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craft to generate the braking impulse after the active life is 
completed are considered in [6–8]. Passive SDO removal 
means include systems that operate without requiring any 
control of the SC’s assigned deorbiting motion. Such sys-
tems include aerodynamic deorbiting systems (ADDSs), 
electrodynamic tethers (EDTs), electromagnetic deorbiting 
systems (EMDSs), and permanent magnet deorbiting sys-
tems (PMDSs) [4, 5].

It should be noted that the aforementioned passive SDO 
deorbiting systems do not require fuel consumption and 
have virtually no onboard energy requirements for their 
operation (except for EMDSs). Each of the active or passive 
SDO removal systems has its advantages and disadvantages, 
with recommendations for use in different space missions 
for the clearance of Earth’s orbital space from SD [9]. Based 
on analysing the specificity of missions for the clearance of 
Earth’s space from SD [9], the need is also substantiated 
for further development of a promising direction to create 
hybrid deorbiting systems (HDSs). The main purpose of this 
area is to expand the boundaries of effective use of existing 

1. Introduction

More space debris (SD) in Earth’s orbits creates obsta-
cles to the proper functioning of space technology units. 
Thus, according to [1], approximately 14,495 space debris 
objects (SDOs) were catalogued in Earth’s orbits by the 
National Aeronautics and Space Administration (NASA) as 
of 1 April 2019.

The main sources of SDOs are the upper stages of launch 
vehicles, spacecraft (SC) at the end of active life, and frag-
ments of SDOs of various origins. In turn, the most clogged 
areas of outer space were found to be low Earth orbits 
(LEOs) with altitudes ranging from 400 km to 2,000 km as 
well as geosynchronous high elliptical orbits [2, 3].

The problems of space clearance are solved with the 
help of active and passive means of removing SDOs [4–8]. 
Active SDO deorbiting means include collector spacecraft 
(CSC) with contact or contactless effect on SDOs, as well 
as electromagnetic devices and propulsion systems. Elec-
tromagnetic devices and motor units mounted on space-
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Розглянуто можливість створення аеромагнітної системи від-
ведення об’єктів космічного сміття з низьких навколоземних орбіт. 
Особливістю конструкції даної аеромагнітної системи відведення є 
застосування магнітних органів керування відносним положенням 
аеродинамічного елементу з використанням постійних поворотних 
магнітів, що екрануються за допомогою спеціальних капсул екранів 
зі створами. Слід зазначити, що ця система пропонується для аеро-
динамічно нестійких космічних апаратів. Також, для аналізу працез-
датності і переваг застосування аеромагнітної системи відведення з 
постійними магнітами було запропоновано відповідний дискретний 
закон керування магнітними органами. Керування відносним поло-
ження аеродинамічного елементу в орбітальній системі координат 
здійснюється з метою орієнтації і стабілізації його перпендикулярно 
до динамічного потоку атмосфери, що набігає. Проведене матема-
тичне моделювання орбітального руху космічного апарату під час 
відведення за допомогою аеромагнітної системи з постійними магні-
тами з різних орбіт. Було визначено, що при здійсненні стабілізації 
аеродинамічного елементу перпендикулярно до вектору динамічного 
потоку атмосфери, що набігає, час відведення зменшується на 25 % 
у порівнянні з неорієнтованим пасивним відведенням. Однак ця пере-
вага у часі відведення властива лише для аеродинамічних елементів, 
площа Міделя яких значно більша за четверту частину площі повної 
поверхні. Так, слід зазначити, що проектування аеромагнітних сис-
тем відведення доцільно лише із використанням аеродинамічних віт-
рильних елементів, що розгортаються, і зовсім не є ефективним для 
великих надувних елементів. 

