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Abstract—The motion of aerodynamically stabilized nanosatellites of the CubeSat design is studied. The features of the nanosatellites behavior in low orbits are conditioned both by the atmospheric effects and their
own mass and inertial characteristics: the lifetime of nanosatellites is shorter, while the angular acceleration
generated by the aerodynamic moment is much higher as compared with big satellites having large mass.
CubeSats may experience resonance modes of motion caused by the shape factor of a rectangular parallelepiped. In addition, the existing commercial CubeSat deployers often generate large initial angular velocities that are random in nature. The conditions that cause the specific features of the CubeSat motion are considered and analyzed. A probabilistic approach to choosing their mass and inertial characteristics is proposed.
The problems of motion stabilization are studied, and recommendations are formulated on the design of
aerodynamically stabilized CubeSats with a passive/active magnetic damping system.
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INTRODUCTION
Creation of nanosatellites is a dominant trend in
the development of space technology at the present
time. Though a large amount of research on the analysis and synthesis of spacecraft motion has been conducted since the beginning of the space era, the emergence of a new class of space technology—nanosatellites, in particular, CubeSats—requires revision of the
fundamentals of their dynamics and motion control.
The latter depend on a number of features resulting
from the totality of such factors as geometric dimensions, parallelepiped shape factor, mass and inertial
characteristics, putting into orbit (low orbits with the
dominating influence of aerodynamic forces), the
conditions for launching into orbit as secondary payloads on launch vehicles (large angular velocities after
CubeSats leave their launch containers).
Analysis of CubeSat motion involves a study and
identification of their motion features in low orbits,
which generates a need for a probabilistic approach to
studying motion relative to the center of mass.
Synthesis of the CubeSat motion is taken to mean
a targeted selection of the main mass and inertial characteristics capable of providing the required attitude of
nanosatellites under dominant aerodynamic acceleration and strict limitations on CubeSat-borne energy
resources. After this problem is successfully solved, the
authors propose to use the traditional approach to the
formation of a closed control loop aimed at damping

the random vector of the initial angular momentum
generated after separation.
It should be noted that the CubeSat design features
cause the conditions for the emergence of a rather
complicated resonant motion. Disregard of these factors and the lack of recommendations to prevent their
occurrence can make the target flight mission, associated with specified orientation and stabilization of
motion, unfeasible.
All these issues are especially relevant for low-orbit
nanosatellites launched into orbits such as those of the
International Space Station and lower, the ones that
require aerodynamic stabilization, which is the main
object of research in this work.
The integrated approach proposed in this paper to
solve the above-mentioned problems is original and
nothing of this kind has been discussed in literature.
The work includes three interrelated lines of
research:
—analysis of the CubeSat motion in low orbits;
—synthesis of design parameters for low-orbit
CubeSats;
—synthesis of a closed loop to control angular
motion of aerodynamically stabilized nanosatellites.
The authors give examples of practical application
of the research results to the design of aerodynamically
stabilized nanosatellites. Since 2014, two 3U CubeSats
have been developed at Samara University. The first
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Fig. 1. Orbital altitude variations of the satellites MVL300, Aist-2D, and the SamSat-218D nanosatellite in the
course of 22 months.

nanosatellite SamSat-218D [1] was designed to
develop and test the technology of creating a closed
control loop for its spatial orientation with a large
static stability margin. The second nanosatellite SamSat-QB50 [2] was designed in the framework of an
international university project as part of a CubeSat
group to study the Earth’s troposphere [3]. The technology for synthesizing design parameters used in this
project was based on the artificial creation of the
required static stability margin due to the transformation of the structure and deployment of an aerodynamic stabilizer.
The presented materials will be useful not only to
specialists in the spacecraft dynamics, but they will
also help novice designers of university nanosatellites
who do not have much practical experience in the field
of space technology development.
ANALYSIS OF THE CUBESAT MOTION
IN LOW ORBITS
The task of crucial importance in the development
of any spatial orientation system is to study uncontrolled motion of a nanosatellite relative to its center of
mass because the design conditions of angular motion
are provided only at the design stage by selecting its
design parameters and setting limits on initial angular
velocities generated by the separation system or the
end of operation of the preliminary damping system.
Consider the features of the nanosatellite motion in
low orbits revealed as a result of the study.
(1) For a nanosatellite, the value of the ballistic
coefficient is greater than that of a satellite with larger
dimensions and mass (with the same mass density
value), which reduces its lifetime in orbit. This makes
it possible, taking into consideration a short period of
nanosatellite active operation (usually from six to
twelve months), to effectively use low orbits, avoiding
littering of the near-Earth space.

