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In this paper made an attempt to reveal the features of the
problem associated with the development and creation of
nanosatellites of the CubeSat format. It is shown that, due to
small weight and size parameters, nanosatellites are faster
inhibited by the Earth's atmosphere and experience the effect of
much larger aerodynamic accelerations, this fact must be taken
into account for planning nanosatellite missions and using
aerodynamic stabilization to ensure an oriented flight. The
authors analyzed the main aspects related to the dynamics of
movement, navigation, stabilization and orientation of
nanosatellites. The experience of creating space vehicles is briefly
described and recommendations for their rational design are
given.
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popularity at the present time has CubeSat spacecraft of various
dimensions from a cube with a rib size of 10 cm and a mass of
about 1 kg to a parallelepiped with dimensions of 10x10x30 cm
and a mass of about 3 kg, which are most often used for testing
new onboard systems, algorithms and technical solutions in
real conditions of space flight. Annually in the world more than
100 nanosatellites are created and launched. Fig. 1 shows the
statistics of the launches of nanosatellites by years (on January
8, 2017).
For simplicity of classification, a standard unit measuring
10 × 10 × 10 cm and assigned 1U is adopted as the base unit of
the nanosatellite form-factor. The most popular format for
nanosatellites is 3U form-factor, while the smallest of the
launched nanosatellites measured 0.25U, and the largest 27U
[2] (Fig. 2 shows the statistics of created nanosatellites with
classification by form factor).

The development of nanosatellites is actively engaged in
the majority of the leading aerospace universities all over the
world and many innovative companies working in the sphere
of space technology. This is because of small financial costs
and time of creation, high degree of unification of on-board
systems and interfaces and use of leaky structures. Progress in
the sphere of microelectronics, the widespread use of modern
MEMS technology made it possible to achieve a high degree of
miniaturization while maintaining the functionality of the
spacecraft, which opened new areas for the use of
nanosatellites, including the creation of large space groupings
capable for solving the fundamental problems in a new way
and offering consumers new services. All this generates interest
in this area of "small space" from commercial structures, space
agencies and large aerospace companies.

The use of commercial components (to reduce the price)
and the small size of nanosatellites, affect the quality of the
solution of the tasks assigned to them. However, there is a class
of problems for the solution of which it is necessary to create
large groupings of spacecraft, whose creation on the basis of
radiation-resistant components and the use of traditional
spacecraft schemes from financial cost constraints is not
possible. For example, groups of nanosatellites can solve
problems of monitoring geophysical fields or provide new
information services. A good example of this is the company
Planet Labs, which creates and actively deploys in space a
group of nanosatellites of the form-factor CubeSat3U for
remote sensing of the Earth (February 14, 2017, this company
simultaneously successfully put 88 nanosatellites to the nearpolar orbit to ensure continuous survey of the earth's surface)
[3].

In the classification of spacecraft by mass, a nanosatellite is
a satellite with a mass of 1 kg to 10 kg. The CubeSat form
factor is a nanosatellite format defined by the CubeSat Design
Specification (CSD) standard proposed by the Polytechnic
University of California and the Stanford University Space
Systems Laboratory in 1999. The standard was developed to
facilitate access to outer space for university students [1] and
acquired the status of an international one. The greatest

The study of geophysical fields and the construction of
their non-stationary three-dimensional models is an urgent
problem. This is especially true of the bad-studied lower
thermosphere of the Earth (altitude of 200 ... 380 km), the state
of which reflects the natural and technogenic processes
occurring on Earth. Until recently, the problem of studying the
lower thermosphere was solved with the help of rocket probes,

which provided a short time for conducting local measurements
in the thermosphere, and also with the help of highly elliptical
satellites with a perigee altitude of 200 km and a height of
apogee of 3000 km (the measurement time in the target region
of the thermosphere is also small, A few minutes at the turn).

Fig. 1. Statistics of launching nanosatellites

Fig. 2. Nanosatellite statistics by form factor

In order to conduct a large-scale experiment to measure the
parameters of the lower thermosphere of the Earth
simultaneously in different points of near-earth space, the Von
Karman Institute of Fluid Dynamics (Belgium) developed the
QB50 project to create a grouping of 50 nanosatellites of the
CubeSat 2U / 3U form factor with identical measuring
instruments [4]. The project was supported by the European
Union in the framework of the FP7 program and gained
international status. The basis for the organization of this
project was the statement that "the cost of such a network of
satellites constructed by industrial standards would be
extremely high and economically unjustified due to a short life
in orbit. A network of satellites for measurements in the lower
thermosphere can only be realized using the most inexpensive
satellites, and the CubeSat satellites are the only real option
here" [4].
The international competition for participation in the
project made it possible to identify 50 leading universities in
the world who were eligible to participate in the project. In this
case, each project participant had to develop his own platform
(his own nanosatellite) under one of three standard sets of
scientific equipment. On the part of Russia, the interdepartmental department of space research of the Samara State
Aerospace University (currently Samara National Research

University) with the SamSat-QB50
participating in the project [5].

