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Abstract: Satellites with cryogenic instrumentation have great potential for military, commercial, and
scientific space missions due to the increased sensitivity of their sensors, even for Low Earth Orbit
(LEO) missions. For these missions, magnetorquers are a common electromagnetic actuation solution
for controlling the attitude and orientation of the satellite. As for any other component of a satellite,
the optimization of power consumption and weight is always beneficial for the design. In this work,
we propose a novel idea to reduce power consumption during magnetorquer operation: installing the
magnetorquer in the cryogenic area of the satellite, instead of installing an actuator in the hot area. As
the electric resistivity of the wire is greatly reduced, power consumption is also reduced. However,
the heat generated in the magnetorquer, even if lower, must still be dissipated by the cryocooling
system, which has an additional energetic cost. The cryogenic temperature range where this effect
is beneficial, and the amount of power saved, was determined as a function of different cryocooler
technologies’ efficiency and the purity of the copper wire material. It is analytically demonstrated
that the operation of the magnetorquer in a temperature range from 10 to 40 K could save energy with
respect to operation at 300 K if the copper wires have a residual resistance ratio larger than 200 RRR. A
prototype magnetorquer suitable for cryogenic temperatures was manufactured and tested at liquid
nitrogen temperature, 77 K, to experimentally demonstrate the variation in the energy consumption.
The magnetorquer comprised an iron core with copper wire winding that achieved 1.42 Am? by
applying 0.565 W at 0.5 A. When operating submerged in liquid nitrogen at a temperature of 77 K, the
power used by the magnetorquer was reduced by eight times due to the change in electrical resistivity.

Keywords: attitude control; magnetic rod; magnetorquer; electromagnetic actuator; cryogenic cooling;
cryogenic actuator

1. Introduction

The development of spacecraft technologies in recent years has led to a reduction in the
number of subsystems and loads. This reduction allows the manufacturing of lightweight
satellites commonly referred to as smallsats, CubeSats, or nanosats. Some factors that have
motivated the increased production of these types of satellites are the possibility of cheaper
and faster qualification, lower budgets, shorter phases of development, standardization, in-
ternational cooperation, purpose isolation, and the incorporation of up-to-date technologies.
The main fields of application are spacecraft research and development, communications,
remote sensing, military, and scientific studies [1,2]. The potential applications expand to
smallsat constellations and networks [3,4].

One of the main issues in satellite orbit operation is attitude control. This involves
stabilization, detumbling, and orientation with respect to Earth reference points [5-8].
Mechanical actuators with moving parts such as control moment gyroscopes [9], reaction
wheels [10], or propulsion systems [11] such as chemical [12], electrical, and cold gas rock-
ets [13] have been widely used in space missions. Nevertheless, the use of moving parts in
spacecraft implies a limited lifecycle, as well as fatigue and lubrication problems at low
temperatures [14]. Other solutions such as electromagnetic actuators have been explored
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to avoid those tribological issues in space and cryogenic applications [15-20], as well as
magneto-mechanical devices such as magnetic torque limiters, gears, and bearings [21,22];
there are also studies where space contactless mechanical actuators were used to take advan-
tage of cryogenic cooling [23]. Miniaturization of these electromagnetic systems developed
for MEMS sensors and actuators is possible in space applications [24-27] and is especially
important given the current aim towards smaller satellites observed in the industry.

Magnetorquers become especially relevant for the miniaturization of satellites. Mag-
netorquers are a type of electromagnetic actuator used for attitude control applications
such as stabilization without the need for any moving parts [28-30]. They are cheap, easy-
to-manufacture, lightweight, compact, and reliable devices [31]. Magnetorquers generate
a magnetic dipolar moment (m) and take advantage of the Earth’s magnetic field (B) to
drive mechanical torque in the spacecraft around the center of the generated magnetic
field in one tridimensional axis. Magnetorquers are usually installed in spacecraft in a
set of three in orthonormal positioning, to make omnidirectional pointing possible, while
also being suitable for combination with other methods such as mechanical actuation [32].
The configuration of magnetorquers can vary from slender round-winded coils [33] to
planar coreless square-winded coils [34]. Planar coils can also be made by PCB printing,
making the integration with electronics easier, and occupying a very small volume [35,36].
Iron-cored slender magnetorquers are of special interest. A ferromagnetic core, when
excited by an external field, can present a magnetic field inside the winding that can be up
to thousands of times more dense than that in non-ferromagnetic core magnetorquers [37].

