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ABSTRACT

Under Strategic Defense Initiative Office (SD10O) sponsorship the Jet Propulsion Laboratory is
developing a fiight experiment o demonstrate advanced contro: technologies for quicting
cryocooler tip vibration in three axes. The experiment is scheduled 1o fly as a smali 15-watt
pavload on the Space Technoiogy Rescarch Vehicle (STRV-1b), a small Lnghish satellite
scheduled tor launch on the Ariance-4 in late 1992, To meet stringent power, weight, and space
constraints, the experiment makes use of a tiny 1/5-watt 8OK Texas Instrumcents tactical Stirling
cooler. Two different vibration-cancellation actuator techniques are being demonstrated: 1) an
applique ceramic piczoclectric actuator set that 1s bonded to the coldfinger and stretches the
coldfinger to cancej up moion. and 2 a Coinmcrcial jow voltaze piezoelectric tranglator set thai
similarly cancels tip motion by moving the entire cryocooler in three axes. Motion of the
coldfinger tip 15 measured 1n all three axes to 10 nanometer accuracy using eddy-current
transducers.  ‘Two types of control systems are also being demonstrated: 1) an adaptive feed-
forward digita’ control system that continually updates the harmonic content of the stcady-state
command signal to cach actuator to cancel the Gy vibiation, and 2) an analog control system that
uses o bandpass filter to track the drive signal and suppress it. Either control system can be
uscd with cither actvator system.

INTRODUCTION

I uncompensated, the moving parts and pressure pulses within the compressor and displacer of
a Stirling-cycle cryocosier can create constderable mechameal vibration that can adversely affect
the performance of a precision sprace-scicnee wstiunent. Tils vibratioi can consist ui cither thc
transimission of vibration forces from the cryocooler into the sostronent via the cocler supports,
or vibratory moiton of the tip of the cryocooier coldfinger relative 1o the insirument ontical
benehy; this latter category--cold up meotion -ts paracularly mportant for apphications where the
derecton s direetly mounted to the coolar cold nip

Considershle progress hias been made inrecent years using motientum compehsaed, back -to
back coolers topather with active vibration conirol systems to minimize the ievel of transnnted
viboation force 11,237 However much lows conplhiases bas been placed on the Challenge of cold
Up VIbratory motion suppression
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There are two fundamcental manitestations of cold-tip vibratory motion: 1) motion of the
coidfinger cold-tip telative o the base of the cold-finger, and 2) motion of the overall cryocooler
including the coldfinger. The largest component of the cold-tip relative motion is caused by
mechanical distortion of the cold finger caused by the large sinusoidal pressure variation
(typically around 300 psi peak-to-peak) that is output from the cryocooler compressor.  This
cyclic pressure 1oading, which is fundamental to ihe Surling-cooler operatien, results in the coid
finger undergoing cyclic clongation along its longitudinal axis, and can lead to lateral bending
of the cold finger if the wall thickness of the cold-finger is not uniform around its circum-
fcrence. The lateral motion is also amplified by the natural cantilever-bending-mode resonances
of the coldtinger.

As shown in Fig. 1, the resulting motion of the coldfinger tin is often on the order of ons: to two
microns in the longitudinal (Z) axis, and is sumewhai less in the lateral (X,Y) directions [4].-
Notice the high level of fifth harinonic in the latera! vibration in Fig. 1; this 15 caused by the
first lateral bending frequency of the coldfinger being close to the fifth harmonic of the 60-1iz
drive signzl. Thus, the high frequency lateral response 1< consideratly amplified by the )ateral
modal respouse of the coldfinger.
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FLIGHT EXPERIMENT OBJECTIVES

The primary objective of the JPL STRV ¢ vocooler vibration suppression experiment is to
demonstrate the applicability of piezoelectric inotion suppression technology to the problem of
cryocooler cold-tip motion suppression. In addition to gathering cngineering data on the
performance of the unique control-system features, the cxperiment will also provide a flight-
Leritage ensuring that the technology has successfully dealt wita the important spacecraft
interface issues including launch survivability, tclerance to operating temperatures, EMI
compatibility, and radiation hardness: in short, successfully building a flight experiment
-demonstrates that the technology 15 mature enough to fly. It is expected that the availability of
successful ftight data will speed the adoption of these technologies by future applications, as
unexpected problems will already have been uncovered. Since a variety of techniques are being
demonstrated, comparisons can be made between the techniques, and informed choices can be
made for future projects.

