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Abstract

Quetzal-1, a 1U CubeSat developed by Universidad del Valle de Guatemala, operated on orbit from April to
November of 2020. It included an in-house developed passive attitude determination and control system (ADCS)
based on a previous mission from a different team, the Colorado Student Space Weather Experiment (CSSWE).
Quetzal-1’s ADCS used a 0.74 A-m? magnet to align the satellite to Earth’s magnetic field. Due to volumetric
constraints, Quetzal-1 only incorporated two hysteresis rods in contrast to CSSWE, a 3U CubeSat that carried six
of them. The rods were located on mutually orthogonal axes to stabilize its rotation. Earth’s magnetic field incli-
nation over Guatemala, the mission’s geographical zone of interest, informed the location of the ADCS compo-
nents and the camera with respect to the satellite’s structure to maximize the probability of target image acquisi-
tion. A Singular Value Decomposition (SVD) method was implemented for attitude determination together with
a three-axis magnetometer and two photodiodes on each of the satellite’s six sides. Within a week of deployment
from the International Space Station (ISS), Quetzal-1’s ADCS was capable of stabilizing rotational rates from
+25 °/s to £3.5 °/s per axis. Additionally, it correctly aligned the satellite to the magnetic field vector to within
14.28°. The ADCS’ gyroscope operated nominally, while the magnetometer occasionally transmitted all-zero
data at temperatures below 10°C. Most importantly, the ADCS enabled the payload to acquire images. The results
and performance of Quetzal-1’s ADCS, from per-component and systemic perspectives, are described in this
manuscript, including the impact of flights over the South Atlantic Anomaly (SAA) on the magnet’s torque and
oscillation amplitudes. Detailed description of the design approach, component selection criteria, results, and
recommendations based on lessons learned may be valuable to other teams developing their own CubeSat passive
ADCS.

(UVG) and supported, in terms of its launch to and de-

1. Introduction ployment from the International Space Station (ISS),
Quetzal-1 (ket-sahl-o0-noh) was a 1U CubeSat de- by the United Nations Office for Outer Space Affairs
veloped by Universidad del Valle de Guatemala  (UNOOSA) and the Japan Aerospace Exploration
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Agency (JAXA) under their joint KiboCUBE Pro-
gramme (Taniguchi etal., 2020). Quetzal-1’s mission
was selected to maximize benefits while considering
programmatic risk and technical feasibility (Zea et al.,
2016). The satellite’s technical mission was to test a
multispectral imaging system capable of acquiring im-
ages at different wavelengths by rotating a carousel
carrying four light filters in front of a monochromatic
camera. The systems engineering approaches imple-
mented on this project are described by Martinez et al.
(2018), the multispectral payload by Zea et al. (2023),
the Electrical Power System (EPS) by Aguilar-Nada-
lini et al. (2023), the structure’s Finite Element Anal-
ysis by Birnie et al. (2023), and the Command & Data
Handling System (CDHS) by Chung et al. (2023).
The design of the Attitude Determination and Con-
trol System (ADCS) followed a passive approach due
to resource limitations, financial and otherwise. While
active systems use an array of sensors and actuators in
a closed control loop to compute and manage the sat-
ellite’s attitude, passive systems rely on the satellite’s
innate characteristics, such as geometry and mass
properties, to provide stabilization. Passive Magnetic
Attitude Control (PMAC) systems, as coined by Ger-
hardt (2014), are particularly applicable to CubeSats.
PMAC systems have been in place since the very early
history of space exploration. Transit 1B became the
very first satellite to achieve orbit with such a system
in place. In this study, the system used by Transit 1B
implemented the very same building blocks that cur-
rent passive magnetic systems use today: a permanent
magnet to align the satellite with Earth’s magnetic
field (essentially converting the satellite into a large
compass) and high magnetic susceptibility ferromag-
netic material placed orthogonal to the magnet’s ori-
entation to dampen the system (and thus remove en-
ergy over time) (Danchik, 1998). The main advantages
of a PMAC system include the simplicity of installa-
tion, low mass and zero power use (Gerhardt, 2014).
Given these advantages, a PMAC system was also im-
plemented on Quetzal-1, following the design guide-
lines put forward by Gerhardt (2014) as part of his con-
tributions to the ADCS on board the Colorado Student
Space Weather Experiment (CSSWE) 3U CubeSat.
Further reasoning and analysis for this implementation
of a PMAC on Quetzal-1 was provided in Alvarez
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(2019) as part of the undergraduate thesis upon which
this manuscript is based.

The design and development of this subsystem is
covered in Sections 2 and 3. Section 4 provides details
regarding the on-orbit performance of the ADCS, as
well as the effects of the South Atlantic Anomaly
(SAA) on the system. Finally, conclusions and recom-
mendations are provided to other teams who may be
developing their own PMAC systems.

2. Attitude Control Design

2.1. Generalities of a PMAC System

A PMAC system relies on a permanent magnet and
hysteresis material to align the satellite with Earth’s
magnetic field and stabilize its rotation, respectively.
The permanent magnet tracks the magnetic field in a
similar fashion to how a 3D pendulum oscillates
around the gravity vector. This magnet provides the
main control torques on the satellite, and its size and
material are selected depending on the required
strength (measured as the magnetic moment of the
magnet). The required strength depends on the mag-
nitude of the external disturbance torques that the sat-
ellite will experience while in orbit, as well as the
needed degree of alignment between the satellite and
Earth’s magnetic field. At the same time, the hystere-
sis material provides damping to the system. The
changing polarities of Earth’s magnetic field through-
out the orbit cause a delayed response in the hysteresis
material’s magnetization (obeying its hysteresis
curve). The magnetic domains within the material shift
along the orbit, which effectively converts some of the
satellite’s rotational energy into heat (Gerhardt, 2014).

