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TEMPERATURE CONTROL OF MULTI-STAGE CRYOCOOLER
WITH LOAD SHIFTING CAPABILITIES

TECHNICAL IFIELD

[0002] This disclosure is directed generally to cryocoolers. More particularly, this
disclosure is directed to temperature control of a multi-stage cryocooler with load

shifting capabilities.

BACKGROUND
[0003] A cryocooler is a thermal management device configured to extract heat
from an object and, in doing so, cool the object to cryogenic temperatures. Many
cryocoolers are designed to provide cooling to temperatures ranging from about 1.7K
to about 300 K (about —456°F to about 80°F). Cryocoolers can be used in many
applications, including infrared detectors, space applications, space infrared sensor

systems, and so forth.
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SUMMARY

{3084} This disclosure provides temperature control of a multi-stage cryocooler with oad
shifting capabilities.

{8005] In a first cmbodiment, an apparatus includes a temperature control system
configured to regulate temperatures of multiple stages of a multi-stage cryocooler. The
temperature conirol system ncludes an input imterface configured to receive (1) teraperature
setpoints for the stages of the nulti-stage cryocooler and (ii) temperature information
corresponding o temperatures measured at the stages of the multi-stage cryocnoler. The
temperature control system also includes processing circuitry configured to determine
emperature errors and calculate at least one of a compressor stroke error and a pressure-
vofume phase error. The temperature control system further inciudes at least one controller
configured to adjust at least one of a compressor setting and a pressure-volume phase of the
multi-stage cryocooler.

{0006 In a sccond cmbodiment, a system includes 8 multi-stage cryocooler having
multiple stages and a temperature control system configured to regulate temperatures of the
multiple stages of the mulii-stage cryocooler. The temperature control system includes an
input interface configured to receive (1) fomperature setpoints for the stages of the yulti-stage
cryocooler and (i1} temperature information corresponding to temperatures measured at the
stages of the multi-stage cryocooler. The temperature control system also includes processing
circuitry configured to determine temperature orrors and calculate at Jeast one of a compressor
stroke error and a pressure-volume phase error. The temperature conirol system further
inchudes at least one controller configured to adjust at least one of 2 compressor setting and a
pressure-volume phase of the multi-stage cryocooler,

{B087) In a third embodiment, a method includes cooling an object using a mulii-stage
cryocooler having multiple stages and regulating # temperature of each stage of the multi-
stage cryocooler. Regulating the temperature of each stage includes receiving (i) temperature
sctpoints for the stages of the multi-stage cryocooler and (1) temperature information
corresponding 1o temperatures moasured at the stages of the multi-stage cryocooler.
Regulating the temperature of each stage also inchudes determining temperature errors using
the temperature setpoints and the temperature information and calculating at least one of a
comprossor stroke crror and a pressure-volume phase orror using the temperature orrors.
Regulating the temperature of cach stage further includes adjusting at least one of a
compressor setting and a pressure~volume phase of the multi-stage cryocooler using at Jeast

one of the compressor stroke ervor and the pressure-volume phase error.
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{BOO8] Other technical features may be readily apparent to one skilled in the art from the

following figures, descriptions, and claims.
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BRIEF DESCRIPTION OF THE DRAWINGS

(&3]

{3089} For a more complete understanding of this disclosure, refereunce s now made to
the following description, faken in corjunction with the accorpanying drawings, in whiche

{8018] FIGURE 1 illustrates an example eryocooler according to this disclosure;

{8011} FIGURE 2 illustrates an cxample system including a temperature control system

10 and a cryocooler according to this disclosure;
{60121 FIGURE 3 illustrates an example temperature controf systern for 3 multi-stage
cryocooler according to this disclosure;
{3013} FIGURE 4 illustrates an example process for controlling a temperature in a multi-
stage cryvocooler according to this disclosure;
i5 {6014} FIGURE 3 illustrates an example load map for controlling a temperature in 2
multi-stage cryocooler according to this disclosure; and
{8815] FIGURE 6 illustrates an example computer that may be used for controlling a

temperature in 8 multi-stage cryocooler according to this disclosure.
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DETAILED DESCRIPTION

{08167 FIGURES | through 6, described below, and the various embodiments used to
describe the principles of the present invention in this patent document are by way of
illusiration only and should not be construed in any way to limit the scope of the invention.
Those skilled 1 the art will understand that the principles of the present invention may be
tmiplemented in any type of suitably arranged device or system.

