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Abstract 
 

This projects takes the desing and implementation of an attitude determination and 

control subsystem for the 3Cat-2 Mission. The system has to be able to correct the different 

perturbations and point the satellite to the desired orientation according to the working mode 

of the satellite. The subsystem has to be able to correct the different sensing perturbations 

and compute all the different attitude parameters to control the satellite. The design is divided 

in three different modes: Detumbling, Sun-safe, and Nominal. The Detumbling Mode is in 

charge of stabilizing the satellite rotation after the launch or when some other of the 

controllers has had a problem, and it induces a high rotation over the satellite. The Sun-safe is 

in charge of pointing the largest solar panels to the Sun to charge the batteries. Finally, the 

Nominal has to point the payload antennas to the Nadir (Earth Center) for performing the 

mission of the satellite. Each mode will make use of different sensors to save as much energy 

as possible. The work will be based on the usual algorithms used in different satellite mission 

and looking for a new and the first complex implementation of an Attitude subsystem for the 

Nanosatellite Laboratory. 
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Work plan 
 

Task T1  

Select and design the sensors Objectives: 
 Select the sensors. 

Desing(if needed) a sensors supply and 
communication 
Design calibration algorithms 

 

Task T2  

Select and design the actuators Objectives: 
 Select the actuators 

Desing(if needed) a actuators supply and 
communication 
Design calibration algorithms 

 

Task T3  

Simulator Objectives: 
 Code all the needed algorithms to simulate 

the satellite behavior 
Code the different attitude algorithm to 
control the satellite 

 

Task T4  

Select and test Determination algorithms Objectives: 
 Select the most suitable determination 

algorithms for each mode 
Test the algorithms in the simulation 

 

Task T5  

Select and design the control algorithms Objectives: 
 Select the most suitable control algorithms 

for each mode 
Test the algorithms in the simulation 

 

Task T6  

Calibrate all the hardware coponents Objectives: 
 Calibrate the different sensors and actuators 

 

Task T7  

Test the complete system behaviour Objectives: 
 Test in the simulation the correct behavior of 

the complete system. 
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Gant Diagram 
 

Week W1 W2 W3 W4 W5 W6 W8 W9 W10 W11 W12 W13 W14 W15 W16 W17 

T1                 

T2                 

T3                 

T4                 

T5                 

T6                 

T7                 

 

Cost assessment 
 

Object/Action/Test Cost [€] 

Sensors Board 3000 
Magnetorquers 8000 
Cubesat structure 7850 
On board computer 10000 
Computer(Simulation) 1500 
Working hours 10000 
Infrastructure 50000 
  

Total 90350 
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1. Introduction 

1.1 Antecedents and context 
 

The first attitude subsystem designed in the NanosatLab laboratory is a passive-active 

system for the 3Cat-1 Mission [1]. The 3Cat-1 mission is composed by 7 different payloads. Its 

main scientific payloads are a VGA video camera, a Geiger counter, and photovoltaic cells 

designed and developed by the Electronics department of UPC. This mission is a starting point 

for the author and the laboratory in the satellite missions and in the ADCs subsystems.  

The attitude subsystem [2] is composed by a passive and an active part. The passive 

system is made by permanent magnets and hysteresis rods to stabilize the satellite in the 

desired orientation, in order to point the antennas and the camera to Barcelona. The 

permanent magnet is a ferrite type, which is more resistant to temperature changes. The 

hysteresis rods material is μ-metal, this material damps the rotations over the permanent 

magnet field. When the satellite is stabilized the active part will be available. 

For the active part a Magnetorquer was designed. In order to change the orientation, the 

combination of the active and passive field generates a new magnetic field, which will tend to 

be aligned with the Earth Magnetic Field (EMF).  

1.2 3Cat-2 Mission 
 

This project presents the conception, design and test of the attitude determination and 

control system (ADCs)[3] for 3Cat-2[4], a nanosatellite being designed at the Universitat 

Politecnica de Barcelona (Barcelona Tech). It has a size of 10x20x30 cm3 and a mass of 7 kg. 

The 3Cat-2 is a 6U cubesat mission to perform altimetry using GNSS-R techniques. For that 

purposes, the attitude determination and control system has to precise point the payload 

antennas array to the nadir.  

During flight, the satellite can go through different modes. In the first phases of the 

satellite it has to slow down the different rotations induced during the ejection in orbit 

(Detumbling mode). After that, it has to charge the batteries pointing the solar panels to the 

Sun (Sun-safe mode). Finally, it has point the payload antennas to the Nadir to start the 

experimental phase (Nominal mode). When the satellite enters in low power or an emergency 

mode (failure of one of the subsystems) it has to try to point again the solar panels towards 

the Sun (Survival mode). 
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1.3 State of the Art 
 

Satellites are highly sophisticated systems that operate in very hostile conditions. For this 

reason, they include very specific circuit parts covering very important functions that are 

crucial to survive in the harsh environment of the outer space. One of these functions is the 

ability to control their relative orientation so they can point the antennas to the Earth and 

establish communication with the ground station, point the payload towards a certain 

orientation or point the solar panels towards the Sun. This function is achieved by the  attitude 

control system. Its main function is to change the orientation of the satellite in the different 

axes of the body by using passive or active actuators. 

1.3.1 Sensors 

Sensors are in charge of measuring physical variables that may change during the orbit and 

are used to compute the satellite attitude. The selection of the determination sensors depends 

on the determination algorithm selected to compute the attitude and the mission specification 

pointing requirements. 

All the sensors have noise and interferet sources. They have to be calibrated to achieve a 

measurement as close as possible to the real values. Another important parameter in selecting 

the correct sensor is the volume/mass of the sensors, and its power consumption. Most of 

these sensors are always on, to give as much information about the status of satellite to the 

orientation systems so as to correct the attitude. 

The main sensors used in different satellite missions are: 

 Magnetometers: their main purpose is to measure the Earth's Magnetic Field in 

the sensors' reference frame. The main advantages of these sensors are its low 

volume and power consumption, but they can be interfered by the magnetic field 

created by all the external electronics. 

 Sun Sensors: in charge of measuring the solar radiation power in the visible light  

part of the spectrum in the sensors reference frame. These sensors are usually 

placed in all the different sides of the satellite. They are small and have low power 

consumption. The main source of interference is the Earth's albedo (Sun radiation 

reflected on the Earth surface). 

 Infrared sensors: in charge of measuring Earth's thermal radiation in the infrared 

part of the spectrum in the sensors' frame. 
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 Gyroscopes: measure the rotation speed of the satellite axes. These are complex 

sensors due to the different types of noises ( Angular Random Noise). 

 Star tracker: takes pictutres of the stars which are in the field of view, recognizes 

them, and compute the attitude based on a large catalogue. These are the most 

complex and precise sensors (up to 0.2 arc seconds), usually occupy a large volume 

and have high power consumption.  

 

Figure 1.1: Star Tracker ST-200 [5] 

 

 Limb sensors: measure the limb of the Earth in the sensors reference frame. 

1.3.2 Actuators 

 

The actuators are in charge of applying a specific torque to the satellite axes to 

compensate the rotation and orientation. These systems can be split into passive and active 

systems.  

Passive systems are designed to stabilize its orientation always in the same way with 

respect to the magnetic field of the Earth or the Earth's gravity field. They do not have any 

type of power consumption, and only take mass and space. Moreover, it is impossible to add 

some control over them. These systems are more reliable than active systems, because of the 

absence of electronic parts, but it is impossible to change the final attitude. There are different 

ways to achive a passive stabilization:  

 Gravity torque: in which the axis of less inertia of an asymmetric body tends to 

align with the gravitational field (Nadir pointing).  
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 Aerodynamic torque/solar radiation torque: the low remnant atmosphere or the 

Sun particles in those altitudes help to stabilize the satellites (depending on the 

satellite aerodynamic structure) and point it to the desired orientation. 

 Passive magnetic stabilization: with the use of permanent magnets and hysteresis 

rods the satellite can be oriented parallel to the magnetic field. 

Active control systems are more complex, they are used to produce a specific torque in a 

controlled period of time. This system makes use of complex electronics and its design and 

selection depends on the mission requirements: 

 Magnetorquers: a controlled PWM coil that generates the necessary magnetic 

moment to change the orientation of the satellite. This actuator depends on the 

Earth's magnetic field, making it difficult to control the attitude in different regions 

of the Earth.  

 

 

Figure 1.2: ISIS Magnetorquers board [6] 

 

 Momentum wheels: an engine that induces some spin to a disc or a plate, 

without contact to other parts of the satellite. That rotation induces a counter 

rotation of the structure (motor and the satellite) so as to keep the total 

angular momentum of the satellite. The use of momentum wheel leads the 

satellite to stop spinning and choose an orientation. The system needs some 

mechanical parts such as a brushless motor or the fly wheel. It has a larger 

volume and higher power consumption than the magnetorquers.  
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Figure 1.3: ClydeSpace Reaction wheels [7] 

 

 Thrusters: normally used in bulky satellites. The momentum produced by the 

ejection of mass is able to move the satellite and if the impulse is not applied 

over an axis of symmetry, a rotation is also induced.  

1.3.3 Determination Algorithms 

 

The main problem in the attitude determination is that it is impossible to measure directly 

the orientation of the satellite with a selected frame in each mode [4]. This measurement can 

only be done by indirect measurements and a computational algorithm to estimate the 

different angles. Nowadays, there are many different algorithms. The newest codes are 

advanced reviews of the main ones, which are the most often used and oldest.  

The main algorithms develop are: 

 TRIAD [8]: this method needs two measured unit vectors of an object or 

ambient vector different between them. Every vector contains two 

independent scalar pieces of attitude information. This algorithm requires the 

knowledge of the value of the measurement with the reference frame. With 

the reference and the measurements, and applying the algorithm is possible to 

obtain the rotation matrix of the satellite. 

 Wahba’s optimality criterion [8]: given two sets of data              (sensors 

references) and    
    

      
   (sensors mesaurments), where    , find the 

rotation matrix which brings the first set into the best least square coincidence 

with the second. 
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More advanced filters are designed to solve the problem and compensate for different 

sensors errors. These filters use the Kalman filter [9] to solve the dynamic equations of the 

satellite and with enough data they are able to predict the different future parameters. 