The magnetic torque transmitted to the body of the spacecraft depends on the Earth’s
magnetic field. The magnetic field density and its homogeneity decrease drastically with
the distance to the Earth’s surface; for this reason, magnetorquer applications are limited
to Low Earth Orbit (LEO) missions. LEOs are mid-inclination circular orbits in a typical
altitude range from 400 km to 700 km, above the Earth’s surface, and below the Van
Allen Belt [38]. Higher altitudes can be found in LEO missions, but they are always
lower than 2000 km. Some cases of special interest are Equatorial Low Earth Orbits
(ELEOs), for situations requiring the lowest delta-v of any orbit, and Sun-synchronous
orbits, near-polar orbits that ensure a constant illumination angle over the Earth. Some
benefits of LEOs are as follows: almost the entire Earth’s surface can be covered by a single
smallsat constellation; high Doppler shift permits position and tracking determination;
much lower-power Earth user terminals can be achieved, and due to multiple satellite paths,
signal interruption is avoided [39]. More specifically, there are promising instrumentation
technologies used in LEO missions that require cryogenic temperature refrigeration, at
<100 K, to work appropriately. A number of past LEO satellites with cryocooling systems
are listed in Appendix A [40]; in addition, missions such as the James Webb telescope,
JAXA Spica, and ESA ATHENA require a cryogenic environment. Some of these satellites
include high-temperature superconductors (HTS) for levitation mechanisms [41-43] and
superconductors for telecommunication amplifiers, Earth infrared observation instruments,
or astronomy instruments [44]. The most remarkable application is cryogenic photon
detectors. The main advantages of this type of sensor versus conventional ones are their
much higher sensitivity and better energy resolution. Electromagnetic spectrum sensors
for a wide wavelength range benefit from the use of cryogenics, but low energy detectors
in the region between Near InfraRed (NIR) and Far InfraRed (FIR) see the most substantial
improvements. The combination of smallsat spacecraft and LEOs that require cryogenic
cooling is very likely to occur. Therefore, the idea presented and described herein is very
applicable for future missions.

In this work, a novel idea to reduce power consumption during magnetorquer opera-
tion is presented. It is based on the installation of the magnetorquer or a set of them in the
cryogenic area of the satellite, instead of installing the actuator at ambient temperature. As
the electric resistivity of the wire is greatly reduced, power consumption is also reduced.
However, the heat generated in the magnetorquer, even if lower, still must be dissipated by
the cryocooling system, which has an additional energetic cost. In space systems, mass is
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a critical issue; this idea does not imply a mass penalty. Further, actuators often assume
a significant fraction of the orbit average power (OAP); thus, if power consumption is
reduced, the size of solar panels and batteries can be reduced as well. However, a risk
analysis of this scenario must first be undertaken, which is beyond the scope of this work.

The cryogenic temperature range where the studied effect is beneficial, and the rel-
ative amount of power saved, was determined by considering the thermal system that
extracts heat from the cooled zone and delivers to the zone at 300 K. This profitable sit-
uation of power consumption is independent of the size and the nominal power of the
magnetorquer. A prototype magnetorquer, dimensioned for nanosatellites and suitable for
cryogenic temperatures, was manufactured and tested at liquid nitrogen temperature, 77 K,
to experimentally demonstrate this effect.

2. Theory
2.1. Magnetorquer Design and Electromagnetic FEA Model

A magnetorquer was designed, optimized, and manufactured, then characterized in a
cryogenic environment.

