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DECENTRILIZED CONTROL OF NANOSATELLITES SPATIAL
DISTRIBUTION IN THE SWARM IN LEO
USING MAGNETORQUERS

Danil lvanov®, Uliana Monakhovat, Dmitry Roldugin#

The paper is devoted to the nanosatellites swarm control algorithms. The sat-
ellites in the swarm move along arbitrary relative trajectories according to the
initial conditions after the launch. Each satellite is provided with the infor-
mation about the relative motion of other satellites inside certain communica-
tion area. The purpose of the control is to achieve required spatial distribution
of satellites in the along-track direction. The paper develops the correspond-
ing decentralized control algorithm using the differential drag force. The re-
quired attitude control for each satellite is implemented by active magnetic
attitude control system.

INTRODUCTION

Swarm is a type of the satellite formation flight involving a considerable number of satellites
that move along disordered relative trajectories. Swarm-type flight requires only bounded rel-
ative motion with no other restrictions. The advantage of random relative trajectories in the
swarm is the economy of the control source of the satellites, less dependence on the failure of
the specific satellite and reduced demands for the required onboard hardware and software. The
swarm of satellites is able to construct the robust remote sensing system or to measure the
spatial distribution of the near-Earth magnetosphere parameters at different scales. However,
this requires specific control of spatial distribution of satellites in the swarm. The paper devel-
ops the corresponding decentralized control algorithm.

For the swarm of satellites in the Low-Earth-Orbit the most promising control approach is
to use the aerodynamic forces. It does not require propellant, however, special form-factor sat-
ellites are required. Aerodynamic force acting on the satellite depends on its attitude. Attitude
control is necessary to achieve the desirable relative motion. Magnetorquers are considered in
this paper as the most suitable actuators for nano- end especially femto-satellites. Magnetic
control systems are widely used for satellite angular velocity damping and attitude stabilization.
They are by far the cheapest and are among the most reliable, small and lightweight. The draw-
backs are the worst accuracy and under actuation. However, it is possible to achieve three axis
stabilization using the magnetorquers. Proper stabilization requires the real-time determination
of the attitude motion. It is obtained by processing the attitude sensors measurements. For ex-
ample, the three axis attitude control is available with the sole magnetometer and three magne-
torquers for a CubeSat.
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Each satellite in the swarm requires the information about the relative motion of all other
satellites for the control calculation. This is a difficult task for a large number of satellites in
the swarm due to the hardware limitations of the relative motion determination system and/or
the inter-satellite communication limitations. These restrictions are henceforth referred to as
communicational constraints. Each satellite can estimate the relative motion of other satellites
using the onboard motion determination system. However, due to the limited capabilities of the
sensors, this is possible in a certain neighborhood only. These features of the autonomous mo-
tion determination system can be overcome by sharing information between satellites about the
current orbital motion. However, inter-satellite communication channels also cannot provide
unlimited number of connections to one satellite which is caused by the frequency restrictions.
These communication constraints should be taken into account during the control of a swarm
of satellites.

The control approach based on the differential drag force was firstly proposed in 1980s by
Leonard * under the assumption of a discrete change in the effective cross section of satellites
flying in the group. He developed a control algorithm based on the proportional differential
controller. A large number of papers applied a big variety of the different control algorithms
using differential drag: PID regulator 2, linear-quadratic regulator 3, Lyapunov-based control
45 sliding mode control 8, optimal control 7 etc. However, almost all the papers consider only
two satellites in formation flying with application of the centralized control approach. A few
papers are devoted to differential drag control of the multiple satellites. The cyclic and optimal
control strategies for a cluster flight with more than two satellites are proposed in the paper .
Stability and performance of cluster keeping while avoiding collisions is studied in the °. The
paper © of the authors of this work address communicational restrictions and decentralized
control features for the swarm of nanosatellites deployment problem, though the attitude im-
plementation issue was not considered.