To illustrate this conclusion, we compare the ballistic coefficients of a 1U CubeSat (0.1 × 0.1 × 0.1 m3)
and a mini-satellite of cubic shape, the linear dimensions of which are N times larger than those of 1U
CubeSat. As is known, assuming that the flow around
the satellite is free-molecular and the impact of the gas
molecules is absolutely inelastic, it is possible to determine the ballistic coefficient of the satellite by the formula σ x = c0 A m , where c0 = 2.2 is the drag coefficient, A is the area of the satellite projection onto the
plane perpendicular to the velocity vector of the incident flow, m is the satellite mass [4]. Then, the ratio of
the 1U CubeSat ballistic coefficients σc and those of
the mini-satellite under consideration σm is determined by the N-fold inverse ratio of their mass density
values γ c and γ m, respectively. This ratio can be written
as σc σm = N (γ m γ c ). It should be noted that the mass
density values of small satellites is usually higher than
that of large-sized satellites.
Figure 1 shows orbital altitude variations of the satellites MVL-300 and Aist-2D, and the SamSat-218D
nanosatellite in the course of 22 months. These spacecraft were launched into a near-circular orbit at a time
with an average altitude of H = 486 km from the
Vostochny Cosmodrome on April 28, 2016. The data
is based on the processing of data from TLE files of the
NORAD system [5].
As can be seen from the graphs, the decrease in the
altitude of the SamSat-218D nanosatellite is 2.5 times
larger than that of the Aist-2D satellite and it is
5.8 times larger than that of the MVL-300. At the
same time, these numerical ratios are approximately
valid for the averaged values of the ballistic coefficients.
(2) The angular acceleration of a nanosatellite
caused by the aerodynamic moment is much higher
than that of a satellite with large dimensions and mass
(with the same values of the relative static stability
margin and mass density value). This extends the
range of altitudes at which the aerodynamic moment
acting on the nanosatellite is significant and it can be
used for passive stabilization along the velocity vector
of the center of mass motion.
For example, the ratio of the angular accelerations
caused by the aerodynamic moment of a 1U CubeSat
and those of a minisatellite whose linear dimensions
are N times larger than those of the 1U CubeSat is
determined by the N2-fold inverse ratio of their mass
density values (with the same values of the relative
static stability margin).
For example, Fig. 2 shows the ranges of altitudes H
and the relative static stability margins Δx = Δx l ( Δx
is the static stability margin, l is the characteristic
length of the nanosatellite), where the aerodynamic
moment Ma exceeds the gravitational moment Mg for a
3U CubeSat nanosatellite (Fig. 2a) and a minisatellite
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(Fig. 2b) whose dimensions are 10 times larger than
those the 3U CubeSat (calculations were carried out
for the standard atmosphere [6]). Note that for the
SamSat-218D satellite at the flight altitude of H = 486
km, the ratio of the maximum values of the moments
M a M g is equal to 2.3, for the SamSat-QB50 satellite
at the flight altitude of H = 405 km, the ratio of
M a M g is equal to 10.

H, km
600

(3) It should be taken into consideration that the
existing commercial deployers—separation systems of
nanosatellites—generate large initial angular velocity
values (for example, in the QB50 project, the separation systems generate angular velocities of nanosatellites of up to 50°/s after they leave the deployer).

200

In addition, when nanosatellites are launched from
platforms with uncontrolled motion, it is necessary to
take into account the random nature of the platform
angular motion as well. For example, after the separation of the main payload, the upper stage of the Soyuz
carrier rocket performs a regular precession with random values of the orientation angles and angular
velocities [7, 8]. Thus, if this stage is used for a piggyback launch of nanosatellites, then, after separation,
they usually acquire a significant angular momentum,
which subsequently needs to be damped.
(4) It should be also kept in mind that nanosatellites flying in low orbits may experience the emergence
of resonant motion. For CubeSats in the form of a
rectangular parallelepiped, the aerodynamic moment
depends on the spatial angle of attack and the angle of
proper rotation [9], which, as will be shown below,
creates the prerequisites for the resonance, which
manifests itself in a sharp change in the amplitude of
oscillations along the angle of attack, when the integer
combination of the oscillation frequency of the spatial
angle of attack and the mean frequency of proper rotation is close to zero.
The above features of the nanosatellite motion in
low orbits generate a need for a probabilistic approach
to studying motion with regard to the center of mass.
Below are the results of the studies obtained by the
authors within the framework of this approach.
It is assumed that the nanosatellite is a dynamically
symmetrical rigid body, the flow is of free-molecular
nature, the impact of gas molecules is absolutely
inelastic so that the resultant of the aerodynamic
forces is applied to the nanosatellite geometric center.
In this case, the aerodynamic drag force is determined
by the area of the nanosatellite projection onto the
plane perpendicular to the velocity vector of the incident flow, and the aerodynamic angular acceleration
(torque characteristic) of the CubeSat is determined
by the formula [9]:

M α (α, ϕ, H ) = m0(H )
× ( cos α + ks sin α ( sin ϕ + cos ϕ )) sin α,
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Fig. 2. The range of altitudes H and the relative static stability margin Δx , where the aerodynamic moment Ma
exceeds the gravitational moment Mg for (a) a 3U CubeSat
nanosatellite and (b) a satellite whose dimensions are
10 times larger than those of the 3U CubeSat nanosatellite.