{0017}  Various types of cryvocoolers have been designed and used in a2 number of
different applications. For example, in a hybrid Stirling-Pulse Tube multi-stage cryocoster,
the control inputs available {compressor stroke and pressure-volume phase) do not adjust a
heat Lift on the individual stages independently. The pressure volume {PV) phase is the phase
of the thermodynamic process in the expander. One of the control inputs is compressor power

and the other s an adjustment of the phase relationship between the Pressore and Volume

waveforms in the expander. For example, the pressure-volume phase can be & displacer phase.

multi-stage cryocooler would be better served if the temperature of both stages could be
controlled independently, which can invelve decoupling the effects of the control variables
{such as the compressor stroke and the pressure-volume phase) on the individual stages. One
benefit of independent control of the heat Hft at cach stage is to decrease the temperature
settling time associated with heat load changes at a single stage.

[0618]  Ths disclosure provides a control system configured to regulate a temperature
for cach stage of a wmulti-stage cryocooler. Certain embodiments provide a rouli-stage
cryocooler with boad shifting capabilities, which offers the potential for adjustment of the heat
tift at cach stage of the cryocooler. Certain embodiments are also configured to independently
regulate the stages of a mulii-stage crvocooler such that the termperatares of the stages can be
independently controlled. Certain embodiments further support decoupling the effects of
control variables (such as compressor stroke and pressure-volume phase) on the individual
stages. In addition, certain embodiments provide a system and method for independent control
of the heat lift at cach stage to decrease the temperature scitling time associatod with heat load
changes at a single stage. Further, certain embodiments independently control the
ternperatures/heat lifis at each cryocooler stage of a multi-stage eryocooler with load shifting

capahilities by simultancously adjusting multiple cryocoeoler operational parameter inputs
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{compressor power, pressure-vohume phase, and the like). Certain embodiments controi the
PV phase by adjusting the displacement cvlinder phase; however, other embodiments could
use difterent methods to conirol that PV phase. Embodiments of the present disclosure
describe a displacement phase to tllustrate the PV phase. Although the term displacement
phase 1s uiilized herein below, embodiments utilizing 4 pressure-volume phase apply equally
without departing from the scope of the present disclosure.

i8019] FIGURE 1 illustrates an example cryocooler 100 according to this disclosure.
Although certain details will be provided with reference to the components of the cryocooler
160 of FIGURE I, # should be understood that other embodiments may include more, less, or
different componenis,

{8020]  The cryocooler 100 of FIGURE 1 is a thormal management device contigured
to exiract heat from an object by compressing and expanding a working gas {such as heliwrg,
hydrogen, air, or the Dike) in a thermodynamic cycle. The cryocooler 100 operates in this
manner to oxtract heat from an objoct and, in doing so, cool the objoct to cryogenic
temperatures, such as 1o below 130 K. In some embodiments, the cryocooler 104 is designed
o provide cooling fo temperatures ranging from about 1.7 K to about 300 K (about —456°F to
about 80°F). In particular embodiments, the cryocooler 100 15 a Stirling cycle cryocooler
configured to progress through successive steps of isothermal compression, 1sochoric cooling,
isothermal expansion, and isochone heating. The crvocooler 100 can be contigured for use in
many applications, including infrared deteciors, space applications, space infrared sepsor
systems, and so forth.

[0628]  As shown in FIGURE 1, the crvocooler 184 includes a compressor 105 and a
displacer 110 sealed inside a housing. The compressor 195 inchides two compressor piston
115 cach individually coupled to a respective compressor motor 120. The compressor motors
120 are configured to apply 2 force 1o the respective compressor pistons 115 in order fo cause
the compressor pistons 115 to move back and forth. The compressor motors 120 represent any
suttable type of motor, such as an cloctrical motor, a mechanical motor, an clectromechanical
maotor, of a computer-driven motor,

{00227 The displacer 110 includes a displacer cylinder 125 coupled to a displacer
motor 130, The displacer motor 130 moves the displacer cylinder 125 back and forth at the
same frequency as the compressor piston 115, The displacer motor 130 represents any
suitable type of motor, such as an clectrical motor, 3 mechanical motor, an clectromechanical
motor, or a computer-driven motor. A regenerator 133 is conpled to the displacer oylinder 125

and moves with the displacer cvlinder 125, A seal 140 is coupled between the displacer
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cviinder 125 and the compressor pistons 113,

{80231 FIGURE 2 illustrates an example system 200 including a teroperatare control
systern (TCS) 205 and a eryocooler 210 according to this disclosure. The cryocooler 210 can
represeni a multi-stage cryocooler with load shifting capabilities, and the TCS 205 can
mdependently regnlate the stages of the multi-stage cryvocooler 2180 such that the teraperature
of the stages are independently controlled. Although certain details will be provided with
reference to the components of the system 200 of FIGURE 2, it should be understood that
other embodiments may inclode more, less, or different components.