The torque induced is described in Equation (1), where m is the magnetic moment of
the magnetorquer, and B is the magnetic field in the surroundings. The magnetic moment
generated by a magnetorquer depends on the configuration, size, magnetic properties of
the materials, and circulating electrical current:
2| =[] |§

.
=mx B, sin 6 1)

A ferromagnetic core magnetorquer configuration was chosen for the design, due to
the high current-moment efficiency achievable as compared to other configurations. An
electromagnetic 2D axisymmetric FEM model was simulated in ANSYS to optimize the
design and determine its performance (see Figure 1). The simulated environment was a
cylinder in vacuum that reached 150 mm on the —Z axis and 1000 mm on the +Z axis (the
measuring side), with 110 mm of radial distance, and with its boundary frontier defined as
‘balloon’. The mesh was automatically generated by imposing a calculation error limit of
0.01% and a triangular cell shape. After 5 steps of calculation, the model contained about
118,067 elements. The magnetostatic field solver verified Maxwell equations, considering
the magnetic permeability of materials [45]:

- =
VxH=] )
—
V-B=0 (3)
— - = — —
BszOT+M>:ymw~H+MyMp (4)

The model was optimized to obtain the best relative performance; the moment-current,
moment-weight, and moment-power ratios were considered. The magnetic field density
that the magnetorquer generates can be calculated using two different equations: Equation
(5), which represents the field generated by a uniformly magnetized cylinder core [37], and
Equation (6), which is the magnetic dipole approximation. In both expressions, z is the
distance to the center of the core on the axis of symmetry, L is the length of the dipole, Bz is
the magnetic field density along the axis of symmetry, and m is the magnetic moment.
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Figure 1. Magnetization level of the ferromagnetic core at different current values.

With the simulated Bz values along the axis, the magnetic moments obtained by
both approximations in Equations (5) and (6) can be plotted. Both expressions tend to
have a convergent value for an infinite axial distance. Then, a measuring distance can be
established to calculate the magnetic moment using either of the expressions for a maximum
difference between both approximations. This distance depends on the geometry and the
size of the core but not on the current applied. A representative distance to measure the Bz
field, where the magnetic moment calculation of both expressions converges, is z = 0.75 m,
with variation less than 1% of the average of the calculations:

z_1 z 41
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Ho | 2m
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Any iron-core magnetorquer will generate a magnetic moment proportional to the
applied current until the ferromagnetic material reaches its magnetic saturation. The
materials selected for the prototype were Vacoflux50, a high-quality ferromagnetic material,
and a 0.5 mm enameled copper wire with a residual resistance ratio (RRR) of 200. The wire
diameter selection was made considering a tradeoff between voltage and current. Thin
wire implies a very low current but too high a voltage, whereas too thick a wire implies
too high a current and a lower filling factor. Vacoflux50 is a FeCo-2V alloy that presents a
relative permeability of 15,000 and a magnetic saturation limit between 2.3 and 2.5 T. These
characteristics represent nearly the best quality among the ferromagnetic alloys available
on the market to obtain the maximum magnetic field levels inside the core. In Figure 1, the
process of magnetic saturation inside the core of the optimal design is shown. The core
starts saturating from the center at first, and then the saturated area increases. From this
point, applying a larger amount of current does not result in an increased magnetic field
density inside the core; hence, no more significant magnetic moment is obtained.
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Firstly, a bulk copper cylinder was assumed as the conductor section during the
optimization process because its magnetic field contribution is the same. By applying
orthogonal optimization to its specific performance characteristics, the external radius, core
radius, and current density were established. The geometric and magnetic parameters of
the proposed magnetorquer are listed in Table 1. Figure 2 shows the magnetic moment
calculated from the simulated magnetic field density, generated as the current increases.
A linear dependence is clearly visible until around 1 A of supply current. For this magne-
torquer size, no more than 5 W power supply modules are needed due to the magnetic
saturation, as represented in Figure 3. An optimal operation point at 0.5 A, 1.42 Am?, and

0.566 W was selected.

Table 1. Optimal magnetorquer design and performance.

Quantity Symbol Value
Core radius (mm) Rint 25
External winding radius (mm) Rext 5.45
Length of the magnetorquer (mm) L 100
Wire diameter (mm) Dcable 0.5
Turns per layer n 185
Device mass (g) mass 63.26
Current (A) I 0.5
Electrical resistance at 300 K (ohm) R 1.13
Power consumption at 300 K (W) Pw 0.565
m 1.42

Magnetic moment (Am?)