Таким чином, розробка аеромагнітної системи відведення об’єк-
тів космічного сміття з органами керування на постійних магнітах 
розширює межі ефективного застосування аеродинамічних вітриль-
них систем. В свою чергу, застосування магнітних органів з постій-
ними магнітами дає новий напрямок для подальших досліджень 
керування орієнтацією великогабаритних космічних систем при 
мінімальних витратах палива та бортової енергії
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as well as the transformed system [18] have the same dis-
advantages related to the orientation of the aerodynamic 
element. The absence of stabilization perpendicular to the 
dynamic flow of the incoming atmosphere in the systems 
listed above is also due to the complexity of developing the 
least energy-efficient control system of the relative position 
of the aerodynamic element.

Another example of the development of HDSs, including 
aerodynamic modules, is the active-passive system presented 
in [19, 20]. This system consists of two submodules: the en-
gine system and the aerodynamic element. This HDS is pro-
posed to be used to remove SDOs from low Earth orbits. The 
removal is carried out in two stages, where the first stage is 
the transfer of the SD into an elliptical orbit with perigee in 
the height range up to 800 km. At these altitudes, the force of 
aerodynamic drag has a significant effect on the SDO move-
ment. After that, the aerodynamic element becomes opened 
and the SD is removed passively, followed by combustion in 
dense atmospheric layers. However, it should be noted that 
sufficient fuel reserves to carry it into the required orbit are 
not available on every spacecraft that is deorbited at the end 
of active life. Moreover, the issue of equipping the SC with 
additional engine installations is quite complicated, since it 
requires additional space on the SC itself and entails con-
siderable weight. Thus, the proposed system is suitable for 
spacecraft only with certain mass-size characteristics that 
allow the installation of this system on board.

In turn, in [21] an aeromagnetic deorbiting system 
(AMDS) was developed to remove SDOs from LEOs. This 
system is the closest in technical nature to the proposed 
system and is called ACADS (Attitude Control and Aerody-
namic Drag Sail) [21]. In the ACADS, orientation control is 
implemented by applying electromagnetic coils to stabilize 
the aerodynamic sail element perpendicular to the dynamic 
flow of the incoming atmosphere. However, the ACADS has 
the disadvantage that it also has to do with the significant 
onboard energy consumption which is required for electro-
magnets to function. Hence, there are difficulties in the use 
of the ACADS in long-term missions to remove SDOs from 
LEOs. In addition, the prerequisite for the normal function-
ing of the ACADS is to ensure the reliable full operation of 
the onboard SC power systems, which is also quite difficult 
over long periods of time. Thus, given these shortcomings, 
the ACADS has not been widely used.

Taking into account the aforementioned limitations, the 
task is to find the most energy-efficient control systems for 
the orientation of the aerodynamic element of the AMDS. 
One such solution is the use of permanent magnet devices, 
which is the focus of the following study.

3. The aim and objectives of the study

The aim of the study is to develop a design chart of an 
aeromagnetic deorbiting system in which control of the 
orientation of the aerodynamic element is implemented with 
the help of special devices with permanent magnets with 
minimal energy consumption.

To achieve this aim, the following tasks were set and 
done:

– to consider using permanent magnet controllers to 
stabilize aerodynamically unstable space objects;

– to carry out research on the feasibility of the method 
of applying the aeromagnetic system for deorbiting SDOs;

SD disposal facilities. Thus, the present study proposes to 
extend the boundaries of the effective use of expandable, 
aerodynamic deorbiting sail systems by equipping them with 
permanent magnet devices. Such modernization of sailing 
ADDSs will reduce the time of SD removal from the LEOs, 
with minimal onboard energy consumption, which is quite 
relevant for orbits with significant levels of clogging. More-
over, the development of low-cost deorbiting systems for the 
orientation of large-scale space systems to which the ADDSs 
relate is a promising direction in the development of large 
orbital industrial and energy modules.