{80247 As shown in FIGURE 2, the system 200 includes the TCS 208, the cryvocooler
210, a compressor stroke controller (CSC) 215, and a displacer phase controller (DPC) 220.
The cryocooler 219 could represent the cryocooler 100 of FIGURE 1 or any other suitable
cryocooler,

{30251 The TCS 205 18 coupled to the cryocooler 210 via a number of sensors 230a-
230b, the CSC 215, and the DPC 220, The TCS 205 receives tomperature information
regarding different stages via respective sensors 2303-230b. The TCS 205 controls one or
more stages of the cryocooler 210 via one or more of the C5C 215 and the DPC 220, In
response to receiving the temperature information from the sensors 230a-230b, the TCS 203
is configured to independently control a temperature of cach stage of the cryocooler 210, For
example, the TCS 205 can independently control a heat 5ift at each stage, decreasing the
temperature seitling time assoctated with heat load changes at a single siage.

{8026]  The sensors 2303-230b are configured to measure temperatures of respective
stages of the cryocooler 21{. For example, a first temperature sensor 230a can be configired
1o measure a temperatyre of 8 first stage of the oryocooler 210, and a second temperature
sensor 230b can be configured to roeasure 4 teroperature of a second stage of the cryocooler
210. In the example shown in FIGURE 2, the cryocooler 210 includes two stages, although
other embodiments with more stages could be used. The temperatare information from the
sensors  230a-230b could represent measurements of actual toruporatures, teraporature
differentials, or other temperature measurements. A temperature differential can represent &
temperature error, such as a difference between a preferred or ideal temperature and a
measured termperature or a8 difference between a measure temperature and a higher or lower
tomperature value in a range of preferred or ideal tomperatures. In some cmbodiments, the
temperature information includes an indication of whether the temperature is higher or lower

than a preferred temperature or preferred temperature range.
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{80271 The TCS 205 s configured to mdependently control & temperature of cach
stage of the cryvocooler 210 via a respective one of the CSC 218 and the DPC 228, The CSC
215 is coofigured to control a compressor stroke setting of the cornpressor 108 in the
cryococler 210, while the DIPC 228 is configured to control a displacement phase of the
displacement cylinder 125 in the displacer 110 of the crvocooler 210.

{B0Z8]  In respouse to receiving the temperature mformaton from the sensors 2304
230b, the TCS 205 can determine a teruperature error with regard to one or more stages of the
cryocooler 210, Using this information, the TCS 205 can then compute a compressor stroke
error or displacement phase error. That s, the TCS 205 can compute an arsount o adjust a
omperature of the corpressor, the displacement coylinder, or both, The TCS 208 can
command the CSC 215 to adjust the cornpressor stroke of the compressor 185, or the TCS
2035 can coromand the DPC 220 to adjust a displacernent phase of the displacement cylinder
125, Adduionally, the TCS 203 can command that adjustroents be made by both the CSC 218
and the 2PC 220,

{86291 FIC

S d

URE 3 illustrates an example temperature control system (TCS) 300 for a
multi-stage cryocooler 310 according to this disclosure. The TCS 300 provides the multi-stage
cryocooier 310 with load shifiing capabilities and indopendently regulates the stages of the
cryocooler 310 such that the temperatures of the stages can be independently controfled.
Although certain details will be provided with reference (o the components of the TCS 300
and crvocooler 310 of FIGURE 3, it should be understood that other erobodiroents reay
inchide more, less, or different components.

j0630]  The TCS 300 here includes a temperature controller 305, a compressor stroke
setpoint controller (CSSPCY 315, a displacer phase setpoint controller (DPSPC) 326, a CSC
323, and a DPC 330, The temperature controller 303 includes processing circuitry configured
to independently regulate the stages of the cryocooler 310, such as to independently control
the heat Hift at each stage i order to decrease the temperature settling time associated with
heat load changes at a single stage. The temoperature controller 303 decouples the effects of
control variables (such as compressor stroke and displacer phase) on the individual stages. For
example, the temperature controller 305 can receive one or more temperature setpoints 3335-
344 corresponding to the respective stages of the crvocooler 310, sach as from 8 user via an
operator interface nchiding a display, a2 touchscreen, an audio nput, or othor mput/output
device(s). The setpoints 335-340 can be stored in an internal memory of the temperature

controller 303,
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{80381 The temperature controlier 305 is coupled to the cryocooler 310 via a number
of sensors, the CSSPC 3135, the CSC 325, the DPSPC 320, and the DPC 330. The temperature
controller 305 can receive temperature information regarding a cryocooler stage vis a
respective sensor. Various sensors can be configured to measure temperatures of respective
stages of the crvocooler 310, Tn the oxample shown in FIGURE 3, the cryococler 310 mcludes
two stages, although crobodiments with roore stages could be used. Again, the teraperature
information could represent measurements of actual temperatures, teraperature differentials,
or other temperature measurements,

