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ABSTRACT 

 
Cryogenic coolers are often used in modern spacecraft in conjunction with sensitive electronics and sensors of military, 
commercial and scientific instrumentation. The typical space requirements are: power efficiency, low vibration export, 
proven reliability, ability to survive launch vibration/shock and long-term exposure to space radiation.  
A long-standing paradigm of exclusively using "space heritage" equipment has become the standard practice for 
delivering high reliability components. Unfortunately, this conservative "space heritage" practice can result in using 
outdated, oversized, overweight and overpriced cryogenic coolers and is becoming increasingly unacceptable for space 
agencies now operating within tough monetary and time constraints.   
The recent trend in developing mini and micro satellites for relatively inexpensive missions has prompted attempts to 
adapt leading-edge tactical cryogenic coolers for suitability in the space environment.  The primary emphasis has been 
on reducing cost, weight and size. The authors are disclosing theoretical and practical aspects of a collaborative effort to 
develop a space qualified cryogenic refrigerator system based on the tactical cooler model Ricor K527 and the Iris 
Technology radiation hardened Low Cost Cryocooler Electronics (LCCE). The K27/LCCE solution is ideal for 
applications where cost, size, weight, power consumption, vibration export, reliability and time to spacecraft integration 
are of concern. 
 
Keywords: tactical, space, split Stirling linear cooler, vibration, reliability. 
 
 

1. INTRODUCTION 
 
Development and deployment in the early 1980s by Oxford University in collaboration with the Rutherford 

Appleton Laboratory of a legendary "Oxford" split Stirling cryogenic cooler was a major breakthrough in space 
refrigeration technology. This cooler pioneered the concepts of linear "moving coil" actuators, flexural bearings, 
contactless clearance seals, motion sensors and independent active "magnitude-phase" motion control in both compressor 
and expander units. The compact and reliable "Oxford" cooler fast replaced then-traditional passive radiators, bulky 
liquid or solid cryogens and eventually enabled a massive use of mechanical cryogenic refrigeration in space [1-3]. 

Since then several second and even third generation of cryogenic coolers have been scaled up from the original 
"Oxford" legacy. Their typical features were: a low vibration dual-piston compressor; independent linear "voice coil" 
actuation of compressor and expander units under the supervision of motion sensors and a dedicated digital signal 
processor (DSP) or field-programmable gate array (FPGA) controller; close-clearance contactless seals in compressor 
and expander units relying on flexural bearings; and active wideband vibration cancellation using auxiliary counter-
balancers actuated by a feed-forward DSP controller, where error signals were produced by vibration sensors 
(accelerometers or load cells).  Based on the space-proven imperative then in place, this approach produced highly 
reliable cryogenic coolers capable of delivering more than 10 years of 24/7 cryogenic refrigeration for a variety of 
critical space missions.  

Because of the inherent design complexity of both the thermo-mechanical unit and drive/control electronics, 
stringent requirements applied to a selection of vendors and materials, close monitoring of manufacturing process 
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(including cleaning, assembling, decontamination of cooler interior and working agent), and typical for the space 
marketplace limited quantity orders,  recurring costs reached an average of $2M for these units [4].  

Space programs require highly reliable products delivering adequate electromechanical performance and low 
vibration export. It appears, however, that the major failure mechanisms typical of cryogenic coolers in space [5, 6] are 
difficult to reproduce on the ground. Ground-based, highly accelerated life tests rely mainly on product exposure to a 
combination of harsh shock/vibration and temperature extremes. Such conditions simply do not occur in space. It has 
therefore been widely accepted that classical HALT/HASS approaches are not capable of invoking typical failure 
mechanisms and, therefore, not applicable to cryogenic refrigerators [6]. The result is that mission designers have given 
special preference to cryogenic coolers with already proven "space heritage." In this approach, they have not given 
newer, more advanced and cost effective but less mature technologies a chance to be adopted for real space missions.  

Cost saving has always been an objective, but it was always thought of as a secondary issue, provided the above 
objectives were met [2,7,8]. Over time, this long-standing practice of only using equipment with proven "space heritage" 
has resulted in some cases in the use of outdated, oversized, overweight and overpriced cryogenic engines. This practice 
seems to be less and less acceptable by today’s space agencies operating within restricted budgets. 