2. Literature review and problem statement

The current state of developing HDSs and aerodynamic 
means of debris removal can be estimated from analysing 
studies [10–18]. Thus, it is proposed in [10, 11] to use a perma-
nent magnet harpoon system for SDOs, which increases the 
reliability of the harpoon devices of SD removal. Also, the on-
board energy consumption is reduced compared to the trans-
fer of an SDO to a lower orbit with the help of a motor CSC. 
This system is implemented by using an active-passive meth-
od of taking the SDOs out of an orbit when combining the 
benefits of active CSC with harpoons and passive PMDSs. 
However, the current state of this concept is at the level of 
theoretical substantiation and ground experiments. This is 
explained by the novelty of this concept, where preparation 
for space trials is ongoing.

Another example of the development of HDSs is the re-
finement of the concept of “an ion-beam shepherd (IBS)” by 
equipping the CSC with an aerodynamic compensator [12]. 
This technical solution enables to save the onboard energy 
required to compensate for the CSC impulse by means of an 
electro-jet engine during ion beam switching on. However, 
in [12] it is shown that the weight and complexity of the 
design of the aerodynamic compensator do not give obvious 
advantages for its current application.

Sailing [13–17] and transformed ADDSs [18] are sim-
ilar in principle to the proposed system. These systems are 
passive means of clearing Earth’s space from SDOs, where 
the removal process itself is performed without managing 
the relative position of the SDOs against the ADDSs. How-
ever, considerable scientific interest in the development of 
sailboats and transformed ADDSs requires new engineering 
solutions to expand the boundaries of effective use of these 
facilities. In [13], it was proposed to have a sailing ADDS 
that can be deployed using a special inflatable mast. On 
23 June 2017, a CubeSat 3U class spacecraft was launched 
and space testing of this system was performed in a 505 km 
sun-synchronous orbit. The tests confirmed that the height 
of the spacecraft after the sail deployment began to decrease 
significantly and the spacecraft reached dense atmospheric 
layers in 72 days. However, as noted earlier, the deorbiting 
was implemented using the passive method, without aligning 
the aerodynamic element perpendicular to the vector of the 
dynamic flow of the incoming atmosphere. According to the 
tests, [14] showed that if the orientation of the ADDS sails 
is perpendicular to the aerodynamic flow of the incoming 
atmosphere, it reduces the time of removing SDOs by about 
20–40 %. However, to date, this issue has not been resolved, 
which is explained by the high cost of onboard energy to con-
trol the orientation of the system “Removable SD–ADDSs”. 
AELDOS sailing systems [15] and those described in [16, 17] 
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– to analyse the orbital motion of spacecraft with the 
AMDS and to determine the advantages in the removal time.

4. Analysis of the feasibility of using 
permanent magnet controllers for 

aerodynamically unstable space objects

The structural design of the AMDS HDS 
includes two main modules: the aerodynamic 
sailing element (ADSE) 7 and the biaxial 
orientation system with permanent magnets 2  
(Fig. 1) [22]. This system is proposed for 
aerodynamically unstable SC with ADDSs 
(Fig. 1), which require additional stabilization 
of the aerodynamic elements with a maximum 
area perpendicular to the aerodynamic flow of 
the incoming atmosphere. The orientation of 
the spacecraft with the AMDS is performed 
in the orbital coordinate system (OCS).

The biaxial orientation system for per-
manent magnets consists of PMs 8, which 
are attached to the rotary actuators on micro 
stepper motors 9. In turn, the micro stepper 
motors 9 with the permanent magnets 8, or-
thogonal to one another, are mounted on the 
SC body mounts 10. The PMs are shielded 
with special screen capsules 3, which, if nec-
essary, are opened and closed in a certain al-
gorithm. Control of the opening and closing 
of the screen capsules is carried out on the 
electronic control node of the opening-clos-
ing (O-C CN) 4 with the help of special 
transfer mechanisms 5. In the closed state, 
the shutters of the screen capsules are placed 
into special niches 6, which are located in the 
SC body 1 (Fig. 1).

