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Introduction
EQUIS Mission Goal

The goal of this project is to develop an attitude determination systems (ADS) prototype, by
improving the robustness and accuracy of a previous design (ABITA; Tiger team) in order to
obtain relevant data and hands-on experience for a future satellite attitude control and
determination system (ADCS). The designing, developing and testing will serve as a stepping
stone for a future CubeSat project with the objective to transmit to a ground station the
measurement data.

Science Objectives

= Obtain the platform body frame orientation with respect to the body fixed reference
frame.

= To determine translation and attitude motion of the payload during flight.

= To measure the Earth’s gravitational and magnetic field and the angular momentum of
the payload such that the data can be used to determine the orientation of the payload.

= To measure the internal heat characteristic during flight and its potential impact on
internal and structural components.

Technical Objectives

= Complete graphs and charts related to show the output of the different sensors as well as
the translational and orientation motion of the cube.

= Develop a code to obtain data from the sensors and send it through telemetry.

= Use different attitude determination algorithms used to determine the attitude motion of
the payload such as the Kalman Filter, to be used as the algorithms to determine the
attitude motion.
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Fields Design Requirements

30 @ 500mA (Max)
Electrical

CubeSat PCB Size
Software 1200 Baud
Mechanical 3kg Weight Limit
Fields Design Requirements
Electrical 30 @ 500mA (Max)

Data Preparation - Accelerometer (SCA3000)

To prepare for the data analysis the raw data needs to be calibrated and converted.

Accelerometer X axis

== Raw Data

= Calibrated Data
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Figure 1: Accelerometer Raw and Calibrated Data X axis
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Figure 2: Accelerometer Raw and Calibrated Data Y axis
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Figure 3: Accelerometer Raw and Calibrated Data Z axis

The accelerometer used was an SCA3000, it is a three axis sensor, the component needs to be
calibrated to since the board and cube structure can cause errors. To analyze the data it is
necessary to have the sensor calibrated and converted to real values to properly interpret the data.
The data pass processed through a linear regression, then converted to real values and finally
calibrated. Below is shown the process of this calibration:
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Linear Converted to Final

Regresion Real Values Calibrated

Figure 4: Data Process for Calibration

The raw data is passed through a linear regression, and then converted to real values, finally
calibrated (FR), this is done for all to analyze the data.

Data Preparation — Gyroscope

To prepare for the data analysis the raw data needs to be calibrated and converted.

GerSCOPe X aXiS = Calibrated Angular velocity

= Raw Angular Velocity
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Figure 5: Gyroscope Raw and Calibrated Data X axis
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Gyroscope Y aXiS = Calibrated Angular velocity

= Raw Angular Velocity
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Figure 6: Gyroscope Raw and Calibrated Data Y axis
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Figure 7: Gyroscope Raw and Calibrated Data Z axis

The gyroscope used was an 1TG3200, it is a three axis sensor, the component needs to be
calibrated to since the board and cube structure can cause errors. To analyze the data it is
necessary to have the sensor calibrated and converted to real values to properly interpret the data.
The data pass processed through a linear regression, then converted to real values and finally
calibrated. Below is shown the process of this calibration:
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Linear Converted to Final

Regresion Real Values Calibrated

Figure 8: Data Process for Calibration

The raw data is passed through a linear regression, and then converted to real values, finally
calibrated (FR), this is done for all to analyze the data.

Calibration and Conversion Equations

Accelerometer X Axis = ((1.0032*(1.0030*(RAW)-32.6208)/1333)+0.02066)
Accelerometer Y Axis = ((1.0278*(0.9826*(RAW)+33.31)/1333)-0.0659)
Accelerometer Z Axis = ((1.0119*(0.9980*(RAW) -9.81211)/1333)-0.0243)
Gyroscope X Axis = ((1.0443*(0.9662439*(RAW)-26.018)/14.375)+2.44732)
Gyroscope Y Axis = ((0.9744* (1.0212*(RAW) + 0.5418)/14.375)-0.561)
Gyroscope Z Axis = ((0.9962* (0.9896*(RAW)+5.535)/14.375)-0.588447)
Magnetometer X Axis =((0.997*(B4)-52.865))/31.24

