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Abstract — Magnetorquers are a very suitable solu-
tion for the nanosatellite’s attitude and orbital control
of low Earth orbit (LEO) given its constraints: small
available volume, limited power consumption, and max-
imum weight limitation. In this work, an optimized
ferromagnetic core magnetorquer is designed for LEO
nanosatellites, considering the geometrical, electrical,
and magnetic parameters in an electromagnetic finite ele-
ment analysis (FEA). The final design dimensions are
10.9 mm diameter and 100 mm in length, with a ferro-
magnetic core made of high performance soft magnetic
alloy Vacoflux50 measuring 5 mm diameter and 100 mm
in length. Magnetorquer geometry has been optimized
to achieve a very high compactness, reaching an opti-
mal combination of high specific magnetic moment and
magnetic moment-input power ratio at the same time.
It shows a maximum magnetic moment of 1.42 Am?,
a magnetic moment-input power ratio of 2.52 Am?/W,
and a specific magnetic moment of 22.5 Am?/kg, with
a power consumption of 0.565 W and 0.5 A. Such a
combination of high-performance values has not been
previously found. Furthermore, it has displayed higher
magnetic moment and specific magnetic moment than
previous prototypes in literature. The simulated model
is validated with the experimental testing of a manufac-
tured prototype, by measuring the magnetic and electric
variables.

Index Terms — attitude control, magnetic devices, mag-
netic rod, magnetorquer.

I. INTRODUCTION
Attitude control, stabilization and detumbling are
some problems related to the position of any spacecraft
in space around Earth [1]-[3]. For space applications,
mechanical components with active moving parts can be
used for attitude and vibration control [4]-[11]. How-
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ever, they may suffer from reduced reliability as friction
and wear may appear. On the other hand, magnetorquers
are cheap, compact, reliable, and lightweight mechanical
actuators without moving parts to control the orientation
of the spacecraft [12].

Nanosatellites are constructed by only a 10 cm cube
module or the junction of several cube modules, never
exceeding 10 kg of total mass. In recent years, the
development of this type of satellite has been increasing
for commercial and military applications [13], includ-
ing small satellite constellations [14]]-[15[]. This is due
to plenty of new applications achievable with lower bud-
gets and shorter development periods than those required
for larger satellites.

A magnetorquer mainly consists of an electromag-
net which produces a dipolar magnetic moment m when
an electrical current flows through the winding. The
magnitude of magnetic moment generated is mainly
determined by the geometry, the magnetic properties of
the materials and the circulating current. The square of
the circulating current multiplied by the electrical resis-
tance of the coil gives the power consumption of a mag-
netorquer, which is a significant performance parame-
ter of this type of device. Depending on the size of the
satellite, larger or smaller magnetic moment amounts are
desired, and the smaller and lighter the magnetorquer is,
the better for its integration in the satellite [16].

Magnetorquers interact with the Earth’s magnetic
field B producing a magnetic torque T (Nm). It allows
the satellite to rotate around its own center of mass.
This relation is a vectorial product between B (T) and
m (Am?), as defined in equation (I):

=inxB=|m|-|B| sin6. 1)
Satellites located in low Earth orbit are subject to
a more intense and uniform magnetic field compared to

further away orbits. This is a requirement for the proper
working of the magnetorquer, and it limits the use of
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magnetorquers to LEO missions where the orbit has an
altitude ranging from 200-300 km and up to 1600 km
[[17]. Hence, a magnetorquer designed for bigger satel-
lites on further away orbits would have a lower torque-
power ratio, given that the magnetic torque achievable
with the same power consumption is lower.

The winding is made of low electrical resistivity
materials such as copper or aluminum. Different coils
can be manufactured depending on the size of the
winding, from macro to micro size [L8]-[19]]. Its shape
can vary from planar coreless square coils [20] to
slender round iron-cored coils [21]]. PCB printed planar
coils are also used. The volume occupied by this kind
of magnetorquer is very small and it also benefits the
integration with its electronics [22]—[23]. Typically,
different types of magnetorquer actuators are combined
in an attitude control system for a suitable coordinated
operation. In addition, systems like Helmholtz cages
are used to test the mentioned system under controlled
magnetic fields [24]].

