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Abstract: Low Earth orbit satellites face challenges from Earth's magnetic field, causing attitude 
disturbances. Attaining a magnetic-dipole-free satellite is crucial. Layout optimization and in-orbit 
dipole compensation are common methods, but layout optimization can be impractical. In contrast, in-
orbit dipole compensation struggles with rapidly changing magnetic dipoles like those from reaction 
wheel motors. This research proposes an alternative solution using Mu-metal, known for shielding 
against magnetic exposure. This shield can be applied to trap the magnetic field generated by the 
motors. Ground tests evaluated this approach. First, it determined the minimum distance between the 
magnetometer and the shield for accurate measurements with minimal interference, with the result of 
10 cm as the least affected distance, particularly important for small satellite layout design. Second, it 
assessed the shield's effectiveness in trapping the motor-generated magnetic field. Tests showed a 
significant reduction in magnetic field magnitude and up to a 95% reduction in field fluctuations when 
the motor is activated. This research offers a practical solution for small satellite layout design, 
addressing the challenges posed by their compact dimensions. Mu-metal shielding proves effective for 
mitigating rapidly changing magnetic dipoles and enhancing magnetic cleanliness in low Earth orbit. 

Key Words: Mu-Metal, reaction wheel motor, magnetic field, attitude disturbance, low earth orbit, 
magnetic cleanliness 

1. INTRODUCTION 
BRIN (formerly LAPAN of Indonesia) has launched three small satellites into orbit, LAPAN-
TUBSAT [1], LAPAN-A2 [2], and LAPAN-A3 [3]. All of them are low earth orbit (LEO) 
satellites. The satellite implements momentum bias attitude control by using the reaction 
wheels and magnetorquer as actuators in LAPAN-TUBSAT [4], LAPAN-A2 [5], and 
LAPAN-A3 [6]. As LEO satellites, the attitude control system has to deal with a major 
disturbance from atmospheric drag, gravity gradient, and the Earth's magnetic field. Among 
them, the Earth's magnetic field can become the biggest source of disturbance torque if the 
spacecraft has a magnetic dipole. There are various sources of magnetic dipole in the 
spacecraft, such as the reaction wheel motor, battery, magnetorquer, and wiring [7]. Eq. (1) 
shows torque resulting from an interaction between the Earth's magnetic field and satellite 
dipole, 
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𝜏𝜏 = 𝑚𝑚𝑚𝑚𝑚𝑚 (1) 

where τ is the magnetic torque vector, m is the satellite dipole and B is the Earth's magnetic 
field vector. 

The torque generated from the Earth's magnetic field can be useful for attitude control as 
shown in [4], [8], [9]. However, the existence of satellite dipole is much of a problem if not 
handled properly. Some studies to minimize satellite dipole have already been done. Most of 
them are satellite layout optimization to achieve magnetic cleanliness [10], [11]. This method 
can give satisfying results but is not always easy to apply for any satellite. Besides magnetic 
cleanliness, other constraints such as mass distribution and wiring can complicate the problem, 
especially in small satellites where the space is very limited. Other studies show methods such 
as in-orbit magnetic dipole compensation [12], [13]. This method needs to estimate the 
spacecraft dipole first [14], [15] and then compensate for the dipole using a magnetic coil [12]. 
To compensate for the dipole, the magnetic coil should be continuously active and requires 
satellite power. 

The dipole can be a constant or variable [15]. If the dipoles are constant, simple 
compensation can be introduced [14]. When the dipole varies, the compensation needs to be 
adjusted for each dipole change. Therefore, this method is difficult to implement on a rapidly 
changing magnetic dipole without an active control [16]. 

One of the spacecraft devices that makes the magnetic dipole change rapidly is the 
reaction wheel motor. The dipole value depends on the relative position between the rotor and 
the motor stator [17]. As the wheel rotor stops, the direction of the magnetic dipole depends 
on the actual end position of the wheel rotor. 

Therefore, the dipole compensation depends on whether the wheel rotors are rotating or 
not, since it will need adjustment just after changing the operating status of the wheels from 
active to idle or vice versa. Magnetic shielding could probably be a more suitable and simpler 
alternative for dealing with magnetic dipole in this case. Magnetic shielding works by 
redirecting the magnetic field, it doesn’t block the path. Magnetic shielding can be provided 
by special materials such as Mu-metal, a very high permeability of nickel-iron soft 
ferromagnetic alloy, which is commonly used to protect sensitive electronic equipment against 
static or low-frequency magnetic fields. 

While the satellite applies the momentum bias method, so only one wheel works 
continuously to conserve the momentum, the remaining wheels work intermittently to reduce 
nutation. Once the wheel has finished damping the nutation, it will stop at any position so that 
the dipole of the spacecraft will change at any time. 

