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ABSTRACT
A two stage temperature control algorithm has been demonstrated for the Raytheon Stirling/
pulse tube hybrid (RSP2) cryocooler. This algorithm adjusts the input power and Stirling displacer
phase command in order to independently control the temperatures of both cryocooler stages without
the addition of any trim heat. The ability to independently control the temperatures of the two stages
is a unique capability of Stirling/pulse tube hybrid cryocoolers to shift cooling capacity between
the stages through the adjustment of the Stirling displacer phase. The Raytheon Low Temperature
RSP2 (LT-RSP2) cryocooler was used to exercise the algorithm and demonstrate its performance
in several scenarios, including during cool-down and under changing load conditions at constant
1st and 2nd stage temperatures.
INTRODUCTION
A temperature control algorithm has been developed and demonstrated for the Raytheon Stirling/pulse tube hybrid (RSP2) two stage cryocooler. The algorithm is capable of independently
controlling temperature at both stages and adjusting to changing loads over the capacity range of
the RSP2 cryocoolers without the use of any trim heaters. This capability improves the overall
HI¿FLHQF\RIWKHFU\RFRROHULQDQLQWHJUDWHGFRQ¿JXUDWLRQDVWKHXVHRIWULPKHDWIRUWHPSHUDWXUH
FRQWUROLVGLUHFWO\WUDQVODWHGWRDQLQFUHDVHLQLQSXWSRZHUUHTXLUHG,WDOVRSURYLGHVÀH[LELOLW\WRERWK
LQVWUXPHQWGHVLJQHUVDQGXVHUVDQGLVXQLTXHWRWKH563DUFKLWHFWXUH7KHEHQH¿WVRIHI¿FLHQF\
DQGÀH[LELOLW\SD\GLYLGHQGVLQVHYHUDOGLIIHUHQWZD\VRYHUWKHPLVVLRQOLIHF\FOH
The typical design cycle for space-based instruments using active cryogenic cooling often
requires cryocooler selection during the preliminary design phase, at which point the exact instrument load requirements are still being determined. For instruments utilizing a single stage cooler,
this uncertainty is mitigated by requiring additional capacity margin from the cryocooler. When a
two stage cryocooler is needed, e.g. to simultaneously cool both a detector and optical bench, this
XQFHUWDLQW\EHFRPHVPRUHVLJQL¿FDQW5HTXLULQJDGGLWLRQDOFRROLQJFDSDFLW\DWERWKVWDJHVPD\
FDXVHWKHFU\RFRROHUWREHRYHUVL]HGIRUWKH¿QDODSSOLFDWLRQ$OVRPRVWWZRVWDJHFRROHUVKDYH
UHODWLYHO\FRQVWDQWUDWLRVRI¿UVWWRVHFRQGVWDJHFDSDFLW\DVLQSXWSRZHULVYDULHGWKXVDQ\FKDQJHV
WRWKHUDWLRRI¿UVWDQGVHFRQGVWDJHORDGUHTXLUHPHQWVZLOOIRUFHWKHXVHRIDKHDWHURQRQHRIWKH
stages if both temperatures must be controlled precisely. Stirling/pulse tube hybrid cryocoolers
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have a unique capability to shift load capacity between stages which, combined with the ability
to perform independent two stage temperature control. This capability allows the RSP2 coolers
WRVKDUHPDUJLQEHWZHHQWKHLUWZRVWDJHVDQGHI¿FLHQWO\DGMXVWWRWKH¿QDOORDGUHTXLUHPHQWUDWLR
An additional consideration in the instrument design phase is that program cost and schedule
FRQVWUDLQWVRIWHQSUHFOXGHWKHGHVLJQDQGTXDOL¿FDWLRQRIDQHZFU\RFRROHUIRUHDFKLQVWUXPHQW,W
then becomes desirable to re-use an existing cryocooler for temperatures and loads other than those
that it was initially optimized for. For a single stage cooler, this may be done by simply modulating
the input power, but for a two stage cryocooler this adaptation is generally more complex and may
UHTXLUHKDUGZDUHPRGL¿FDWLRQVRUWKHXVHRIWULPKHDWHUVLIERWKVWDJHWHPSHUDWXUHVPXVWEHFRQWUROOHG
SUHFLVHO\7KHORDGVKLIWLQJFDSDELOLW\RIWKH6WLUOLQJSXOVHWXEHK\EULGFRROHUVLJQL¿FDQWO\H[SDQGV
the operating range of temperatures and loads which can be achieved without making hardware
changes. In combination with the ability to independently control each stage temperature, which
HOLPLQDWHVWKHQHHGIRUWULPKHDWWKLVDOORZVWKH563FU\RFRROHUVWRRSHUDWHPRUHHI¿FLHQWO\DW
off-nominal loads and temperatures.
