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Abstract

T h e  STRV- 1 b cryocoolcr vibralion s u p p r e s s i o n
cxpcrimcnl is a saicllilc  flight demonstration of piczo
vibration-suppression technology. A very small, tactical
stirling-coo]cr  was flown primarily as a vibration source.
Two t ypcs of piczo actuators were dcmons[ratcd.  Low-
voltage piczo translators were used to move the entire
cryocoolcr so that the tip of the coldfinger stood still.
Also, high-vol(agc ceramic applique was bonded to the
base of tbc coldfinger providing a second actuaiion
method to compare with the translators. Three eddy
current transducers were used to measure the coldfinger
tip motion relative to the experiment case. The eddy
current signal clrovc two types of control systems. A
digital adaptive-feed-forward control systcm was used to
cancel the tip motion of the cryocoolcr in three
dimensions. An analog-comb filter controller was also
developed to ccmt rast the two techniques. Motion
suppression dots nothing 10 suppress the unbalanced
forces in tbc cryocoolcr, so a triaxial accelerometer
measured the vibration of the satellite in response to the
cryocooler. Satc]li[c/ground  test results from each of the
experiment sys[cms arc shown and the systems are
compared.

Lopyrigllt o 1995 ‘-by the American lnslitutc of
Acmnaut ics and Ast mnaut its, inc. All right reserved. ”

l~~o(luct  ion

With NASA’s lbrust Iowards  small spacecraft, the STRV-
1 b Crjocoolcr  (CRYO)  vibration suppression cxpcrimcnt
is an example of a small spacecraf[  cxpcrimcnt. STRV
stands for Space ‘1’cchno]ogy Research Vchiclc. 1 The
STRV -1 series are a pair of British satellites about the
size of a large brcadbox  (48 x48 x40 cm and 55 kg, or
19x  19x 16 i]lchcs  and 120 lb). Two STRV vehicles
were launched pig~yhack below a co]l~llllll~icatio~ls
satelli[c  by an Arianc-4 on June 17, 1994. The orbit was
a geostationary transfer orbit (GTO) - the orbit used to
move satellites into gcostat  ionary orbit. It is a very long
ellipse between 200 km ancl 36000 km that takes 10.5
hours  to complctc. This orbit was dictated by the
collllllllllicatio~ls  sale]] itc. It proved ideal for radiation
effects experiments.

The satellites arc spill stabilized with a magneto-torqucr
to co]ltrol solar aspect angle using sun sensors. They arc
solar powered from l)ancls attached to the sides of the
spacecraft. The snlall size means that the cxpcrimcnts arc
even more power limi[ed than usual. The total JPI,
powcl allotment for four experiments was 40 watt-hours
every third orbit. As an additional hurdle, the thermal
contr(d promised for the spacecraf[  was -50°C to 50”C (-
58°}  to  ]22°};). Also, the orbit takes the satellite
through the Van Allen belts twice pcr orbit, giving a
radial ion dose of about 100 Krad pcr year outside the
satellite. Fitlally the satellite size limited the four JP1.
cxpct imcnts to a coffcc can sized space on onc siclc and
a shoe box si?.cd space on the other side.

BM1 )0 enlisted J]’1, to fly a cryocoolcr v ib r a t i on
suppI cssion experiment on STRV - 1 b using piczo
actua{ors. CYyocoolcrs  are typically used to cool IR or
CTl) sensors to lower the thermal noise threshold.



Stirling coolers have a mechanical compmsor  so there is
a significant vibration problem with optical ins[rumcnts.

13MII0 suggcs[ed a novel vibratiomsupprcssion technique:
usc pic~o materials to make the tip of the coldfingcr stand
still. By doing this the co]ctfingcr  does not transmit any
vibration to the optical sensor. Shaking of the cn[irc
spacccraf(  is a secondary cffcc(  that this technique clocsn ‘t
address. IIM 110 proposed measuring the spacecraft
accclcra[ion  to quantify this cffcc[.