A major cost driver has been the complexity introduced by the exported vibration requirement.  Attenuation of 
wideband vibration export (originating from the compressor pistons) down to a typical requirement of 0.2N rms [9] has 
been achieved by using a dual-piston approach in combination with an active control system relying on a dedicated feed-
forward DSP controller where the error signals were typically delivered using accelerometers or load cells. In this 
approach one of the compressors was considered to be a "Master" and the second one a "Slave". The latter was driven by 
composite voltage comprising the harmonics of the driving frequency, the magnitudes and phases of which were 
automatically tuned so as to attenuate the residual vibration export over a wide frequency range, which typically covers 
up to 10 first harmonics of the driving frequency [9].  The principles of vibration export cancellation originated from the 
expander are similar to the above, where the counterbalancing force was generated from inertial force produced by an 
auxiliary "moving coil" or "moving magnet" linear active counterbalancer.  While effective, this approach results in 
additional electronics and instrumentation costs. 

The recent trend toward developing mini and micro satellites for relatively cheap missions has prompted attempts to 
find a middle ground between the leading-edge tactical cryogenic coolers and traditional space coolers to optimally meet 
space requirements with a particular emphasis on low cost.  These ideas were pioneered by Raytheon stepping forward 
with the concept of a compact, lightweight and cost saving space cryocooler.  For the Raytheon approach described in 
[4,8], the “traditional” processor-intensive approach to the design of control/drive electronics has been abandoned in 
favor of radiation hardening existing high reliability tactical electronics designs.  This merging of space and tactical 
refrigeration technologies, heretofore seen as completely distinct, was novel. The above efforts resulted in a space 
cryocooler architecture that is projected to yield a 10-fold decrease in price for typical small lot builds (3 to 5 cryocooler 
systems). 

In parallel with the Raytheon efforts, improvements have recently been made in split linear tactical cryogenic cooler 
technology.  This has resulted in much improved reliability and raised significantly the level of confidence throughout 
the cryogenics community. Basically, those improvements involved the implementation of the above explained 
"contactless" design approach relying on compact flexural bearings. Further advances in the development of "moving 
magnet" linear actuators allowed for removing the driving coil from the compressor interior. This advancement 
eliminated failures originating from flying leads and gas leaks through electrical feedthroughs, along with contamination 
produced by wire varnish and soldering.  In an attempt to eliminate working agent leaks through the crushed metal seals, 
an all-welded approach was also implemented throughout the industry. 

The above-mentioned trend toward developing mini and micro satellites opens up new business opportunities in the 
space cryocoolers marketplace. Namely, order quantities are expected to be larger, required cold tip temperatures higher, 
and needed heat lifts lower.  For example, in a recent United States Air Force paper, the three exemplary miniature 
cryocoolers presented each provide about 1.5 W capacity in the 67K to 80K range, with input power ranging from 35 W 
to 84 W [10].  This is a combination of temperature regime and heat load that has long been the province of tactical 
cryocoolers, making the adaptation of a tactical cryocooler to space applications, such as is proposed herein, an attractive 
pursuit. 

Also motivating the proposed approach is the fact that most available off-the-shelf space qualified cryocoolers are 
still overpowered, oversized and overpriced for the aforementioned mini and micro satellite applications. Ironically, most 
of the above-explained features (dual-piston compressor approach, contactless clearance seals, flexural bearings, active 
vibration control, etc.) actually impede efforts to reduce price and weight while maintaining high operational 
performance, as will be discussed herein. 
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For example, widely accepted throughout the industry is a dual-piston compressor approach for addressing the 
vibration export issue, especially when combined with active vibration cancellation.  However, a similar single-piston 
rival shows substantially better electromechanical performance, higher reliability, smaller size, weight and 
manufacturing cost, resulting, of course, in a lower recurring price. It is worth noting that the dual-piston compressor 
driven without active vibration cancellation may produce excessively high vibration export at the driving frequency (2.5 
N rms, typically [9]). The high frequency vibration export may be even higher than with a comparable single piston 
machine. Using active vibration control calls for using sensors (accelerometer or load cell), conditioning electronics and 
a sophisticated DSP or FPGA controller. This results in price/weight growth and negatively impacts overall cooler 
reliability. It is widely accepted that it is not the thermo-mechanical unit, but the drive/control electronics that is the least 
reliable element of the cryocooler system. Exposure to space radiation leads to the components' degradation. It is obvious 
that the more complex electronics used, the higher the risk will be. 