During the integration and test phase of a mission, thermal model predictions of instrument
load and temperature requirements are replaced with experimentally determined values. The actual cooling requirement which the cryocooler must meet often changes substantially at this point,
particularly if changes in the operating temperatures are needed to improve the overall instrument
performance. At this point, the combination of the load shifting and two stage independent temperature control capabilities of the RSP2 Stirling/pulse tube hybrid cryocoolers provides unique
ÀH[LELOLW\WRRSWLPL]HRYHUDOOLQVWUXPHQWSHUIRUPDQFHZKLOHVLPXOWDQHRXVO\PLQLPL]LQJWKHUHTXLUHG
cryocooler input power through the elimination of trim heat.
Finally, during operation on orbit the capabilities of load shifting and independently controlling
VWDJHWHPSHUDWXUHVGHOLYHUÀH[LELOLW\DQGFRQYHQLHQFHWRWKHLQVWUXPHQWRSHUDWRU7KH563WHPperature control algorithm is capable of maintaining temperature set points at both stages without
additional user input as heat rejection temperatures, parasitic loads, and instrument power dissipation vary. Also, as an instrument progresses towards its end of life it may experience performance
degradation, increased parasitic loads, or a reduction in available power. In these situations the
ability to shift load and independently control cryocooler stage temperatures may help to extend
WKHPLVVLRQOLIHWLPHE\DOORZLQJÀH[LELOLW\LQSULRULWL]LQJDYDLODEOHFRROLQJFDSDFLW\
BACKGROUND
Raytheon’s Stirling / Pulse Tube Hybrid 2-Stage (RSP2) cryocoolers have been matured through
an active development effort now spanning approximately 15 years [1,2]. They combine an actively
GULYHQ6WLUOLQJ¿UVWVWDJHZLWKDSDVVLYHSXOVHWXEHVHFRQGVWDJH7KHDUFKLWHFWXUHRIHDFK563
expander module is identical, the main differences being the size of the compressor module and the
size of the Stirling piston and the pulse tube on the expander. In this way, the RSP2 architecture can
be adapted to accommodate a wide variety of 1st and 2nd stage temperatures and load requirements.
Nominal design temperatures (1st stage / 2nd stage) for the RSP2 coolers have included 55 K / 10 K
for the LT-RSP2, 85 K / 35 K for the High Capacity (HC) RSP2, and 110 K / 58 K for the Mid&DSDFLW\ 0& 563(YHQZLWKWKHFRPSUHVVRUDQGH[SDQGHUVL]HV¿[HGKRZHYHUWKHUHUHPDLQV
DJUHDWGHDORIÀH[LELOLW\LQRSHUDWLQJWHPSHUDWXUHDQGORDGFDSDFLW\IRUHDFKRIWKH563FRROHUV
for example, the initial 60 K / 12 K testing at the beginning of the LT-RSP2 development effort was
performed using the HC-RSP2, nominally designed for 85 K / 35 K operation [3].
For a given set of operating temperatures, the RSP2 cryocoolers are able to produce a range of
cooling capacities at each stage. An example of this is shown in Figure 1, a load map for a producWLRQ/7563FU\RFRROHURSHUDWLQJDW.DQG.IRUWKH¿UVWDQGVHFRQGVWDJHWHPSHUDWXUHV
UHVSHFWLYHO\,QWKLV¿JXUHLWFDQEHVHHQWKDWIRUDJLYHQLQSXWSRZHUWKHUDWLRRI.DQG.
FDSDFLWLHVYDULHVVLJQL¿FDQWO\ZLWKWKH6WLUOLQJSKDVHDQJOH)RUH[DPSOHDW:RILQSXWSRZHU
the capacity can be varied from 4.4 W at 55 K and 0.2 W at 10 K to 2.2 W at 55 K and 0.36 W at
10 K by adjusting the Stirling phase angle from 85 degrees to 65 degrees. This was the tested range
of Stirling phase angles for this cooler and these temperatures, however both higher and lower
phases are possible and thus additional range in stage cooling capacities is possible as well. This
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Figure 1. Load map showing LT-RSP2 cooling capacity at 55 K and 10 K as a function of Stirling phase.

