
1 

Management and Attitude Determination System for ISTnanosat-1 

Ruben Filipe Afonso 
Instituto Superior Técnico, Av. Professor Doutor Aníbal Cavaco Silva, 2744-016 Porto Salvo, Portugal 

Phone: +351-967846019, e-mail: rubenafonso@tecnico.ulisboa.pt  
 

 

Abstract – In this paper possible architectures for the 

ISTNanosat-1 are discussed and a solution is proposed to the final 

module. The aim of this project is to acquire data from the sensors 

and implement an attitude determination algorithm. Moreover, 

it addresses and projects redundancy and supply protection 

systems and communication interfaces with other modules and 

subsystems. Finally, a printed circuit board of the module in 

question is designed and produced. Testing and validation of the 

developed system are oriented to its use in space. The system is 

able to calculate its attitude in a temperature range 

between -20 °C and 40 °C, with an error inferior to 5º in the X 

and Y axes, and of 20º in the Z axis. 

Index terms – Euler angles, CubeSat, GNSS, ISTNanosat-1, 

Nanosat, On Board Computer, Inertial Measurement Unit. 

I. INTRODUCTION 

Artificial satellites are an integral part of today's society 

representing an important contribution to the increasing 

knowledge about the environment around us. These can 

perform several missions whose objectives may be 

commercial or not. While commercial satellites are focused on 

providing services, especially communications, non-

commercial satellites are intended to contribute to science, 

particularly in field such as space exploration. 

Regardless of their purpose, the costs involved in planning, 

producing, testing and launching a satellite are considerable. 

However, it has been possible to create smaller and more 

affordable satellites. Therefore, mainly due to the lower costs 

of the components, in recent years it has been observed an 

increase in the number of pico and nanosatellites launched by 

universities. 

In 2011, the ISTNanosat-1 emerged from the partnership 

between Instituto Superior Técnico (IST) and Portuguese 

Radio Amateur Association for Educational Research and 

Development (AMRAD), through the Educational CubeSat 

Initiative of the European Space Agency (ESA). This intends 

to be a pioneer project in Portugal, developed by students, 

teachers and amateurs in a multidisciplinary context. The goal 

is to test scientific modules in order to collect data about space, 

which include recording changes in speed during flights near 

Earth and the effect of radiation on electronic circuits. It will 

also participate in the Humsat project, whose goal is to form a 

network of small satellites for data collection sensor networks 

in remote areas. 

This particular nanosatellite consists of four subsystems: the 

power supply system (EPS), responsible for harvesting and 

storing electrical energy; the control and data handling system 

(CDH), which manages the satellite's resources, including the 

other subsystems; the communication system (COM), 

associated with sending and receiving wireless data; and the 

attitude determination and control system (ADCS), which is 

responsible for providing continuous information on the 

satellite’s attitude and making corrections to it. 

During this project, it was noticed that the duties to be 

performed by the CDH did not require a high computing 

power, and most of the procedures were carried out 

sporadically. Therefore, some functionalities of the 

management system (CDH) were incorporated in this project, 

making it a management and attitude determination system, 

similar to what is commonly referred to as OBC (On Board 

Computer). However, during this report, the ADCS and CDH 

are addressed separately when a specific function of each 

subsystem is referred to. 

The main goals of the system are to collect data to determine 

the satellite’s attitude and to monitor and control the remaining 

subsystems. This module should be reliable and robust, in 

order to be able to operate even if the remaining subsystems of 

the satellite fail. 

II. ADCS TECHNOLOGY 

The purpose of the ADCS module is to constantly monitor 

and act on the satellite in order to keep it stable at a certain 

attitude in orbit [1].  

The attitude of a spacecraft is its orientation when it becomes 

the reference frame, i.e. the orientation of its axes relatively to 

the direction of its movement. The difficulty of describing the 

position of a body in rotation around a fixed point is solved 

using Euler angles [1], [2]. 

Unfortunately, there is no standardization for Euler rotation 

angles. Thus, it was chosen the most usual nomenclature, 

which can be observed in Figure 1. 

 
Figure 1- Euler angles (roll, pitch and yaw). 

 

The orientation of the satellite in space is defined using a 

coordinate system fixed to the satellite’s body, defined in 

relation to its mass center. In this system, the positive Z-axis 

points to the center of the earth and the positive X-axis is 

tangent to the satellite's orbit, Figure 2. 



2 

 
Figure 2 - Coordinates system representation. 

