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Abstract—The electromagnetic characterization of reaction
wheels is crucial to comply with the demanding ac magnetic field
cleanliness requirements of space science missions, thus, preventing
interference on sensitive onboard instrumentation. Therefore, a
complete assessment, including the measurement of the magnetic
flux vector at different operational modes and under dynamic con-
ditions, is proposed as a contribution beyond conventional testing
methodologies. This article investigates the worst-case magnetic
field emissions experimentally, using a test setup based on a multi-
channel acquisition and multidomain postprocessing system. The
focus of the measurement campaign was on the low-frequency
range (10 Hz–2 kHz). Moreover, capturing the B-field in the time-
domain enabled further analysis, that is, complementary outputs
for understanding the electromagnetic performance of the reaction
wheel. As a result, we can relate the wheel rotation with the current
and the magnetic fields, compute the field orientation, and evaluate
in-band interference for the magnetic field.

Index Terms—Aerospace, electromagnetic interference, mag-
netic field emissions, reaction wheel, time-domain measurements.

I. INTRODUCTION

THE electromagnetic characterization of a reaction wheel
is critical for aerospace applications. The reaction wheels

have already been used for decades to provide precise control
and pointing accuracy. Nevertheless, improving reaction
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wheels’ technology and performance can be challenging from
an electromagnetic compatibility (EMC) point of view. The
reaction wheel, which is driven by electric currents, is composed
of a rotor, a stator, and a flywheel. The motor originates a rotation
on the flywheel producing an angular momentum compensated
by a motion in the opposite direction, moving the spacecraft.
Controlling electromagnetic interference (EMI) is even more
important as recent space scientific missions require lower levels
of magnetic field emissions to conduct experiments onboard [1],
[2], [3], [4], [5], [6]. In fact, reaction wheels can compromise
scientific data, and sometimes, results have to be discarded.

Regarding the possible sources of EMI, different primary
magnetic field emissions are produced by the reaction wheel.
The magnetostatic contributions are due to the properties of the
materials used, including the magnets necessary for the motor,
and the magnetic field generated by the dc current driving the
motors [7], [8]. In contrast, the ac magnetic field disturbances are
consequence of the rotation of the magnets inside the motor, the
magnetization of the flywheel employing materials like steel,
as well as potentially noisy current flowing through windings
used to drive the motor. Hence, the reaction wheel’s speed and
current consumption produce time-varying emissions that shall
be evaluated to find out the worst case under dynamic operating
conditions. This aspect makes conventional testing methods
based on the frequency sweep technique not effective to unveil
plausible EMC problems. Accordingly, the detailed and in-depth
electromagnetic characterization of such complex and critical
component is key to improve aerospace systems reliability.

Recently, multichannel time-domain methods have been de-
veloped to evaluate complex EMI scenarios. Such techniques
provide an agile approach to overcome several challenges
arising in EMC assessments, e.g., finding the worst case for
time-varying interference, defining adequate dwell times, or
correlating the operating mode of the equipment under test
(EUT) with its electromagnetic emissions [9]. For instance,
in [10], EMI caused by the dynamic mode of a rolling stock
was characterized by employing time-domain captures. This
work demonstrated the feasibility of catching the worst-case of
short-duration events, increasing the measurement time at each
frequency up to 2500 times for specific bands.

In opposition to the typical swept EMI receiver, transient
or time-varying events can be detected and acquired using
instrumentation with a real-time, direct sampling, architecture.
Moreover, the possibility of measuring complementary inputs

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/

https://orcid.org/0000-0003-2660-5254
https://orcid.org/0000-0002-0262-4963
https://orcid.org/0000-0001-8078-5116
https://orcid.org/0000-0002-5288-2020
https://orcid.org/0000-0003-3019-3993
mailto:marc.pous@upc.edu
mailto:dongsheng.zhao@esa.int
mailto:teodor.bozhanov@esa.int
mailto:johannes.wolf@esa.int
mailto:marco.azpurua@upc.edu
mailto:ferran.silva@upc.edu
mailto:ferran.silva@upc.edu
https://doi.org/10.1109/TEMC.2022.3227368


366 IEEE TRANSACTIONS ON ELECTROMAGNETIC COMPATIBILITY, VOL. 65, NO. 2, APRIL 2023

synchronously allows to correlate emission and events from
different operating modes, even if they have short duration [11].
This multichannel approach is helpful for coping with
measurements in the presence of background noise like
those related to mains frequency and its harmonics that can
mask the actual emissions from the EUT.