‘1’he experiment dcmons[ratcs  the fcasibilit y of using piczo
materials for vibration suppression in space. It is a
technology dcmons[ration confirming tha[ the technology
is malurc enough to fly. II cicmonslratcs  qualification of
the piczos for launch and for space. Also, it demonstrates
the design ancl qualification of low-power flight piczo
drivers and control sysIcnls. Finally, a tac[ical slirling
cooler is being operated in space in a very low powered
environment. II is difficult 10 convince project managers
that a ncw Icchno]ogy is ready to bc used. The STRV-  lb
cryocoolcr experiment will speed up the application of
these technologies by actually flying a cooler ancl piczo
cooler vibration suppression, Any uncxpcctcd  problems
will already have been uncovcrccl.

‘J’hc  STRV - 1 b cryocoolcr vibration conlro] cxpcrimcnt  is
(he first known adaptive vibration isolation experiment
using PZT ceramics to fly in space. A similar JPL
cxpcrimcn(  using adaptive clcclrostrictivc  materials to
provide for quasi static aligmncnt  of the llubblc  optics2
was flown in 1993 and successfully improved the Hubb]e
optical performance. The STRV- 1 b experiment is one of
four planned adaptive vibration control cxpcrimcnts
fundc(i  by the Ma[crials and Structures program in
BMIJO. The A~T1iX 13, A~TEX 24 and the STRV-2
experiments will examine the performance of uninlorph
PZT sensors and actuators cmbccldccl  in composite beams
and ac[ivc/passive damping mechanisms for satellite
vibration suppression and optical payload isolation and
pointing. The A(3’}iX  1 and 2 experiments will be flown
in 1995 and the STRV-2  cxpcrimcnt will be flown in
1997.

To increase redundancy and provide information about
more than onc pic/,o actuator, two ac[ualion mcthocts were
dcmonslratcd: piczo translators and applique ceramics.
~ommcrcially  available low voltage pic~o translators
displace the cnlirc cryocoolcr to cancel the motion of the
tip of the coldfingcr.  Motion is measured by three cdcly
current transctuccrs. Also, high voltage (700 volts)
applir]uc ceramics arc bonclcd to the col(tfingcr  ancl stretch
i[ to cancc] the tip motion. Two types of control systems
were cicmonslra[cd for the same reason: a real-t imc analog

control system and a digital feed-forward controller.
Since a variety of techniques are being dcmonst  rated,
comparisons can bc maclc bctwccn  the techniques and
informccl choices can bc made for other projects.

This is an ideal application for smar( s t ructures
technology. The mot ions arc very small so commercial
piezo actuators can bc used. The motion along the
coldfillgcr is prirnatily causccl by the pressure driving the
tip of the co]dfingcr. ‘1’hc  two lateral directions exhibit a
large amount of fif[h harmonic of the drive signal. This
is caused by the first lateral bending frequency of the
colctfit Igcr bcillg C1OSC  to the flftb harmonic of the drive
signal. Both of these motions are slcady state rc.sponsc  so
feed-ff~rward control can bc USCC1  10 eliminate the
vibration. The waveform is repetitive so the control
systcm can usc the waveform from an earlier period to
cancel the mot ion. An adaptive control systcm must bc
used bccausc  (hc frequency and waveform changes as (11c
heat sink tcn]pcraturc  changes.

Fly de] ivcry day, winllcrs  and losers among the act ua[ors
and controllers were clear. The c]cctronics for the high
voltage ceramic applique were so ctifficul[  that time ran
out try ing to in~plcn]clll thcm. Significant cfforl  went into
developing a reliable ]woccss to fabricate the applique.s

The commercial translators were much simpler (o
implc]  l)cnt. The analog controller had to be designed to
handle  a single harmonic. in principal, a series of analog
cent rol lcrs could be designed that could handle more,
however there wasn ‘t board space, t imc, or money. The
design and circuitry cffor[ for an analog controller were
much simpler than the digital controller. However, the
analog design had to be cionc after the mechanical plant
was finished. In the end the flexibility of the digital
clcsign had clearly out pcrformc(i  the analog clcsign.

