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Abstract

There are currently more than 9000 active satellites orbiting the Earth (2024
ESA Space Environment Report www.esa.int/Space_Safety/Space_Debris/
ESA_Space_Environment_Report_2024). Most of them are used for
communications: radio, telephony, televisiéon and internet. Some of them
help ships steer a safer course at sea. Others give us warnings about
hurricanes and storms, and do the same for forest fires and icebergs. Some
more have military applications. Many observation satellites take
photographs of the Earth and then send them to a ground station for
processing and dissemination. To take photographs it is first necessary to
stabilize the satellite, avoiding oscillations or spins. The aim of this article is
to show how to stabilize a satellite using the principle of conservation of
angular momentum. Only basic knowledge of classical mechanics is
necessary to understand how to achieve it. The applied method is especially
relevant for the stabilization of small satellites, which are often used by
colleges, universities and even some high schools for many different
purposes. Pursuing this goal, we will use the motor with a coupled wheel
from an old DVD drive, an angular rate sensor and a microcontroller. The
experimental results are shown at the end of the article. Additionally there is
a video that shows how stabilization takes place.
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1. Introduction

In 2023, the number of satellite launches was the
highest in history. Most of them were launched
for commercial communications purposes, with
low-Earth orbit —500 to 2000 km- being the
most used. The trend is to continue rising. In the
last twenty years, students of universities, col-
leges and some high schools (such as Thomas
Jefferson High School in Virginia and Merritt
Island High School in Florida -both in the United
States) have developed small satellites [1], which
have then been put into orbit by space transporta-
tion companies. Even space agencies like NASA
and the Japan Aerospace Exploration Agency
have also taken on this task. The objectives of
these launches have been diverse. Some satel-
lites have been designed to conduct an engineer-
ing test in space, such as the DTUsat-1 of the
Technical University of Denmark [2], others to
detect earthquakes, such as the QuakeSat 1 of
Stanford University [3], or even for biological
research, such as the GeneSat-1 of NASA together
with Santa Clara University [4]. The Pontifical
Catholic University of Peru (PUCP) also sent a
satellite into space in 2013, the PUCP-Sat-1, the
mission’s objective was to take photos of the
Earth, as well as launch a smaller satellite from
within it [5].

It is precisely one of the objectives that most
attracts students to take a picture of the Earth from
space as shown in figure 1 [6]. To achieve this task,
it is useful first to stabilize the satellite so that the
image can be focused.

Many of the small satellites used are the
CubeSats, cubes with a side of 10 cm and a
mass of up to 2 kg [7]. With the limited space
available, it is necessary to have a compact but
efficient stabilization solution with minimal cost
and risk. A mechanism that can achieve this goal
is made up of small wheels that rotate at high
speed.

This article will allow readers to start with
a blank sheet of paper and design a practical
solution from start to finish. I have assumed
that readers have a general knowledge of
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physics and mathematics. Programming know-
ledge is necessary for the development of the
control algorithm. Physical and engineering data
have been provided. The reader is not required to
be familiar with space technology.

2. Principle of conservation of angular
momentum

After a satellite is taken by a spacecraft to the
required height above the Earth’s surface, tum-
bling can occur as soon as the satellite is disployed
[8, 9]. In general, the motion of a CubeSat
around the Earth therefore consists of a translation
motion, along a circular or elliptical orbit, and also
rotation movements around the axes parallel to the
edges of the cube (figure 2). Our goal now is to
suspend the satellite’s rotation movements around
its axes.

To explain how to interrupt the satellite’s rota-
tion movements for a while, let us consider a lec-
ture demostration related with rotational dynam-
ics and the conservation of angular momentum
according to figure 3. A student seated on a swivel
stool in rotation holds a spinning bicycle wheel
with its axis vertical. By simply turning the wheel
through an angle of 180°, he can stop the swivel
stool. To do this he must supply a torque. This
torque is internal to the stool-student-wheel sys-
tem. There are no external torques on the system
about the vertical axis and therefore the vertical
component of angular momentum of the system
is conserved. Turning the wheel changes its angu-
lar momentum, which has to be compensated by
braking the student and stool in order to conserve
the total vertical angular momentum of the system
at its initial value [10].

For a 2 kg CubeSat in circular orbit at
600 km altitude the disturbance torques (aerody-
namic torque, gravity gradient torque and solar
radiation torque [11]) are of the order of mag-
nitude of 10~® N-m and therefore it can be con-
sidered that its angular momentum remains con-
stant for a time interval of about 2 min, during
which we have in mind to stabilize the CubeSat by
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Figure 1. SwissCube’s first image of earth’s airglow.
(Author: space center EPFL). Reproduced with permis-
sion from [7].
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Figure 2. Motion of a CubeSat around the Earth: trans-
lation motion (dashed red line) and rotation movement
(closed blue loop).

applying the principle of conservation of angular
momentum.