In this work, we perform a tailor-made, multidomain charac-
terization of the magnetic field emissions of a reaction wheel
using multichannel time-domain measurements for providing a
more comprehensive assessment of EMI in the low-frequency
range. The investigation is carried out experimentally. Repre-
sentative operating modes are defined to characterize the EUT
under dynamic conditions, including acceleration, deceleration,
and short-time speed modification states.

The rest of this article is organized as follows. Section II
presents the proposed methodology. Section III is devoted to
describe the experiment while Section IV presents and discusses
the results obtained for a reaction wheel considered for several
European Space Agency (ESA) missions, manufactured by Mi-
crosat Systems Canada Inc. Finally, Section V concludes this
article.

II. METHODOLOGY

This section describes the key elements of the proposed
methodology, that is, the multichannel time-domain measure-
ment system, the test setup, and the time-domain in-band post-
processing used as part of the analysis of results. The method-
ology was tailor made based on specific considerations and
requirements from the EUT. In that sense, the study focused on
the magnetic field produced by the reaction wheel mechanism’s
movement, and its associated source current and harmonics.

A. Multichannel Time-Domain EMI Measurement Systems

Multichannel time-domain EMI measurement and processing
systems have been developed for tackling the electromagnetic
emissions characterization of complex systems [10], [12]. Com-
plex systems have time-varying, nonstationary behavior, and
several different operating modes that are triggered during the
EUT’s normal functioning. In such systems, the EMI signature
of the EUT varies during the emissions measurement. Therefore,
in those conditions, the conventional EMI measurement proce-
dures, based on the frequency-swept technique, are likely to
deliver erroneous or misleading results. Furthermore, given the
characteristics of the reaction wheel, it is considered a complex
system from an EMC perspective.

In order to cope with the challenges mentioned above, state-
of-the-art EMI receivers with multidomain and multichannel
capabilities can be used (see Fig. 1). Multidomain means EMI
measurements are processed and analyzed in time, frequency,
and statistical domains, either independently or simultaneously.
This allows for accurate spectral estimations according to stan-
dard specification [11], [13], [14] and complementary analy-
sis, including waveform measurements, spectrograms, water-
fall/persistence plots, and probabilistic information about the
interference, e.g., the amplitude probability distribution (APD).
Moreover, multichannel means the measurement system has
more than one input. Therefore, it can perform the acquisitions

Fig. 1. Block diagram of the multichannel time-domain EMI measurement
system used during the experiments.

synchronously once a specific triggering condition/event occurs.
Those further measurement and analysis capabilities beyond the
standard EMC testing requirement have proven to be highly
valuable for EMI assessment of complex systems [15], [16].

We used a multichannel time-domain EMI measurement sys-
tem developed by GCEM-UPC that employs flexible resolu-
tion deep memory oscilloscopes to capture and process EMI
waveforms. The Welch’s method is used for spectral estima-
tion along with adaptive windowing functions for setting any
required resolution bandwidth. Here, the hardware used was
the 4-channels USB oscilloscope model PicoScope 5444B from
Pico Technology. It has up to 16-b vertical resolution, 1 GS/s
of maximum sampling rate, 200 MHz bandwidth, and memory
of 512 MS. With this configuration, CISPR 16-1-1 baseline
requirements are met for CISPR bands A and B [13], [17]. Using
the appropriate settings, it is possible to measure and record the
EMI in real-time and during long time intervals. This, along with
the capacity of triggering measurements according to worst-case
conditions and transient events, increases the chances of identi-
fying low-probability occurrence electromagnetic disturbances.