 

The correct attitude of the satellite depends on the specific 

mission it is to fulfill [3]. For example, in order to 

communicate with the ground station, it is intended that the 

antennas are pointed at the Earth. However, this approach may 

not be the most appropriate to maximize the gathering of solar 

energy. Thus, depending on the intended purpose, the module 

may initiate the following modes: 

 Detumbling: The angular momentum is reduced so that 

the attitude determination algorithm can converge. This mode 

is started after the satellite is released in space. 

 Pointing: The satellite focuses on a specific point on the 

Earth's surface. Even when it changes its position in orbit, the 

satellite remains focused on that point. 

 Maneuvering: Normal operating mode. The satellite is 

oriented towards the Earth’s nadir point. 

 Stabilization: The satellite is oriented so that its position 

remains fixed. This mode is used to focus on celestial bodies. 

 Desaturation: Changing the magnetic field on the satellite 

to desaturate the satellite’s sensors and actuators. 

A. Stabilization Techniques 

The ADCS modules are developed in order to remove 

external disturbances or to provide specific conditions for 

certain missions. Depending on the missions associated with 

each satellite, its orbit and the instruments on board, it is 

necessary to design different modules, either in hardware or in 

software [3]. 

Therefore, the stabilizing method is associated with the 

system requirements. There are several stabilization methods: 

 Gravity gradient: This method is based on the decrease in 

Earth's gravitational field according to the inverse square of 

the altitude. The satellite releases an object, usually spherical, 

connected by a cable. Thus, the nearest mass on Earth will be 

drawn to it and the satellite will align with the Earth’s nadir 

point; 

 Magnetic: In this method, devices are used to create 

magnetic fields that will interact with the Earth's magnetic 

field. This system can be prepared with magnetic devices 

which are permanent (magnets) or controlled (magnetorquers), 

allowing a greater control of the satellite; 

 Rotation: The satellite is rotated in an axis, so as not to be 

affected by external perturbations; 

                                                 
1 https://directory.eoportal.org/web/eoportal/satellite-missions 

 Double rotation: Based on the previous method, this one 

uses two satellite structures at different angular velocities on 

the same axis; 

 Bias momentum: This method utilizes a reaction wheel 

aligned with the pitch axis. Changing the wheel speed provides 

a variation in the rotation of the satellite in that axis. 

 Zero momentum stabilization: Similar to the previous 

method, this one uses reaction wheels in the three axes of the 

spacecraft. The wheels are accelerated slowly in the same 

direction of the external disturbance. 

B. Algorithm 

The ADCS module must maintain control of the satellite’s 

attitude. As observed in Figure 3, the algorithm uses the 

difference between the estimated attitude, gathered by the 

sensors, and the desired attitude. Then, the system drives the 

actuators accordingly, to reduce and eliminate these errors [4]. 

CPU

Controller

Estimator Sensors

Actuators
Desired
Attitude

Noise

Dynamic disturbance
(eg: magnetic field)

Actual 
Attitude 

Value

Actual
Error+

-

Estimated 
Error

+

-

Figure 3 – Diagram of the control algorithm, adapted 

from [4]. 

C. ADCS for nanosatellites 

In order to compare the number of sensors and actuators and 

the stabilization methods used by other nanosatellites, a few 

CubeSat were analyzed in detail1: Quake Sat, Aalto-1, 

STRaND-1, Armadillo, All-Star, RAX, Delfi C3, ITU-pSAT-

2, DICE, BeeSat-3 and ESTCube-1. After the analysis, it was 

found that the satellites mostly use sensors such as 

magnetometers, gyroscopes and solar sensors. The most 

common actuators are inductors (active stabilization) and 

magnets (passive stabilization). 

III. ARCHITECTURE 

The architecture of a subsystem is directly related to its 

overall requirements. The requirements for the ISTNanosat 

ADCS are presented below, divided into: 

Permanent functions: 

 Determine the attitude of the satellite by inertial 

measurements; 

 Determine the angular velocity of the satellite; 

 Determine the satellite's position relatively to the sun; 

 Guide the bottom of the satellite towards Earth 

(Stabilization); 

 Check the correct operation of the sensors and actuator 

(feedback system). 
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Specific functions: 

 Reduce the angular momentum of the satellite after 

deployment (Detumbling); 

 Control the orientation of the satellite towards the most 

convenient position (Nadir Pointing); 

 Adjust the position for specific actions (Pointing); 

 Desaturate the sensors and actuators (Desaturation). 