Iron-cored magnetorquers are especially interesting.
The presence of a soft magnetic material core with a
very high magnetic permeability increases the amount
of magnetic moment generated [25]. Moreover, its low
coercivity allows it to reduce the remanent magnetic
moment when the coils are off. With these characteris-
tics, more efficient designs are achievable. Nevertheless,
the cylinder of the core tends to be very thin to mini-
mize the demagnetization factor effects. The exact rela-
tion between the length of the core and its radius depends
on the total size, and it can also be optimized.

The proposed iron-core magnetorquer in this work
must fit in the nanosatellites volume, therefore, a maxi-
mum length of 100 mm for the magnetorquer is defined.
The proposed design in this work, as it is optimized,
reaches a combination of both high specific moment and
magnetic moment-input power ratio, while maintaining
a high magnetic moment and low power consumption.
This combination of high values is not found in any pre-
vious magnetorquers found in literature.

In Table m some commercial and research magne-
torquers with similar sizes are listed and compared. The
total magnetic moment and relative specific and input
power ratios are shown, giving some values of the goal
performance.

In this paper an optimized iron-cored magnetorquer
design is presented. In the following sections the theoret-
ical model and its equations are defined. An electromag-
netic parametric model in FEA software used for opti-
mization is displayed. After the optimization, a detailed
design is presented.

Finally, a prototype is manufactured, and a test setup
is assembled to validate the FEA model with the present
measurements.
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Table 1: State-of-the-art of small magnetorquers
Length | m |m/Power| m/l m/Mass | Ref
x@ [(Am?)|(Am*/W)| (Am?/A) [(Am?*/kg)
(mm x
mm)

40x10.6 | 0.018 | 0.267 0.360 1.200 | [26]-
[27]

70x9 |0.200| 1.000 5.000 6.667 | [28l]
94x13 |1.190| 1.488 7.438 | 22.453 | [29]
140x16 | 1.000 2.5 - 5 [30]
75x10 [0.394| 3.71 9.38 11.588 | [31]

II. MAGNETORQUER DESIGN

The design of the magnetorquer is shown in Fig. [T] It
consists of an inner cylindrical ferromagnetic core, fully
winded with several overlapped layers of copper wire.
The geometrical, electrical, and magnetic parameters are
shown in Table [2] These parameters will be modified to
find the optimal solution.

The materials properties also affect the performance,
since the electrical power depends on the electrical resis-
tivity of conductor, and the magnetic moment depends on
the relative magnetic permeability of the core. In ferro-
magnetic materials, the desired properties are low coer-
civity (opposition to external field), high relative mag-
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— -
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Fig. 1. (a) Magnetorquer elements and dimensional
parameters and (b) 3D cross-section of the magnetor-
quer.



Table 2: Magnetorquer parameters

Symbol Quantity
Rins Core radius
R. External winding radius
L Length of the magnetorquer
D apie Wire diameter
mass Device mass
1 Current
j Current density
R Electrical resistance
P Power consumption
m Magnetic moment

netic permeability (multiplication of external field), and
high magnetic saturation (maximum field that can be
stored inside the material). Among ferromagnetic mate-
rials, Fe-Co alloys present higher magnetic saturation
than other alloys like Fe-Si or Ni-Fe. This means that
a higher magnetic moment in less material is possible.

The material selected for the inner core
is  VacofluxS0® from the company VACUUM-
SCHMELZE GmbH & Co, Hanau, Germany.
Vacoflux50 showed one of the highest magnetic
saturations on a machinable bar shape. According to the
manufacturer, this material is composed of 49% Fe, 49%
Co, 2% V + Nb. This material has been selected for its
low coercivity (Hc = 100 A/m), high permeability (i, =
7000) and high saturation (B, = 2.3 T) [32]].

To simplify the variable sweeping for the optimiza-
tion in the design process, a solid copper body is consid-
ered instead of the series of layers of winding wire, as
shown in Fig. 2] This simplification is possible, due to
the fact that the magnetic field contribution to the core
of a bare copper cylinder and a compact winding of wire
copper is almost the same, because the conductor cross-
section is nearly the same.