1.3.4 Control Algorithms 

 

Control algorithms are in charge of computing the final torque needed to correct the 

rotations and the attitude. These algorithms tend to use the output of the determination 

algorithms or the sensors. They give the torque order directly to the actuators. 

Control algorithms are only needed for active actuation and they have to adapt to the 

current conditions of the actuators. The final selection for the controller is the satellite 

accuracy, power and time to point. Some algorithms try to find the fastest path to point 

without regarding the power or accuracy of the pointing. 

The most used controller for satellites are: 

 Detumbling controller [10]:  stops the rotations around a satellite axes. 

 Pointing controller [11]: points the satellite to a desired orientation in a defined 

reference system. 

 

1.4 Attitude subsystem mission  
 

The attitude system sensors are a group of magnetometers, gyroscopes, and Sun sensors. 

These sensors are in charge of measuring the required physical parameters for the Attitude 

determination algorithms. These algorithms are in charge of computing the orientation and 

rotation of the satellite. The sensors selected for this mission, due to power consumption and 

physical space, are the magnetometers, Sun sensors and the gyroscopes. The selected 

determination algorithms, which depend on the mode of operation of the satellite, are a 

Multiplicative Kalman filter (in the nominal mode), and a rotation estimation (for the Sun-Safe 

and survival). Two different magnetometers are implemented to achieve higher accuracy and 

some redundancy. 

The actuators selected are the Magnetorquers. These actuation types are selected 

because of the small size and mass restrictions imposed by the standards. The power available 

is limited (small battery packs and solar panels), which means that a very low consumption is 
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required in all the subsystems.  In addition, the available free space inside the satellite is small, 

which forces to select the smallest actuators possible. 

Table 1-1 shows the attitude subsystem specifications for every mode of 3Cat2 mission. 

 Accuracy 
Det. 

Range Det. Accuracy  
Control 

Range 
Control 

Jitter 
Control 

Drift Setting 
Time Cont. 

Detumbling -------- All att 0.1 deg/s, 
   ,real 
time 

All att 10deg/s 20deg/min 4 hours 

Nominal 2.5 deg, 
   ,real 
time 

All att. 
Within 30 
deg at 
Normal 

2.5 deg, 
   ,real 
time 

All att. 
Within 30 
deg at 
Normal 

10deg/s 20deg/min 4 hours 

Sun-
safe/Survival 

10 deg, 
   ,real 
time 

All att. 
Within 30 
deg at Sun 

20 deg, 
   ,real 
time 

All att. 
Within 30 
deg at Sun 

10deg/s 20deg/min 4 hours 

 

For the actuation, there is only one way to apply a torque to the satellite for all the 

different modes by design, these are the Magnetorquers. This system will be optimized for all 

the different modes, and the different deviations corrected. 

In the nominal mode, the satellite uses the highest accuracy determination systems. For 

the sensors part, the satellite uses all the sensors (magnetometers, gyroscopes, and Sun 

sensors) with the Kalman filter system to achieve the maximum performance and precision.  

In the Sun safe and survival modes, when some parts of the satellite may fail or the power 

is in danger, the lowest power consumption sensors are working (magnetometers and Sun 

sensors). This phase of the mission tries to reduce the power consumption of the satellite, as 

musch as possible, only leaving the necessary parts on. The determination algorithm is a 

rotation estimator computing the derivative of the attitude quaternion. 

The satellite is in detumbling phase when the rotation exceeds 0.5°/s. The mode is only 

seen by the attitude subsystem, which can always enter if something has happened. The only 

sensor used is the OBC magnetometer, and it computes the magnetic field time derivative to 

estimate the rotation speed. 
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2. Satellite Reference Systems and conversions 
 

This chapter presents the reference frames used for the different attitude computation 

algorithms and structural implementations. These reference systems are used to represent the 

different parameters (including the attitude of the satellite), helping to reduce the 

computational cost for different algorithms, and making it easy to understand the output 

parameters and control them.  

2.1 Earth Centred Inertia (ECI)  
 

The Earth Centered Inertial [12] frame is typically defined in a Cartesian frame, where the 

coordinates are the difference between the origin (center of mass) and the three orthogonal 

axes. 

It has a fixed inertial direction along the intersection of the Earth equatorial plane and the 

ecliptic plane (X axis), this point is called the Vernal Equinox. The Z axis is place at the North 

pole of the Earth, and Y completes the right-hand rule.  

 

Figure 2.1: Earth Centered inertial 

 

2.2 Earth Centred, Earth Fixed (ECEF) 
 

The Earth Centered, Earth fixed [13] frame is a Cartesian frame. It is similar to the ECI 

frame, with the only difference that it rotates with the Earth. 

The ECEF frame has the same origin as the ECI frame, but it is fixed within the Earth. The X 

axis is place at the Greenwich meridian (zero longitude). The Z axis runs along the Earth's 
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rotation axis (North and South pole), and Y completes the right-hand rule. This system is fixed 

with the surface of the Earth.  

 

Figure 2.2: Comparison between ECEF(black frame) and ECI(colored frame) frames. 

 

2.3 East-North-Up (ENU) 
 

Known to as the navigation frame too. It is refered as ENU [14], since the axes are aligned 

with the Earth East, North and up directions. 

The ENU [14] frame has its origin in the Inertia center of the satellite. The Y axis of the 

system is pointing to the North, X axis points to the East, and z axis completes the right-handed 

coordinate system. 

 

Figure 2.3: Comparison between ECEF and ENU reference frames. 
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2.4 Orbital Frame- Local Vertical Local Horizontal 
 

It is a right orthogonal coordinate system fixed in the center of mass of the satellite. The Z 

axis points to the zenith (it is aligned with the center of the Earth and points away from the 

Earth), the X axis points in the orbital plane normal direction, and its sense coincides with the 

sense of the orbital angular velocity vector. The Orbit CS is the reference for the attitude 

control system. 

2.5 Body Frame 
 

This reference system indicates the satellite reference frame. It is a right orthogonal 

coordinate system with the origin in the satellite centre of gravity. The Z axis is orthogonal 

to the antenna and points to the up-looking antenna. The X axis is perpendicular to the 

shortest edge of the satellite body. The Y axis is perpendicular to the longest edge of the 

bottom satellite body.  

 

Figure 2.4:  Body frame 

 

2.6 Sensors/Actuators Frame 
 

The sensors/actuators reference frame describes the orientation of the sensors/actuators 

in reference to the body frame. During the integration phase, it can be difficult to place the 

sensors/actuators frame equal to the body frame. To correct for these rotations, the 

algorithms have to take into account the different orientation of the sensors. These frames are 

supposed to be equal to body frame, if not, some correction matrix has to be applied to final 

solution.  
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3. Attitude subsystem 
 

This chapter presents the attitude hardware and software design. The selected design 

fulfills the different specifications of the subsystems. For the different working modes of the 

satellite the system has to ensure a proper behavior to solve the pointing and rotation 

requirements. 

Every mode has a hardware and software available to use, due to power mainly. This 

difference has to be taken into account in the design of the control algorithms.  The difference 

in the different modes is to ensure a low computational time and an easy controllability. 

3.1 Hardware design 
 

It is the satellite hardware satellite in charge of measuring and controlling the satellite 

attitude. The hardware is selected depending on the volume and power consumption of the 

system. Although the precision and accuracy of the sensors and actuators is important to 

achieve a correct pointing, the main problems to solve with these are the errors/interferences 

that have to be known and corrected for by software. In addition, these errors can change with 

time, due to aging (radiation) or satellite environmental changes (temperature). These errors 

have to be computed on-ground and a new calibration for the system to fulfill the mission 

requirements. 

3.1.1 Sensors – Magnetometer 

 

This Sensor is in charge of the measurement of the Earth's magnetic field in the 

body/sensors reference frame. The selected sensors use the Anisotropic Magnetoresitance 

technique. It senses the resistance change in a magnetic material. These techniques are used 

to measure a low magnetic field such as that of the Earth (10 µT). Two different magnetic 

sensors are integrated inside the cubesat: 

 HMC1053 [15] placed in the high accuracy sensors board. 

  HMC5843 [16] over the On-board computer board.  

These boards have to be placed as far away as possible from the magnetic field 

interference generators, such as the Electric Power Supply system or the batteries.  The 

HMC5483 [16] is already integrated by the suppliers of the On-board computer, and it is close 
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to the EPS. This increases the noise and degrades the precision of the sensors, in this case 

these magnetic field sensors are used for low precision operations.  

Magnetometer Mathematical expression 

 

To achieve a good sensors reading, it has to be calibrated and the different errors 

corrected for. The main problem with these sensors is the external electronic interference 

which can be affected and the response be masked the real values. Magnetic sensors are 

affected by white Gaussian noise, and a static bias which does not change in time. These 

sensors can have a scaling factor and a non-orthogonally errors produced in the sensors 

manufacturing too.  

The following equation describes the behavior of the magnetic sensors. This model 

describes different error parameters, such as noise or non-orthogonally of the sensors. 

Magnetic sensors model: 

 ̅  [  ̿̿̿̿ ]  ([  ̿̿̿̿ ]( ̿   ̅       ̅      ̅)), (1) 

 

where: 

  ̅   It is the magnetic field read by the sensors [Teslas] in the body frame of the 

satellite. 

   ̿̿̿̿   It is the transformation matrix produced in the mechanical integration of the 

sensors in the satellite. It transforms from the sensors frame to the body frame. 

   ̿̿̿̿  scaling factor and non-orthogonally corrections.  

  ̿ attitude of the satellite. 

  ̅       Earth is magnetic field [Teslas] in the ECI frame. 

  ̅     Magnetic bias of the sensors produced by external and internal errors. 

  ̅ white noise [Teslas]. 

Magnetometer Calibration 

 

This chapter explains how to calibrate each individual parameter of the magnetic sensors. 

This is necessary to be able to simulate and correct on-flight the different parameters. 
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 Noise: The noise is reduced by computing an average of M consecutive samples. 