The AMDS operates according to a special 
algorithm. Thus, after the expiration of the 
active operation of the SC 1 and the deploy-
ment of the aerodynamic element 7, there is 
the orientation of the aerodynamic element of 
the AMDS in the OCS perpendicular to the 
vector of the dynamic flow of the atmosphere. 
The orientation is implemented by means of 
magnetic controls 2 with rotating permanent 
magnets (Fig. 1). The biaxial orientation is 
provided through the generation of discrete 
control moments, which are generated by the 
interaction of the permanent magnets 8 of the 
magnetic controls 2 with Earth’s magnetic field 
(EMF). The opening and closing of the screen 
capsules 3 of the magnetic controls 2 provide 
the necessary algorithm for generating discrete 
control moments. The micro stepper motors 9 
rotate the permanent magnets 8 180 degrees 
(Fig. 2) according to a certain algorithm and thus provide the 
required polarity of the dipole moments and hence the neces-
sary positive or negative signs of the discrete control moments.

For screen capsules, a multilayer shielding material is pro-
posed to consist of two layers of copper material, two layers 
of magnetic material, and an aluminium inner frame [23, 24]. 
According to the laboratory tests, this shielding material 
shields a permanent magnetic field with an induction of up 

to 2 mT. Magnetic material AlNiCo5 was selected as a PM 
for control bodies; it has the most suitable magnetic and 
thermophysical characteristics for use in the conditions of 
LEOs [25].

5. Mathematical models to study orbital motion and to 
calculate the time of SC deorbiting with the help of  

the AMDS

Two systems of differential equations are proposed for 
the extensive study of the orbital motion and the calcula-
tions of the SC deorbiting time using the AMDS [26, 27]. 
The first system of differential equations is represented in 
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Fig.	1.	The	structural	design	of	the	AMDS	HDS:	1	–	the	deorbited	SC;		
2	–	the	biaxial	orientation	system	with	permanent	magnets;	3	–	screen	

capsules;	4	–	the	electronic	control	node	of	the	opening-closing	(O-C	CN);		
5	–	transmission	mechanisms;	6	–	niches	for	the	screen	capsules	in	the	closed	

state;	7	–	the	ADSE;	8	–	a	permanent	magnet;		
9	–	a	micro	stepper	motor	that	rotates	a	permanent	magnet;		

10	–	special	attachments	of	permanent	magnets	to	the	body	of	the	spacecraft

Fig.	2.	Rotation	of	the	permanent	magnet	180°	to	provide	the	required	sign	
of	the	discrete	control	moment:	8	–	permanent	magnet;	9	–	a	micro	stepper	

motor	that	rotates	the	permanent	magnet
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oscillating orbital elements, where derivatives are taken by 
the true anomaly ϑ:
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where
– a is a large half-axis of the orbit;
– e is eccentricity of the orbit;
– Ω is the direct ascent of the ascending node;
– ω is the perigee argument;
– μ is the gravity constant, μ=3.986∙105 km3/s2;

– rSC is the spacecraft vector radius, 
( )21

;
1 cosSC

a e
r

e

−
=

+ ϑ

– p is the focal parameter of the orbit, ( )21p a e= − ;
– i is obliqueness of the orbit;
– ϑ is a true anomaly;
– t is motion time in the orbit;
– S, T, and W are projections of radial, transversal, and 

normal perturbing accelerations on the OCS axis.
In this case, the acceleration, gravitational, magnetic 

(interaction of the PMs with charged particles of ionospheric 
plasma and with the EMF) and aerodynamic perturbations 
are taken into account. However, it should be noted that 
the system of differential equations (1) is not suitable for 
describing the orbital motion of a spacecraft having an orbit 
with e<0.005, since these values are too small and the solu-
tion degenerates. With this feature, a system of differential 
equations is proposed to calculate the diversion time from 
nearly circular low Earth orbits with e<0.005 [27]:
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where
– u is the latitude argument;
– R0 is the radius of the undisturbed circular orbit;