nanosatellite
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SamSat platform for nanosatellites of CubeSat 2U / 3U
form-factor was developed in Samara University. At present
two nanosatelles have been designed and manufactured on this
platform - SamSat-218D and SamSat-QB50. The first of them
SamSat-218D became a participant of the first launch
campaign from the Vostochny and was launched and put into
orbit on April 28, 2016 with the help of the Soyuz-2.1a launch
vehicle simultaneously with two other satellites (Mikhailo
Lomonosov and Aist-2D) Into an orbit with an inclination of
97.3º and a height of 486 km [6]. The SamSat-218D
nanosatellite uses a combined orientation and stabilization
system consisting of a passive aerodynamic orientation system
that keeps the direction of the longitudinal axis of the vehicle
along the flight speed vector (the static stability of the
nanosatellite is 50mm), and from the active electromagnetic
stabilization system (to suppress the angular velocity acquired
After leaving the transport-launch container). The purpose of
the nanosatellite was to conduct the flight qualification of the
SamSat platform (providing on-board systems) and the
transport-launch container manufactured by the Progress RCC
JSC [7], as well as the development of motion control
algorithms relative to the center of mass and the flight control
technology of the nanosatellite. The weight of SamSat-218D,
which has the form factor CubeSat 3U was 1.8 kg, the
appearance is shown in Fig. 3.
The second nanosatellite SamSat-QB50 in the initial
configuration corresponds to the form factor CubeSat 2U. The
satellite is equipped with a payload FIPEX, developed at the
Dresden Technical University [4]. The payload FIPEX is able
to measure the time-varying concentration of atomic oxygen,
which is a key parameter in the lower thermosphere [4]. The
SamSat-QB50 nanosatellite uses a combined orientation and
stabilization system consisting of a passive aerodynamic
orientation system and a combined stabilization system-an
active electromagnetic system for angular velocity damping
and a passive magnetic system that uses hysteresis rods. The
aerodynamic moment used to ensure the orientation of the
nanosatellite along the vector of the flight speed is created by
the aerodynamic stabilizer created as a result of the
transformation of the initial configuration of the nanosatellite
into the CubeSat 3U form factor after being put into orbit. The
transformation of the satellite consists in the extension of the
stabilizer consisting of a hollow 1U-block, which leads to a
displacement of its pressure center with respect to the center of
mass by almost 5.5 cm. The goal of the transformation is to
create the required static stability margin of the satellite, which
allows creating the necessary level of the restoring
aerodynamic moment to ensure the satellite's orientation along
the flight speed vector.
Launch of the nanosatellite SamSat-QB50 with a mass of
about 2 kg is planned to be implemented in 2017. Appearance
of the nanosatellite SamSat-QB50 installed in the technological
equipment is shown in Fig.3.

stabilize the nanosatellite along the velocity vector. Figure 4
shows the height H and the relative static stability margin x ,
where the aerodynamic moment Ma exceeds the gravitational
Mg for the nanosatellite of the CubeSat 3U form factor (below
curve 1) and the satellite whose dimensions are 10 times larger
than the dimensions of the nanotube CubeSat 3U (below
curve 2).

Fig. 3. Nanosatellites SamSat-218D (left) and SamSat-QB50 (right)

II.

FEATURES OF NANOSATELLITES’ MOTION IN LOW
ORBITS

Carrying out the majority of scientific and applied research
in space implies providing a certain orientation of the angular
position of the nanosatellite in space. To ensure the required
orientation of nanosatellites, passive or combined (passive in
combination with active) stabilization systems are often used
that do not require or require a small amount of the working
fluid and energy stored on board.
An important issue in the creation of any passive system of
spatial orientation is to study the uncontrolled motion of a
nanosatellite relative to the center of mass, since the
computation of angular motion conditions is achieved only at
the design stage by selecting its design parameters, and by
setting limits on the angular velocities generated by the
separation system, and when using the combined stabilization
system - at the end of the active pre-soak system.
Consider the following features of the motion of
nanosatellites in low orbits.
1. The ballistic coefficient of the spacecraft is inversely
proportional to the linear dimension of nanosatellite the value
of the ballistic coefficient is greater than for a satellite with
large dimensions and mass (with the same bulk density), and,
therefore, the lifetime in the orbit is shorter. This makes it
possible to give the short period of active work of a
nanosatellite (usually from six months to a year), to use
effectively low enough orbits, avoiding clogging of near-Earth
space. For example, on April 28, 2016, from Vostochny were
launched into a circumferential orbit with an average altitude of
H = 486 km spacecraft - small scientific spacecraft "Mikhailo
Lomonosov" and Aist-2D, as well as a nanosatellite SamSat218D. On March 4, 2017, the average altitude of the flight was:
for "Mikhailo Lomonosov" - H = 483 km, for Aist-2D-H = 481
km, for the nanosatellite SamSat-218D – H = 473 km.
2. Since the magnitude of the angular acceleration due to
the aerodynamic moment of the satellite is inversely
proportional to the square of the linear dimension, the angular
acceleration due to the aerodynamic moment, the acting
nanosatellite is much higher than the satellite with large
dimensions and mass (at the same values of the relative margin
of static stability and bulk density). This extends the range of
heights at which the aerodynamic moment acting on the
nanosatellite is significant and it can be used to passively

3. It should be mentioned that existing commercial launch
vehicles for separating nanosatellites generate large initial
angular velocity values (for example, the separation systems
used in the QB50 project generate the angular velocity of the
nanosatellite after leaving the container to 50 º/s) [4]. In
addition, when launching nanosatellites from platforms that
perform uncontrolled movement, it is necessary to take into
account the random nature of the angular motion of these
platforms. For example, the upper stage of the Soyuz carrier
rocket, after separating the main payload, performs a regular
precession with random angles of orientation and angular
velocities [8]. Thus, after separation, nanosatellites tend to
acquire a sufficiently large kinetic moment, which must then be
extinguished.
4. It should be noted that resonance modes of motion may
arise in nanosatellites. For nanosatellites of CubeSat standard
having the shape of a rectangular parallelepiped, the
aerodynamic moment depends on the spatial angle of attack
and the angle of its own rotation, and this creates the
prerequisites for the appearance of a resonance, which
manifests itself in a sharp change in the amplitude of
oscillations along the angle of attack, when an integer
combination of the frequency of oscillations of the spatial angle
of attack and the mean Frequency of proper rotation is close to
zero.