Flight data has been very similar to ground test data for
the fir st seven months. Over two hundred successful
actuations of the digi[al control algorithm have been run.
The digital contro]lcr rcduccs the vibration level down to
the noise floor of the ecldy current transducer. Similarly
over 200 operations of the analog controller have been
accony )lishcd.  The analog controller rcduccs  vibration at
the fu]ldamcntal frequency by a factor of ten. Cooler
opcrat ion has been vcrificcl down to 76 “K. Finally
satellite acceleration levels with/without the cooler
operating have been lncasurcd in space. These lCVCIS
agree with ground nwasurcmcnts  of the force lCVCIS  put
out by the cooler .(’

A fcw difficulties existed at delivery and have continued
into tllc flight. ‘1’here is a compu[cr  reset anomaly
associated with a poorly shaped clock pLdsc. Delivery
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Figure 1. Mechanical Configuration

was late - the high vohagc clrivcr  had to bc completed.
I’hc intermit tcncy was never adequately addressed.
Another phenomenon was observed from space and
traclccd back to the ground test. The digital controller
works WCII on the harmonic RMS in the control
bandwidth but the wiclcband  RMS docsn’t go down as
much as lmpcd.  ‘1’hc bandwidth of the cent roller needs to
bc wiclcr to cover the frcqucncics of tbc cooler structural
supports. On S’I’RV  - 1 b the support frequency was clrivcn
as high as possib]c  so tbc analog con[ro]lcr  woulcl  bc
easy. It would bc easier and lighlcr to have the support
frcqucncics lower. Unforlunatcly, it is too late to
dcmonstralc this on STRV-1  b.

j’vlvlghaljical  Configuration

The ] ncchanical configuration of the cxpcrimcnt is
illustrated in Figure 1. The main active components arc
the stilling cooler; three piczo translators, three segment
applicluc ceramic aclualors; and three eddy current
t ransduccrs.

The 1/5 watt cooler is a commercially available unit that
is part of a hand hclcl, anti-tank systcm. The 6.35 mm
(1/4 i]]) diameter cold finger was cxchangcd  bctwccn  the
manufacturer ancl JP1, before asscmbl y, Applique
ceramic was bonded to the coldfingcr and the coldfingcr
tip was modificcl  to allow application of a golcl platccl



eddy current target. The flight unit reached 95°K at 3.5
watts for a -20° C hcatsink. For a 50°C heatsink  it took
15 walls. Small size and low power consumption dictated
the choice of coolers.

The high voltage (700 volts) applique ccrarnics  were
purchased commercially. Ceramic tubes were sawed into
three segments using a diamond saw. Then the segments
were bonded to the surface of the coldfingcr using thread
to insure the bondlinc thickness. During bonding the
coldfingcr was pressurized to the highest pressure the
systcm would ever cxpcricncc. Also, an oven cure was
used above (IIC maximum operating temperature. The
prcssuriy,ation and tcmpcraturc  insured a cornprcssivc
prcload on the ceramic sufficient to avoid tension (and
cracking) in normal opcrat  ion. Cooler assembly was
made very difficult by tbc permanent deformation caused
by the prcload. As a rcsul[, the applique cracked down
the lcngtb of the cylinder during the assembly process.
Af[cr wiring around the cracks on the “wrap around”
clcctrodcs Ihc ceramics performed as cxpcctcd.

The low voltage (20 volts) piczo translators were
rclat ivcly easy to work with. They arc also a commercial
producl. Vacum opcra(ion  and temperature cxtrcmc
options were used. One set of actuators was broken
cluring a lab accident when high frequency wicicbanci noise
was sent into them at full amplitude. Also, grounding
problems were encountered bccausc the mechanical and
electrical grounds were not sufficiently separated.