Inputs: 

 Receive commands to select one of the specific functions 

or to switch to sleep/safe mode. 

Outputs: 

 Provide continuous information on the relative position of 

the satellite; 

 Report the operation mode of the system and the condition 

of each sensor, actuator and processor. 

 

At the beginning of the project, there were two possible 

architectures to be implemented in the development of the 

ADCS. One of the options was to divide the processing unit by 

other subsystems of the nanosatellite, such as COM and CDH, 

and the other option was to implement the entire system in a 

separate board. 

In the course and progress of the project, in particular of 

other subsystems, it was noticed that the functions performed 

by the CDH had low complexity and were only performed 

occasionally. For example, for system diagnostics. 

Consequently, for being undemanding in computational 

resources, it was decided to incorporate the CDH and the 

ADCS in one PCB, resulting in the system determination and 

management of ISTNanosat-1: OBC. The architecture chosen 

for implementing the OBC is shown in Figure 4. 
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Figure 4 - Architecture chosen for the OBC module. 

 

IV. OBC DESIGN 

The first step after defining the architecture is to choose the 

main components of the system and define the interfaces and 

connections needed for each module. Thus, the overall 

solution can be defined and multiple changes can be made in 

order to attain a real implementation that matches the 

previously presented architecture. 

A. Hardware Design 

The hardware design has taken into account the overall 

objectives of the system and is divided into several modules. 

Each module is individually analyzed in order to define its 

logical and electrical interface. In Figure 5 it is possible to 

observe the system’s block diagram. 

One of the first things to consider is the sensors required by 

the satellite. As mentioned above, the purpose of the inertial 

sensors is to determine the satellite’s relative position to a 

coordinates system. Regarding a system with 3 DOF, the most 

common sensors are the magnetometer or the accelerometer 

(3-axis). Combining these two sensors originates a system 

with 6 DOF. Adding a gyroscope (3-axis) creates a system 

with 9 DOF. The gyroscope provides the instant rotation 

speed, which allows to fix some errors of the previous method. 

The SPI protocol was chosen to connect these sensors, 

because it is oriented towards centralized communications, i.e. 

between a master and several slaves. In the proposed circuit, 

with parallel sensors, MISO, MOSI and CLK are common to 

all the integrated circuits. This means that besides the three bus 

lines, a chip select (CS) is required for each additional slave. 

However, to be able to determine the satellite’s location in 

its orbit, it necessary to add an absolute positioning sensor. 

This requires using a GNSS, adding another degree of freedom 

to the system: 10 DOF. Communication with this module is 

performed by the bus master (PC104) with the asynchronous 

serial communication protocol (UART). 

Since this system will host the housekeeping task of the 

whole satellite, it is necessary to ensure that it communicates 

with other subsystems. It was decided to use the I2C protocol 

because it allows to address various subsystems and perform 

bi-directional communications, requiring only two lines (data 

and clock). For redundancy, two rails are used, and different 

physical hardware drivers. It was decided by the project team 

that the driver circuit of the magnetorquers will be on solar 

panels. Therefore, this frees up space on the PCB system and 

the control signals (PWM) can be sent by the PC104. In 

addition to links to the main satellite bus, it is still needed two 

connectors for expansion: one for the Beacon module and 

another for a GMSK modem.  
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Figure 5 - Logical diagram of OBC module. 

 

The hardware design also took into special consideration the 

power system’s robustness. In ISTnanosat-1, the power buses 

are common to all subsystems, which may cause some 

problems. For example, if there is a short circuit, the EPS will 

turn off that power bus, which means that none of the other 

subsystems will be powered. To minimize the impact of this 

topology, it was decided that each subsystem will have a 

protection circuit that will be turned off by the OBC and will 

measure the current draw. If this current exceeds the normal 

consumption, it automatically turns off the power. Therefore, 

the EPS can provide power to other subsystems. Regarding the 

OBC, it was decided to add an independent power regulator to 

enable its operation if the EPS fails. 

After analyzing the system requirements, the 

MSP430F5438A Texas Instruments microcontroller was 

chosen. It has a 16-bit architecture with a 25 MHz maximum 

operating frequency, 256 kB Flash and 16 KB of RAM. It is a 

microcontroller with low power consumption that supports 

two external crystals and has three 16-bit timers, 14 channels 

12-bit ADC, 8 SPI channels and/or 4 I2C channels. This is the 

system’s core and its specifications affect some design 

decisions. 