{80321 In some cmbodiments, the femperature controller 385 inchides or is coupled to
a number of comparators configured to compare a measured temperature with a temperature
setpoint. For example, a first comparator 345 receives and compares the measured
ternperature of the first stage of the eryocooier 310 with the temperature setpoint 335, and a
second comparator 350 receives and compares the measured tomperature of the second stage
of the crvocooler 310 with the tomperature setpoint 340, The comparators 345-350 compute
temperature differentials or temperature errors for the stages of the cryogooler 310 based on
the result of the comparisons. The temperature errvors calculated by the comparators 345-350
are provided to the temperature controller 3045,

{30331  In response to receciving the temperature information, the temperature
controller 303 generates a Decoupler/Sensitivity matrix. The Decoupler/Sensitivity matrix is
calculated as the inverse of the measured lnearized respovse data roeasured from the
cryocooler 310, The temperature controller 305 applics the temperature information to the
Decoupler/Sensitivity matrix to calculate a compressor stroke ervor and a displacement phase
ervor. For example, the terperature controller 303 can apply & temperature differential or
temperature error 10 the Decoupler/Sensitivity matrix 1o compute an amount to chaoge a
compressor stroke {compressor stroke error) and an amount to change a displacement phase
{displacement phase error) for cach stage. In addition, the Decoupler/Sensitivity matrix can be
a function of operating condition. For example, the decoupler matrix can cqual A when
controlling at 55K and 10K but will equal B when controlling at 85K and 30K and that can be
stored or measured as a set of load maps.

{80341 The temperature controller 303 controls one or more stages of the cryocooler
310 via one or more of the CSC 325 and the DPC 330, The temperature countroller 305
provides the compressor stroke error to the CSSPC 315, which calculates a new compressor
stroke setpoint. The temperature controller 305 also provides the displacement phase error o

the DPSPC 320, which calculates a new displacement phase seipoint. For example, the
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DPSPC 320 can be configured to receive a pressure-volume (displacement} phasc measured at
the cryocooler 310 and the pressure-volume {(displacement) phase error, the DPSPC 320
configured to cause the DPC 330 to adjust a phase relationship between a pressure waveform
and a volume waveform in the pressure-volume {displacement) phase of the cryoceoler 310,

{0351 A third comparator 355 veceives and compares the new compressor stroke
setpoint from the CSSPC 315 and a compressor stroke measured at the compressor of the
cryocooler 310. A fourth comparator 360 receives and compares the new displacement phase
setpoint from the DSSPC 320 and a displacement phase measured at the displacement
cvlinder of the crvocooler 310. In some embodiments, the third comparator 355 is part of the
CRC 325, and the fourth comparator 360 15 part of the DPC 330,

{8036]  The CSC 325 determines an amount to adjust the compressor stroke of the
cryocooler 310 based on the comparison of the new compressor stroke setpoint and the
measured compressor stroke. The CSC 325 then adjusts the compressor stroke of the
compressor of the cryocooler 310 by the determined amount. The DPC 330 determines an
amount to adiust the displacement phase of the cryocooler 31( based on the comparison of the
new displacement phase setpoint and the measured displacement phase. The DPC 330 then
adjusts the displacement phase of the displacement cylinder n the cryocooler 310 by the
determined amount by adjusting the phase relationship between the pressure waveform and
the volume waveform in the crvocooler 310, Accordingly, in response 1o receiving the
temperature information regavding the cryocooler 310, the temperature countroller 308 is
configured to independently control a temperature of each stage of the cryocoosler 310,

{80371 FIGURE 4 iilustrates an example process 400 for controlling a temperature in
a multi-stage cryocooler according to this disclosure. The scenario shown in FIGURE 4
corresponds o a multi-stage cryocooler with two stages, alithough more stages could be used.
The process 400 shown in FIGURE 4 may be utilized with components described in one or
more of FIGURES 1 through 3 or with other components.

{B038T At stop 405, a tomperature confroller receives  tomporature  sctpoints
corresponding to respective stages of a multi-stage cryocooler. In some embodiments, one or
more setpoints, such as temperatare setpoints, are stored in an internal memory of the

temperature controller.
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[0839] At step 410, one or more sensors measure tomperatures of respoctive stages of
the cryocooler. The sensors provide the measured temperatures as part of temperanire
information to the teraperature controller. Tn some embodiments, the measured temperatures
are provided to one or more comparators configured to compare the measured temperatures to
the corresponding setpoints,

{80401 A tomperature ervor s caleulated per stage at step 415, At step 420, the
temperature controfler generates 3 Decoupler/Sensitivity matrix. The Decoupler/Sensitivity
matrix is the inverse of the measured linearized data response of the multi-stage cryocooler. In
some embodiments, the Decoupler/Sensitivity matrix 18 pre-stored i a memory of the
emperature controller.