2.1.1. Magnet Sizing

The first step taken for the design of Quetzal-1’s
Attitude Control System was to determine the required
magnet’s characteristics based on parameters such as
the CubeSat’s mass and the expected magnetic fields
and external torques at a 400-km high LEO orbit. Two
key variables that needed to be considered when sizing
the magnet were its torque and its magnetic moment.
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A permanent magnet’s torque can be calculated with
the following equation:

Lg = mmagnet X B, (1)

where M4 gner represents the magnetic moment of
the permanent magnet and B represents the magnetic
field surrounding the magnet. As shown in Eqn.1, a
larger magnet would have a larger torque when ex-
posed to the same B. The larger the torque, the easier
it would be able to overcome external disturbances.
However, an oversized magnet could also introduce
undesirable high potential energy at the time of de-
ployment, as well as saturate or decrease the useful
range of any on-board magnetometers (Gerhardt,
2014). Therefore, it was necessary to estimate the ex-
pected external disturbances on orbit in order to select
a magnet that was neither under- nor over-sized.

An equation to estimate the minimum magnetic
moment m,,,;, required to overcome the expected ex-
ternal torques is presented in (Gerhardt, 2014), which
is a modification of the equation presented by (Santoni
and Zelli, 2009). It states:

[Zsumll )
> (”Emm” sin Bmax/ ’ (2)

where || L | is the sum of magnitudes of all external
torques (not accounting for any magnetic residual tor-
ques, i.e. the magnetic moment of the satellite itself),
||Bin|| is the minimum experienced magnetic field
for the satellite’s orbit and f3,,,4, IS the desired angle of
maximum oscillation of the satellite to Earth’s mag-
netic field.

As evidenced in Egn. 2, the estimation of all exter-
nal torques is fundamental in determining the mag-
net’s minimum required magnetic moment. The Cu-
beSat Control Toolbox (Princeton Satellite Systems,
2010) was used to estimate these torques for the ISS
orbit (from where Quetzal-1 would be deployed) via
simulations of the on-orbit environment. Torques were
simulated for an orientation perfectly aligned with the
magnetic field, starting on January 1, 2019 at 00:00:00
UTC and ending on January 1, 2020 at 00:00:00 UTC,
using the tilted dipole as the magnetic field model and
selecting a 1U CubeSat with mass 1.04 kg and solar

”mmagnet” > Ml =1
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panels on all six sides (see assumed optical parameters
and other physical parameters in Table 2). These dates
were used as a standardized timeframe because the
launch date was unknown at the time of development
of this subsystem. The maximum estimated torques
are shown in Table 1.

Table 1. Maximum Estimated External Torques from Jan. 1, 2019 at
00:00:00 UTC to Jan. 1, 2020 at 00:00:00 UTC on ISS Path

Torque Type Maximum Value (nN - m)

Aerodynamic 17.2
Solar Pressure Gravity 1.2
Gradient 0.5
Total 18.9

Table 2. Satellite Physical Parameters. Function diag() produces a diag-
onal matrix with the diagonal set to its arguments.

Parameter Value
Center of Mass [0.067, —1.577, 2.509]
mm
Inertia diag (1816, 1882, 1621)
kg + mm?
Drag Coefficient 2.40
Solar panel optical coefficients:
Transmissivity 0.00
Absorptivity 0.75
Reflectivity (specular) 0.17
Reflectivity (diffuse) 0.08

Two more parameters were needed to calculate the
minimum necessary magnetic moment: S,,., and
|| Bonin |- For the first, an arbitrary value of 5° was as-
signed, while for the latter — and to be conservative —
the United States’ National Oceanic and Atmospheric
Administration (NOAA) magnetic field calculator
(National Geophysical Data Center, n.d.) was used to
determine the field strength where it may be expected
to be at its weakest. Such a location was determined at
an elevation of 400 km (over mean sea level) at an ar-
bitrary date of January 1, 2020: —23° latitude and 58°
longitude (above the South Atlantic Anomaly, or
SAA) with a value of 19,133 nT. Finally, the minimum
necessary magnetic moment for the magnet was calcu-
lated using Eqn. 2, resulting in ||, || = 0.1700 A -
m?. This value drove a requirement for the flight mag-
net selection; thus, a cylindrical magnet (K&J Magnet-
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ics, Cat. No D84), with grade N42, 12.7 mm in diam-
eter and 6.35 mm in height, was selected for Quetzal-
1. This magnet was selected due to its flight heritage
from the CCSWE mission and due to its dimensions,
which were adequate for a 1U CubeSat. As part of
Quetzal-1’s requirement verification process, the mag-
netic moment of the magnet was measured experimen-
tally following the procedure detailed by Gerhardt
(2014), and was found to be ||agnec|| = 0.7363 A
m2 > ||Mmnll, Which is approximately four times
larger than the required minimum magnetic moment.
Due to time constraints, the magnet was ultimately
deemed acceptable, but possible disadvantages of such
an oversized magnet are discussed in Section 4.2.