The short-time Fourier transform was used to produce spec-
trograms, that is, a representation of the time-frequency behavior
of the emissions. Likewise, the spectrum was calculated using
different bandwidths and frequency steps. This is useful to play
with the spectrum resolution, thus resolving frequency compo-
nents very close to each other, reaching a resolution bandwidth as
low as 0.1 Hz for the settings above. The key parameter to obtain
an equivalent resolution bandwidth when computing the FFT is
to select a proper window length, considering the sampling rate.
The relation is described by

N = fs
wf

RBW
(1)

whereN is the number of samples per window,fs is the sampling
rate, wf is the window factor, and RBW is the equivalent
resolution bandwidth (RBW) obtained. The window selected
to compute the spectrum is the Kaiser–Bessel, with a window
factor of 3.12 and an overlapping factor of 80%, as it is optimal
regarding amplitude and spectral accuracy [18].

B. Setup

The test setup is shown schematically in Fig. 2. It uses four
channels of the measurement instrument in parallel. Three of
them are dedicated for the B-field measurement at the proximity
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Fig. 2. Measurement setup schematic.

of the EUT. The remaining channel one was used to measure the
current driving the reaction wheel.

The B-field is sensed using the Mag-03MS1000 probe from
Bartington Instruments, which provides the three Cartesian
components of the magnetic flux vector separately. The field
probe bandwidth is limited to 2 kHz, sufficient to measure the
emissions related to the reaction wheel movement, it has a noise
level of 8.8 pT/

√
Hz, and the orthogonality error is lower than 0.1◦

for each component. The distance between the probe and the
EUT is set to 20 cm. The x-, y-, and z- components of the probe
are connected to the oscilloscope’s channels B, C, and D, re-
spectively, as represented in Fig. 2. The current probe Tektronix
model TCP312 in combination with the TCPA300 amplifier,
have been placed at the positive line of the reaction wheel power
port. The bandwidth of this current probe is 100 MHz, and the
current probe is connected to the oscilloscope channel A. For
the current study, the bandwidth of the current probe is sufficient
because we will measure up to 200 kHz, which is enough to
observe dc/dc converter’s main contribution. Nevertheless, the
methodology can be extended, considering the limitations of the
maximum frequency of the different probes or the oscilloscope
employed. For instance, measurements have been conducted up
to 1 GHz in other applications with an oscilloscope [10].

The trigger condition is set to the channel A, because it is
of interest to relate events on the power port with the B-field
measured through the remaining channels. Since the current
probe has a broader frequency response, it will be necessary
to use a sampling rate high enough to avoid aliasing errors.
Hence, the sampling rate was set to 1 MSa/s, well above the
Nyquist criterion. Oversampling the B-field waveforms enable
resolution enhancement through digital filtering, lowering the
measurement noise level due to a higher number of effective
bits of the oscilloscope analogue to digital converter (ADC)
resolution.

Triggering measurements with those signals from the B-field
sensor output is not convenient. This is because the probe
broadband response picks up field contributions from sources
other than the EUT, including the unavoidable magnetic field
present in the environment. From such ambient noise, the 50 Hz
contribution to the B-field (and its harmonics) are dominant in
terms of their amplitude. In consequence, the EUT emissions
remain masked in time-domain, making it difficult to identify
them without first carefully filtering out the unwanted signals.
Moreover, the current at the input power port of the reaction

wheel can be easily related to the different operational modes
due to the changes its waveform.

The setup is complemented with the dc supply that powers
the reaction wheel and a line impedance stabilization network
(LISN) employed to fix the impedance at the power port and
to filter out conducted disturbances the auxiliary power supply
might produce.

C. In-Band Time-Domain Analysis

Having the complete B-field waveform available is advanta-
geous because it allows us to complement the reaction wheel
characterization with in-band interference analysis. Hence, by
applying digital bandpass filters, we can determine the portion
of the EMI that disturb receive bands used for communication
systems or sensitive instruments without considering outband
emissions.

Furthermore, as the full magnetic flux vector is measured
synchronously, the field orientation can be obtained and studied
at any time. We analyze how the azimuth and elevation of the
B-field changes according to the different functional modes mea-
sured or events. This analysis is performed by bandpass filtering
the field at specific center frequencies for identifying different
electromagnetic emissions sources based on the orientation of
the B-field vector. Certain frequency bands are expected to be
associated with the intrinsic movement of the reaction wheel
rotor and others by other sources like connection cables.