The cd(iy current transducers arc a commercial, nom
cent acting sys[cm that measures to accuracies of about 10
nm over a small travel (iO. 127 mm and -10.005 in).
The cxistcncc of a flight worlhy  miniaturized electronics
board was a major consideration in the choice of systems.
I Iardwarc from the same purchase was subjected to
electron beam raciia[ion  tcsling. There were DC shifts in
the apparenl  position of tbc sensor duc to radiation. The
gain was not significantly affcc[cd.  Since the signal is
AC coupled, the offset only limited the scaling use(i in
STRV-lb.

in Figure 1 the main structural parts arc the case, the
triangular ilot plate, the motor mount truss, and the tbrcc
mount ing ftcxurcs. Ficxurcs arc used around the piczo
transistors to avoid bending moments during launch. I’hc
piczo material is slr-ong in compression but subject to
cracking in bending or tension. The translators arc
mounted in the shape of a 90° tetrahedron. This
geometry insures that tile picl,o stroke is effcctivc in all
three dircc[ions. Also, Ihc translators and eddy current
transducers arc mounted to a rigid ring in tbc case. This
provides (11c  mechanical ground p]anc. The hot plate is

integrated with the cyrocoolcr and acts as it’s thcrmai
sink. in addition to the parts shown, 90 grams (0.2 lbs)
of copi)cr heat strai~ were added to move heat from the
cooler to the case.

E!:qEig?!_ COnfi~urat  iofl

The clcctricai configuration is shown in I~igure 2. The
processor is a U“l’69ROO0  raci-hard  micro control] cr.
Digital switches mai)pcd  into memory were used to switch
between the analog/digi tal contro]lcrs and
translator/applique act uators.  Also, the programmable
clock controlling the output frequency for the 12 bit ADC
and DAC was memory mappcci. The same clock drove
the switchccl-capacitor  filters for the anaio.g contro]lcrs
and alit i-al iasing fi Itcl for the accclcromctcr. I iardwarc
double buffering was uscci for the DAC output buffer.
The power ami]lificrs  driving the low voltage translators
(TI, ‘1’2, T3), higil voitagc ceramics (Cl, C2, C3) and
coolct (C) caused the most probicms.

Because of scilcctuic and budgc( constraints, in the enci,
the hi.gh-voltage ceramics cirivcr was flown without
feedback on the high voltage s[agc. Also, the analog-
control ceramic channci was never complctcd because it
had r+ low probability of success without a high
perfol  mancc amplific].

‘f’he computer was sclcctcd for its raciiation hardness.
‘lhc architecture has a few idiosyncrasies. The boot
address and hardware error entry arc both at address O.
Any hardware error (or software jump to zero) causes the
systcnl to reboot. ‘i’i~is can partialiy bc ovcrcomc with a
flag indicating the system has booted since the last
hardware reset. Evcll with a flag, it would s[ill bc hard
to sci>aratc soflwarc  f] CUM harxiwarc  errors.

llnfo] lunateiy,  tile pj obicm was just annoying on the
ground. There arc adequate debug tools to find errors
wi[hout core ciumps. In space any hardware error throws
all tbc diagnostic (iata away.

An aciditional  idiosyncrasy is that the processor shift
instruction docsn’t  hancilc shifts of zero lcngtb. A shift of
“O” is left onc whiie a si~ift of “-l” is right 1. The lack
of a zero shift (do nothing) makes sealing algorithms
comi)l icatcd. This can bc ovcrcomc  by writing a shi~[
subroutine. Finaliy, the jump instruction automatically
executes the next instruction. The assembler can be t olci
to add a NO}’ (no operation, e.g., acid zero to a register)
after all jumps to han(iie this.
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Figure 2. Elcdric.al  Configuration

Sotlwarc

The computer had an assembler and linker but it lacks any
compilers. Tbc control algorithm had to bc coclcd in
assembly using inp~ied deciml  point integer arithmetic.
This made the code compact (two versions fit in 8K of
ROM), It also made coding very tcclious. ‘1’hc
algorithms were initially written in C. This code was
spread out (still in C) so onc assembly level instruction
was on onc ]inc. Then the C was translated into assembly
language by hand. There were still numerous  debugging
problcm associated with Ihc ncw assembly language and
the ncw hardware.