where m0(H ) = −Δxc0Slq(H ) J n , α is the spatial angle
of attack, ϕ is the angle of proper rotation, ks is the
ratio of the area of one of the lateral surfaces to the reference area, S is the reference area of the nanosatel2
lite, q(H ) = ρ(H ) [V (H )] 2 is the velocity pressure,
H is the flight altitude, ρ(H ) is the atmosphere density, V (H ) = kE (RE + H ) is the flight speed, kE is
the Earth’s gravity parameter, RE is the Earth’s radius,
J n is the nanosatellite transverse moment of inertia
( J y = J z = J n ).
To analyze the angular motion of nanosatellites in
the nonresonant case of motion, the moment characteristic (1) can be averaged over the angle of proper
rotation:

(

)

M α (α, H ) = m0(H ) cos α + ks 4 sin α sin α, (2)
π
and approximated, for the approximate analysis of the
angular motion, by the sinusoidal dependence on the
angle of attack:
M α (α, H ) = a(H ) sin α,

(3)

where a(H ) = m0(H ) ank ; ank = 1.51 at ks = 1; ank =
2.59 at ks = 2; ank = 3.67 at ks = 3.
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To analyze the angular motion of nanosatellites
in the resonant case of motion, assuming that in Formula (1) sin ϕ + cos ϕ ≈ 1 + sin 2ϕ (1 + 2) (maximum error 0.015), we can represent the moment characteristic (1) as two terms: the first and the main one,
depending on the spatial angle of attack and flight altitude, and the second term, depending on the spatial
angle of attack, the angle of proper rotation and flight
altitude, assigning small parameter ε to it:

M α (α, ϕ, H ) = M α (α, H ) + εΦ α (α, ϕ, H ),

(4)

where

M α (α, H ) = m0(H ) ( cos α + ks sin α ) sin α,

(5)

sin 2ϕ
(6)
sin 2 α.
1+ 2
For an approximate analysis of the angular motion
of nanosatellites in the resonant case of motion, the
relation (5) can also be approximated by a sinusoidal
dependence on the angle of attack:
Φ α (α, ϕ, H ) = m0(H )ks

M α (α, H ) = m0(H )mnk sin α,

(7)

where mnk = 1.27 at ks = 1; mnk = 2.12 at ks = 2; mnk =
2.97 at ks = 3.
To obtain the analytical laws of the angle-of-attack
distribution, we used an approximate model of angular
motion in the plane of a circular orbit relative to the
trajectory coordinate system. The model describes the
change in the angle of attack (under the action of the
gravitational and aerodynamic restoring moments) by
the equation of the form [4]:

 − a(Н ) sin α − c(Н ) sin 2α = 0,
α

(8)

where a(H ) = m0(H ) ank is the coefficient in the
moment characteristic (3) due to the aerodynamic
restoring moment; c(H ) = 3(J n − J x )(ωorb (H ))2 (2J n )
is the coefficient due to the gravitational moment; J x
is the nanosatellite longitudinal moment of inertia;

ωorb (H ) = kE (RE + H ) is the nanosatellite centerof-mass angular velocity in orbit.
The change in the altitude of the circular orbit due
to the atmosphere resistance is very slow, therefore,
when considering the angular motion of a nanosatellite for one or several turns, the flight altitude can be
assumed constant ( H = const ). In this case, for the
system (8), the energy integral is valid:
3

α 2 2 + a cos α + c cos 2 α = E0,

where E0 = a cos α0 + c cos 2 α0 + α 02 2 is defined in
terms of the initial conditions of motion.
The magnitude of the maximum angle of attack of
a nanosatellite under oscillations can be found from
the energy integral (3) with α = 0 , assuming that
H = const :

cos αmax = − a
2c

(10)
2
α 20
2
a
a
−
−
+ cos α0 + cos α0 + .
2c
c
2c
When the nanosatellite is separated from the
deployer, the realization of the maximum angle-ofattack value is of a random nature. The latter is determined by the values of the aerodynamic and gravitational moments and the initial values of the angle of
attack α0 and angular velocity α 0 .
Proceeding from the above features of nanosatellite
launching into orbit, it is assumed that the initial
angular velocity α 0 has the greatest spread in the values among the terms included in (10). Then, under the
condition that the spreads in the other terms are
neglected, we find the distribution laws of the maximum angle-of- attack values for the two most common variants of the α 0 modulus distribution laws. If
the modulus of α 0 is distributed according to the
Rayleigh law (the scale distribution parameter σ > 0 ),
then the distribution function of the maximum angle
of attack is determined by the formula [9]:

( )

⎛ −a(cos αmax − cos α0 ) − c(cos 2 αmax − cos 2 α0 ) ⎞
F (αmax ) = 1 − exp ⎜
⎟.
σ2
⎝
⎠
If the modulus of α 0 is distributed uniformly in the
range of [0,α 0 max ], then the distribution function of