2.1.2. PMAC System Errors

A PMAC system will exhibit two types of errors.
The first is a steady-state error, in which the magnetic
moment of the hysteresis material (and all other mag-
netic material on-board) adds in a vectorial fashion
with the permanent magnet’s magnetic moment. Thus,
the satellite will no longer align perfectly with the
magnetic moment of the magnet (M qgne ). Rather,
it will align with the resulting magnetic moment
(mMo¢), Which causes the satellite to offset from the
magnetic field vector by an angle y (as shown in Fig-
ure 1) (Gerhardt, 2014). Given that the PMAC system
may only fully constrain two axes of rotation, a final
roll rate is expected to appear along (7;,;).

The second is an oscillatory error caused by
changes in magnetic field direction along the orbit. As
the field changes, the magnet attempts to track it, but
overshoots occur. The oscillatory error may be re-
duced by increasing the amount of hysteresis material
(Santoni and Zelli, 2009), but such an increase leads to
an increase in steady-state error. Hence, the final de-
sign of a PMAC system must adequately balance these
two errors (Gerhardt, 2014).

2.1.3. Determining Magnet and Hysteresis Rod
Location

As per standard PMAC system design require-
ments, Quetzal-1 used two HyMu-80, 95 mm in height
and 1 mm in diameter, cylindrical hysteresis rods,

Copyright © A. Deepak Publishing. All rights reserved.

Figure 1. Total magnetic moment of a Passive Magnetic Attitude Con-
trol System (iri s is the magnetic moment of the hysteresis material,
M5 s the residual magnetic moment of the satellite itself, and 7y is the
offset of the total magnetic moment of the system, ., with respect to

mmagnet)-

which were selected according to their flight heritage
in CSSWE and availability, and were placed in mutu-
ally orthogonal axes. The placement of these rods also
needed to be orthogonal to the magnet’s magnetic mo-
ment vector. Selecting the specific axes in which both
the magnet and the rods were going to be placed was
the next step of PMAC system design. Quetzal-1 con-
tained an on-board camera, which had to be correctly
aligned with Earth at the desired locations in order to
take relevant imagery. In this case, the desired target
was Guatemala, located between latitudes [13.75°,
17.81°] and longitudes [-92.21°, —88.24°]. According
to Figure 2, the magnetic field inclination (the angle
between local nadir and the magnetic field vector) was
going to be roughly 45° over Guatemala.

The placement of the magnet drove the placement
of the rods. Therefore, deciding whether the magnet
was placed either parallel or perpendicular to the cam-
era’s boresight was of the utmost importance (see Fig-
ure 3). Considering the 45° magnetic field inclination
over Guatemala, a parallel configuration had the im-
mediate advantage of being more predictable. In that
configuration, the camera would always face approxi-
mately towards the magnetic field vector, assuming
that the PMAC system would detumble the satellite
correctly. A perpendicular configuration, however,
would be affected not only by correct detumbling, but
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Mag netic field inclination at 400 km, for Jan. 1 2019
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Figure 2. Magnetic field inclination at an altitude of 400 km. Note inclination over Guatemala is approximately 45°. Data calculated for January 1,

2019 with the igrfmagm implementation of IGRF-12 in MATLAB.
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Figure 3. Parallel (left) and perpendicular (right) configurations of camera’s boresight and permanent magnet assuming the ideal situation where B
is collinear with the satellite’s roll axis and the magnet’s magnetic moment vector, fMnqgnee. Ultimately, a parallel configuration was selected. The
satellite is moving in a prograde orbit (west to east) with the same inclination of the ISS orbit (velocity vector points out of the page).

also by the final roll rate of the system. Given the ad-
ditional degree of uncertainty in the latter configura-
tion, a parallel placement was chosen.

2.1.4. PMAC System Physical Component Place-
ment

Copyright © A. Deepak Publishing. All rights reserved.

The final positions for the ADCS components are
shown in Figure 4. Note that the camera boresight was
placed facing the -Z direction. Therefore, the hystere-
sis rods were placed collinear to the X and Y axes,
while the permanent magnet’s North pole faced the -Z
direction, so the camera faced nadir when orbiting
over the northern hemisphere. As to the physical
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% 4—Hysteresis Rods

8 «—ADCS PCB

Permanent Magnet

Figure 4: Location of the ADCS PCB containing the magnet, and the hysteresis rods inside the 1U CubeSat. Permanent magnet located on the (+X,
+Y) corner of the PCB, IMU located on the (-X, -Y) corner, and Camera at the center of the satellite’s -Y face, with its boresight pointing towards

-Z.

placement of components in the ADCS printed circuit
board (PCB), the permanent magnet was located on
the same PCB as the magnetometer, due to space con-
straints within the satellite. However, distance between
these was maximized to reduce hard-iron errors on the
magnetometer, as the permanent magnet was placed in
the (+X, +Y) corner of the PCB, while the Inertial
Measurement Unit (IMU) was located diagonally op-
posite, on the (-X, -Y) corner. Note as well that the ver-
tical distance between the ADCS PCB and the hyste-
resis rods was the maximum possible for the satellite
design at 64.9 mm, aiming to minimize soft-iron errors
on the IMU. Both hard-iron and soft-iron errorsare de-
fined in subsection 3.4.

3. Attitude Determination Design

3.1. Attitude Determination Requirements

An Attitude Determination System requires a set
of on-board sensors to attain attitude. A wide array of
sensors can be implemented on a satellite, depending
on power, volume and resolution constraints and re-
quirements. Due to the passive nature of Quetzal-1’s
ADCS, real time attitude knowledge was not required,
and power priority was relatively low, since other sub-
systems had higher criticality to operations and re-
quired more power. Hence, it was deemed that a three-
axis magnetometer and a set of photodiodes on each of
the CubeSat’s six sides—t0 obtain the magnetic field
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vector and the solar vector in the body frame, respec-
tively—would be enough to compute the satellite’s at-
titude through a deterministic approach such as the one
detailed in the next subsection. This would also be
enough to evaluate the performance of the PMAC
throughout the mission, especially during picture-cap-
ture operations.

