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Abstract

UniSat-6 is a civilian microsatellite that was launched in orbit on the 19th of
June, 2014. Its main mission consisted in the in-orbit release of a number of
on-board carried Cubesats and in the transmission to the UniSat-6 ground
station of telemetry data and images from an on-board mounted camera.
The spacecraft is equipped with a passive magnetic attitude control system.
Gyros and magnetometers provide the information about the attitude of the
spacecraft.

The importance of reconstructing the attitude motion of UniSat-6 lies in the

dual possibility, for future missions, of:
e controlling the direction of ejection of the on-board carried satellites
e having an accurate pointing for remote sensing operation

The reconstruction of the attitude motion of UniSat-6 is based on the data

of the on-board Commercial Off The Shelf (COTS) gyros and magnetome-
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ters, downloaded at the passages over the ground station in Roma, Italy.
At ground, these data have been processed with the UnScented QUaternion
Estimator (USQUE) algorithm. This estimator is an adaptation of the Un-
scented Filter to the problem of spacecraft attitude estimation. The USQUE
is based on a dual attitude representation, which involves both quaternions
and Generalized Rodrigues Parameters. In this work, the propagation phase
of the algorithm contains only a kinematic model of the motion of the space-
craft.

This paper presents the results of the reconstruction of the UniSat-6 atti-
tude using on-board measurements. The results show that the spacecraft
effectively stabilized its attitude motion thanks to the on-board magnetic

devices.

Keywords:  Attitude estimation, Unscented Quaternion Estimator

1. Introduction

UniSat-6 is the sixth civilian micro-satellite of the UniSat series. While
the first four satellites of the UniSat series were established as part of the
research activities at the Scuola di Ingegneria Aerospaziale of Sapienza Uni-
versita di Roma since the late 1990s, the last two have been designed, built
and launched by the Italian company GAUSS srl, which stemmed from the
experience of the previous university years.

The UniSat platform is intended as a provider of satellite services, such as
the in-orbit release of smaller satellites (e.g. CubeSats and PocketQubs) or
the in-orbit test of technologies and devices [1], [2], [3]. The advantage of the
solutions offered by GAUSS are the flexibility and the low cost of launches.



The UniSat platforms, in fact, are able to carry on several nano and pico-
satellites as a mothership, and to release them in orbit spacing them with
a fixed interval in order to reduce collision risks [4]. Launch costs are kept
low because the spacecrafts boarded in the UniSat share launch and admin-
istration expenses. In two missions realized in 2013 and 2014, more than 10
satellites were successfully deployed in orbit by GAUSS platforms [5], [6], [7].
One of the next objectives for GAUSS is to increase its platform capabilities
in order to be able in the future to determine and control the exact release
position of each daughter satellites. In order to achieve this result keeping
down the costs and maintaining the simplicity of the design of the spacecraft,
it is crucial to be able to determine the attitude of the spacecraft on-board
the satellite with a reduced number of sensors. This paper will demonstrate
how this can be accomplished with a minimum set of magnetometers and
rate-gyros. Flight results from the UniSat-6 mission will be presented as
well.

Rate-gyros and magnetometers measurements cannot be directly employed
to reconstruct the attitude because of the noise and drift of the sensors. The
attitude reconstruction, therefore, has to be based on non-linear estimation
techniques. Attitude determination restrictions and requirements of UniSat-
6 are typical of most general spacecraft attitude determination problems.
Several solutions for this problem can be found in literature [8]. Nonlinear
Filters such as the Extended Kalman Filter (EKF') have been used for decades
[9]. Several representations of spacecraft attitude can be used, such as Euler
angles, quaternions, modified Rodrigues parameters and others. Given the

absence of singularities, quaternions are commonly employed. To avoid vio-



lations of the quaternion normalization constraint with the EKF algorithm,
the so-called multiplicative quaternion approach is adopted [10].

The nonlinear filter employed in this work is the UnScented QUaternion
Estimator (USQUE), proposed in [11]. This is an adaptation of the Un-
scented Filter (UF) [12] to the spacecraft attitude determination problem.
The USQUE has already been employed in several satellite applications [13],
[14], [15]. The UF is known for having several advantages over the EKF, such
as smaller error in the estimation and the absence of Jacobian computations
in the algorithm. The present filter uses a dual parameterization of attitude,
by employing both quaternions and modified Rodrigues parameters in the
algorithm.