Likewise, tailor-made in-band EMI detectors offering sta-
tistical information can be calculated. Based on the empirical
data, the probability density function (pdf), the cumulative dis-
tribution function (CDF), and other statistical features could be
computed for any parameter of the B-field. For example, the
amplitude APD, or the extreme values might be of interest.
Statistical detectors are useful for assessing the likelihood that
an electromagnetic disturbance exceeds certain condition or
violates a given threshold defined on either the time or the
frequency domain. In particular, in [15] it was demonstrated
how the APD detector is related to the performance of radio
receivers.

III. EXPERIMENT

The measurements were conducted within a full anechoic
chamber (FAC) at ESA-ESTEC. Although most of the external
sources of electromagnetic noise were significantly attenuated
by the shielding of the FAC, the contribution from the earth’s
magnetic field and those generated due to 50 Hz currents and its
harmonics are still present. With the reaction wheel inside the
FAC, the B-field probe and the current probe are connected as
explained in Section II-B.

Other relevant settings used for this experiment are related to
the total measured time and also to the probes specifications.
The waveform record length was equivalent to 40 s per channel.
This allowed to capture full cycles of the different functional
modes in a single acquisition. With respect to the specifications
of the probes, they have a flat response in the useful frequency
range. For the current probe the conversion factor is 1 V per
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Fig. 3. Spectrograms for steady-state, functional Mode A. (a) B-field. (b) Current.

10 A, and for the magnetic density flux probe conversion factor
is 0.1 V per 1 μT.

A description of the EUT and of the functional modes con-
sidered as part of the experiment are provided in what follows.

A. Equipment Under Test

The reaction wheel used in the test campaign is MSCIs
MicroWheel 4000 series. It is a torque actuator and momentum
storage device with a maximum storage of up to 4 Nms. The
nominal speed range is +/−5250 r/min (+/−550 rd/s), which is
equivalent to 87.5 Hz. Maximum nominal torque that can be
applied to the wheel is about 100 mNm. Basically, a reaction
wheel is composed by a rotor, an stator and a fly wheel which
produces the movement of the spacecraft. The reaction wheel
under study has six slots, two for each phase A, B, and C, and
four poles (two pairs) at the rotor.

B. Functional Modes

Commonly, reaction wheels are evaluated in constant speed
mode. In such condition, no torque is applied to the wheel but
there is a magnetic field due to the intrinsic movement of the
rotor. Based on the operation of the reaction wheel, different
predefined functional modes are defined in order to perform the
worst-case emission assessment.

1) Mode A: Steady state. The reaction wheel is set to a
constant speed of 270 rd/s, equivalent to 43 Hz. In this
functional mode, the consumption of the device under test
should be minimum and no ac contribution other from
motor movement shall appear.

2) Mode B: Acceleration. In this functional mode the speed of
the reaction wheel is modified from 0 rd/s up to 550 rd/s
(0–87.5 Hz) applying a maximum torque of 100 mNm.
With this torque set, the total time employed to reach the
maximum speed is approximately 40 s.

3) Mode C: Deceleration. This functional mode is the op-
posite to the acceleration case using the same torque of
100 mNm. This time the reaction wheel starts at maximum

speed (550 rd/s) and decelerates till 0 rd/s in approximately
40 s.

4) Mode D: Short time speed modification. This mode is
changing the speed between 270 rd/s (43 Hz) and 275 rd/s
(43.8 Hz) using a maximum torque of 100 mNm. The
acceleration and deceleration events last half a second and
the interval between each acceleration or deceleration is
1.5 s. This functional mode imitates small corrections that
constantly can occur during a mission and the probability
to have it is high.