Fig. 4. The area of heights H and the relative margin of static stability
where the aerodynamic moment Ma exceeds the gravitational Mg

x ,

These features of the motion of nanosatellites in low orbits
cause the need to apply a probabilistic approach to solving the
problem of investigating motion relative to the center of mass.
In [9], probabilistic models of the initial conditions of the
nanosatellite angular motion were formed after the associated
launch from the orbital stage of the Soyuz carrier rocket, which
makes uncontrolled movement after separation of the main
payload. Taking into account that the components of the
transverse angular velocity of the stage are independent and
distributed according to the normal law with variances

 2 os   2 os and zero mathematical expectations [10], an
y

z

analytic distribution function of the spatial angle of attack
(angle between the longitudinal axis of the stage and the
velocity vector) at the time of separation of the nanosatellite:
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where t d - time delay of nanosatellite separation from the
stage after separation of the payload.
For the case when the angular motion of the nanosatellite
after separation from the rotating stage is a regular precession
(the case when the static stability margin of the nanosatellite is
sufficiently small and the aerodynamic moment and other
external moments can be neglected), analytic distribution
functions are obtained for the angle of the half-solution of the
precession cone  k  0,  / 2 :
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where K x  J x  x - longitudinal component of the kinetic
momentum, J x - longitudinal moment of inertia of a
nanosatellite, J y  J z  J n - transverse moment of inertia of a
nanosatellite,  x - longitudinal component of the angular
velocity of the nanosatellite.
Formulas (2) and (3) are obtained under the assumption that
the components of the transverse component of the angular
velocity are independent and distributed according to the
normal law with zero mathematical expectations and variances
equal to  2 y   2 z   2 , and the spread of the magnitude of
the longitudinal angular velocity  x is neglected.
In [11], an uncontrolled motion with respect to the center of
mass of a nanosatellite after separation from a stabilized
platform is investigated. When separating the nanosatellite
from the adapter, the realization of the value of the maximum
angle of attack is of an accidental nature. The maximum value
of the angle of attack of a nanosatellite, in addition to the
magnitudes of the aerodynamic and gravitational moments, is
determined by the initial value of the angle of attack  0 and
the initial value of the angular velocity  0 . Assuming that the
greatest variance of the values from these random variables is
the magnitude of the angular velocity  0 , neglecting the
spreads of other quantities, we obtain analytic distribution
functions for the magnitude of the maximum angle of attack for
two variants of the distribution of the magnitude of the quantity

 0 . If the value of the initial transverse angular velocity  0
has a Rayleigh distribution, then the distribution function of the
maximum angle of attack  max determine formula:
  a(cos max  cos 0 )  c(cos2  max  cos2 0 ) 
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If value  0 distributed uniformly in the range [ 0 ,  0 max ]:
F ( max ) 

2a(cos max  cos 0 )  2c(cos2  max  cos2  0 )
,
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where
distribution
scale
parameter;
 0
a( H )  a 0 Slq ( H ) / J n ‒ aerodynamic recovery factor; a 0 Coefficient of approximation of the coefficient of aerodynamic
recovery torque averaged over the angle of proper rotation  ,
by sinusoidal dependence on the angle of attack;
S ‒ characteristic area of the nanosatellite; l - characteristic

length of the nanosatellite; q( H )  V 2  ( H ) / 2 - velocity
head; V ‒ flight velocity; H ‒ altitude,  (H ) ‒ atmospheric
density; c( H )  3( J n  J x )( ( H )) 2 /(2 J n ) ‒ coefficient of
gravitational moment;  ( H )   /( R3  H ) 3

‒ Angular

velocity of the center of mass of the nanosatellite in orbit; R3
‒ Earth radius;  ‒ Earth's gravitation parameter.

Analytic distribution functions are obtained for plane
angular motion. For the case of spatial motion, the laws of
distribution of the maximum angle of attack of the nanosatellite
are obtained as a result of numerical simulation. The field of
use of analytical distribution functions of the maximum angle
of attack for the case of spatial motion is shown.
In [12], for the case when the aerodynamic moment is the
determining factor in the character of motion relative to the
center of mass, an analytical expression is obtained for the
ballistic coefficient averaged over the period of oscillation with
respect to the angle of attack. By numerical simulation,
distribution functions, probability densities and numerical
characteristics of the statistical distribution, averaged ballistic
coefficient of the nanosatellite of the CubeSat standard are
obtained. The problem is solved for the moment of separation
of the nanosatellite from the transport-launch container and for
the process of its descent from the orbit.
Above we noted the possibility of the emergence of
resonant modes of motion of nanosatellites of the CubeSat
standard, when the integer combination of the frequency of
oscillations of the spatial angle of attack and the mean
frequency of proper rotation turns out to be close to zero. For
example, in Fig. 5 shows a resonant change in the spatial angle
of attack of a nanosatellite CubeSat 3U under the following
initial conditions of motion: the initial altitude of the flight
H = 270 km, initial value of the spatial angle of attack
 0  30 °, longitudinal angular velocity  x  0,4 °/s.

if the initial value of the angular velocity  0 has the Rayleigh
distribution

 2 ln(1  p  )
x
,
lb 
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in the case of the distribution of the initial angular velocity  0
by uniform law in the range [ 0 ,  0 max ]
d

Fig. 5. Dependence of the spatial angle of attack of a nanosatellite CubeSat
3U on time

Conditions are obtained for the emergence of resonance
modes of motion for the nanosatellite of the CubeSat standard
when moving in low circular orbits. In Fig. 6 shows the
dependence of the critical value of the longitudinal angular
velocity of the nanosatellite, under which the conditions for the
resonant motion of the nanosatellite are met, from the altitude
of the flight.
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Using the obtained expressions (6) - (7), we can construct
nomograms for estimating the possibility of ensuring the
required value of the constructive parameter. For example, in
Fig. 7, on the right are the dependencies of the required design
parameter of the nanosatellite d on the orbit height H and on
the parameter value  (the value of the initial transverse
angular velocity has the Rayleigh distribution) for the values of
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the maximum angle of attack max  20 °,

Fig. 6. Dependence of the critical value of the longitudinal angular velocity
of the nanosatellite, under which the conditions for the resonant motion of the
nanosatellite are met, from the altitude of the flight

III.