This paper is organized as follows. Section II describes UniSat-6 mission,
platform and attitude hardware. Section III introduces the attitude deter-
mination problem, describing the employed reference frames, attitude pa-
rameterization, measurements modelling and the nonlinear filter. Section IV
shows the results of the attitude reconstruction from UniSat-6 real mission

data. Conclusions and final comments are given in Section V.

2. UniSat-6 mission and platform

2.1. Platform

UniSat-6 is designed to match the characteristics of a low cost and reliable
satellite optimized for piggy-back launches. The spacecraft is an updated ver-
sion of the UniSat-5 satellite platform and it is built in reinforced aluminium
and carbon fiber honeycomb panels. It is a 40 ¢m cube with a weight of

26 kg. After the release of the CubeSats, the weight drops to 16 kg. The



satellite has been designed to maintain an internal thermal range between
-10 °C' and 10 °C. Power is provided by body-mounted solar panels, which
provide from 5 W (bottom panel) to 11 W (4 side panels) of electrical power.
Command uplink and data downlink is provided by a communication system
consisting in a UHF radio and 4 antennas. Radio-amateur frequencies are
used in accordance with IARU regulations. The On-Board-Data-Handling
(OBDH) is based on the ABACUS computer. ABACUS is a very low power
consumption system that uses a CubeSat form factor (PC104) and that has
been developed at the Scuola di Ingegneria Aerospaziale of Sapienza Univer-
sita di Roma in collaboration with GAUSS [16].

A 3 Mpx camera is boarded to take pictures of the Cubesats at the ejection
from the mothership and for low-resolution Earth observation images. The
camera is placed on the top panel of the spacecraft. The pictures from the
camera will be used throughout the paper to validate the results of the atti-
tude reconstruction.

For the UniSat-6 mission, a passive attitude control system using perma-
nent magnets and hysteresis rods was chosen. The ADCS systems will be

described in details in Section 2.3.

2.2. Mission and operations

UniSat-6 was launched on June 19*", 2014 at 21:11:11 CET from the
Dombarovsky Cosmodrome in Yasny, Russia, on board a DNEPR-1 rocket
from the Russian company Kosmotras. Communications with ground were
acquired 90 minutes after the launch, when passing over Italy. Table 1 shows
UniSat-6 orbital parameters at the injection. The orbit is almost Sun Syn-

chronous and it was reached 15 minutes after the launch [17].

bt



Table 1: UniSat-6 orbital parameters at the injection

Altitude 620 km
Eccentricity ~ ()°
Inclination 97.9°

Separation Angular Velocity < 18 °/s

UniSat-6 main task was the in orbit release of the boarded CubeSats. The
released spacecrafts were Tigrisat (3U), Lemur-1 (3U), AntelSat (2U) and
Aerocube 6 (1U) for a total deployment volume capability of 9U. The deploy-
ment of the satellites took place 25 hours and 38 minutes after the launch
and it was initiated by an autonomous system with a dedicated battery.
Confirmation of the deployment was given 15 minutes after release when the
spacecraft passed the over ground station in Italy. All the deployed CubeSats
communicated with ground, confirming the good health of all the satellites
and the full accomplishment of the deployment operations [18].

Other mission objectives were the test of the on-board payloads and sub-
systems, such as the new telecommunication system, the solar panels, the
new electronic bus and the on-board camera. All the collected data from the
sensors and the telemetry are stored and sent to ground on a daily basis.
Some of the recorded anomalies in the data were correlated to the inherent
effects of the space environment, such as Single Event Upsets (SEU), that
have been observed acting on the flash memory or some sensors. SEU effects
on attitude measurements and reconstruction will be described in Section 4.

UniSat-6 has been regularly operated since its in-orbit release in June 2014.



The ground station in Roma managed to establish a two ways effective com-

munication with it few minutes after launch. [19].

2.3. ADCS hardware

UniSat-6 is equipped with various devices for attitude determination and
control. Attitude related measurements are given by two sensors, a rate gyro
(L3GD20) and a magnetometer (HMC5883L). The L3GD20 is a low-power
MEMS three-axis angular rate sensor, used in terrestrial applications such as
video-games, GPS navigation and robotics. The HMC5883L is a three-axis
compass that enables 1° to 2° compass heading accuracy.