The paper considers a swarm of 3U Cubesats in LEO. Initial conditions provide unbounded
trajectories. Out-of-plane motion is fully determined by the initial conditions due to the fact
that the differential drag is applied only in the along-track direction. Decentralized control is
developed to prevent the relative drift and to achieve the required spatial distribution in the
along-track direction. The relative trajectory projection on the orbital plane is the elliptical spi-
ral. Therefore, the control of swarm distribution is related to the relative position of the instant
center of the ellipses. A set of decentralized strategies to implement the calculated control tak-
ing into account the communicational constraints is considered. The performance of the pro-
posed control strategies is studied numerically. The numerical simulation of the controlled rel-
ative motion of satellites in the swarm takes into account the second harmonic of the gravita-
tional field and uncertainties in the atmospheric density. IGRF model is used for Earth magnetic
field simulation. The CubeSat standard iron-core magnetorquers are considered for attitude
control.

THE PROBLEM STATEMENT

The problem of the satellite swarm construction after their separation from the launcher is
considered, i.e. the achievement of closed relative trajectories is required. Each satellite is as-
sumed to have its own spherical area of communication (see Figure 1). When a satellites enters
this area of a neighboring satellite, its relative motion becomes known for that satellite. This
information can be obtained either via an inter-satellite link or using autonomous relative mo-
tion determination system (range finders, optical sensors, etc).

At the initial time the satellites move in accordance with the specified initial conditions after
deploying from the launcher. The satellites deployment is carried out using a certain launch
system (usually by special springs) with a certain execution error. In the absence of control it
leads to a gradual increasing distances between the satellites and the swarm degrades. Consider
the swarm launched into LEO. Each satellite is assumed to be equipped with the attitude control



system, for example, reaction wheels-based one. So, the satellites are able to be controlled by
the aerodynamic drag force which depends on the attitude of satellite relative to the incoming
airflow. In the paper the 3U CubeSats are considered. They are the most popular nanosatellite
nowadays and they have a form-factor quite proper for aerodynamic control because the ratio
of the maximum to the minimum cross-sectional area is 3.

Figure 1. Swarm of satellites with communication areas and communication links

The main goal of the study is to develop such a decentralized control of satellites which
leads the relative drift to zero for all satellites in the swarm. The possibility of constructing a
swarm with piecewise constant control depending on initial conditions and communication con-
straints is investigated. The effect of these parameters on the integrity of the swarm during the
implementation of differential drag control is considered too.

Undisturbed Motion Equations

Consider a swarm of satellites moving along the close near circular orbits. It is convenient
to use the motion equations written in the relative reference frame to describe the trajectories
of satellites. The general form of the equations of the relative motion of two satellites is too
complex for analytical consideration, so Hill-Clohessy-Wiltshire equations are used [22, 23].
The model describes the relative motion of two arbitrarily chosen satellites from a swarm in the
central Newtonian gravitational field. The orbital reference frame is used, its origin (reference
point) moves along a circular orbit of radius r, with the orbital angular velocity a)=«/,u/r03
where u is the Earth gravitational parameter. Axis Oz is aligned with the vector from the
center of the Earth to the reference point, axis Oy is directed along the normal to the orbital

plane, axis Ox complements the reference frame to the right-handed one (Fig. 2).

Earth

Figure 2. The reference frame associated with the O reference point
moving in a circular orbit



Let r, =(x,Y;,z) and r; =(x;,Y;,Z;) be the vectors of the conditional i-th and j-th satel-
lites in the reference frame, i = j, i=1..,N, j=1..,N where N isthe number of the satel-
lites in the swarm. Then the components of the relative position vector r; =r; — 1, = (X, ¥;,Z;)
in the case of free motion are governed by the following equations

5('". + 2a)2'ij =0,
yj + o'y, =0, @
Z; —2w%; — 30’ z; =0,
The solution of the equations is as follows:
x; (t) =—3C} wt + 2C] cos(wt) — 2C; sin(wt) +C;,
y; (t) =C¢ sin(at) + C{ cos(at),
z; (t) = 2C} + C] sin(at) + C; cos(at),

where C) —CJ are constants that depend on the initial conditions at t =0

Cl :L(m+22ij (0),C!! 22"-_(0)’(:3” =-3z, (0)——2)‘(ij (O),
o o © @
C‘? _ Xij (0) B Zzij (0) ,C5ij _ yij (0) ,Céj — yij (O)

The term responsible for the relative drift is —3C; ot . Thus, the relative trajectory of two

satellites is closed if and only if C =0. However, in practice such an ideal initial conditions
for free motion cannot be specified, and in the case of perturbations and nonlinear effects there
is always a relative drift between the satellites. Therefore, the satellites must be controlled to
eliminate the drift and to achieve the bounded relative trajectory.