FEATURES OF DESIGN CHOICE OF PARAMETERS OF
CUBESAT NANOSATELLITE

These features of the motion of nanosatellites in low orbits
have led to a probabilistic approach to the design of the passive
stabilization system for a nanosatellite, in particular, the
aerodynamic stabilization system for the nanosatellites
SamSat-218D and SamSat-QB50
In [13], [14], the problem of providing aerodynamic
stabilization of the nanosatellite is considered in a probabilistic
formulation with respect to the angular motion of the
nanosatellite after separation from the carrier. Based on the
obtained analytical laws for the distribution of the maximum
angle of attack, formulas were obtained for selecting the
aerodynamically stabilized nanosatellite for the design
parameters (static stability, length, longitudinal moment of
inertia) that, when moving in low orbits, the deviation of the
longitudinal axis of the nanosatellite from the velocity vector of
the center of mass is less than the permissible value with a
given probability At the required height for given angular
velocity errors from the separation system. For example, in
order for the maximum angle of attack of a nanosatellite of the
CubeSat standard, at altitudes where the aerodynamic moment
greatly exceeds the gravitational one, was less than the


allowable value  max
with probability not less than p  ,it is
necessary to fulfill the following condition for the constructive
parameter of the nanosatellite d:

p   0.95 and initial angle of atack  0  0 , On the left, the
values of the design parameter of the nanosatellite CubeSat 3U
with different values of the transverse moment of inertia,
depending on the static stability margin x and the
constructive parameter of the aerodynamically stabilized
nanosatellite of the SamSat-QB50 transformer with a mass of 2
kg, having the original shape of CubeSat 2U with dimensions
of 0.1 × 0.1 × 0.2 m3 and the initial distance between the
pressure center and the center of mass m. After separation from
the adapter, the nanosatellite Is transformed into a CubeSat 3U
with dimensions of 0.1 × 0.1 × 0.3 m3, which significantly
increases the distance between the pressure center and the
center of mass (up to x  0,055 m), and, consequently, the
aerodynamic moment increases, and the height region On
which the aerodynamic moment greater than the gravitational
moment expands to 550 km. Calculations were carried out for
the standard density of the atmosphere in accordance with [15].
Nomograms can be used both to select the design parameters of
the nanosatellite parameter, and to specify the requirements for
the errors of the separation system of the existing nanosatellite.
Based on the results of the research, a Eurasian patent was
obtained for the method of uniaxial aerodynamic stabilization
of a nanosatellite of the CubeSat class [16].

Fig. 7.
Nomogram for selecting the design parameter of the
CubeSat 3U nanosatellite, depending on the altitude of the flight H and the

p   0,95 ,  0  0
value of the parameter  when  max
 20 °,град

The issue of ensuring passive three-axis stabilization of a
nanosatellite is also solved in a probabilistic formulation.
Three-axis gravitational-aerodynamic stabilization is carried
out by means of a certain mixing of the center of mass from the
center of pressure along the middle axis of the ellipsoid of
inertia of the nanosatellite, while the design parameters (static
stability reserve, moments of inertia) are selected in such a way
that the maximum angle of deviation of the longitudinal axis of
the nanosatellite from the gravitational vertical is less than the
permissible With a given probability at a given flight altitude
for given angular velocity errors from the separation system,
and with a combined stabilization system at the end of the
active pre-soak system operation. A more detailed description
of the solution of this problem is given in the report at this
conference - Passive gravitational aerodynamic stabilization of
nanosatellite / I.V. Belokonov, I.A. Timbai, M.S. Kurmanbekov.
IV. MEASURING SYSTEMS AND ACTUATORS
NANOSATELLITES ORIENTATION AND STABILIZATION SYSTEM
To determine the orientation of the spacecraft, traditional
types of sensors are used: sun sensors, star sensors, horizon
sensors, magnetometers, gyroscopes [17].
Sun sensors allow one or two angles between the
orthogonal sensor vector and the Sun to be measured,
providing information about the direction vector to the Sun in
the coordinate system associated with the satellite. Different
types of solar sensors have a range of measurement accuracy
from 0.01º to several degrees.
Star sensors, also called star cameras, are the most accurate
type of orientation sensors. Most modern star sensors operate
as digital cameras, which involves shooting a star space area. A
complete solution of the orientation problem can be obtained
by comparing the obtained image with the catalog of stars
stored on board. The accuracy of this type of sensor is from
0.0003º to 0.01º.
The horizon sensors are infrared sensors that detect the
contrast between the cold space and the hot earth atmosphere.
A stationary horizon sensor can be mounted on a rotating
apparatus or a scanning horizon sensor using a rotating mirror
or lenses can be mounted on a stationary spacecraft. Through
the definition of the Earth's edge, the sensor determines the
earth's phase and the chord angle to extract the direction of the
nadir in the coordinate system associated with the satellite. The
accuracy for the horizon sensors lies in the range from 0.1º to
0.25º.
Magnetometers measure the direction and modulus of the
Earth's magnetic field. Taking into account the fact that the
magnetic field decreases with distance from the Earth
(proportional to
), magnetometers are used at altitudes
below 1000 km. The accuracy of the magnetometers lies in the
range from 0.5º to 3º.
Gyroscopes measure the angular velocity of the satellite.
They are combined with other sensors in recursive orientation
determination algorithms. Combining these gyroscopes with
the measurements of other sensors allows you to evaluate the
orientation more accurately than using only the sensors that
determine the angles.

Table 1 shows the orientation of modern commercial
sensors that can be used to nanosatellites implementing mission
requiring highly accurate information about the spatial
orientation.
TABLE I.

COMMERCIAL ORIENTATION SENSORS

Name
BiSon64/
BiSon64-B

Type
Sun sensor

Sun

Sun sensor

MAI-SS
SpaceSextant
Nano-SSOC-A60
analog sun sensor
Nano-SSOC-D60
digital sun sensor
NSS CubeSat Sun
Sensor
NSS Fine Sun
Sensor
NSS
Magnetometer

Star sensor

Accuracy
0,5 ° 3σ (with
calibration)
3.5° 3σ (without
calibration)
Nadir
vector:
<0.2°.
Sun
vector: < 0.2°
Poor angle of
view: >1°
Good angle of
view <0.25°
0.013°

CubeSense

Sun sensor
nadir sensor

Sun sensor

<0.5° 3σ

4g

Sun sensor

<0.5° 3σ

6.5 g

Sun sensor

<0.5°

<5 g

Sun sensor

± 0.1°

35 g

Magnetometer

<200 g

NST-1 Nano Star
Tracker

Sun sensor

SSOC-A60 2-Axis
analog sun sensor
SSOC-D60 2-Axis
digital sun sensor

Sun sensor

Sensitivity:
6.5nT
Density of noise
<
500
pTRMS/Hz
@1Hz
Across the line of
sight: <7´´ 3σ
Along the line of
sight: <70´´3σ
<0.3° 3σ

