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ABSTRACT

A growing trend in cryogenically cooled infrared detectors is the shift toward higher operating temperatures, which relaxes
cooling requirements while at the same time increasing the demand for smaller, lighter, and less expensive cryogenic
solutions. The objective of the ongoing effort is to explore the extent to which a Stirling cryocooler can be further
downscaled and cost-reduced without compromising the efficiency and cooling capacity required for low SWaP+C
applications.

The linear piston compressor is the bulkiest and most complex component of a Stirling cryocooler. Therefore, the topology
of its linear actuator must provide an optimal compromise among efficiency, reliability, manufacturability, compactness,
and cost.

The authors present the essentials of the mechanical and electromagnetic design of a moving-magnet linear actuator.
Particular attention is given to the spatial shaping of the integrated magnetic spring and the transducer rate. Specifically,
the magnetic spring is designed to provide an approximately linear restoring force over the working stroke, together with
pronounced nonlinear end-of-stroke stiffening favorable for soft overstroke protection. In addition, a bell-shaped spatial
distribution of the transducer rate is favored over a flatwise distribution, as it offers higher efficiency over the stroke range
typical of the low-power temperature-control mode, while also promoting dynamic self-centering of the piston assembly.
A dynamic experimental characterization method was developed to overcome the limitations of static measurements
caused by piston-cylinder friction, as well as the pronounced nonlinearities inherent in both the magnetic spring and the
transducer rate.
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1. INTRODUCTION

The emergence of high-operating-temperature (HOT) infrared (IR) detectors in the early 2000s marked a major
technological milestone, enabling operation at temperatures of 150 K and above while maintaining specified performance
[1]. This breakthrough stimulated the development of low-SWaP (size, weight, and power) cryocoolers tailored to the
relaxed cooling requirements of HOT detectors. Compared with earlier generations, these cryocoolers offered substantial
reductions in size, weight, and power consumption and played an important role in advancing compact, efficient, and cost-
effective IR imaging systems for both military and commercial applications.

As the field now progresses toward ultra-high-operating-temperature (UHOT) IR detectors [2,3], operating at even higher
temperatures, the limitations of existing cryogenic refrigeration technologies become increasingly apparent. State of the
art low SWaP cryocoolers, although well suited to HOT detectors, tend to be oversized and overpowered, for the emerging
generation of UHOT IR imagers. This transition points to the need for a new cryocooler design paradigm specifically
optimized for ultra-low SWaP+C infrared imaging applications.

The objective of the present work is to explore the extent to which a Stirling cryocooler can be further downscaled without
compromising the efficiency and cooling capacity required for low and ultra-low SWaP+C applications. Attention is
directed to the linear compressor, which remains the bulkiest, most complex component of Stirling cryocooler. Its overall
performance and topology are largely determined by the linear actuator, which must provide an optimal compromise
among efficiency, reliability, manufacturability, compactness, and cost.

To address these requirements, a compact linear piston compressor employing a moving-cylinder topology was developed
around a novel moving-magnet actuator. The electromagnetic design was deliberately aimed at achieving specific spatial
distribution of both the magnetic restoring force and the transducer rate.
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In particular, the restoring-force profile was optimized to be nearly linear over the working range, while exhibiting hard
nonlinear end-of-stroke stiffening favorable for soft overstroke protection. The transducer rate, in turn, was optimized to
exhibit a bell-shaped spatial distribution with relatively high values over the range typical of low power temperature
control operation along with dynamic axial self-centering of the piston assembly. Additional compactness and improved
heat sinking were achieved using an edgewise drive coil, which inherently provides an exceptionally high copper fill
factor.

Special attention is given to identification of the actuator’s electromechanical characteristics. For this purpose, a dynamic,
noninvasive experimental method was developed to overcome the limitations imposed by piston-cylinder static friction
and by the pronounced strong nonlinearities of both the magnetic restoring force and the spatial distribution of transducer
rate.