This phenomenon, which has been observed since the first BRIN satellite, LAPAN-
TUBSAT, has made satellite attitude control more complicated [18]. Hence, on the LAPAN-
A2 and LAPAN-A3 satellites, all wheels are covered with Mu-metal shields [7]. Fig. 1 shows 
the test set-up and results on the LAPAN-A3 where the whole wheel unit is shielded by a Mu-
metal. 

The implementation of the Mu-metal shield has been reported to be quite effective on both 
satellite missions, but it costs a significant additional weight due to the high density of Mu-
metal. In the LAPAN-A3 satellite, the utilization of the Mu-metal shield almost doubled the 
mass of the system with a 1.46 kg Mu-metal used for shielding a 1.52 kg wheel unit. Therefore, 
in the next BRIN satellite mission, the implementation of the Mu-metal shield will only be 
applied to the motor wheel section as shown in Fig. 2. Fig. 3 shows the size comparison of the 
Mu-metal shield in the LAPAN-A3, the wheel unit of the satellite, and the new Mu-metal 
shield for the motor wheel that will be used for the next satellites. 
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Fig. 1 Reaction Wheel Shielding on LAPAN-A3: ground test set-up and results [7] 

 
Fig. 2 Mu-metal shield on the wheel motor 
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Fig. 3 Comparison of (a) the Mu-metal shield used in LAPAN-A3, (b) the wheel unit of LAPAN-A3, and (c) the 

Mu-metal for the next satellite 

While the previous satellites used four identical wheels each, the next BRIN satellite will 
use two types of reaction wheels which have different momentum storage capacities. That's 
why it needs to use different types of motors, namely small motor and big motor, as shown in 
Table 1. Accordingly, two magnetic shielding tubes with 1 mm thick Mu-metal material were 
designed. 

Table 1 - Specifications of the reaction wheel motors in the BRIN satellites 

 Small Motor Big Motor Unit  
Type Faulhaber S2444 048 B Faulhaber S3564 048 B  
Nominal Voltage 48 48 V 
Diameter 24 35 Mm 
Height 44 64 Mm 
Mass 98 311 G 
Housing material aluminum, black anodized aluminum, black anodized  
Magnet material SmCo SmCo  

 

In this study, a ground test setup was conducted through magnetometer measurements to 
perceive the effect of the Mu-metal shield on the magnetic dipole generated by the reaction 
wheel motor. Since the Mu-metal shield can affect the measurement by redirecting the 
magnetic field around, the placement of the magnetometer against the Mu-metal shield has to 
be considered carefully. Knowing the minimum distance between the magnetometer and the 
Mu-metal shield will also be very useful for satellite missions carrying a scientific 
magnetometer as one of the payloads to measure the Earth's magnetic field [19]. This study is 
also critical for the layout of spacecraft subsystems to mitigate magnetic incompatibility when 
the reaction wheel is in close proximity to any magnetically sensitive instruments [20]. 

A similar study was carried out on the Europe Clipper satellite to implement a Mu-metal 
shield on the wheel motor, with the expectation of reducing the static magnetization [20]. Since 
the Europa Clipper that will be flown to study Jupiter's moon is a large satellite with a launch 
mass of 6065 kg and dimensions of 6 m height with a solar panel span of 22 m, it uses a 1 m 
distance as the basis of the measurement of the wheel's magnetic field. This distance is 
achievable for a big satellite such as Europe Clipper but difficult to implement on smaller and 
less complex satellites. Hence, our study will search for more suitable distances that are more 
realistic to be implemented on small satellites. This distance can be used as the basis of the 
magnetic measurements and also a recommendation for small spacecraft subsystem layouts to 
minimize magnetic interference. Once the least affected distance is found, it will be used as 

(a) (b) 

(c) 
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the basis for the experiment to see the effectiveness of the Mu-metal shielding on the wheel 
motors. Moreover, our research also investigates the ability of the Mu-metal shield to not only 
mitigate static magnetization but also shield against varying magnetic sources. While the 
Europa Clipper mission uses multi-layer Mu-metal shielding to eliminate wheel-generated 
magnetic fields, small satellites require a much simpler design. The design that requires more 
space is not suitable for small satellites which have compact and tiny space characteristics. 
Therefore, a simple design of shielding tubes with 1 mm thick of Mu-metal is introduced and 
investigated in this study. 

2. METHODOLOGY 
To carry out a ground measurement of the magnetic dipole generated by the reaction wheel 
motor, the first step is to find the less affected distance between the magnetometer and the 
magnetic shield. The measurement setting is depicted in Fig. 4 where the magnetometer is 
placed some distance from the Mu-metal. The distance (d) is defined as the separation between 
the edge of the magnetometer and the edge of the Mu-Metal shield or motor which generates 
a magnetic dipole. The measuring distances were varied from 0 cm, 5 cm, and 10 cm and were 
compared to conditions where there was no Mu-metal shield or motor around the 
magnetometer. Each measurement will be carried out for at least 10 seconds to determine the 
stability of the measurement readings. 
 

