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Abstract—Orientation of a satellite is important so as to carry out 

payload operation. To maintain the satellite’s orientation 

Attitude Determination and Control System (ADCS) is the 

essential subsystem of the satellite. PISAT, a nano class satellite 

of 5.3Kg is equipped with an imaging payload to capture the 

images of Earth. The images are captured during normal mode of 

operation of ADCS, i.e., three axis magnetic control mode. This 

paper explains a simple and effective implementation of three 

axis magnetic control mode. . The PISAT software cycle is 

designed for 64 msec major cycle and divided by 4 minor cycles 

(each 16 msec) in which all the said functionalities are 

executed. The three axis magnetic control mode is divided into 

different software modules so as to fit into time slices in software 

cycle designed for 64 msec. The software modules are 

implemented on an AVR32-AT32UC3A0512 microcontroller. 

This Paper details implementation of three axis magnetic control 

mode modules, the optimization performed to ensure faster 

results and proper placement of individual modules in software 

cycle The aim of the paper is to provide information 

quantifying the execution time of three axis magnetic control 

mode of ADCS. The paper is intended to deliver the onboard 

software requirements and implementation of three axis 

magnetic control mode on OBC of PISAT. The execution time of 

the three axis magnetic control mode modules were measured 

with a core system clock of 12 MHz using test system.  Also, the 

difference of execution times for single precision, and double 

precision, floating point operations were measured. Finally, to 

verify the estimated times, all the modules were executed using 

single and double precision variables in hardware for which the 

real execution time was measured. Knowing the execution time, 

the three axis magnetic control mode modules were placed in 

appropriate minor cycles of the OBC software cycle.  
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I.  INTRODUCTION  

Space technology is relatively young compared to other 
modern technologies. However, in only forty years this 
novel domain has achieved a tremendous level of 
complexity and sophistication. The reason for this is most 
satellites, once in space, rely heavily on the quality of their 
onboard instrumentation and on the design ingenuity of the 
scientists and engineers who produce them. A consortium of 
colleges with the help of Indian Space Research 
Organization (ISRO) and Institution of Engineers (IE), India 
has undertaken one such satellite project named PISAT to 

enlighten the students about space technology and its 
research. 

PISAT is designed as a three axis stabilized imaging 
satellite. It falls under nano satellite class (1 kg < weight < 10 
kg) of small satellites because its weight is 5.3 kg. The major 
subsystems designed are payload an imaging camera, On Board 
Computer (OBC), Attitude Determination and Control System 
(ADCS), RF communication system with S band frequency, 
telemetry, telecommand and Electrical Power System (EPS).  

Along with the subsystems the other major systems are 
structure, thermal analysis and mission operations. The ground 
software and on ground orbit determination is essential for 
mission operations.  PISAT is to be launched in the polar sun 
synchronous Low Earth Orbit (LEO), with an altitude around 
630 km from Earth surface, and an inclination of 97.866deg 
which leads to about 14 orbits per day. An S-band ground 
station has been commissioned for PISAT which will be the 
main communication center. All the onboard hardware and 
software functionalities are tested using the custom made 
PISAT test system.    

The major subsystem On Board Computer (OBC) is the 
brain of a satellite. The OBC consists of Atmel 32 bit 
Microcontroller AVR32- AT32UC3A0512 (MC) with built in 
Flash PROM, RAM, ADC, PWMs and Timers, with the clock 
speed of 12MHz.The primary role of the PISAT OBC is to 
control all subsystems of the satellite. The most important tasks 
performed by the PISAT OBC are:  

 Receive and respond to commands from the ground 

station as well as to handle the general housekeeping 

of the satellite.   

 Collect the telemetry data, format and encode the data 

for transmitting to the ground station. 

 Onboard Attitude determination by monitoring 

Earth’s magnetic field and control operations using 

control algorithms. 

 Store payload data and playback telemetry data during 

non-visible period for transmission to ground during 

visibility. 

 

The PISAT software cycle is designed for 64 msec major 

cycle and divided by 4 minor cycles (each 16 msec) in 

which all the said functionalities are executed. The aim of 



the paper is to provide information quantifying the 

execution time of three axis magnetic control mode of ADCS. 