Magnetometer Y Axis =((0.997*(B183)-52.865))/31.24

Magnetometer Z Axis =((1.000015*(D5)-101.32))/31.24)
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Through the LSU HASP site it was possible to obtain the image in Figure 9, it is possible to
observe that the Zero Pressure Balloon started in New Mexico and ended Arizona. During this
time many data was obtained, therefore the data will be divided into phases to amplify the

resolution in the charts.
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Distance Over Ground: 353.40 miles

Total Flight Distance: 410.28 miles

Figure 9: Complete flight path HASP 2010 (Sept 31, 2011)

The data will be divided into two phases:

Phase 1 Elevation and Phase 2 Flight as shown in

Figure 10. The division of the phases of the flight will allow better analysis because data
resolution will be higher. Phase 1 starts from the launch to the point that the altitude from the
GPS data is not incrementing drastically (Reaches approx. 120,000ft) this phase is approximately
2-2 1/2hrs and has faster dynamics and turbulence. Phase 2 starts right after phase 1 and last until
the rest of the flight, this phase has slower and smoother dynamics.
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Figure 10: Flight Dynamics division by phases

Phase 1

In Figure 11 it can be observed the path taken during the Phase 1. At 15:48:54 GMT on
September 31, 2011, 2.72hours after launch it reached an altitude of 123595 ft. Therefore after
2hours and 43 minute it had reach this altitude, the time recorded on the payload started at 8:22,
meaning that phase 1 will end at 11:05 according to the real time clock on the payload.
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Phase 1 Accelerometer
Through the SCA3000 it was possible to able to obtain the acceleration of the payload through

the flight. During the first 2.75hr of flight the data obtained was plotted in the Figure 12.

.
Phase 1 Accelerometer X, Y and Z axis
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Figure 12: Payload Acceleration in three axis during phase 1

Observing the graph it is possible to notice that during flight the intensity of the acceleration
maintained at approx. 1g of gravitational force. Also a significant increase in acceleration was
measured by all three axis at approximately 30min after flight this could represent noise of the
sensor. The z axis was pointing in the vertical direction and the other two axis where
perpendicular to the Z axis, therefore it expected that the z axis will be the component with most
magnitude. Accordingly during the first phase there were no fast dynamics.

Phase 1 Gyroscope
The gyroscope sensor will give the rotational rate of the payload during the flight in three axes,

the z axis is in the vertical direction. Accordingly to the data of the phase 1 plotted in Figure 12
it is possible to observe that in the y axis the gyroscope was rotating at a slow and increasing rate
of approximately of fifteen degrees per second during the first hour and then paused and started
reducing at approximately the same rate until the payload reached a negative (counter clockwise)
rotational rate of approximately 12 °/s. The Y axis has a similar behavior of that of the Y axis, it
is possible notice that a maximum of approx. 10°s in the clockwise direction and 7 °/s in the
CCW direction was obtained. The X axis reached a CW rotational rate of 5 °/s max and a CCW
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rate of 6 °/s. During the first hour and fourteen minutes the HASP payload rotated CW
approximately 88 rotations (360°), therefore in the first 74 min the payload rotated 428°/min in
other words an average rotational rate of 1.2 rotations per min.

Phase 1 Gyroscope X, Y and Z axis
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Figure 13: Phase 1 Gyroscope Data

Phase 1 Magnetometer

Data analysis using the magnetic field can become very complex, the magnetic field properties
of the earth are in a constant change. In Figure 14-16 it is possible to observe the magnitude
recorded on each axis of the Micromag3 sensor during phase | of the flight. It is possible to
observe that in the x axis the magnitude recorded varied from -25uT to 23uT. The Y axis varied
from -32uT to 18uT and the Z axis remained fairly constant approximately 39.17uT.
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Phase 1 Magnetometer X axis vs Time
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Figure 14: Magnetic Magnitude in X, Y and Z axis

Observing the data it can be possible to understand the resolution and range of the data;
therefore, through the data analysis it could be possible to determine if the sensor would be
appropriate for an attitude determination system. To understand the data it was converted to field
intensities (F) with Equation 1.