Furthermore, because of the fatigue issues, flexural bearings in the form of circular diaphragm springs at typical 
piston stroke 6-8mm cannot be made smaller than 40mm. This prevents reduction of compressor housing diameter below 
45mm, see [11], for example. Fastening springs on their outer and inner diameters adds mass and complexity to the 
compressor housing and to the moving assembly and requires extra volume and weight. Because of the inherent coupling 
between axial and rotational motion and the necessity to maintain moderately relaxed manufacturing tolerances for low 
cost, the radial piston-cylinder gap must be increased. The assembly procedure can be quite cumbersome and robotic 
assembly is sometimes needed [12]. Increased piston-cylinder gap results in blow-by losses and sometimes in loss of 
cooling performance [13]. Even a small radial misalignment of the moving assembly relative to the return iron structure 
can result in the appearance of side forces. 

There is a need, thus, to revise known approaches to the development of compact, low-vibration, reliable and power 
saving cryogenic technology for use in mini and micro satellites. In this paper, the authors describe practical and 
theoretical aspects of adaptation of the microminiature tactical split Stirling cryogenic cooler to the space application. 
 

2. DESIGN PRINCIPLES OF THE RICOR K527 CRYOGENIC COOLER 
 

Ricor recently reported on the successful development and fielding of the novel model K527 microminiature long-
life split Stirling linear cryogenic cooler [14-18] for use in a wide range of portable hand held and gyrostabilized infrared 
imagers. Technical comparison [16] to coolers with the same cooling power at 80°K@23C indicates that this cooler is 
the smallest, lightest and most efficient model in the range of "one watt" coolers.  

Because of the tight constraints imposed primarily on weight, price and cooling performances, the design of this 
cooler largely abandons the above explained fashionable features (flexural bearings, contactless dual-piston compressor, 
etc) in favor of mechanical simplicity. In particular, the compressor design relies on a "moving magnet" resonant single-
piston concept featuring a very light (0.035kg) "magnet–piston" assembly guided by a contact seal made in the form of 
tightly matched (to 2-4 μm radial gap) piston-cylinder liners manufactured of tribological, wear resistant material.  

Similar principles were applied to the expander design. First, Ricor accepted the regular Stirling approach relying on 
the pneumatic actuation of the resonant spring displacer-regenerator and clearance seals in the form of contact, tightly 
matched (to 2-4 μm radial gap) bushing/plunger seals made of tribological, wear resistant material.  Similar materials 
were used for the clearance seals, making the moving assembly lighter. Machined springs were used to minimize fretting 
induced debris generation, side forces and, therefore, wear and tear.  

The feasibility of this approach was proven recently in the course of an accelerated life test (including temperature 
extremes) [19] where a similar cooler lasted in excess of 45,000 hours. The "postmortem examination" revealed that the 
geometry of the above mentioned critical components (i.e clearance seals in compressor and expander) remained within 
manufacturing tolerances. No visible wear and tear was observed.  

As to the compressor induced wideband vibration export, reduction in the weight of the moving mass assembly was 
critical. Further, application of the combined principle of low frequency vibration mounting and tuned dynamic 
counterbalancing, as detailed in [15, 19] produced the effect of passive wideband vibration cancellation adequate for the 
most stringent space requirements. In experiments, this purely passive approach often out-performs active vibration 
cancellation systems not only in terms of price, weight, and reliability but also in terms of residual vibration export. 

The above explained approaches seem to be even more pertinent to space applications. To start with, during the 
typical launch phase characterized by severe shock and vibration conditions, traditional contactless arrangements, having 
increased radial gap, behave as an undamped resonator. They may, therefore, develop excessive quasi-resonant radial 
rattle resulting in internal collisions, debris generation and even destruction of the piston-cylinder or bushing-plunger 
seals. As compared to the above contactless approach, the tightly matched, contact clearance seals, made of the hardened 
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tribological material in both compressor and expander, have a better chance of surviving short-term exposure to the 
severe shock/vibration conditions typical of the launch phase. 