The paper is intended to deliver the onboard software 

requirements and implementation of three axis magnetic 

control mode on OBC of PISAT. The execution time of the 

three axis magnetic control mode modules were measured 

with a core system clock of 12 MHz using test system.  Also, 

the difference of speed for single precision, and double 

precision, floating point operations were measured. Finally, to 

verify the estimated times, all the modules were executed 

using single and double precision variables in hardware for 

which the real execution time was measured. Knowing the 

execution time, the three axis magnetic control mode modules 

were placed in appropriate minor cycles of the OBC software 

cycle [7].  
The section II provides the details on the PISAT ADCS and 

its modes of operation. Section III talks about onboard design 
and section IV and V provides details on implementation.  

II. PISAT ADCS AND ITS OPERATIONAL MODES 

PISAT is a three axis stabilized satellite with active 
magnetic control system. The attitude sensors onboard are tri-
axial MEMS based Inertial Measurement Unit (IMU) and Four 
Pi Steradian Sun Sensors (FPSS). The IMU used onboard is 
ADIS16405 (Fig.3) from Analog Devices Inc. that includes a 
tri axial gyroscope, accelerometer, and magnetometer. The tri 
axial magnetometer maximum range is about ±3,50,000 nT, 
initial sensitivity of 50 nT and initial bias error of ±400 nT. The 
factory calibration characterizes each sensor for sensitivity, 
bias, alignment, and linear acceleration. 

PISAT’s attitude determination and control system includes 
Magnetic Torque Rods (MTR) as actuators, which have been 
frequently applied to Low Earth Orbit (LEO) nano satellites. 
The MTR produces magnetic dipole moments, which interact 
with the Earth’s magnetic field to generate torques on the 
satellite. This effect is calculated as: T = M X B. In SI units, 
the torque T in Nm equals the cross product of the magnetic 
dipole moment M in Am

2
, with the magnetic field B in Tesla. 

PISAT is aiming at a pointing accuracy of 5 deg, hence active 
magnetic control is adequate to satisfy the mission requirement 
[1-6, 8-9].  

The PISAT ADCS operating modes include suspended 
mode, detumbling mode, three axis magnetic control mode and 
safe mode. The onboard mode transition designed for normal 
operations is given in the Fig.1. 

A.  Suspended Mode 

The suspended mode initializes the functions immediately after 
the launch phase. During this mode only telecommand, 
telemetry and satellite health monitoring activities are carried 
out.  

 

 

B. Detumbling Mode 

Detumbling mode is used to damp the body rates using 
negative BDOT logic.  

C. Safe Mode 

Safe mode is transited during any unexpected contingency 
conditions, during which satellite may lose its attitude and 
result in onboard power loss. Under these circumstances the 
satellite enters safe mode based on the output generated from 
FPSS. Safe mode initiates spin about pitch axis and detumbling 
about yaw and roll axis. To transit out of safe mode the satellite 
is placed in detumbling mode using the manual ground 
command.  

D. Three axis magnetic control mode  

Three axis magnetic control mode includes both three axis 
attitude determination and control operations. This mode is 
used for payload operations i.e., imaging. This mode will even 
ensure the required power generation for the satellite. The on 
board magnetometer measurements are exclusively used to 
estimate the three axis attitude in terms of quaternions.  IMU 
(Tri axial Magnetometer & Gyro + Low Pass Filter) provides 
the instantaneous magnetic field and angular rate 
measurements in Body frame.  

A compact orbit model used onboard generates the necessary 
inputs (viz. declination, longitude) to reference magnetic field 
model. The reference magnetic field model is used onboard to 
generate the reference magnetic field values in North, East &  

 

Figure 1: ADCS Mode transition under normal operation. 



Down (NED) frame transformed to Orbit reference frame 
further. The first step in bias correction is performed by using 
the ground estimated magnetometer bias commanded to negate 
the magnetometer measurements. The second step in bias 
correction is performed using the state estimator for the 
onboard estimation of the magnetometer bias. The estimation 
of magnetometer bias is performed using the reference 
magnetic field computed in the orbit reference frame and the 
magnetic field measured by the magnetometer. Measured 
magnetic field values and transformed reference magnetic field 
values are the inputs to the on board quaternion estimation 
algorithm, constructed for minimizing Wahba’s loss function to 
obtain quaternions in orbit frame. Further the rates and 
quaternions are used to provide the control torque using PD or 
PID controller. The torque required to nullify the Yaw, Roll 
and Pitch error is computed in terms of Dipole Moment (DPM) 
requirement.  The Fig. 2 shows the block schematic of the 
PISAT Attitude Determination and Control System. 