{8048] The temperature controller applies the temperature errors to  the
Decoupler/Sensitivity matri to caleulate a compressor stroke ervor and a displacement phase
error at step 425, At step 430, the CSC and DPC adjust the compressor sefting and
displacement cylinder phase. One or more sensors ¢an measure the compressor sctting, the
displacement cylinder phase, or both. The sensors can provide the measured compressor
setting, the displacement cylinder phase, or both to the CSC and DPC. In some embodirents,
the measured compressor setting and displacement cylinder phase are provided to one or more
comparators configured to compare the measured compressor sething and displacement
cyhinder phase to corresponding setpoints to calculate an amount to adjust the compressor
setfing and an amount to adjust the displacement cylinder phase. The CSC and DPC use the
calculated amounts to adjust the compressor setting and the displacement cylinder phase. For
example, the DPC can be configared o receive a pressure-volume (displacement) phase
measured at the cryocooler and the pressure-volume (displacement) phase error, adjust a
phase relationship between a pressure waveform and a volume waveform fo the pressure-
volume {displacement) phase of the cryocooler.

{80421  FIGURE § illustrates an example load map 500 for controlling a temperature
in a multi-stage cryocooler according to this disclosure. The load map 500 shown in
FIGURE § corresponds to a multi-stage crvocooler with two stages, although more stages or
different temperature ranges could be used. This load map 500 may be utilized with
components described in one or more of FIGURES 1 through 3 or with other components.

{30431  The cxample load map 500 corresponds to mucasurements taken of a mult-
stage cryocooler as a performance metric, namely response data. To obtain the load map 500,
all inputs to the eryocooler are maintained coustant except for one: either the Stisling phase

angle or the compressor input power is varied. A first serics of lines 503 indicates the
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response of heat lifts at cach stage due to changes in phase angle at constant compressor
powers, A second series of lines 510 depicts the response of heat lifts at cach stage due to
changes in compressor power with constant phase angle. The respounse of ove control juput to
all outputs is fairly linear, so the load map 500 ifhustrates how a change in one input affects all
outputs n the system,

{0044] FIGUKE o6 illustrates apn ecxample computer 600 that may be used for
controlling g temperature in a mulii-stage crvocooler according to this disclosure. As shown
in FIGURE 6, the device 600 includes a bus system 602, which supports communication
between at least one processing device 604, at least one storage device 636, at least one
communications unit 602, and at least one input/output (/0 umit 610,

{00451  The processing device 604 execuies instructions that may be loaded into a
memory 612, The processing device 604 may include any suitable nurmber(s) and type(s) of
processors or other devices in any suitable arrangement. Example types of processing devices
604 include microprocessors, microcontroblers, digital signal processors, ficld programmable
oate arrays, application specific integrated circuits, and discrete circuitry.

{80461  The memory 612 and s persistent storage 614 are examples of storage devices
606, which represent any siructure(s) capable of storing and facilitating retrieval of
information (such as data, program code, and/or other suitable information on & temporary or
permanent basis). The memory 612 may represent a random access memory or any other
suitable volatile or non-volatile storage device(s). The persistent storage 614 may contain one
or more components or devices supporting longer-term storage of data, such as a ready only
memory, hard drive, Flash memory, or optical disc.

1064717  The commumications umit 608 supports communications with other sysiems or
devices. For exarople, the conununications unit 608 could include a network interface card
that facilitates communications over at least one Fthernet network. The communications unit
608 could alse include a wireless transcetver facilitaling conwnunications over at least one
wireless network, The communications unit 608 may support communications through any
suitable physical or wireless comnmnication link(s).

[0048]  The VO unit 610 allows for input and output of data. For example, the VO unit
610 may provide a connection for user input through a keyboard, mouse, keypad, touchscreen,
or other suttable input device. The /0 vott 610 may also send output to a display, printer, or

other suitable output device.



(&3]

10

25

30

CA 02949375 2016-11-16

WO 2016/025065 PCT/US2015/035362

13

10049  Although FIGURES 1 through ¢ ilustrate example cryocoolers and
temperature control Systems, various changes may be made to FIGURES 1 through 6. For
example, 1t will be understood that well-known processes have not been described in detail
and have been omitted for brevity. Although specific steps, structures and materials may have
been described, this disclosure may not be himited to these specifics, and others may be
substituted as it is well undersicod by those skilled in the art, and variocus steps may not
necessarily be performed in the sequences shown., Moreover, any suitable multi-stage
crvocooler could be used with the temperature conirol systems described above. In addition,
the functional divisions shown in the temperature control systems are for illustration only, and
various components conld be comsbined, further subdivided, omitted, rearranged, or added
according to particular needs.