During the relatively mild free cruise stage, zero gravity results in zero static side loading, thus no imparting friction 
forces and offsets to the spring assemblies. Shock and vibration free conditions eliminate dynamic loading on the 
sensitive components. Low and almost stable reject temperature results in the absence of thermal expansion issues in 
tightly matched clearance seals made of identical materials.   

As to the performance of the vibration protective arrangement, zero gravity and absence of environmental 
shock/vibration conditions allow for the use of a heavier dynamic counter-balancer and fail-safe low frequency and 
lightly damped vibration mount operation without bottoming and excessive low-frequency resonant excitation. 
 

3. THERMODYNAMIC DESIGN OF K527 CRYOGENIC COOLER 
  

 A computer modeling and 
optimization of geometric and functional 
parameters has been completed at the 
initial phase of K527 Stirling cryocooler 
design. The baseline configuration was 
chosen with respect to the potential high 
efficiency, compactness, robustness and 
low cost. This cryogenic cooler was 
optimized to operate at conditions typical 
for the 95ºK hand-held IR imager, as 
explained in [16]. In order to perform 
optimally under typical space conditions, 
some re-optimization might be needed. 
The major difference is that the typical 
reject temperature is essentially lower, say 
0ºC, and cold tip temperature might be 
lower, say 77ºK.  

The working point for the cooler 
optimization was defined so as to produce 

total heat lift of 300mW@77°K@0°C with a minimum of PV power 
consumption. For the purpose of cooler redundancy and reasonably 
fast cool down times, the maximum available heat lift was specified to 
be better than 750mW@77ºK@0ºC.  

The K527 cryocooler modeling was performed in a SAGE™ [21] 
environment, relying on the above-defined specifications and baseline 
configuration. A typical screenshot of the K527 SAGE model is shown 
in Figure 1. Accurate modeling of the radial gap between displacer and 
cold finger was implemented to address an inconsistency under 
temperature gradient that had typically developed along the displacer. 
In doing so, the displacer gap element available in SAGE™ was 
subdivided onto 10 sequential sections. This allowed definition of a 
mean gap value in each section as a function of mean temperature and 
thermal expansion coefficients of the materials involved. At the first 
iteration of modeling, the compressor actuator was simulated in a 
simplified manner - as the only PV power delivery at piston face, 
along with a required driving force. At the subsequent iterations 
performed after the detailed design of the linear actuator, a more 
accurate approach was applied. In particular, the temperature 
compensation for actuator coil resistance was programmed assuming 
the coil would be maintained at 10°C above the defined reject 
temperature. The actuator constant coefficient was assumed to be 

Table 1. Optimization parameters 

Optimal parameters Value 
Driving frequency, Hz   75  
Charge pressure, bar  15  
Compressor  
Piston diameter/p-p stroke, mm  9.5/7 
Spring rate, N/m 2000 
Moving assembly mass, kg 0.035 
Cold head  
Displacer diameter/p-p stroke, mm 7.6/5 
Spring rate, N/m 2000 
Moving assembly mass, gr 10  
Driving plunger dia, mm 3.8  
Cold finger wall thickness, mm 0.08  
Regenerator  
Diameter, mm  6.5  
Length, mm 38.8  
SST screens wire diameter, mm 0.025 
Porosity, % 0.665 
Transfer line  
Length, mm 100  
Inner diameter, mm 1.1  

 
Figure 1. Screenshot of the SAGE™ model of K527 refrigerator 
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independent of a moving magnet position as predicted by the actuator FEA analysis and verified experimentally.  
The goal of optimization was minimization of the compressor electrical power consumption at a given heat lift. The 

working point was chosen as 77°K@300mW@0°C. The outcomes of the SAGE™ optimization routine are summarized 
in Table 1. It was predicted, in particular, that at the above working point the power consumption would be 5.2W AC. 