Sun sensor

<0.3° 3σ

35 g

MAI-KE
Sensor

+

Mass
< 21.7±1
g
80
g
(include
camera)
33 g

197 g

245 g

25 g

On nanosatellites used in space missions that do not require
high-accuracy spatial binding, due to the limited mass-size
constraints, mostly built-in sensors based on MEMStechnologies are used. Such sensors have low power
consumption, size and weight, but they have lower accuracy
characteristics, and their measurements depend strongly on
temperature changes.
The SamSat nanosatellite platform was originally
developed to create budgetary scientific and educational
nanosatellites that do not require high accuracy in determining
spatial orientation. The SamSat platform measuring unit is
based on the MPU-9250 microchips located on the on-board
platform computer and including a triaxial magnetometer, a
triaxial gyroscope and a temperature sensor. To improve the
reliability and accuracy of the onboard computer, two
microchips MPU-9250 are located. The light sensor
TCS34725, which is built into the substrate of solar cells
placed on the surface of the satellite (Fig. 8), also enters the
measuring block of the platform.

determined, which makes it possible to bring the readings of
the sensors to real data. The technology and procedure for
calibrating the sensor array of the SamSat platform sensors is
given in the report at this conference. ‒ Technology for
calibration measuring instruments SamSat nanosatellite’s
family/ A.M. Bogatyrev, I.A. Lomaka, P.N. Nikolaev.
The sensors are calibrated on the certified equipment of the
Complex testing of nanosatellites and on-board systems center
located at Samara University [18].
Fig. 8. Location of light sensors on SamSat platform

The magnetometer included in the SamSat platform
measuring unit is capable of measuring in the range of ± 4800
μT with a resolution of 150 nT and an standard
deviation
. In this measurement range, the
readings of the magnetometer have a linear temperature
dependence.
The measurement model of the MEMS magnetometer is
described by the expression

Earlier it was noted that the measuring unit includes an
ambient light sensor TCS34725, which is a digital sensor and
allows measurements of red, green, blue and white light. The
sensor is equipped with a set of sensitive elements of 12
photodiodes (three with a red filter, three with a green filter,
three with a blue filter and three without a filter), in addition, it
is covered with an infrared filter. The spectral sensitivity of the
sensor is shown in Fig. 9, a), and in Fig. 9, b) shows the change
in the sensor reading from the angle of incidence of the light
flux to the normal surface of the solar panel. The sensor's
ability to select colors is used to separate the illumination from
the Sun and from the Earth.
a)

(8)
where

is the measurement vector;
- sensor sensitivity;
– the scaling factors; – the vector of the true

value of the magnetic field induction;
the zero-displacement vector, depending on the temperature;
- the vector of the coefficients of the temperature dependence;
ΔT - the difference between the sensor temperature at the time
of measurement and the reference temperature (assumed to be
28 °C);
- the sensor noise vector.
The gyroscope included in the SamSat platform measuring
unit is capable of measuring in the range of ±250 º/s with a
resolution of 0.00763 º/s and an average standard deviation
. The zero shift of the gyroscope readings has a
nonlinear temperature characteristic.

b)

The measurement model of the MEMS gyroscope is
described by the expression
(9)
where
‒ the vector of measured values; S - sensor
sensitivity;
‒ the vector of true angular velocity values;
‒ the vector of the
displacement of the zero, depending on the temperature;
‒ vector of coefficients of temperature
dependence;

‒ the sensor noise vector.

Due to the serial production of this type of sensors at the
factory, these sensors go on sale uncalibrated. Therefore, when
they are used in the SamSat platform measuring block, they are
calibrated and the coefficients in the error models are

Fig. 9. Characteristics of the light sensor: a) spectral responsivity of the
sensor; b) responsivity of the sensor vs. angular displacement

Thus, the SamSat-218D nanosatellite measuring unit
consisted of two microchips MPU-9250 and six light sensors
TCS34725. The SamSat-QB50 nanosatellite measuring unit
had two light sensors less than the previous satellite, because of
the impossibility of their placement on the end faces of the
nanosatellite (one facet is an aerodynamic stabilizer element,
and the other is the FIPEX scientific equipment).
The choice of the type of actuators for the control and
stabilization system depends both on the target tasks being
solved by the nanosatellite and the design decisions made when
it is created. Systems of control and stabilization on
nanosatellites there are passive, active and combined.
Passive control systems include gravitational (in high
orbits) and aerodynamic (in low orbits) control systems.
Passive systems of angular motion stabilization include
magnetic systems using hysteresis rods [19], a spherical
magnetic damper [20].
As executive devices in active systems of orientation and
stabilization of nanosatellites are often used flywheels [21], the
magnetic coil [20], very rarely - micro engines [22].
The control of nanosatellites built on the SamSat platform
is performed by an active magnetic orientation system
consisting of three magnetic coils (Figure 10a), which are
designed as an 11-layer board used as a substrate for the
placement of photoelectronic converters of solar panels with a
total area of coil turned is 0.5
.
When a 0.1 A current is applied to the coil, a maximum
resulting dipole moment of 0.0866
is produced from
three coils located mutually perpendicular. In this case, at a
height of 500 km, as a result of the interaction of the dipole
moment of the coils with the magnetic field of the Earth, a
mechanical moment of the order of
is created.
Thus, the angular motion control of nanosatellites SamSat218D and SamSat QB50 is carried out using an active magnetic
stabilization system, which uses the B-dot algorithm for control
[23, 24]. In addition, eight hysteresis rods are additionally
installed on the SamSat-QB50 nanosatellite [19], which
contributes to damping of nanosatellite oscillations after the
active magnetic stabilization system is completed. The
arrangement of the rods is shown in Fig. 10 b). The efficiency
of the hysteresis rods is characterized by the coercive force
and the relative magnetic permeability . For the nanosatellite
SamSat-QB50, these characteristics are
,
. A passive magnetic stabilization system based
on hysteresis rods was developed in cooperation with a team of
employees of the Keldysh Institute of Applied Mathematics
under the guidance of Prof. M.Yu. Ovchinnikov.