 
Fig. 4 Measurement setup that shows the distance (d) between the magnetometer (left) and the Mu-metal shield 

(right), while the frame of reference (X, Y, Z) is shown on the top of the magnetometer 

Once the less affected distance is found in the previous step, the magnetometer will carry 
out the magnetic dipole measurement of the reaction wheel motor with or without the Mu-
metal shield as displayed in Fig. 5 to determine the effectiveness of the shielding. The motor 
will be activated until it reaches a steady state speed at various motor current setups. As soon 
as the steady state condition is achieved, the magnetometer will start the measurement reading 
for at least 10 seconds. 
 

 
Fig. 5 Magnetic field measurements of unshielded motor (above) and shielded motor (bottom) 
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3. RESULTS AND DISCUSSIONS 
While the measurements are carried out in a laboratory that is not magnetically free, it is 
necessary to measure the environmental magnetic field conditions as a reference before 
engaging the Mu-metal shield or motor wheels. Fig. 6 shows a comparison between the 
reference condition and the magnetic field measured by a magnetometer at a distance of 0 cm, 
5 cm, and 10 cm from the Mu-metal shield. Since magnetic fields are accumulative in nature, 
the influence of an object can be easily recognized through changes in the magnetic field 
compared to the initial conditions before the object's presence. Therefore, the effect of the Mu-
metal shield on measurements by the magnetometer can be expressed as a difference in the 
magnetic field (∆B) through the eq. (2), where 𝑚𝑚𝑟𝑟𝑟𝑟𝑟𝑟������ is the magnetic field reference obtained 
from the laboratory environment measurements. 

 
Fig. 6 Magnetic field measurements at a distance of 0 cm, 5 cm, and 10 cm from the small Mu-metal shield 

compared to the reference 
Fig. 7 shows magnetic field readings of three different measurement distances for both 

big and small Mu-metal shields. The farther the measurement distance, the influence of the 
Mu-metal shield on the magnetic field will decrease significantly. At a distance of 10 cm from 
the Mu-metal shield, most of the measured magnetic field effect was below 3000 nT on the 
big shield and less than 1000 nT on the small one, so it was considered sufficient to observe 
the dynamics of the magnetic field generated by the wheel motors. 

 
Fig. 7 Magnetic field difference as a function of the distance between magnetometer and Mu-metal for both small 

(solid line) and big (dashed line) Mu-metal 

∆𝑚𝑚 = 𝑚𝑚� − 𝑚𝑚𝑟𝑟𝑟𝑟𝑟𝑟������ (2) 
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Since a distance of 10 cm from the Mu-metal shield is considered to have little effect on 
the magnetometer reading, all subsequent magnetic field measurements were carried out using 
that setting. 

There are four measurement setups arranged to determine the effectiveness of the Mu-
metal shield in dampening the residual magnetic dipole from the wheel motors, namely small 
unshielded motor, small shielded motor, big unshielded motor, and big shielded motor where 
each motor runs at four current variations of 0 mA (motor off), 60 mA, 90 mA, and 110 mA. 

Table 2 shows the measurement results representing the mean and range of the magnetic 
field for each setup condition, where the range is defined as the measurement from the 
minimum peak value to the maximum peak value. 

Meanwhile, the measurement of the environmental magnetic field is used as a reference 
which has a range of 80 nT, 55 nT, and 53 nT in the X, Y, and Z directions respectively, and 
76 nT in magnitude, so it can be said that the measurement has a noise level of 80 nT. 

The effectiveness of the Mu-metal shield can be easily determined by comparing the Δ 
magnitude of the magnetic field between the shielded and unshielded motor when it is OFF. 
In this study, the shielding application has reduced the magnetic field magnitude from 3085 
nT to 589 nT on the small motor, while on the larger motor, the magnetic field magnitude 
decreased from 3417 nT to 1910 nT. 

Therefore, it can be said that the magnetic shielding application in this case is able to 
reduce 81% of the residual magnetic dipole on the small motor and 44% on the big motor.  

Furthermore, in addition to its capability to reduce the magnitude of the magnetic field, 
the Mu-metal shield has demonstrated its ability to dampen magnetic field oscillations caused 
by rotating motors. 

Once the motor is activated, the current will make the motor rotate, producing magnetic 
field oscillations with a certain amplitude and frequency. 

In the unshielded motor configuration, this magnetic field oscillation pattern is clearly 
observed. A larger current will produce a larger frequency but not necessarily a larger 
amplitude. 