Inaddition to the primary objectives for the experiment, there are also two secondary objectives:
one 1s to measure the vibration of the satellite resulting from the operation of the cryocooler,
the second is to provide a cryogenicly cooled environment for a two-pixel IR-detector experiment
mounted to the coldfinger tip. The IR experiment involves measuring the detector dark current
as a function of the integrated radiation exposure as the satellite passes through the Van Allen
belts. With the limited power of the STRV-1b sateilite, the longest duration of continuous
cooling 1 likely tc be a period of a few days wiien ilic saiclliic is in continuous sumight

MMV WS Dualed sl

SPACE TECHNOIL.OGY RESEARCH VEHICLE (STRV:-1B)

The STRV-1b is a small 50-kg British Royal Aerospace Establishment (RAE) satellite [5] being
designed o fly on a French Ariane-4, and will be placed into a geostationary transfer orbit that
involves passing through the Van Allen belis twice per 10.5-hour orbit. As a resuit, the satellite
will receive approximately 100 krad/yr radiaton exposure at the outside of its structure, and will
have a design lifc of one year.

The satellite is about the size of a PC computer (680 X480 <400 mm), is spin stabilized at S
rpm, and uses a nutation damper and a magnetorquer to maintain spin stabilization.  Power,
which 1s extremely limited, is provided by solar cells on the surface of the satellite,
Temperature controf is cntirely passive, with the internal pavloads designed w operate bretween
=50°C and 50°C.

Communications are provided by the RAL from Farnborough with a capability of 1285 bits/sce
uphink and 1000 bits/see dowalink. Data storage is limited 1o 50 kbytes of data and 20 Kbytes
of commands.

The mechanical part of the cooler experiment s allocated 1.75 kgoof mass In addition o the
cooler. the total IPL STRY expenmen ancludes an clectonies box contaiming thiee tadiation
¢ posure expetiments and Cie cooler elecuonics. s ciectronies box s sllocated 4 75 by of
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mass and 400 :x150x75 mm of space. The radiation exposure experiments are a chip sized
radiation monitor, an advanced IR detector, and a neural net chip. The STRY also contains a
European radiation-environment monitor, a solar ceil technology experiment, laser reflectors.
and several technology items incorporated into the basic satellite design.

In one respect the STRV-1b satcllite provides an ideal testbed for a hardware demonstration
because the demanding constraints of its environment should encompass most future applications
of vibration suppression technology. There is very little power, space, weight, or data siorage.
In addition, the thermal and radiation environments are very severe.

CRYOCOOLER EXPERIMENT MECHANICAL DESIGN

Figure 2 ilustrates the hardware elements ot the experiment. These include:
»  Texas Instrurnents 1/5-watt 80K tactical Stirling cooler
o Physik P-842.10 low voltage piezo translators
e 120° tubular segments of Vernitron PZTSH applique ccramic bonded to the coldfinger
¢ Kaman SMU 9200-15N eddy current displacement transducers
¢ JLake Shore Cryotronics PT-111 platinum thermometers
¢« Kistler 8692B5M1 triaxial accclerometer

* Assorted structural elements including thermal mounting plate, motor-mount truss,
titanium flexures, housing, housing bottom, and non-flight lid

‘The Texas Instruments 1/5-watt 80K tactical Stirling cooler is a back-to-back, dual-piston, linear-
drive compressor with integral displacer mounted orthogonal to the compressor piston axis; this
balanced, dual-piston coolcr achieves a low vibration level below § N.