IV. RESULTS

A. Time-Frequency Domain Analysis

The first block of results corresponds to spectrograms ob-
tained for each operating mode, intending to comprehend the
performance of the reaction wheel and find out the worst-cases.
For the steady-state (Mode A), two continuous frequency com-
ponents are observed at 43 and 86 Hz as shown in Fig. 3.
The 43 Hz component corresponds to the rotation speed of
the rotor (270 rd/s), and the 86 Hz is its second harmonic. On
the other hand, there is no remarkable frequency at the current
spectrogram for Mode A because the current consumption is
very low.

During acceleration (Mode B), Fig. 4, the two main frequen-
cies components increase with time up to 87.5 and 175 Hz,
which corresponds to the maximum speed of 550 rd/s and its
second harmonic. The maximum speed is reached after 38 s,
then the reaction wheel turns to steady-state without consuming
current. In the acceleration’s current spectrogram, the spectral
content varies and stops when the wheel reaches the maximum
speed at 38 s. The highest peak of the current follows the B-field,
and it relates to the speed by a factor of 12; details can be found
in Table I, where the reaction wheel speed, the two maximum
B-field frequencies (Freq.1 and Freq.2), the frequency peak of
current, and the ratio between current peak frequency and the
wheel speed are listed. According to previous studies to under-
stand the reaction wheel performance [3], the higher frequencies
observed in the B-field spectrum are related to the speed of
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Fig. 4. Spectrograms for acceleration, functional Mode B. (a) B-field. (b) Current.

Fig. 5. Spectrograms for deceleration, functional Mode C. (a) B-field. (b) Current.

TABLE I
SPEED FREQUENCY AND ASSOCIATED PEAK FREQUENCIES FOR THE B-FIELD

AND THE CURRENT MEASUREMENT

the reaction wheel and the number of poles. Complementary,
the most significant contributions are from the third and fifth
harmonic.

The spectrogram obtained during deceleration (Mode C),
Fig. 5, is a mirror of the acceleration one. For this operating
mode, the B-field spectrogram has the prominent two peaks
related to the maximum rotation speed at the beginning of the
measurement, and they decrease in frequency to 0 Hz at the end
of the measurement time (40 s).

Finally, in Fig. 6, for the short time speed modification case,
noticeable peaks are observed on the B-field spectrogram, and

high emissions are produced on the current. Regarding the B-
field, the peaks shift close to 43 and 87 Hz, because the speed
varies slightly between 270 rd/s (43 Hz) and 275 rd/s (43.77 Hz).
At the current spectrogram, the highest emissions are produced
during the acceleration, but not for all the frequency range. It is
observable that some high-level dots appear on some occasions
for other functional modes like the deceleration.

To find the component of the B-field causing the highest
emissions, we compute its spectrum using a 1 Hz RBW for the
acceleration and deceleration modes in the three different axes.
The results are presented in Fig. 7, where emission components
are observed up to 1 kHz. There is a stair behavior up to 175 Hz
as this is the harmonic at the maximum speed achieved. During
the acceleration, the emissions are higher, and the component
with the maximum B-field is the x-axis.

Once the highest component has been identified, we compute
the B-field and the current spectrum for the four operational
modes (see Figs. 8 and 9, respectively) to view the spectral
differences and maximum values with a higher resolution. For
example, for Mode A (steady-state), although the wheel turns
without significant current, the peak level at 43 and 86 Hz
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Fig. 6. Spectrograms for short acceleration and deceleration, functional Mode D. (a) B-field. (b) Current.

Fig. 7. Spectrum of the magnetic flux density for functional Mode B (ac-
celeration) and functional Mode C (deceleration). The B-field’s x-, y-, and z-
components are displayed for both operational modes when the speed varies
from 0 to 87.54 Hz.

is comparable to the other functional modes. Contrarily, at the
current spectrum, Fig. 9, the prominent peaks of the the current
spectrum associated with the movement in steady-state mode
are 35 dB lower than in other functional modes.

For the acceleration case (Mode B), the maximum peak of the
B-field appears between 20 and 175 Hz as the rotor changes the
speed. Alternatively, in Fig. 9, where the spectrum of the current
is computed, it is observed that this functional mode is the one
causing a higher level of emissions at all the frequency bands.