Equation 1: F=VX?+ Y2+ 77

Where:
F: Total Field Intensity
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X: x axis of magnetometer
Y: y axis of magnetometer
Z: z axis of magnetometer
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Figure 15: Field Intensity vs Time during Phase 1

The Figure 15 permits an understanding that the field intensity was in the range of 44 to 61uT.
Since we know it was in the United States where the flight took place it is possible to observe
that the payload headed north during the flight to some degree. In Figure 16 it is possible to
observe the earth magnetic field intensity over the US, it can be observed that the field intensity
increases more in the north direction. A small square represents where New Mexico will be
located on the map, permitting to identify the field intensities of the area.
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Figure 16: 2010 Magnetic Field Intensity [2]

Phase 1: Internal Temperature
During the first phase of the flight the internal temperature varied, it first went from 16°C to

37°C then it slowly decreased to a value of 2°C. The phase one finished with a temperature of
7°C. Allowing us to acknowledge that the internal temperature in the payload remained within
the establish parameters.
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Figure 17: Temperature Profile during phase |
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Phase 11

The phase is the longest section of the flight it lasts approximately hrs, in Figure 18 it can be
observe the location of where the first phase ended and where phase Il started. This phase
finishes where the payload reaches its final location mark with the purple “F” located in Arizona.

Phase 1- End
Phase 2 - Start

Figure 18: EQUIS 2011 Complete Flight Trajectory

Phase Il Accelerometer
It was possible to able to obtain the acceleration of the payload through the period of the flight.

During this phase 7:36hrs of flight data was obtained and plotted in the Figure 19. In the plot we
have all three axis, it can be observe that the accelerometer measured 1g (earth’s gravitational
acceleration) in the Z axis and closely to zero the Y and X axis. This is known to be true since
the Z axis is in the vertical direction. Comparing Figure 19 with Figure 12 it can be observed
that phase Il had obtain less acceleration, even though they are very similar. 1G is the earth’s
gravitational acceleration.
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Phase 11 Gyroscope

During the phase 1, by observing Figure 20, it is possible to notice that the rotational rate varied
from -10%s to +7°/s. By using approximations it is possible to know how many rotations (360°)
the payload has given during a time period. We can observe that from 12:04 to 18:19 the payload
gave approximately 258 rotations in the CW direction. Therefore in phase there were more

rotation in the CW direction at an average rate of approximately 5 degrees per second after time
12:04.

Angular Rate (°/s)

-15

Time: DD_HH:MM:SS

Figure 20: Phase Il Rotational Rate vs time

Phase Il Magnetometer

In Figure 21 the variations of the magnetic field were in the same range of that in Figure 14 of
Phase I. In comparison with phase 1 the variations were much less in the phase Il of the flight.

The magnitudes obtained are converted to Field Intensity of allow a better understanding of the
data.
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With Equation 1 shown again for convenience

F= X2+ Y2+ 72

It is possible to observe the field intensity variation throughout the flight in Figure 22 the
variation were in the range of 61uT to 49uT, this can allow us to identify more area where the
payload was exposed to, all through the values are greater than that of the Figure 16. This could
be caused by Electromagnetic Interference by the other payloads.
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Figure 22: Field Intensity vs Time
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Attitude Determination (Kinematic Equations)

The attitude determination system will be using the accelerometer, magnetometer and
gyroscope data to perform a calculation which will describe the rotation and orientation of the
platform during flight. For instance, let use the gyroscope data to describe the angular velocity.
The following kinematic equation describes the rotation of the body about its center of mass.
This equation is described in terms of the quaternion and angular velocity. The angular velocity
is obtained from an IMU located in the body of the HASP payload. The kinematic equation can
be written as,

0 —w Wz  —W3]rq,

aq = wWq 0 w3 _wZ“ l‘h“ (l)
dt w, —wWj 0 - ||493
w3 Wy w, 0 a4

where @ is the angular velocity of the body, and g = G + q4. q is the quaternion explaining the
orientation of the HASP platform, and g, is the magnitude of the rotation of the body. The
calibrated data of the gyroscope for the HASP 2010 payload was substituted into equation (1),
and it is assumed that the initial quaternion is,

qo =01+ 0j+0k+1

A quaternion is a four component object with a three vector part and a scalar part. For this case
the scalar part is 1. The quaternion are used instead of Euler angles to represent rotation due to
the simplicity of calculation. In addition they are simpler to compose and avoid the problem of
gimbal lock.

Using a MatLab code to integrate equation (1) with a real data taken from HASP 2010 in Figure
24 and Figure 25 shows the quaternion components obtained from the integration procedure.
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Figure 23: q1 and g2 of the quaternion components of HASP 2010

0 500 1000 1500 2000 2500

0 500 1000 1500 2000 2500
Number of Samples

Figure 24: 2 g2 and g3 of the quaternion components of HASP 2010
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Figure 24 and Figure 25 shows a normalized quaternion. This is due each time is converted
from Euler Angles to quaternion and in reverse operation is added some error to the result.
Furthermore, is necessary to normalized the result each time this operation is performed.