– 1
0

1
R

b
R

= −  is the deviation of the current radius of the

disturbed orbit R  from the orbital radius;
– b2 is the radial velocity in a disturbed orbit related to 

the velocity of motion in the undisturbed circular orbit;

– z=1+b1;

– 
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– s=1+γ;
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In turn, the dynamic Euler equations are used to analyse 
motion around the centre of mass as follows:
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where
– , ,x y zJ J J  are the main central moments of inertia of 

an SC with the AMDS;
– , ,x y zω ω ω  are the projections of the absolute angular 

velocity of the spacecraft on the axis of the fixed coordinate 
system (FCS);

– . . . . . ., ,x ctrl y ctrl z ctrlM M M  are the projections of the control 
moment on the FCS axis;

– . . . . . ., ,x dist y dist z distM M M  are the projections of disturbance 
moments on the FCS axis.

Thus, the calculations take into account the aerody-
namic and gravitational moments acting on the SC with the 
AMDS. To calculate the angles of yaw ψ, roll φ and pitch θ, 
the equations in the quaternionic form are used, which are 
given in [6].

6. Investigation of the AMDS efficiency when applying 
the discrete control of the relative position of the 

aerodynamic element

As mentioned above, PMs are used for the control system 
of the SC orientation with the AMDS. The moment Mmagn 
that arises when the PMs interact with the external mag-
netic field, which is served by the EMF, is calculated by the 
following formula:

. . ,magn m EMFM p V= ×   (4)
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where mp  is the PM magnetic dipole moment; VEMF is the 
vector of the EMF magnetic induction.

Given the need to generate discrete control points, it is 
proposed to apply a discrete method of controlling the mag-
netic actuators, which is given in [28]. Taking into account 
the implementation of the biaxial orientation by the yaw and 
the pitch, the projections of the control points on the FCS 
are recorded as follows:

. . . . ,х ctrl my z EMF mz y EMFM p V p V= ⋅ − ⋅

. . .( ) ,y ctrl y mz x EMFM sign p V= δ ⋅ ⋅

. . .( ) ( ),z ctrl z my x EMFM sign p V= δ ⋅ − ⋅  (5)

where pmy and pmz are the values of the magnetic dipole 
moments in the control channels by the pitch and the yaw; 
Vx.EMF, Vy.EMF, and Vz.EMF are the projections of the magnetic 
induction vector of the EMF on the FCS axis; ,y zδ δ  are the 
function of the sign of the control moments provided by the 
PM rotary units.

According to expression (5), the first channel, with the 
roll control, is unmanaged. This is due to the fact that the 
rotation of the sail in the plane perpendicular to the vector 
of the dynamic flow of the incoming atmosphere does not 
practically affect the force of aerodynamic resistance (the 
force of the SD deceleration). Thus, for the orientation of the 
aerodynamic element of the SC with the AMDS, it is advis-
able to use a biaxial orientation in the yaw and the pitch. To 
calculate the opening frequency of the screen capsules and 
the PM rotation with the help of micro stepper motors, it 
is proposed to use the nonlinear control law and the pulse 
width modulator (PWM). In turn, the pulse width is calcu-
lated by the formula [29, 30]:

.
.

.

,theor
�mp

ctrl

M
t T

M
=  (6)

where Mtheor is the theoretically calculated value of the con-
trol moment at the output of the regulator; Mctrl is the value 
of the control point in the pitch and yaw channel; T is the 
sample period of the controller.

Thus, for the study of the efficiency of the AMDS meth-
od, a SC with the AMDS was selected with the characteris-
tics given in Table 1:

Using mathematical and computer simulation for al-
titudes of 600 km and a period of 10,800 s, values were 
obtained to stabilise the spacecraft with the AMDS at 
the angles of the yaw and the pitch. In turn, the values of 
the discrete control points My.ctrl and Mz.ctrl as well as the 
required pulse frequency for their generation were also 
calculated. For the initial deviations, the angles of the yaw 
and the pitch were taken as ψ=60°, θ=45°. The results of 
simulating the stabilization of the SC with the AMDS are 
presented in Fig. 3–8.