2. TOPOLOGY OF LINEAR
ELECTRODYNAMIC ACTUATOR

The preferred topology of a linear actuator is based on the
moving-magnet concept, which allows the driving coil to
be located outside the pressure vessel. In addition, based on
previous experience, it was decided to retain the edgewise
bobbin-less driving coil, which enables an exceptionally
high copper fill factor exceeding 85%, compared with
approximately 60% typical of conventional round magnetic
wire.
Figure 1 presents a diagrammatic cutaway view of the
linear actuator, with the components designated using
numerals: 1- driving coil; 2 - back iron; 3 and 4 - left and
\ \ \ right moving-magnet rings; 5 - moving iron yoke; 6 and 7
7 d ; \ - left and right stationary magnet rings (snubbers); 8 -
\ movable cylinder liner; and 9 - stationary piston liner. In
this configuration, the piston and cylinder liners 8,9 are
fabricated of ferromagnetic materials and incorporated into
the magnetic circuit together with the back iron 2 and
moving iron yoke 5. This integration enhances the overall
magnetic efficiency of the circuit and improves actuator
Figure 1. Cutaway view of a linear actuator performance.

With reference to Figure 1, when no current flows through
the driving coil, the magnet rings 3,4, moving yoke 5, and moving cylinder liner 8, depending on their axial position, are
subjected to a combination of attractive and repulsive magnetic forces. Specifically, the moving magnet rings are axially
attracted toward the ferromagnetic stator poles 20, 21 and simultaneously repelled by the stationary magnet rings 6, 7.
When the moving assembly is located at the mid-stroke position, these opposing forces are balanced, resulting in zero net
force. At this equilibrium position, the dominant contribution arises from the equal attraction of the moving magnets to
the stator poles. When the moving assembly is displaced to the left, the attraction to the right pole 21 becomes stronger
than that to the left pole 20, while the repulsion from the left stationary magnet ring 7 exceeds that from the right stationary
magnet ring 6. This interaction generates a restoring force directed toward the mid position. Conversely, when the moving
assembly is displaced to the right, the attraction to the left pole 20 and the repulsion from the right stationary magnet ring
6 become dominant, again producing a restoring force directed toward the center. As a result, the mid position appears to
be a point of stable equilibrium; the combined magnetic interactions effectively reproduce the behavior of a mechanical
spring.

The geometry of the stator iron, magnet rings, and moving iron yoke can be optimized to produce a nearly linear magnetic
restoring force over the required operating stroke. In the same topology, overstroke protection may be provided inherently
by the strong repulsive interaction between the oppositely magnetized stationary and moving magnet rings, which
produces a strongly nonlinear hardening magnetic-snubber effect near the stroke limits.

When electric current is applied to the drive coil, the magnetic symmetry is broken, resulting in increased attraction to one
stator pole and decreased attraction to the opposite pole. As a result, a net axial driving force acts on the moving magnets.
The spatial distribution of the transducer rate was deliberately designed to be of a bell-shaped shape, with relatively high




values over the stroke range typical of low-power temperature-control operation along with effect of dynamic self-
centering of the moving assembly (this discussion is beyond the scope of this paper). This distribution is advantageous

over a flatter spatial profile of lower magnitude, since it provides higher effective transducer-rate levels over the practically
relevant stroke range.

The magnetostatic analysis and optimization were performed using ANSYS Maxwell finite-element analysis (FEA).
Figure 2 shows the axisymmetric two-dimensional model (a) and the fine adaptive mesh (b) employed in the simulations.
The convergence criterion for energy error was set to 0.01%, ensuring sufficient numerical precision. Figure 3 presents
the simulated magnetic flux-density distributions for two representative axial positions of the moving assembly.

(a) (b)
Figure 3. Magnet flux density in mid position (a)
and at 25% axial offset (b)

Figure 2. FEA 2D axisymmetric model and
adaptive meshing
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Figure 4. FEA simulated restoring force (a) and transducer rate (b)

Figure 4.a presents the FEA-obtained spatial distribution of the restoring force over the full free rattle range. The required
operating range is about 75% of the full rattle space, while the additional 25% margins on each side are reserved for



mechanical safety. The simulation results indicate a strong repulsive force near the stroke limits, producing an end-of-
stroke reaction of approximately £24 N. This behavior provides an inherent, failure-free magnetic-snubber effect that
ensures soft overstroke control. Within the nominal working range of 75%, the magnetic restoring force exhibits a nearly
linear characteristic. Similar magnetic-spring behavior has been reported in [4,5]. Figure 4.b shows the simulated
dependence of the transducer rate on axial position, which exhibits a characteristic bell-shaped profile, with high values
near mid-stroke and a rapid decline toward the stroke ends. This behavior, however, is acceptable - the highest efficiency
is required precisely in the temperature-control mode, where the operating stroke is low.