The cooler weighs 380 grams without electronics and i1s about 100 1on lone by 40 mm in
diameter. ‘The coldfinger is ebout 70 mm long and 6.35 mm in diametes  In e eaperiment,
the couler will be operated with a cold-tip temperature of 95 K; this will e jube bevwee: 3.75
and 5.75 watts of input power, depending on the heatsink temperature betveen -32°C and
50°C. ‘The couler 15 not des.gned to operate at heatsink temperatures below —32°C.

Picroclectric Actuator Design

Two Gitfcrent abration canceliaung actuator  echniques are bormp demonstrated o the
caAperiments 1y an apphgue ceramic plezoclectic actuator sethat 1s bonded 1o the coldtinger and
stictches the coldtimper 1o cancel Up moton, and 20 o commeraal low vollage jiczonicouic
tancipior set that stmnclardy cancols tporeeven by moving Gie colite crvococter i thiee oaes

e the fn et tedimngae o set et thnee ciome aophaies o ed o setc b he coldbm, e

pacit Coocote i Lo cold e tateial s or e el st longatudi ot o The process e
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fabtricating and usirg the appligue ceramics was developed as pard of the flight experiment.

The ceramic length (25.4 mm), thickaess (1 mm), voltage (500 volts}, and material (Vernitron's
PZTSH) wer. sefected to optimize the applique performance. The ceramic tube is cut into three
parts using a diamoid saw, and 1s bondcd to the coldfinger using Hysol 9396. The bond linc
thickness is 0.9254 mim and 1s maintained with glass fiber threads uniformly wrapped around
the coldfinger. During the bonding process, the specimen is clamped along its entire length
between two precision-machined circular clamps. The clamp is designed to leave just enough
room for the cerc tic and bond-line without causing deformation. The coldfinger is also
pressurized to 68 atm and raised to 93°C throughout the 1-hour bonding process. Conducting
the bonding operation whiie pressurized and heated preloads the ceramic in compression upon
cooling; this helps ensure that the ceramic will not be placed in tension during normal operation.

In the second piezoelectric actuation technique, three Physik P-842.10 low voltage piezo
translators are used to move the entire cooler to cancel the tip motior. These piczos ace
designed to move 18 um at 120 volts, but are being operated at 32 volts to provide 4.8 um of
motion. The actuators have been preloaded to 450 N to preveni the translators from
experiencing tension during launch. The capacitance of these actuators is 1.8 uIF, and the power
consumption is expected to be about 0.1 watts per actuator.

Eddy-Current Motion Sensing

To provide the necessary cold-tip motion feedback to the control system, motion of the
coldfinger tip 1s measured in ali three axes to 10 nanometer accuracy using eddy-current
transducers. The Kaman SMU 9200-15N eddy-current transducers are a non-contacting method
of precisely measuring the distance between an aluminum target attached to the coldfinger tip
and the cryocooler experiment structural housing. The units have the additional advantage that
their signal processing electronics are very small (about 5 cm by & cm of board space) and
consume very little power {about 0.1 watts/channel). Although some penalty in sensitivity was
accruea, i.~ distance between the edd;-current transducer and the target was opened up to 0.5
mm (o maintain sufficient clearance for launch. More clearance would be needed if the support
structure was not as stiff as it is.  The cooler supports (inciuding the piczo translators) are
designed to maintain the first-modc resonance above 400 Hz.

Ir: another aspect of the transducer selection and operation, there was initially concern that the
cddy-current electronics would sutter degradation due to the severe radiation enviromnenl.
Subsequent testing revealed significant shifts in the DC measurement over the radiation range
expected in flight. However, the AC gain of the device was not sensitive 1o radiation.  As a
result of these tests, and to increase tolerance w differential thermal expansion motion, the eday-
current transducers were AC coupled for this application.