{80581  In some embodiments, varous functions described above are broplemented or
supported by a computer program that is formed from compuier readable program code and
that 15 cobodicd i a computer readable medimm. The phrase “cormputer readable program
code” includes any type of computer code, including source code, object code, and executable
code. The phrase “computer readable medinm” includes any type of medivm capable of being
accessed by a computer, such as read only memory (ROM), random access memaory (RAM), a
hard disk drive, a compact disc (CD), a digital video disc (DVD), or any other type of
memory., A “nop-transitory” computer readable medium exchudes wired, wireless, optical, or
other commuuication links that travsport transitory electrical or other sigunals. A non-
transitory computer readable medium includes media where data can be permanently stored
and media where data can be stored and later overwritten, such as a rewritable optical disc or
an crasable memory device.

[8658] 1t may be advantageous to set forth definitions of certain words and phrases
used throughout this patent docurent. The terms “application” and “program” refer to one or
more computer programs, software components, sets of instructions, procedures, functions,
objects, classes, instances, related data, or a portion thereof adapted for implementation in a
suitable computer code (inchuding source code, obiect code, or executable code). The term
“communicate,” as well as derivatives thereof, encompasses both direct and indirect
commumication. The terms “include” and “comprise,” as well as denivatives thereof, mean
inchision without limutation. The term “or” 18 incluosive, rocaning and/or. The phrase
“associated with,” as well as derivatives thereof, may mean to include, be included within,
interconnect with, contain, be contained within, connect to or with, couple o or with, be

communicable with, cooperate with, interleave, juxtapose, be proximate to, be hound o or
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with, have, have a property of, have a relationship to or with, or the likce. The phrase “at least
ong of,” when used with a list of tems, means that different combinations of one or more of
the Histed items may be used, and only one e in the Ust may be needed. For example, “at
least one of: A, B, and C” includes any of the following combinations: A, B, C, Aand B, A
and C,Band C,and A and B and C.

{80521 While this disclosure has described cortain embodiments and  generally
associated methods, alterations and perowutations of these embodiments and methods will be
apparent to those skilled in the art. Accordingly, the above description of example
embodiments docs not define or constrain this disclosure. Other changes, substitutions, and
alierations are also possible without departing from the spirit and scope of this disclosure, as
defined by the following claims.

{8853] To aid the Patent Office and any readers of any patent issued on this
application in interpreting the claims appended bereto, the applicants wish 1o note that they do
not intend any of the appended claims or claim clements to invoke paragraph 6 of 35 U.S.C
Section 112 as it exists on the date of filing hereof unless the words “means for” or “step for”

are explicitly used in the particular claim.
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CLAIMS

1. An apparatus comprising:

a temperature control system configured to independently regulate a temperature of each
of multiple stages of a multi-stage cryocooler, the temperature control system comprising:

an input interface configured to receive (i) a temperature setpoint for each of the multiple
stages of the multi-stage cryocooler and (ii) temperature information corresponding to a
temperature measured at each of the multiple stages of the multi-stage cryocooler; and

at least one processor comprising circuitry, and configured to:

determine temperature errors based on the temperature setpoint for each of the multiple
stages and the temperature information and calculate, for each of the multiple stages of the multi-
stage cryocooler, at least one of a compressor stroke error and a pressure-volume phase error,
based on the temperature errors; and

adjust at least onc of a compressor setting and a pressure-volume phase of the multi-stage
cryocooler based on at least one of the compressor stroke error and the pressure-volume phase

€rror.

2. The apparatus of claim 1, further comprising:
multiple sensors configured to measure the temperature of each of the multiple stages and

provide the temperature information.

3. Theapparatus of claim 1, wherein the temperature information comprises at least one of a
temperature differential, a value representative of the temperature differential, an actual
temperature, a value representative of the actual temperature, an indication of whether the
temperature is higher or lower than a preferred temperature, and an indication of whether the

temperature is higher or lower than a preferred temperature range.
4. The apparatus of claim 1, wherein the at least one processor is configured to calculate the

compressor stroke error and the pressure-volume phase error by applying the determined

temperature errors to a Decoupler/Sensitivity matrix.

CA 2949375 2020-01-20
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5. The apparatus of claim 4, wherein the at least one processor is configured to generate the
Decoupler/Sensitivity matrix as an inverse of measured linearized response data from the multi-

stage cryocooler.

6. The apparatus of claim 1, wherein the at least one processor is configured to receive the
compressor setting measured at the multi-stage cryocooler and, using the compressor stroke

error, adjust the compressor setting of the multi-stage cryocooler.

7. The apparatus of claim 1, wherein the at least one processor is configured to receive the
pressure-volume phase measured at the multi-stage cryocooler and, using the pressure-volume
phase error, adjust a phase relationship between a pressure waveform and a volume waveform in

the pressure-volume phase of the multi-stage cryocooler.

