr o p e r a t i o n . The 1) S2407 UIS()
c o n t a i n s  lKbits o f  One Tinw l’tc)gr~itl~l~]:it>lc
tttetnory. The Llnit  Jl:ls:i[l {)l>er:lti tlg J30wer(Jflcss  the
lopw. These devices were used to cmtrol  the
thruster and pressure regulator in the ]llicr(~s~)[lcecrtlft.

l’l]e Micl{)IA  NwJ;\s:\ Llgtl~cr]tcclby the installation OF
snlart sensors  and act Llators. These additions were
facilitated by the LISe of the Mictochip 1’1C16C73
single chip I]licrocotltlc)llers.” These detices were
u$cd to connected the p r e s s u r e  s e n s o r s  and the
rcaclion wbccl onto the network.

h4ic[-c)[~\rosc{)!>c_ ..—

A .1l’1./UCI.A  developed silicon t~]icrol]]:icl~ir~ecl
vi brat ory l]licrt)gyt-(~sco~>c was used for attitude
clctcrt]lir]:tti(~[]. l’his microgyrcr depends on t h e
ComIis f(mc to i n d u c e  e n e r g y  transfct- bctwvcn
oscillating modes to detect rotation. The gyro
mechanism is packaged in a 2cm evacuated cube,
which together with its associated electronics is
attached toonc  corner of the spacecraft structure. Ihc
gym has i t s  own  l’l C16C.73 which it ustx to
communicate  to the central avionics over tbc
Microl.AN



A 256 x 256 active pixel sensw (AI’S) is Lid to
irnpletncnt the spacecraft camera functionality. ‘1’hc
A1’S is fabricated with conventional CMOS
techn iqLh3  and represent a 1() fold dccreaw i n power
OVCI  corl\entional (XX) arrays. The A1’S used ha\
on-chip (iigital control and prodLrces an analog output
This oLltput is Sanlpled by an A/I) COI)VCIW  phlced  at

the catnera,  and shifled in a parallel  fashion to a dLad-
ported franw  gtabbcr  contained with the central
a\’ior~ics core. All can~era operation is done L]ndcr  the
supervision of rnicrocorrtrt}lier capable of Micro]  AN
cc)tllrllLlr]icati{)r~.

SOFTWARE

JLlst as the hardware was facilitated throLigh  the Lrst’ of
colnn]ercial  of the shelf [COTS] con~poncnts,  so waf
the soft ware. The sof(ware  is based on the following
colntnercial  components: 1 ) 1)0S, 2) Windows ];or
WorkgroLrps,  3) Microsoft Visual Basic, 4) Microsoft”
Visual C++, 5 )  Xirconl (kdit C a r d  ])rivet Ior
Windows and 6) 1,abview.

The software for the 4/9(~ dcrno consists of two
cotnponcnts;  a spacecraft control program and a
sinlLllated gIoLInd  station.

l’he spacecraft control progr:in]  is written as an
application running Llnder Windows. 1’0 lltcilitate the
devcloptucnt, visual development tools wcw LI\cd.
The application progranl is written in a conlbination
of C++ and Visual Basic. A very priniitive real titnc
systcnl  was generated L]sing  VisLlal  lkisic. I’asks were
written to process t}le varioLls rllictosl~:tcect:(ft
functions, such as up] i nk, downlink, cor]trt)l
processirlg, heading gathering, etc.

l’rograturning 01 the individual rllict~)corltrollcrs” ww
c l o n e  Llsing a C con]piler  frwrll CLlstonl Con]p Lrter
Services. Asscrnbly  Ianguagc w:ts se]don] i t  ever
used in the rnicrocontrollcr  prograrnrning.

l’hc GroLlnd  Station progranl for the rllictosl):icecr:ifl

was designed L]sing  the visual progranltning  Ianguagc
called labVI}iW  by National lrlstrLln]er~ts, Inc. The
pLrrpose for creating the ~,round station wits to acquire
data and send conlrnands to the r]]icrt)s]~;icecltift  via
wirckss ethernet. The wireless ether-net was
accotupliskd  by Llsing the XI R(X)M wireless 1 za~
Card.