In the case of a swarm it is required to consider the pairwise relative motion between all
satellites. For bounded relative trajectories of all satellites in the swarm each C;’ must converge
to zero. So, the problem of the swarm construction after the launch is to eliminate all relative
drifts.

Controlled Motion Equations

Consider the application of the aerodynamic drag force for the swarm control. Since the
drag force is directed against the satellite velocity vector and the swarm moves in near circular
orbit it is assumed that the drag force is aligned with Ox axis. The model of aerodynamic drag
force f, acting on the i-th satellite can be represented in the following form:

£ =—%CapV2AS sing, —%CapVZSO 3

where C, is the aerodynamic drag coefficient, p is the density of the atmosphere, V is the
velocity of the incoming flow, AS is the difference between maximum and minimum value of
the cross-sectional area of satellite, S, is the minimum value of the cross-sectional area of
satellite, «; €[0; 7z / 2] is the angle between the direction of the incoming airflow and longitu-

dinal axis of satellites that is assumed to be axisymmetric. The satellites are supposed to be
identical, so the values of the AS, S,, C, are the same for all satellites. The velocity of the

atmosphere due to the Earth rotation is neglected and the velocity of the incoming flow for all



satellites is assumed to be equal to the orbital velocity V =./u / r, . The satellites are equipped

with attitude control system, it allows them to change the angle « and thereby to control the
value of the aerodynamic drag force.

The difference between aerodynamic drag forces acting on the i-th and j-th satellites taking
into account that the second term is equal for all satellites is as following:

foof —f =—%CapV2AS (sine, —sina,). @)

1 J I

According to the differential drag model the force value is limited and the maximum value is
1 2
max|fij|=§CapV AS.

Consider controlled motion equations of a swarm. Since the control is implemented using
differential drag force the acceleration vector u; =u; —u; =(uy,u;,u}) has a non-zero com-

X

ponent along the Ox axis only, i.e. u} =u} =0. Let u; =u = f, /m where m is the mass of
the satellite. Then the relative motion equations for i-th and j-th satellites are as follows:
5('ij +2a)Z'ij =U;,
yij + Yi =0,
Z; —2w%; -3’ z; =0.
The differential aerodynamic drag force has no effect on the motion along Oy axis, it is

defined only by the initial conditions after the launch. That is why a planar motion of the satel-
lites in Oxz plane is considered in the paper.

Angular Motion Equations

Rigid spacecraft angular motion is considered. The satellite is equipped with three mutually
orthogonal magnetorquers and three axis magnetometer. Magnetorquers can produce any re-
stricted dipole moment. Disturbing torques include gravitational and unknown ones. The latter
are represented by constant and/or arbitrary Gaussian values. Inertia tensor knowledge is also
erroneous.

Satellite attitude is represented using Euler angles «, 5, 7 (rotation sequence 2—3-1), direc-
tion cosines matrix A and its elements a; (used for analytical study) and quaternion

A=(q, q,) (used for numerical simulation). Angular velocity may represent either absolute
motion (@ and its components . ) or relative motion with respect to orbital reference frame (
Q and ;). Absolute and relative velocities are related by

0=Q+A0, (5)
where ., =(0, «,, 0) isthe orbital reference frame angular velocity.
Euler equations for the satellite with arbitrary inertia tensor J=diag(A, B, C) are
JO + o xJo=M (6)
for absolute angular velocity and

JQ+QxIJQ=M +M,, )



where M, = - IW, Ao, — Q xJAo,, — Ao, xJ(Q+ An,,) for relative angular veloc-
ity. W, is a skew-symmetric matrix forany y,

0 y3 _yz
We=l-y; 0 "y | 8
yz _y1 0

The torque may contain control part M, and disturbing part. The latter is divided into
gravitational and unknown one, M =M, + M, +M .