Table	1

Characteristics	of	the	SC	with	the	AMDS

The mass of the spacecraft, 
 mSC

180 kg

Jx 17.995 kg∙m2

Jy 20.711 kg∙m2

Jz 15.269 kg∙m2

The area of the SC midsection, Sm 0.58 m2

The area of the aerodynamic element of the 
AMDS, SAMDS

5 m2

The mass of the AMDS (with magnetic controls),  
mAMDS

8 kg

The magnetic dipole moment of permanent  
magnets pmy and pmz

15 А∙m2

Distance from the centre of mass to the centre of 
pressure rb

0.12 m

Fig.	4.	Stabilization	by	the	pitch

1 

8 ....... 
0.5 !--< 

a.f 
bO 

0 

0 2,000 4,000 6,000 
Time, s 

8,000 10,000 12,000 

0.8 

0.6 

8 0.4 :.e 
� 
a.f 0.2 bO 

0 

-0.2
0 2,000 4,000 6,000 

Time, s 
8,000 10,000 12,000 

z 
1:f 2e-04 

H le-04 
(!) 

� 
O OeOO 

-� -le-04

(!) 

� -2e-04 
0 2,000 4,000 6,000 

Time, s 
8,000 10,000 12,000 

Fig.	3.	Stabilization	by	the	yaw	

Fig.	5.	The	guiding	moment	to	ensure	stabilization	by	the	yaw

Fig.	6.	The	number	of	pulses	to	generate	the	control	moment	
Mz.ctrl
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It should be noted that in order to save the onboard 
energy, an impulse duration limit of at least 80 s was intro-
duced, that is, short pulses requiring frequent opening and 
closing of the screen capsules were not generated. In turn, 
the modulus of absolute deviation of stabilization by the yaw 
and the pitch Δ did not exceed 0.2 rad≈11.46° (Fig. 2, 3). 
This is a good result for this task, since a completely accu-
rate orientation of the aerodynamic element of the AMDS 
is not required. Thus, the cosine of maximum deviation is 
cos(11.46°)≈0.98, which satisfies the control accuracy in 
this problem. This is because the projection of the area of the 
aerodynamic element pr_SAMDS on the plane perpendic-
ular to the aerodynamic flow of the incident atmosphere is 
3.92 m2, which is only 2 % less than the total area SAMDS. 
The aerodynamic drag force Faero is calculated by the fol-
lowing formula:

2

. . ,2aero x mid

v
F C S

ρ⋅
=   (7)

where xC  is the coefficient of aerodynamic resistance; 
ρ  is the density of the atmosphere; v  is the orbital velocity; 
Smid is the area of the midsection (cross-sectional area of 
the spacecraft).

Thus, the aerodynamic drag force, which is directly pro-
portional to the cross-sectional area of the spacecraft that 
is oriented to the dynamic flow of the incoming atmosphere 
with a maximum deviation of the aerodynamic element of 
the AMDS, is reduced by only 2 %.

Thus, if 4 micro stepper motors, class NEMO-17 having 
two windings, are used, the characteristics for the opening 
and closing of the screen capsules and the rotating PMs are 
the following:

– the rated current of the winding Ir=1.8 A;
– the rated voltage of the winding Ur=3.25 V;

– the maximum number of revolutions per minute 
nmax=500 rpm;

– the step angle k=1.8°.
Thus, the winding power consumed is Pr=Ur Ir=5.85 W. 