4. MECHANICAL DESIGN OF K527 CRYOGENIC COOLER  

4.1. K527 expander unit 

The self-explanatory Figure 2 shows the external layout (a) and the schematics (b) of the pneumatically driven spring-
mass expander of the K527 cryogenic cooler [16].  

 

(a) 

Figure 2. Schematic (a) and external layout (b) of a pneumatically driven expander 
 
The expander unit comprises a "mass-spring", resonant and pneumatically driven displacer-regenerator, as is widely 
accepted across the industry. The regenerator is formed as a stack of fine stainless steel screens encapsulated inside the 
plastic tube, thus forming the displacer-regenerator assembly which, in turn, is attached to the stepped driving plunger. 
The above bushing and the cold finger tube are accurately aligned relative to the central bore of the housing. In the 
present design, the authors capitalize on using a highly accurate, zero side force double-starting helix machined spring 
with integral retainers, the high mechanical accuracy of which has been achieved using precise CNC assisted EDM 
machining [16]. The purpose of the above spring is to ensure the moving assembly centering and delivering the resonant 
properties to the moving assembly.  

The bushing and driving plunger are tightly matched to 2-4μm radial clearance and made of special tribological 
material.   
 
4.2. K527 linear compressor  
 

The single-piston K527 linear compressor [16] is driven by a resonant “moving magnet” actuator.  
 

   
 (a)      (b)  

 
Figure 3. Schematics (a) and external layout (b) of a linear compressor 
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This allows it to obtain a high coefficient of performance and also allows the driving coil to be separated from the 
working fluid, thus preventing the cooler interior from being contaminated by the outgasing originated from the wire 
isolation varnish, eliminating the need for flying leads and potentially leaking glass feedthroughs. 

It is also important to note that in such an approach, the heat generated in the motor coils due to resistive losses are 
well sunk to the cryocooler housing, which greatly facilitates maintaining the coils at an operating temperature near 
ambient. 

Figure 3 shows the schematics (a) and the external layout (b) of such a compressor. In Figure 3.a, the radially 
magnetized ring is placed movably between the stationary internal and external armature yokes which are made of 
magnetically soft material. The yokes are shaped to accommodate the driving coil carrying the AC current and to provide 
for quasi-uniform distribution of the magnetic flux within the working air gap without over-saturating the yoke's 
material.  

The magnetic ring is made of eight magnet segments 
bonded upon the magnet form, which is, in turn, rigidly 
attached to the compression piston arranged so as to slide 
freely inside a tightly matched cylinder liner placed inside 
the internal yoke bore.   

For the sake of compactness, a double-starting helix 
machined spring, connecting the movable piston and 
stationary housing is placed inside the piston. Pursuing 
further improvements in performance, compactness, 
manufacturing costs, ease of assembly and maintenance, the 
“contactless” approach relying on flexural bearings and 
accurate (sometimes robotic) alignment and assembly [12], 
was abandoned in a favor of contact piston/cylinder seals. 
The piston and cylinder liners are tightly matched to 2-4μm 
radial clearance and made of special tribological material.   

As above, using a precise double-starting helix 
machined spring allows for improved alignment and low 
friction forces and eliminates metal fretting debris 
generation.  An additional advantage of this approach over 
the contactless design is that the piston-cylinder sleeves 
may be matched more tightly resulting in a substantial 
decrease in blow-by losses.  

The single-piston compressor is known to be a 
powerful source of vibration export at the driving frequency 
and higher-order harmonics [9]. Therefore, it is the 
consensus opinion that the dual-piston, compressor is the 
only solution for the inherently vibration-sensitive cooled 
IR applications. This is generally considered a truism even 
for small cryocoolers.  The major vendors of cryogenic 
coolers make microminiature "one watt" split Stirling 
cryogenic coolers comprising dual-piston, "moving 
magnet", flexural bearing, contactless compressors. This 
comes, however, at the expense of increased size, weight, 
and manufacturing costs, and it reduces electromechanical 
efficiency and reliability. Moreover, since the piston-motor 
assmeblies are not absolutely identical (different piston-
cylinder gaps and friction forces, magnet force, driving coils 
resistances, etc.), the residual vibration export at a driving 
frequency and higher-order harmonics remains a concern. 
Reaching low level of vibration export may require 
additional vibration isolation or, in some cases, active 

(a)   

(b) 

Figure 4. Experimental setup: K527 cryogenic cooler (a)  
and test bench (b) 
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vibration cancellation. With this in mind, the authors rejected the dual-piston approach in favor of a single-piston 
compressor design, where vibration control relies on a field-proven combination of low frequency vibration isolator and 
tuned dynamic absorber, as explained in [20].  
 