3.2. Attitude Determination Approach

The typical approach for CubeSat missions on the
matter of attitude determination involves the use of a
Kalman Filter: a powerful, yet complex state estima-
tion tool that enables a satellite to fuse sensor data to
provide a more accurate picture of the satellite dynam-
ics. Filters implemented by several missions were an-
alyzed, including an Extended Kalman Filter in both
the CSSWE mission (Gerhardt, 2014) and the MOVE-
Il mission (Messmann et al., 2017), and the Isotropic
Kalman Filter in the UWE-2 mission (Schmidt et al.,
2008). However, the complexity of implementing a
Kalman Filter for a first CubeSat mission is high; a
deep knowledge of state estimation must be attained
and the development of the filter (both in the mathe-
matical formulation as well as in the software imple-
mentation) is not trivial. Therefore, an alternative ap-
proach was selected.

There are several deterministic methods to deter-
mine attitude characteristics with a set of on-board
measurements. Some of these methods focus on solv-
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ing Wahba’s Problem using two or more vector obser-
vations in two different coordinate systems to find the
optimal rotation matrix between them (Vinther, 2011).
In Markley and Mortari (1999), a series of attitude es-
timators were analyzed, and Vinther (2011) found the
Singular Value Decomposition (SVD) method (pro-
posed initially by Markley (1988)) to be more robust
than other faster methods, such as the Fast Optimal At-
titude Matrix (FOAM) or Estimator of the Optimal
Quaternion (ESOQ) approaches.

Since attitude data was not required in real time to
inform any of the satellite’s functions, it could be ana-
lyzed on the ground ex post facto to provide an “im-
age” of the satellite’s orientation throughout orbits.
Therefore, it was determined that measurements taken
by the sensors described in the next subsection were to
be processed on the ground via the SVD method to de-
termine attitude, serving as baseline information that
could inform the development of future attitude deter-
mination systems of our own, as well as others. Might
there be any interest in the data collected on-orbit by
the sensors on-board Quetzal-1’s ADCS (or any other
subsystem), you may contact the corresponding au-
thors for this paper.

3.3. Sensors

An Adafruit breakout board for the Bosch
BNOO055 Inertial Measurement Unit (IMU), which
contained a three-axis magnetometer, a three-axis gy-
roscope, and a three-axis accelerometer was selected
for flight (Bosch, 2014). Such a selection was based
on a trade study with variables of importance to this
mission, such as: communication protocol, power con-
sumption, operating voltage range, operating tempera-
ture, sensor range and resolution, as well as price. It
was also important that the IMU was well documented
and had a large community of users behind it. The ac-
celerometer, however, was flown powered off as linear
acceleration data while in free fall was deemed of little
value on orbit. Additionally, 12 photodiodes (Vishay,
Cat. No. TEMDG6010FX01) were implemented as Sun
sensors, two on each face of the satellite. Note that
two were installed for redundancy in case of failure, as
Gerhardt (2014) noted sensor degradation after one
month of flight. The selected photodiodes had flight
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heritage from CSSWE, and were digitized via a volt-
age divider and an Analog-to-Digital converter (Texas
Instruments, Cat. No. ADC128D818). All sensors
were sampled at a 0.1 Hz rate and controlled by an
ATMEGAS328P microcontroller implemented on the
ADCS circuit board.

3.4. Magnetometer Calibration

A magnetometer typically suffers from four types
of errors: hard iron errors, soft iron errors, scaling fac-
tors, and non-orthogonality errors. For simplicity and
relevance, only hard and soft iron errors will be cov-
ered here. The first type is usually caused by either
constant or time-varying magnetic fields that are pre-
sent in the location of the magnetometer and offset the
magnetic field being measured (i.e., Earth’s magnetic
field) (Springmann and Cutler, 2012). For Quetzal-1,
a constant offset to the magnetometer measurement
was expected to be caused by the permanent magnet
located on the same PCB as the magnetometer.

Soft iron errors result from materials that generate
a magnetic field in response to an external magnetiz-
ing field (Springmann and Cutler, 2012). Such a mate-
rial on board the satellite was the pair of hysteresis
rods, which generated a different field (B) for a given,
magnetizing field (H). For this reason, the hysteresis
rods were located as far away as possible from the
magnetometer (see subsection 2.1.4).

The calibration method used for Quetzal-1 fol-
lowed the steps and guidelines set by Springmann and
Cutler (2012), where the proposed attitude-independ-
ent calibration technique performs a non-linear, least-
squares fit to estimate the hard and soft iron calibration
parameters. Being able to calibrate the magnetometer
without knowledge of the satellite’s attitude is im-
portant, as the calibrated measurements would then be
used via the SVD method to attain attitude. The results
of the calibration performed on a flight model of the
ADCS PCB prior to launch are shown in Table 3 (sub-
section 4.3.2) alongside the results obtained via on-or-
bit calibration for ease of comparison.