Dynamical equations are supplemented with kinematic relations. Quaternion kinematics is

.1
q =E(q09 + Wyq),
. ©
b =—-q Q.
Qo 20I

Control torque is M, =m =B where m is the dipole control moment of the satellite, B

is the geomagnetic induction vector in bound reference frame. Consider control torque based
on the PD-controller

m=—-k BxQ-k,BxS (10)

where S =(a, —a;,, 8y —a;, &, —a, )T . It provides necessary attitude ***°. Control param-
eters have decisive influence on the algorithm performance. They are adjusted manually in the
vicinity of optimal ones obtained using Floquet theory .

Gravitational torque is

M, =3w; (Ae;) x J(Ae,) (11)

where e, =(0, 0, 1) isthe satellite radius-vector in orbital frame.

Unknown disturbing torque is modelled using three different approaches. Gaussian distri-

bution of the order of 5-10” N -m allows modelling arbitrary disturbances with small effect
on satellite motion since control torque is few orders greater. Constant disturbance on the level

of 107" N -m augmented with Gaussian one represents more notable disturbance. Constant
torque may arise due to aerodynamics or solar pressure acting on a satellite with vast solar

panels. The worst case is constant torque of 5-107 N -m value.

LYAPUNOV CONTROL ALGORITHM

The main goal of control to form and maintain a swarm of satellites, that is, to eliminate
relative drift and limit relative trajectories. The shape and size of relative trajectories is deter-

mined by constants CY in order for the swarm to be in a certain area, we will manage the
position of the centers of instantaneous ellipsoids, which are in general trajectories of relative

motion. From the equations of motion (1) one can conclude that the constants C' are responsi-
ble for eliminating the drift, and the constants C! are responsible for the position of the center
of the instantaneous ellipsoid of the trajectory. So, the goal of control is to hold the values C}

less than a certain reference values C! and eliminate the relative drift C}' . For developing such
a control consider the Lyapunov candidate function:



1 ii\2 l i 2
V=E(Cl) +2(AC4) , (12)

Where AC}' is the difference between Cf{ and real value Cjﬂ . It is easy to verify that for (19)
the conditions V > 0, V(0) = 0 are satisfied. Let’s demand that the derivative of the Lyapunov
function is negative V < 0. The derivative is as follows:

%

V=CiCi+ ACIACH =C¥ [— +22 Jmcy (x” - ZLJ
@ w

Substitute Z from (1) and obtain following control law:

V= 2CJ (%" +202") + AC! (x"’ -3(2wx" +30°7" )J:icfux +AC} (-3C))
Q) w Q)

u’ =—kC/ +3w’AC} , k >0. (13)

Thus, in the case of two i-th and j-th satellites, the control u; leads to a closed relative tra-

jectory lying in a certain area defined by the value Cjﬂ . Consider an implementation of this
algorithm allows to achieve C =0 and CJ =CJ for all the satellites in the swarm. One can
not strive to achieve CJ =CJ for each device in each moment, but to control using only the
average value C among the satellites within the communication sphere. For the i-th satellite

with the number of satellites N the relative motion of which is known, the average C_j is

determined as follows:

comm !

N comm

(_::1 = z Clllj / Ncomm'

j=1

The corresponding control applied to the satellite during the interval AT , if its value C_j is
more than the reference value C), according to (13) has the form:

u& =—kC' +3w?AC! (14)