Tbc feed-forward algorithm used for tbc digital control
takes advanlagc of the rcpct itivc namrc of the signal.

The cooler operates al il’s fundamental frcclucncy  around
62.5 IIz. ‘Mc vibration is a steady state driven response
so it occurs at the cllivc frcclucncy.  Thus the ccldy current
displacements arc at tbc cooler frequency and all its
harmo]lics  (e.g., 62.5 }Iz., 125 Ilz,, 187,5 Hz, . ..). The
harmo]  Iics are present bccausc tbcre are non-sinusoidal
forces inside the cooler. The harmonics arc the only
frcqucllcics  that need to bc considered in suppressing the
vibration. Tbc drive signal required to cancel the
vibration is a distor[cd  sine wave with a period the same
as the cooler drive sip,nal.

initially, the cxpcrilncnt outputs pure tones at the
harmo]  lic frcqucncics  to each actuator and measures the
response at all three eddy current transducers. This
mcasu]  cs the tlansfcr  functions bet wccn tbc actuators and
sensors for the drive frequency based on tbc hcatsink



tcmpcraturc.  At each harmonic frequency this complex
matrix is invcrlcd (using Cramer’s rule) producing a
transfer function to calculate commands from eddy current
readings.

The  cdcly current lime his[orics  arc converted to
sine/cosine components in the frequency domain. Either
the integral estimator or the least squares estimator lead
to identical operations. The signal time history is
multiplied by the sine/cosine at the frequency being
estimated and sunnncd  over onc period. This sum is
proportional to the sine/cosine harmonic component of the
signal. Sine and cosine harmonic components arc
intcrprctcd as complex numbers using Euler’s identity.

Sine/cosine values arc tabulated in a lookup table. Since
tbc same buffers output the cooler drive and the vibration
suppression, the sine table always requires the same time
step and z,cro time.

The eddy current harmonics arc multiplied by the transfer
functions calculatcci earlier, This produces command
harmonics to update the time-domain command
waveforms using the sine table lookup. 13xponcntial
smoothing and long time delays  have to be added to slow
the process down. 1 lardwarc t ransicnts from the change
have to die down before more updates arc attempted.

Tbcsc commands arc oulput continuously by the buffers
until the next t imc the waveform is updated. The
computer speed rcquircmcnt is minimal, The algorithm
has to be dramatically slowed down (e.g., 20 buffer
cycles) to let the phase angles stabilize in the physical
hard ware. The algorithm is not dependent on the
hardware dynamic characteristics. The software can be
prcparccl in parallc]  with the hardware,

Trade Study Results

‘1’hc cxpcrimcnt was intended to compare digital/analog
control and translators/applique actuators. Analog control
is bet t cr for meclmicd eflgineering  sludents  bccausc  of
the cost is low ami there is lCSS to learn. Digital control
is better for fligh/  projee(s bccausc  the control design can
bc done in parallel with the mechanical design. Digital
control is more adaptable (ban analog control. Besides,
there has to be a digital systcm to talk to the system
computer.

The applique ceramics arc light and cheap. }Jowcvcr,
installation has to he dcvclopcd  as a process. Many
issues must bc rcscarchcd: the choice of adhesive, the
bond line thickness, bonding proccclurcs,  insulation
bc[wecn  the segments, cleaning proccdurcs, so]dcring

proceciures, and so on. The appliq~lc used on STRV- 1 b
was high voltage. II is difficult to usc high voltage on
spacecraft.