III. ONBOARD DESIGN OF THREE AXIS MAGNETIC CONTROL 

MODE 

The onboard modules required to realize the three axis 
magnetic control mode discussed in Section II are listed as: 
orbit model, orbit parameter generation module, magnetic field  

YRP conversion (transformation of sensor platform data to 
Yaw Roll and Pitch axes), noise filtering module, ground 
commanded magnetometer bias elimination module, 
magnetometer bias estimation and correction module, data 
normalizing and sorting, discrete attitude determination, three 
axis magnetic controller, extended Kalman filter and rate filter. 
The module flow diagram as shown in the Fig. 3 clearly 
indicates the interconnection of modules used for the 
implementation of three axis magnetic control mode. 

The magnetometer and gyro data is produced independently 
by IMU. The IMU which is the SPI slave device communicates 
with system (master) processors using the 14-bit segments. It 
also has onboard digital low-pass filtering. IMU has the option 
for programming the sampling rate; the maximum sampling 
rate is 819.2 SPS. The requirement was to have magnetic field 
data of all axes at the same instant. To assure the data received 
from the IMU are at the same instant the sample rate is reduced 
to 8 SPS (128msec update rate) with 64 tap filtering.  

The orbit model provides the state vectors (position and 
velocity) in Earth Centered Inertial (ECI) and Earth Centered 

                    

Figure 2: Attitude Determination and Control System 

 

 Figure 3: Module Flow diagram of three axis magnetic 
control mode. 

 Fixed (ECF) reference frames. For the onboard attitude 
determination using magnetometer data, it is necessary to 
compute orbital parameters viz. declination, longitude, 
argument of perigee, true anamoly, inclination, in order to 
calculate the reference field vector components in orbit frame.  
The onboard IMU provides the magnetometer data which are 
considered as magnetometer measurement vectors. Considering 
the IMU axis is not exactly aligned to the body frame of the 
satellite, the measurement vectors (magnetometer and gyro) 
obtained are transformed to body frame (Yaw, Roll and Pitch 
axes) using YRP conversion module. Further the noise filtering 
is performed using low pass filter. The magnetometer data is 
checked for its constant bias and eliminated using 
magnetometer bias estimation and correction module on board.  

The attitude determined in terms of quaternions is based on 
the construction of attitude profile matrix which requires the set 
of four normalized reference field vectors and bias eliminated 
magnetometer measurement vectors, each vector is spaced at 
an interval of 4 sec. The initial first set of vectors considered 
for the construction of attitude profile matrix is obtained at the 
end of 32 sec by considering discrete measurement of field 
vectors spaced by an interval of 4 sec. The next immediate 
quaternion is obtained by considering the previous three 
vectors and the latest vector measurement, and continues, as 
shown in the timing diagram Fig. 4.  

The attitude error is corrected based on the dipole moment 
computed and the corresponding control torque is provided in 
duty cycle mode. During magnetic torque on condition, the 
magnetometer measurements are not considered for attitude 
estimation. The MTR on time for 4 sec period is computed in 
terms of major cycle count. The MTR is switched on for the 
required duty cycle for the next four seconds.  For the 
maximum dipole moment of 0.2 Am

2
, the maximum on time is 

4 sec which is equivalent to 64 major cycles. After the MTR on 
period the generated magnetic field is allowed to suppress for a 
wait period of 0.2 sec. During wait period, MTR is off, and 
magnetometer measurements are not considered for attitude 
estimation. The timing diagram for attitude estimation is shown 
in the Fig. 4.   