B. Software Desgin 

The ADCS software aims to determine and correct the 

satellite's attitude, as the flowchart in Figure 6 displays. At the 

time of the system’s startup, it is necessary to set it up, namely 

the internal configuration of the microcontroller and the digital 

ports that act upon it. Subsequently, all the peripherals used 

must be configured and tested, particularly the attitude sensors. 

If errors are not generated, the system can begin to take the 

measurements and the attitude calculation. 
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Figure 6 - Flowchart for implementing the ADCS. 
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Currently, there are several technologies available to 

estimate the orientation of a rigid body. Based on [5], a 

common feature of most of these algorithms is the combination 

of sensors with filtering systems. These algorithms usually 

involve classical filtering methods, using Kalman filters, 

extended Kalman filters or complementary filters. These data 

fusion algorithms can be quite complex and require a large 

computational load. Robert Mahony has overcome this 

problem by creating an alternative algorithm [6] [7]. 

This algorithm is based on the correction of the rotation rate 

provided by the gyroscope, whose block diagram can be seen 

in Figure 7. The correction is made by integrating the 

estimated rotation rate with an error vector. Meanwhile, this 

correction vector is provided by a proportional integral (PI) 

controller, taking into account the system’s attitude, which is 

determined using other means. In this case, the combination of 

magnetic and gravity vectors is used to determine the exact 

position of the system’s attitude at the time the measurement 

is made. 
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Figure 7 - Block diagram of Robert Mahony algorithm. 

 

Thus, the gravitational and magnetic field and the angular 

velocity are measured every iteration. Subsequently, the 

normalization of the magnetic and gravitational fields is 

performed, since only their direction is needed. Then, the 

vector error is calculated and the PI controller is applied to 

correct the rotation rate. Finally, the rate of rotation is 

corrected and integrated, in order to calculate the angular 

velocity. Based on this information, a rotation quaternion can 

be generated to calculate the satellite’s current attitude. As 

well as Euler angles, which are mentioned above, quaternions 

are one of the most used representations, because they avoid 

the singularity problem that is involved with Euler angles and 

are characterized by a simple computational cost [5] [8]. 

However, the use of Euler angles comes with the problem of 

the gimbal lock. The gimbal lock occurs when two axes of 

rotation are collinear, i.e. both are in the same plane, leading 

to the loss of a DOF. 

To solve this problem, the algorithm uses quaternions. A 

quaternion is a complex element with 4 dimensions that 

represents the orientation of an object in a three-dimensional 

space. With this representation, the rotation of a coordinates 

system B can be achieved with a θ rotation around the vector 

𝒓 
𝐴 , Figure 8. In computing, the use of quaternions involves 

more calculations, but these are simply trigonometric and do 

not require recursion. 

 

Figure 8 – Rotation using quaternions, adapted from [8]. 

 

Thus, the quaternion describing this rotation, 𝒒𝐵
𝐴 , is defined 

by (1). In order to facilitate the arithmetic, it was agreed that 

quaternions describing rotations are normalized in order to 

have a unit length [8] [9]. 

  cos sin sin sin
2 2 2 2

A

B x y zs x y z r r r
    

     
 

q   (1) 

The transformation to the Euler angles ( ,   and  ) of the 

representation 
A

Bq  is given by: 

 2 2

0 1 2 3 1 2Atan2 2q q 2q q ,1 2q 2q           (2) 

  1

0 2 1 3sin 2q q 2q q                      (3) 

  2 2

0 3 1 2 2 3Atan2 2q q 2q q ,1 2q 2q          (4) 

IV. Hardware Implementation 

A. Independent power supply 

The independent power system enables the module to 

operate independently of the EPS’s condition. However, the 

voltages observed in RAW power bus are directly related to its 

condition. The circuit in question is based on the integrated 

circuit TPS62163 from Texas Instruments, which was already 

used and tested in the satellite’s EPS module. Internally, the 

integrated circuit has the control circuit, the drivers and the 

mosfets, reducing the external components required for the 

DC/DC buck converter. 

However, this backup converter should only be used when 

there is not a regulated 3.3 V power to the main bus. Therefore, 

a Schottky diode in series is used with each of the power 

supplies, as seen in Figure 9. To always ensure a difference 

between the rails, the output of the inverter was set to 3.0 V 

instead of 3.3 V. consequently, only the diode with a higher 

supply voltage will be driven. 
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Figure 9 – Electrical scheme of the TPS62163 converter. 
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B. Overload protection 

The overload circuit consists of three parts: the first one is 

where the current consumption is measured; the second one is 

where it is checked if this consumption is higher than desired; 

and the third one is where the cut and the feedback are carried 

out. The circuit can be observed in Figure 10, in which the 

previously mentioned parts are identified. 
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Figure 10 - Overload protection circuit. 