F (αmax ) =

(11)

the maximum angle of attack is determined by the formula [9]:

2a(cos αmax − cos α0 ) + 2c(cos 2 αmax − cos 2 α0 )
.
α 0 max

The error in using the analytical distribution functions of the maximum angle of attack (11) and (12)

(9)

(12)

with c = 0 for the case of spatial motion has been estimated. As an example, we considered the motion of a
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3U CubeSat with dimensions 0.1 × 0.1 × 0.3 m3, the
longitudinal moment of inertia J x = 0.0033 kg m 2, the

F (αmax)
1.0

transverse moment of inertia J n = 0.012 kg m 2, the distance between the pressure center, and the center of
mass with Δx = 0.055 m (which corresponds approximately to the characteristics of the SamSat-QB50
nanosatellite after the deployment of the aerodynamic
stabilizer). The graphs in Fig. 3 are given for the case
when the components of the initial transverse angular
velocity are distributed in accordance with the normal
law 3σωy = 3σωz = 2.5 deg (which approximately corresponds to the characteristics of the launch container
manufactured by Space Rocket Center Progress [10]),
for the flight altitude H = 330 km and the initial angle
of attack α0 = 15 deg. We can see the graph of the analytical distribution function (11) (curve 1) and the
graphs of the distribution function of the maximum
angle of attack αmax obtained in the numerical experiments using a complete system of differential equations describing the spatial motion of the nanosatellite
with respect to the center of mass [4] (curve 2 for
3σωx = 0.5 deg/s, curve 3 for 3σωx = 1.5 deg/s, curve 4
for 3σωx = 2.5 deg/s).

0.8

As follows from the results obtained, when the
nanosatellite separates along the center-of-mass
velocity vector (at small initial values of the angle of
attack) and with a slight twist relative to the longitudinal axis, in the case of spatial motion, we can use, with
sufficient accuracy, analytical distribution functions of
the maximum angle of attack obtained for the case of
plane angular motion.
Earlier we pointed out the possibility of emergence
of resonant modes of motion of CubeSat nanosatellites when, with a decrease in the orbit altitude due to
atmospheric drag, the integer combination of the
oscillation frequency of the spatial angle of attack and
the mean frequency of proper rotation may be close to
zero. Resonant modes of spacecraft motion in the
atmosphere were studied in [11–13], which consider
space vehicles intended for uncontrolled descent in
the atmosphere, the ones that are usually referred to as
a class of axisymmetric bodies. In this paper, we analyze the possibility of emergence of the resonant
motion mode of CubeSat nanosatellites during orbital
flights, caused by the shape factor of a rectangular parallelepiped.
In the case when the aerodynamic moment is predominant and determines the character of the angular
motion, it tends to align the longitudinal axis of the
nanosatellite with the direction of the incident flow.
However, this is counteracted by the gyroscopic forces
that cause forced precession of the angular momentum vector with respect to the velocity vector of the
center of mass. The precession of the satellite’s longitudinal axis with respect to the center-of-mass velocity
vector (within the time interval equal to the period of
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Fig. 3. Maximum angle-of-attack distribution function.

a turn), opposite in direction to the velocity vector, is
called “inverse” precession, while the one coinciding
with the direction of the velocity vector is called
“direct” precession [14]. When the condition of
R > G is satisfied, “inverse” precession is realized,
while “direct” precession is realized with G > R ,
where and G = R cos α + (ωy sin ϕ + ωz cos ϕ) sin α ,
R = J x ωx are the projections of the angular momentum vector on the longitudinal axis of the nanosatellite
and on the direction of the center-of-mass velocity,
divided by the transverse moment of inertia J n ;
J x = J x J n ; ωx , ωy , ωz are the projections of the angular velocity vector of the nanosatellite on the axes of
the body-fixed coordinate system.
In the case of unperturbed motion (ε = 0 ,
Н = const , R = const , G = const ), the solution for
the spatial angle of attack in the case of a sinusoidal
moment characteristic (7) was obtained in [15] in the
following form:
2 yK
cos α = A1cn ⎡
+ K , k ⎤ + x,
⎢⎣ π
⎥⎦

(13)

where cn(u) is the elliptic cosine, x = cos αmax ,
y = ω(t − t0 ), ω = πβ K is the oscillation frequency,
A1 = x2 − x, K (k ) is a complete elliptic integral of the
first kind, k = A1 (2η) is the modulus of elliptic
functions, β = −m0mnk η, x2 = cosαmin =

η − (a − bx) (1 − x 2 ),
b = RG (−2m0mnk ),

a = (R 2 + G 2 ) (−4m0mnk ),
η
=

1 − 2(ax − b) (1 − x 2 ) + [(a − bx) (1 − x 2 )]2 .
For small values of the modulus of elliptic functions k, formula (13) is simplified [12]:

cos α ≈ a1 + b1 cos y,

(14)

where a1 = ( x + x2 ) 2, b1 = −( x2 − x) 2.
The average frequency of proper rotation is defined
as
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Fig. 4. Dependence of the 3U CubeSat spatial angle of
attack on time.