The IMU’s tri axial gyroscope dynamic range considered is 
±75 deg/sec, initial sensitivity of 0.0125 deg/sec/LSB, and  



 

Figure 4: Timing Diagram for onboard attitude estimation.  

output noise of 0.9 deg/sec rms. The two possibilities of rate 
estimation is used for PISAT ADCS. First is to use the gyro 
data obtained onboard, using designed rate filter and the second 
is use the quaternions to estimate the angular rate onboard 
using extended Kalman filter. The design and implementation 
of model based orbit propagation, orbit parameter generation 
and extended Kalman filter is under progress. 

IV. OBC SOFTWARE CYCLE 

The OBC consists of Atmel 32 bit Microcontroller AVR32- 
AT32UC3A0512 (MC) with built in Flash PROM, RAM, 
ADC, PWMs and Timers. The OBC software provides all the 
functions of satellite.  All the functions are embedded in the 
OBC software cycle which is designed for a single major cycle 
of 64msec. Each major cycle is divided into four minor cycle of 
16msec (refer Fig. 5). The design follows a component based 
software development methodology, where each module is 
developed and tested individually. Once all components are 
developed, they are incrementally integrated and tested.  

Fig.5 shows the flow of designed OBC software cycle. 
Once the system is turned on the first function to be executed is 
the power on initialization which will make necessary 
initialization of CPU & IO. This will be followed by resident or 
remote main program depending upon the flag selected through 
telecommand. For most of the time, execution stays in resident 
main program. Only in case of remote programming, execution 
switches to remote main program. Resident main program 
contains all the functionality required.  As the execution enters 
resident main program it follows a cycle. All the modules 
under resident main program fall in one of the minor cycle. 
Execution starts from analog data acquisition and ends with 
payload operations.      

V. IMPLEMENTATION AND TESTING 

Every module is implemented as function in the C 
language, which is called by the main function, a real time 
executive (RTE). The ATMEL STUDIO 6 is used as an IDE 
for developing the code. All the variables used are single 
precision floating point variables. To ensure the three axis 
magnetic control mode modules are executed as per the 
required timing discussed in section III, every module is 
assigned a control byte. A control bye is an enum type with two 
values eEnable and eDisable each of which enables or disables 
the respective module. Every module is executed only if the 
control byte is enabled. The assignment of control byte serves 
two purposes. Firstly the IMU sends data once in 128 msec and 
since the major cycle is 64 msec assignment of control byte 

 

 

Figure 5: OBC Software Cycle 

enhances the design by disabling and enabling the module as 
per requirement. The control byte disables the three axis 
magnetic control mode modules in other modes.  

Each implemented module is verified using the test vectors 
generated by simulating orbit dynamics in MATLAB. Every 
software module is tested on OBC and results are logged into a 
text file through HyperTerminal on a desktop. The connection 
to desktop was achieved through RS232 interface. 

Another important factor involved in testing is percentage 
error calculation between implemented and simulated results. 
The testing is complete only when percentage error for every 
output is found to be within agreeable limits. The 
implementation results tested and logged are compared with 
simulated data, to check for its correctness. 

The time of execution of each module is an important factor 
for improving efficiency. Time of execution is measured for 
every module at clock speed of 12 MHz. In this step, tradeoff 
between accuracy to be achieved & execution time is arrived 
at. Use of double precision floating point leads to increase in 
execution time while giving better accuracy. Use of single 
precision floating point reduces execution time at the cost of 
accuracy. The overall accuracy and execution deadline has to 
be maintained to ensure proper orientation in three axis 
magnetic control mode. The single precision arithmetic was 
found to be suitable for the computation giving a good 
accuracy.The execution time of three axis magnetic control 
mode modules are measured and listed in Table 1.  

 

 

 

 

 



 Table 1: Execution time of three axis magnetic control  

 

* Not executed – design is under progress.  

** Magnetic Field Computation – executed in all minor cycles.  

 

Table 2: Three axis magnetic control mode module 
distribution  

Software Module 
Time required for 

execution in msec 

IMU read 0.901 

Magnetic Field Computation 1 10.2 

Magnetic Field Computation 2 10.5 

Magnetic Field Computation 3 10.8 

Magnetic Field Computation 4 12.7 

YRP Conversion 0.172 

Noise Filtering 0.027 

Magnetic Bias Estimation and 
Correction 

1.067 

Data Normalization and Sorting 1.2 

Discrete Attitude Determination 0.934 

Rate Filter 0.191 

Three Axis Magnetic Controller 0.35 

 

Based on the measured execution time, the three axis magnetic 
control mode modules are distributed in four minor cycles. The 
execution time of all the three axis magnetic control mode 
modules except magnetic field computation module is less than 
16 msec (1 minor cycle), to be accommodated in any one of the 
minor cycles. The Table 2 shows the placement of modules in 
four minor cycles.  