UniSat-6 does not have an active attitude control, but relies on a passive
magnetic control to stabilize the spacecraft. Since UniSat-6 does not have
strict requirements on pointing, the choice of passive magnetic control is a
good compromise between simplicity, cost and performances. The magnetic
torque is generated by 4 permanent magnets and 17 hysteresis rods. The
magnets are made of Alnico-5 and give a total magnetic dipole of 5 Am?.
They are placed along the g, axis of the satellite. The 17 hysteresis rods are
spread on the 3 axes: 8 along the %} axis, 1 along the 7, axis and other 8
along the 2, axis. Fig. 1 shows the position of these devices on board of
UniSat-6 in accordance with the axes defined by the on-board magnetometer
for expressing its measurements. Nevertheless, these axes do not coincide
with the reference frame that will be used to define the results of this paper,

which will be described in Section 3.1.
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Figure 1: Position of magnets and hysteresis rods (magnetometers defined axes)

3. Attitude determination

3.1. Reference frames

In order to represent the orientation of the spacecraft, three reference
frames are introduced. The first reference frame ( C’l C’2 C’3 ) is an BEarth
Centred Earth Fixed (ECEF) frame. The first two axes are contained in the
equatorial plane of the Earth, with the first directed from the centre of the
Earth to the Greenwich meridian. The third axis is directed from the centre
of the Earth to the North Pole. The second axis completes the orthogonal
reference frame.

The second reference frame ( PO h ) is the orbital frame, shown in Fig.
2, with origin in the centre of mass of the spacecraft. The first axis is directed

along the radial of the orbit. The second axis is directed as the tangential



velocity of the orbit. The third axis is directed along the perpendicular to
the orbital plane.

The third reference frame ( T Uy H ) is the body-axes reference frame,
represented in Fig. 3. The reference frame has its origin in the centre of mass
of the spacecraft. The 7, and %, axes exit from the side panels of the space-
craft. The g, is pointing towards the direction of the release of the CubeSats
(i.e. parallel to the deployers). This reference frame is different from the one
shown in Fig. 1, which is related to the inner axes of the magnetometer.
The aim of this paper is to analyze the orientation of the body frame with
respect to the orbital frame because the latter constitutes the main refer-
ence frame for the analysis of spacecraft attitude control algorithms. This
orientation is easily expressed by means of the Euler angles ¢, 6, ¢ in the
sequence 3-2-1, defined as in Fig. 2. In order to obtain the Euler angles,
the orientation of the ECEF frame with respect to the orbital frame and the
orientation of the body frame with respect to the ECEF frame need to be
calculated. The orientation of the ECEF frame with respect to the orbital

frame is given by three successive rotations as follows:
1. arotation about the Cj axis of the ECEF frame by the Right Ascension
of the Ascending Node (RAAN) Q
2. a rotation about the new )’ axis by the argument of latitude u

3. a rotation about the new C3” axis by the inclination ¢



h

T"I‘.

Figure 2: Euler angles and orbital frame

Figure 3: Body-axes reference frame
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The rotation matrix that represents the orientation is given by the multipli-

cation of the three rotation matrices 17, 15, T5.

o) P P
C, | =T\ 6 | =TT | 4 (1)
Cs h h
cos{2 —sin2 0
T'=1 sinQ cosQ 0 (2)
0 0 1
1 0 0
To=1 0 cosi —sini (3)
0 sint cos?
cosu —sinu 0
T35 = | sinu cosu O (4)
0 0 1

The argument of latitude u is calculated as the sum of the true anomaly v

and the argument of perigee w:
u=v+w (5)

The orientation of the body frame with respect to the inertial frame is given
by a quaternion, which is calculated by the filter that will be presented in
Section 3.4.

3.2. Attitude representation and kinematics
The algorithm that will reconstruct the attitude of the spacecraft includes
a mathematical model of the attitude kinematics of the satellite. In this sec-

tion the filter embedded attitude representation and kinematics equations
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will be introduced.

The attitude representation employed by the filter to represent the orienta-
tion from the ECEF frame to the body frame is dual. A quaternion repre-
sentation is used to express the input, the output and the kinematic model
inside the filter. A vector of generalized Rodrigues parameters is used in
some numerical operations of the filter that might violate the unity norm
property of the quaternion, otherwise.