2

λ ≈ R(1 J x − 1 2) + sgn(R − G ) ωa2 + R ,
4

(15)

where ωa = −m0mnk .
The frequency of oscillations along the spatial
angle of attack is given by

ω2a
;
ωxkr = 1
2 1− J + 3 J2
x
x
16
—for the frequency ratio of ω = 2λ :

2

(16)
ω ≈ 2 ω2a + R .
4
In perturbed motion, resonances manifest themselves when the condition [16] is satisfied:

mω − nλ = O(ε),

(17)

where m, n are coprime integers.
Ratios of resonance frequencies can be obtained by
calculating the mean power introduced into the system by the exciting moment over time T during which
it has no time to change the shape of the oscillations
[16]:

1
T

t0 +T

∫

Φ α (α, ϕ, H )α dt.

(18)

t0

Taking into account (6) and (14), analyzing the
solution (18), we obtain the conditions for the emergence of resonances in the following cases: if the initial
motion corresponds to a “direct” precession G > R ,
then the system has resonance frequency ratios, corresponding to the conditions ω = −4λ , ω = 2λ , ω = 4λ ;
if the initial motion corresponds to an “inverse” precession R > G , then the system has a resonant frequency ratio 3ω = 4λ .
Taking into account the expressions for the frequencies (15), (16), we obtain the formulas for determining the critical value of the longitudinal angular
velocity of the nanosatellite under which the conditions for the emergence of resonant motion are satisfied:
—for the frequency ratio of ω = −4λ and 3ω = 4λ :

(19)

ωxkr = 2

ω2a
1 − Jx − 3 Jx
4

(20)

;

2

—for the frequency ratio of ω = 4λ :

ω2a
.
ωxkr = 3
2 1− J − 5 J2
x
x
16

(21)

As an example, Fig. 4 shows the resonant variation
in the spatial angle of attack of a 3U CubeSat with the
typical values of moments of inertia J x = 0.005 kg m2,
J n = 0.025 kg m2 and the static stability margin Δx =
0.05 m, corresponding to that of SamSat-218D, with
the following initial motion conditions: the initial
flight altitude H = 270 km, the initial value of the spatial angle of attack α0 = 30 deg, longitudinal angular
velocity ωx = 0.4 deg/s.

Figure 5 shows the relations between the critical
value of the longitudinal angular velocity and the
flight altitude for the same nanosatellite at which the
conditions for the emergence of the resonant motion
(19)–(21) are fulfilled.
Resonant modes of nanosatellite motion can be
avoided by setting a limit on the value of the longitudinal angular velocity during the nanosatellite separation from the deployer, and also by early initiation of
the stabilization system in order to break the resonant
frequency ratio.
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SYNTHESIS OF DESIGN PARAMETERS
FOR LOW-ORBIT CUBESAT
In the publications known to the authors, the problem of ensuring aerodynamic stabilization of nanosatellites is solved in a deterministic formulation. For
example, in [17] this problem was solved for a CubeSat
by deploying solar panels at a certain angle to its longitudinal axis after it was separated from the launcher. In
this paper, based on the results of the analysis of the
nanosatellite motion in low orbits, the authors consider this problem in a probabilistic formulation with
respect to the angular motion of the nanosatellite after
it was separated from the launcher.
The analytical laws of distribution of the maximum
angle of attack (11) and (12) were used to derive the
formulas for selecting design parameters (static stability margin, geometric dimensions, transverse moment
of inertia) of an aerodynamically stabilized nanosatellite in order to ensure, in low Earth orbits, a deviation
of the nanosatellite longitudinal axis from the centerof-mass velocity vector, which should be less than a
permissible value, with a given probability at a
required altitude for given spreads in the angular
velocity caused by the separation system. However, if a
combined stabilization system is used, it is necessary
to take into account the spreads in the angular velocities by the time the active system of preliminary damping finishes working. For example, if we need the maximum angle of attack of a CubeSat to be less than the
permissible value α*max with a probability of no less
than p* at the altitudes where the aerodynamic
moment significantly exceeds the gravitational one,
the following condition for the design parameter d of
the nanosatellite must be fulfilled [18]:
—in the case when the value of the initial angular
velocity α 0 corresponds to the Rayleigh distribution,

πσ2 ln(1 − p*)
d = Δx lb ≥
;
Jn
4c0(cos α*max − cos α0 )q(H )

(22)

—in the case when the initial angular velocity α 0 is
distributed in accordance with the uniform law within
the range [0, α 0 max ]:
2
π ( α 0 max p*)
Δ
x
,
d =
lb ≥
Jn
8c0(cos α0 − cos α*max )q(H )