The final control scheme with regard to the implementation of the required angular motion
using a magnetic attitude control system is shown in Fig. 3. Initially, the initial conditions for
the integration of the equations of relative motion and the equations of angular motion for both

satellites are determined. Then, using the current state vector, the relative drift and relative Cfﬂ

is calculated and using (14) the required control value is obtained. This value of aerodynamic
force can be achieved if a certain attitude of both satellites is realized. Using the model of
aerodynamic force (2), the required angles of orientation of the apparatus relative to the incident
flow are calculated. After that, the magnetic control is aimed at stabilizing the satellite relative
to the desired position. During stabilization, the actual position of the apparatus is used to cal-
culate the aerodynamic force acting on it and to integrate the equations of relative motion. Up-
dating the required control value to eliminate relative drift occurs at a certain time interval.
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Figure 3. Control scheme

Decentralized control approach

The decentralized control approach means that each satellite is controlled individually and
independently based on the relative motion information. It is assumed that the calculated control
applied to the other satellites could be unknown.

Since in the decentralized scheme each satellite is controlled independently then i-th satellite
can just partly implement the calculated value u; =u; —u; . Value u; cannot be known by i-th

satellite then it can be considered as a disturbance in control for i-th satellite. According to the
aerodynamic drag model u; e[-u,;,;—U,..] Where u_, >0 is the absolute maximum value of
the acceleration, u,;, >0 is the absolute minimum value of the acceleration. Thus, for the u,
one can derive the following decentralized control law:

~Uax s if uij > (umax = Unin )’
U =1{ Uy = Upins IF 0< Uy < (Upae = Upin ). (15)
—u if u; <0.

min ?

In the case of only two i-th and j-th satellites the applied control law (15) is the same but for
the control value that is of different sign u; =-u;. If u; <0 then the value u; obtained from
(15) with u;; >0 provides the calculated in (13) control, and the relative drift is eliminated.
However, the simple control law (15) becomes unclear in case when it is required to achieve
CJ =0 for all the satellites in the swarm. Taking into account the communication restriction
on the size of the communication area, control rules utilizing (13) is developed.

Disturbances, uncertainties and collision avoidance

Low near circular Earth orbits experience three main sources of perturbations affecting the
relative motion of satellites in the formation flying. Namely, these are the J, second harmonic

and slight oblateness of the orbits. However control errors caused by the inaccurate knowledge
of the density of the atmosphere provide the most significant disturbance. The density of the



atmosphere in LEO can vary by several times along the circular orbit. It depends on the illumi-
nation and hence on the Sun activity. Atmospheric density models always have some errors.
Moreover, the most accurate models may be hard to calculate on a possibly slow on-board
computer. So the motion of two satellites is investigated in the case when the control algorithm
is constructed using the linear model (1) with constant atmospheric density. The simulated mo-
tion however takes into account the orbit eccentricity, the second harmonic J,, and the GOST

atmosphere model of the upper Earth atmospheric density *'.

Moreover, in this section the collision avoidance issue is also addressed. Since the satellites
in the swarm are flying in random relative trajectories the collisions between them are possible.
Consider a certain spherical vicinity around each satellite. If the satellite trajectory gets into this
“dangerous” area the control algorithm switches from the swarm deployment to collision avoid-
ance one. The purpose of the collision avoidance control can be formulated as follows: the
satellite needs to leave the dangerous area as soon as possible or at least to enlarge the nearest
relative distance *°.

Consider the simulation parameters used for the example with the linear model. Orbital mo-
tion of each satellite is calculated in the inertial reference frame. Relative motion is obtained as
a difference of positions and velocities in the orbital reference frame. The equations of motion
in the inertial reference frame are

R, =-5R, +D¥ +F?,
R:

527
D =%[ = —1JRi —Z%Zi.

(16)

Here R; =[X,,Y;,Z;] is the radius vector of the i-th satellite in the inertial reference frame,
Dj» is the disturbance vector caused by J,, §=3J,uRZ/2, J,=1082.6-10",

R, =6.378-10° m is the mean radius of the Earth, F* is the aerodynamic force in the inertial

reference frame acting on the i-th satellite. The aerodynamic force is calculated by (3) where
all vectors are expressed in the inertial reference frame. The density of the atmosphere is con-

sidered variable in accordance with the GOST model. The relative position r; and relative
velocity v;; of two satellites in the orbital reference frame are calculated using following for-
mulas

;, =G(R, -R)),

0y =[(R, R ) vox(R, )] “

where G is the transition matrix from the inertial to the orbital reference frame, ® is the vector
of the orbital angular velocity in the inertial reference frame.