Thernmdl and Vibration Instrumentation

To measure the temperature ol the coidtinger and the heatsink, Lake Shore Crvotronics P1-111
platinum thermometers were selected based on their good radicnon tesistanee 0], Custon:
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electronics were developed to operate the thermometers in pulse mode so that current will only
be applied to the thermo neters when measurcments are being made.

Finally, a Kistler 8692B5SMI1 triaxial accelerometer was selected to measure the very simall
acceleration levels associated with the cooler vibration. The expected vibration force--of the
order of 5 N--will move the 50 kg spacecraft approximately 0.01 g at the cooler drive frequency
of 60 Hz. The accelerometer was selected based on its good sensitivity and low power
consumption. Again, custom electronics were developed to operate the accelerometers in the
STRV environment.

VIBRATION SUPPRESSION ELECTRONICS

Two types of controi systems are being demonstrated in the STRV vibration suppression
experiment: 1) an adaptive feed-forward digital control system that continually updates the
harmonic content of the steady-state cornmand signal to each actuator to cancel the tip vibration,
and 2) an analog control system that uses a bandpass filter to track the motion signal and
suppress it. Either control system can be used with either of the above two piezoelectric
actuator systems. A block diagram of the overall experiment electronics is presented in Fig. 3.
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f1g 3. Block diagram of the vibration-suppression experiment clectronies.
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Digi! Acaptive Feed-forward Control

The three-axis, digital adaptive feed-forward control system is based on the control of four signal
generators; onc 80-poirt digital waveform generator cutputs a sinusoid to the cooler at the
fundamental 60-Hz cooler drive frequency; the other three 80-point wavetorim generators output
harmonic waveforms of the drive frequency 1o the piezo actuators and are adjusted to exactly
cancel the cold-tip motion. The central processor unit (CPU) is used to setup the wavetorms
initially, and to update the waveforms to reflect gradual changes in the cooler transfer functions
over time (approx. 1/3 second per update).

At the start of cryocooler operation, the waveform buffers are loaded with arbitrary sinusoidal
command signals, and the change in the cold-tip displacement signals is measured. This
provides the transfer function between the cooler drive ¢electronics and the resulting cryocooler
cold-tip motion. ‘Ihe resulting system of equations i¢ then solved for the command signals that
will cancel the vibration. From this point on, the system continuously updates the iransfer
functions and the command signals to cancel the tip motion. Corrections are always made one
channel at a time. This allows the effect of the chauge on the three eddy-current transducers
to be isolated.

Once underway, the CPU is not directly mvolved in operating the wavcform generators. The
This is done using direct memory access (DMA) from the CPU to avoid bus contention beiween
the four channel waveform generator ané the CPU. Internally the menmory is double buffered.
One buffer is accessed by ti2 ) MA while the other buffer is accessed by the CPU. Switching
between buffers s co:nmande’? Dy the CPU and occurs on the next frame boundary.

‘To drive the cooler and actuators, a programmable clock cycles wnrough the data, converting the
digital waveforms to volts with & 12-bit digital-to-analog convertor (DAC). The DAC output
1s demultiplexed and held with a sample-and-hold. The four sample-and-hold signals are filtered
and amplified to drive the cooler and the vibration-suppression actuators. This clectronics is
illustrated on the right side of Figure 3.

To obtain the morion teedback signal, three eddy-current transducers are multiplexed 2nd held
for the ADC by a samiple-and-hold. Again, access io the bus 1s managed using DMA to avoid
bus contention.  Also, the input data is double buftered in the same manner as the output dala.
Bothi the input and output buffers switch together, with one command, to keep the data
synchronized.