 
In the first part, the Analog Devices ADA4051 amplifier is 

used. It is a non-inverting difference amplifier which converts 

the current that goes through the resistance of sense 𝑅𝑠 into 

voltage. Using 𝑅𝑠 equal to 0.1 Ω, 𝑅3 10 kΩ and 𝑅1 100 Ω, the 

voltage is 10 times proportional to the current consumed by 

the circuit. In turn, since the opamp’s power supply is 3.3 V, 

the maximum current that can be measured is 330 mA. In order 

to avoid current peaks affecting the measurement, a filter of 

10 Hz was added, with 𝐶1 and 𝐶2 equal to 2.2 µF. The second 

part used the same IC as a comparator and a voltage 

reference Vthr, in order to act upon the cutting circuit if the 

current consumed by the load exceeds 100 mA. 

In order to act upon the load in case of overload, the P-type 

MOSFET (𝑄1) PMV65XP from NXP Semiconductors was 

used. Using 𝑅6  and 𝑅7 resistances as pull-down, it is possible 

to ensure the driving of 𝑄1 when the comparator does not have 

a set level. When there is an overload, 𝑉𝑑𝑖𝑠𝑎𝑏𝑙𝑒  will be equal to 

the supply voltage and force 𝑄1to turn off. After this, the 

circuit would no longer be overloaded and 𝑉𝑑𝑖𝑠𝑎𝑏𝑙𝑒   would be 

zero again, causing the load connection. If the excessive 

consumption was to be maintained, the circuit would be 

unstable and would turn the load on and off successively. 

To avoid this situation, it was necessary to add feedback to 

the system to maintain the state. To do this, the N-type 

MOSFET 𝑄2, PMV30UN from NXP Semiconductors was 

added, to force the voltage at the input of the comparator and 

maintain the "overload" status. The diode 𝐷1 was added to 

prevent the current from flowing from 𝑉𝑠𝑒𝑛𝑠𝑒  to supply. The 𝐶3 

capacitor was added so that when the system turns on, the 

voltage input of the comparator is zero and does not give a 

false state of "overload". 

If there was an overload, the circuit would always remain in 

"overload", disabling the OBC. Because this is not intended, 

an N-type MOSFET (𝑄3) was added to force the load 

connection. This connection can be generated by another 

subsystem, such as COM. 

C. Sensors current meter 

In order to control and monitor the sensors’ power of 

consumption, a circuit was designed to allow to turn off the 

sensor’s power and the current it consumes. The circuits are 

based on the schematic in Figure 11. 
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 Figure 11 – Cutting system and sensor power 

consumption schematic. 

 

In this circuit, the INA212 from Texas Instruments is used as 

a current sensor. In order to limit the current output from the 

microcontroller ADC range (between 0 V and 3.3 V), one 

sense resistance of 0.1 Ω was chosen to measure a maximum 

current of 33 mA. The cutting circuit comprises two 

MOSFETs: a P-type in series with the power supply, and an 

N-type MOSFET to drive the previous one. 

D. Attitude determination sensors 

Since the attitude determination is based on a system with 

9 DOF, it needs a magnetometer, an accelerometer and a 

gyroscope. In order to determine which sensors to used, the 

following sensors in existing MEMS technology on the market 

were compared: MAX21000, MPU9250, MPU60x0, 

LSM9DS0, LSM303D, HMC5983 and HMC5883L. 

After the analysis, it was observed that the gyroscope with 

the highest sensitivity and highest sampling rate is the 

MAX21000. However, its’ consumption and noise density are 

greater than the consumption and noise density of MPU9250 

and MPU60x0. 

Comparing accelerometers, they all have the same 

measurement range and the same sensitivity. The LSM303D 

has the lowest noise density and the lowest power 

consumption. The HMC5983 magnetometer has the smallest 

measurement range and the lowest power consumption. On the 

other hand, its sensitivity is lower than the sensitivity of 

LSM303D and LSM9DS0. All sensors have self-test tools and 

are sensitive in the 3 axes. 

It was decided to use MPU9250 because it had three types of 

sensors needed for attitude calculation. Although the 

magnetometer is the worst presented, this sensor only differs 

from MPU60x0 because it incorporates the magnetometer. 