8. A system comprising:

a multi-stage cryocooler comprising multiple stages; and

a temperature control system configured to independently regulate a temperature of each
of the multiple stages of the multi-stage cryocooler, the temperature control system comprising:

an input interface configured to receive (1) a temperature setpoint for each of the

multiple stages of the multi-stage cryocooler and (i1) temperature information

corresponding to a temperature measured at each of the multiple stages of the multi-stage

cryocooler; and

at least one processor comprising circuitry, and configured to:

determine temperature errors based on the temperature setpoint for each of the multiple
stages and the temperature information and calculate, for cach of the multiple stages of the multi-
stage cryocooler, at least one of a compressor stroke error and a pressure-volume phase error
based on the temperature errors; and

adjust at least one of a compressor setting and a pressure-volume phase of the multi-stage
cryocooler based on at least one of the compressor stroke error and the pressure-volume phase

crror.

CA 2949375 2020-01-20
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9. The system of claim 8, further comprising:
multiple sensors configured to measure the temperature of each of the multiple stages and

provide the temperature information.

10.  The system of claim 8, wherein the temperature information comprises at least one of a
temperature differential, a value representative of the temperature differential, an actual
temperature, a value representative of the actual temperature, an indication of whether the
temperature is higher or lower than a preferred temperature, and an indication of whether the

temperature is higher or lower than a preferred temperature range.

11. The system of claim 8, wherein the at least one processor is configured to calculate the
compressor stroke error and the pressure-volume phase error by applying the determined

temperature errors to a Decoupler/Sensitivity matrix.

12. The system of claim 11, wherein the at least one processor is configured to generate the
Decoupler/Sensitivity matrix as an inverse of measured linearized response data from the muiti-

stage cryocooler.

13. The system of claim 8, wherein the at least one processor is configured to receive the
compressor setting measured at the multi-stage cryocooler and, using the compressor stroke

error, adjust the compressor setting of the multi-stage cryocooler.

14.  The system of claim 8, wherein the at least one processor is configured to receive the
pressure-volume phase measured at the multi-stage cryocooler and, using the pressure-volume
phase error, adjust a phase relationship between a pressure waveform and a volume waveform in

the pressure-volume phase of the multi-stage cryocooler.

15. A method comprising:
cooling an object using a multi-stage cryocooler comprising multiple stages; and
independently regulating a temperature of each of the multiple stages of the multi-stage

cryocooler by:

CA 2949375 2020-01-20
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receiving (i) a temperature setpoint for each of the multiple stages of the multi-
stage cryocooler and (ii) temperature information corresponding to a temperature
measured at each of the multiple stages of the multi-stage cryocooler;

determining temperature errors using the temperature setpoint for each of the
multiple stages and the temperature information;

calculating, for each of the multiple stages of the multi-stage cryocooler, at least
one of a compressor stroke error and a pressure-volume phase error using the temperature
errors; and _

adjusting at least one of a compressor setting and a pressure-volume phase of the
multi-stage cryocooler using at least one of the compressor stroke error and the pressure-

volume phase error.

16.  The method of claim 15, further comprising: measuring the temperature of each of the

multiple stages of the multi-stage cryocooler using multiple sensors.

17.  The method of claim 15, wherein the temperature information comprises at least one of a
temperature differential, a value representative of the temperature differential, an actual
temperature, a value representative of the actual temperature, an indication of whether the
temperature is higher or lower than a preferred temperature, and an indication of whether the

temperature is higher or lower than a preferred temperature range.

18.  The method of claim 15, wherein calculating at least one of the compressor stroke error
and the pressure-volume phase error comprises:

applying the temperature errors to a Decoupler/Sensitivity matrix.
19. The method of claim 18, further comprising:

generating the Decoupler/Sensitivity matrix as an inverse of measured linearized

response data from the multi-stage cryocooler.

CA 2949375 2020-01-20
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20. A method comprising:
cooling an object using a multi-stage cryocooler comprising multiple stages; and
independently regulating a temperature of each of the multiple stages of the multi-stage
cryocooler by:
receiving (i) a temperature setpoint for each of the multiple stages of the multi-
stage cryocooler and (ii) temperature information corresponding to a temperature
measured at each of the multiple stages of the multi-stage cryocooler;
determining temperature errors using the temperature setpoint for each of the
multiple stages and the temperature information;
calculating a compressor stroke error and a pressure-volume phase error using the
temperature errors; and
adjusting a compressor setting and a pressure-volume phase of the multi-stage
cryocooler using the compressor stroke error and the pressure-volume phase error by:
receiving the compressor setting measured at the multi-stage cryocooler
and the compressor stroke error;
adjusting the compressor setting of the multi-stage cryocooler;
receiving the pressure-volume phase measured at the multi-stage
cryocooler and the pressure-volume phase error; and
adjusting a phase relationship between a pressure waveform and a volume

waveform in the pressure-volume phase of the multi-stage cryocooler.