5. EXPERIMENTAL MAPPING 
 
5.1. Experimental setup 

Experimental testing involved monitoring and data acquisition of electrical quantities, including the voltage, current 
and power consumed by the linear compressor, cold finger temperature, and heat load applied to the cold finger tip.  

Figure 4 shows the experimental setup, where in (a) the compressor and expander units of the K527 cryogenic 
cooler were mounted upon the heatsink plate placed inside the climate chamber. Figure 4.b shows the test-bench and 
dedicated notebook providing for the closed loop temperature control operation of the cryogenic cooler, data acquisition 
and signal processing.  

5.2. Cryocooler performance: theoretical prediction versus experiment  

Detailed performance mapping of the K527 cryogenic cooler at different reject temperatures typical of aerospace 
applications, namely: -20°C, 0°C and +20°C, was performed in the temperature regulation mode (77°K). The self heat 
load typical for the simulation Dewar is 130mW@77°K@20°C. Figure 5 shows the experimentally obtained 
dependencies of the power consumption on the total heat load at different reject temperatures. Superimposed for 
reference are the outcomes of theoretical mapping obtained using SAGE software. Figure 5 shows that the experimental 
data and theoretical prediction are in fair agreement, especially at low heat loads (below 300mW). This good match 
indicates the roadworthiness of the software which can be used for further optimization of the cooler for new working 
conditions and for possible up-scaling of the K527 cryocooler for more demanding applications. The deviations observed 
at high powers may be explained by irreversible compression losses, insufficient heat rejection from the compression 
chamber, and oversaturation of the return iron. Figure 6 shows the dependencies of the overall cryocooler COP (a), 
compressor acoustic COP (b) and exergetic COP (fraction of Carnot COP)  on the heat lift at different reject 
temperatures.  
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Figure 5. Power consumption as a function of total heat load at different reject temperatures. Experiment vs theory. 
 

In particular, as seen in Figure 6.a, the cryocooler is capable of delivering up to 1000mW@77K@20C.  The cooler 
COP reaches an impressive maximum 5% at approximately 300mW of total heat lift, which is the representative working 
point, see Figure 6.b It is worth noting, that such high value of the cooler COP is typical of the best examples of rotary 
integral coolers. Further, the compressor COP was calculated as a ratio of shaft and electrical powers. In Figure 6.c, the 
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COP is well in excess of 80% over the entire range of working conditions, which can be considered an excellent 
outcome, especially for such a miniature compressor.  
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Figure 6. Cryocooler performances at different heat load and reject temperatures. 
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In [22], for example, the authors report on 92% COP observed in a much larger compressor working in the range 50-
100W. And finally, an impressive maximum of exergetic COP in excess of 14% is observed at 300mW of total heat lift, 
see Figure 6.d. 

 
6. CRYOCOOLER MAPPING FOR DIFFERENT PAYLOAD TEMPERATURES  

 
As it was mentioned above, the new generation of mini and micro satellites will use different detectors and 

electronics, most probably operating at higher temperatures and lower heat loads. The K527 cryogenic cooler offers a 
wide variety of options for such forthcoming detectors. Figure 7, in particular, shows the mapping of typical cooler 
performances at different cold tip temperatures ranging from 80°K to 200°K with added heat load ranging up to 
1000mW at two reject temperatures: -40°C (a) and +23°C (b). It is worth noting that this cooler may be further "tuned" 
to perform optimally at any specific working point. This will involve varying the rates of the compressor and expander 
springs, regenerator screen geometry and porosity, charge pressure and driving frequency. 
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(a)  -40°C reject temperature 
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(b)  +23°C reject temperature 

Figure 7. Cryocooler mapping at different temperatures, heat loads and reject temperatures. 