The power of the whole motor per unit of time is 
Pr.m=2Рr=11.7 W. According to the calculations (Fig. 4–7), 
15 openings and closures of a screen capsule and 35 rotations 
of a PM are needed to generate the required discrete control 
moment My.ctrl, as well as 30 openings and closures and 25 ro-
tations of the PM for Mz.ctrl. Considering the engine speed, 
at the rated operation, we assume that the PM rotation lasts 
1 s and the opening of the screen capsule takes 2 s. It should 
be noted that the screen capsules are closed with the help of 
an automatic spring device, which returns the gear mech-
anism to its original position with practically no onboard 
energy consumption. This device is part of the transmission 
mechanism 5 of the screen capsule opening and closing 
control system (Fig. 2). Based on this, the total onboard 
energy consumption for the period of 10,800 s (approximate-
ly two turns at an altitude of 600 km) to open the screen 
capsules is EO-C=(15+30)‧2‧Pr.m=1,053 J, and for the PM 
rotation in both channels, it is EPM=(25+35)‧1‧Pr.m=702 J. 
Then the total onboard energy costs for controlling the 
AMDS orientation for two turns are as follows:

EAMDS=EO-C+EPM=1,053+702=1,755 J≈0.0004875 kW⋅h.

At the same time, when using electromagnets MT15-1 
by ZARM Technik (China) having a maximum dipole 
moment of 15 А∙m2 (as in the proposed PM), the onboard 
energy consumption will be much lower. Thus, at the supply 
voltage Us=14 V and the rated power Pr=1.11 W, the total 
cost of stabilization electricity for the same period of motion 
is 2,100 J. The onboard energy consumption by the electro-
magnets, despite their much lower power, is greater because 
the total continuous control period is ten times greater than 
when using stepper motors and PMs.

It should also be noted that as the minimum impulse 
length increases to 100 s, the number of pulses required de-
creases. With a minimum impulse length of 100 s, virtually 
maintaining a maximum deviation of no more than 11.46°, 
the total energy consumption can be reduced to 1,111.5 W.

Thus, with the use of the discrete control law and PMs, 
the total energy costs can be reduced by 30–40 %, which is 
significant for long-term missions of SDO removal.

7. Calculation of the time of removing spacecraft using 
AMDSs from orbits of various dislocations

It is proposed to study the orbital motion of spacecraft 
with different AMDSs in order to evaluate the advantages in 
the time of removal by the AMDS compared to the ADDS 
(without stabilization to the vector of the flowing atmosphere). 
Thus, the study was conducted on nearly-circular LEOs and 
slightly-elliptic LEOs, which are almost similar to circular EOs 
but have a significant difference in altitudes in the apogee and 
the perigee (more than 100 km). In turn, a system of differential 
equations (2) is used to calculate the time of removal from the 
nearly-circular orbits, and a mathematical model (1) is used for 
the slightly-elliptic orbits. The results of calculating the allot-
ment time for the proposed orbits of different inclinations are 
given in Table 2.

Fig.	7.	The	control	moment	to	ensure	stabilization	by		
the	pitch

Fig.	8.	The	number	of	pulses	to	generate	the	control	moment	
My.ctrl
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Table 2 shows that the advantages of using the AMDS 
have been determined according to the performed tests of 
the orbital motion of the spacecraft with the AMDS and 
the calculations of the time it takes to deorbit the spacecraft 
using the AMDS in orbits up to an altitude of 180 km. Thus, 
the orientation of the aerodynamic element of the AMDS 
perpendicular to the vector of the dynamic flowing of the 
atmosphere provides a 23–24 % gain in the withdrawal time 
and extends the boundaries of the effective application of 
this deorbiting system. However, it should be noted that the 
method of orienting the aerodynamic element in comparison 
with the non-orientated deorbiting gives time benefit only 
for aerodynamic and transformed sailing systems. This is 
because the area of the midsection in such systems is much 
greater than the fourth part of the area of the full surface 

Sf.s. of the aerodynamic element, that is, . . .

1
.