35 T —.__.__.__.—.—

2.5 A 4

m [Am?]
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Figure 2. Calculated magnetic dipole moment versus current applied.
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Figure 3. Calculated magnetic dipole moment versus power consumed.

This design shows better performance in terms of magnetic moment generation and
the relative ratio of the efficiency and specific moment than the state-of-the-art alternatives.
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In Table 2, some previous commercial and research magnetorquers of similar sizes are
compared to the magnetorquer manufactured in this work. As far as we are aware, none of
them have ever been tested.

Table 2. Comparison between the proposed magnetorquer and the state-of-the-art.

Length x & m m/Power m/I m/Mass

(mm X mm) (Am?) (Am?/W) (Am?/A) (Am?/kg) Ref.
40 x 10.6 0.018 0.267 0.360 1.200 [46,47]
70 x 9 0.200 1.000 5.000 6.667 [48]

94 x 13 1.190 1.488 7.438 22.453 [49]
140 x 16 1.000 2.5 - 5 [50]
100 x 10.9 1.42 2.52 2.85 22.5 This work

The designed FEA electromagnetic model was manufactured to demonstrate its behav-
ior at cryogenic temperatures. The ferromagnetic core was machined from a 100 mm long
and 5 mm diameter cylinder made of 2VFeCo magnetic alloy (Vacoflux50). Two small axial
blind holes were made in the extremes of the core to fit aluminum stoppers. These stoppers
allowed the correct axial alignment of a magnetic field density probe during testing. The
winding process was performed in a low-speed lathe, with 180 turns per layer for a total of
6 layers. The wire used was the same as that in the FEM model (a 0.5 mm enameled copper
wire with 200 RRR). The final manufactured prototype is shown in Figure 4. The series
connection between layers ensured a homogeneous current through all the layers.

' u;%mu-W““!!",“Almmmtmuum«qu«:gq{qmtqtqq(q|ltc@0lgqqqqqqt|0lctal|auuu..udluug;ggnlggqgmqfg;Qgggqugmnmmmu limni?’f

nim R G A L

Figure 4. Manufactured magnetorquer prototype.

2.2. Thermal Behavior of a Magnetorquer in Cryogenics and Cryocooling Systems

In some satellites, precision sensors such as cryogenic photon detectors are installed in
a cryogenic area, while the rest of the subsystems work at 300 K (hot point). The temperature
inside the cooled chamber varies depending on the cryocooling system, but it commonly
ranges from 1 K to 100 K. A cryogenic cooler is a machine similar to a conventional
refrigerator designed to operate at cryogenic temperatures. There are many different
cooling technologies suitable for different operation temperature ranges. The main applied
technologies are Adiabatic Demagnetization Refrigerators (ADRs), NIS chips, dilution
coolers, cryostats, sorption pump coolers, turbo Brayton coolers, Stirling coolers, pulse
tube coolers, Peltier cells, and both deep space and Earth orbit radiators [44]. The operation
temperature and heat dissipation capacity of different types of space cryocoolers vary from
0.001 to 300 K, and their cooling power ranges from 1 x 10712 W to 1 x 10* W [44].

Different types of cryocoolers have been used in space missions, and their efficiencies
at different temperatures are described in reference [51]. The Carnot efficiency of different
types of cryocoolers varies between 1% and 20%. The minimum Carnot efficiency at each
temperature was considered to demonstrate that energy savings independent of the type
of cryocooler are possible; the considered values are depicted in Figure 5.
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Figure 5. Carnot efficiency of cryocoolers at different temperatures [51].

The relation between heat and power in an ideal electric cryocooler is expressed in
Equation (7): the total heat expelled by the cryocooler to the 300 K hot point (Qznox) is
the sum of the heat extracted from the cold point (Qc/,) and the energy applied by the
cryocooler compressor (Wcommgsso,):

Wcompressor + QCryo = Q300 )

If the magnetorquer is placed in the cryogenic area, then the total power required by
the system is the sum of the cryocooler power (required by the magnetorquer as thermal
load) and the magnetorquer consumption operating at cryogenic temperature, as expressed
in Equation (8). This total power required in the cryogenic area (Pyq; (Teryo)) must be less
than the power required by the magnetorquer when placed in the hot temperature area to
obtain an energetic profit (Equation (9)). The chosen hot temperature was 300 K, where
magnetorquers normally work alongside other systems:

Piotal (Tcryo) = Wieal compressor + Pmagnetorquer (Tcryo) (8)

Ptotul (TCTyO) < Pmugnetorquer (BOOK) (9)

The heat power generated by the magnetorquer is caused by the Joule effect on the
electrical wires according to Equation (10). The electrical resistivity of the copper wires
highly depends on the temperature, and so does power. The dependence of resistivity and
temperature for several RRR copper quality grades has been well studied before; Figure 6
shows the curves of values previously measured [52]. It was shown that electrical resistivity
can be reduced by 3 orders of magnitude compared to its value at 300 K for high-quality
copper at very low temperatures. The decrease in the electrical resistance of the conductor
results in a better magnetic moment-to-power ratio and, therefore, a reduction in the power
required to achieve a similar level of current and magnetic moment:

Pmagnetorquer(T) - IZ‘R(T) (10)
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Figure 6. Electrical resistivity of copper vs. temperature for different RRR copper quality.

For the same level of magnetic moment (and, thus, current), the ratio between the
required power levels is directly the same as the ratio of electrical resistivity values, as
shown in Equation (11); this is independent of the current:

T
Pmagnetorquer (Tcryo) = Pmugnetorquer (3OOK) . ;:((?,(C)royl(;)) (11)

The maximum coefficient of performance (COP) of a cryocooler is the ratio of ideal
useful cooling provided to the required work of the compressor. For this case, it correlates
with the compressor power (Weompressor) required to extract all the extra heat generated by
the magnetorquer operating at a certain cryogenic temperature:

COP Tcryo chyo P magnetorquer (Tcryo) (12)
max cooling — = =
& T300x _Tcryo Wideal compressor Wideal compressor

The real final power consumption of the cryocooler is defined as the percentage of this
maximum COP with respect to the real COP, the Carnot efficiency (#,5 = COPreql cooling/
COPrmax cooling100). Therefore, the total power consumption when operating in cryogenics

(Protar (Tcryo>) is:

Ptotal (Tcryo) = Pmagnetorquer (Tcryo) + Wreal compressor (13)

(14)

Teryo—T300k
Protar (Tcryo) = PmagnEtorquer (Tcryo)' (1 + —eoryo -~ SUOK

Mreal* Tcryo
The threshold point of power saving by cryocooling depends on the ebullition temper-

ature of the refrigerant, the RRR purity level of the copper used in the magnetorquer, and
the Carnot efficiency of the cryocooler. In addition, the power dissipation capacity of the
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cryocooler must cover the heat dissipation requirements, not only for the magnetorquer
but also for the other instrumentation payloads.

3. Experimental Procedure: Room and Cryogenic Temperature Testing

The prototype was tested at room temperature (293 K) and at a temperature of 77 K
to measure its magnetic moment and energy consumption in a cryogenic environment.
The prototype and the magnetic field probe were attached to an aluminum optic precision
board with aluminum brackets and non-magnetic screws. This avoided any magnetic
contamination of the probe. The whole setup was performed at room temperature, and the
alignment of the probe and the magnetorquer is shown in Figure 7. The distance between
end of the magnetorquer and probe was just 5 mm in the room temperature tests.

CONNECTION PCB

MAGNETIC

Figure 7. Measurement setup at room temperature.

For the cryogenic tests, a container made of polystyrene as a thermal isolation material
was prepared for the prototype. A 3D-printed bracket fixed the axial probe, ensuring the
correct alignment between the magnetorquer axis and the probe axis. In addition, the
probe was kept far from the coolant to not alter the probe sensitivity. The distance between
the probe and magnetorquer was 56 mm, so the magnetic field was smaller than that in
the room temperature tests. The cryogenic setup is shown in Figure 8. The cryogenic
measurements are made while the prototype was submerged in liquid nitrogen at 77 K
(nitrogen’s boiling point).

Figure 8. Measurement setup in a cryogenic environment (77 K).