However, sometimes those amplitudes and frequencies are not easy to observe, especially 
if the motor rotation speed causes oscillation that exceeds the sampling rate of the 
magnetometer which is 128 Hz. 

Fig. 8 and Fig. 9 plot the dynamics of the magnetic field in the environment due to various 
motor activation settings for about 1 second of measurement reading. It appears that the 
magnetic field in the Z direction is not affected by the motor even though it is left open without 
shielding since it is parallel to the rotation axis of the motor. 

Meanwhile, the magnetic field in the X and Y directions is most influenced by the 
activation of the motor wheel, which is normal since the motor will generate a magnetic dipole 
in those directions as shown in the measurement setup of Fig. 3. 

The rotation of the motor will cause magnetic field oscillations with a range of up to 7645 
nT in these directions. 

While these large oscillations are not easily handled with a magnetic coil compensation 
scheme, they can be overcome simply by a Mu-metal shielding so that the oscillations are 
significantly reduced to less than 420 nT. This means that 95% of the magnetic field oscillation 
range can be suppressed. 
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Table 2 - Mean and range of the magnetic field under the influence of the reaction wheel motors for 10 seconds 
measurement reading 

Measurement Setup Mean Range Mean Range Mean Range Mean Range 

Reference Bx By Bz B Magnitude 
-41416 80 6623 55 -21875 53 47304 76 

    ΔBx ΔBy ΔBz Δ Magnitude 

Small 
unshielded 
motor 

Off -2381 58 -1918 64 415 52 3085 77 
60 mA -280 4276 -180 7645 389 720 2847 2230 
90 mA -249 500 -334 639 480 292 668 494 
110 mA -255 915 -357 1034 493 546 772 834 

Small 
shielded 
motor 

Off -243 55 -234 60 483 55 589 81 
60 mA -254 204 -411 420 459 110 677 267 
90 mA -325 187 -189 356 336 170 509 263 
110 mA -200 92 -266 111 663 92 743 111 

Big 
unshielded 
motor 

Off -351 79 3000 75 1599 71 3417 64 
60 mA -45 4120 -1353 6643 1590 572 3128 3194 
90 mA -42 1300 -1351 2036 1591 557 2189 1623 
110 mA 88 1261 -1185 2014 1750 557 2221 1489 

Big 
shielded 
motor 

Off 124 64 -1116 69 1544 72 1910 73 
60 mA 146 227 -1129 431 1795 92 2129 212 
90 mA 67 179 -908 251 1662 152 1895 218 
110 mA 37 107 -987 170 1445 161 1751 201 

 

 

Fig. 8 Magnetic field differences under the influence of the small motor: unshielded (left) and shielded 
(right) 
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Fig. 9 Magnetic field differences under the influence of the big motor: unshielded (left) and shielded (right) 

4. CONCLUSIONS 
In this study, we have explored the effectiveness of Mu-metal shields in mitigating the 
magnetic interference caused by the rapid changes in magnetic dipoles, particularly in the 
context of the reaction wheel motor within small spacecraft. Mu-metal shields have shown 
promise in addressing this issue, yet their high density adds significant weight to the 
spacecraft, prompting the need for efficient application to minimize weight costs. Our ground-
based measurements have provided valuable insights into the impact of Mu-metal shields on 
the magnetic dipoles generated by the wheel motor. Our experiments have yielded 
encouraging results, demonstrating the ability of a simple design of a 1 mm thickness shielding 
tubes of Mu-metal to reduce the residual magnetic dipole by up to 81% and decrease the range 
of magnetic field fluctuations by up to 95%. This substantiates the effectiveness of Mu-metal 
as a magnetic shield for reaction wheel motors in spacecraft. On the other side, to optimize the 
application of Mu-metal shielding for a spacecraft using a magnetometer, the magnetometers 
should be positioned at a minimum distance of 10 cm from the Mu-metal or motor to obtain 
less affected results. A distance that is realistically easy to implement on any small satellite. 

As a basic research that presents the effectiveness of Mu-metal shields with a simple one-
layer design, it could be followed up with more complex shielding designs that are lighter and 
more effective so that they are more interesting to investigate. Likewise, other alternative 
materials that are lighter need to be tried and compared with current achievements. Lastly, the 
application of magnetic shielding is a small but very important step towards achieving 
magnetic cleanliness of spacecraft. This effort can be improved by combining it with other 
methods such as layout optimization and in-orbit magnetic dipole compensation. 

In conclusion, this study underscores the potential of a simple Mu-metal shield in 
addressing both static and dynamic magnetic interference issues from the wheel motor. This 
opens the door for further research and multidisciplinary strategies to ensure the overall 
effectiveness of spacecraft systems in managing magnetic cleanliness. 
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