I Ma from the nlicrospacecraft  is processed into liles
and pktce41  into a directory called } ithor.  Once the
files are in the 1 ;thor directory, the groLlrd station
looks  fot- particular files to oJ>cr].  Tile groLlrd station
contirlLloLlsly  looks for a file calle41 TcJernctr.lck.
When the station locates this file, it knows that a lilt
by the name of Tclerntr.crud is in tk directory. I’hc
groLInd station opens l’elcnltr.end, reads and displays
the file’s contents on the groLlnd station display.

‘1’clclntr.cllld is then closed and Telenwtr-.lck  is deleted
lrorn  t he  directory  f{)llow,ed by ~’elcr]]etr-.cr] ]d. l’his
allows the ri]icrosl>:icecr:ifl to cwatt’ ncw files of data.

T h e  ground  stat ion sends  c o m m a n d s  to t he
rnicr ospacccritft Llsing a similar procc(larc. lt creates a
fi Ie in the 1 lt hor directory called [’c)tllrll:{t]tl.lck. 7’hc
gtoLInd  station i s  des igned to check and sec that tlvx

is no other file by this name in the directory. If not,
the ground station creates Cotntnand.lck  and then also
crcalcs a file natncd (;orllr]l:it~cl.ctl](l, C(lrllrl]:irl(l.ctllcl
is whew the actual commands wil I bc placed, l’he
rnicv ospacecraft  wi I I then follow a similar prwe41urc

for reading the corntnands as tile gtoun[l  station did
with the telcnwtry  data files.

‘1’he  groLlnd skition  can send up to 9 conlnmrd\  to the
nlicr ospacecraft. But only 5 of the corn rnand~ \\’ere
inlplelllcnted lc)r the I 0/90 dern(~. Onc of the
colrltnan(!s  that  could bc  s en t  \va\ the thru\ter
c(mInNind. T h i s  uwLIld a l l o w  t h e  groLln(l sl:ition  to

operator to fir c any 01’ the I 2 thLlrstcrs independently
by pressing a control switch. I’he station \\ KNIld  be
placed i n a nwdc to only i~rt’ the thrusters in
c{)rlcsl>{)llclir]g  pairs, A violet) downl  ink control
cwnrnand  was also irllegtalcd  into tlie groLlrd station
to enable and disable transmission of \’ideo data frotn
the r]]icr{lsll:lcecl-illt.  l’his fcatLlrc is not working orl
the rl]icr<ls~>tlcccr:lft  as of this writing. A pressL]re
control was also integrated into the r]licr{)s~>:tcecriif( to
allow control  of  dowvlstrearrl  prcssLrrc. A .gyrocal
u(m~rnard  \\Ias Llsed  to cal ibratc the heading i n the
attitude algorithm]. A n o t h e r  cotnrnand  \v:]< the
l)liStl IIAl) cornrnand which conln)an(l\ the
nt icrospacecrafl  to desired orient at ion Llsi n: the gyro
data in the control loop. A gyro track cornn~and  \vas
also i n t e g r a t e d  bLlt not uwd allo\~irlg  the gyr’()-
tracking algor-i[hnl  to be tLlrncd oft’ and on. A video
tracking switch was also integrated into the grcJLlrd
station bLlt has not been used.

~’hc telctnetry data rcccived by the gtound station
\vcrc ti rne elapsed since the referetw date. “1’hrLlster
state data i s  rcccivcd and displaycci. llattery voltage
and cLlrwr]t data is rcccive41  and displayed along \vith
the solar array voltage and cLlrrt’rlts.  The received data
is then Llsed to calculate the po\\er  which is displayed
p,raphically,

Voltage I i nlit indicat~ws \vcrc ir~tcgratcd into the
groLlrd station to s h o w when battery voltage had
dl”q>pc41 below :1 set point. I’ernlwraturc  da(o is also
rcceivc41  and displayed. Using a pal I dov,n lnerlL]
cx)ntrol tcnlpcraturc  of a certain device on the space
craft can be read, I’ressLlrc  of the tanks is received aJKl
dispktycd.  A screen inlage of the gIoLInd station is
Sho\\,[l  below.
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