The maximum number of samples (Nmax) will be computed so as to minimize 

Allan’s variance *17]: 

   
̅̅ ̅
     

 

 
 (〈 ̅     ̅     〉

 ), (2) 

 

This helps to reduce the noise/variance and achieve cleaner observations during 

the calibration process. During flight, the average value has to be selected to fit 

also with the maximum rotation accepted by the system. 

 Integration matrix:   ̿̿̿̿  matrix is determined during the integration phase. The 

transformation matrix is computed depending on the rotation produced in the 

integration. 

 Magnetic bias: To compute the bias the magnetic sensors are placed in the 

Helmholtz coils [19]. The Helmholtz coils have to be configured to cancel all the 

Earth magnetic field. The end value will be the bias of the sensor. When all the 

satellite is integrated the bias field has to be measured again so as to compensate 

for the errors added by the different objects near the sensor.  

 Scale factor and non-orthogonally: To calibrate the   ̿̿̿̿  matrix an ellipsoid fitting 

algorithm will be used [18]. This calibration will be tested into the Helmholtz coils 

to check the results. The objective of the magnetometer calibration is to conduct 

ellipsoid fitting based on a set of N samples. The principle of ellipsoid fitting is 

finding the ideal ellipsoid, in which the sum of the square algebraic distances is 

calculated from the measure data point to the ellipsoid is minimized [18].  

 

Figure 3.1. Ellipsoid fitting solution [18] 
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In addition, this matrix can be computed in the Helmholtz coils too, cancelling all the 

external fields and generating a constant field in each of the axes at a time. The magnetic field 

in this axis will affect the others, and it will give a row of the   ̿̿ ̿ matrix. This process has to use 

the Helmholtz [19] . 

The following part describes the process to calibrate the sensors: 

1. Noise characterization. To estiamte the mean according to the minimum noise 

value (eqn. 2). According to the datasheet [15][16] the sensors noise is 

approximately ±200nT. 

2. Ellipsoid fitting to compute the bias and the SF matrix. A rotation in all the axes is 

applied to the sensors. Then the algorithm has to be used to obtain the calibration 

values (eqn. 1). This process uses the average to reduce the sensor noise, this will 

help to get a better calibration. 

3. Test the calibration in the Helmholtz coils facility. 

4. Check the magnetic readings change under vacuum and temperature cyclings 

using the vacuum/thermal chamber.  

 

3.1.2 Sensors – Sun Sensors 

 

The Sun sensors are in charge of measuring the Sun vector position in the body frame. 

That is accomplished by using six different sensors which are placed in each face of the 

satellite. These sensors have to be able to measure the Sun light and convert it into Physical 

meaningful units. 

The sensors are a Commercial Off-The-Shelf (COTS) components, usually used in ground 

systems to estimate the Sun position in reference to the sensors. It has a similar response than 

a solar cell. The sensor is a silicon base with the two metallic contacts to obtain the current 

generated. It has to be adapted and amplified, by using of a transresistance amplifier circuit 

(     ), for a voltage Analog-to-Digital converter (ADC). This circuit has to be calibrated to 

obtain the correct light power as seen by the sensors. The sensors integrated in the cubesat 

are: 
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 SLCD-61N8[20]: silicon sensors which feature low cost, high reliability, and linear 

short circuit current. There are 6 sensors placed orthogonally to each face of the 

satellite. 

Sun sensors Mathematical expression 

 

These sensors need a calibration algorithm too. This algorithm has to compensate for 

errors in the Field of View in the sensors, bias and noise. The main issue with this structure of 

sensing is the Earth’s albedo problem, where it will interfere with the sensors and it is 

impossible to estimate properly. The albedo depends on the climate and weather, which is 

difficult  to compute and estimate during the flight. 

These Sun sensors models are spread into two equations. One equation describes the 

stand alone sensors behavior and the other is to describe the overall system behavior. As in 

the other ones, this model tries to define the noise and other effects. 

         (                            ), (3) 

where: 

           is the Sun sensors reading with respect to the x axis [Watts]. This value is 

expressed in the sensors’ frame. 

     Scaling factor corrections for the +X sensor.  This value depends on the sensors 

structure (Area, conversion efficiency …) which is similar case as a solar panel.  

      direct Sun + albedo received power [W]. It is in the sensors’ frame. 

      field of view angle with respect to that particular axis. If it is larger than      

it is considered    . It is different for all the satellite axes. The expected value 

depends on the implementation of those sensors. 

        sensors bias, [W]. It depends mainly in the dark current generation of the 

sensor with the electronics. 

   noise. 

With one photodiode per face (+X, -X, +Y, -Y, +Z and -Z), the sensors reading is described: 

 ̅   ̅        ̅, (4) 

where: 
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   It is a vector of all the sensors reading with noise [W] expressed in the body 

frame. 

   ̅      Sensors readings [W]. 

                 
    

  , (5a) 

                 
    

  , (5b) 

                
    

  , (5c) 

  ̅ white noise [W]. 

Sun sensors calibration 

 

This part determines who to calibrate every different parameter of the sensors: 

 Noise: The noise will be reduced using the same process as in the previous 

sensors. Implement the mean according to the minimum noise. 

 Compute the bias of the sensors by covering it. 

 Scaling factors: With a sun simulator and a pyrometer the scale factor for every 

sensor will be computed. The sensors have to be rotated in a known angle to 

compute the Field of view of the sensor and the change in the scale factor. 

 Sensor Bias: For the bias of the sensors it is expected to have the sensors in 

complete darkness to compute the bias of the different axis. 

3.1.3 Sensors – Gyroscope 

 

The gyroscope is a MEMs sensor in charge of measuring the satellite’s rotation in the body 

reference frame. Usually, these sensors are very noisy and tend to change in time that is why 

they need a complex algorithm to compensate for these changes. In addition, they are the 

most sensitive ones to temperature changes, which has to be controlled and corrected over 

time. The sensor integrated in 3Cat-2 is the: 

 ADXRS300 [21]: it is a COTS sensors used for inertial measurement and platform 

stabilization. It is a complete angular rate sensor with a measurement up to 

       . 
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Gyroscope Mathematical expression 

 

As the other sensors, the gyroscopes need to be calibrated too.  However the gyroscopes 

are more complex sensors than the other ones. It is difficult to define the noise of a gyroscope 

only with white noise, making it difficult to reduce this noise effects on the readings. The other 

parameters are similar to the other sensors. 

These sensors are characterized by very different types of noises 

 ̅  [  ̿̿̿̿ ]  ([  ̿̿̿̿ ]( ̅      ̅      ̅)), (6) 

 

where: 

  ̅   is the rotation reading by the sensors [   ] in the body frame. 

    ̿̿̿̿    is the transformation matrix produced in the mechanical integration of the 

sensors in the satellite. It transforms from the sensors frame into the body frame. 

    ̿̿̿̿   scaling factor and non-orthogonally corrections. 

  ̅     Rotation rate in body frame [º/s]. 

  ̅    Rotation bias [º/s]. 

  ̅Noise [º/s]. 

The noise in this type of sensors has a more complex description than only white noise. 

The noise in a gyroscope is described by: 

 ̅          (7) 

 

where: 

 ARW is a white noise process.  

 RRW is an integration of a white noise process. In the data it looks like a random 

change in the bias of the sensors. This is probably the main problem with gyroscopes, 

which tend to change the bias in time. To solve this error the determination algorithm 

has to compute and compensate this change in the bias.  

The calibration of the noise of the sensors is performed by using the Allan variance 

algorithmic [22]. Figure 3.2 shows the Allan variance of a typical MEMs gyroscope sensor. It 

shows the effect of the sensor in time, where the variance of the measurement will start to 

increase, it can be seen as a change in the bias of the sensor. 
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Figure 3.2: Allan variance of a gyroscope[23] 

 

Gyroscope calibration 

 

Each parameter has to be computed and measured. This part describes how to calibrate 

for each different parameter described in equation 6. 

 Integration matrix:   ̿̿ ̿ matrix is determined during the integration phase. 

 Noise: To reduce the noise the a number of consecutive samples will be averaged. 

The average  reduces the noise, but the a maximum number of samples 

corresponds to the minimun Allan variance. 

 Bias: The bias of the sensors is measured without moving the sensors (     ̅̅ ̅̅ ̅̅ ̅̅   ).  

 Scale factor and non-orthogonally: For the scale factors and non-orthogonally 

values all each of the axes will be rotated at a known rate. With a given rotation in 

one of the axis is possible to define  ̅                , where  ̅     is the 

rotation given by the inertial system. As this parameter is known and the bias is 

subtracted, it can be applied: 

 ̅ 

 ̅    
  [  ̿̿ ̿], (10) 

with only a rotation over one axis it can be solved as: 

*
   

     

   

     

   

     
+                         , (11) 
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3.1.4 Actuators - Magnetorquers 

 

The actuator selected for the 3Cat-2 mission is a fully magnetic controller implemented 

using a three orthogonal set of coils [6]. These coils generate a magnetic field per axis which, 

with the interaction with the Earth'a magnetic field, produces the necessary magnetic moment 

to orient the satellite. 

 b bb B xm 
 

(10) 

The technical characteristics of the Magnetorquers selected are: 

 Value Units 

Magnetic Moment 0.2 Am2 

Power 1.2 W 

Volume 150 cm3 

Mass 0.200 kg 

 

The magnetometer interacts with the Earth’s magnetic field to generate a torque. Each rod 

is supply by a PWM with a variable duty cycle for the control, which helps to control the 

average current that flows through the coil. The controls are designed to produce the 

necessary torque to compensate the orientation depending on the algorithm solutions and the 

external magnetic field.  

Magnetorquers limitations 

 

Magnetorquers have a limitation in the controllability of the system (underactuated 

system) in the different orbital positions due to the interaction with the magnetic field. They 

can only add torque in the perpendicular axis of the magnetic field. 

Depending on the orbital position and attitude, one of the Magnetorquers can be place 

parallel to the magnetic field, in this case the parallel Magnetorquers cannot apply any torque 

on the satellite. With the satellite oriented in an orbital frame there is always the loss of one of 

the axes: 
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The X axis Magnetorquers is useless during the pass thought the equator. The Z axis 

Magnetorquers is useless during the pass thought the magnetic poles. 