Fig. 10. Actuators of the SamSat family of nanosatellites: a) the magnetic coil
of SamSat platform; -b) location of hysteresis rods on the SamSat-QB50
satellite

V.

ANGULAR MOTION CONTROL OF NANOSATELLITES

The problems of controlling the angular motion of
nanosatellites are to a large extent related to the previously
listed features of the motion of nanosatellites, including the
acquired initial kinetic moment after leaving the transportlaunch container.
Generally, a universal nanosatellite’s deployer provides the
pushing of the nanosatellite by means of a spring pusher, which
causes the nanosatellite to move along the directing rails until it
leaves the container completely. Currently, several
nanosatellite’s deployer of various manufacturers are
represented on the market, for example, Innovation Solution In
Space, NanoRacks.
In Russia, there is only one nanosatellite’s deployer for
launching nanosatellites produced by Progress Rocket Space
Centre [7] (Fig. 11), which passed the flight qualification (with
its help was launched the nanosatellite SamSat-218D). As
mentioned earlier, the nanosatellite after its exit from the
deployer can be rotated to large angular velocities. For
example, in requirements of a mission of QB50 it is said about
possibility of angular speed to
(the requirement of
QB50-SYS-1.2.1, [4]) that it is considered the normal mode the
nanosatellite deployment (in the same document is noted that
the control system of the nanosatellite has to cope with the
emergency mode of office which is followed by a turning to
).

Fig. 11. Nanosatellite’s deployer produced by Progress Rocket Space Centre

Controlling for most nanosatellites can be divided into the
following main stages:
 damping of the initial angular velocities;
 bringing the nanosatellite into the required oriented
position, which is often the stable position;
 retention of the nanosatellite in an stable position;
 reorientation of the nanosatellite in accordance with the
target task being solved.
In most missions of nanosatellites, due to the limited onboard power and computing resources, the angular motion
control consists in damping the initial angular velocities after
leaving the deployer and bringing to the desired stable position.
To solve the first problem, the B-dot control algorithm is
used most often, which is simple and reliable, but requires
measuring the components of the Earth's magnetic field.
Measuring the Earth's magnetic field with a magnetometer and
creating control magnetic moments require careful alignment
of these interdependent processes.
The SamSat-218D and SamSat-QB50 satellites use the Bdot algorithm implemented on the on-board computer [25]. The
algorithm consists in controlling the supply of current to the
magnetic coils to create the dipole moment necessary for the
sign and the module

Smoothing of measured magnetometer values in all three
axes is performed by least squares using a second-degree
polynomial:
where
- the coefficients of the polynomial;
reference number in the range from 0 to .

- the

In accordance with this, the vector of induction
derivatives of the magnetic field can be calculated by the
formula:
and the currents are calculated by the formula:

where

is the last sample of the measurement interval.

In view of the above limitations, a cyclogram of the B-dot
algorithm was developed (Fig. 12). The cyclogram consists of
repeating stages: measuring the induction of the earth's
magnetic field with a magnetometer; generated of a control
magnetic moment; time delay for the completion of the
transient in the magnetic coils and the disappearance of the
control torque.

(10)
where - the derivative of the vector induction of the Earth's
magnetic field;
- coefficient of proportionality. Then the
required value of the current to be applied to the coils is
determined by the relation

Fig. 12. Cyclogram of the algorithm B-dot on board the nanosatellite

These time intervals are parameters of the B-dot algorithm,
which require reasonable choice.

(11)

Studies have shown that the delay in time between turning
off the coils and turning on the magnetometer should be at least
0.25 s.

The main difficulty of implementing the algorithm is to
find the derivative of the vector of the Earth's magnetic field
induction at the current time.

The duration of the measurement interval of the
magnetometer of the earth's magnetic field induction is chosen
from the condition that the second-degree polynomial can be
approximated by the magnetometer measurements with the
required accuracy. Since in the control interval the dipole
moment of the coils calculated and generated during the
measurement stage is constant in magnitude and direction, the
duration of the control interval is chosen in such a way that the
vectors
and
are oppositely directed throughout the
interval, which should exclude the spin-up of the nanosatellite
(The algorithm must remove energy from the oscillatory
system, rather than pumping energy).

where

- the area of winding the conductor in the coil.

When implementing the B-dot algorithm in practice, it is
necessary to consider the following features:
 MEMS magnetometers have a large noise component,
and the measured values need to be smoothed;
 as a result of creating a dipole moment on the coil, there
are errors in the measurement of the Earth's magnetic
field. In this regard, it is impossible to measure the
vector of the Earth's magnetic field induction during the
control process by means of magnetic coils;
 it is necessary to take into account the decay time of the
sensor signal with a step change in the vector of
induction of the Earth's magnetic field, caused by the
turning off coils at the end of the control interval.

Fig. 13 shows the changes in the magnetometer readings
during the operation of the control algorithm. For example, one
interval of measurements of the earth's magnetic field by a
magnetometer is singled out, on which the noise components of
the measurements are noticeable. The darkened areas
correspond to the readings of the magnetometer, during the
operation of the magnetic control coils (indications at these
intervals are not used in the algorithm).

a)

b)

Fig. 13. Magnetometer measurements when the coils are switched on/off

Based on parametric studies, parameters of the B-dot
algorithm were chosen for measurement and control intervals
that satisfy the conditions created (Tab. 2).
Table 2 shows the parameters of the B-dot algorithm, which
were used in the nanosatellite control system SamSat-218D and
SamSat-QB50. For the SamSat-218D satellite, the
measurement and control intervals were assumed to correspond
to the initial angular velocity modulus of 10 º/s, proceeding
from the angular velocities announced in [26] when the
nanosatellite was separated from the deployer of Progress
Rocket Space Centre production. For the SamSat-QB50
satellite, the measurement and control intervals were assumed
to correspond to the initial angular velocity module 90 º / s,
based on the recommendations of the QB50 [4] project.
TABLE II.
RECOMMENDED PARAMETERS OF THE ALGORITHM B-DOT
(THE DURATION OF THE MEASUREMENT AND CONTROL INTERVALS)
Angular
velocity of the
nanosatellite,

Operating time
of the
magnetometer,
s

Operating time
of the magnetic
control coils, s

Damping
time, s

90

1.5

1

23000–47000

80

1.5

1

24000–33000

70

1.5

1

15000–25000

60

2

1.5

13000–18000

50

2

2

10000–15000

40

2

3

10000–13500

30

3

4

5000–10000

20
10

3
3

4
4

4000–5000
2000–3000

In Fig. 14 shows the damping time for the initial angular
velocities of 10 °/s and 90 °/s.