After is performed the rotation using quaternion is then transformed into Euler Angles. The Euler
angles provide a better understanding of the satellite motion. The transformation from quaternion
into Euler angles can be written as,

sin@ = 2q,4q9, — 249193 (Za)

2q293+2q4q1 (2b)

tangp =
¢ 2q2+2q2-1

_ 24192129493
tany = Salizai1 (2c)

0 is the pitch angle, ¢ is the roll angle, and y is the yaw angle. The roll, pitch, and yaw angles
describes the rotation about the X, y, and z axis of the payload, respectively. Using these
equations, Figure 26 shows the angle motion of the payload. In Figure 26, the yaw angle shows
that the payload base was rotating from -90 to 90 degrees about the z axis. The roll motion shows
a very similar rotation, but there is a point in time that the payload is close to 10 degrees. This
means that the wind is causing the base to rotate a lot about the x and z axis while the y axis
shows a bounded motion. This data provides insight into the platform motion and allows the
development of the following payload. However, for the pitch axis is where was rotating less
comparing with the range of motion the platform had.
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Figure 25: Euler angles for data of HASP 2010

The Kalman filter is an algorithm which uses a system dynamic model used to process noisy data
retrieved from sensors measurements as an example, to accurately predict an attitude motion of
an object in movement. It use a recursive mathematical model to estimate the state of a process
while minimizing any error in the system. The purpose is to force the measured and estimated
values for the filter's state to converge and for the difference between the estimate and actual
state, to be minimized. The Kalman filter can be represented by the following equation,

Xi = KiZy + (1 — Ki) X1 (3)
where,

X, = current estimationk, = Kalman gainZ, = measured valueX;_,
= previous estimation

and the k subscript are states or in state vectors,
x(k) = Ax(k — 1) + Bu(k — 1)P(k) = AP(k—1)A"+Q

where P is the initial value of covariance and Q is the process noise covariance.
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Figure 26: Kalman Filter process for converging on a true state vector

Figure 27 shows a graph representation of what the Kalman Filter perform. The y-axis represent
the position and the x-axis the time. Each new step will try to correct its error using the previous
value. The Kalman Filter can be used together with the Gauss-Newton method. The Gauss-
Newton method is used to solve non-linear least squares problems. This method uses B, = JIJ,
where J, is the Jacobian matrix. Its advantage is that for a second derivative which can be
difficult to compute is not required.

Using the data from HASP 2010 was implemented the Kalman Filter as shown in Figure 28 and
Figure 29.
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If is compared Figure 28 and Figure 29 using the quaternion after using the algorithm of the
Kalman Filter, exists some difference between the phase of g1 and g2. This indicates an opposite
direction for rotation about these axes. Also there is some bias for the measured and filtered
values of the quaternion. This is due because most of the gyroscope has a bias offset also known
as the null voltage and is the measured voltage when the gyro is not rotating about its axis. The
gyro output voltage measurements above the bias offset indicate rotation in one direction, while
voltage measurements below the bias offset indicate rotation in the opposite direction.

Figure 30 shows the output when is transformed from the quaternion back to Euler Angles. For
the data of HASP 2010 is noticed that looking on the Euler Angles it present more stabilization
for the roll axis. However, at some sample number about 70-80 occurred a drastic change of
motion for the roll, which did not occur for the smooth transition at the start for pitch and yaw.
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Figure 28: Euler Angles in for x, y and z axes of HASP 2010
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Conclusion

The development of this payload allowed us to learn about the development of a payload that can
be flown on a zero pressure balloon. This was a process of going through Pre PDR, PDR, Pre
CDR, CDR, FRR, Integration Plan, FLOP and Final Report. This process was learned at the
Louisiana State University through the High Altitude Student Platform, with meetings with Dr.
Guzik’s panel. The implementation of an attitude determination system was completed, tested
and flown on September 2011. After flight it was possible to analyze the data in a graphical
format and obtains the characteristic of the behavior of the EQUIS payload through the Attitude
Determination System (ADS), thus allowing us to observe the range of the data, the resolution
and variations throughout the flight. It is necessary to understand that a graphical analysis can
help understand the behavior of the payload throughout the flight. It was possible to notice

through the data that phase | had faster dynamics and that the phase Il was slower, as expected.