GOST model requires the simulation start time, the level of solar activity F,, the average

daily solar activity index, the planetary average daily indices of the geomagnetic disturbance,
and other parameters of the model. Let the start date be January 1, 2012, 0:00 AM. This defines

all parameters of the model. In particular, F, =125-10 W /(m’ -Hz) which characterizes
the average level of the solar activity.

The inclination of the orbit i =51.7°. First satellite initial conditions are set such that it
would move in a circular orbit in the central gravitational field. Namely, the velocity



R (t,)=4/z/ (Re +h) is set perpendicular to the radius vector. Second satellite initial condi-

tions are in accordance with constants (2). Position and velocity vectors of the second satellite
in the orbital reference frame are

2CY 4 Cli 3CYw-2CHw
n (k)= Cé] Y (t)= Q’C;J
2CH 4 Cl 2Cli

Position and velocity vectors in the inertial reference frame are
R, (t)=R;(t)+G"r;(t,),
R;(t)=R,(t)+G v (t, ) + @x(G'r; (1))

Inertial trajectories are obtained with fourth-order Runge-Kutta integration. They are trans-
formed into the relative ones according to (2). The resulting values are considered as the input
to the control algorithm.

NUMERICAL STUDY

Consider the application of the proposed control rules for the problem of the nanosatellites
swarm construction after the launch. The scheme of the launch of the satellites is the same that
was used by the PlanetLabs Company in 2017 to deploy 88 3U CubeSats *8(Fig. 4). It is as-
sumed that the satellites separate from the launcher in the Ox axis direction one after another
with the time interval At between the ejections. The velocity of the ejection V, is assumed to
be the same for all CubeSats, however due to launch system inaccuracy the ejection velocity
V, is subjected to errors. So, the initial velocity vector V, in orbital reference frame is modelled
as follows:

V, + o6V
V,=| oV (18)

where 6V is ejection error considered as normally distributed random value with zero mean
and covariance o>, .

Figure 4.The screenshot of the video of the launch of the PlanetLabs 3U CubeSats

All parameters used in the simulation of the controlled motion of the CubeSats swarm are
presented in Table 1. In this section the constant atmosphere density model is used. The value
of the density is chosen as an average atmosphere density along the orbit with 340 km altitude
according to the Russian GOST Model of the Upper Atmosphere 7.
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Table 1. Parameters of simulation

Main parameters of the swarm

Number of satellites in the swarm, N 10

Time interval between control calculation, AT 1500 s

Ejection parameters

Time interval between the ejections, At 10s
Ejection velocity, V, 0.5 mf/s
Ejection error deviation, o, 0.015 m/s

CubeSats parameters

Mass of satellite, m 3kg

Difference between maximum and minimum value of the 0.02 m?
cross-sectional area, AS

Aerodynamic drag coefficient, C, 2

Aerodynamic drag force parameters

Constant atmosphere density, p 10 kg/m?
Orbit altitude, h 340 km
Airflow velocity, V =/u/ (Rg +h) 7.69 km/s
Maximum of the control source, u,,, 4.1-10°° m/s?
Minimum of the control source, u,,, 1.4-10°° m/s?

“Center” configuration

Apply to the swarm of satellites the proposed decentralized control and select a value CJ =0

. Thus, all mean values C, will tend to zero, which should bring all centers of relative trajec-
tories to the origin. Control begins to be implemented immediately after all the satellites of the
swarm are separated from the launch vehicle. The amount of control is calculated according to
the formulas (14) depending on the value Cj periodically in accordance with the time interval
AT =150c. This control is implemented subject to the limitations of the aerodynamic drag
force according to (2). The source of the reference was not found. In Fig. 5 and Fig. 6, the
trajectories of relative motion are presented during the entire simulation time and on the last
two turns, respectively. From the presented graphs it is clear that the trajectories gradually be-
come close to closed and their centers come to the origin of reference frame. But due to dis-
turbances, non-constant atmosphere density, collision avoidance control and control execution
errors the trajectories seldom deviates its instant centers from the origin.
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Figure 5. Relative motion trajectories Figure 6. Relative motion trajectories during