In deceleration, the performance of the B-field and the current
spectrum are similar to the one during acceleration. Neverthe-
less, the magnitude of the magnetic flux density and the current
is lower than the functional acceleration mode. For instance, the
x-component of the magnetic flux is 10 dB lower than in the
acceleration, considering the higher emissions of the frequency
range. Furthermore, although the current spectrum is higher
than the steady-state case, the deceleration mode produces lower
emissions on the B-field at the fundamental frequency and the
second harmonic.

Fig. 8. Spectral measurements for B-field x-component for functional mode
cases A, B, C, and D.

Fig. 9. Spectral measurements for current for functional mode cases A, B, C,
and D.

Finally, functional mode D is evaluated, where slight accel-
eration and deceleration are produced at the reaction wheel.
This case is comparable to the acceleration or steady-state case
for the B-field, the worst case. Nevertheless, we see a double
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Fig. 10. Current time-domain data for functional modes A, B, C, and D.

peak close to 87.5 Hz, which can be related with small speed
change in the reaction wheel. On the other hand, if the D
operational mode is compared with the steady-state, we see
higher harmonics and more broadband interference, as in the
steady-state, the only observable interference is related to the
speed of the wheel and the second harmonic. This performance
can be explained in the current signal spectrum, where the level
of the harmonics and the broadband behavior is observed. This
broadband performance close to the main peak implies that
the acceleration case is worse than the steady-state if a wider
resolution bandwidth is employed. For instance, if the 87.5 Hz
peak is computed with an RBW of 10 Hz instead of 1 Hz,
the value for the acceleration is 8 dB higher than the steady
state.

Therefore, measuring the emissions only while the reaction
wheel is steady-state is not representative enough for charac-
terizing its emissions, especially if we consider that worst-case
with slight speed changes in real missions can occur often.

To complement the analysis, evaluating the time-domain
signal of the current is essential because the current changes
for every mode. In Fig. 10, for mode A, the steady-state, the
current value is lower than 0.25 A, and nonimportant variations
are observed. On the other hand, the maximum current value
increases during the acceleration and drops drastically when the
full speed is reached. If we zoom the view at three different times,
5, 20, and 35 s, in Fig. 11, we see the changes in the amplitude and
shape of the current signal. As we increase the speed, the time
between the observable peaks is reduced. Alternatively, for the
deceleration case, the frequency is reduced as the measurement
time is incremented, which is related to the speed of the reaction
wheel. As a result, the magnitude of the current ripples and
the observable sine-wave is reduced. Therefore, the reduction
on the measured B-field is comprehensible. Finally, we have
a mixture of modes for the short acceleration and deceleration
case, mode D. According to the relationship shown in Table I
between the rotor speed and the B-field measured, the highest
peak is modified between 86 and 87.5 Hz. Hence, we can

Fig. 11. Zoom view of the current time-domain data for functional modes B,
C, and D.

Fig. 12. Zoom view of the time-domain data for current and B-field x-
component for functional Mode D.

identify all functional modes from the current waveform and use
the waveforms to correlate current and B-field measurements.

If we employ only the recorded data for the short event
functional mode, mode D, we can correlate all the acceleration,
deceleration, or steady-state with the current consumption. If
we directly evaluate the raw B-field time-domain data from
the envelope, unfortunately, we cannot appreciate any change
between the different events occurring at the operating mode
D. Fortunately, as the synchronized current measurement is
available, we can use it to identify the three different types of
events in mode D, time-gating the signal, and computing again
the spectrum. From the graph in Fig. 12, we decide to split the
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Fig. 13. Spectral measurements for B-field x-component for the different
measurement instants in functional Mode D.

Fig. 14. Spectrum measurements for current for the different measurement
instants in functional Mode D.

B-field signal in interval 1, between 3 and 4.2 s for acceleration
(yellow box), between 4 and 5.2 s for steady-state (blue box), and
between 5.2 and 6.4 s for deceleration (red box). Then, the field
and current spectrums are presented in Figs. 13 and 14 using an
RBW equal to 3 Hz for the B-field and 10 Hz for the current.