Therefore, it was decided to use the best presented 

magnetometer, HMC5983, for second sensor. 

In detail, the integrated circuit MPU9250 from InvenSense, 

is composed of three kinds of 3-axis sensors: a gyroscope, an 

accelerometer and a magnetometer. This device has a user 

programmable gyroscope full-scale range of 

±200/500/100/2000 dps, a user programmable accelerometer 

full-scale range of ±2/4/8/16 g and a magnetometer full-scale 
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range of ±4800 µT. The device features I2C and SPI serial 

interfaces. 

The HMC5983 from Honeywell, has only one 3-axis 

magnetic sensor. The purpose of this is to enable 8 different 

scales, user programmable full-scale range of ±810 µT, which 

is not possible with the first magnetometer. This device is a 

temperature compensated three-axis integrated circuit with 

magnetoresistive sensors plus an ASIC containing 

amplification, automatic degaussing strap drivers, offset 

cancellation and a 12-bit ADC. The device also features I2C 

and SPI serial interfaces. 

Besides these sensors, a quick search was made to find a 

digital temperature sensor. The ADT7320, from Analog 

Devices, is a high accuracy digital temperature sensor with a 

wide industrial temperature range. It contains an internal 

reference and a 16-bit user programmable ADC, leading to a 

resolution of 0.0078°C. This device also features SPI serial 

interface, so it was chosen as the third sensor. 

E. Sensors calibration 

In the MEMS sensors there is a large disparity of the initial 

parameters such as current bias, scale factor and misalignment 

of the axes. Thus, the calibration procedure is essential to 

correct these shortcomings. After the internal configuration of 

the microcontroller, the default system settings are restored 

and all sensors are restarted. Afterwards, it is performed, 

sequentially, the calibration of the gyroscope, the 

accelerometer and the magnetometer. 

The calibration of the gyroscope is based only on the 

constant value that it has at rest. Therefore, the calibration 

process performs several readings of the three axes of the 

gyroscope when it is at rest. The average measurement is then 

calculated and subtracted to the measured value, following 

 

gx x gx

gy y gy

gz z gz

f g b

f g b

f g b

    
    

     
                                       

(5) 

being gi the sensor data and bi the constant factor, for a given 

axis. 

The calibration of the accelerometer is based on the Earth's 

gravitational field. At a certain location on the surface of the 

Earth, at sea level, the value of gravity is approximately 1g. 

Considering axes orthogonal to each other, the calibration 

formula is given by 

 

ax x x ax

ay y y ay

az z z az

f m a b

f m a b

f m a b

     
     

 
     
          

                            (6) 

being mi the proportion ratio, ai the sensor data and bi the 

constant factor, for a given axis. 

The calibration of the magnetometer is based on the Earth’s 

magnetic field. Using an ideal magnetometer in a certain place, 

the magnitude of the magnetic field remains constant, 

regardless of the sensor’s orientation. By rotating the sensor in 

3-axis, the expected result would be a cluster of points of a 

spherical surface with a radius equal to the magnitude and zero 

origin (axes with 0). In contrast, in a real magnetometer, the 

result will be an ellipsoid due to the influence of errors [10]. 

The correction of the sensor is made using the matrix 

mx xx xy xz x mx

my yx yy yz y my

mz zx zy zz z mz

f m m m m b

f m m m m b

f m m m m b

        
       

        
                   

(7)

 
being fmi the calibrated data, mii the orthogonal sensor data, 𝑚𝑖 

the non-orthogonal sensor data and bi the constant factor for 

axis i. The diagonal elements are the scale factors and the 

remaining elements are the non-orthogonality factors of the 

sensor [11]. 

F. Internal interfaces 

The internal interfaces of the system are considered to be the 

links between the OBC board and another device, not using the 

main satellite’s bus. In this case, there are only two internal 

interfaces: one that aims to provide telemetry data for the 

Beacon; and a second one that enables communications with 

the GMSK modem, in order to carry out communications in 

the event of failure of the COM. 

G. I2C system 

The protection of the communication bus between 

subsystems is done with the I2C LTC4303 buffer from Analog 

Devices. This integrated circuit isolates the SDA and SCL 

lines of the main bus microcontroller and can operate up to 

400 kHz. It turns off automatically when any of the lines is 

locked for more than 30 ms. After this period, the system 

attempts to recover the connection, forcing 16 pulses on the 

SCL line, in order to unlock the I2C interfaces that were 

locked. 

H. Bebug system 

The test interface system for communication with the 

computer is based on an asynchronous serial communication. 