3. Satellite stabilization

Now we will apply the principle of conservation
of angular momentum to our satellite by operating
wheels installed inside the CubeSat so that it can
be stabilized. The steps to achieve this goal are
shown in the block diagram in figure 4.
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Figure 3. If the wheel is turned 180°, the swivel stool
and the student come to a stop.
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Figure 4. Satellite stabilization block diagram.

Therefore, to stabilize the CubeSat we first
have to know the angular velocity at which it
is rotating in each axis in order to then be able
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to replace its angular momentum through rotat-
ing wheels. The angular velocity of the satel-
lite can be known through commercial angular
rate sensors such as the integrated dual-axis gyro
IDG-500 [12]. The operation of these sensors is
based on the measurement of centrifugal forces
acting on small vibrating masses within these
devices when they are rotating, and from there
the angular velocity is determined. Knowing the
angular velocity of the satellite, it is only neces-
sary to activate the wheels through a microcon-
troller so that they reach the same amount of
initial angular momentum of the satellite, thus
stabilizing it. For our work we have used the
MSP430F2618 microcontroller [13]. A detailed
description of the use of the microcontroller and
the wheel speed control algorithm can be found in
the [14]. The stabilization wheels and the motors
that drive them have been taken from old DVD
drives (figure 5).

4. Simulating space on Earth

To determine how well the satellite stabilization
system works it is necessary to measure the sys-
tem response time in simulated zero-gravity con-
ditions. To achieve this a gravity offset table was
built at the PUCP’s Institute for radio astronomy
Facility. It is basically a square plane surface of
aluminium measuring 0.3 m on each side, which
has a square lattice of drilled orifices of 1 mm dia-
meter, separated from each other by a distance of
2 cm. Air bearings under the test satellite output
a thin layer of air from a 0.5 hp air compressor
allowing the test satellite to float (figure 6). Even
though with multiple orifices the bearing face
of the test satellite experiences an uneven pres-
sure distribution that encourages rotation, our test
satellite was able to remain stable for a time inter-
val of a few seconds simulating how this moves in
space. A video shows the stabilization of the test
satellite using the gravity offset table [15].

5. Results and discussion

The table described in the previous section was
used to test our satellite stabilization system.
Initial tests showed that the table could support
a load of 300 g. An acrylic parallelepiped with a
square base of 10 cm on each side and 5 cm high
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Figure 5. Stabilization wheel (black) and motor (grey).

was used as test satellite carrier. A motor with its
stabilization wheel was fixed internally to the base
of the test satellite. The wheel speed could reach
up to 18 760 rpm. The stabilization tests were car-
ried out with a load of 262 g. As we mentioned
above, in order to carry out the stabilization, it
is necessary that the angular momentum of the
wheel is equal to the angular momentum of the
satellite. Considering that the mass of the stabil-
ization wheel is 10 g, and taking into account that
the geometry of the wheel approximates the geo-
metry of a circular disc with an external diameter
of 2.9 x 1072 m, a quick calculation allows us
to determine that if a satellite were rotating at a
speed of 60°s~! the wheel would have to rotate at
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Figure 6. Gravity offset table for testing satellite stabilization.
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Figure 7. Braking time of the test satellite as a function of its initial angular velocity. The solid line represents the
result of a fourth-degree polynomial trend fit to the data.
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4153 rpm to achieve stabilization, which would be
easy to achieve.

Breaking time measurements were made
for initial angular velocities of the test satellite
between 85 and 180°s~!. The experimental res-
ults are shown in figure 7. The observed brak-
ing times tend to increase as the initial angular
velocities of the test satellite increase; however,
a monotonic function was not observed over the
whole velocity range studied. In order to achieve
the stabilization of the satellite that will operate in
space, it is necessary to fix three wheels inside the
satellite, so that they can rotate around the three
axes parallel to the edges of the CubeSat. It is
important to note that the stabilization tests were
performed with a load of 262 g, which refers only
to the equipment needed to stabilize the satellite.
If the CubeSat had a mass of 2 kg, the stabiliz-
ation wheel at maximum rotation speed would be
able to stabilize the satellite with an initial angular
velocity of 35.49°s~1.

For the stabilization of small satellites there
are also passive techniques such as the gravity-
gradient control, however, this is only efficient
in near-Earth orbits. Another purely passive con-
trol makes use of permanent magnets, but is only
effective in near-equatorial orbits. The satellite
stabilization method used in this article is quite
efficient for small satellites such as CubeSats due
to the little space and mass it requires for its oper-
ation, in addition to being independent of the type
of orbit.

The satellite stabilization equipment is shown
to 18 year-old students who had previously atten-
ded an introductory course in classical mechanics.
They learned about the conservation of the angular
momentum of a system in the absence of external
torques. Their knowledge is assessed by a writ-
ten test in which students must calculate the rota-
tion speeds of the stabilization wheel for different
angular velocities of the test satellite. The average
score was 65 points, the maximum possible score
was 100 points. The pass rate was 70%, the min-
imum passing score was 55 points.

Data availability statement

All data that support the findings of this study are
included within the article (and any supplement-
ary files).
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