Fig. 14. Damping time of initial angular velocities for nanosatellite SamSatQB50: a) initial angular velocity damping 10 °/s; b) initial angular velocity
damping 90 °/s

Unlike SamSat-218D, the passive magnetic orientation
system with hysteresis rods is installed on the SamSat-QB50
nanosatellite in addition to the active one. On each rod a dipole
magnetic moment is generated, directed along the longitudinal
axis of the rod, which can be described by the following model:
,
where - the relative magnetic permeability of the rod; - the
volume of the rod;
- remanence of the rod;
- magnetic constant;
- the
coercive force; - the vector of the Earth's magnetic induction;
̇ - derivative of the vector of induction of the Earth's
magnetic field; - the unit vector. In Fig. 15 is a graph of the
dependence of the angular velocity modulus on time in two
stages of the angular motion control process with the help of
hysteresis rods (magnetic coils are switched off): the transient
mode (the angular velocity is damped), the steady state
(oscillations around the vector of the Earth's magnetic field
induction).

The MNP-M1 receiver installed on board passed flight
qualification as part of the SSAU-YES2 equipment on the
Foton-M3 scientific satellite in 2007 [29]. The navigation
receiver was further tested in a thermal vacuum chamber
before being installed on a nanosatellite. A feature of the use of
navigation receivers on nanosatellites is the need to plan the
modes of operation of the receiver on board in order to reduce
power consumption, and also placement of the antenna from
the conditions of favorable visibility of navigation satellites.
A more difficult issue is to link the measurement results to
the current spatial orientation of the nanosatellite.
Fig. 15. The change in the angular velocity of 0.7 °/s with the operation of
hysteresis rods

A possible approach to the solution of the reorientation
problem is presented in the report at this conference –
Algorithm for the reorientation of the Cubesat nanosatellite /
A.V. Kramlikh, M.E. Melnik.
VI. FEATURES OF NAVIGATIONAL SUPPORT OF
NANOSATELLITES MISSIONS AND LINKING THE RESULTS OF
EXPERIMENTS TO THE CURRENT SPATIAL ORIENTATION
To interpret the results of experiments carried out on
nanosatellites, it is necessary to provide their spatio-temporal
binding, and in some cases, a binding to the current orientation
of the nanosatellite.
There are two approaches for navigational support of
nanosatellites. The first, the most popular, is the use of
NORAD data for the orbital motion forecast based on the TLE
format data published daily on the site [27]. Another approach
is to use on-board navigational aids of a nanosatellite, in
particular, receivers of satellite radio navigation. SamSat
families have used both of these approaches in the created
nanosatellites.
Navigation of the SamSat-218D satellite is carried out by
TLE files. The accuracy of the forecast of the coordinates of
the center of mass according to TLE files per day is ± 2 km.
The forecasting algorithm implemented in the Flight Control
Center consists of two stages:
 transfer of TLE format data to the satellite state vector
in an absolute geocentric coordinate system at the same
time;
 prediction of the state vector, using the expansion of the
Earth's gravitational field potential up to eight
harmonics and the dynamic model of the Earth's
atmosphere [28].
The navigational support of the nanosatellite SamSat-QB50
is carried out using the on-board navigation receiver of the
Izhevskiy radiozavod MNP-M1. Despite the fact that the QB50
project does not impose high requirements on space-time
reference (sufficient binding of scientific measurements with
an accuracy of ± 10 km [4], that is, it is possible to use TLEfiles), however, to increase the informativeness of scientific
measurements, it was decided to use satellite radio navigation.

The methods for obtaining a solution to the problem of
determining the orientation are divided into two large groups
[17]:
 "kinematic" methods, suggesting solutions for the
obtained single-moment measurements of two or more
vectors associated with the current orientation of the
satellite, and reducing to the solution of the Wahba
problem [30] (Such methods do not impose large
demands on computational resources and can be
implemented on board a nanosatellite to realize a closed
contour of angular motion control);
 "dynamic" methods that involve finding solutions based
on measurements taken at different times and using
dynamic motion models [31] (for implementing this
group of methods, significant computing resources are
required and, as a result, they are rarely used in the
problem of spatial
reference
of scientific
measurements).
The TRIAD algorithm uses information about two vectors
associated with the spatial orientation of the device, the orbital
(model vectors) and the body coordinate systems (sensor
measurements). At the output, the algorithm generates a
direction cosines matrix that connects both systems.
For two vectors, a system can be written
(12)
where A ‒ the desired orthogonal rotation matrix (matrix of
direction cosines);
,
‒ model vectors in the orbital
coordinate system;
,
‒ measured vectors in the body
coordinate system. For system (12) the following expression is
valid
(13)
The TRIAD algorithm looks for an estimate of the rotation
matrix A as a solution to a system of linear algebraic equations
given by the following equation:
(14)
In the case when the accuracy of the measurement of the
vector
is lower than the accuracy of the measurement of the
vector , the following transformations are made:

(15)
(16)

by Taylor expansion and includes the prediction and correction
phase.
Prediction phase:

and a new expression is formed:

as

(17)
As a result, the orientation of the nanosatellite is estimated
(18)

The QUEST algorithm is similar to the TRIAD algorithm.
But it allows to be involved more than two vectors in the
search for a solution. The application of the QUEST algorithm
reduces to the estimation of the orientation quaternion by the
following formula:

where

- a priori value of the system state vector;

- a

posteriori value of the system state vector;
- a priori value
of the system covariance error matrix;
- a posteriori value
of the system covariance error matrix;
- the
transition matrix from the instant of time
to time ;
- the Jacobian of the motion model;

- the

motion model error matrix.
Correction phase:

(19)
where

is a solution of a system of linear algebraic equations:
(20)

Here

where

is the Kalman gain matrix;

is the

Jacobian of the measurement model;
is the measurement
error matrix;
is the vector of measurements;
is the
measurement model.
In the issue of estimate the orientation of the nanosatellite
SamSat-QB50, the state vector consists of the vector part of the
orientation quaternion and the angular velocity vector of the
satellite.