the last two turns

The change in values Cj calculated at the time of implementation of the control, and the
change in values C}' that are proportional to the drift, calculated relative to the first launched

vehicle, are presented in Fig. 7 and Fig. 8 respectively. Values Cj and C;’ converge to zero,
which again confirms that the relative trajectories of the satellites in the swarm become limited.
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Figure 7. Values of C, for all satellites Figure 8. Values C, relative to the first
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Fig. 9 shows the values of the required and actual attitude angle relative to the incident flow
for one of the satellites in the swarm. The accuracy of the implementation of the required angles
was about 20 degrees. Despite the low accuracy of the implementation of the required control,
a swarm of satellites is being formed. Fig. 10 shows the values of the magnetic dipole moments
of the coils during control.
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Fig. 11 demonstrates the collision avoidance incidents, when the satellites comes inside the
dangerous spherical of area 10 m radius. In that case the control changes from the swarm con-
struction to the repulsive one: one of the satellites tries to align its longitude axis along the
incoming airflow when the other increase its cross-section area to maximize the relative dis-
tance during the close rendezvous. Fig. 11 shows when the satellite was in collision avoidance
control mode and with which satellite. From Fig. 11 one can see that the satellites in collision
avoidance mode are in pairs and in that very tight swarm it occurs rather often.
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Figure 11. Collision avoidance control

Motion in restricted area

Consider the proposed decentralized control only with a nonzero control value of Cfff =300
m. Thus, all average values Cj will tend not to zero, but to values C_ij not exceeding 300 m.
The control value is calculated according to (12) depending on the value Cf, periodically in

accordance with the time interval AT =150 c. This control is implemented taking into account

the limitations of the aerodynamic drag force. Fig. 12 shows the trajectories of relative motion
throughout the entire simulation time, and Fig. 13 shows the trajectories during last two orbital
turns.
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The change in the values C_Zf1 calculated at the time of implementation of the control, and the
change in the values C; calculated relative to the first launched satellite, are presented in Figure

14 and Figure 15, respectively. The values 5j and C} at the time of the end of modeling do

not go beyond the specified area, which again confirms that the relative trajectories of satellites
in the swarm become limited.
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Figure 14. Values C, for all satellites Figure 15. Values C, relative the first

launched satellite

The motion inside the specified area leads to not so tight swarm as for “center” configuration
as one can see comparing Fig. 6 and 12. As a results the collision avoidance control is applied
not so often comparing to the “center” configuration but the dangerous situations occurs peri-
odically as one can see from Fig. 16.
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Figure 16. Collision avoidance control

Uniform satellites distribution in along track direction

In the case the uniform relative position of the satellites in the swarm is required the satellites
can be controlled in the terms of relative centers of instant elliptical trajectories, i.e. in terms of
constants C, . Consider a decentralized motion algorithm which aim is to achieve required con-

stant C, separation between the nearest neighbor satellites. The idea of the algorithm is in the
following. Consider the i -th satellite with communication sphere. Inside this sphere the motion
of all of the satellites is assumed to be known. Lets sort all the constants C, for the i-th and

find the nearest left-side satellite with smallest negative value C . Then the difference between
the x-coordinate of the instant center of the nearest left neighbor and the required centers sepa-
ration AC! =C} —C, will be used in the control law (13). In the case there is no left-side neigh-
bor satellite the second term in (13) is equal to zero. In such a way the satellites in the swarm
will align theirs relative C, constants and the density of the satellites in the swarm become
more uniform. However, since the control algorithm aim is not achieve the particular relative
reference orbits the trajectories remains random in size and the phase, so the actual uniform
density of the satellites in the swarm cannot be obtained. Nevertheless, such a control allows to
deploy more uniformly distributed swarm in the along-track direction.