A voltage supply with current measurement (EX355P-USB from AIM-TTI INSTRU-
MENTS) was used to determine the electric variables. An axial magnetic field Hall-effect
sensor (GMO8 from Hirst Magnetics) was used to measure the axial magnetic field density.
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For both setups, the current, the power, and the magnetic field density, B, were
measured. Then, these magnetic field measurements were compared with the FEM model
simulated magnetic field to validate the FEM model. Once this FEM model was validated,
we obtained the magnetic moment by using the simulated magnetic fields and by applying
Equations (5) and (6) for distances around 750 mm, which ensured that the dipole moment
approximation was valid.

4. Results

Figure 9 presents a comparison between measurements of the prototype at 300 K and
at 77 K. The process of saturation is visible in the graph, where the slope decreases as
the input power increases. This means that less magnetic field and, hence, less magnetic
moment is obtained for each additional current unit supplied.

4.0
3.5 4
—&— 300 K measurement
— 301 —@— 77 K measurement
£
< 25 -
N
g
g 2.0 A
S
=
L 1.5 4
N
Q
S
& 1.0 1
=
0.5 4
0.0 T T T T
1E-03 1E-02 1E-01 1E+00 1E+01

Power [W]

Figure 9. Magnetorquer measurements at 300 K and at 77 K.

By submerging the proposed magnetorquer of 200 RRR copper wire in liquid nitrogen,
the same level of magnetic moment was obtained with eight times less electric power
consumption. The prototype achieved 3 Am? at 300 K with an input power of 6.4 W, while
at 77 K, it used 0.8 W to generate the same magnetic moment. This validated the power
reduction calculations in the previous section.

5. Discussion

The proposed magnetorquer was optimized for a certain length, maximizing its
specific characteristics, which means that it operates near the magnetic saturation of the
core. However, if a mission requires a greater amount of magnetic moment, and the extra
mass and volume are available to use, power is not a limitation if the magnetorquer is
cryocooled. This is because the increment in power consumption becomes less critical with
respect to the orbit average power of the spacecraft.

Figure 10 shows different power-saving scenarios depending on the copper quality
and the ebullition temperature of the refrigerant. The relative power consumption is the
total power at cryogenic temperatures, expressed in Equation (8), over the magnetorquer’s
power consumption at room temperature. In the experimental case, the relative power
consumption is 331%. This means that for the studied case, the balance of power is not
profitable, consuming more than three times the nominal power at room temperature. It
was demonstrated that operation of the magnetorquer in a temperature range from 10
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to 40 K could save energy with respect to operation at 300 K if the copper wires have a
residual resistance ratio larger than 200 RRR. For the considered Carnot efficiency values,
an RRR level below 200 and operating temperatures greater than 40 K are not energetically
profitable. The minimum relative power consumption reachable is 22.21% with an RRR
level of 2000 at 16 K. For the RRR value of the copper used in the prototype, a 30 K operating
temperature is required for the minimum power consumption of 93.3%.

400

350 /
331 <3

300

250

200

150

100 -&8--------

Relative total power consumption [%]

- Experimental Point
—8—RRR 2000 RRR 1000

1

1

50 :

ower : —8—RRR 500 —8—RRR 200
0 Saving Zone) —8—-RRR 100 —8—RRR 50
1
10 20 30 40 50 60 70 80
77

Cryogenic Temperature (Tc) [K]
Figure 10. Power reduction factors for several copper qualities vs. temperature.

Figure 11 presents the minimum Carnot efficiency necessary at different copper RRR
levels at a certain temperature to be within the energy-saving area. For a better quality of
copper, and a lower temperature, a lower cryocooler performance is acceptable.

100

Achievable Values of

10 Carnot Efficiency Zone

. Experimental Point

Minimum Carnot Efficiency [%]

—&— RRR 2000 RRR 1000
—&— RRR 500 —e— RRR 200
—&—RRR 100 —&— RRR 50

=@==Typical maximum effiiency

10 20 30 40 50 60 70 77 80
Cryogenic Temperature (TC) [K]

Figure 11. Minimum Carnot efficiency of the cryocooler for various RRR levels at different temperatures.
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A value of 40% Carnot efficiency is needed to satisfy the power balance for an RRR
level of at least 200 at 77 K. The typical Carnot efficiency of cryocoolers at 20-30 K is
between about 5 and 10%; this means that profitable scenarios are possible with commercial
cryocoolers for magnetorquers using copper with an RRR of at least 200 at the minimum
relative power consumption operation temperature.