To estimate orientation of the SamSat-218D nanosatellite,
the measurements of the magnetometer and light sensors were
used. A compare was made between the use of both algorithms
to determine the current orientation of the satellite. The
resources of the on-board computer of the SamSat platform are
sufficient for the implementation of both algorithms. The
implementation of the QUEST algorithm is simpler, but
features arise when the satellite is rotated through an angle
. At the same time, the TRIAD algorithm has no
specific features and was therefore chosen for implementation
on board a SamSat-218D nanosatellite in accordance with
expressions (12)–(18).
In accordance with the requirements of the QB50 project, it
is necessary to provide a highly accurate time reference to the
flow of scientific measurements made on board. Therefore, the
SamSat-QB50 is supposed to be evaluated in the flight control
center by the magnetometers and gyroscopes measurements
transmitted to the Earth (light sensors in the standard case are
not used to assess the orientation in view of the impossibility of
their installation on the front surfaces of the nanosatellite,
which drastically reduces the information value of this type of
measurement information).
For this purpose, it is expected to use the extended Kalman
filter (EKF) [34], which, like the traditional Kalman filter, uses
the linearization of non-linear measurement and motion models

In the case of the presence of a navigation receiver on
board a nanosatellite, when solving the attitude estimation
problem, information on the visibility/invisibility of navigation
satellites can also be used, on the basis of which it is possible
to form a vector associated with the current orientation of the
nanosatellite, and then process together with data obtained
from other measuring devices, using the TRIAD algorithm [35,
36]. At this conference a report on this topic is presented Estimation of the nanosatellite attitude and angular rate by
analyzing the navigation spacecraft geometrical visibility using
the controllable pattern of navigation antenna / I.V. Belokonov,
A.V. Kramlikh, M.E. Melnik.
Table 3 presents the expected accuracy characteristics of
the algorithms found for the following measurement errors
(standard deviations): for the magnetometer for the gyro σ
for light sensors - 5%.
TABLE III.

EXPECTED VALUES OF THE ACCURACY CHARACTERISTICS OF
THE ALGORITHMS TRIAD, QUEST, EXTENDED KALMAN FILTER

Algorithms
TRIAD
QUEST
EKF

1,099
1,187
0,16

3,575
3,87
0,426

2,808
2,937
0,183

0,993
1,169
0,17

4,487
6,749
0,305

3,708
3,74
0,193

From the analysis of simulation results, the following
conclusions can be drawn:

 the accuracy of determining the orientation of the
nanosatellite SamSat-218D is not high, but it is
sufficient for the fulfillment of the targets assigned to
the satellite. If necessary, it can be improved by
processing the measurements on the Earth and
performing smoothing of the results;
 the expected accuracy of the binding of scientific
measurements obtained on the SamSat-QB50
nanosatellite complies with the declared requirements
of the QB50 project.
VII. PROGRAM OF NANOSATELLITES DEVELOPMENT IN
SAMARA UNIVERSITY
Leading aerospace universities of the world use
nanosatellites not only as a means for carrying out scientific
research, but also as a unique opportunity to improve the
educational process in the training of modern specialists in the
field of space technology development.
Educational programs based on the technology of project
training "learning through research" and on the creation of
nanosatellites of the CubeSat 3U format in the preparation of
highly qualified scientific and engineering personnel for the
rocket and space industry are realized at the Samara University
on the basis of the interuniversity department of space research.
Preparation is conducted on two master programs "Space
information systems and nanosatellites. Navigation and
Remote Sensing" (direction "Applied Mathematics and
Physics"), "Future Space Technologies and Experiments in
Space" (direction "Rocket Complexes and Cosmonautics"), a
set for a new master program "Information Controls System of
Nanosatellites" (direction "Motion Control Systems and
Navigation").
To implement educational programs in such a high-tech
area, the department has unique laboratories that are integrated
into the testing and integrated testing center for nanosatellite
systems. Allowing to develop, manufacture in a small series of
electronic on-board systems and conduct a full cycle of testing
of nanosatellites. The department also has a control center for
flight and control of nanosatellites. All this allows the
department to develop on a permanent basis nanosatellites
based on its own platform of the form factor CubeSat 3U. In
addition to the two nanosatellites produced to date,
experimental design work is currently being completed to
create a maneuvering unit for the type of nanosatellite in
question. In case of success, the possibilities of developing
projects for groupings of nanosatellites committing a
coordinated flight are opened.
The department annually conducts international summer
space schools "Perspective space technologies and experiments
in space", which are very popular (this year 171 applications
from 29 countries were submitted for participation in the
school, resulting in a competition of 4 people per seat). The
results achieved by the staff of the department arouse the
interest of a large number of foreign universities with whom
partnerships are established. Among the projects that are under
development, there is a Russian-French project of a group
flight of two nanosatellites to study the process of entering the

dense layers of the atmosphere, a project of a grouping of
nanosatellites for monitoring the Earth's ionosphere, a
nanosatellite project to improve the safety of astronauts in outer
space, and others. The correctness of the chosen line of work is
confirmed by the great interest on the part of young people to
enroll in these educational programs.
VIII. CONCLUSIONS
Advances in microelectronics and micromechanics create
unique opportunities for the accelerated development of space
technologies. Nanosatellites are currently the best way to refine
new technologies, to quickly check the original technical
solutions, to promote space research and to attract young
people to cosmonautics.
The existing great interest in nanosatellites in the world
from space agencies, businesses, universities, demonstrated
rapid progress in this field and impressive achievements
requires the identification and systematic study of the features
of the operation of such a class of spacecraft, assessing their
capabilities for solving new fundamental and applied problems.
This work summarizes the experience accumulated by the
authors and is oriented to the promotion of nanosatellite
technologies in Russia.
The study was carried out with the financial support of the Ministry of
Education and Science of the Russian Federation.
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