The quaternion ¢ is defined as

q:<Q1 G2 g3 Q4>/:((j (J4)/ (6)

The kinematic equation associated to the quaternion is given by

¢ = 5E(q(t))w(t) (7)
where w is the angular velocity vector of the satellite and = is a matrix

defined as
qal3xs + g%

2(g) = (8)

_qT
where ¢x is the cross-product matrix associated to the vector q. Given the
discrete-time nature of the application studied in this paper, a discrete-time
version of Eq. 7 has to be introduced. The quaternion at the k + 1** step of
the algorithm is
Q1 = Q(wr) i (9)

with

Zy (2

— cos (0.5]|wg||At)

Zy, = cos (0.5]|wg || At) I3x3 — U X

by = 5 (0.5jwie | A wye
k lleor |

Qwr) =
(10)
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where wy, is the angular velocity vector, measured from the rate-gyros, and
At the measurements sampling interval.

The quaternion is used to express the orientation of the body frame with
respect to the orbital frame. This is done by defining a direction cosine
matrix DC'M equivalent to the quaternion and multiplying it by the 7" ma-
trix defined in Eq. 1. The direction cosine matrix DC'M obtained from a

quaternion ¢ is calculated as

1-2(3 +a3) 2(q1g2 +a3a1)  2(q103 — goda)
DOM = | 2(qige — a3q1) 1—2(¢7 +a3) 2(q2q3 + 0104) (11)
2(q193 + @201)  2(q203 — quqa) 1 —2(g5 + ¢3)
A four-components quaternions is a non-singular representation of the special
orthogonal group SO(3) of three-dimensional rotation matrices which repre-
sents 3D attitude and it is therefore a redundant representation [20]. The
multiplicative quaternion approach, commonly used in spacecraft attitude
estimation problems, adopts this redundancy to represent the reference atti-
tude free of singularity while the three components representation describes
the deviation from this reference [21]. Therefore, the algorithm represents

the attitude as the quaternion product
q= 5Q(17) X eref

where G, is the reference quaternion and the small deviation d¢(a) from gy.r

(12)

to the actual attitude ¢ is parameterized by a three-component vector v.
The error quaternion components are used to define the vector of generalized

Rodrigues parameters dp
0q
a+0qy

op=f (13)
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where the parameter a € [ 0 1 } and f is a scale factor. For a = 0 and
f =1, Eq. 13 returns the Gibbs vector, while for a = 1 and f = 1 it gives
the standard modified Rodrigues parameters. According to [11], the choice
of f = 2(a + 1) is a suitable pick and it will be adopted throughout this
paper.

The inverse transformation from dp to dq is

San — AP+ /PP (—a?) o2
Q= P2+Top]? (14)

6G = f~'(a+ 0qs)op
3.53. Measurements model

The available measurements on board Unisat-6 are the Earth magnetic
field vector from the magnetometer and the spacecraft angular velocity vector
from the rate-gyros.

The magnetometer measures the intensity of the Earth magnetic field along
its three axes (see Fig. 1), that can be easily translated into the body axes
(see Fig. 3). This vector can be compared with the information of the
World Magnetic Model (WMM), which returns the intensity of the Earth
magnetic field in the ECEF frame, thus giving information on the orientation
of the body axes frame with respect to the ECEF frame. The noise on
the measurement vector b of the magnetometer is modeled as an additive
Gaussian zero-mean white process with variance o,,.

The rate-gyro measures the angular velocity w of the satellite in the body

frames. This measurement is usually modeled as [22]

W(t) = Wirue(t) + B(t) + m(1)

) (15)
B(t) = nu(?t)

14



where the true angular velocity wy.. is corrupted by a bias , and 7, and
7. are two Gaussian zero-mean white processes with variances o, and o,

respectively.

3.4. Unscented attitude filter

The filter employed for UniSat-6 attitude reconstruction was first pro-
posed in [11] and it was given the name of USQUE (UnScented QUaternion
Estimator, which is also a Latin expression meaning ‘all the way’). The
USQUE is an attitude-dedicated formulation of the Unscented filter. This
section will present the algorithm of the filter employed in this work.