unique capability of Stirling / pulse tube hybrid cryocoolers to trade capacity between their stages
through variation of the Stirling phase angle is referred to as load shifting. For the RSP2 cryocoolers, it is implemented very easily through modulation of the displacer drive waveform produced
by the cryocooler electronics. This load shifting capability also provides the basic mechanism for
the independent two stage temperature control algorithm.
TWO STAGE TEMPERATURE CONTROL
)URP)LJXUHLWLVDSSDUHQWWKDWHDFKFRPELQDWLRQRI¿UVWDQGVHFRQGVWDJHORDGVLVPHWE\
a unique input power and Stirling phase angle. In its most basic form the two stage temperature
control algorithm can be thought of as automatically seeking this combination of input power and
SKDVHWKHUHE\¿QGLQJWKHPLQLPXPLQSXWSRZHUZKLFKFDQKROGWKHFRPELQDWLRQRIORDGV7KH
actual implementation is a little more complex, as any combination of loads and stage temperatures
within the cryocooler’s capacity envelope can be commanded and a unique combination of input
power and Stirling phase will be determined by the control algorithm. In a typical application the
ORDGVDUHQRWDFWXDOO\FRPPDQGHGUDWKHUWKH\DUHWKHVXPRIWKHLQVWUXPHQWSDUDVLWLFDQGGLVVLSDWLYH
loads. The desired stage temperatures are simply commanded to the temperature control algorithm
and the required input power and Stirling phase are determined.
Figure 2 shows a demonstration of the control algorithm’s response to step changes in applied
ORDGVRQHDFKVWDJHDQGWKHUHVXOWLQJFU\RFRROHUSHUIRUPDQFH7KHWRSFKDUWLQWKH¿JXUHVKRZVD
KLVWRU\RIWKH¿UVWDQGVHFRQGVWDJHORDGVZKLFKZHUHYDULHGGXULQJWKHWHVW7KHPLGGOHFKDUWVKRZV
the Stirling phase and compressor input power adjustments made by the algorithm in response to
the load changes.
$WWKHERWWRPWKHUHVXOWLQJ¿UVWDQGVHFRQGVWDJHWHPSHUDWXUHKLVWRULHVDUHVKRZQ7KHWHPSHUDWXUHVHWSRLQWVZHUH.DQG.IRUWKH¿UVWDQGVHFRQGVWDJHVUHVSHFWLYHO\'XULQJWKH
WHVWDVWHSFKDQJHLQWKH¿UVWVWDJHDSSOLHGORDGZDVPDGHIROORZHGE\DVWHSLQWKHVHFRQGVWDJH
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Figure 2. Demonstration of dual stage temperature control response to step functions in applied loads

ORDGDQG¿QDOO\DVLPXOWDQHRXVVWHSDWERWKVWDJHV7KHFRQWURODOJRULWKPUHVSRQGHGWRWKH¿UVWVWHS
by increasing both the input power and Stirling phase, consistent with the load map of Figure 1 which
VKRZHGWKDWDQLQFUHDVHLQSKDVHUHVXOWVLQDQLQFUHDVHLQ¿UVWVWDJHFDSDFLW\DQGDGHFUHDVHLQVHFRQG
stage capacity. Likewise, in response to the second load step which was on the second stage, the control
algorithm again increased the input power but decreased the phase angle. Finally, in response to the
simultaneous load step the input power increased and a smaller adjustment was made to the Stirling
phase angle. In each case the temperatures at both stages exhibited a brief transient response before
converging again to the commanded temperatures of 55 K and 10 K. Temperature stability outside
of the transient responses was well within the range of +/- 100 mK, a typical cryocooler temperature
stability requirement. The transient responses are exaggerated in this test compared to what would be
H[SHFWHGLQDQLQWHJUDWHGFRQ¿JXUDWLRQGXHWRERWKDODFNRIWKHUPDOPDVVDWWDFKHGWRHLWKHUVWDJH
which would greatly slow the temperature responses, and the generally unrealistic step changes in load.