This simplification drives to equation 2, which cor-
relates the total consumed power with the geometrical
design parameters, the material conductivity and the cur-
rent density applied. Equation 3 is included in the para-
metric FEA model to change the amount of copper of
the magnetorquer depending on the electrical parameters
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Fig. 2. Magnetorquer simplified parametric model.
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(current density and power) and geometrical parameters
of the core (radius and length). The mass is calculated by
using the density and the bulk of copper and iron core:

L
P=P-R=/8p-<
:].2'(Rext—Rint)'L'p'ﬂ:'(ReXt—*—Rim)7 @)
P 2
Rexe = \/Lpﬂ?]z i v
mass=L-1- (pcopper ) (Rext2 - Ri’llz) + Patioy49 - Rimz) :
4

III. FINITE ELEMENT MODEL AND

MAGNETIC MODEL CALCULATION

All calculations have been done using Ansys Elec-
tronics, a finite element model (FEM) software for simu-
lation of electromagnetic fields. The magnetostatic field
solution verifies Maxwell’s equations:

VxH=7, )
V.B =0, )

with the following relationship applicable to each mate-
rial:

B =po(H+M)=po - H+po- My, (7)
where H is the magnetic field intensity, B is the magnetic
field density, J is the conduction current density, M, is
the permanent magnetization, ¢ is the permeability of
vacuum, and U, is the relative permeability of the core
material [33]].

The magnetostatic solver calculates the magnetic
field distribution produced by combination of a known
DC current density vector distribution and a spatial dis-
tribution of objects with magnetic properties. It is also
needed to apply boundary conditions to the model, defin-
ing the limits of the environment of the simulation.

The design of the preliminary model for the FEM is
shown in Fig.[3] It is an axisymmetric 2D model where
the Z-axis is the axial symmetry axis. In this model,
the geometrical parameters L and R;,; can be modified
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Fig. 3. (a) 2D axil-symmetrical model of the magnetor-
quer and (b) detail of the inner core and coil mesh.
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parametrized. Mesh model size is proportional to the
main geometrical parameters R;,;, being finer in the sur-
rounding interfaces. Triangular 2D elements have been
considered.

A “Balloon” type boundary condition has been
applied in the external edges. The Balloon condition
models the region outside of the model space as being
“infinitely” large. Moreover, an axisymmetric condition
on the Z-axis has been imposed.

The external excitation of the model is a constant
current density uniformly distributed in the copper coil
cross-section, pointing perpendicularly towards the out-
side of the XZ plane. The value for this current density
is j = 4 A/mm?, common value for copper wires. The
cross-section area corresponding with the coils is auto-
matically modified by parametric modelling to adjust
the specific power consumption. This is calculated using
equation 3.

Materials considered in the simulation are the fol-
lowing: Vacoflux50, vacuum and copper. The defined
properties for each of these materials are: magnetic
permeability of vacuum, gy = 47 - 10~"H/m; relative
permeability of copper, U,c, = 0.99991; conductiv-
ity of copper at 20°C, ocy, = 5.8 - 107 S/m; satura-
tion of Vacoflux50 = 2.3 T; magnetic permeability of
Vacoflux50 = 15000; and finally the B-H curve retrieved
from the datasheet.

The main electromagnetic parameter that defines the
behavior of the magnetorquer is the magnetic moment,
m. The term magnetic moment normally refers to a sys-
tem’s magnetic dipole moment [34]], the component of
the magnetic moment that can be represented by an
equivalent magnetic dipole: a magnetic north and south
pole separated by a very small distance. In this article,
we obtain the magnetic moment by postprocessing of the
field density B measured in the axis of the magnetorquer
at a certain distance from its center.

Two theoretical approximations have been used:
uniformly magnetized core expression and magnetic
dipole approximation. The expression to describe the
magnetic field generated along the rotation axis by an
uniformly magnetized core of length L is [25]:

z 1
itz

_mHy I _
4n <22*ZL+ %)3/2 (Z2+ZL+ %2)3/2
®

where z is the distance from the center of the core
along the longitudinal Z-axis and m is the magnetic
moment. Therefore, by using this expression, the mag-
netic moment can be determined if the simulation cal-
culates the magnetic field B,. This expression is useful
since it does not require simulating and/or measuring the
magnetic field far from the source. However, it assumes

D=
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that the cylinder is uniformly magnetized which is not
the case where the core is not fully saturated.

The magnetic dipole approximation correlates the
generated magnetic field with the magnetic moment as:

Uo [2m
BZ—M[A. ©)

The magnetic dipole approximation is valid, pro-
vided that the considered magnetic field is far from the
magnetic field source. As a rule of thumb, it is required to
measure/simulate magnetic field at a distance more than
10 times the length of the magnetorquer.