The software exrracts drive-harmonic amplitudes from the eddy-curtent signals using a curve-
fitting procedure based on Equation 1. This deceptively normal-looking set of definitions hides
the basic difference between a harmonic analysis and a general Tourier analysis. Normally there
is nu period, X, for the signal to repeat, and the length of acquired data is arbitrary. In a
harmonce analysis, the length of data acquired, 2,7, 15 one penod, A 7718 the time between
sarples and n, 15 the number of points i the buffer. In the STRY cane, 1, = 80 (10 points on
8 harmonics), A = 1760 scconds, 177 = 1/4300 sceonds (60 1z > 10 points = 8 hirmoenics)
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Once the harmonic drive amplitudes have been determined using Equation 1, the change in the
eddy-current signal (D,) from the previous time 1s calculated, and the ratio of the change in
eddy-current signal to the change in command signal (C) is calculated. This is done using
Equation 2.

dD, AD, (CR+iS(K)-(C,(K)+iS (k)

3C, AC, C)+iS)
@)
[(C.00) - C)C )+ (8,0 -5,0) S (] + i[(S,60 -5, 0)C () - (C,(0)-C k)| S ()]
C L+ S

In Equation 2, the subscript n means now, o means old, and ¢ means command. The partial
derivatives derived in the above process are next entered into Equation 3:

D, oD, aD,]

acC, 3c, 3C,
AD AC
ADlz-;? :22 Z?z%cj 3)
AD, . 2 3|1aCy]

D, oD, 3D,

E 9 ¢, 8¢,

By inverting the mauix, Equation 3 1s solved for the change 1n command signal nceded to cancel
the measured eddy-curient displacements. Only one command is selved for at a time, using
Cramer’s rule.  If inore than ane cominand 1s updated. 1t is not possible (o adentily which patt
of the change 1s caused by which command.
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Analog Control

To assess the relative advantages of digital and analog vibration control systems, the STRV
experiment also includes an analog cold-tip motion control system based upon feeding back the
eddy-current signals to adjust the command voltages to cancel the cold-tip displace-ments.

The feedback-system parameters are derived empirically, based upon measured properties of the
complete cooler system. This is done by commanding a voltage on each command line, and
measuring the resulting eddy-current displacements. This provides the parameters for a system
of equations, similar to Equation 3 above, that can be inverted to provide the resulting
cocfficients for the analog circuit.

Unfortunately the equations for the ceramic appliques are not the same as for the piezo
translators.  TFor this reason, the control system must switch between the two systems of
equations, depending on the actuators being used.

In order for the analog system to remain stable, the frequency content of the closed-loop circuit
must be limiied. The first structural flexibility of the system is expected to be the lateral
bending of the coldfinger around 300 Hz. The next highest mode is a 420-Hz bounce mode
where the cryocooler bounces on the translators. Around these frequencies the phase of the eddy
cunent displacement will change significantly from the rigid-body response characteristic that
predominates near the 60-Hz cooier drive frequency.  As a iesuli, tie conirol sysicin must be
carefully designed to avoid instabilities at these frequencies.

Initial atternpts to use 2 simple cutoff filter to achicve the necessary stability margin were
unsuccessful. As a result, the final system design uses a syztem of tracking filters tuned to the
drive frequency. Thesc are implemented with switched-capacitor filters driven from the digital
programmable clock.