A similar demonstration of controller performance in response to ramp changes in load is shown
LQ)LJXUH)LUVWWKH¿UVWVWDJHORDGLVUDPSHGIURP:WR:RYHUDPLQXWHSHULRGWKHQWKH
second stage load is ramped from 0.20 W to 0.42 W over a 10 minute interval. Again, temperature
setpoints were 55 K and 10 K. As was the case for the step inputs, the controller increased the input
SRZHUDQG6WLUOLQJSKDVHLQUHVSRQVHWRWKHLQFUHDVHG¿UVWVWDJHORDGWKHQLQFUHDVHGWKHSRZHUDQG
decreased the phase in response to the second stage load ramp. Temperature stability during controller adjustments was better for the load ramp inputs than it was for the step inputs, particularly for
WKH¿UVWORDGLQFUHDVHVRQWKH¿UVWVWDJH$JDLQWKHWHPSHUDWXUHÀXFWXDWLRQVVHHQLQWKHVHFRQWUROler demonstration tests are much larger than what would be expected for an integrated cryocooler
and instrument due to the additional thermal mass of the instrument. The applied load changes are
also greater in magnitude and occurring over a much shorter period of time than is typical for a
cryocooler and instrument in an operational environment.
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Figure 3. Demonstration of dual stage temperature control response to ramp functions in applied loads

The developed dual stage temperature control algorithm is capable of driving the RSP2 cryoFRROHUVWRDFRPPDQGHGVHWRI¿UVWDQGVHFRQGVWDJHWHPSHUDWXUHVIURPDQ\VWDUWLQJFRQGLWLRQWKH
cryocooler does not need to be operating at or near the commanded temperatures before the controller can be utilized. A demonstration of this capability is given in Figure 4, which shows cooldown
data for the LT-RSP2 cryocooler from an ambient (295 K) power off condition to 55 K and 8 K set
SRLQWVRQWKH¿UVWDQGVHFRQGVWDJHV7KHFRQWUROOHUEHJLQVE\LQFUHDVLQJWKHLQSXWSRZHUXQWLOLW
reaches its stroke limit while simultaneously shifting the Stirling phase from its starting point of
70 degrees to its nominal upper limit of 85 degrees.
7KHSUHIHUHQFHIRUKLJKHUSKDVHDQJOHVDQGWKXVLQFUHDVHG¿UVWVWDJHFRROLQJGXULQJFRROGRZQ
VWHPVIURPWKHODUJHUWKHUPDOPDVVRIWKH¿UVWVWDJHZKLFKW\SLFDOO\GULYHVWKHFRROGRZQWLPH
RIWKH563FU\RFRROHUV)URPWKH¿JXUHLWFDQEHVHHQWKDWDVWKHst and 2nd stage temperatures
approach their set points, the input power is reduced along with the Stirling phase until the input
power and phase required to maintain the desired stage temperatures are determined. No trim heat
was added during this test and no user inputs were made except for the initial input of the desired
temperature set points.
CONCLUSIONS
A dual stage temperature control algorithm has been demonstrated for the Raytheon Stirling
pulse tube hybrid two stage (RSP2) cryocoolers which is capable of independently controlling
the temperature at each stage without the addition of any trim heat. The control algorithm utilizes
WKHXQLTXHFDSDELOLW\RI6WLUOLQJSXOVHWXEHFU\RFRROHUVWRDOWHUWKHLUUDWLRRI¿UVWWRVHFRQGVWDJH
cooling capacities by variation of the Stirling phase angle. The controller seeks the unique combination of phase angle and input power which exactly holds the applied loads at a commanded set of
WHPSHUDWXUHVE\GRLQJVRLWDOVRPLQLPL]HVWKHLQSXWSRZHUUHTXLUHGWRPDLQWDLQWKHWHPSHUDWXUH
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Figure 4. Demonstration of dual stage temperature control during cooldown from 295 K to 55 K / 8 K
¿UVWVHFRQGVWDJHWHPSHUDWXUHV

setpoints. The capability to independently adjust the cooling capacity at both stages provided by
WKH563FU\RFRROHUVDQGWKHGXDOVWDJHWHPSHUDWXUHFRQWURODOJRULWKPSURYLGHVYDOXDEOHÀH[LELOLW\
at every stage of a typical instrument design and mission cycle, from the preliminary design phase
to end of life operation.
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