 

Figure 3.3:Magnetorquers action in different orbit positions [24] 

 

Magnetorquers Calibration 

 

In addition to the limitations, the Magnetorquers have to be calibrated too. The system has to 

ensure the proper torque is applied to the actuators for all the different control orders. 

Magnetorquers can have different deviations due to temperature, errors in the duty cycle or 

others. 

It is necessary to find the relationship between the voltages with the magnetic moment 

that the coils generate [25]. With the following equation it is possible to obtain the voltages to 

each magnetic moment: 
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(11) 

Where 

   ̅̅ ̅̅  is the magnetic moment expressed in the control frame, 

  ̅ is the duty cycle, 

  ̅ is the number of turns, 
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  ̅ the area of the coil, 

  ̅ is the maximum voltage, 

  ̅ is the parasite resistance of the coil. 

It has to be noted that the magnetorquers depend on the temperature of the coils, where 

the parasitic resistance can change. This effect has to be taken into account to generate the 

necessary torque. At high temperatures, the Duty cycle has to increase to generate the same 

amount of torque. The temperature is measured by a thermo resistive sensor placed on the 

magnetorquers board. 

 

3.2 Software design 
 

This part describes the software algorithms and structure. For each different mode, the 

attitude subsystem will act differently trying to point the satellite to the selected target. The 

software has to be able to compensate for all the different errors produce by the hardware, 

such as noise or biases. In addition, it has to be possible to reproduce the software results on 

ground downloading all the necessary data from the software during the different 

computations and sensors. 

Figure 3.4 shows the different attitude subsystem modes structure and the conditions to 

transaction among them. Internally each mode has a different computational time for them. 

This graph shows the importance between the different modes. As the Sun-safe and Survival 

Modes are the emergency ones if something happens during the flight, they have to be robust 

against noise, and other effects, in order to prevent the mission lost. Despite the importance 

of these two modes, they have also to be the ones with the lowest power consumption in the 

satellite to avoid discharging the batteries. In the attitude subsystem case the Sun-safe and 

Survival Mode are same. The Survival Mode is only triggered by power errors or ground-station 

command. 
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Figure 3.4: Attitude Subsystem modes [3] 

3.2.1 Reference Algorithms 

 

One of the most important processes for the attitude subsystem is the determination of its 

orientation. This job is performed by an attitude determination algorithm. These algorithms 

compare a theoretical value with the measured one by a group of sensors to obtain the 

rotation between them. 

The main sensors for 3Cat2 mission are the magnetometer, the gyroscope and Sun 

sensors. Although the gyroscope is a body frame measurement and does not need a reference, 

the other two make use of its theoretical reference to been able to compare with the 

measured ones.  

The final determination process depends on the precision of those references and the 

errors in the sensors. If a reference has an error or a variation in time and it is not taken into 

account, the final error of the algorithm will increase. This fact makes necessary to have a good 

approximation to the real values. 

International Geomagnetic Reference Field 

 

For the magnetometer, it is necessary an Earth Magnetic field model depending on the 

system location. The selected one is the International Geomagnetic Reference Field 15 (IGRF) 

[26], which is valid form 2015-2020. This algorithm is updated every 5 years. The IGRF is spread 

in different levels of precision. The computation time and code complexity increases with the 

different levels. 
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The IGRF [26] is an established numerical model to represent the magnetic field of the 

Earth. This model represents the Earth’s Magnetic field            on and above of the 

surface of the Earth, which is produced by internal sources in terms of a scalar 

potential           . It can be solved as: 

      , (12) 

where: 

 V is a finite series of the numerical Gaussian coefficients g 
      h 

 , which are 

expressed in nT. 

              ∑ ∑ (
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where: 

 r is the observer radius from the center of the Earth [km], 

          km is the magnetic reference spherical radius close to mean Earth 

radius, 

   denotes the geocentric co-latitude, 

   is the longitude, and 

 The    
   is the Schmidt semi-normalized associated Legendre functions of degree 

n and order m. 
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Sun Position Algorithm 

 

The use of Sun sensors for the determination algorithm, adds the necessity for a Sun 

position algorithm [27] to obtain the sun vector in orbital reference frame. The Sun Position 

Algorithm (SPA) gives the geocentric latitude and longitude of the Sun, which can be converted 

to ECI. This algorithm is able to predict during long period of times (more than a 100 years) 

with a high precision the Sun vector (0.0003º of error). 
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To implement the algorithm the heliocentric position of the Earth with respect to the 

center of the Sun has to be computed first 

   
                                         

   , (15) 

 

where JME is the Julian ephemerids millennium and: 

                       ,            (16) 

    ∑    
 
   ,                                         (17) 

 

And              are component of the table 4.2[26]. 

After the heliocentric position of the Earth is computed is necessary to transform it to 

geocentric position. 

                , (18) 

            . (19) 

 

One of the main problems in this algorithm is to compute and compensate for the Earth 

eclipses or the albedo. In some of these cases, for example, some satellites can stop the 

control algorithms to avoid eclipses. This algorithm only gives the ECI position of the Sun.  

3.2.2 Attitude Modes 

 

The attitude subsystem can be split in different working modes depending on the satellite 

state, power and failures. Each mode has a selected functionally algorithms [3-4]. They are 

activated when an error occurred and depending on its severity. Even though is possible to 

access the different modes through ground station command. This part describes the 

hardware available for every mode and the algorithm used by the mode. 

In the modes structure the attitude subsystem will follow Fig. 3.3. After the start-up of the 

satellite the system will jump to the Detumbling mode. In this mode the controller will try to 

reduce the satellite rotations produced during the launch. When the rotations are lower than 

an expected value and depending on the battery state, the system will go to Nominal mode or 
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Sun-safe mode. In the Sun-safe mode the system will try to point the solar panels to the Sun to 

charge the battery. If the batteries have a correct power charge, the system will go to Nominal 

mode, where it will try to point the payload antennas to the ground. 

Detumbling 

 

The Detumbling [4] mode is in charge of stopping the satellite rotations every time it is 

higher than 0.5°/s or by Ground Station request. This mode has to be robust, it is always an 

emergency mode if one of the other controls have a stability problem. It only needs a 

magnetometer and the Magnetorquers to reduce the rotations. 

In this mode, to obtain the control order it is only necessary the derivative of the magnetic 

field in the body frame of the satellite.  The Detumbling mode uses a control law known as B-

dot [10,25]. This controller dissipates the rotation energy of the satellite applying an 

appropriate torque to reduce the angular rate. 

In this mode, the accuracy sensors calibration has a very like effect in the results of the 

controller. However, if the sensors are not correctly aligned with the satellite axis, it will 

produce instability issues. 

Figure 3.5 shows the execution order of the mode. First, the algorithm reads the magnetic 

sensors and computes the real value (subtract bias, scaling factor of the sensors, and reduce 

noise). After, the derivative with the last corrected measurement is computed and applied to 

the controller. The controller output is given to the Magnetorquers drivers. 

 

Figure 3.5 : Detumbling mode  

 

Sun-Safe/Survival 

 

The Sun-Safe/Survival mode [4] points the largest solar panel face (30 x 20 cm2) to the Sun 

in a non-inertial frame of reference (ECI). Although this mode uses a more complex 

approximation than the Detumbling, it is really important that this mode is the most robust of 

all the subsystems.  
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The system can be triggered to Sun-safe if the batteries go below than an expected value 

or something wrong in the nominal mode happens. The Survival Mode is created for a more 

complex problem, where the batteries of the satellite go below a safe margin or a fail in the 

Attitude Determination and Control subsystem occurred. These two modes can be triggered 

too, by ground station command. In this case, it is only possible to go out of them thought 

ground station command. 

The controller is a Proportional Derivative approximation with the proportional error being 

the Sun position in the body frame and the rotation error in the derivative part. As a 

consequence, this controller forces the knowledge of the satellite rotation, which in this mode 

the gyroscope is not accessible. The gyroscope, in this mode, is turned off to safe energy. All 

the rotations are estimated through quaternions derivations.  

The algorithm applied for the determination process is the QUaternionESTimatior (QUEST) 

to solve the Wahba’s problem and its quaternion-based optimal solution given by the 

Davenport’s q-method [8]. In order for this algorithm to work, it is needed to estimate the 

magnetic field and Sun position with the IGRF and SPA algorithms. Finally, with the attitude 

computed, it is possible to estimate the rotation of the satellite. 

To ensure a proper pointing accuracy towards the Sun, the magnetometers and the Sun 

sensors have to be calibrated to reduce the sensor biases, scaling factors, and errors. This 

algorithm is affected by the Sun albedo and eclipses. 

Figure 3.6 shows the execution schedule of the Sun-Safe/Survival Mode. First, the system 

gets the sensors reading (magnetometer and Sun sensors), and the calibration is applied to 

them. Meanwhile, the reference vectors can be computed. These vectors are given to the 

Determination Algorithm to compute the estimated attitude and rotation. Finally, the PD 

control [11,25] decides the total torque to apply and gives the order to the Magnetorquers.  
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Figure 3.6: Sun-safe mode  

 

Nominal 

The Nominal mode [4] points the payload antennas to the nadir direction (center of the 

Earth) in an orbital reference frame. This is the scientific mode, where all the measurements of 

the main payloads are carried out. 

This mode can only be accessed thougth the Sun Safe Mode, when the batteries are over a 

selected power level or when a ground station command is received. For the attitude part, all 

the system has to ensure a low rotation rate to avoiding entering in Detumbling mode. 

The controller is a Proportional Derivative approximation with proportional constant 

applied to the quaternion error in the body frame and the derivative constant applied to the 

rotation error. Although all the sensors are on, it is necessary to compute the quaternion via a 

determination algorithm. To obtain a good accuracy in the estimation algorithm the sensors 

need a good reference measurement to compare. This mode is the most control performance 

demanding of all the system and, a high precision in the measurements is requeired to fulfill 

the specifications. Therefore a good calibration for the sensors is mandatory, and that 

calibration has to be refined during the flight to adjust for the sensors degradation. This 

algorithm uses all the sensors available in the system. The code structure applies a 

Multiplicative Extended Kalman filtering, which is able to compute the attitude of the satellite 

and correct for the gyroscope bias changes. Although this algorithm is more complex than the 

Sun-Safe determination, it needs the same magnetometers and Sun references in the orbital 

frame. Finally, the PD controller [11,25] will point the satellite to Nadir. 
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The timing organization of this mode is equal to the Sun-safe.  It only changes the 

determination algorithm to achieve a more precise control. Figure 3.6 shows the mode 

structure. 