Consider application of such a control using the same initial conditions of the satellites in
the swarm. Set the required relative constant C, =300 m. In Fig. 17 presented the relative
trajectories during 80 orbit turns and on Fig. 18 the trajectories during last two turns. Fig. 19
presents the evolution of the C, values relative to the first launched satellite and the Fig. 20

the collision avoidance control application. From Fig. 18 and 19 one can see that the C, values

become more uniformly distributed, and since the swarm became more rarefied the dangerous
rendezvous occurs less often after a time.
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SWARM SEPARATION

The examples considered above demonstrate the successful application of the proposed rules
for control in the problem of swarm control. However, the success of the swarm construction
immediately after the deployment depends on a set of parameters. Consider an example of sim-
ulation when the proposed rules application lead to the decomposing of the swarm into several
independent groups. This separation effect is regarded as violation of the integrity of the swarm
and is considered as undesirable, though its influence may be acceptable in a certain cases.

Let all of the simulation parameters remain the same as for the previous example, except for
the ejection velocity errors, that are normally distributed random values but with the same
standard deviation value o, =0.015 m/s as above. In other words, the distribution of errors
remains the same, but its new specific values 6V in (18) are taken according to the distribution.
Consider the application of control rule to setto C, =0, i.e. achieving the center configuration.

The relative trajectories of the satellites are shown in Fig. 21 during the whole simulation time,
and in Fig. 22 the trajectories during last two turns are presented. One can see that four satellites

are separating from the other satellites. Fig. 23 demonstrates the values of C, relative to the
first ejected satellite and the relative C, of the four satellites cannot converge to zero. It is

caused because they fly away from the main group of satellites and after a while no other sat-
ellites enter its communicational area.
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Figure 23. Values C, relative the first launched satellite

The dependence of the effect of swarm separation on the parameters of the simulated launch
is of particular interest and should be investigated. Since the considered ejection velocity errors
are random values then the results of the swarm construction are also random. Let us investigate
the performance of control rules using multiple numerical simulations with various parameters.
A series of identical numerical experiments with fixed set of parameters, except for the different
errors in the separation velocity but of the same normal distribution, is performed. After each

simulation the relative drifts convergence to zero is checked. If the relative C, of the set of the

satellites are converged to each other but not to the C, of the rest satellites in the swarm that
satellites compose a separate group and the swarm is divided. If the swarm is divided, the num-
ber of satellites in each subgroup with the same relative drifts is calculated. Consider the num-
ber of the most numerous group of the divided swarm N, as a measure of the separation

effect. The effect of the swarm separation is measured using the ratio of the number of the

largest subgroup to the total number of satellites in the swarm N, /N . If N, /N=11it

means that no satellite from the swarm is separated. If this ratio is close to 1, this corresponds
to the case when a small number of satellites leave the swarm but the majority remain in the
same group. If a small number of satellites flies away from the main group of the swarm it
could be not a sensitive loss for the mission of the swarm. On the other hand if half of satellites
lose a communication with the others it could be a significant swarm degradation.

Fig. 24 demonstrates the boxplots of the results of the numerical experiments with different
size of communication area for three control strategies of the swarm — the achievement relative

C, =0, motion in the restricted area with C, =500m and uniformly distributed swarm with
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C, =300m separation between the satellites — the cases of study described above. One can

see that different control strategies differently affected by the communication restrictions but
all of them have better performance with higher values of the communication area size.
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Figure 24. Dependence of N_ . /N on R___ for different control strategies
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CONCLUSIONS

Decentralized control based on the aerodynamic drag force allows to achieve limited motion
of satellites within a given area. However, one should take into account the communication
restrictions caused by the features of the relative motion determination system and inter-satel-
lite communication. The successful use of magnetic control to implement the required attitude
of the satellites relative to the incoming flow has been demonstrated. Despite the low accuracy
of the stabilization of satellites with respect to the incident flow, the relative trajectories become
limited. The proposed control scheme makes it possible to obtain the required limitation of the
swarm of nanosatellites or to obtain uniform distribution in along track direction even in the
presence of disturbances and inaccuracies in the knowledge of the density of the atmosphere.
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