4. On-Orbit Performance of Quetzal-1’s ADCS

4.1. Detumbling and Stabilization
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Table 3: Fitted Coefficients for On-ground (Prior to Launch) and On-orbit Magnetometer Calibration

Satellite | Soft iron errors (scaling factors) Hard iron errors (constant offsets)

Axes On-ground calibration | On-orbit On-ground calibration | On-orbit
(ADCS PCB only) calibration (ADCS PCB only) calibration

X a 1.0127 | 1.0218 X0 0.5650 | 42.8907

Y b 0.9897 | 0.9605 Yo -5.4199 | 62.6603

z c 0.9478 | 1.2415 20 171.8728 | 163.6372

4.1.1. First Weeks After Deployment

When the first data packets were received, 1 hour
and 20 minutes after deployment, it was observed that
the rotational rates for Quetzal-1 were oscillating be-
tween —25 °/s and +25 °/s in each axis. These were the
rotational rates acquired upon deployment from the
Kibo module aboard the ISS via the Japanese Experi-
ment Module (JEM) Small Satellite Orbital Deployer
(J-SSOD). Within a week (see Figure 5), these values
decreased as expected, finally stabilizing the X axis
between —3 °/s and +1 °/s, and the Y axis between
—1 °/s and +3 °/s. The Z axis reached a minimum of
+2.8 °/s and stabilized to an operationally acceptable
+3.5 °/s; since the magnet was placed in alignment to
the satellite’s Z axis, some rotation speed was ex-
pected to build up on this axis.

4.1.2. Resulting steady-state error after de-
tumbling

As mentioned in subsection 2.1.2, an angular off-
set v between the permanent magnet’s axis (aligned

© Gyro X data points 209 go
32

© Gyro Y data points

8 10 12 14 0 2 4 8

T T
20 ® Gyro Z data points ||

8 10 12 14

]
10 ] 7
;@ } }t‘ ° G e SN SERA0 G §°°F §f =mem cogmes cmmo  mBlc S B oW 83
Uk
3

L L L 1 1 L L
0 2 4 6 8 10 12 14
Days since deployment

Figure 5. Quetzal-1’s rotational rate over all axes during detumbling,
as measured by gyroscope (weeks 1-2).
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with the satellite’s Z axis) and the magnetic field lines
was expected (recall Figure 1). After deployment, y
was calculated using the magnetic vector measured by
the on-board magnetometer. To note, the magnetic
vector calculations were performed after the magne-
tometer was calibrated (further details in subsection
4.3.2). Typically, the offset between the magnetic vec-
tor (B) and the satellite’s -Z axis remained between y
= 14.18° and y = 14.28° (95% confidence interval).
This offset caused the satellite’s -Z axis to present a
coning motion about the magnetic field lines. The
presence of this motion was evidenced by the gyro-
scope measurements detailed in subsection 4.1.1,
where Figure 5 shows that the rotational rates over the
X and Y axes were not centered around 0 °/s.

4.1.3. Satellite Stability Throughout the Mission

Following correct detumbling, data showed that,
approximately one month after deployment, the rota-
tional rate on the Z axis began to gradually increase.
This increase was quite steep in the days prior to May
22,2020 (as observed in the bottom plot shown in Fig-
ure 6), where the Z axis rotational rate increased from
~3°/sto~8°/s.

4.1.4. Effects of the Payload Filter Carousel on
Satellite Stability

There were no active attitude control actuators on
board the satellite intended to mitigate the rotational
rate increase mentioned in the previous subsection.
However, the actuation axis of the filter carousel (from
the payload) was aligned to the Z axis, and this actua-
tor did have an effect over the axis’ rotation. The ano-
dized aluminum carousel assembly, shown in Figure
7, had a total moment of inertia of 109.843 kg mm?.
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Figure 6: Quetzal-1’s rotational rate over all axes through the life of the
satellite as measured by three-axis gyroscope.

The TEKCELEO WLG-30 piezoelectric motor that
actuated the carousel rotated at 126 rpm (Zea et al.,
2023). Ground tests indicated that the carousel accel-
erated and decelerated at an equal rate when rotating,
completing half a revolution in approximately 239 ms.

This resulted in a maximum acceleration of 55.18 r:—zd

and a6061.18 puN - m torque over the satellite’s Z axis.
Due to the symmetric nature of the acceleration
and deceleration of the motor, the net torque over the
Z axis was zero. However, an important detail was
observed on orbit: As previously stated in subsection
4.1.2, the Z axis of the satellite was not parallel to the
magnetic field lines on which the satellite rotated (as
per PMAC behavior). This deviation of the satellite’s
axis of rotation w, with respect to its Z axis caused the
carousel rotational speed to induce a gyroscopic torque
over the X and Y axes, as evidenced by the following
equations retrieved from (Steinmann, 2014):

-

K.=1I; - ac' (3)
Ty = K. X @y, (4)

where the carousel’s angular momentum I?C is the
dot product of the carousel’s moment of inertia fC
and its angular velocity w, (126 rpm). The cross prod-
uct of I_(; and the satellite’s net rotational axis w, was
non-zero due to the deviation between the vectors.

Copyright © A. Deepak Publishing. All rights reserved.

This resulted in a momentary torque over the satel-
lite’s XY-plane when the carousel rotated. Such a
torque could cause a temporary increase in the oscilla-
tion amplitude of the satellite’s X and Y axes. This
was advantageous to the mission because the physical
oscillations would increase the magnetizing field os-
cillations (also called H-field oscillations) on the hys-
teresis material; thus, increasing the conversion of Ki-
netic energy into heat within the material (Gerhardt,
2014). These temporary misalignments may have
acted as an angular momentum dumping method to
counteract the rotational rate increase observed over
the Z axis.

