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Introduction

Presented satellite is a 1U CubeSat, with dimensions of 10x10x10cm and mass less than 1kg,
which is being developed at Czech Technical University (CTU) in Prague, Czech Republic. The
main goals of this project are to build and fly the first Czech Republic's CubeSat, and to build
reliable CubeSat electronics and mechanics. This is also motivated by the fact, that only
approximately 55% CubeSat missions of all were operational [6]. The flight is planned in the first
half of 2016 and it should fly in a sun synchronous orbit at an altitude of 600km and an inclination
of 98°.

The Attitude Determination System takes measurements from the magnetometer, gyroscopes
and sun sensors and process them to get an attitude quaternion which represents an orientation of
the satellite. The results will be later used in attitude control. There are many algorithms that can be
used for determining the attitude. One of the mostly used is Extended Kalman filter(EKF). Because
our aim is to build systems reliable in outer space, the microcontroller chosen for this system was 8-
bit one from Silabs, which is a commercial off-the-shelf component and despite having low
computation power, is flight proven, and the risk, that it will fail during the mission, is much lower.
Although this microcontroller can run on 100MHz, it's power consumption is in this case too high.
Thus, also an another algorithm, QUEST (QUaternion ESTimation), was tested, which is less
effective than EKF, but has lower power consumption.

Attitude representation

The attitude of the satellite can be expressed as a rotation of a satellite body coordinate frame
(body frame) in an outer reference inertial coordinate frame (reference frame). There are several
different ways how to express the attitude. Each of them express the rotation differently, and has its
advantages and disadvantages. For Kalman filter, which works with dynamical model of the system,
it is useful to work with the quaternion attitude representation, where the system model, although it
is non-linear, doesn't have any non-linear functions inside, and it doesn't have any singularities.
Quaternion can be defined using the axis-angle attitude representation as:
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where e is the axis direction vector and 4 is the angle of the rotation about the axis. Dynamic
model of the satellite rotation with quaternion attitude representation is [3]
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where o is the angular velocity, J is the inertia tensor, and
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Methods of attitude determination

Two attitude determination methods are presented in this work. The well-known Extended
Kalman filter and the lighter QUEST. If the both algorithms are compared, the biggest advantage of
the EKF is, that if one of the sensors is unavailable for a short period of time, the algorithm won't
fail and will provide us with results, because it works with dynamic model and has a prediction part.
QUEST on the other hand is static, uses only direction vector measurements - magnetic induction
vector and sun position vector, and in case of temporary unavailability of one of the sensors, it
won't give any results. However, it is less power consuming.

Extended Kalman filter

Kalman filter was introduced in 1960 by R. E. Kalman and is an powerful linear state
estimator.[1] A variant of it, an Extended Kalman filter, can be used for non-linear systems like
ours. Two types of the EKF are proposed. The first one is a full EKF, it uses all the sensors -
magnetometer, gyroscopes and sun sensors. And the second one, a coarse EKF, works without sun
sensors and will be used if the sun sensors measurement is unavailable.

For this algorithm, we need a state model f(x,w) and a measurement model h(x,y,v), where x
is the state vector, y is the measurement vector and v, w are process and measurement noises, which
are not modelled. State model function is expressed in Eq. 2. The two types of EKF differs in the
measurement model they are using. Further, for each sensor, there is its own model. The sensors
which provide direction vector measurements - the magnetometer and the sun sensors, have similar
models

s” = R{(q)s", (4)
b® = R} (@), 5
where b’ and s’ are the sun direction vector and the magnetic induction direction vector in the
reference frame and b?, s are their body frame counterparts. The R?(q) is a rotation matrix that
rotates a vector from the inertial frame to the body frame, and can be construsted using the
quaternion q.

Gyroscopes are measuring directly the angular velocity vector used in state model, so their
measurement model simply is:

W, = lw (6)
where w,, is the measured angular velocity and I is the identity matrix.
The full EKF is using all of these models and the coarse EKF only magnetometer and
gyroscopes models.
The equations for the EKF are [2]:
K, = P Hi (H, Py H + R) 7,
P, = (I - K Hp)Py,
R, = R + K (e — h(%5,0)), (7))
)?l:+1 = f(ﬁkl O),
Piy1 = FPcFL +Q,
where K, is the estimate of the state vector in k-th step, P, is the covariance matrix of the
estimate of the error of the state, R is the covariance matrix of the measurement noise, Q is the
covariance matrix of the process noise, Ky is the Kalman gain in k-th step, and Hy, Fi are jakobian
matrices of functions h(x,y,v) and f(x,w).
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QUEST
QUEST (QUaternion ESTimation) is a statistical method of attitude determination based on
Wahba's problem [4], that means finding such a rotation matrix R?, that minimises cost function:

1N .12
J(R?) = Ezk welvE —ROVE]. (8
=1
QUEST is based on another attitude determination method, the Q-method. The description of

the QUEST is showed in [5]. Briefly, it shows, that minimising the cost function J(R?) is the same
as maximizing the gain function

N .
g®) =D wlRNL )
k=1
which can be rewritten into a quaternion form g(q) = q”Kq. For maximizing of the gain function

g(R’i’), its derivative with respect to quaternion g should be zero, which reduces the problem to a
problem of finding eigenvalues of the matrix K. QUEST assumes [4, 5], that

N
Aope ~ Z Wy (10)
k=1

This eliminates the problem of finding the eigenvalues and makes the algorithm much faster.
The attitude can be expressed with the help of Rodriguez parameters and transformed to quaternion

p=K%m+aﬁ—q*z (11)
_ p
= [] (12)
Results

Both of the algorithms were tested using the Matlab/Simulink environment. The coarse EKF
was not tested, as it is only a backup algorithm for the full EKF. In the simulations, various sources
of errors were simulated, white noises for each sensor that were modelled to have similar properties
as the sensors that will be used on the final platform, and an instability of a bias for the MEMS
gyroscopes. In the test, the satellite was rotated 45° about each axis there and back. The results are
displayed in Euler angles yaw, pitch, roll, as they are more understandable then quaternions. The
results of these tests are depicted in figures 1 and 2.

Euler angles errors

yaw [deg]

pitch [deg]

roll [deg]
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Figure 1 - Attitude determination by the Quest
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Figure 2 - Attitude determination by the full
EKF

Then the algorithms were implemented on the satellite platform with 8-bit microcontroller,
and the processing time required for each algorithms was tested. The results are in table 1.

TABLE 1 - Processing time needed for algorithms

Algorithm QUEST EKF

Time 1.15 30.02

Quest was in this test much faster than EKF, approximately 26 times. But the test also
showed, that in current state of our project, we have enough power to afford the EKF.

Conclusion

This paper presented the Attitude Determination System algorithm selection for the CubeSat
mission. There are shown two algorithms, the first one is static, statistical QUEST - QUaternion
ESTimation, which requires less power, and the second one, more robust, is Extended Kalman
Filter, recursive state estimator, in which the dynamical model of the system is implemented. As the
tests showed, the results of EKF had less noise but consumed more power. Mostly because of its
robustness, the EKF was implemented to the satellite platform.
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