This interface can be connected to a FTDI232RL converter to 

create a virtual serial port via USB or Bluetooth module. It also 

has a connection in order to be able to be on a lithium battery 

and a socket for a microSD card for data collection. 

I. Actuation system 

The generation of PWM used in the attitude control is 

triggered by 16-bit timers internal to the microcontroller. In 

order to produce the desired magnetic field, taking into 

account each magnetorquer, it is possible to change the duty 

cycle and frequency of the signals [12]. The different 

frequencies can be obtained by software by using a multiple 

thereof, or by choosing another timer. Due to the resolution 

and frequency of the microcontroller clock, the maximum 

frequency that can be generated is 42 kHz. 
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J. Prototypes 

The development platform used to test sensors was 

NucleoF411RE. The STM32 Nucleo board is a flexible 

platform for quick and easy prototyping, compatible with the 

Arduino Uno shields. This incorporates a microcontroller 

STM32F411RE ARM 32-bit Cortex-M4, with a maximum 

operating frequency of 100 MHz. The first prototype 

developed, in Figure 12, acts as a shiled of this platform and 

allowed testing the operation of selected sensors. These plates 

also allow the use of MoteIST [13]. MoteIST is a platform 

developed by the GEMS group that allowed to assess the 

problems in the interconnection of sensors with a MSP430 

processor family. 

 

Figure 12 - Prototype board designed to test the sensors. 

 
After validating the connection between the sensors, the 

remaining modules are embedded so as to create a prototype 

of the final board. The main purpose of this board was to test 

the connection between the individual modules previously 

presented. 

K. OBC Board 

The final board was developed in order to meet the standards 

and CubeSat specifications. This is similar to the prototype 

board, recording changes in the electrical diagram. Its design 

involved additional considerations, particularly in terms of the 

location of various connectors and ways of interconnecting. 

The final result of OBC board, with 95.9 mm x 90.2 mm, can 

be observed in Figure 13. 

 
Figure 13 – OBC board with the dimensions and 

specifications for CubeSats. 

This board has six layers and is subdivided into several 

modules: 

 Microcontroller and flash memory; 

 Sensors; 

 Debug ; 

 Connectors for the actuators; 

 PC104 connector with public interfaces; 

 Connector for private interfaces (GMSK modem and 

Beacon); 

 Overload monitoring system; 

 Control and protection of the I2C bus; 

 Control system and monitoring sensors. 

VI. SOFTWARE IMPLEMENTATION 

A. Hardware Abstraction Layer 

The Hardware Abstraction Layer, HAL is the first layer of 

abstraction and allows the isolation of the hardware 

differences between the various platforms. Thus, the upper 

layer of the software is provided with a consistent interface, 

allowing improved portability and modularity of the system. It 

was also implemented an initialization function for each 

platform that is executed when the microcontroller starts. This 

sets the direction of all ports and the microcontroller clock 

frequency. 

B. Operative system 

An operating system in real time, RTOS, is an operating 

system aimed at the execution of multiple tasks when the 

response time to an event is important, as it may cause system 

failure if this time is not observed. 

The operating system chosen for this project was the 

FreeRTOS. The FreeRTOS is a system with real-time 

requirements, specifically designed for embedded systems 

with limited computational resources. The space occupied by 

the core (kernel) is low (approximately 4 KB) and is 

compatible with different microcontrollers and architectures. 

It also has mechanisms for communication between tasks 

such as: queues, semaphores and mutexes. 

C. Drivers 

The drivers considered in this section are the interface 

between the application and a given resource in hardware. 

They also allow the reservation of a specific interface for a 

specific task during a data transfer. Therefore, the correct 

sequence in the exchange of information between an external 

device and the microcontroller is ensured. 

Using the mechanisms of communication between OS tasks, 

each interface can be managed and the competition between 

several tasks can be allowed. That is, two tasks cannot 

simultaneously access the same interface, but one can stay in 

the queue. By combining these processes to interrupt routines, 

other tasks that do not require access to the interface can still 

be performed. 
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D. Developed application 

In order to implement the features presented in the software 

design, the application was divided into three tasks. Although 

it does not incorporate all the features required, the 

implemented structure is presented in Figure 14, and it can be 

the basis for future implementations. 

vUpdateData

Start

Configure MCU
(GPIOs and Clock)

Configure sensors

Acquire data

FreeRTOS
Scheduler

vBusDatavSaveData

Process data
Save data to

SD Card

Configure
SD Card

Interpret
command

Configure bus 
protection

 

Figure 14 - Application framework implemented in OBC. 