As a means of experimentation, and to prevent bat-
tery depletion due to the COMMS continuous trans-
mission failures (further detailed in Aguilar et al.
(2023), the on-board computer’s watchdog reset timer
cycle was decreased from 24 to six hours on May 22,
and then further to two hours on June 17 (both in-
stances marked by dashed lines in Figures 6 and 8).
This caused the motor, which rotated on each reboot,
to move by a revolution 12 times per day (instead of
once per day) starting on June 17. Figure 6 previously
showed the rotational rates throughout the whole mis-
sion, and Figure 8 details the changes in rotational ac-
celeration.

Note that the acceleration shown in Figure 8 main-
tained (on average) positive values during the duration
of the satellite’s life. However, a decrease in magni-
tude was observed after the changes in periodicity of
the filter carousel rotations (after May 22 and June 17).
Figure 9 additionally shows that, although the rota-
tional energy of the satellite increased throughout the
mission, energy dips could still be detected (marked
by letters A and B within the plot). Such is an indica-
tion that a rotational energy dumping mechanism was
at play: either via the gyroscopic torque effect previ-
ously mentioned, the presence of altered external tor-
ques at those times, or a combination thereof. By the
end of the mission on November 25 (211 days after
deployment), the satellite reached a maximum rota-
tional rate of +16.65 °/s. This rotational rate was still
adequate to perform payload operations (Zea et al.,
2022) and to guarantee adequate performance of the
satellite’s solar chargers (Aguilar-Nadalini et al.,
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Figure 7. Quetzal-1 payload assembly, which included an aluminum carousel, a piezoelectric motor, and camera.
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Figure 8: Mean rotational rate and acceleration over Quetzal-1’s Z axis
per day (Weeks 2-30). Lower two graphs show the ‘raw’ mean acceler-
ation (left) and the averaged mean acceleration (right).

2023), but it is noteworthy for teams developing their
own PMAC:s.

4.2. PMAC System Performance

The initial performance of the implemented
PMAC system enabled stabilization in all axes within
a week. The increase in rotational energy as the weeks
progressed may have been caused by a combination of
factors, including a possible underperformance of the
available hysteresis material. Two factors come into
play when attempting to explain this. First of all, the
satellite did not align perfectly with the magnetic field
(recall subsection 4.1.2). Such a misalignment caused
the H-field applied to hysteresis rods to be off-center.

Copyright © A. Deepak Publishing. All rights reserved.

Rotational energy (;.J)

I I
0 25 50 75 100 125 15

Days since deployment

Figure 9: Net rotational energy of Quetzal-1 throughout the mission
(long periods of energy decrease marked by letters A & B).

That is, the H-field oscillations are not symmetrical
about 0 A/m (most prominently for the X axis rod, as
seen in Figure 10). Secondly, the bar magnet (which
was oversized with respect to the required minimum
magnetic moment) also caused a constant offset of the
H-field as seen by the hysteresis rods. As noted by
Gerhardt (2014), an offset to the applied H-field re-
sults in a smaller and distorted hysteresis curve for a
given rod, which reduces its damping capability.
Therefore, both prior statements lead towards the sup-
position that the hysteresis rods were not operating at
their maximum damping capacity. As a secondary
note, possible magnetic sources within the satellite
that may have caused the satellite’s aforementioned
misalignment could include current carrying traces
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Figure 10. H-field oscillations experienced by satellite axes containing
hysteresis rods (X and Y).
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within the PCB, inductors present in the Electric
Power System (EPS) PCB, the satellite’s antennas or
the voltage transformers present in the motor driver
(Tekceleo, Cat. No. WLG 30).

4.3. Sensor Performance
4.3.1. Gyroscope

The three-axis gyroscope performed nominally on
orbit. Although no calibration was performed, the data

Copyright © A. Deepak Publishing. All rights reserved.

matched the expected behavior of the satellite, which
presented a roll over the magnetic field lines. The
gyroscope of the IMU did not present any glitch or
failure throughout the mission despite the temperature
variations between —14°C and 33°C that the ADCS
circuit board experienced. The board’s temperature
was measured by the thermal sensor integrated into the
BNOO055 IMU unit and by a secondary thermal sensor
(Texas Instruments, Cat. No. TMP100-Q1). However,
the gyroscope’s measurement resolution of 0.7844 °/s
proved to be inadequate because most rotational
changes on orbit were smaller. Note that this coarse
resolution was caused by the data being compressed
into a single byte (as per on-board software design), as
the gyroscope within the BNOO055 IMU has a 0.06 °/s
resolution within a £2000 °/s range (Bosch, 2014).

4.3.2. Magnetometer

Table 3 shows the calculated calibration coeffi-
cients for Quetzal-1’s magnetometer, as well as the re-
sults of the calibration performed prior to launch. Note
that the zo coefficient is largely similar in both scenar-
i0s because the bar magnet’s magnetic field dominates
the constant offset in this axis, while all other coeffi-
cients vary due to the presence of many other magnetic
and electronic components in the fully-assembled sat-
ellite. Additionally, Figure 11 shows the direction of
Earth’s Magnetic Field vector B with respect to the
satellite’s body frame. The red dots indicate the uncal-
ibrated data measured by the magnetometer, influ-
enced by the permanent magnet. The blue dots indicate
the measured data after the magnetometer calibration
was performed. The calibrated data shows vector B
typically oriented towards the -Z face of the satellite,
as expected due to the PMAC system configuration.

Although magnetometer data was valuable, as it
was fundamental in calculating the satellite’s attitude
throughout the mission using the methodology dis-
cussed in subsection 3.2, it was observed that the mag-
netometer of the IMU presented measurement glitches
when operating at temperatures below 10°C combined
with the vacuum of space. Below this threshold, the
sensor occasionally transmitted all-zero magnetic
data. The frequency of these incorrect measurements
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increased when the board’s temperature decreased, as
shown in Figure 12.
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Figure 12. Incorrect magnetometer measurements distribution depend-
ing on temperature.

