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Abstract: Attitude motion reconstruction of the Technological NanoSatellite TNS-0 #2 during the last
month of its mission is presented in the paper. The satellite was designed to test the performance of
the data transmission via the Globalstar communication system. This system successfully provided
telemetry (even during its atmosphere re-entry) up to an altitude of 156 km. Satellite attitude data for
this phase is analyzed in the paper. The nominal satellite attitude represents its passive stabilization
along a geomagnetic field induction vector. The satellite was equipped with a permanent magnet and
hysteresis dampers. The permanent magnet axis tracked the local geomagnetic field direction with
an accuracy of about 15 degrees for almost two years of the mission. Rapid altitude decay during the
last month of operation resulted in the transition from the magnetic stabilization to the aerodynamic
stabilization of the satellite. The details of the initial tumbling motion after the launch, magnetic
stabilization, transition phase prior to the aerodynamic stabilization, and subsequent satellite motion
in the aerodynamic stabilization mode are presented.

Keywords: nanosatellite; attitude determination; passive magnetic stabilization; aerodynamic stabilization

1. Introduction

Passive attitude control systems are quite popular for nano, pico, and femto-satellites
due to strict limitations in terms of mass, size, cost, and energy. These systems utilize
natural magnetic, gravitational, or aerodynamic torques to provide the passive stabilization
required for missions. Each type of passive stabilization provides different satellite attitudes.
Gravitational torque aligns the minimum moment of inertia axis along the nadir direction.
Magnetic torque provides tracking of the local geomagnetic field direction by the onboard
magnetic dipole. Each type of passive attitude control system is effective on different
altitudes. The ratio between the magnitudes of these major environmental torques changes
as the satellite orbit evolves. This transforms into changes of the attitude motion regimes
during a satellite’s lifetime. These regimes of the passively controlled satellites have
well-studied both theoretically and experimentally onboard a large number of satellites
with gravitational [1–4], magnetic [5–10] and aerodynamic [11–15] control systems. The
transient motion between the magnetic and aerodynamic attitude stabilization regimes
during the orbit altitude degradation has not been investigated experimentally yet to the
best of our knowledge. This is due to the extremely short time between the entering of
the dense upper atmospheric layers and the satellite operation termination due to heating.
Telemetry gathering is a difficult task for this period. Therefore, the sensor measurements
necessary for the attitude motion reconstruction are rarely available for the last weeks of the
satellite operation. Technological NanoSatellite TNS-0 #2 utilized GlobalStar antennas [16]
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as its main data transfer device. This provided frequent communication sessions even
during the last days of the mission in the upper atmosphere.

The nominal satellite attitude was a passive magnetic stabilization. The longitudinal
axis of the satellite was approximately directed along the local geomagnetic induction
vector with a deviation no greater than 12 degrees. The satellite had a relatively elongated
geometry with significant displacement between the centers of mass and pressure. The
influence of the aerodynamic torque rapidly increased as the satellite entered the dense
layers of the atmosphere. On 10 August 2019, the magnetic stabilization changed to
an almost chaotic motion with a high angular velocity. Aerodynamic stabilization was
achieved in about two weeks. This motion was maintained until its breakdown in the
atmosphere on 6 September 2019. Chaotic tumbling was observed during the breakdown.

The structure of the paper is as follows. First, the TNS-0 #2 description is presented.
Then, the attitude motion equations (taking into account the magnetic and aerodynamic
torques) are provided and a short explanation of the motion reconstruction technique is
given. This technique is then applied to process the telemetry received during the magnetic
stabilization, transient motion, and aerodynamic stabilization.

2. TNS-0 #2 Description

The TNS-0#2 nanosatellite was developed by JSC Russian Space Systems. It was
successfully launched on 17 August 2017 from the International Space Station during the
spacewalk of Russian cosmonauts. TNS-0 #2 nanosatellite is a hexagonal prism with a
26.4 cm height and an 18.7 cm diameter. The sides are covered with solar panels. Globalstar
antennas, a set of Sun sensors, and a radio link antenna are located on the upper side of the
satellite. A handle is attached at the bottom for the cosmonaut to hold the satellite during
the spacewalk. The satellite is presented in Figure 1.