Cryocooler Drive Electronics

During operation, the electrical drive of the cryocooler compressor is also controlled by the
digital controller electronics; this yuarantees frequency and phase locking between the two
systems. The cryococler drive contrn! includes closed-loop control of the cold-tip temperature,
and closed-1o0p control of the ¢ ;oler diive frequency to obtain imaximum drive motor efficiency.
This maximurn motor effici.ncy 1s achic- ed if the cryocooler 1s operated at its mechanical
resonant frequency, which also cotrespr ads to the point where the couler drive current and
voltage are in phase (unity power facto -y
Based upon ccld-tip and heai-sink wmperature measurements, the temperature controller works
on a simple dead-band principle whercby two temperature limits (e.g., 94.75 K 10 95.25 K) are
established. When the coldfinger temperature is above the high limit, 95.25 K, the cooler drive
vollage 1s incrcased slightly to drive the temiperature down; when the coldfinger temperature 1s
below the fower hmiut, 94.75 K, the cooler diive voltage 1s decreased slightly, allowing the
temperature to increase.  Precize control is not needed in this application,
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In addition to the temperature measurcments, the current going (¢ the cryccooler is measured
to establish the phase angle between the current and the voltage. Equation 1 is used to curve
fit the current to calculate the phase angle. When the phase angles are the same, the drive
frequency is on resonance. During operation, the current and voltage at digitai frequencies on
either side of the nominal 60-Hz frequency are used to update the drive frequency and bring the
cooler back into resonance. Tte drive frequency is changed by the programmable clock in the
flow diagram in Figure 3.

The frequency controller takes advantage of the rapid change in phase angle compared to the
change in temperature. Frequency tables provide a starting point, and give changes to be
applied for heatsink variations.

SUMMARY

STRV-1b offers an interesting opportunity to test state-of-the-art piczeelectric adaptive control
technologies in orbit. The many challenges associated with STRV, ¢ g., a maximum of 20 watts
of power, poor thermal control, very hittle available weight, and a high radiation environment,
have led to a numbcr of innovative developments that should be useful for future applications.

Two types of control-system drive actuators have been developed and arc being contrasted: an
applique ceramic applied directly to the coldfinger, and piezo translators supporting the entire
cooler. New, non-contacting, low-wattage, low-profile eddy-current transducers are being used
to measure the cryocooler cold-tip displacement amplitudes.

Two types of control systems are also being contrasted: a fully adaptive digital control system
that controls both the cryocooier and the vibration suppression, and an analog controller that uses
a tracking filter to suppress the fundamental drive frequency. Either control system can operate
enher type of actuator. This redundancy provides some protection against total loss of the
experiment due to single-point failures; however, several single-point failures do exist in the
experiment (c.g., loss of the CPU).

The digital control concept developed here is applicable to a wide varicty of vibration suppres-

sion hardware. Force cancellation, or dual drive coils, could easily be accommeodated within
the same control systen;.

ACKNOWILEDGEMENT

The work described in this paper was carried out by the Jet Propulsion Laboratory, California
Institute of Technology, and was sponsorcd by the Strategic Defense Initiative OQrganization/ Air
Force Phillips Laboratory through an agreement with the National Acronautics and Space
Administraticn.




PL-CP--93-1001

REFERENCES

to

Johnson, B.G., ¢t al., "Demonstration of Active Vibration Control on a Stirling-cycle
Cryocooler Testbed”, Proceedings of the American Control Conference, Chicago 1L, June
2426, 1992,

Johnson, B.G., et al., "Dcmonstration of Active Vibration Reduction on a Stirling-cycle
Cryocooler Testbed”, 7th International Crvocooler Conference, Santa Fe, NM, November
17-19, 1992.

Aubrun, J-N., et al., "A High Performance Force Cancellation Control System for Linear
Drive Split Cycle Stirling Cryocooiers”, Adv. Cryo. Engin.,” Vol. 37B (1991).

Ross, R.G., Jr., Johnson, D.L. and Kotsubo, V., "Vibration Characterization and Control
of Miniature Strhing-cycle Cryecoolers for Space Application,” Adv. Cryvo. Engin..” Vol.
7B (1991). pp 1019-1027.

Kyden, K. A ., "The Space Technology Research Vehicle (STRV-1," Proc. Roy. Acro. Soc.
Conf. on Small Satellites, Cultham Laboratory, UK, January 24, 1991,

Courts, Scott, "INeutron and Gamma Radiation Effecis on Temperature Sensors," presented
at the 7th Internationa! ‘1emperature Syraposium, Toronw, Canada, Apnl 28-May 1, 1522.