This behavior had been previously observed dur-
ing thermal-vacuum ground tests (data not shown).
However, the sensor was deemed fit for flight because
thermal modeling showed the temperature of the board
would remain mostly above 5°C when the satellite was
in sunlight. The attitude determination algorithm re-
quired the measurements from the Sun sensors as well
as from the magnetometer to estimate the satellite’s at-
titude. For this reason, incorrect magnetometer meas-
urements during eclipse periods did not severely com-
promise the module’s operation. In Pugia et al. (2017),
it is mentioned that the BNOO055 IMU’s gyroscopes
failed under high vacuum conditions, but the magne-
tometer yielded reliable data. Note, however, that the
sample rate used by Pugia et al. (2017) was 10 kHz,
while Quetzal-1 sampled the IMU at a significantly
lower rate of 0.1 Hz. Nonetheless, the results observed
on orbit for Quetzal-1 are opposite, with the gyroscope
transmitting reliable data and the magnetometer only
partially operating.

4.3.3. Coarse Sun Sensors

Using photodiodes on each satellite face, an esti-
mate of the Sun’s angle of incidence could be calcu-
lated by determining what percentage of its maximum

Copyright © A. Deepak Publishing. All rights reserved.

voltage a photodiode was outputting (via a voltage di-
vider on the ADCS PCB). Prior to deployment, a con-
stant maximum output voltage of 2.5 V was estab-
lished for calculations on orbit. However, the maxi-
mum voltage of the photodiodes did not remain con-
stant throughout the mission, but rather decreased in
an exponential fashion, as shown in Figure 13. This
phenomenon was most likely caused by the darkening
of the plastic covers of the photodiodes due to UV ra-
diation, as previously noted in Gerhardt (2014). Note
that the maximum voltage curves for the +Z and -Z
photodiodes shown in Figure 13 present peaks and
troughs because there were periods during which these
panels were hidden from the Sun, due to a combination
of the orbit’s orientation towards the Sun and the
alignment of the satellite to Earth’s magnetic field.

4.4. Attitude Determination

4.4.1. Nadir Pointing Analysis

Due to the nature of the mission, it was important
to estimate the angle between the camera’s boresight
(pointing towards the -Z face of the satellite) and na-
dir. This estimation was performed by using the
SVD method to solve Wahba’s problem, and the re-
sult was used to determine the orientation of the
camera towards Earth’s surface while the satellite was
above Guatemala. The camera’s field of view could
then be approximated and compared to the pictures
captured by the payload subsystem when commanded
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Figure 13. Photodiode maximum output voltage showing degradation
on orbit.
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Figure 14. Angle between nadir and camera boresight (-Z) depending on location. Dots show experimental data, lines show theoretical data. Both
lines and dots are color-coded in relation to the color bar on the right-hand side

by the ground control station in Guatemala. The
method was written in MATLAB and the obtained re-
sults are shown in Figure 14. The plot shows curves
indicating the theoretical angle between the camera
boresight and nadir depending on the Earth’s mag-
netic field inclination. It also shows superimposed
dots corresponding to the locations of the satellite at
times when a beacon was transmitted back to Earth.
As observed, the results from the telemetry matched
the theoretical calculations, indicating the adequate op-
eration of the ADCS module.

Figure 15 shows the distribution of angles between
nadir and -Z depending on latitude. As expected, the
angle increased in the southern hemisphere due to the
magnetic field inclination below the Equator. The
camera boresight was approximately parallel to the
Earth’s surface when the satellite was near the equator,
and the angle continued to decrease when the satellite
moved towards the geographical north. The red curve
shows the moving average of the angle calculated with
a window of 5° in latitude. The pink shade shows the
interval encompassing 95% of the data, and the black
dots show individual data points. The angle dispersion

Copyright © A. Deepak Publishing. All rights reserved.

on every latitude was the result of the satellite’s coning
motion (recall subsection 4.1.2).

To further analyze the satellite’s camera orienta-
tion when the satellite passed over Guatemala, the his-
togram shown in Figure 16 was plotted. The normal
distribution of angles had a mean angle of pu = 48.06°

180 ——Moving average
Data within 20
160 g +  Sample data points

Latitude []

Figure 15. Angle between nadir and camera boresight (-Z) depending
on latitude (only data captured along the continent of America was
taken into account, so as to discard natural variations in Earth’s mag-
netic field that occur as longitude increases towards the east).
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Figure 16: Angle distribution between nadir and Camera boresight (-Z)
during Guatemala overflights.

+ 0.88° (99% CI). This result was similar to the theo-
retical ~ 45° magnetic field inclination indicated by
the IGRF-12 magnetic field model over Guatemala
(see Figure 2). It evidenced accurate pre-flight model-
ing and adequate satellite orientation for payload op-
erations. The standard deviation of the aforemen-
tioned angle distribution was ¢ = 12.14°. This disper-
sion was in line with the estimated coning angle, v, of
the camera boresight’s axis (-Z axis) about the mag-
netic field vector (see subsection 4.1.2).