Figure 1. TNS-0 #2 nanosatellite (Credit: JSC Russian Space Systems).

The mass of the satellite is 4.8 kg and its center of mass is located almost on the axis of
geometric symmetry of the satellite body, as shown in Figure 2. The inertia tensor in the
reference frame with the origin in the center of mass of the satellite is

J =

 0.06153 −0.00013 −0.00033
−0.00013 0.06669 −0.00012
−0.00033 −0.00012 0.01287

 kg·m2.
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Figure 2. Center of mass location, permanent magnet, magnetometer and Sun sensors positions in the satellite body.

The satellite is equipped with the passive magnetic attitude control system developed
by the Keldysh Institute of Applied Mechanics of RAS. The system consists of a set of
hysteresis rods for the angular velocity damping and a permanent magnet located along
the axis of symmetry to stabilize this axis along the local geomagnetic field induction vector.
The dipole moment magnitude of the permanent magnet is 2.2 A·m2. Grids of hysteresis
rods were installed on the upper and lower sides of the nanosatellite body. The location of
the permanent magnet, magnetometer, and Sun sensors is shown in Figure 2.

Three-axis magnetometer and a set of Sun sensors were installed onboard. Attitude
motion was reconstructed using their measurements. The measurements root-mean-square
error of the magnetometer is σ = 100 nT. The non-orthogonality of the measuring axes is
not worse than 1 degree. Eight optical sensors are installed on the nanosatellite THS-0 #2:
six photodiode sensors, one ultraviolet Sun sensor, and one infrared horizon sensor.

More details on the passive attitude control system can be found in [17].

3. Attitude Motion Reconstruction Technique

In this section, a technique for the sensors’ measurements processing of TNS-0 #2 is
presented. A mathematical model of the angular motion of the nanosatellite with relevant
assumptions is provided.

3.1. TNS-0#2 Attitude Motion Equations

Consider the motion of a satellite with hysteresis rods and a permanent magnet, taking
into account both gravitational and aerodynamic torques. Assume that the satellite is a
rigid body moving along a circular orbit around the Earth. The geomagnetic field model
is IGRF [18]. The parallelogram model is used to describe the effect of the hysteresis in
rods [19].

The following reference frames are used in the paper. OXOYOZO is the orbital reference
frame with the origin placed in the satellite center of mass. The axis OZO is directed along
the satellite radius-vector from the Earth center. OYO is perpendicular to the orbital plane,
and axis OXO complements these axes. OXYZ is the body-fixed reference frame, and its
axes are directed as shown in Figure 2.

The attitude motion is described using the Euler equations and kinematic relations
based on the quaternion. The satellite state vector consists of the absolute angular velocity
vector Ω and the attitude quaternion Λ = (q, q0). Here q is the vector part of the quaternion
and q0 is the scalar part. Additionally, the direction cosines matrix A is used for the torques
formulation and for the attitude representation.

The dynamical motion equations are as follows:

J
.

Ω + Ω × JΩ = Mmag + Mgrav + Mhyst + Maero
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where J is the inertia tensor, Mmag, Mgrav, Mhyst, and Maero are the magnetic torque caused
by the permanent magnet, gravitational torque, magnetic torque due to the hysteresis rods,
and aerodynamic torque, respectively. The gravitational torque is

Mgrav = 3ω2
0(Ae3)× J(Ae3)

where e3 =
[

0 0 1
]T is a local vertical vector written in the orbital reference frame,

andω0 is the orbital angular velocity vector ω0 =
[

0 ω0 0
]T . The torque due to the

permanent magnet is as follows:
Mmag = m × B

where m is the dipole moment of the permanent magnet, B is the geomagnetic induction
vector. The torque caused by the hysteresis rods is