3. MECHANICAL DESIGN

Based on the actuator design as described above, the compressor components were manufactured, and the
compressor was subsequently assembled, as shown in Figure 5, whereupon (a) is the compressor base with
bonded piston liner; (b) is mover assembly; (c) is the rear cover; (d) is the stator, (e) is the locking nut and (f)
is the fully assembled compressor. Detailed descriptions of this design may be found in [5].

®

Figure 5. Subassemblies and assembled compressor

4. DYNAMIC CHARACTERIZATION OF THE ACTUATOR

At this stage, experimental actuator characterization was required to determine the spatial distributions of the magnetic
restoring force and the transducer rate and to compare them with the corresponding FEA predictions. The main difficulty
arose from side load induced friction between the piston and cylinder liners, which are intentionally designed to operate
in rubbing contact. Static friction was found to degrade measurement accuracy, especially at low offsets. As a result, the
measured restoring and actuator forces became significantly contaminated, masking the intrinsic behavior of the actuator.
This limitation could not be overcome by simplifying or partially disassembling the actuator, since the ferromagnetic
piston and cylinder liners are integral to the design. Besides providing the required radial centering and linear guidance,
they also form an essential part of the magnetic circuit and directly affect both the restoring force and the electromechanical
coupling. Any attempt to modify these components for testing would therefore compromise the relevance of the measured
results. Accordingly, the previously reported static testing method [6] was found to be inadequate for the present purpose.
For this reason, a dynamic, noninvasive characterization method was developed. Under dynamic testing conditions,
friction is predominantly kinetic and therefore substantially lower than in static tests. The method was formulated to



overcome the limitations imposed by static friction, while also accommodating the pronounced nonlinearities of the
magnetic restoring force and the spatial distribution of transducer rate. In this way, the actuator could be characterized
under realistic assembled conditions without disturbing the original compressor configuration.

Plant equations
In the first approximation, the plant (electromagnetic actuator) may be described in time domain as the system of coupled

mechanical and electrical differential equations in mover position x(t) and current i (t)
Mx"+K (x)x+Bx'=a(x)i M
Li'+Ri+a(x)x =u

where ¢ is time, M is the mass in motion, L is the inductance, R is the resistance, K (x) is the position dependent

spring rate, o (x) is the position dependent transducer rate, B is the damping factor, u(t) is the applied (tonal) voltage.

Evaluation of magnetic restoring force
Introducing stroke-dependent, effective, parameters K and & , the linearized equations of motion (1) take the form:

Mx"+Kx+ Bx' =ai

Li'+Ri+ax'=u

2

0

Using complex Fourier transform, G(j@)= j g(t)e””dt, where j=~-1 is the complex unity and @ is the circular

—0

frequency, we make transition from time into frequency domain. With the phasor U ( ja)) Su (t) representing the applied
voltage, the set of linear equations in complex phasors X (jo) <> x(¢) and I(j@) <> i(t) takes the form

(-Mo*+K + joB) X (jo)-al(jo)=0 -
joaX(jo)+(R+joL)l(jo)=U(jo)
Further, the stroke will be defined as A = |X | , thus, K=K (A) and a =« (A) From the first equation of (3) follows

useful complex frequency response function (FRF) relating current to displacement:
. I(jo) -o’M+K+ joB
HI/X(]a)): ( ] ) = — 4)
X(jo) a
As is known [7], the vibration export produced by compressor equals the product of acceleration and mass in motion, this
is f(t)=Mx"(t). In case of tonal motion, F(]a)) =M xo*x X(ja)). From (4), the force-referenced FRF is, as follows

) I(jo) -o’M+K+joB K-w'M . ©B
H = = = 5
nr (/@) F(jo) aw'M aoM oM ®)