The magnetic field computation module includes 5 sine and 
4 cosine functions, which needs to be executed 105 times in 
loop to provide one set of magnetic field values. The inbuilt 
sine and cosine functions in the math library use Taylor’s series 
for calculation which increases the time of execution. The 
estimated execution time using inbuilt functions was 
2056.32µsec. To minimize the execution time sine and cosine 
look up tables with a resolution of 0.001 rad is used. The 
execution time after using look up table for trigonometric 
functions reduced to 172.33µsec. Even after this change the 
module cannot be implemented in single minor cycle. Hence 
this module is split into four sub-modules which are 
interconnected. The timing of the sub-modules of magnetic 
field computation module are shown in Table 1 and the 
placement is shown in Table 2. The percentage error output 
calculated using lookup table for trigonometric functions was 
within ±0.01% limits. Since the error is within the acceptable 
limits, the single precision arithmetic and look up table for sine 
and cosine functions are used for magnetic field computation 
module.  

A similar procedure was followed to implement the other 
three axis control mode modules of PISAT ADCS. Since the  

accuracy was found to be within agreeable limits single 
precision arithmetic was used.  Table 3 shows the percentage 
error observed for some output values of Magnetic Bias 
Estimation and Correction module. One can observe that more 
than 99.99% of accuracy is maintained for Magnetic Bias 
Estimation and Correction module. The execution timing has 
been measured for other modules are listed in Table 2.   

VI. CONCLUSION 

PISAT being a student satellite program served as a tool for 
understanding intricacies of space technology. In this paper a 
simple and effective implementation of Three Axis Magnetic 

 

Table 3: Output Table of Magnetic Bias Estimation and 
Correction 

MATLAB results 

On Board 

Implementation 

Results 

Percentage 

error 

-13619.78914 -13619.78808 7.78279E-06 

-12323.13765 -12323.13671 7.62793E-06 

-11860.64717 -11860.64746 2.44506E-06 

-11646.36748 -11646.36718 2.57591E-06 

-11515.98465 -11515.98437 2.4314E-06 

 

Software Module Minor Cycle 
Additive time in 

msec 

IMU 

Minor Cycle 1 

 
 

11.1 Orbit Propagation 
Generation* 

Magnetic Field 

Computation (part 1) ** 

YRP Conversion 

Minor Cycle 2 

 

 

10.699 Noise Cancellation Filter 

Magnetic Field 

Computation (part 2) ** 

Magnetic Bias 
Estimation and 

Correction 

Minor Cycle 3 

 
 

 

 
14.192 

Data Normalization and 
Sorting 

Discrete Attitude 

Determination 

Rate Filter 

Magnetic Field 
Computation (part 3)** 

Extended Kalman Filter* 

Minor Cycle 4 

 

 
13.05 Three Axis Magnetic 

Controller 

Magnetic Field 

Computation  

(part 4)** 



Control Mode is addressed. Three axis magnetic control 
mode in PISAT makes use of on board orbit model, reference 
magnetic field computation and IMU data to determine the 
attitude in terms of quaternion. The error observed in attitude is 
corrected by actuating MTR based on the dipole moment 
generated. The implementation of the design is done on 
AT32UC3A0512 a 32bit microcontroller from Atmel 
Corporation. In PISAT a software major cycle of 64 msec is 
divided into 4 minor cycles of 16 msec each. The placement of 
the modules in software cycle is done based on time of 
execution and priority.  Sine and Cosine lookup table are 
constructed to minimize the execution time since use of math 
library increases execution time. The error observed in output 
is within 0.01% of simulated result. The implementation gives 
an insight into how to make a tradeoff between execution time 
and accuracy, to come out with an optimal onboard software 
design.  
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