Mhyst = mhyst × B

where mhyst is the resulting dipole magnetic moment of all the rods. The dipole moment of
one rod is

mk
hyst = µkVk H0Wek/µ0

where µk is the relative magnetic permeability of the k-th rod, Vk is its volume, H0 is the
mean magnitude of the geomagnetic H-field in the current point of the orbit, W(Hτ) is
a dimensionless function describing the dependence of the induction of the rod related
to H0 according to the parallelogram hysteresis model, µ0 is the magnetic constant, and
Hτ = Hek, ek is the unit vector directed along the rod in the body reference frame.

The aerodynamic torque is

Maero = −∑ d × fa.

Vector d determines the position of the satellite centre of mass relative to the centre of
pressure, and fa is the aerodynamic drag force acting on the side in the body-fixed reference
frame. The sum over all sides facing the incoming flow is performed.

Dynamic equations are supplemented with kinematic relations. The attitude quater-
nion is used in the numerical simulation. Its kinematic equation is as follows:

.
Λ = 1

2 CΛ

C =


0 ω3 −ω2 ω1

−ω3 0 ω1 ω2
ω2 −ω1 0 ω3
−ω1 −ω2 −ω3 0

.

Here ω = [ω1, ω2, ω3]
T is the angular velocity vector relative to the orbital refer-

ence frame,
ω = Ω − Aω0

These equations are used for the satellite motion reconstruction with the onboard
sensors measurements.

3.2. Measurements Processing Technique

The algorithms of the attitude motion determination using on-board sensors mea-
surements are well studied in the literature. There are two main approaches: real-time
on-board motion estimation using recursive or local algorithms [20–22] and post-flight
measurements processing for motion reconstruction [23–25] and for satellite parameters
characterization [26,27]. The first approach is commonly used for active attitude control
systems, and the second is more suitable for motion estimation of satellites with passive
attitude control systems. The magnetometer measurements processing technique was
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used for the TNS-0 #2 nanosatellite attitude motion reconstruction. Sun sensors were not
used since they are sensitive to the albedo and therefore have very low accuracy. Also,
Sun sensors measurements are not available in the shadowed part of the orbit. Neverthe-
less, Sun sensors are used for the verification of the motion estimation established using
magnetometer measurements.

The problem of the attitude motion reconstruction is formulated as follows. It is
necessary to obtain such initial conditions for the attitude motion equations that the
difference between the predicted measurements calculated using the measurements model
and the actual measurements from the on-board sensor achieves a minimum by the mean
square criterion.

Consider an initial conditions vector consisting of the quaternion vector part q(t = 0)
and angular velocity vectorω(t = 0):

ξ = [q(t = 0),ω(t = 0)]T

For the given vector ξ the attitude quaternion Λ(t = tk) for any time tk is obtained
by the integration of the motion equations. The quaternion provides the prediction of the
magnetometer measurements

~
b

k

model = A(Λk)b
k
o

where
~
b

k

model is a predicted unit vector of the geomagnetic induction field in the orbital refer-
ence frame, and bk

o is calculated according to IGRF model for a given position of the satellite
(obtained using either GPS/GLONASS receiver or TLE and SGP4 model). The problem of
the vector ξ determination reduces to the problem of the following function minimization

F(ξ) =
N

∑
k=1

(∣∣∣∣~bk

model − bk
meas

∣∣∣∣)2

where bk
meas is a unit magnetometer measurements vector excluding the constant bias. The

minimization of the function F(ξ) is carried out using the nonlinear optimization methods.

4. Measurements Processing Results and Passive Attitude Motion Regimes Analysis
4.1. Attitude Stabilization After The Launch

The first communication session that included the sensors measurements teleme-
try occurred on 19 August at 17 h 11 min UTC. Figure 3 shows the measurements of
the magnetometer.