In post-processing, we have calculated the mag-
netic moment simultaneously at different distances and
with two different methods. The value of the magnetic
moment used for the study is the average between the
two methods at z = 0.75 m. This distance is enough to
consider that the average value is stabilized for the max-
imum length of 10 cm with a tolerable error.

IV. GEOMETRY OPTIMIZATION FOR
MAXIMUM PERFORMANCE

A geometry optimization process to define the best
performing geometric combination has been carried out.
The electromagnetic simulation is performed for steady
state conditions. Dynamic behavior is not considered,
nevertheless, non-linearities on Earth’s magnetic field,
changes on orientation commands, and detumbling prob-
lems need to be considered during operation. Several
techniques have been developed using inertial measure-
ment units [35].

The objective of the optimization is to maximize
specific magnetic moment and magnetic moment-input
power ratio at the same time. The output variables are
total magnetic moment, specific magnetic moment (mag-
netic moment/mass) and magnetic moment-input power
ratio (magnetic moment/power). In the first optimiza-
tion step, input variables are length L and radius of the
core Rjy;.

The dimensions have been limited to ranges from
10 to 100 mm in length and from 1 to 15 mm in radius,
which are typical values of commercial magnetorquers.
We have performed the simulation for 0.3 and 3 W,
typical available power levels in satellites. Having the
power as a constraint, and fixing a maximum current den-
sity, equation (3) returns a value of R, by selecting L
and R;;;.

Figure [4] shows the total magnetic moment for dif-
ferent combinations of length and core radius applying
a power of 0.3 W. It can be observed that the total mag-
netic moment is larger for longer magnetorquers and for
smaller core radius. This makes sense since demagne-
tizing factors are more severe for larger R/L ratios, i.e.,
thicker cylinders, than for slim cylinders. In any case,
the longer the cylinder is, the larger its total magnetized
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Fig. 4. Magnetic moment for different length and core
radius, power P=0.3 W.
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Fig. 5. Specific magnetic moment for different length and
core radius, power P=0.3 W.

mass will be, and thus the larger its magnetic moment,
even for the same power applied.

Figure [3] shows the specific magnetic moment for
different combinations of length and core radius. The
effect of the demagnetizing factor is even more pro-
nounced for this parameter. The longer and thinner
the magnetorquer, the more optimized in compactness
(m/mass) it is.

The same analysis has been done for a power of 3 W,
with similar results, as shown in Figs. [f]and[7} After this
first optimization analysis, we determined that L = 100
mm is the optimal length in terms of specific magnetic
moment for both levels of power.

To fix the core radius, different comparisons have
been done from previous simulation results for L = 100
mm. Figure 8] shows a comparison of the total magnetic
moment values for the two levels of power.

As expected, the magnetic moment is larger for a
higher power, since more power also implies a larger cur-
rent, and thus more magnetization is achieved in the vol-
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Fig. 8. Magnetic moment comparison for power 0.3 and
3 W with a fixed length of 100 mm.

ume. But it can be observed that the maximum of the
magnetic moment is achieved in different core radius
values for each power level. More specifically, for a
power of 0.3 W, the maximum is achieved at around
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2 mm of radius; for 3 W, this maximum is achieved
at 4 mm.

Regarding the compactness of the magnetorquer, the
behavior reverses. As shown in Fig.[9] the magnetorquer
provides a larger specific magnetic moment for a lower
level of power. This can be explained by the fact that,
for larger power, there are some areas of the magnetor-
quer that get saturated, so they do not proportionally con-
tribute for larger magnetic fields. Again, maximums are
found at between 2 and 4 mm.

The last analyzed parameter is the ratio between
the magnetic moment and the corresponding power con-
sumption to obtain it. Figure 10| shows the ratio for both
levels of power and for different core radius. It is more
efficient when operating at 0.3 W than at 3 W, getting the
maximum value again at 2 mm for 0.3 W and at 4 mm
for 3 W. It shows that maximum achievable magnetic
moment-input power ratio is reduced when the applied
electric power increases for any size of core diameter in
the evaluated range of 0.3-3 W, contrary to the magnetic
moment generation.