 
7. CONTROL/DRIVE ELECTRONICS 
 

The Low Cost Cryocooler Electronics (LCCE), being 
developed by Iris Technology Corporation is focused on 
providing space-qualified cryocooler electronics for cost-
sensitive payloads and missions.  A preliminary physical design 
for the LCCE is shown in Figure 8. 

LCCE is unique from any other cryocooler electronics 
available in that it will provide a fully space-qualified, radiation 
hard to more than 300 krad total ionizing dose (TID) solution at 
an affordable price.  Since LCCE has been architected from the 
bottom up with the eventual recurring cost as a priority, the 
expected cost of the LCCE in small lot production is 
$250K/unit, roughly 1/10th that of “traditional” space cryocooler 

electronics.  This has been accomplished primarily through 
designing out complexity that is not required for many missions, 
and in so doing achieving tremendous reduction in radiation-hard 

Figure 8. LCCE Conceptual Design.  
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parts cost and software.  The LCCE, in short, provides tactical cooler electronics-like function in a space-qualified, 
radiation-hardened package.    
The basic architecture for the LCCE is described in Figure 9.  The spacecraft powers the LCCE directly off a 28 VDC 
bus; higher bus voltages are permissible with minor changes to the LCCE and/or the addition of a buck regulator.  The 
LCCE accommodates a simple input command stream (on/off, temperature set point, operating frequency) and provides 
a comparably simple output telemetry stream (cold tip temperature, case temperature, motor voltage, etc.).  The LCCE 
drives the cryocooler to the commanded set-point automatically, following a software porogrammable “soft start” power 
ramp, using the measured and indicated cold tip temperature to close the control loop.  The LCCE has provision to 
accommodate an accelerometer input for closed-loop exported vibration control, but that feature is not needed with the 
K527 because of the use of the previously mentioned purely passive vibration control [20].          

 
 

Spacecraft CryocoolerLCCE

28VDC Power

Command

Telemetry

Motor Drive

Temperature 
(and possibly 

Vibration)  

 
 

Figure 9. LCCE basic architecture. 

 
It is anticipated for some applications that additional capability in the cryocooler electronics may be desired, such as 

filtering of the low (drive) frequency current ripple, additional command and telemetry capability, additional 
commandable modes, etc.  For these applications, an Advanced Module containing a programmable FPGA with a soft 
core processor is added to the front end; see Figure 10. 
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Figure 10. LCCE block diagram with in-line advanced module. 

 
The LCCE is designed to provide in excess of 

90% DC-to-AC conversion efficiency from 10 W to 
100 W output power with less than 1 Watt standby 
tare dissipation.  The LCCE as presently designed is 
somewhat oversized for the K527.  The authors 
expect to develop a slightly modified version 
optimized for lower power to meet the objective 
efficiency targets over the expected K527 range of 
operation.  The targeted package volume is less than 
250 cm3 (10 x 6 x 4 cm) with a mass less than 250g, 
including shielding.  The LCCE circuits are 
packaged within a conduction-cooled, vacuum 
compatible housing. 

During Phase I of a recently-completed United 
States Air Force (USAF) Program, a brassboard Figure 11. LCCE brassboard
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LCCE circuit was designed and built using commercial off the shelf (COTS) parts as an initial proof of concept and to 
serve as a test bed for the control code development.  A photograph of the circuit, which is a two-sided board with about 
9 in2 (58 cm2) active area on each side, is shown in Figure 11. Figure 12 shows the computer rendered 3D model 
revealing some details of circuit schematic. 

  

      
 

Figure 12. LCCE brassboard design with COTS components. 

 

Motor + Motor -

Differential Drive Signal
 

(a)        (b) 

 

Figure 13. Oscilloscope trace (a) of output drive waveform voltages showing nearly pure sine waves.  Total harmonic 
distortion (THD) measured at a very low 0.03% during open loop testing with a resistive load (b). 
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Initial testing of the LCCE has been recently commenced.  The first step was to assess the quality of sinusoidal drive 
signal, which was shown to be very clean with less than 0.03% total harmonic distortion (THD), see Figure 13.  