The measurements of the Earth’s magnetic field, gravitational field and angular momentum from
the IMU sensors, which consisted of accelerometer, magnetometer, and gyroscope were
successfully determined and transformed to quaternions to obtain the orientation and attitude of
the payload. After implementing the Kalman filter algorithm in the quaternions, it resulted in a
signal with lower noise and higher precision, thus increasing the reliability of our attitude
estimation. These quaternions were transformed to Euler angles consisting of roll, pitch, and yaw
angles and the results showed that the transition from Euler angles to quaternion did not affect
the final results. When comparing the motion in roll, pitch, and yaw, the roll motion shows a
very similar rotation, but there is a point in time that the payload is close to 10 degrees. This
means that the wind is causing the base to rotate a lot about the x and z axis while the y axis

shows a bounded motion.
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Appendix A: Calibration Procedure

This section it explained in details the device used, procedures for calibration, calibrations equations and

a comparison between the not calibrated data vs. the calibrated data.
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1.0 Document Purpose

This document describes the process of calibration using the High Accuracy Calibration Mechanism for
Attitude Determination Systems.

1.1 Document Scope

This document specifies the Calibration of the sensors currently used on the HASP 2010 payload also
provides the results of the calibration procedure. The document includes details of the calibration
equations , procedure, performance, implementation and software develop.

1.2 Change Control and Update Procedures

Changes to this document shall only be made after approval by designated representatives from High
Accuracy Calibration Mechanism for Attitude Determination Systems and the ARIES Institution
Representative.
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4.0 Calibration Procedure

Calibration is the technique that involves the comparison of two or more measurements, which are
analyzed and adjusted to determine estimated misalignment, bias, scale and obtain the values as close as
possible to a known measurement of the device this guarantee a high accurate system. On IMU and
AHRS devices the calibration procedure is very important, to be able to remove the systematic sensors
errors. These errors can generate a notable gap between real and measured data reducing the system
performance and accuracy. (Sebastian)

The Calibration of the sensors currently used on the HASP 2010 and 2011 payload was successfully
performed for the following sensors accelerometer (SCA-3000) ,Gyroscope (ITG-3200) and
Magnetometer(MicroMag3) . The calibration of the sensors was performed using the High Accuracy
Calibration Mechanism (HACM) as illustrated in figure 1, this calibration mechanism utilize three servo
motors that can rotate the system with a closed-loop positional position feedback about £180°, £900°, and
+900° independently around the system pitch, roll and yaw axis respectively. The HACM is controlled
using a pololu servo controlled that is interfaced to a computer through Labview. Since Labview
provides a communication platform with the servo controller a calibration routine was performed using an
algorithm as shown in figure 2.

Figure 29: High Accuracy Calibration Mechanism (HACM)
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Figure 30: Calibration routine program and GUI using Labview
4.1.1 Accelerometer

To accomplish Accelerometer calibration is necessary to move the sensors through a range of orientations
that are relative to the Earth's gravitational field, also the sensor must be able to rotate around its three
axes (x, Y, z) individually. During this action the data is collected at rate of 1 second per sample, on each
orientation achieved through 180°steps over the full range of each axis. We can perform the calibration by
simply letting the accelerometer static on a position with the chosen axis pointing up, you can assume that
the vertical acceleration is 1G (where G is going to be the acceleration due to earth gravity). In the same
way, if the chosen axis is pointing down then its acceleration should be -1G, and if is pointing
horizontally then its acceleration should be zero.
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Figure 31: Accelerometer Calibration on Z axis.

Therefore since we have acquired N seconds of data, now we would have a series of acceleration
measurements on that selected axis. So let's call this data value Xmeasures1 , SUbsequently we applied a
linear regression to that data to obtain a single value Xmeasureq1 fOr this measurement step:

Xmeasureds = Linear Regression (Xmeasured1)
Successively we repeat the same process for another known acceleration. This means that in our model,

since the chosen axis was pointing up the first time around, we will now rotate the accelerometer so that
the chosen axis points on the opposite direction.