Therefore, for an operation ranging between 0.3 and
3 W, an optimal value for the core radius will be located
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Fig. 9. Specific magnetic moment comparison for power
0.3 and 3 W with a fixed length of 100 mm.
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Fig. 10. Magnetic moment/power ratio comparison for
power 0.3 and 3 W with a fixed length of 100 mm.
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Table 3: Magnetorquer design for several power levels

Power R, m m/Power | m/Mass
(W) (mm) | (Am?) | (Am*/W) | (Am?/kg)
0.1 2.72 0.24 2.35 12.00
0.3 3.12 0.65 2.18 25.24
0.75 3.87 1.44 1.92 35.55

1 4.23 1.81 1.81 37.16
3 6.42 2.97 0.99 25.97
10 11.07 3.75 0.38 10.92

between 2 and 4 mm. From this optimization analysis,
we have set the core radius to be R;;; = 2.5 mm, as
a tradeoff between 0.3 and 3 W of power. This value
optimizes both specific moment (m/mass) and magnetic
moment/power ratio (m/power) giving a unique combi-
nation of high compactness never found previously in
literature.

The value of the external radius R, is related to
the amount of power that the magnetorquer is thought
to handle. Table 3 shows the different values of external
radius needed to handle several levels of power, main-
taining a current density value of 4 A/mm?, and the
specific and magnetic moment-input power ratio perfor-
mance variables obtained. Between 3.87 mm and 6.42
mm of external radius high magnetic moment and max-
imum specific moment in mass and power have been
found. Finally, a value of 5 mm has been selected since
it allows higher levels of moment while reaching maxi-
mum values of specific magnetic moment.

V. FINAL DESIGN DESCRIPTION AND FEM
ANALYSIS

Once the dimensional parameters of the simpli-
fied model are fixed, several wire diameter configura-
tions have been simulated for a constant current den-
sity of 4 A/mm?. An analytical expression has been used
to predict the total length of the wire considering an
overlapping configuration between layers. This led to a
more realistic resistance calculus, which depends on wire
geometry:

Leavle = f (Lyn, Deaple ) =

(Rint + Dcavle (0.866-n; —0.366))

+ ( L 1) 27
J— .n .
Dcaple r

(Rint +Dcavle (0.866-n,+0.5))).

In terms of total consumed power, generated mag-
netic moment, and transient time constant, there are no
significant changes when the diameter of the wire varies.
In Fig. a comparative of the simulation for differ-
ent wire diameters is shown, where the impact of the
filling factor of the winding is visible. Nevertheless, the

2m- n;-
Dcaple

(10)




B [tesla]
3.00E-01
2.62E-01
2.23E-01
1.85E-01

.1.47E-[]1

1.09E-01

7.03E-02
3.20E-02

Fig. 11. Simulation of field density in the core for differ-
ent bare wire diameters.

resistance and the voltage increase as the wire gets thin-
ner, as well as the flowing current decreases. Another
consideration that must be taken account is the dynamic
behavior of the device. It is adjustable by varying the
number of layers and wire diameter, without altering
the steady state value. Calculations show that the induc-
tance and resistance of the design ranges from 0.94 uH
and 0.0092 Q (for 2 layers) to 440 uH and 4.865 Q
(for 6 layers). Electronic elements as resistors, induc-
tors or capacitors can be added to adjust the dynamic
response too.

The selection of the wire is a compromise between
manufacturing feasibility and electrical compatibility.
Use of larger wires results in an easier manufacturing
process, since for very small wires the control of the lay-
ers is more complex. In addition, the electronic systems
mounted on the satellite are cheaper and easier to inte-
grate when lower levels of current are needed.

The selected diameter has been a compromise
between appropriate levels of current and feasibility on
manufacturing, choosing 6 layers for 0.5 mm of wire
diameter and 200 turns per layer. Considering the pro-
tecting varnish of the real cable the number of turns is
corrected to 180, and the external radius to 5.45 mm. In
Tablef] the configuration and the operation ranges of the
detailed final design are shown.