The USQUE, as well as the original formulation of the Unscented filter, is
constituted by a prediction phase, in which the a prior: estimate is con-
structed by averaging the values of a finite number of points from the state
space (the o-points), and by a correction phase, in which the a priori esti-
mate is corrected with the information from the measurements. The USQUE
algorithm employs the data from the rate-gyro in the prediction phase so as
to calculate the kinematics of the satellite, while the magnetometer output
is the only measurement employed in the correction phase.

The algorithm described in the following assumes a discrete-time nonlinear

system, modeled as
Tr1 = f(xn, k) + Grwy
Ui = h(@pr) + vk
where 1z, is the state vector, g, is the measurement vector, and w; and vy
are zero-mean Gaussian noise vectors representing the process noise and the

measurements noise with covariance matrices Q) and Ry, respectively.

The state vector to be estimated is formed by the generalized Rodrigues

15



parameters and the biases of the rate-gyros.

op
B

A quaternion can serve as an initial guess for the attitude, since it can be

=>
Il

(17)

transformed into the vector of generalized Rodrigues parameters with Eq.
13. The filter is initialized with an initial guess for the state estimate £ and
an initial value for the error covariance matrix P.
The algorithm starts with a step of the prediction phase. The o-points at
the k™ step are defined as:
op -
X6 = X’f(z) L i=0,1,....2n (18)
X (2)
with n being the size of the state vector. In the o-points partitioning, Xip
represents the attitude-error part and Xf the gyro bias part. The 2n + 1
o-points depend on the actual value of the estimated state & and of the
error covariance matrix P;f and are chosen from the columns of the matrix
M:
M::z;+[on S —S]
S=(n+ NP+ Q)

in which A is a tuning parameter of the filter which tells how much the o-

(19)

points are spread around the mean. In order to propagate the attitude, the
sz are transformed into correspondent quaternion deviations dg;’, by means
of Eq. 14. These deviations are used as in Eq. 12 to form a set of attitude
quaternions spread around the mean ¢;". The resulting set is

G (0) = ¢

(20)
Gr (i) =0gf (i) x gf, i=1,....2n

16



The first of these equations implies that Xip (0) be zero. Therefore, this reset
is to be performed at each step of the algorithm.

Once that the quaternion representation of the o-points has been calculated,
the attitude can be propagated using the discrete kinematics of Eq. 9, where

the angular velocity to be used is the estimated quantity ;' :
W) =wp — X206, Q=
k — %k Xk(ll)7 Z—O,l,...,QTL (21)

After the propagation of the quaternions, the propagated Rodrigues param-
eters can be obtained back by using Eq. 13, where the error quaternions are
obtained once again by applying Eq. 12. At the end of the prediction phase,

the propagated o-points are

6]
Xir1(0) =0
Xiljﬂ(i) :fM 1=1,2,...,2n (22)

INOK

Xo () =X, (0), i=0,1,...,2n
The predicted state vector &, ; is computed as
1 1 2n
e = ooy {)‘XkJrl(O) t3 > Xk+1(i)} (23)
i=1

The predicted error covariance matrix is calculated as

_ 1 . 1T
Pon =0y {A [Xa41(0) = 27y D (0) — 4] (24)
1 2n -
+§ ; [Xk-kl(i) - iﬂl;rl} [Xk-i-l(i) - i‘I;LJ } + Qx
The mean observation is given by

2n
o 1 1 ,
Y = N {)\%H(O) ++3 ;1 %+1(l)} (25)
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where vj41(7) are the measurements obtained by applying the h function
from Eq. 16 to the set xx41(7).

The innovation covariance matrix is given by

1

P = SIS {)\ [Ye+1(0) = Ga] [e2(0) — @EH}T (26)

1 2n ) . -
T3 ; [e1(1) = G ] [ (8) — ka]T} + Ry

The cross-correlation matrix is given by

1

P = SN {)\ [k1(0) = 2] [941(0) = G5y ]

+% Z (X1 (1) = 2] [y (2) = Q’;H]T}

The correction phase consists in the update of the predicted state vector z;

T

(27)

and of the error covariance matrix P 1

‘fi‘z-i-l = fl;—i—l + Kkvk (28)
Pl;:l =D - K P Ky (29)

where vy, is the innovation and K the Kalman gain, given by, respectively
o = G — h(ig, k) (30)
K= PP () (31)