Figure 3. The first measurements from the magnetometer.
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Magnetometer measurements include the permanent magnet and hysteresis rods
influence. The main contribution is due to the magnet. The corresponding constant bias
in the magnetometer measurements was estimated using the least squares method. The
technique involves the functional of the difference between the field magnitudes according
to the measurements and according to the IGRF model. Figure 4 shows the obtained
geomagnetic field corrected for the constant bias of the magnetometer measurements
Bbias =

[
5.8 −90.8 −20.9

]
· 103 nT.

Figure 4. Measured geomagnetic field excluding bias.

Figure 5 depicts the measured and predicted unit geomagnetic induction vector accord-
ing to the motion reconstruction scheme discussed in previous section. The magnetometer
measurements and their predicted magnitudes are close. This indicates relatively accurate
satellite attitude reconstruction.

Figure 5. Measured and predicted unit vector of the geomagnetic field.

Figure 6 shows the angular velocity reconstructed according to the found initial
conditions and the equations of motion. Note that the aerodynamic torque is not taken into
account for the motion after the launch. The initial orbit altitude is about 420 km and the
aerodynamic torque small and can be neglected.
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Figure 6. Angular velocity components.

Measurements from the Sun sensors were predicted and compared with actual mea-
surements. It is assumed that the photodiode sensors have a sensitive area in the form of a
cone with an opening angle of 120 degrees. The sensor measurements within this region
are considered to have a cosine-like dependence on the incidence angle. The measurements
are zero outside this region. The measurements were normalized by the maximum value
according to the procedure described in [17]. Figure 7 presents a comparison of sensor
measurements and their predicted values using the satellite motion model with initial
conditions obtained from the magnetometer data. There is some correlation between the
corresponding curves. Periodic significant discrepancy is due to the unaccounted influence
of the Earth's albedo. Its contribution can reach up to 30% of the Sun's influence. In
particular, non-zero measurements from Sun sensors № 4 and 5 can be explained by the
effect of the light reflected from the Earth. These sensors are located at opposite sides of
the satellite. This indicates the clearly low accuracy of the Sun sensors. Therefore, they are
not used directly in the attitude reconstruction process. Their measurements are utilized
only to validate the results of the reconstruction with the magnetometer measurements.

Figure 7. Sun sensors normalized measurements and its predicted values.

Figure 8 shows the time history of the angular velocity magnitude after the launch of
the satellite. The curve is close to linear, which corresponds to the model of the hysteresis
dampers. The damping finished and the satellite achieved the required magnetic attitude
after about 36 days. This is due to a very high initial angular velocity of about 79 deg./s.
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Figure 8. Angular velocity damping history.

4.2. Magnetic Stabilization of TNS-0 # 2 Nanosatellite

Telemetry for approximately two orbits was stored and downloaded on 2 October
for the proper assessment of the nominal magnetic stabilization motion. Figure 9 shows
the deviation of OZ axis from the local magnetic field vector. This angle does not exceed
12 degrees, and the average deviation along the orbit is about 5 degrees. This is typical for a
passive magnetically stabilized satellite. The characteristic period of the forced oscillations
(about 9 min) caused by the uneven rotation of the local geomagnetic field induction vector
is clearly seen. The frequency is close to the natural frequency of the satellite's oscillations
as a rigid body with a permanent magnet in a constant external magnetic field. The period
of comparatively slow amplitude variation of these oscillations (a time equal to half the
satellite's revolution in orbit around the Earth) is associated with a change in the magnitude
of the induction vector of the local geomagnetic field. Figure 10 depicts the angular velocity
during the motion. The satellite slowly rotates around the longitudinal axis with angular
velocity of 0.4 deg./s. This rotation cannot be damped by the hysteresis rods installed
perpendicular to the rotation axis.

Figure 9. Deviation from the direction of the local magnetic field.