 

3.2.3 Algorithms 

 

The following part describes the different algorithms. These algorithms are implemented 

in the simulation and on the on-board computer of the satellite. Despite the different between 

the Sun-Safe/Survival, and Nominal Modes, the controller is the same except for the control 

constants and the input errors in the system. 

To ensure a proper behavior of the overall response of the system, these algorithms will be 

tested by simulation. During the flight, the different results of the algorithms are going to be 

checked to test the values/outputs, and the proper functionality of the system. 

QUEST and rotation estimation 

 

The attitude determination implemented for the Sun-Safe mode is a combination of the 

commonly used Quaternion Estimator (QUEST) [8] algorithm with a derivative quaternion 

algorithm to obtain the rotation speed without gyroscopes. The QUEST algorithm solves the 

Wabha’s problem and its quaternion-based optimal solution given by Davenport’s q-method 

[28] in an efficient way. The problem consists of finding the optimal quaternion that minimizes 

the attitude error (Eqn. 20): 

    i 
    

 

 
∑‖         ‖ 

 

   

 (20) 

 

where: 

    is the estimated attitude quaternion error that describe de rotation between 

the references and the measurements, 

      is the rotation matrix that describe by the real attitude, 

    is the reference vector obtained by the algorithms (IGRF, SPA, Stars catalog…), 

and 

    is the sensors measurements. 
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Once the attitude quaternion is computed, the angular rate can be estimated as, 

 ̃             
(21 ) 

where: 

   ̃is the estimated rotation vector. 

        is given by equation 29. 

     is the estimated quaternion in the QUEST algorithm 

 

MEKF determination 

 

The attitude determination system implemented for the nominal mode is a Multiplicative 

Extended Kalman Filter [9]. The essential feature of the Kalman filter is that it uses a 

mathematical model to predict an estimate the attitude. Then, it is corrected by the sensor 

measurements along with optimal statistical parameters taking into account state errors and 

zero-mean Gaussian noise. Another key feature is that it allows merging several sensor 

measurements to obtain more accurate estimates. In the final implementation, it uses the 

Murrel’s version [29], which reduces the computation time and makes the sensors reading 

independent. 

Figure 3.7 shows the algorithm process with the mathematics. First, it is necessary to 

initialize the vectors to be propagated, which in this case in the attitude quaternion and the 

gyroscope biases. Then after the initialization, the vectors are propagated with the new 

gyroscope readings. Finally, the vectors are corrected with the sensors measurements and the 

constants of the filter are updated. 
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Figure 3.7: Extended Kalman filter flow diagram [4] 

Detumbling controller 

 

This control [10, 25] is in charge of reducing the axes rotation of the satellite and maintain 

an approximately zero rotation per axis. It uses the result of the derivative in time of the 

magnetic sensors readings. This type of control is a typically used in different missions.  

For the 3Cat-2 mission, the controller has to be able to reduce the rotation from       to 

about       . The control law is given by: 

   
                   (22) 

 

where: 

   
  is the magnetic control moment. 

       is a positive constant gain. 
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      is the time-derivative of the local geomagnetic field measured by the on-board 

magnetometers. The time derivative     may be easily computed with a first-order 

finite difference approach (eqn. 23) along with a low-pass filter to reduce noise 

levels. 

    
  

  
      

 

  
 (23) 

 

This controller is  globally asymptotically stable, but it is difficult to obtain an absolute zero 

in the final results. In addition, the use of a derivative approximation increases the noise that 

this controller has to deal with, forcing the system to average the sensors data to reduce the 

noise and achieve better results. 

PD controller 

This controller [11, 25] is used in the Nominal and Sun-Safe/Survival Modes. It is in charge 

of maintaining a low rotation rate in the entire different axis and to reduce the pointing error 

to the different targets. In addition, this controller is one of the most frequently used in all the 

Space industry, it is robust and easy to implementation. 

The controller law is described by: 

   
                   (24) 

 

where: 

       are the constant controls 

       are the error vectors 

   
   is the controller output torque in the body frame. 

This controller, without the actuators, is globally stabilizing [25]. Taking into account the 

non-ideal actuation, it may lead to an unstable system (in the magnetometer case), due to 

parasitic torques with the combination of the unability to give torque in some regions of the 

Earth.  
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4. Attitude Simulator 
 

The testing of the attitude subsystem in ground is too complex and difficult, due to gravity 

effects and a non-vacuum environment (atmospheric friction).  Some tests can be performed 

with a low friction system, but these systems only simulate a low gravity environment in one of 

the three axes of the satellite. 

The need to test the algorithm behavior before flight forces the use of a simulation tool to 

reproduce the space environment with all the different interferences and errors.  

This chapter presents the simulator with all the different algorithms implemented to 

simulate the orbital behavior of the satellite with the sensors and actuators. The simulator has 

to compute as many errors as possible, parasitic torques, and others to simulate as close as 

possible all the satellite response to any excitation. The next scheme shows the simulator flow: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.8: Simulator flow diagram  
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4.1 Orbital propagator algorithms 
 

First the simulator has to create and compute all the different orbital parameters. The first 

algorithm computes the orbit of the satellite using a Two-Line Elements set (TLE). The two line 

elements are a group of numbers describing all the necessary values for computing an Orbit 

with a Simplified General Perturbations algorithm. This element set propagates the orbit from 

the epoch time with the designated values. With the data obtained from the orbit propagation 

algorithm is possible to compute the Sun position and the Magnetic field in every point of the 

propagation. 

4.1.1 Simplified General Perturbations 4  

 

The first problem in the simulation is to propagate and simulate a satellite orbit. This orbit 

has to be as close as possible to the true one, which all the system will be working. In addition, 

all the actuation and controller behavior could change depending on the plane. This requires a 

good orbital propagator to simulate all the ephemerides and different errors. 

For precision and accuracy pruposes, the Simplified General Perturbation 4 (SGP4) [30] has 

been implemented in the attitude simulator. This model is able to predict with enough 

precision during a given time, objects in orbit close to Earth. This models can predict the 

effects of perturbations caused by the Earth non-spherical shape, and other effects from 

different bodies (Sun, Moon,..). 

The main error produced by these algorithms is approximately of 1 km at epoch and grows 

about 3 km per day. This algorithm works with the North American Aerospace Defense and 

Command (NORAD) elements sets. This institute, in collaboration with the National 

Aeronautics and Space Administration (NASA) , updates the element sets daily  for all different 

mission.   
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Figure 4.1: Satellite Orbit 

 

4.1.2 International Geomagnetic Reference Field 

 

The International Geomagnetic Reference field [26] is a model to compute the magnetic 

field of the Earth. This algorithm is the same used in the software in the on-board computer.  

This algorithm is used to compute the magnetic reference for the simulator, which will be 

used to compare the sensors readings. Although in the simulation, some errors are added to 

the sensors readings to reproduce an error in the on-board algorithm. These variations 

simulate an error between the true magnetic field of the Earth and the values predicted by 

algorithm on-board, which are unknown. These errors will decrease the attitude determination 

algorithms accuracy. 
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Figure 4.2: Earth’s Magnetic field of the simulation in the Fig. 4.1 

 

4.1.3 Solar Position Algorithm (SPA) 

 

The Sun position depending on the satellite orbit is necessary to simulate the Sun sensors. 

The SPA will give the Sun reference to the simulator and will help to simulate the Sun sensors. 

However this vector is more complex to simulate than the Earth’s Magnetic Field. In this case 

the Earth Albedo and Eclipses have to be taken into account, which forces the implementation 

of two new algorithms to compute the two effects. 
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Figure 4.3: Sun vector position 

 

Eclipse algorithm 

 

Depending on the orbit, the eclipse [31] can be one of the main problems of the satellites 

with only two different measuring systems. During an eclipse phase, it is impossible to use the 

Sun sensors. As a consequence the determination algorithms have work with only one set of 

sensors and a reference. In a simple algorithm, such as QUEST or TRIAD, it means the loss the 

determination algorithm and finally the loss of the attitude pointing. There are different 

solutions in these cases. The most frequently used one, if it is possible, is to stop the attitude 

control and regain torque authority when the satellite goes out of eclipse. 

 

Figure 4.4: Earth’s Shadow  

 

Figure 4.4 shows the eclipse regions that can be identified during an orbit around the 

Earth. In the low orbit regions, the penumbra can be ignored. In these orbits the penumbra 

regions tend to have a longitude about 2-3 seconds. For the Low Earth Orbit (LEO), the shadow 

can be computed only as a cylinder.  

 

Figure 4.5: Cylindrical Earth Shadow  
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Figure 4.5 shows the projection of the Earth’s shadow on the orbital plane of a satellite. 

With the eqn. 25 can be computed the when the satellite enters and exits the eclipse region, 

when the      , where     is equal to the radius. 

  
  

 

         
        

  
(25) 

 

where: 

    is the Earth semi-minor axis. 

    the Sun angle inclination from the orbital plane. 

   theGeocentric angle measured in the orbit plane between the satellite and the 

conjunction point. 

 

Figure 4.6: Earth Eclipse Simulation 

 

In the figure 4.6: 2 shows an eclipse and 0 shows visible Sun. 

Albedo algorithm 

 

The albedo [32] is an usual problem for near Earth spacecrafts using the Sun for attitude 

determination. The albedo is the Sun light reflection coefficient over the ice, land or oceans. 

This affects the sensors as a random variable random bias in time. Although there are ways to 
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compute it over the poles or oceans, it is very difficult to compute the weather effect which in 

cloudy days can be up to 90%. 

The model used for compute the Earth albedo take into account the data obtained by the 

TOMs mission[33].  