The ceramics arc more favorably located than the
t ransla[ors.  The app] iquc t ransfcr  functions only involve
co]dfi]lger dynamics. ‘1’hc  ceramics arc good insulators
and don’t hurl the cooler performance significantly. On
the down side they do have significant heat capacity and
this m:ikcs thermal steady state hard to reach. The flight
cooler operated for 8 hours in the lab one time trying to
reach steady slate. Tcmpcraturcs were still oscillating.
Also, electrical grould  is separated from mccbanical
ground by a thin glue line.

Ihc translators arc more easily worked with. The cooler
mount has to be desigt~ed  to allow cooler motions. Also,
the translators rccplirc  flcxurcs  and a heavy case. The
translator transfer func~ions involve the cooler mounting
dynam its. 1 lowcvcr, the translators arc low voltage. On
spacecraft this is an overriding advantage from an
electrical point of view.

It is possible to buy low voltage piczo stacks that
resemble an applique, This device would bc better for
mass production where the acldcd cost of development can
bc amortized over many units.

Based on STRV- 1 b there may be one synergistic effect.
It should be possible to design a real-time widcband
analog control systcm using the app]iquc  approach
bccausc  the coldfinger resonant frcqucncics arc high and
widely separated. The app]iquc  is most effcctivc in the
lateral directions. I’hcsc arc the directions associated with
jilter  for an optical/lR  sensor attached directly to the
coldfitlgcr. A contro]lcr like this could bc designed as
soon as the pressurimd cold finger dynamics arc known.
There arc major differences in coldfingcr dynamics
bctwccn  the coldfing,cr tube and the final assembled
coldfingcr.

~)jgi~al/Translator  Rcsu]ts

The most successful results from STRV-lb  have used the
dig,ital control systcnl with the low voltage translators.
Typical performance is imlicatcd in Figure 3 showing the
reduction in harmonic RMS with time. The harmonic
RhfS is defined as the RMS sum of the eight control
harmo]lics.  The figure  illustrates this result for each of
the thl cc eddy current t ransduccrs, At time zero, the
cooler has been slowly brought to full stroke and is
starting cool down. ‘1’hc digital controller is turned on
and the eddy current displacements are attenuated rapidly.
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l~igurc 4. Vibration Attenuation Using Digital
Con(rol/Translators

IIividing by tbc amplitude at time zero, the amplitude
attcnuat ion can bc plot [cd as shown in Figure 4. The
average at[cnua[ion  has been bctwccn  75 and 80.

Figorc 5. Rcsi(laal Time }Iistory Over Onc
l’cried

T h e  widcband  RM S t  imc histories have been
disappoint ing, I’hey  only go down by a factor four.
Residual lime histories have been downloaded and
cxaminccl  to discover (11c  nalurc of tbc vibra(ion  signal
that remains. The residual Iimc history is the signal
coming from the eddy current transducers after the control
has been t urncd on. Ijigurc 5 illustrates this result for the
largest channel. The time axis is exactly onc period of
the fundamental drive frequency for the cooler. Residual
t ime  bistorics  from different  t imes have been
superimposed in I~igurc 5 to show that the system is near
slcady state. The residual is dominated by higher

harmonics above the last control frequency at eight times
the fuildamcntal.

To discover the source of the residual (e.g., the controller
or the cooler), the controller was commanded to only
control six harmonics instead of eight. The residual was
still dominated by hallnonics  above the eighth harmonic.
This indicates that the cooler is driving the higher
harmonics and the contro]lcr bandwidth needs to bc
cxtcndcd still fur(l)cr  to attenuate the wiclcband  RMS
successfully.