(23)

where b is the side of the rectangular parallelepiped
base.
Using (22), (23), we formed a set of nomograms
that allowed the synthesis of design parameters of
aerodynamically stabilized CubeSat nanosatellites.
The right-hand parts in Figs. 6 and 7 give the dependencies of the required design parameter d of the
nanosatellite on the orbit altitude H and the value of
parameter σ (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 α*max = 20 deg (Fig. 6)
and α* = 30 deg (Fig. 7) of the probability p* = 0.95
max

and the initial angle of attack α0 = 0 . The left-hand
parts in Figs. 6 and 7 give the dependences of the 3U
CubeSat design parameter values for different values
of the transverse moment of inertia on the static stability margin Δx . Also indicated there is the design
parameter value of the aerodynamically stabilized
SamSat-QB50 nanosatellite of the transformable construction, weighing 2 kg, having the initial shape of a
2U CubeSat with the dimensions of 0.1 × 0.1 × 0.2 m3
and the initial distance between the pressure center
and the center of mass Δx = 0.02 m. After separation
from the launcher, the nanosatellite is transformed
into a 3U CubeSat with dimensions of 0.1 × 0.1 ×
0.3 m3, which significantly increases the distance
between the pressure center and the center of mass to
Δx = 0.055 m, and, consequently, aerodynamic
moment. Calculations were carried out for the standard density of the atmosphere in accordance with [6].

Nomograms can be used both to select the design
parameters of the nanosatellite, focusing on the existing aids of separation, and to specify the requirements
for permissible errors in the separation system of the
already manufactured nanosatellite. Figure 6 shows a
sequence of choosing the nanosatellite parameters for
the orbit height H = 380 km with given constraints on
the conditions of motion relative to the center of mass
formed by the target flight task: α*max = 20 deg,

p* = 0.95 , α0 = 0 , σ = 0.05 deg/s. As can be seen, the
value of the nanosatellite design parameter needed to
ensure the specified motion must meet the condition
of d ≥ 0.13 m/kg (right side of the figure), the design
parameters are selected on the basis of the left part of
the figure. Figure 7 shows an example of setting the
requirements for the error in the operation of the
onboard angular velocity damping system for the
SamSat-QB50 orbiting at H = 380 km and the conditions α*max = 30 deg, p* = 0.95 , α0 = 0 for the target
flight mission.
As can be seen, in order for the SamSat-QB50 to
perform a specified motion, it is necessary that the
requirement for the value of the transverse angular
velocity σ ≤ 0.08 deg/s be satisfied, which must be
fulfilled after the damping process is completed and
the satellite is brought into operation.
The proposed approach to choosing design parameters of the aerodynamically stabilized CubeSat nanosatellite was granted the Eurasian patent [19].
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Fig. 6. Nomogram for selecting the design parameter of the 3U CubeSat, depending on the flight altitude H and the value of
parameter σ at α* = 20 °, p* = 0.95 , α = 0 .
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SYNTHESIS OF A CLOSED LOOP
TO CONTROL THE ANGULAR MOTION
OF AERODYNAMICALLY STABILIZED
NANOSATELLITES

the above-mentioned motion features of nanosatellites of this type, including the initial angular momentum acquired after the nanosatellite separates from the
deployer.

The problem of the angular motion control of aerodynamically stabilized nanosatellites is largely due to

The attitude control system of aerodynamically
stabilized nanosatellites should provide:
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Fig. 9. A cyclogram of the B-dot algorithm operation
onboard a nanosatellite.
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Fig. 8. Changes in the magnetometer data Bx (projection
of magnetic field induction vector on axis X) caused by
switching on and off of the magnetic coils.
.

—damping of initial angular velocities;
—bringing the nanosatellite to a specified attitude
related to the vector of the incident flow, which is a
stable equilibrium position;
—keeping the nanosatellite in an equilibrium position to ensure the required angular motion conditions.
Since active reorientation of nanosatellites in space
is not usually included in their target mission, the
above-listed tasks can be solved with the use of magnetic coils as an actuator.
These problems are considered in a large number of
publications, among which the monograph [20] occupies a special place. It is a summary review of the studies conducted by a group of scientists, headed by Professor M.Yu. Ovchinnikov, over many years.
Of particular interest for practical use in CubeSats
are flat magnetic coils that can be embedded in the
substrate of solar panels; they do not occupy the satellite interior and have a small mass [21].
To solve the problem of damping the initial angular
velocities (in order to reduce the angular momentum
modulus) by means of the active magnetic control system, the B-dot control algorithm [22–24] is usually
used, which is simple and reliable, and requires only
measurements of the Earth’s magnetic field induction
vector components. In this case, measurement of the
Earth’s magnetic field with a magnetometer and generation of control magnetic moments require correct
matching of these interdependent and mutually exclusive processes, since the control dipole moment of the
GYROSCOPY AND NAVIGATION
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coil introduces noticeable distortions in the magnetometer measurements due to the satellite small
dimensions. Figure 8 shows the results of a full-scale
experiment at a test facility, simulating the Earth’s
magnetic field, with alternate switching of the magnetic coils on and off . The areas of high-frequency
variations in the magnetic field induction correspond
to the magnetometer readings during the operation of
the magnetic control coils, which indicates that they
cannot be used in the control algorithm.
The B-dot algorithm forms the required value and
direction of the current applied to the magnetic coils
in order to generate the dipole moment with a required
sign and modulus. In so doing, the generated dipole
moment is assumed to be proportional to the Earth’s
magnetic field induction vector derivative:

m = −kB ,

(24)

where B is the derivative of the Earth’s magnetic field
induction vector; k is the proportionality coefficient.
Then the required value of the current to be fed to the
coils is determined from the relation:
(25)
J = − k B ,
S
where S is the effective area of the conductor circuit in
the coil.
It is appropriate to consider the operation of the
active stabilization system based on the B-dot algorithm, which includes the following stages (Fig. 9):
—measurements of the Earth’s magnetic field of Δ m
duration;
—calculation of the control magnetic moment of Δc
duration;
—formation of the control magnetic moment by
means of magnetic coils of Δ ctr duration;
—time delay to complete the transient process in the
magnetic coils and the disappearance of the control
moment of Δ d duration.
These four time intervals are the parameters of the
active stabilization system based on the B-dot algorithm and they require a reasonable choice.
The duration Δ m of the magnetometer measurement of the Earth’s magnetic field induction vector
components is chosen from the condition that their
derivatives are calculated at the last point of the measurement interval with an accuracy sufficient to form a
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Fig. 10. Change in the angular velocity of a nanosatellite caused by the incorrect choice of the cyclogram parameters at initial
angular velocities of 40 deg/s (a) and 50 deg/s (b).

dipole moment which provides damping of the angular motion and depends on the method for calculation
of the derivative. Since in the control interval Δctr the
dipole moment of the coils calculated at the measurement stage of Δ m is constant in magnitude and direction, the duration of the control interval Δ ctr is chosen
in such a way that the vectors m and B are oppositely
directed throughout the whole interval, which should
exclude the nanosatellite spinning (the algorithm must
remove energy from the oscillatory system rather than
pump energy). If the duration of the control intervals
Δctr is chosen incorrectly, the algorithm will result in
spinning of the satellite. Figure 10 shows the examples
in which the intervals of the magnetometer operation
Δ m = 3s and the control coil operation Δctr = 5s were
chosen incorrectly for the initial modulus of the satellite angular velocity of 40 and 50 deg/s, correspondingly. As a result, the satellite spins up in three turns of
orbital motion to angular velocities of 72 and 78 deg/s,
respectively.
X+

Z+
Y+

Fig. 11. Magnetic coil (left); the magnetic coils installed
on the SamSat-QB50 satellite (right).

The procedure for selecting the parameters of the
active magnetic stabilization system is illustrated by an
example of the SamSat-QB50 nanosatellite, which is
controlled by a system of three orthogonally placed
flat magnetic coils (Figure 11). The coils are fabricated
as 10-layer boards used as substrates for photoelectronic converters of solar panels (the effective area of
the conductor in the coil is 0.5 m2). As measurement
devices, the developed closed control loop contains
two three-axis MEMS magnetometers with the measurement range of the magnetic field induction of ±
4800 μT with a resolution of 150 nT and a mean square
deviation σ B = 1500 nT .
To implement the B-dot algorithm into practice,
the designers have to solve a number of new problems
in addition to those mentioned earlier:
—MEMS magnetometers have a large noise component, which makes it difficult to find the derivative
of the Earth’s magnetic field induction vector at a current time so that the measured values need preliminary
smoothing;
—proper account should be taken of the sensor signal decay with a stepwise change in the Earth’s magnetic field induction vector caused by the disconnection of the coils at the end of the control interval.
The main difficulty of the B-dot algorithm implementation, which follows from the first item, is to find
the derivative Earth’s magnetic field induction vector
at a current time. This problem was solved in the
development of the control algorithm for SamSatQB50 by smoothing the magnetometer data in all
three axes using the least squares method with the help
of a second-degree polynomial in the chosen measurement interval:
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Table 1. Recommended parameters of the B-dot algorithm: duration of the measurement and control intervals
Angular velocity
of the nanosatellite ω, deg/s

Magnetometer time
of operation Δ m , s

90
80
70
60
50
40
30
20
10

1.5
1.5
1.5
2
2
2
3
3
3

Control coil time
of operation Δ ctr , s

Damping time, s

1
1
1
1.5
2
3
4
4
4

should be no less than 0.25 s ( Δd ≥ 0.25s ) for the coil
model used.
Based on the parametric studies of the simulation
model of the B-dot algorithm, its parameters (measurement intervals of the magnetometer and control
intervals) satisfying the required conditions were chosen (Table 1).
Table 1 presents the parameters of the B-dot algorithm that were used in the SamSat-QB50 control system, the measurement and control intervals were
taken to fit the modulus of the initial angular velocity
90 deg/s (the worst case of deployment), based on the
recommendations of the QB50 project managers [5].
Figure 12 shows the damping time for the initial angular velocities of 10 and 90 deg/s.
In addition to the active magnetic stabilization system, SamSat-QB50 has a passive magnetic stabiliza-