The process noise covariance matrix (), is actualized at each time step, since

the measurements sampling time is not constant. According to [11], the

matrix is defined as
At [ (00 = GoaA) I3x3  Oss
Q=5 6 2 (32)
O3x3 0y l3x3
At the k' step the filter provides the estimation vector Z; and the matrix

PB.
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4. Results

This section describes the results of attitude reconstruction performed
starting from the UniSat-6 flight data as received by the GAUSS ground sta-
tion in Roma. These data include telemetry of the satellite and data from
the sensors that were stored along a time interval of more than 26 hours,
which corresponds to approximately 18 orbits of UniSat-6 around the Earth.
These operations were performed on April 24th-25th, 2015 with the initial
time instant t0 at 20:51 UTC of April 24th. Data sampling rate is variable,
since the on-board computer does not give a clock for the measurements.
Most of the measurements occur with a time interval of 4-6 seconds.

The initial guess for the attitude corresponds to the first measurement from
the magnetometers, while a value of 0.1-7/180 is assumed for the three gyro
biases. The error covariance matrix P is initialized with the variances of the
magnetometers and of the gyro biases. The value of A was chosen to be equal
to 0.05.

Fig. 4 shows the measurements history from the z, axis rate-gyro. It can be
seen that, during the considered time interval, there are two periods in which
measurements are much more frequent (areas in which circles are denser). At
to, UniSat-6 was in a normal operation mode with data sampling every 30 sec-
onds. A high-frequency measurements mode was set up for UniSat-6 almost
an hour after ¢y, at 21:44 UTC. Six hours later, at 4:18 UTC, the satellite
autonomously returned to the normal operation mode with measurements
every 30 seconds, due to a radiation event which caused a re-start of the sys-
tem. Four hours later, the high-frequency mode was manually re-established

from ground by GAUSS operators. This high-frequency mode was kept until
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Figure 4: z;, axis gyro measurements

22:10 UTC. A normal operation mode interval closes the sequence of data
until 0:00 UTC.

~

Figs. 5 and 6 show the results of the estimated Euler angles of roll (¢) and
pitch (f). These angles, as well as the yaw angle (¢)) that will be analyzed
later, are obtained by transforming the quaternion calculated as output of
the filter with the procedure described in Section 3.2. The superimposed "
symbol indicates that these variables are estimated.

It can be seen that ngS and 7,5 angles oscillate within a certain range of values.
The roll angle varies mainly between 0° and 100°. The pitch angle varies
mainly between 0° and 60°. These rotations are very fast, in the order of 4-5
rpm. The result of these oscillations is a three-dimensional elliptical cone

described from the spacecraft. The size of the two axes of the ellipse at the

base is equivalent to the angular oscillations of roll and pitch. Therefore, the
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Figure 5: Estimated ¢ angle

aperture of the cone is variable.

Comparing the results of Fig. 6 with those of Fig. 4, it can be seen that the
amplitude of the periodical variations is diminished when the satellite goes
in the normal operation mode. The results of attitude reconstruction are
degraded with this mode. This is reasonable, since these measurements have
a higher sampling time although the satellite is still rotating fast. Neverthe-
less, the algorithm is still able to satisfactorily estimate the attitude of the
satellite. Furthermore, the degradation of the results is visible only in the
reconstruction of the pitch angle. This is a first indication of the robustness
of the filter.

The most interesting information on the attitude motion of UniSat-6 can
be derived from the observation of the yaw motion. The estimated yaw an-

~

gle ¥ is shown in Fig. 7 and it can be seen that it oscillates periodically
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Figure 6: Estimated 6 angle

between -180° and 180°. Fig. 8 shows a sample of the zﬁ history concern-
ing two consecutive orbits. In particular, the selected orbits pass over the
North and South magnetic poles with the closest approximation among all
the considered orbits. The circles and the diamonds approximately indicate
the passages over the North and the South Magnetic Pole, respectively. Re-
membering that, by definition, the yaw angle defined in Fig. 2 is the angle
between 7 and the projection of z; on the orbital plane, an interesting result
about the attitude motion can be derived.