The detailed model has been simulated varying the
input current. The results show the average magnetic sat-
uration level inside the ferromagnetic core. In Fig. [12]
it can be observed that, between 0.75 A and 1 A, there
is a value of current from which the core starts satu-
rating. It means that the magnetic moment gained from
that point is mostly due to vacuum magnetic permeabil-
ity rather than the permeability of the core material, the
moment-current ratio drops from a constant value and
stars decreasing, as Fig.[I3]shows.
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Table 4: Magnetorquer final design parameters

Ry (mm) 2.5
Ry (mm) 5.45
L (mm) 100
Dcable (mm) 0.5
Mass (g) 63.26
R (ohm) 2.26
I1(A) 1.15
P (W) 0.3-3
Rip; (mm) 2.5
4
3
E 2
'1:' 1
g
0

0 05 1 15 2 25 3 35 4 45 5

1[A]

Fig. 12. Magnetic moment as function of the applied cur-
rent.

m/T [Am¥/A]
S Wk — : N th W2

0 05 1 L5 2 25 3 35 4 45 5

1[A]

Fig. 13. Magnetic moment sensitivity with current as
function of the applied current.

P[W]

Fig. 14. Magnetic moment as function of the applied
power.

In the case of the power, rapidly the saturation point
is reached near to 4 W, as shown in Fig. [[4] because
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power is function to the square of the current. The best
operation range for the device in terms of magnetic
moment-input power ratio is the 0.3-3 W range. How-
ever, increasing the power when the core is close to sat-
uration worsens this ratio, but it still gives more absolute
magnetic moment.

Table 5: Magnetorquer operation working points

P (w) 0.3 0.565 3
1(A) 0.36 0.5 1.15
m (Am?) 1.02 1.42 2.76
m/Power (Am>/W) 3.4 2.52 0.92
mil (Am2/A) 2.83 2.85 24
m/Mass (Am?/kg) 16.12 22.5 43.63

In Table [5] values of magnetic moment, magnetic
moment-input power ratio, and specific moment are
shown for various operation working points, including
operation limits. Compared with Table 1, for the lower
power limit of operation, the magnetic moment-input
power ratio is higher than commercial products, but the
specific moment is low. In contrast, the upper power limit
of operation presents a higher specific moment than the
commercial products, but the magnetic moment-input
power ratio is low. A trade-off operation point of 0.565
W and 0.5 A is selected. It presents higher values of mag-
netic moment and specific moment than all the state-of-
the-art (SOA) magnetorquers presented in Section I. If
the input power is reduced to 0.3 the magnetic moment-
power ratio reaches more than 91% of the maximum
power found in literature. The comparison between SOA
and this work is shown in Table

Electromagnetic contamination of the magnetorquer
at any point in space can be directly obtained by using
the magnetic dipolar moment approximation once it is
known the effective magnetic moment. Requirements for
EMC shielding can be designed from these calculations.

Table 6: Comparison between magnetorquers of SOA
and this work
Length | m |m/Power| m/l m/Mass | Ref.
X0 |(Am?)|(Am*/W)| (Am*/A)((Am>/kg)
(mm x
mm)

40x10.6 | 0.018 | 0.267 | 0.360 1.200 | [26]-
[27]

70x9 |0.200| 1.000 | 5.000 | 6.667 | [28]
94x13 |1.190| 1.488 7.438 | 22.453 | [29]
140x16 | 1.000 2.5 - 5 [30]
75x10 {0.394| 3.71 9.38 11.588 | [31]

100x10.9| 1.42 2.52 2.85 22.5 This
work
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VL. PROTOTYPE MANUFACTURING AND
EXPERIMENTAL SET-UP

A prototype has been manufactured to validate the
FEA electromagnetic model of the design. A 5 mm
diameter and 100 mm long core of Vacoflux50 was
machined in a lathe. The rod was made with small holes
on its ends for assembling the retainers. These remov-
able glued support parts allow a correct axial align-
ment between the Hall-effect probe and the magnetor-
quer in the measurements. In addition, it helps to ensure
a correct compactness between turns during the winding
process.

A 0.5 mm diameter enameled copper wire has been
used for making the windings. Due to the thickness of
the protective layer of wires, the filling factor has been
reduced from 200 turns per layer to 180 turns per layer as
predicted. Through the length of wire used and the uni-
tary resistance of the wire, the resistance of the winding
can be predicted. Furthermore, the resistance of the final
winding was measured with an LRC impedance measur-
ing device, showing a value of 2.291 Q. This ensures
that the number of turns in the winding, its disposition
and resistance accomplish the predicted values. The final
prototype is shown in Fig.[T3]

o 45 A 0 B8

Fig. 15. Manufactured prototype.