4.5. Effects of the South Atlantic Anomaly (SAA)

The SAA is a weak spot in Earth’s magnetic field
near the coast of Brazil where the magnetic intensity
drops below 32,000 nT. This dent in the magnetic field
occupies a region between the —50° and 0° latitudes,
and between the —90° and +40° longitudes. It repre-
sents a risk to the electrical circuits on board satellites,
as well as in the ISS, due to high energy particles that
dip closer to the Earth’s surface (Prélss, 2004). Be-
sides the radiation effects, the SAA can also have a di-
rect effect on passive orientation systems that rely on
the magnetic field’s intensity. The control authority of
the permanent magnet on board Quetzal-1 diminished
when the satellite crossed the SAA because of the low
field intensity that ranged from 21,500 nT to 30,000
nT, as measured by the on-board magnetometer. It
caused the magnet’s torque to drop to approximately
half, compared to the nominal torque outside the SAA,
according to Eqn.1. This resulted in an increase in os-
cillation amplitude on the X and Y axes of the satellite,
which in turn increased the misalignment of the satel-
lite’s Z axis with respect to the magnetic field lines.
Figure 17 shows the distribution of offset angles (y)
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Figure 17: Distribution of offset angles between Z axis and magnetic field vector (outside and inside SAA).
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between the Z axis of the satellite and the magnetic
field vector outside the SAA, as well as inside of it.

The distribution of offset angles outside the SAA
had a mean of y1 = 14.19° £ 0.05° (95% CI) and o1 =
6.03°, while the distribution of angles inside the SAA
had a mean of y2 = 18.55° + 0.50° (95% CI) and o2 =
6.05°. Therefore, it shows an increased pointing error
when Quetzal-1 was traveling through the magnetic
field’s weak spot.

5. Conclusions

A permanent magnet with a magnetic moment of
|imagnee|| = 0.7363 A - m? > ||y || Was se-
lected. The magnet’s north pole faced the -Z direction,
thus aligning the satellite’s camera boresight towards
nadir over the northern hemisphere. This design deci-
sion enabled the camera to take relevant imagery over
Guatemala. Upon deployment, the satellite acquired
initial rotational rates between —25 °/s and +25 °/s on
each axis. These values decreased as expected within
a week, finally stabilizing the X axis between —3 °/s
and +1 °/s, and the Y axis between —1 °/s and +3°/s.
The Z axis reached a minimum of +2.8 °/s, and stabi-
lized to an operational-acceptable +3.5 °/s. Following
detumbling, a gradual increase in rotational speed ac-
cumulated on the satellite’s Z axis. By the end of the
mission on November 25th (211 days after deploy-
ment), the satellite reached a maximum rotational rate
on the Z axis of +16.65 °/s. More details regarding the
end of the mission can be found in (Aguilar-Nadalini
et al., 2023). This rotational rate was still adequate to
perform payload operations and to guarantee adequate
performance of the satellite’s solar chargers.

The satellite’s Z axis did not perfectly align with
the magnetic field, rather the angle between said axis
and the magnetic field vector remained between y =
14.18° and y = 14.28° (95% confidence interval). This
is explained by the existence of other magnetic com-
ponents within the satellite. Such a misalignment pro-
vided gyroscopic torque on each carousel rotation,
which may have provided a rotational energy dumping
mechanism via the hysteresis rods; however, said mis-
alignment also caused the H-field applied to the hyste-
resis rods to be off-center. In such a case, the hystere-
sis rods’ damping capability is reduced. Further reduc-
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tion of this damping capability is caused by the con-
stant H-field offset applied by the bar magnet. These
two items, in conjunction, lead to the supposition that
the hysteresis material was not operating at its maxi-
mum damping capacity (thus permitting the accumu-
lation of rotational energy on the Z axis).

The magnetometer behaved nominally at tempera-
tures above 10°C, but transmitted all-zero data with an
increasing frequency as the temperature reached its
minimum of —14°C. The photodiodes were critical in
determining the solar vector position, but suffered
from UV degradation as time progressed. Initial volt-
age measured through a voltage divider on the ADCS
circuit board was 2.5 V, but 211 days after deployment
the voltage decreased to approximately 1.5 V.

The angle between the satellite’s camera boresight
and nadir over Guatemala had a normal distribution
with mean g = 48.06°+0.88° (99% CI) and standard
deviation o = 12.14°. This matched the expected mag-
netic inclination over Guatemala as predicted by the
IGRF-12 model. Finally, the SAA had a direct effect
on the PMAC system. The control authority of the per-
manent magnet on board Quetzal-1 decreased when
the satellite crossed the SAA, as evidenced by an in-
crease in oscillation amplitude on the X and Y axes of
the satellite that was observed while within this area.

6. Recommendations

Regarding photodiode degradation, note that two
sets of equal photodiodes were placed on each satellite
side for redundancy, and both sets suffered approxi-
mately equal degradation. It would have been benefi-
cial to include asymmetrical redundancy; namely,
placing photodiodes from different manufacturers.

Although the selected IMU had been tested in vac-
uum on Earth, it did not possess clearly documented
flight heritage. Selecting an IMU, or separate gyro-
scope and magnetometer sensors for that matter, that
had flight heritage might have led to fewer issues, es-
pecially focusing on the glitches the on board magne-
tometer suffered at low temperatures. For further mis-
sions, we can recommend the use of the gyroscope on
board this module. However, we cannot recommend
the use of the magnetometer on board the IMU, due to
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the temperature-induced glitches that were observed
on orbit.

To missions that might already be integrating a ro-
tating carousel for an Earth-facing sensor, it may prove
beneficial to set the PMAC system in such a way that
the least-controlled axis is left collinear to the axis of
rotation of said carousel. As with Quetzal-1, this
might provide gyroscopic torque that could reduce ro-
tational energy through the hysteresis rods, provided
there is a misalignment between the satellite’s rota-
tional axis and the carousel’s rotation axis.
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