Performing this for every axis gather enough information to construct a table:

real measured
1°" measurement Xrear (1G) Xmeasuredt
2" measurement Xreai2 (-1G) Xmeasured2

And so we can calculate A and B by simply solving the system:

Xreall =A Xmeasured1 T B
Xreal2 = A Xmeasured2 B



Inter-American University of Puerto Rico
Advance Research and Innovative Experience for students

(ARIES)
Raw Data
(counts)
v S v
Applying Applying
Linear Linear

Real Value of Real Value of
+ Axis - Axis

Figure 32: Accelerometer Calibration Flowchart
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4.1.2 Gyroscope

For the calibration procedure of the gyroscope it’s necessary to rotate around one axis by a known
angular velocity and ensures that the angular velocity measured by the gyroscope is equal to the known
angular velocity . Then be repeated for all three axes (X, y, z). To achieve an accurate calibration, the
program collects each gyroscope axis calibration dataset at 1 sample by second during a full rotation
around each axis at a constant angular velocity for nearly five minutes. The constant angular velocity is
determine by recording the rotation of the HACM using a High Definition camera and performing a video
analysis using a professional video editing software.
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Figure 33: Gyroscope full rotational movement for Z axis

Since we have the constant angular velocities exerted we proceed to repeat the steps used for the
accelerometer but for different known rotation speeds instead of different orientations of the sensor.
Finally all the data obtained from the sensors throughout the calibration procedure its stored on the SD
card to perform the calibration calculations.



Inter-American University of Puerto Rico
Advance Research and Innovative Experience for students
(ARIES)

Raw Data
(Counts)

<«

Mean Mean
(Real Value of (Real Value of
+ Axis) - Axis)

A A

Calculated Real
| Raw Data from
Video
(Counts)

Figure 34: Gyroscope Calibration Flowchart
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4.1.3 Magnetometer

The magnetometer measurements of the magnetic are usually corrupted by numerous errors including
sensor manufacture problems , noise and magnetic deviations induced by electronic equipment, metals
and other errors.

To perform the calibration for the magnetometer was necessary to figured out a way to have a known
magnetic field value. In that way we can used the same process performed for the accelerometer and
gyroscope. This is basically impossible if you don’t have access to this type of equipment. For that reason
we choose to utilize a speaker magnet to approximately determine the real value of the magnetic field
measured by the sensor.

To be able to calculate the magnet field we develop an experiment consisting on gathering data in all
three axes (x, y, z) of the magnetometer, then we repeat the process but with the magnet applied. The
magnet its applied aligned with z axis and remain at the same position for each orientation as show in
figure 7 we only vary the direction of the axis, positive or negative, so we can assumed a constant applied
magnetic force in the selected direction.

Then to determine the value of the magnetic field produced by the magnet, we calculate the difference
between the raw data with applied magnet and the raw data alone. This operation only produce one value
for the axis, positive or negative , since we only have one value its necessary to do the same process for
the other component of the same axis.

Therefore performing an average calculation between positive and negative values we can determine
approximately the average value of the magnetic field intensity at the selected axis.

Since we have the approximately value of the magnetic field exerted to the axis, now we need to find the
real value of the magnetic field on the axis. Therefore its necessary to take the Raw data with the magnet
applied and subtract the value of the average magnetic field. Performing this action generates our “Real
“value of the calibration equation. Now we can used the same steps employed for the accelerometer to
calibrate the magnetometer.

Figure 35: Calibration Mechanism with the applied magnet
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Figure 36: Magnetometer Calibration Flowchart
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Assuming that the output responses of the sensors are linear with respect to the real value that they are
measuring, means that the calibration equation is the same as finding the parameters A and B in the
equations below:

xreall = A xmeasuredl + B

xreal2 = A xmeasured2 + B

Where xreall and xreal2 are the knowing quantities that are used as reference to established the
equation.

The xmeasured1 and xmeasured?2 are the real value obtained from the sensors and are calculated by
performing a linear Regression of the gather data.

The A and B are the two unknowns of the equations. Now by simply solving for A and B we get:

B =x A-X

reall — measured1

Xreal2 = A- Xneasured2 + (Xreall -A- Xmeasuredl)

Xieal2 ~ Xrealr = A- (XmeasuredZ - Xmeasuredl)
A= Xreal2 ~ Xreal1
Xmeasuredz - Xmeasuredl
B = x _ XreaIZ - Xreall X
— reall measured1
measured2 Xmeasuredl

Figure 37: Equations to determine coefficients A and B

Now with the values of A and B for each component. Then is simply to use the calibration equation to
obtain calibrated values from the measurements.