21.  An apparatus comprising:
a temperature control system configured to regulate temperatures of multiple stages of a
multi-stage cryocooler, the temperature control system comprising:
an input interface configured to receive (i) temperature setpoints for at least two
of the stages of the multi-stage cryocooler and (ii) temperature information corresponding
to temperatures measured at the at least two of the stages of the multi-stage cryocooler;
processing circuitry configured to determine temperature errors for the at least
two of the stages using the temperature setpoints and the temperature information, and to
calculate for each of the at least two of the stages at least one of a compressor stroke error

and a pressure-volume phase error, using the temperature errors; and

CA 2949375 2020-01-20
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at least one controller configured to adjust at least one of a compressor setting and
a pressure-volume phase of the multi-stage cryocooler for each of these stages, to regulate
the temperatures of these stages independently, using at least one of the compressor

stroke error and the pressure-volume phase error.

22.  The apparatus of Claim 21, further comprising:
multiple sensors configured to measure the temperatures of the stages and provide the

temperature information.

23.  The apparatus of Claim 21, wherein the temperature information comprises at least one of
a temperature differential, a value representative of the temperature differential, an actual
temperature, a value representative of the actual temperature, an indication of whether the
temperature is higher or lower than a preferred temperature, and an indication of whether the

temperature is higher or lower than a preferred temperature range.

24.  The apparatus of Claim 21, wherein the processing circuitry is configured to calculate the
compressor stroke error and the pressure-volume phase error by applying the determined

temperature error to a Decoupler/Sensitivity matrix.

25. The apparatus of Claim 24, wherein the processing circuitry is configured to generate the
Decoupler/Sensitivity matrix as an inverse of measured linearized response data from the multi-

stage cryocooler.

26.  The apparatus of Claim 21, further comprising:

a compressor stroke setpoint controller configured to receive a compressor setting
measured at the multi-stage cryocooler and the compressor stroke error, the compressor stroke
setpoint controller configured to cause the at least one controller to adjust the compressor setting

of the multi-stage cryocooler.

CA 2949375 2020-01-20
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27.  The apparatus of Claim 21, further comprising:

a pressure-volume phase setpoint controller configured to receive a pressure-volume
phase measured at the multi-stage cryocooler and the pressure-volume phase error, the pressure-
volume phase setpoint controller configured to cause the at least one controller to adjust a phase
relationship between a pressure waveform and a volume waveform in the pressure-volume phase

of the multi-stage cryocooler.

28. A system comprising:
a multi-stage cryocooler comprising multiple stages; and
the apparatus of any one of claims 21 to 27 configured to regulate temperatures of the

multiple stages of the multi-stage cryocooler.

29. A method comprising:

cooling an object using a multi-stage cryocooler comprising multiple stages; and
regulating a temperature of each stage of the multi-stage cryocooler by:

receiving (i) temperature setpoints for at least two of the stages of the multi-stage
cryocooler and (ii) temperature information corresponding to temperatures measured at
the at least two of the stages of the multi-stage cryocooler;

determining temperature errors for the at least two of the stages using the
temperature setpoints and the temperature information;

calculating for each of the at least two of the stages at least one of a compressor
stroke error and a pressure-volume phase error using the temperature errors; and

adjusting at least one of a compressor setting and a pressure-volume phase of the
multi-stage cryocooler for each of the at least two of the stages, to regulate the
temperatures of the at least two of the stages independently, using at least one of the

compressor stroke error and the pressure-volume phase error.
30.  The method of Claim 29, further comprising:

measuring the temperatures of the stages of the multi-stage cryocooler using multiple

Sensors.

CA 2949375 2020-01-20
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31.  The method of Claim 29, wherein the temperature information comprises at least one of a
temperature differential, a value representative of the temperature differential, an actual

temperature, a value representative of the actual temperature, an indication of whether the

temperature is higher or lower than a preferred temperature, and an indication of whether the

temperature is higher or lower than a preferred temperature range.

32.  The method of Claim 29, wherein calculating at least one of the compressor stroke error
and the pressure-volume phase error comprises:

applying the temperature errors to a Decoupler/Sensitivity matrix.

33.  The method of Claim 32, further comprising:
generating the Decouple/Sensitivity matrix as an inverse of measure linearized response

data from the multi-stage cryocooler.

34.  The method of Claim 29, further comprising:

receiving a compressor setting measure at the multi-stage cryocooler and the compressor
stroke error;

adjusting the compressor setting of the multi-stage cryocooler;

receiving a pressure-volume phase measured at the multi-stage cryocooler and the
pressure-volume phase error; and

adjusting a phase relationship between a pressure waveform and a volume waveform in

the pressure-volume phase of the multi-stage cryocooler.

CA 2949375 2020-01-20
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