The real part of FRF (5) is

K-o*M O e’ -1
= /_ (6)

aw*M a

Re[H,/F (ja))] =
where Q= Q(A) = «/E (A) / M is the stroke-dependent undamped resonant frequency. The frequency corresponding to

zero crossing of nominator in (6) is, therefore, Q(A) . Thus, the equivalent (effective) spring rate is K = MQ? and the
corresponding equivalent restoring force may be obtained directly as

O(A)=K(A)xA=MQ*(A)xA=F(A) (7)
Importance of (7) is difficult to overestimate: at resonance, the magnitude of vibration export numerically equals the
restoring force! The resonant stroke may be evaluated based on the magnitude of vibration export and resonant frequency
by division

A=F(A)/[MQ*(A)] (8)



Based on the above reasoning, the restoring force may be evaluated experimentally by conducting swept-sine tests at

different drive levels, tracking the real part of the frequency-response function Re[H Fir ( ]a))] over the frequency span

containing the resonance, determining the resonant frequency from its zero-crossing, and measuring the amplitude of the
vibratory force at that frequency.

5. EXPERIMENTAL SETUP

Figure 6 shows the experimental setup. The compressor under test 1 is clamped in fixture 2, which is mounted on a
piezoceramic dynamometer 3 (Kistler type 9272) measuring the axial component of the exported vibration. The
dynamometer is installed on a heavy vibration-isolated Newport pneumatic table. The charge generated by the
dynamometer is conditioned by a charge amplifier 4 (Kistler type 5875), while the actuator current is sensed by current
clamp 5 (Fluke type 80i-110s). Analog-to-digital conversion along with signal processing of the exported vibration, driving
voltage and current were performed using a dynamic signal analyzer 6 (Data Physics QUATTRO) supervised by the host
laptop 7. The actuator drive signal is generated by the signal generator of the signal analyzer 6 and amplified by audio
power amplifier 8 (Sure TAS5630 Class-D amplifier board). The amplifier is powered by a laboratory DC power supply
9 (TDK-Lambda type Z10-20).

Figure 6. Experimental setup

Evaluation of restoring force

The test was performed as follows. The signal generator has been set to produce a swept-sine voltage from 60 to 80 Hz
(linear sweep rate 1/12 Hz/s) covering the full range of possible resonances at different drive levels. The frequency span
for analysis was set to be 500 Hz with 3200 FFT lines, corresponding to a frequency resolution Af=0.1563 Hz. The overlap

was set to 90%, and the averaging mode was PEAK with a memory depth of 10,000 samples.

This configuration enabled real-time narrowband analysis while acquiring Re[H 1F ( ]a))l and the magnitude of the

vibration export. Figure 7 shows screenshots from the signal analyzer at different driving levels.
In Figure 7, the upper-left panel shows the time histories of actuator voltage and current, the bottom-left panel shows the

time history of vibration export, the upper-right panel presents the frequency dependence of Re[H 1E ( ja))l over the 60-

80Hz range, and the bottom-right panel shows the frequency dependence of vibration export over the same span.

In Figure 7, the synchronized cursors indicate the zero-crossing frequency of Re[H F ( ja))] and the corresponding value

of vibration export at that frequency.
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Figure 7. Evaluation of restoring force




At low driving level, the resonant frequency was indicated as 64.5Hz,
the system behaves as liner one, see Figure 7.a. Increasing driving
level results in increasing the resonant frequency to 67Hz as shown
20 in Figure 7.b. Further increase of the driving level results in further

increase of the resonant frequency to 70.9Hz and appearance strongly

O  Experiment nonlinear effects like jump, as seen in Figure 7.c.

Figure 8 compares the FEA-evaluated restoring force (solid line)
T—{FEA & over the positive range of normalized stroke with the restoring force
(circles) identified using (8) and (9). The experimental data are in fair
agreement with the theoretical prediction, particularly over the linear
operating range up to 75% of the normalized stroke. Also clearly
observed is the nonlinear stiffening of the magnetic restoring force
beyond the 75% level, which provides the favorable end-of-stroke
effect of magnetic snubber.
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complicated by intrinsic actuator nonlinearities, most notably the
bell-shaped spatial distribution of the transducer rate and the
nonlinear strong hardening of the restoring force. Under such conditions, identification based solely on a single-tone
complex FRF may result in appreciable error. In the present work, alternative estimates are, therefore, introduced based
on integral quantities that account for the high-frequency content, namely the active electrical power along with the
actuator current and mover velocity.