The controller bandwidth needs to extend past the cooler
suppo]  [ frcqucncics. ~’bcrc is significant unbalance force
at harl nonics WC]] up into the frequency spectrum. The
COOICI supporl frcqucncics  arc cxcitcd by these forces.
On S1 RV- 1 b the support frcqucncics  were made as stiff
as practical. It was felt that higher support frcqucncics
would help the cent rol sysIcm. It is clear from STRV- ] b
results that the support frcqucncics  cannot be made high
cnouglI. ‘1’hc  controller will have to hand]c considerably
higher frcqucncics,

‘l-hc  S’1’RV-lb  electronics sampling rate is 4800 Hz. This
frequency was picked to give tcn points on the waveform
for the output signal. The Nyquis[ folding frequency is
2400 }Iz or the 40th harmonic. The hardware is capab]c
of controlling higher frequencies. Unfortuna[c]y,  due to
schcdulc  constraints at the cncl of tbc program and
complctc debugging of the software was not possible. At
this point the maximum harmonic that can bc controlled
is ciglit duc to sof[warc  limitations on array dimension
sizes,

Analog/Qranlic  Rcsolts——— —

While the ccran]ic  app] iqucs have not worked WCII on the
satellite, they did on the ground using the breadboard
analog, cent rol electronics, The high voltage amplifiers
used for the breadboard were Ihrcc large (25 lb each)
colnnwrcial-amplifiers. ‘1’hcy  plugged into the wall and
used V;iCUUlll  t ubc tcchnolo~y ,

The measured open loop transfer function for onc channel
of the analog controller is shown in the IOp figure of
Figure 6. The analof control circuit from I;igurc 2 was
opcnccl at the cckl y current transducers outputs.

The paw band is the area of the “control channel” curve
above unity g,ain. in this area tbcrc is significant
feedback canceling any disturbance. At frcqucncics away
from the pass band the gain is lCSS than unity and the
control systcm docsn ‘t change the plant. liach bandpass
filter c]]anncl is designed to suppress the motion of onc of
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l~igurc 6. Analog  Controller Frequency Domain
l’crfor’mancc

the three eddy current signals. In the example, all three
ceramic applique segments arc activated such that the
coldfiagcr  tip moves dircc(ly  towards Ihc number 1 eddy
current transducer. ‘rhc other two curves in the top
figure from Figure 6 are the measured outpu[s from the
other two ccldy current channels. If the displacement to
translation circuits were perfect, both channels would read
at noise lCVC1, however, this accuracy is not really
required.

‘t’hc bottom two figures from l~igure 6 show the closed ,
loop results. The middle figure is a power spectral
density (PSI)) for all three eddy current transducers with
the cent roller off. Turning the cent roller on, the same
PSD rcsul(s  arc shown in the lower figure. The controller
rcduccs  the fundamental by a factor of 400 in PSI] or
approximately a factor of 20 in response. The transfer
functions for the other two filters arc similar to the onc
illustratcct.

This result is more dramatic in the time domain, as shown
in Figure 7. The time histories for the largest two
channels arc shown (channel 1 and channel 3). The top
figures were taken with the control systcm off, Channel
3 is domina[cd  by the fundamental frccprency. T’hc
bot[om figure illustrates (11c  results with the control
systcm turned on. The content of the fundamental
frequency for both channels has been dramatically
rcduccd.  Of course, the other frcqucncics  are still there
since the contro]lcr docsn’t address thcm.
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I ‘igurc 7. IMdy Cur-rent llcforc/After Analog
Control

Accclcr-omctcr  ]lcsults
A  triaxial accelcromctcr was f lown at[ached to the
c.ryocoolcr  mechanical g,round. This accclcromct  er
measul cs the g,ross motions of the satellite in response to
the unhalancc  forces from the cooler. Dynamometer tests
on the ground suggested that the unbal anccd force would
have :tn ampli{udc  of about 1 lb[. The mass of the
satellite is about 120 lb so the acceleration cxpcctcd  is
0.008 g al 60 1]7.  ‘I%is  is a displacement of 0.5 microns
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l~igurc 8. Salcllitc  Accclcrations Caused
Cryocoolcr
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by ttlc

The n Icasured data from the satellite is shown in Figure
8. The satcllile acceleration in the direction of the cooler
coldfillgcr is shown labcllcd coldfingcr. Onc of the two
accelerations perpendicular to the cold finger is shown
labc]lcd la(eral. Roth lateral accclcralions arc very
similar.