The results of the B-field are comparable to the ones presented
before for mode A, mode B, and mode C. Nevertheless, the
emissions related to the movement of the reaction wheel are
limited to the speeds of 270 and 275 rd/s. On this occasion, the
emissions occupy a limited frequency range, with the maximum
peak levels at 86 and 87.5 Hz. Like the previous analysis, the
worst-case scenario appears to be the acceleration event, but
we can highlight that all the different modes are close to the
fundamental frequency and the second harmonic. Additionally,
the worst case is during the deceleration at specific frequencies,
for example, at 172.5 or 347 Hz, we see the highest emission
level for the B-field when the reaction wheel is reducing the
speed.

Fig. 15. Time-domain data for functional mode D filtering at key frequencies.
The B-field module has been obtained considering the three-axis components.

On the other hand, the current spectrum presented in Fig. 14
shows that when the speed is constant, the spectral content is
low and is a best-case regarding the emissions. Otherwise, when
acceleration is present, we have the highest level of emissions,
but again in some frequencies, the worst case is deceleration.

B. In-Band Time-Domain Evaluation

Once the different critic frequencies have been identified,
we can filter the B-field considering the three-axis components
at the selected frequency bands. For example, in Fig. 15, the
current time-domain data is related to the B-field filtering the
interference at 43, 87.5, 150, and 172.5 Hz. When we filter
the B-field at 43 Hz slight amplitude variations appear for the
87.5 Hz response. We observe the correlation with the specific
events; the lowest emission is during the deceleration, the highest
during the acceleration, and the steady-state. On the contrary, the
172.5 Hz filtered B-field shows that the deceleration is causing
the highest emission, even higher than the acceleration. The
explanation for the differences between features is unknown
because we do not have enough information about the reaction
wheel construction. Still, the data are helpful for the B-field
disambiguation between operational modes. Finally, the events
cannot correlate with a significant B-field change for the EMI
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Fig. 16. B-field vector trajectory in nanotesla when the EMI is filtered at 43 Hz
frequency band.

Fig. 17. B-field vector trajectory in nanotesla when the EMI is filtered at
87.5 Hz frequency band.

filtered at 150 Hz. Therefore, thanks to the postprocessing and
the synchronized current measurements, we can obtain the B-
field identifying worst cases considering interesting frequency
bands.

Moreover, suppose we combine the event identification, the
bandpass filtering, and the three-axis components. In that case,
we also have the opportunity to calculate the orientation of
the magnetic field for the Mode D. Hence, using the x-, y-,
and z-components that can be correlated with the acceleration,
deceleration, and steady-state events by current observation,
we compute the B-field at 43, 87.5, and 150 Hz. Figs. 16–18
show the B-field orientation using polar coordinates, where φ
represents the azimuth and θ the elevation of the field vector.
The B-field in spherical coordinates has been computed by
transforming the cartesian measurements according to the axis
reference in Fig. 19. We have selected the 43 Hz frequency
associated with the reaction wheel’s movement according to the
speed. Otherwise, the 87.5 Hz is selected as this is the highest
value observed at the B-field spectrum in Fig. 13. Finally, the
150 Hz frequency is selected because it is a harmonic of 50 Hz,
so it is expected to have a different radiating pattern compared
to the previously selected cases.

Fig. 18. B-field vector trajectory in nanotesla when the EMI is filtered at
150 Hz frequency band.

Fig. 19. Picture of the test set-up conducting measurements on the reaction
wheel.

In Fig. 16, we observe the vector trajectory of the B-field
associated with the rotation of the reaction wheel (i.e., 43 Hz).
The B-field varies in the time domain, pointing to different
directions according to the movement and changing the level
related to the event computed. The diagram shows that the
highest emission is found during the reaction wheel’s accelera-
tion, and the steady-state is slightly lower than the deceleration.
Nevertheless, the rotation of the field vector remain the same for
the three different modes.

On the other hand, if the emissions for 87.5 Hz presented
in Fig. 17 are studied, the trajectory of the B-field vector
change strongly for the different modes. Opposite to the pre-
vious frequency evaluation, the B-field pattern is distinct for the
acceleration, deceleration, and steady-state. We can highlight
the absolute difference between acceleration and deceleration.
Moreover, the B-field level is significantly different while in
acceleration mode, which is the highest one by a large margin.