B ( τ) = a0 + a1τ + a2τ2,
where ( a0, a1, a2 ) are the polynomial coefficients; τ is
the moment of time within the measurement interval.
The vector of the magnetic field induction derivatives
is calculated from the formula:

B ( τ) = a1 + 2a2τ.
Then the control currents are calculated for the end of
the measurement interval τn from the equation:

J = − k ( a1 + 2a2τn ) .
S
The experimental studies have shown that the are
switched off time delay in switching off the coils and
switching on and switching on of the magnetometer
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Fig. 12. Damping time of the initial angular velocities for SamSat-QB50: 10 deg/s (a) and 90 deg/s (b).
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Fig. 13. Changes in the initial angular velocity of 0.5 deg/s due to the hysteresis rods (a); changes in the spatial angle of attack due
to the hysteresis rods (b).

tion system with hysteresis rods. This system is
intended for precise damping of angular velocities and
keeping the nanosatellite in an equilibrium position.
The passive magnetic stabilization system on hysteresis rods was developed jointly with the Keldysh Institute of Applied Mathematics, the research team
headed by Doctor of Sciences (Physics and Mathematics), Professor M.Yu. Ovchinnikov [25–27]. In
this case, under the interaction with the Earth’s magnetic field, a dipole magnetic moment is formed on
each rod. It is directed along the longitudinal axis of
the rod and can be described by the following model:

0.2 deg/s, which meet the requirements of the QB50
project.
Better results can be obtained if the parameters of
the active damping algorithm are chosen to take into
account the influence of the hysteresis rods. Otherwise, the damping interval will be longer. Figure 14
presents the simulation results that confirm the assertion that the mismatch between the operation of the
hysteresis rods and the operation of the active control
system affects the duration of damping.
CONCLUSIONS

⎞
μVBr ⎛ Bτ
− H csgnBτ ⎟ n,
m=
μ0H c ⎜⎝ μ0
⎠
where μ is the relative magnetic permeability of the
rod; V is the rod volume; Br is the residual magnetization of the rod; μ0 = 1.2566 × 10−6 H A 2 is the magnetic constant; H c is the coercive force; Bτ = B ⋅ n is
the projection of the Earth’s magnetic field induction
vector on the longitudinal axis of the rod; n is the unit
vector along the longitudinal axis of the rod; Bτ is
derivative of the projection of the Earth’s magnetic
field induction vector.
Figure 13 shows the graphs of the angular velocity
modulus versus time and the spatial angle of attack
versus time after the magnetic coils were disconnected
and damped only with the hysteresis rods. It can be
noted that the system reaches a steady state, characterized by the deviation of the longitudinal axis from the
incident flow vector by the balancing angle, which is
approximately 8 degrees, and the residual velocity of

Since CubeSat nanosatellites are usually manufactured without the radiation-resistant components, the
time of their active functioning is to a great extent
determined by the height of the orbit.
Nowadays the number of nanosatellites continues
to grow, however they do not have any onboard passive
and active devices to deorbit them. To prevent space
littering and ensure the safety of the International
Space Station (ISS), it is reasonable to launch such
satellites into low orbits whose heights do not exceed
that of the ISS.
At the same time, it is desirable to extend the time
of experiments onboard nanosatellites by making their
lifetime in a low orbit longer. For this purpose, we
need to provide orientation of nanosatellites along the
vector of the orbital motion velocity in order to reduce
the ballistic coefficient.
The revealed high sensitivity of the nanosatellite
motion in low orbits to the atmospheric effects, the
theoretical studies of the motion nature relative to the
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Fig. 14. Damping time of the initial angular velocity 30 deg/s for SamSat-QB50: without hysteresis rods (a) and with hysteresis
rods (b).

center of mass, and the conditions for the emergence
of resonant motion have made it possible to form procedures for choosing mass and inertial characteristics
the use of which at the design stage ensures the technical requirements for the realization of steady motion.
The attitude stabilization system developed for
aerodynamically stabilized nanosatellite SamSatQB50 solves only the problem of dissipation of the
angular momentum acquired by a nanosatellite after
separation from the deployer. The cyclogram of the
onboard control algorithm operation also depends on
the mass and inertial characteristics of the nanosatellite; their incorrect choice can result in the failure to
provide a required orientation with a required accuracy.
The emergence of resonant mode of motion almost
at all heights makes it necessary to develop new methods to control the orientation in order to avoid the
emergence of such motion modes.
All the features revealed in this study make it possible to take a fresh look at the nanosatellite motion
dynamics and formulate new approaches to the design
of the CubeSat motion and development of an integrated system of control, navigation and communication for such spacecraft.
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