 

The displayed tasks have different priorities, depending on 

the estimated data stream. The following tasks are presented 

and described in descending order of priority: 

 vUpdateData: run periodically for reading and 

processing the sensor’s data. Since the task has the 

most restricted frequency, it also has the highest 

priority; 

 vBusData: intermediate priority task that allows to 

gather and send information to other subsystems; 

 vSaveData: least priority task that configures the 

storage system and stores system information in 

memory. This is the task that runs longer, so it is 

given a low priority. 

VII. RESULTS AND SYSTEM CHARACTERIZATION 

A. System static response 

The static system response was obtained using a manual 

3 axis gimbal. Each of the three angles (roll, pitch and yaw) 

was individually tested, in order to try to maintain the others 

axes static and remaining zero. Each of the tests samples was 

taken at 5 degree intervals, comprising 72 values (between 0 º 

and 360 º). 

The first angle to be tested was the roll, whose corresponding 

graphic can be seen in Figure 15. The system attitude data is 

calculated based on the first magnetometer MPU9250, left, 

and the HMC5983, right. The lower graphic shows the 

observed error in the measurements, i.e. between the actual 

position and the position calculated by the system. As can be 

seen, the yaw angle was not maintained zero, getting a 

maximum error in the roll angle of 3.5 º. 

 
Figure 15 - Static test of the roll angle. 

 
Then the angle pitch was tested, whose values are 

between -90 º and 90 º. The maximum error observed in this 

angle is 3.9 º. 

The Figure 16 shows the data of the yaw angle. As in 

previous cases, the system behaved as expected, verifying, 

however, a greater error. The maximum error observed in the 

case of the sensor 1 is 10.7 degrees, while in the sensor 2 was 

40 degrees. This error may be due to misalignment of the 

sensor’s axes or incorrect values acquisition. 

 

Figure 16 - Static test of the yaw angle. 

B. Altitude test 

This test consisted in launching a high altitude balloon in 

order to reach the stratosphere and dynamically simulate the 

behavior of the system at various temperatures. In this test, the 

second version of the prototype board was used with some 

modifications. Among these changes, we highlight the 

exchange of a power supply to a lithium battery and the 

addition of a radio. The data collected are processed at a 

frequency of 20 Hz, and are then being stored on the microSD 

card. 

The APRS recorded a maximum altitude of 27 km at 

124 minutes and the last position issued in the downswing was 

at 171 minutes, 1.1 km. The attitude determination system 

continuously recorded the first 114 minutes of the experience, 
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registering at that moment the minimum temperature 

of -19 °C. 

After 114 minutes, the system shut down several times, 

making it impossible to determine the absolute time of the 

following events. Although the failure was not clear, it should 

be related to the inoperability of the battery or the SD card in 

the temperature range tested. This problem revealed the need 

for a real-time clock system. 

However, over 6 intervals were recorded in which the system 

restarted and recorded the data shown in Figure 17, identified 

from A through F. 

 
Figure 16 – Altitude test data. 

VIII. CONCLUSION 

The architecture of the control and attitude determination 

systems for satellites consists of three main blocks: sensors, 

processing unit and controllers. However, various stabilization 

techniques may be used in order to maneuver them. Currently, 

the control of three axes by the magnetic field is often used in 

small satellites in LEO orbits. 

The developed system uses the processing capacity available 

in order to integrate the satellite’s management system. The 

system’s architecture consists of an overload protection 

module, a sensor module and its power constraints, a module 

with multiple debug interfaces and a block that consists of the 

microcontroller and flash memory. It also includes interfaces 

with other systems (Beacon and GMSK modem) and 

communication through the main satellite bus. 

The attitude determination is based on an IMU, using 

existing MEMS sensors in the market. The sensors’ reading 

frequency is 20 Hz and collects the gravitational field, the 

magnetic field and the angular velocity. The system performs 

the attitude determination based on Mahony algorithm. The 

use of an operating system in real time, FreeRTOS, facilitates 

implementation, scheduling tasks and competition access to 

the common resources, including the SPI bus sensors. 

The results presented in static tests have been the expected 

for a manual calibration. Although the system demonstrates 

the required features, a more accurate system will only be 

achieved using precise calibration techniques when 

ISTNanosat-1 it is totally constructed. During the altitude test, 

though there were some problems during this test, the desired 

effect was achieved and the discovery of a problem that 

restarts the system was provided. 
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