Regarding the study at 150 Hz, a noticeable different behavior
is observed. The results presented in Fig. 18 show that the
three different modes exhibit the same response in terms of
their B-field trajectory. The field orientation only varies mainly
between 45◦ and 225◦ for the azimuth and between 40◦ and
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Fig. 20. Statistical data for functional mode D at 87.5 Hz.

−40◦ in elevation. Therefore, it is clear that the reaction wheel
structure is not radiating the B-field corresponding to the third
harmonic of the 50 Hz mains frequency. Instead, the source
of the magnetic field can be one of the cables inside the FAC,
which matches in orientation with the B-field pattern observed
in Fig. 18. Hence, this further postprocessing enables the user
to find out the direction and the source of the magnetic field.

Finally, statistical analysis can provide meaningful informa-
tion for mission purposes, even though this is not commonly
used as part of EMC assessment. Specific interference statistics
have been computed for mode D to highlight the possibility of
correlating the data with risk mitigation. For example, in Fig. 20,
we can observe the pdf, the cumulative density function (CDF),
the relative frequency histogram, and the normal probability
plot when the time-domain data for the x-component is filtered
at 87.5 Hz. For instance, from the pdf, two peak values are
observed with high probabilities, meaning that the amplitude
of the interference mainly varies between those levels, but it is
possible to have higher or lower values between−30 and−15 dB
μT. Otherwise, in the CDF diagram, we see the probability that
the interference has a specific value of amplitude or less. The
APD diagram is obtained directly from the CDF, and it can be re-
lated, for instance, to the performance of digital communication
systems. Although the protection of communication systems is
not in the scope of this study, this can be used in the future with
the data available, or the probabilistic information can provide us
with sufficient data to protect other critical systems like scientific
mission instrumentation.

This type of analysis is potentially significant as it is possible
to compute any other useful output for future missions without
the need to conduct another measurement campaign.

V. CONCLUSION

The multichannel multidomain methodology implemented
was useful for identifying the worst-case in terms of magnetic
field emissions. It became clear that it would not be valid to test
the reaction wheel solely in steady-state operating mode. This
is because, worst cases occur in dynamic operating modes each
of them having its own spectral signature. Particularly, slight
speed changes can produce the highest level of EMI, being the
acceleration the worst-case in general. However, for specific

frequency bands the deceleration generates the maximum value
for the B-field.

The synchronous monitoring of the current enables the
user to identify the different functional modes and correlate
them with their magnetic field emissions or other construction
characteristics like the number of poles or size. Moreover, the
EMC assessment can be performed during the test campaign
or afterward because recording the time-domain data enables
the user to modify spectrum parameters or carry out advanced
postprocessing. The study presented in this article demonstrates
that the different events produced in the functional mode
D can be easily recognized, allowing us to calculate the
spectrum for each type of event, filter the B-field at any
critical frequency band, or obtain complementary statistical
information. Furthermore, we have seen that the synchronized
measurement of the three-axis B-field can be used to evaluate
the B-field vector trajectories, and see how they change to
derive the source of the EMI. Nevertheless, other possibilities
like the extrapolation of the magnetic field at other distances
can be contemplated in the future [19]. This approach is
particularly interesting for space applications that use very
sensitive magnetic field instrumentation, and the B-field should
be extrapolated from measurements performed close to the EUT.

Therefore, a new standard procedure to characterize the reac-
tion wheels or other critical spacecraft elements shall be further
investigated. The procedure should store synchronous the time-
domain data to link the current consumption with the magnetic
field generated. Furthermore, creating a database can provide
information for future missions without the need to perform
a measurement campaign again, determining beforehand the
possibility to use specific reaction wheels according to the mis-
sion requirements. Moreover, this laboratory data can be used
for in-mission data cleaning, as the current can be monitored
during the missions, and the magnetic field generated can be
correlated with the current measurement. Hence, some data
can be discarded or corrected according to the characterization
studies performed in-lab with the reaction wheels for future
missions or already launched ones.
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