 

Figure 4.7: Earth’s Albedo of one reflectivity point [32] 

 

The total albedo can be calculated as: 

   ∑          

         

 
(27) 

 

where the    can be obtained from [32]. 
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Figure 4.8: TOMs Earth Albedo map [32] 

 

4.2 Satellite dynamics and kinematics 
 

For the kinematics, one of the most common attitude parameterization is given by the unit 

quaternion due to their simplicity in computational implementation, free of rotational 

sequences, and nonsingular representation. The unit quaternion describes the orientation of 

one frame with respect to another by a set of four parameters and the unit norm constraint 

[32], 

               i (
 

 
)                  ( 26 ) 

 

where: 

 e denotes the unit vector representing the rotation axis (Eigen axis). 

   is the angle of rotation about e (Euler angle).  

A quaternion that represents a pure rotation must satisfy the unit norm constraint ‖ ‖  

 , and the corresponding attitude matrix yields, 

     (  
      

     )              
         

 , 
( 27) 

 



David Vidal - Three-axes attitude determination and control system based on magnetorquers for small satellites 
 

46 

where      denoting the identity matrix. 

The quaternion kinematics can be described using quaternions as, 

   
 

 
     , (28) 

 

where       is angular rate and      is given by, 

      [

       

       
   

   

  

   

  

   

], 
( 29 ) 

 

The attitude dynamics of a rigid body are  e   i e      he  ule ’  e u  i     f    i    

    
      

      
    

    
 , 

( 30 ) 

 

where: 

         is the inertia tensor in the body frame Fb, 

    
  is the spacecraft absolute angular rate, 

   
  is the sum of disturbance torques, and 

   
  is the control torque, all of them expressed in body frame. 

 

The satellite is affected for all the parasitic torques in orbit. These torques are the main 

problem during the controller and they have to be simulated.  The following figure shows the 

parasiice torques generated during a simulation of an orbit. These torques will affect the 

stability control of the satellite and introduce a constant error in the loop. Figure 4.9 shows the 

total parasite torque computed by the simulation. 
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Figure 4.9: Total Parasite torque of a satellite 

 

4.2.1 Gravity Torque 

The gravity gradient torque is produced by the Earth’s gravitational field and tidal forces 

acting on the spacecraft and a simplified expression, assuming a spherical Earth as the only 

perturbing body [34], 

 

    
  

  

   ̂      ̂   , (33) 

 

Where 

   is the Earth’s gravitational parameter, 

  R is the spacecraft position with respect to the Earth’s center of mass, and 

  ̂   is the unit vector pointing in the nadir direction. 

 

4.2.2 Aerodynamic Torque 

 

The aerodynamic torque [34] is caused by the atmospheric drag acting on the spacecraft 

surfaces. The aerodynamic force model considered is a simplified one based on the drag 

coefficient   . Free molecular flow effects will not be taken into account due to its difficulty to 
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obtain accurate models and parameters. The expression of the torque is derived from the 

aerodynamic force, 

       
 

 
   

       ̂   ̂   , ( 32 ) 

 

Where: 

   is the local atmospheric density, 

    is the spacecraft relative velocity with respect to the atmosphere, 

  ̂ is the unit normal vector of each surface of the spacecraft, 

 S is the area of each surface, and 

    is the drag coefficient, assumed 2.2 for this application [Ref       ].  

In order to model the aerodynamic torque, the satellite is divided into 6 surfaces and the 

center of pressure (the point where       is acting) is assumed at the center of each surface. 

Hence the expression of the aerodynamic torque yields [34]. 

     
  ∑       

  
           

    , (33) 

 

where: 

        is the position vector of the center of pressure of the face relative to the 

spacecraft center of mass. 

           ̂   ̂     is the shadowing function, since not all of the 6 faces are 

instantaneously wetted by the atmospheric flow. 

 

4.2.3 Solar radiation Torque 

 

The solar radiation force is produced by the exchange of momentum between the Sun’s 

light and a surface of a body. The resulting solar radiation force is the balance between the 

incoming and outgoing momentum fluxes which can be modeled as, 

         * (
   

 
     ̂   ̂)  ̂          ̂+, (34) 

 

where: 
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 P is the solar momentum flux. 

  S and  ̂ are the area of the surface and its unit normal vector respectively. 

  ̂ is the unit Sun vector, and 

    , and     are the coefficients of specular and diffuse reflection of the surface.  

 

4.3 Sensors and Actuators 
 

This part describes the sensors modeling and errors produced and affected by the different 

environmental and fabrication effects. These errors have to be corrected by software to 

ensure the optimum best reading and precision.  The results have to be expressed in the 

desired satellite reference frame, usually the body frame.  

As the sensors are integrated in the satellite, it is important to simulate them with the 

different interferences and errors. They will affect in a unknown ways the satellite. The 

calibration of the sensors has to be applied to simulate exactly the same behavior that it will 

have in orbit. 

4.3.1 Sensors –Magnetometers 

 

The magnetometers model simulates the same response as the two different 

magnetometers. The code implements the functionality describe by the equation 1 and it 

includes digitalization errors produced by the ADC. 

   
̅̅ ̅̅ ̅  

    

    

  ̅   
(35) 

 

where N is the number of bits of the sensors. 

Images 4.10 and 4.11 show the sensors readings and errors without the calibration. It is 

easy to see the different effects produced by the biases, scaling factors, and interferences, 

which are corrected in the next plot. 
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Figure 4.10: Uncalibrated Magnetic field data 

 

Figure 4.11: Calibrated Magnetic field data 

 

The final plot show how the data is almost corrected by using the calibration algorithm. 

Comparing Figure 4.11 with the previous plot it is easy to see the different axes biases and the 

scale factor errors. 

The calibration parameter used in the simulations 

HMC1053 [15]: 
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  ̿̿̿̿  [
                  

                   
                  

], 
(36) 

                       , (37) 

 

HMC5844 [16]:  

  ̿̿̿̿  [
                  

                   
                  

], 
(38) 

and  

                       . (39) 

 

4.3.2 Sensors –Sun sensors 

 

As the magnetometers, the Sun sensors have to be simulated. In this case it is more 

complex than the magnetometers. The main issue is to compute the Sun and the albedo 

incidence angle with each sensor.  

The angle can be compute by: 

        
 ̅        

̅̅ ̅̅ ̅̅ ̅̅

  ̅ 
  

(42) 

 

where: 

   is the angle between the Sun vector and the normal vector of the sensors. Figure 

5.10 shows the dependency of the scale factor with the angle of vision, 

  ̅ is the sun vector or the albedo in body frame, and 

        
̅̅ ̅̅ ̅̅ ̅̅ ̅ is the normal vector to each sensor. 

Finally, applying the sensors descriptions to the radiation which affects every face of the 

satellite, it is possible to obtain the sensors readings. These sensors have the same 

digitalization effect as the magnetometers. The Analog-to-Digital converter in this case has 12 

bits. The following figure shows the radiation of the Sun and albedo into every face of the 



David Vidal - Three-axes attitude determination and control system based on magnetorquers for small satellites 
 

52 

satellite. It includes the eclipse simulation. In a simulation is possible to have up to 5 sensors 

illuminated due to Sun and albedo. 

 

Figure 4.12: Sun sensors simulation 

 

4.3.3 Sensors –Gyroscope 

 

The gyroscope model is implemented too. In this case the most complex part is the noise 

mathematical description.  The easiest approximation is to digitalize the noise description and 

implement it in the sensors simulation. In this case the noise is described as: 

                 , (41) 

 

where: 

    is the bias sample, 

    is the sample period, 

   is the inverse of the correlation time, and 

    is a with noise process of the rate random walk. 

Figure 4.13 shows the effect of the bias change in time.  
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Figure 4.13: Gyroscope Bias simulation 

 

The calibration values used for the nosie are: 

                                   , (42) 

and  

                         . (43) 

 

4.3.4 Actuators –Magnetorquers 

 

In the actuators two different errors and effects are implemented. It is including, the loss 

of one axis in the controllability of the satellite during different phases of the orbit. This effect 

is the most important one during the flight. Depending on the mission requirements and 

controller can led to a loss in accuracy and precision. In this case too, the frequency responses 

of the magnetorquers are not simulated. The frequency can have an effect in the charging and 

discharging time of the magnetorquers. 

First one is the digitalization error, which it is introduced by the PWM generation. This 

allows the system to generate a minimum torque available. The duty cycle in the 3Cat-2 

mission is generated by the on-board computer. This duty cycle is applied then to the 

magnetorquers. 

0 1000 2000 3000 4000 5000 6000
0.0166

0.0167

0.0167

0.0167

0.0167

0.0167

0.0168

0.0168

0.0168

0.0168

0.0168

Time [s]

G
y
ro

 B
ia

s
 [
º/

s
]



David Vidal - Three-axes attitude determination and control system based on magnetorquers for small satellites 
 

54 

The duty cycle is controlled by an internal hardware of the microcontroller. The steps 

between different levels are about 1% in the simulation. 

Second is the temperature dependence of the parasitic resistance of the magnetorquers. 

In this case, during the simulation is assumed that the satellite is in a steady- state 

temperature. 

Figure 4.14 shows the behavior of the duty cycle of magnetorquers in an orbit simulation 

with an active controller.   It is simulating the Detumbling mode with a low initial rotation.  

 

Figure 4.14: Duty Cycle simulation of a magnetorquers 
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5. Attitude subsystem test 
 

The following chapter shows the test facilities and the hardware tests to calibrate and 

measure the different hardware parameters. These tests give the different calibration values 

and measurements of the satellite. These results will be used in the simulation validation of 

the system. The test has to measure the noise, scale factors, non-orthogonally and biases. 

There are different test including all the satellite structure for measure the magnetorquers 

response or the satellite inertia. The entire test will give the essential values to simulated the 

satellite in orbital conditions. 

5.1 Test Infrastructure 
The testing facilities are a group of equipment to test or simulate that the different 

algorithms/hardware are able to full field the requirements of the mission. These facilities try 

to show similar conditions as in the orbit or helps to measure the response of the attitude 

subsystem. 

The different testing facilities are design to measure different satellite/attitude parameters 

(inertia, controls stabilization time…). Although is possible to test some of the different 

requirements, due to the lack of a real 3 axes microgravity environment, some of them have to 

be checked thought simulation. The following test facilities are available for the different 

attitude test: 

5.1.1 3 axes Helmholtz Coils 

 

The Helmholtz coils is a constant magnetic field generator. It is a structure built by three 

pairs of coils in different axes. This system can generate all the possible magnetic fields and 

control it. 