Amplitude control and sub-
milliHz frequency resolution 
were successfully 
demonstrated.  It is here 
asserted that minimizing the 
THD will yield lower high 
frequency vibration export 
for cryocoolers utilizing a 
passive control scheme, like 
the K527.  That assertion will 
be tested in the very near 
future. 

The LCCE is designed to 
provide in excess of 90% 
DC-to-AC conversion 
efficiency from 10 W to 
100 W output power with less 
than 1 Watt standby tare 
dissipation.  The measured 
power conversion efficiency 
against a constant 10-ohm 
resistive load at 28 VDC 
input reveals that the LCCE 
works optimally at output 
powers above 50 W, see 
Figure 14.  The LCCE as 
presently designed is 
evidently oversized for the 
K527.  The authors expect to 
develop a slightly modified 
version optimized for lower 
power to meet a greater than 
95% efficiency target over 
the expected K527 range of 
operation.   

With basic operation 
demonstrated, the LCCE 
brassboard was integrated 
with the K527 cryocooler for 
a preliminary checkout, see 
Figure 14.  Closed-loop 
temperature control operation 
was successfully achieved 
within a few days of start of 
integration.  Starting from 
ambient, the LCCE 
autonomously cooled and 
controlled the K527 to a 
programmed 93.5K set-point 

with a 100 mW constant cold tip load.  The next step will be to instrument the test setup with power meters to obtain 
accurate measurements of the electronics efficiency.    
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Figure 15. LCCE Motor Drive Efficiency 

 
 

Figure 14.  Iris LCCE COTS brassboard integrated with the Ricor 527 technology 
demonstrator 
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The above describes the progress made during Phase I of the sponsoring USAF Program.  Phase II was awarded in 
March 2011.  During Phase II, a radiation hard version of the LCCE will be designed, fabricated, tested and qualified for 
spaceflight operations. 

 
8. RELIABILITY ISSUES 
 
As explained above, the Ricor model K527 cryocooler was originally designed and qualified as a tactical product, 

hence no possible design efforts were spared to simplify mechanical design, ensure its long life, and minimize 
performance deterioration in harsh environmental conditions typical for the modern battlefield. Efforts included 
removing the driving coil from the helium interior, thus eliminating leaking feedthroughs, flying leads and internal 
soldering. The external location of the driving coil simplifies heatsinking and prevents the driving coil from overheating. 
Accurate design of the magnetic circuit, reducing weight and minimizing radial gap between the moving components to 
2μm, use of special tribological materials, and accurately machined springs minimize the risk of excessive side forces 
and practically eliminate wear and tear in critical contact clearance seals. Also, the K527 cooler is designed to operate at 
very low charge pressure (15 bar), thus minimizing the risk of working agent leak.   

Machined springs fatigue safety is provided by the material choice and a mechanical design aimed at elimination of 
stress concentrators. The result is a high safety factor, normally in excess of 2. Every cooler is subjected to a thorough, 
full power 72-hour burn-in test during which the springs accumulate in excess of 107 full magnitude cycles. As a matter 
of fact, with the coolers working in a temperature control mode where the power consumption does not normally exceed 
30% of its maximum level, springs failures are extremely rare and only occur during the first 48 hours of laboratory 
testing.  

It is worth noting at this point that the operational conditions typical for space mission are quite "comfortable" for 
the thermo-mechanical unit: zero gravity, zero shock and vibration conditions (with the exception of the short launch 
phase), relatively low and stable reject temperature, sufficient heat sinking, 24/7 operational mode, rare ON/OFF events, 
etc.  

Although the thermo-mechanical unit of the K527 cryogenic cooler is an inherently reliable device, some adaptation 
to space requirements is likely to be needed. This may involve double sealing or even an all-welded approach for 
reducing the risks of working agent loss over the course of a long space mission.   

Essential simplification of the drive/control electronics may be achieved by eliminating the vibration control 
circuitry and stroke/phase control. The authors believe that this will produce a tremendous positive impact on the 
electronics reliability. 

Overall performance improvement may be achieved by a smart application design and coolers engagement scenario. 
For example, when using redundant coolers, the authors would strongly recommend avoiding the use of thermal switches 
[5] and adapting the concept of active redundancy [23].  
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