The instantaneous electrical power balance is obtained by multiplying both sides of the second (electrical) equation of set
(2) by the current i(¢). Assuming steady periodic operation and after applying the time-averaging operator <-> we obtain

(i) = R(i* )+ (iv) ©)
where v=x" is the mover velocity. It should be noted that equation (9) is valid at any driving frequency. Under near-
resonant conditions, the current and velocity are both approximately sinusoidal and nearly in phase. In that case,

(ivy=1,V..  , where V, =, /<Uz> . Recalling that the active electrical power is P =(iu) and I, = <i2> , from (11) we

rms’ rms 2 rms rms

Figure 8. Restorring force

obtain the following approximate estimate for the effective transducer rate

P-1 R
== - (10)

which can be evaluated entirely from measurable integral quantities: the active electrical power, the current and the mover
velocity. The mover velocity may be inferred indirectly from the measured force export by dividing it by the moving mass
to obtain acceleration and then numerically integrating the result.

Effective transducer rate based on local pointwise FEA data
The transducer rate identified experimentally by (10) should be regarded as an effective quantity. Rather than representing

the local pointwise value a(x) at a specific mover position, it represents an equivalent value associated with the stroke
magnitude A . Therefore, direct comparison with the pointwise FEA prediction is not meaningful. Instead, the FEA-based
pointwise dependence must first be transformed into a corresponding effective dependence, & (A) , using an averaging
procedure consistent with that adopted in the experiment.

In the present study, this effective representation is motivated by the Lagrange—d’Alembert interpretation. Since this
interpretation is rooted in a fundamental principle of analytical mechanics and is directly associated with the cycle-

averaged virtual-work and power balance, it provides a general and physically transparent framework for defining an
effective transducer rate in the presence of actuator nonlinearities.



According to the Lagrange—d’Alembert principle, the actual motion is such that the first variation of the mechanical
action, augmented by the virtual work of the nonconservative generalized forces, vanishes for all admissible virtual
displacements. In the present single-degree-of-freedom actuator, these nonconservative forces are the active
electromechanical force «(¢)i(r)and the viscous damping force Bx'.
The corresponding Lagrange—d’Alembert statement may therefore be written as

1 t,

S| Ldt+[[a(x)i(r)-Bx"|Sxdt =0 (11)

tl tl
where mechanical Lagrangian is defined as the difference between kinetic and potential energies, £L =T —TI1, 6 denotes
the variational operator, 6x is the corresponding admissible virtual displacement of the mover.
Assuming steady cyclic motion, the integration limits in (11) may be taken as 0 and T, where T is the oscillation period.

At or near resonance, the integral of the Lagrangian over a full cycle is approximately zero, so the electromagnetic
contribution to the virtual work over one cycle is

oW = [a(x)i(t)sxdt (12)

At or near resonance, the current is approximately in phase with the velocity and may therefore be taken as proportional
to it, thatis, i ¢t =Cx’' ¢ , where C=const. Assuming further a uniform virtual displacement over the stroke and

introducing the change of variable dx = x'df, changing the integration limits after simple manipulation we get

&(A)zi‘[a(x)dt (13)

Thus, under the above assumptions, the effective transducer rate reduces to the plain spatial average of the pointwise
transducer-rate distribution over the stroke.

The pointwise dependence a(x), as obtained from the magnetostatic FEA, may be represented, for example, by the

symmetric Lorentzian approximation

a(x)za%—L 14)

X 2
1+ (j
c
where the parameters a,b and ¢ may be determined by a standard least-squares fit to the FEA results shown in Figure 4.b.

Substituting (14) into (13) gives the following closed-form expression for the corresponding spatially averaged effective
transducer rate:

a@(A)=a+btan™ (%) (15)
Inverse restoration of the pointwise transducer-rate distribution

The experimentally identified quantity in the present work is the effective transducer rate, o (A) , expressed as a function
of displacement amplitude, A, whereas the quantity of actual physical interest is the underlying pointwise spatial
distribution, a(x). The transition from pointwise to effective representation is performed by the spatial-averaging
operator introduced in the preceding section.