Figure 5.1 shows the magnetic field generated by two pair of the coils. It shows a constant 

magnetic field inside the system. The knowledge of the electrical parameters of the coils, 

allows to control and simulate the magnetic field of an orbit. To simulate properly the orbit 

magnetic field, first it is necessary to counteract the Earth’s magnetic field inside the coils. 
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Figure 5.1: Magnetic field inside a pair of Helmholtz coils[36] 

 

The technical characteristics of the system: 

 Maximum magnetic field: constant 800 µT (8,00 Gauss) / Around 2,0 mT (20 

Gauss) for 2 minutes. For each axis. 

 Homogeneity of magnetic field: Variations of less than ±1% with respect to the 

center in a spherical volume of 404 mm of diameter. Variations of less than ±5% 

with respect to the center in a spherical volume of 586 mm of diameter. 

 Sensitivity: 2.00 Gauss/A for each axis. Maximum error 1%. 

 

 

Figure 5.2: Helmzholtz Coils [19]. 
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5.1.2 Air bearing test bed 

 

The air bearing bed simulates a low gravity environment to test the actuators and rotates 

the satellite to compute or calibrate the sensors. The system is used to test the magnetorquers 

and calibrate the gyroscopes with a known rotation. The system is able to produce a constant 

rotation to help simulate the different behavior of the systems. 

The technical characteristics of the system: 

 Articulated stand of ultra-low friction torque, by compressed air, non-magnetic, 

for Devices Under Test (DUTs) to about 10 kg in weight (besides the needed 

counter-weights).  

 It allows simulating rotations under microgravity conditions.  

 Specially designed to test tiny satellites (for instance, their attitude control by 

using the Earth's magnetic field), it could be also useful for navigation devices and 

other applications.  

 It can be tilted up to     on most directions (except when a counter-weight 

collides with the stand). 

 

Figure 5.3: Air bearing test bed [37]. 
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5.1.3 Optical tracking System 

 

The optical tracking system is used to compute the attitude and rotation of the air bearing 

system. It is composed by a camera and a real time processing algorithm. The system is used to 

obtain some information of the air bearing rotation. The system uses an easy approximation to 

compute the rotation an attitude.  The camera tracks a LED, which is on top of the platform, 

and then from a known reference it computes the angle of orientation. After, it computes the 

derivative of this angle to obtain the angular velocity. Figure 5.4 shows the hardware 

configuration and the software results. 

The technical characteristics of the system: 

 Optical system based on a single camera mounted on top of the Helmholtz coils 

structure using non-magnetic materials.  

 Using a real-time tracking algorithm in MATLAB and a camera, the system detects 

the location of a LED placed onto the air bearing test bed. This allows to calculate 

the orientation of the table and its angular rate. 

 

  

Figure 5.4: Optical tracking system. 

 

5.1.4 Sun simulator 

 

The Sun simulator is used to calibrate and test the Sun sensors. It generates a constant 

light, which will be used to compute the field of view of the sensors and its scale factor.  To 

compute the FoV of the sensors needs to be point to a light source in a known angle. In 
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addition to the Sun simulator, a controlled orientation hardware is used to point the sun 

sensors. 

The technical characteristics of the system are: 

 4 KW Xenon lamp, 

 Up to 2 Suns TOA (1 Sun = 1400 W/m2),and 

 Intensity monitored and calibrated with pyranometer inside the Thermal Vacuum 

Chamber (TVAC). 

 

 

Figure 5.5: Sun simulator [33] 

 

 

5.1.5 Trifilar Pendulum 

 

The trifilar pendulum is used to measure the principal moment of inertia of the satellite 

and check the correctness of the 3D model implementation of the body. The inertia computed 

is used in the simulation. This parameter is the most important of the simulator, an error in the 

estimation of the inertia of the satellite can produce incongruences in the simulation. The 

system will help to compute the center of mass of the satellite. 

 Designed to calculate the location of the center of mass and principal moments of 

inertia of the satellite. 
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Figure 5.6: Trifilar pendulum. 

 

 

5.2 Satellite Calibration 
 

This part will show the different results obtained during the calibration phase of the 

attitude subsystem. In addition the different results will be applied to the simulation and 

implemented in the correction algorithms in the on board computer. Each parameter needed 

in the calibration algorithms has to be computed or estimated to ensure the precision in the 

measurements. 

5.2.1 Satellite Calibration 

 

For simulation proposes it is necessary to compute the Inertia matrix of the satellite. With 

the trifilar pendulum it is possible to compute the main axis of intertia values and the 

compared it with the CAD model of the satellite to obtain the complete satellite inertia. The 

real measurements will help to calibrate and correct the CAD model version for a better 

precision.  

        [
                                     

                                     

                                     

], 
(44) 
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5.2.2 Magnetometer 

 

Two different methods are applied to calibrate the magnetometers. First, the 

magnetometers are put inside a mu-metal case to avoid the external interference of the 

environment to measure the noise. After, the ellipsoid fitting is applied to calibrate the sensors 

and compute the biases, scale factors and non-orthogonally factors. This method is applied to 

the two different sensors. Each one has its own calibration values. Figure 5.7 shows the 

histograms of measurement to see the noise distribution of the magnetometers.   

 

Figure 5.7: Magnetometer noise distribution. 
 

Figure 5.8 shows the ellipsoid fitting of one of the magnetometers. The same process is 

applied to the other sensor to obtain the necessary values. This measurement is explained in 

the system calibration: it is performend by rotating the sensors in all of its axes and capturing 

the data in the different attitudes. 
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Figure 5.8: Magnetometer Ellipsoid fitting  

 

Finally, the magnetometer is placed inside the Helmholtz coils and the magnetic field is 

propagated to test the correct calibration of the sensors. The following image 5.9 shows the 

calibrated data of the sensors inside the testing facilities in comparison with the ones 

produced by the Helmzholtz coils [19].  

 

Figure 5.9: Magnetometer Helmholtz test 
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5.2.3 Sun Sensors 

 

In this case, each Sun sensor has to be calibrated. There is one sensor per face. For each 

sensor it is necessary to compute the different calibration parameters: FoV, scale factors and 

biases.  First, it is necessary to compute the biases of the sensors. The sensors biases are 

represented by the dark current of the instrument. First it is necessary to cover the sensors to 

measure the dark current. The dark current in all the sensors after all the electronics is 

measured as 0.012 V. The noise is computed with an angle of    between the sensors normal 

and the Sun generator. To compute the other parameters, the sensors are placed on a rotation 

platform to change the angle from     to      of the Sun simulator and the normal vector of 

the sensor.  For this experiment the Sun generator used it is different from the one available in 

the laboratory, in this case the Sun generator form the Electronic’s department has a more 

constant and uniform beam to calibrate this factors. 

The scale factor measure with this test is 1390 mV. The figure 5.10 shows the field of view 

of the sensors in comparison with a squared cosines.  It shows some small errors in de 45 

degrees of sun incidence, these errors has to be corrected with a look-up table in the software 

algorithms.  Near the     of incidence the value tends to zero, which coincides with the usual 

response of this type of sensors. 

 

Figure 5.10: Sensors field of view 
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Figure 5.11 shows the sigma distribution of the sensors depending on the incidence angle.  

In the lower angle regions, the noise has increased due to external interferences produce by 

external lights of the experiments. 

 

Figure 5.11: Sensors noise distribuition depending of the field of view 
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Finally the gyroscopes are calibrated. First, it is necessary to measure the noise and their 

allan variance [17]. For that, the sensors are non-rotating (all the axis rotation equal to 0) and a 

large number of samples are measured. Then the Allan variance is computed to estimate the 

rate random walk and the angular random walk with the method desbribed in this paper [22]. 

These values are used to simulate the sensors and use the mathematical description in the 

determination algorithms. Figure 5.12 shows the Allan variance of the three gyroscope 

sensors, each in every axes of the satellite. 
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Figure 5.12: Allan variance of the gyroscope (3 axes) 

 

Finally, it is necessary to measure the scale factors and non-orthogonal ties of the sensors. 
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different parameters to simulate the gyroscopes. For that reason, a constant rotation is 

applied to the sensors and the mathematical description explain in the gyroscope calibration is 

applied [22].   
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6. Attitude Simulation Results 
 

The following chapter shows the results of each mode with all the different parasite 

problems and torques added. The different results show the effect of the sensors and their 

errors. The results are split into determination, controls, and a final simulation with the two 

algorithms working together.  The results are split in each different sensors and mode. For 

each mode the results show the attitude, rotation, and control order. Each mode has to ensure 

a proper functionality according to the validation plan of the satellite subsystem.  

6.1 Sensors Simulation 
 

The following figures show the sensors readings. In the each graphic is possible to see the 

different noises and errors added by the simulated sensors in front of the real data (dot lines).  

The readings take place during the Detumbling Mode. The effect of the controller can be 

observing in the sensors readings, where the rotation in the readings is reduced.  

As expected the gyroscope measure the simulated satellite rotation with the changing 

biases in time and the noise, which both of them observable in figure 6.1. The rotation in this 

case is showing what the satellite does, in case of the reducing the initial condition with an 

rotation about       in each axis. 

 

Figure 6.1: Gyroscope simulation 
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Figure 6.2 shows the Sun sensors. It is possible to see too the effect of the Earth eclipse 

(0.2 to 0.65 orbit) and Albedo (0.8 orbit) in the Sun readings. In the eclipse zone is selected 

that the sensors give a 0 in the readings, without noise and biases. On the other hand, the 

Earth’s albedo affects to the readings as a change in the bias of the sensor. 

 

Figure 6.2: Sun vector Simulation 

 

The next figures (Fig 6.3 and 6.4) show the calibrated magnetic field sensors simulation.  

The second sensors show more noise than the first one. The two calibrations can correct the 

different sensors problems and compensate for the bias computed. In addition, the second 

sensor is near the Electronic Power system inside de satellite, which it has more external noise. 