The connections between layers were made in series
so that it was possible to apply the same current through
all the layers. For that purpose, a connection PCB board
with neglectable resistance was made through micro-
CNC machining process. Afterwards, the terminals were
welded to the board.

The experimental set up assembled for the measure-
ments consists of a voltage supply (EX355P-USB from
AIM-TTI INSTRUMENTS) and a magnetic field Hall-
effect sensor (GMO08 from Hirst Magnetics) which mea-
sures the axial magnetic field density with an axial probe.
The voltage source also measures consumed current.

The magnetorquer is fixed to an aluminum base
through aluminum brackets, keeping it away from any
magnetic material so as to not contaminate the measure-
ment space. The probe is set in the aluminum retainer and
fixed with another backet. The final assembly is shown in
Fig.[16] The probe the magnetorquer keeps aligned, with
a controlled distance of 5 mm to the end of the magne-
torquer.



MAGNETIC
AXIAL PROBE =

Fig. 16. Magnetorquer and probe assembly set up.

Once the setup is mounted, several measurements
at different voltage points have been done. The compar-
ison has been made through the magnetic field-current
curve, considering the measurement distance. The dis-
tance between the center of the magnetorquer to the Hall-
effect transducer of the probe is 55.5 mm. That is the dis-
tance to be considered for the validation of the prototype
and the later calculation of the magnetic moment.

The measurement must be done as close as possible
to the end of the magnetorquer, since with increasing dis-
tances the field intensity gets lower, and misalignment or
distance errors are more likely to occur.

VII. TEST RESULTS AND DISCUSSION

The validation of the prototype has been achieved
through the magnetic field density measurement in the
FEA electromagnetic model, measured at the same axial
distance. After validation, the magnetic moment can be
calculated at a further distance measuring the field in the
simulation model.

In Fig.[I7] the comparison between testing measure-
ments and simulation for two configurations is presented.
At lower magnetic field levels, such as a 3-layer configu-
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Fig. 17. Generated magnetic field as function of current.
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ration, in the mostly linear behavior, the simulation curve
perfectly fits the experimental measures. The difference
between the two curves in the 6-layer case is caused by
a change in the magnetic properties of the ferromagnetic
material. This change at higher magnetic field levels can
be produced by the effect of the heat generation during
operation while measuring. However, the model is val-
idated and it is demonstrated that the prototype has the
expected specifications of the design and the electromag-
netic model.

VIII. CONCLUSION

A magnetorquer, as any other spacecraft subsystem,
has very strict constraints in terms of mass, volume, and
power consumption. An optimized iron-core magnetor-
quer prototype for LEO nanosatellites is presented in this
work.

The design process starts with the definition of a
conceptual design with its own variables. A simplified
design, with a context of parameters, equations and limi-
tations, is established. Through an electromagnetic finite
element analysis (FEA) model, the parametric optimiza-
tion has been done. Using both the electrical and geo-
metrical parameters, the optimization had the objective
of achieving values as high as possible of magnetic
moment, specific moment, and moment.

After the simplified model is optimized, a detailed
design is presented. The design achieves a combina-
tion of magnetic moment, magnetic moment-input power
ratio and specific moment values not found in the state of
the art. The magnetorquer proposed in this work has 100
mm length and 10.9 mm diameter, with a ferromagnetic
core made of Vacoflux50 with 5 mm diameter. The wire
is an enameled copper wire with 0.5 mm bare copper
diameter.

The operation condition range studied for the device
is from 0.3 W (0.36 A) to 3 W (1.15 A). The opti-
mized working point has been found to be at 0.565 W
(0.5 A). At this point the values reached are: 1.42 Am?,
2.52 Am?/W, and 22.5 Am?/kg. Magnetorquer geom-
etry has been optimized to achieve a very high com-
pactness, reaching an optimal combination of high mag-
netic moment, specific magnetic moment, and magnetic
moment-input power ratio at the same time. Such a com-
bination of high-performance values has not been found
in the literature before with iron-cored magnetorquers.
The value of magnetic moment and specific magnetic
moment is higher than found on earlier prototypes in the
literature.

Finally, to validate the model, a prototype has been
manufactured, as well as a test setup. In the test setup,
measurements of magnetic field density, voltage, current
and resistance have been done without considering ther-
mal effects, which will have to be evaluated in a relevant
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environment in future work. As the simulated and exper-
imental values were in good agreement, the FE model of
the prototype is validated.
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