Coc)lcr Rcslms

To ctcmonstratc  that lhc cryocoolcr is operating correctly,
cool clown curves have been gcncratecl  on the satellite.
I;igurc 9 il]ustratcs these results for cooler strokes of onc-
half full amplitude and for full amplitude. The full
ampli[udc  cool down was done as a continuation of
anotbcr cool down. This accounts for the major
diffcrcncc in S1 OPC bctwccn  Ihc two curves at the
coldfillgcrtc]ll]~cr~[urc  threshold,
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l~igurc 9. Cool l)own CurvcsFronl  thcSri(cllitc

Conclusions

STRV-lb  h a s  b e e n a  h i g h l y  succcssfu] f l i g h t
demonstration of piczo translator/applic]uc  ceramic
actllators al]dalso  analog/digital  co1ltrolsyslc]1ls. STRV-
lb has dcmonstra[cd  the feasibility of using piczo
malcrials for vibration suppression in space by making the
tipofthc  co]dfin.gcr  stand still.

]n the process STRV-lb  has flight qualified piczos  for
launch and forspacc.  Totheauthors’ knowledge, this is
the first usc of piczo electric materials for vibration
supprcssio ninspace. There wasanearlier experiment cm
Ihc Hubblc wide field p]anctary  camera using piczo
resistive Icchno]ogy  in ajit[cr mirror.

‘1’hcexpcrimcnt  designed and qualified low-power flight
piczo drivers. The amplifiers have to drive large
capacitive loads. Amplifier sturncdou  ttobc asignificant
problcm. More can bcdoncto  custonliT. cthcelectronics
forpiczo applications.

The adaptive feed-forward control algorithm ancl the
control hardware used on STRV were designed for
cryocoolcrs. By using the same buffers to control the
cooler and the vibration suppression, phase

syncblonization bclwccn the cooler ancl vibration
suppression is gualantccd. The hardware/software
provides an easy answer if the frequency of tbc cooler has
tobc adjusted whilcthc contro]lcr is on. The algorithm
used ]cquircs  very lit[lc computation,

STRV-lb  operated a taclical stirling cooler in a very
power starved spaccclaft. The cooler can only operate
for about an hour with the existing spacecraft batteries.
This nlay have future applications with the move towards
miniaturized spacecraft.

Two uncxpcctccl  problems were uncovered. Electronics
for (1N high voltage ceramic app]iquc  were so difficult
that tilnc ran out tryingto implement thcm, ‘I’hc  use of
higllvoltagcn ccdstol ~c]l~illilllizedo]l  spacecraft.

‘1’hc second problcm was that the vibration controller
b a n d w i d t h  m u s t  cxlend pas( the  cooler  support
frcquc]lcics.  Amajoreffor[  wasmaclc tomakcthccoolcr
supporis  very stiff. The first frequency ofthcexpcrimcnt
is about 420 }Iz. The idea was to stiffen the supports
enough that the analog control systcm would not have
stability problems. Instcad,th cfrcqucncic  sdrivcnbythc
cooler moved outncarthcsupport  frequency. ]ncreasing
the su])porl  frequency made thcproblcms  harcler to clcal
with. The contro]lcr should extend past the support
frcquellcics  until the suppor[ isolates the cooler. For
motion suppression, the harmonics have to extend out
until the motion is stopped

~~k!ly~hxlfyncnt

The au[hors would like to acknow]cdge  the large number
of individuals who contributed significantly to the STRV
cryocoolcr experiment. ‘1’hc British satellite builders and
flight controlle]s were very competent ancl helpful. The
French Arianc went off without a hitch. In the United
States, the Deep Space Net (DSN) provicled  cmcrgcncy
backup support when rcquirccl. The experiment team at
JPL worked exceptionally long hours under tremendous
schcdulc  pressure to b~ in.g the cxpcrimcnt to a successful
conclusion.
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