 

Figure 6.3: HMC1053 [15] Sensor simulation 
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Figure 6.4: HMC5844 [16] Sensor simulation 

 

6.2 Detumbling Mode 
 

The first mode to be tested is the Detumbling Mode. In this mode the satellite has to stop 

its own rotation after the launch or if one of the controllers tend to insatiability, due to an 

error in the sensor/control algorithms. All the possible errors are added in this simulation.  

As explained in section 3.2.3, the controller algorithm derives the magnetic field measured 

by the sensors to estimate the satellite rotation. Figure 6.5 shows the results of the derivative 

of the magnetic field. It can be observed how the derivate of the magnetic field is reduced, but 

it has a higher noise than the magnetic sensors. This algorithm ensures that the rotation is 

stopped until the derivate is lower than the noise of the computations. The noise masks the 

measurements. Taking into account that, the controller constant has to be selected so as to 

reduce the rotation enough to fulfill the specifications. 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
-5

-4

-3

-2

-1

0

1

2

3

4

5
x 10

-5 Magnetometer 2

M
a

g
n

e
to

m
e

te
r 

2
 r

e
a

d
in

g
s
 [
T

e
s
la

]

Time [orbits]

 

 

B
read,x

B
x

B
read,y

B
y

B
read,z

B
z



David Vidal - Three-axes attitude determination and control system based on magnetorquers for small satellites 
 

70 

 

Figure 6.5: Magnetic field time derivative 

 

With the estimation of the rotation through the magnetic derivative, it is possible to 
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Figure 6.6: Control order 
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the controller orders and the magnetic derivate it is reduced. The satellite inertia makes the 

satellite to change the rotation between the axes, but the total energy is being reduced by the 

actuators until the final rotation is achieved. 

 

Figure 6.7: Satellite rotation 
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Figure 6.8: Total rotation in the Montecarlo Simulation 

 

The final results of this simulation are shown in the following table: 

 Conditions # Cases %  ̅    [s] 
(orbits)  

     [s] 
(orbits) 

Pass Stable                                 
(   <        in 3 orbits) 

100 100 1942.24 
(0.34) 

623.13 
(0.11) 

Stable                                 
(   <        in 3 orbits) 

100 100 2064.52 
(0.36) 

653.51 
(0.12) 

Stable                                 
(   <        in 3 orbits) 

100 100 5464.47 
(0.96) 

1785.09 
(0.31) 

Stable                              
(‖ ‖ <        in 3 orbits) 

100 100 5609.24 
(0.99) 

1735.21 
(0.31) 

Fail Stable (            ‖ ‖                              

( >        in 3 orbits) 

0 0 - - 

Unstable (            ‖ ‖                               0 0 - - 
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6.3 Sun Safe Mode 
 

The simulation tries to replicate the Sun safe environment to reproduce the satellite 

behavior and the controller. In this case the system is affected by the Earth eclipses and albedo 

which affect the determination algorithm and the pointing accuracy.  

Figures 6.8 and 6.9 show the results of the determination algorithm. This algorithm has to 

compute the attitude of the satellite and estimate the rotation of the body. In this case, the 

gyroscopes are not available due to power reasons. The rotation estimation is done by deriving 

the attitude of the satellite and obtaining the rotation of that vector. The first picture shows 

the attitude estimation with the QUEST algorithm. As it was stated 3.2.1, this algorithm cannot 

give any data during eclipses. Figure 6.8 shows the quaternion estimation of the algorithm. It 

shows one of the problems with this algorithm. When the system enters in an Eclipse, it is 

impossible to estimate the attitude of the satellite. 

 

Figure 6.8: Estimation Attitude Quaternion 
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Figure 6.9: Estiamted angular speed 

 

 

Figure 6.10: Noise error in the estimation of the rotation 
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Figure 6.11: Final pointing error 

6.4 Nominal Mode 
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Figure 6.12: Noise error in the estimation of the rotation 
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Figure 6.13: Bias correction error 
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The controller in this case has to point the satellite Z+ of the satellite to the Nadir to be 

able to run the payload. In this case the algorithm uses the attitude quaternion and the 

rotation vector estimated to compute all the controller orders. This order is given to the 

magnetorquers to generate the necessary torque. Figure 6.42 shows the duty cycle generated 

by the algorithm. During some phases of the simulation, the algorithm saturates the actuators. 

 

Figure 6.14: Magnetorquers Duty Cycle 
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satellite rotations.  

 

Figure 6.15: Satellite pointing error  

 

0 1000 2000 3000 4000 5000 6000
-1

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1

Time [s]

D
u
ty

 C
y
c
le

Controller duty cycle

 

 

x

y

z

0 200 400 600 800 1000 1200 1400 1600 1800 2000
0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

Angle between the Payload antennas and Nadir

Time [s]

A
n
g
le

 e
rr

o
r 

[r
a
d
]



David Vidal - Three-axes attitude determination and control system based on magnetorquers for small satellites 
 

78 

Finally, figure 6.16 shows the attitude error in this case in the orbital frame with the 

parasite torques. As shown, the controller tries to point the satellite and during a small time 

the satellite is pointing to Nadir, but as the gravity effects add up, the controller losses the 

controllability and tends to instability. This problem is produced by the magnetorquers and the 

influence of the parasite torques. They produce an under actuation in the axis parallel to the 

magnetic field losing controllability in that axis. This problem can only be solved by two 

different solutions, which they are out of the scope in this thesis: 

 Change the algorithm controller: this change in the controller will force the change 

of some of the mission specifications in the nominal mode. This is the selected 

solution to be implemented which it is out of the scope of this tesis. This controller 

will affect the controller algorithm of the sun-safe mode to improve pointing 

during the eclipse phases. 

 Change the actuation: using a more complex actuation, for example an inertia 

wheel. This case for this mission is unlikely due to the space requirements of the 

system. 

 

Figure 6.16: Satellite pointing error 
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7. Conclusions 
 

The 3Cat-2 is a nanosatellite that has been fully designed, implemented, and tested at the 

Universitat Politecnica de Barcelona (Barcelona Tech). It has a size of aprox. 10 x 20 x 30 cm3 

and a mass of aprox. 7 kg. The 3Cat-2 is a 6U cubesat mission to perform altimetry using GNSS-

R techniques. For that purposes, the attitude determination and control system has to precise 

point the payload antennas array to the nadir.  A complete design of the attitude 

determination and control subsystem for the 3Cat-2 mission is presented. This design has to 

point the satellite to specific targets depending on the working mode. Each mode has its own 

requirements in the power consumption, hardware and attitude requirements, which have to 

be full field.  

In this design the Attitude subsystem is divided in three different modes: Detumbling, Sun-

safe, and Nominal. The Detumbling Mode is in charge of stabilizing the satellite rotation after 

the launch or when some other of the controllers has had a problem and it induces a high 

rotation over the satellite. The Sun-safe is in charge of pointing the solar panels to the Sun to 

charge the batteries. Finally, the Nominal has to point the payload antennas to the Nadir 

(Earth Center) for performing the mission of the satellite. 

Each mode has its own control algorithms and dedicated sensors. The actuators, due to 

space, are the same for all the different modes. In this case a magnetic actuation in selected. 

According to the calibration given by the manufacturers of the rods, the actuators can be 

characterized as: 

            Resistance at T=0 Temperature 

Coefficient 

X 5.845365 111.02155 0.49297 

Y 5.864609 111.43690 0.48575 

Z  2.010874 39.42735 0.17170 

 

First, all the hardware and software implemented to the pointing process is explained and 

characterized. The different hardware has to be able to calibrated and corrected to avoid 

misalignments and errors. The following table shows the calibration results of the system. The 

table shows the standard deviation of the bias and the Scale factor from the Ideal values. 
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 Bias Scale and Non-orthagonal 

matrix from ideal matrix 

Noise 

HMC1053                  
̿̿ ̿̿ ̿̿ ̿

 [
               
               
               

] 

              

HMC5843                   
̿̿ ̿̿ ̿̿ ̿

 [
               
               
               

] 

                 

Gyroscope -      
̿̿ ̿̿ ̿̿ ̿

 [
            
            
            

] 

                      

   

                                 

   

Sun sensors 12mV Figure 5.9 - 

 

With the calibration of the sensors and actuators, the entire algorithms have to be 

simulated and tested. These algorithms have to solve and point the selected face of the 

satellite to the desired orientation with a controlled rotation. The simulation has to take into 

account all the different problems that a satellite can have during orbit. Although some 

parameters of the system can have some approximations (air drag…), the system has to fulfill 

the mission requirements.  

The Detumbling mode simulation shows the reliability of the controller, and that it is able 

to stop the rotation with the selected actuators in the different axis with a time of 1.5 orbits 

with an initial rotation of       per axis. This controller has to be one of the most robust of all. 

In any case of emergency on the attitude subsystem, the first mode to activate is the 

Detumbling. In this case the different parasitic torques are not affecting the loop, because the 

final attitude of the system is not important only to stop rotations.  

In the Sun-safe mode, in charge of pointing the solar panel to the Sun, the loop is more 

complex. In this case it is necessary to use an estimation of the rotation to compute the 

controller orders. As in this case, it is not possible to use the gyroscopes, the algorithm has to 

estimate using a quaternion derivation the actual rotation. As figure 6.12 shows, even with 

noise, the estimator algorithm is able to compute the rotation with an error lower than       . 

Although a good estimation the measurement has a larger noise than the real gyroscope 

readings. In the controller part, the system is able to point the satellite in almost all the 

proposed cases and reduce the pointing error of the solar panels with the Sun. It uses around 

2-3 orbits with an error lower than the 20  in mean. Although the system is affected by the 

Earth eclipses, the controller is able to point the satellite to the correct orientation.  
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In the Nominal mode some problems with the actuation have appeared. The magnetic 

actuation is an under actuated system, for each position in the orbit and attitude, it is 

impossible to apply torque in the parallel axis of the Earth Magnetic field. This creates a loss in 

stability in the one of the axis making the satellite impossible to control with this type of 

controller. For this mode a new controller has to be proposed and tested. 

 Proportional control Derivative control 

Detumbling                  

Sun Safe                                             

Nominal                                             
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Annex I - Detumbling Simulation Video 
 

 

Figure I.1: Far Fixed Detumbling Simulation Video 
 

 

Figure I.2: Close Satellite Detumbling Simulation Video 
 