6. Conclusions

Different scenarios of power saving were presented, considering parameters such as
the copper wire quality, Carnot efficiency of the cryocooler used, and operating temperature
at the cold point. The relative power consumption and the minimum Carnot efficiency
were calculated in all scenarios.

It was analytically demonstrated that operation of the magnetorquer in the tempera-
ture range from 10 K to 40 K could save energy with respect to operation at 300 K if the
copper wires have a residual resistance ratio larger than 200 RRR.

At 28 K, which is a reachable temperature for commercial cryocoolers, the required
Carnot efficiency for the prototype is 7.07%. As the RRR value increases, the needed
performance of the cryocoolers can be relaxed at low temperatures. The minimum relative
power consumption reachable is 22.21% with an RRR of 2000 at 16 K. For the RRR value of
the copper used in the prototype, a 30 K operation temperature is needed for the minimum
power consumption of 93.3%.

An experimental setup with a prototype magnetorquer was manufactured to validate
the calculations and the performance operation point. The manufactured prototype was a
100 mm long iron-core magnetorquer made of Vacoflux50 with 200 RRR enameled copper
wire. The performance parameters of the prototype were 0.565 W, 0.5 A, and 1.42 Am?.

By cooling down to 77 K, the electric power consumption of the prototype was reduced
to 1/8 of the power consumption at 300 K. The relative total power consumption was 331%.
The power balance in the experimental case did not show power savings but did validate
the thermal calculations and the electromagnetic FEM model. By reducing the operating
temperature, the required Carnot efficiency for a power-saving situation is reduced. The
cryocooler performance data used herein support the assertion that a profitable energetic
balance is possible with commercially available cryocoolers.
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Appendix A

Table A1l. Summary of cryogenic space programs in LEO [40].

- C Launch . In-Flight e
Mission Application Type/Class Year Cryogenic System Temp. (k) Lifetime
ERS (ESA)-1/2 Farth P/L (ATSR) 1991/1995 Stirli 1 80 2
observation 1Hng cooter y
CRISTA (DARA, D) Farth P/L (STS-66/85) 1994/197 “He cryostat 2.5-12 10d

observation
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Table Al. Cont.

Mission Application Type/Class L;‘;g:h Cryogenic System ,:,:I;lfll:g(lll:) Lifetime
15AS /fos% a/vrrp  Science(R)  Instrument (IRST) 1995 ‘He Cry‘;séat +He 0.3 30d
MSX (BMDO, US) MP/UV to FIR  Satellite (observat.) 1996 sHj cryostat <8 600 d
BETSCE (NASA) Technology P/L (STS-77) 199 Hy Stlsr(l)lrrr‘ft +JT+ 10 <1d
CheX (NASA) Tech./MS P/L (STS-87) 1997 4He cryostat 1.6 >6d
HST (NASA) Science (NIR) . Nicmos, 1997 sN, cryostat 60 700 d
instrument
WIRE (NASA) Science (IR) Satellite (surveyor) 1999 Dual, sH; cryostat <7.5 120d
RHESSI (NASA) Sc1e1r>1}(i§zls(s)olar Satellite (observat.) 2002 Stirling cooler 85 >5yr
FACET (NASA/JPL)  Technology P/L (STS) 2003 SCC?;O*S' tzlt\le 19 >6d
SuzliIleSEgAS, Science (X-ray)  Satellite (observat.) 2005 sNe + 4§S§ryost. * 0.065 730d
XEUS (ESA) Science (X-ray) 1(2:;1:::1; 2005 S“rhx%%"’l' * 0.05-0.3 >10 yr
ISS/Bosch (ESA) Tech./TLC P/L(ISS) 2005 Mechanical cooler 77 >1yr
Akari (ISAS) Science (IR)  Satellite (observat.) 2006 ‘He (Z\(zocfe};OSt' * 1.8 550 d
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