Accordingly, the inverse reconstruction of a(x) from the measured dependence & (A) is formulated here as an inverse
problem. Since such an inverse problem is not unique in general, a regularizing functional form must be adopted. Guided
by the bell-shaped transducer-rate distribution inspired by the magnetostatic FEA, the pointwise dependence may be
represented by a symmetric Lorentzian function similar to (14). This representation is sufficiently simple for robust

identification while remaining flexible enough to reproduce the bell-shaped coupling behavior expected for the actuator
under study. Let the experimentally identified N effective values be denoted by

(A, (M)} k=1,2..N (16)

exp



The inverse restoration is then formulated as a nonlinear least-squares problem,
N 2
mlnzl:amnd (Ak)_acxp (Ak )] (17)
k=1

It should again be emphasized that the inverse problem remains inherently non-unique, since different pointwise profiles
may yield similar amplitude-dependent effective values. The Lorentzian assumption therefore acts as a physically
motivated regularization. This choice is justified by the bell-shaped profile suggested by the FEA results and by the
experimentally observed monotonic decrease of transducer rate with increasing amplitude over most of the tested range.

Evaluation of effective transducer rate

Using the setup shown in Figure 6, the actuator was driven by a tonal voltage whose amplitude was incrementally increased
at several fixed driving frequencies over the range of 63—68 Hz. At each drive level, the voltage, current, and exported
vibration force were recorded. Figure 9 shows the superimposed pointwise and effective FEA-based transducer rates as
functions of mover stroke, represented by the blue dashed and solid lines, respectively. The effective FEA transducer rate
was evaluated using (15). Also superimposed are the experimentally identified effective transducer-rate values, shown by
colored square markers, obtained at different driving frequencies.

_____ FEA _pointwise

FEA_effective
63Hz
64 Hz
B 65Hz
B 66Hz

Transducer rate, N/A

® 67Hz

-100% -75% -50% -25% 0% 25% 50% 75% 100% 68 Hz

Normalized stroke, %

Figure 9. Evaluation of effective transducer rates at different driving frequenies

These values were evaluated independently from the measured active power, current, and velocity using (10).

Although the highest accuracy is expected when the test is conducted at or near resonance, the proposed method retains
good accuracy over the wide range of driving frequencies. Overall, good agreement is observed between the theoretical
prediction and the experimental results over the displacement range investigated. This finding underscores the significance
of the proposed characterization technique for linear actuators, since it allows direct experimental identification of the
effective electromechanical coupling from measurable electrical and mechanical quantities, thereby overcoming
constraints imposed by friction and pronounced nonlinearities in the transducer rate and restoring force.

Inverse evaluation of underlying pointwise transducer rate

For the datasets obtained over the 63-68 Hz frequency range, the procedure presented above yielded stable inverse
Lorentzian restorations. Over this frequency range, the restored pointwise curves shown in Figure 10 remained broadly
consistent with one another and original FEA prediction (dashed line), indicating that the inferred spatial transducer-rate
distribution is only weakly sensitive to the precise driving frequency within the tested near-resonant band.

Overall, the proposed inverse-restoration procedure provides a compact and physically interpretable means for
reconstructing the pointwise transducer-rate distribution from experimentally identified effective values.
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Figure 10. Pointwise inversely restored transducer rate

CONCLUSIONS

A compact linear piston compressor employing a moving-cylinder topology was designed, manufactured, and
experimentally characterized. The adopted moving-magnet actuator, featuring an integrated magnetic spring and a bell-
shaped transducer-rate distribution, was shown to be well suited for substantial compressor miniaturization while
preserving useful swept-volume capability.

The magnetic restoring-force characteristic combines near-linear behavior over the required operating range with
pronounced nonlinear end-of-stroke stiffening, thereby providing a magnetic-snubber effect favorable for soft, failure-free
overstroke control. The bell-shaped transducer-rate distribution exhibits peak values in the mid-stroke region, where high
efficiency is particularly desirable for power efficient operation in a temperature control mode.

A dynamic, noninvasive characterization method was developed to identify the magnetic restoring force and transducer
rate without modifying the compressor assembly. Both characteristics identified experimentally were found to be in good
agreement with theoretical predictions.
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