The described passive magnetic stabilization maintained since October 2017 till the
last several months of the mission. The deviation of the permanent magnet axis from the
local geomagnetic field for a number of months in 2018 is shown in Figure 11.
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Figure 10. Angular velocity in the steady-state motion.

Figure 11. Deviation of OZ axis from the direction of the local magnetic field for 210 days starting
from 1 February 2018.

The deviation eventually increased due to the increasing influence of the aerodynamic
torque as the satellite orbit decayed. The satellite altitude for the whole mission duration is
shown in Figures 12 and 13 shows the magnet axis deviation from the local geomagnetic
field starting from 1 July 2019. The deviation increased up to 40 degrees in July. The
magnetic stabilization was completely lost in August; the satellite was tumbling.

The satellite achieved aerodynamic stabilization in about two weeks. Then the satellite
lost this attitude on 6 September, the last day of the mission. The transient motion and
aerodynamic stabilization are discussed in the following section.

4.3. Transient Attitude Motion

The telemetry obtained on 20 August 2019 is considered below. The satellite altitude
was 240 km, the average atmosphere density value is 4 × 10−11 kg/m3. The aerodynamic
torque value prevailed over the magnetic torque. The aerodynamic torque is strongly
affected by the center of mass shift relative to the center of pressure. This displacement
was included in the vector of the estimated parameters in the least squares method. The
displacement estimation provided approximately 7 cm, along the longitudinal axis.

The satellite lost the magnetic stabilization on August. However, the aerodynamic
stabilization was not achieved as indicated by Figure 14. The satellite rotation rate is
relatively high as presented in Figure 15. This represents the transient motion from the
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magnetic to the aerodynamic stabilization. The aerodynamic torque is large enough to
disturb the magnetic stabilization. However, the magnetic torque is still strong enough to
prevent the aerodynamic stabilization.

Figure 12. Altitude for the whole mission lifetime according to the onboard GPS/GLONASS receiver.

Figure 13. Deviation of OZ axis from the direction of the local magnetic field.

Figure 14. Deviation of OZ axis of the satellite from the flow direction.
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Figure 15. Estimated angular velocity.

4.4. Aerodynamic Attitude Stabilization

The satellite exhibited the tumbling transient motion for about two weeks. The teleme-
try analysis for 5 September 2019 is provided below. The satellite altitude is approximately
180 km and the atmosphere density is 3 × 10−10 kg/m3. The aerodynamic torque is larger
than the magnetic one by an order of magnitude. The deviation of the axis of the approx-
imate dynamical symmetry from the direction of the incoming airflow does not exceed
30 degrees according to Figure 16. The angular velocity decreased to 0.5 deg/s (Figure 17)
and a slow rotation around OZ axis is observed.

Figure 16. Deviation of OZ axis from the direction of the incoming air flow.

4.5. Tumbling During The Very Last Day

6 September 2019 was the last day of the mission. The satellite altitude was 153 km
and the atmosphere density was 1.5 × 10−9 kg/m3. The satellite lost the aerodynamic
stabilization, as seen in Figures 18 and 19.

The satellite tumbling rate increased up to 5 degrees per second before the contact
was eventually lost. The reason of this motion type cannot be established reliably but one
of the reasons can be the loss of the hull integrity.
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Figure 17. Angular velocity in the body reference frame.

Figure 18. Deviation of OZ axis from the direction of the incoming air flow.

Figure 19. Angular velocity in the body reference frame.

5. Conclusions

The attitude motion of TNS-0 #2 satellite was analyzed. The aerodynamic torque
influence gradually increased compared to the magnetic torque due to the orbit decay in last
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months of the mission. This caused the transition from the passive magnetic stabilization
of about 12 degrees of accuracy to the aerodynamic stabilization with the deviation from
the incoming airflow of about 30 degrees. The communication via the GlobalStar satellites
provided enough onboard sensor measurements for the attitude motion reconstruction
up the altitude of 153 km, probably just before the breakdown of the satellite in the dense
atmospheric layers.
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