Implementation of this equation was performed during the post flight analyze of the data on Dspic33 and
arduino obtaining successfully results.
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4.4 Calibration Results:

This section describes the results obtained through the calibration process performed to the HASP
sensors. This calibration procedure generates the following equations for each sensor axis.

Gyroscope

Calibrations results for Gyroscope using the following calculated equations for each axis:

Xaxis calibrated = 1.0443 = Xaxismeasured + 2.44732

Yaxis calibrated = 9744 Yaxismeasured —.5610

Zaxis calibrated = 9962 * Zaxismeasured —.588447

Applying this equation directly to the code on the arduino or dsPIC33 microcontroller would display the
calibrated data in real time, but to accomplish the analysis these equation were applied to the data stored
in the sdcard that contain the HASP flight .Applying these calculation generates the following result:

138

. Gyroscope X axis

136 -

135

Angular Velocity
(°/s) 134 -

133 -
132 4

131 " i ' ' | 'I ]_|- ¥
I l' !' l l l ' Calibrated Angular velocity

130 |

= Raw Angular Velocit
129 T T T g 1 y

0 50 100 150 200
Time (s)

Figure 10: Gyroscope X axis Calibrated data vs Raw data
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Figure 11: Gyroscope Y axis Calibrated data vs Raw data
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Figure 12: Gyroscope Z axis Calibrated data vs Raw data

The data of the angular velocity obtained during the calibration process for the gyroscope three axes as
shows in Figure 10,11,12 demonstrated the difference between raw data (red) and the calibrated (blue).
The first data obtained (raw) contain a lot of noise , high fluctuations and errors in the values that needs to
be corrected, filtered and calibrated to obtain an accurate real value. Throughout the execution of this
calibration we can obtain a new data (calibrated) that is much more precise in comparison with the raw
data as illustrate Figure 10, 11,12.
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Calibrations results for accelerometer using the following calculated equations:

Xaxis calibrated = 1.0032 Xaxismeasured +.02066

Yaxis calibrated = 1.0278 Yaxismeasured —.0659

Zaxis calibrated = 1.0119 = Zaxismeasured —.0243
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Figure 13: Accelerometer X axis Calibrated data vs Raw data
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Figure 14: Accelerometer Y axis Calibrated data vs Raw data
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Figure 38: Accelerometer Z axis Calibrated data vs Raw data

The three axes accelerometer data illustrated in Figure 13, 14, 15 demonstrate the behavior during the
flight on the HASP .The data gathered from the accelerometer shows very low fluctuations but some
noise in the measure represented with the blue line. Throughout the calibration process of the
accelerometer data we manage to attenuate the noise and reduce the fluctuations of the values.
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Magnetometer

Calibrations results for Magnetometer using the following calculated equations:

Xaxis calibrated = (-9999 * Xaxismeasured raw + 28-97)/31-45

Yaxis calibrated = (1-0000 * Yaxismeasured raw 313-9050)/31-45

Zaxis calibrated = (1-0000 * Zaxismeasured raw — 98-00)/31-45
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Figure 39: Magnetometer Z axis Calibrated data vs Raw data
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Figure 40: Magnetometer X axis Calibrated data vs Raw data
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Figure 41: Magnetometer Y axis Calibrated data vs Raw data



The data gathered from the magnetometer present the most inaccuracy between raw data and calibrated .
This due to the nonexistence of necessary equipment to perform the magnetometer calibration in the best
possible way. To be able to obtain an accurate data it is necessary a Helmholtz coil that can generate the
know magnetics fields necessary to perform a more accurate calibration. Never less the calibration
performed using the available equipment produced the results show in Figure 16, 17, 18 . These results
demonstrate the performance of the calibration, that manage to reduce the noise of the measures but were
unable to decrease the fluctuation between values due the calibration equations obtained with the data
used. However to achieve a better performance in the future we need to update the equations and apply
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again to raw data.
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6.0 Glossary

LAACES Physics & Aerospace Catalyst Experiences in Research
GUI Graphical User Interface

AHRS Attitude Heading Reference System

MEMS  Micro Electrical Mechanical System

TBD To be determined

TBS To be supplied

IMU Inertial Measurement Unit
INS Inertial Navigation System

SINS Strapdown Inertial Navigation System
Gyro Gyroscope
PWM Pulse Width Modulation
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