At the passage over the North magnetic pole (located at approximately 80°
of latitude North), it can be seen that the value of Q/AJ is close to zero. This
means that the projection of the 7, axis is almost aligned to the orbit radius.
It is well known that, over the magnetic poles, the Earth magnetic field lines

are perpendicular to the surface of the Earth. Therefore, the , axis, on the
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orbital plane, is aligned with the lines of the Earth magnetic field.
Continuing towards the South magnetic pole, the value of @/A) decreases slowly,
until it reaches almost -90° right before reaching the South magnetic pole (lo-
cated at approximately -60° of latitude South). Right after the passage over
the South magnetic pole, the value of lﬁ passes abruptly from -90° to -180°
and rises eventually to 180°. After reaching the 180° halfway the path from
the South to the North magnetic pole, ’(Z} starts decreasing again, until it
reaches a value of almost 0° over the North magnetic pole.

This behavior suggests that the z;, axis has been aligned to the lines of the
Earth magnetic field due to the magnetization of the hysteresis rod along .
A perfect alignment with the lines of the Earth magnetic field would have
implied ¢ = —180° above the South magnetic pole (lines of the magnetic
field going out from the Earth — see also Fig. 9). Nevertheless, the use of
a passive magnetic attitude control system does not guarantee this perfect
alignment, but only a coarse one. Furthermore, because of the not symmetric
distribution of the magnetic poles on the surface of the Earth, the path from
the North to the South magnetic pole is shorter than the one from South
to North for the considered orbits. Therefore, when traveling from North to
South, the Z; axis has less time to complete the -180° rotation of the lines of
the Earth magnetic field. This is why the spacecraft experiences a big yaw
rotation right after the passage above the South magnetic pole.

The contribution of the other magnetic devices (permanent magnets along
Up, hysteresis rods along ¢, and 2,) can be neglected. The contribution of
the hysteresis rod along the g, axis is equivalent only to 1/8 of the effect of

the 2, axis hysteresis rod. The magnets placed along the ¢, axis and the
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Figure 9: Yaw orientation along the orbit

hysteresis rods along the 2, axis are not effective. The average effect of the
magnetic torque produced by them, calculated on a full rotation, is, in fact,
zero. Since the rotations of roll and pitch are much faster than those of yaw
(3-5 rpm against 0.01 rpm), the average torque of the formers goes rapidly
to zero. In order for the devices along g, and 2, to work, UniSat-6 should
have been equipped with a detumbling control to stop the initial rotations.
A small variation in the amplitude of the yaw variation can be seen in the
fifth orbit of Fig. 7, when the yaw arrives only at 160° and not at 180°. This
is in correspondence with the normal operation mode when there available
measurements have a higher sampling time.

In conclusion, the attitude motion of UniSat-6 is composed of two dynamics,
a long period one and a short period one. The long period motion consists
of two 360° yaw rotations completed in one orbit, which makes the z;, axis

following the Earth magnetic field lines. The short period motion is given by
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Figure 10: 25 s sequence of pictures from the on-board camera

the fast oscillations (up to 5 rpm) of roll and pitch, which describe a variable
aperture elliptical cone in space.

These data are consistent with the images taken from the camera of UniSat-
6, placed on top the ¢, panel. Several images were taken both in the direction
of the Earth and in the direction of the outer space, as it is shown in Fig.
10. This figure is composed of 18 pictures taken from the camera between
April 25, 2015 10:17:29 UTC and April 25, 2015 10:17:54 UTC. In the first
picture, the camera is pointing towards the Sun; then, it is pointing towards
the Earth (pictures 7 to 13); eventually, it points towards the Sun again. The

panel with the camera (g, axis), therefore, describes a cone in space.

5. Conclusions

This paper has presented the results of the attitude determination of the
UniSat-6 satellite. The estimation was realized analyzing real data collected
on-board the spacecraft and processed at ground.

Data from the rate-gyro and magnetometers were processed using the USQUE

algorithm. The results show that the spacecraft has a coarse alignment of
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its Zp axis to the lines of the Earth magnetic field, while the two other axes

rotate in space with a period of 5 rpm.

Due to a problem on the on-board electronics caused by a radiation event,

the spacecraft was not able to collect data with the expected sampling rate

(30 s instead of 4 s) for six hours. Nevertheless, in this interval the filter

was able to reconstruct the attitude of the spacecraft with almost the same

accuracy as before. The reconstructed attitude of the spacecraft is consistent

with the images taken from the on-board camera.
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