4mid f sS S>>

8. Discussion of the results of studying the possibility of 
using ADDSs to deorbit SDOs from LEOs

The conducted tests have shown the possibility of using 
magnetic controls with permanent magnets for aerodynami-
cally unstable space structures (a spacecraft+an aerodynamic 
deorbiting system). The design chart (Fig. 1) suggests the pos-
sible attachment of magnetic controls with permanent magnets, 
and Fig. 2 gives a view of rotating magnets. The use of a discrete 
nonlinear controller in Section 6 has proved the possibility of 
stabilizing the aerodynamically unstable coupling of the space-
craft with the AMDS in the orbital coordinate system with a 
maximum area perpendicular to the dynamic flow of the incom-
ing atmosphere. Such orientation makes it possible to increase 
the force of aerodynamic resistance (7) and hence to reduce the 
deorbiting time of the exhausted spacecraft. The quality of the 

biaxial stabilization of the spacecraft 
with the AMDS (Fig. 3, 4) when using 
a nonlinear discrete controller (5), (6) 
(Fig. 5–8) has confirmed the effec-
tiveness of the proposed magnetic con-
trols. The calculations have shown that 
the use of low-cost stepping motors 
allows reducing the onboard energy 
consumption for orientation compared 
to the prototype system [21].

Using the mathematical models of 
the orbital motion of the spacecraft (1), 
(2), the time of deorbiting the spent 
spacecraft with the help of the AMDS 
was calculated and the limits of the 
effective application of the AMDS 
were revealed. The advantages of us-
ing AMDSs in comparison with aero-
dynamically unstable sailing ADDSs 
were also identified.

However, as stated in [19], the AMDS has limitations on 
the choice of magnetic material for permanent magnets that 
would be suitable for operating conditions within a LEO. 
Also, there may be difficulties with the temperature oper-
ation of stepper motors in Earth’s outer space environment. 
However, in the case of actively developed thermoregulating 
coatings, these problems can be eliminated.

It should also be noted that mathematical and computer 
simulations do not provide complete information regarding 
the effectiveness of AMDSs. Therefore, a prerequisite is to 
conduct summer tests in outer space.

Therefore, further studies should be of experimental de-
sign in order to find the necessary design parameters of the 
AMDS for a particular spacecraft.

9. Conclusion

1. The possibility of using permanent magnet controls to 
stabilize the relative position of a spacecraft with the aero-
dynamic element has been analysed. A constructive chart of 
the aeromagnetic system to deorbit SC from LEOs has been 
developed. The peculiarity of the AMDS design is that the 
controls of the relative position of the aerodynamic element 
are rotary permanent magnets that are shielded by means of 
special screen capsules with shutters.

2. The efficiency of the method of applying the aeromag-
netic system to deorbit the SD was analysed when using a 
nonlinear discrete controller.

3. The benefits of using the AMDS were identified in 
comparison with passive ADDSs. Indeed, the mathematical 
and computer simulations in the SciLab application package 
have shown that with the use of the AMDS the time of deor-
biting a spent spacecraft is reduced by about a quarter, which 
is quite significant in long-term missions.

Table	2

The	results	of	calculating	the	time	of	deorbiting	spent	spacecraft	by	using	the	AMDS

Nearly-circular LOEs with е=0.00001

Orbit alti-
tude, km

Tilt, deg.
SC 

weight, 
kg

AMDS 
weight, kg

Midsection 
area

Deorbiting 
time without 
the AMDS  

stabilization

Deorbiting 
time with 

the AMDS  
stabilization

AMDS, 
m2

SC, 
m2

600 90 180 8 5 0.58 4.15 years 3.12 years

700 80 180 8 5 0.58 17.37 years 13.44 years

750 60 180 8 5 0.58 32.76 years 26.5 years

Slightly-elliptic LOEs with е=0.01

Height in 
the perigee

Height in 
the apogee

Tilt, 
deg.

Weight 
of the SC 
with the 

AMDS, kg

Midsection 
area

Deorbiting 
time without 
orientation 

of the aerod. 
elm.

Deorbiting 
time with 

orientation 
of the aerod. 

elm.
AMDS SC

600 740.82 80 188 5 0.58 5.49 years 4.25 years

700 842.85 20 188 5 0.58 22.44 years 18.2 years
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