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This work approaches the aim to specify for the development of an attitude determination and control system
considered elements to produce and simulate an further three axis dynamic attitude control for an microsat-
ellite. The paper considers the elements necessary for creating and modeling a microsatellite control system in
three axes. Mathematical modeling of the operation of magnetic torquer and a microsatellite control system in
the MATLAB environment was carried out. Based on the simulation results, a three-axis stabilization method
and sensors of the orientation, navigation and control system are described. Also environmental effects called
disturbance torques which influences the movement of the microsatellite and drive it away from its original

attitude will be explained.
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oals. Goal is to formulate a possible design

for magnetic torquers. Magnetic and control
moments produced by the magnetic torquer will
be simulated in MATLAB as well as the magnetic
field of the rods. The attitude model will be
illustrated and equations for attitude models using
only magnetic torquers and for attitude models
using two magnetic torquers and one reaction
wheel will be given. Also environmental effects
called disturbance torques which influences the
movement of the microsatellite and drive it away
from its original attitude will be explained.

Formulation of the problem. Substantial pro-
gress concerning the knowledge, understanding
and implementation of attitude actuators is neces-
sary to meet the increasing number of spacecraft’s.
Due to relative cheapness and short period of the
development especially small satellites became an
important factor for space exploration and instru-
ment testing. Therefore the precise stabilization of
angular, position and attitude has to be secured.
Today’s active controlled micro- and picosatellites
use magnetic coils or reaction wheals as capability
of three-axis stabilizing.

Attitude determination and control systems en-
sure the attitude and movement of satellites using
magnetic coils which generate a controlled torque
in the roll and yaw axes while sensors as magneto-
meter and sun sensors measure data to determine
the current position.

1. Attitude Determination
and Control System (ADCS)

The ADCS determines the attitude of the
spacecraft by evaluating sensor information’s and

generates commands for the actuators to make
the spacecraft point in the right direction based
on mission requirements concerning accuracy and
slew rate. The general elements are illustrated in
Figure 1.

Thus the ADCS can be dividing in two differ-
ent main parts: attitude determination and atti-
tude control. While determination refers to the
process of measuring and determining spacecraft
position and orientation, attitude control refers to
the process of orienting the spacecraft in the re-
quired direction [3].

1.1. Attitude stabilization

The variety of common axis stabilization meth-
ods includes three axis control, spin stabilization,
and gravity gradient systems.

Three axis control means the complete stabi-
lization of the spacecraft’s orientation along all
three axes. This type of axis stabilization is more
expensive and necessary for satellites with dy-
namic pointing requirements. This method re-
quires closed loop control and is usually very com-
putationally intense. Benefits are the capability
of using the spacecraft autonomously tracks any
arbitrary pointing requirement and a huge flex-
ibility of maneuvers the spacecraft is capable of
performing [4].

Spin stabilized spacecraft’s uses the conserva-
tion of angular momentum to maintain a constant
inertial orientation of one of its axes [1]. Therefore
the control of the spacecraft arises by spinning it
and controlling the orientation of the axis by ro-
tation. It is simpler and a less expensive design
than three axis stabilization, but forces the pay-
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Fig. 1. General elements of an Attitude Determination
and Control Subsystem (ADCS) [1]
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load to be in constant rotation [4]. Spin stabilization
is useful, as long as we want our spacecraft to stay
pointed in the same inertial direction [1].

Gravity gradient stabilization uses the gravity
gradient disturbance torque in space which is a
vector along the local geomagnetic field induction
to keep the spacecraft oriented in local vertical or
downward orientation. Usually this effect is max-
imized by deploying a small mass at the end of a
very small bloom [4]. Gravity gradient stabilization
offers a simple, reliable, inexhaustible capability of
axis stabilization. The disadvantages are that this
type of stabilization controls only two axes (pitch
and roll); the accuracy is limited depending on the
spacecraft’s moments of inertia with a downward
pointing accuracy of about £10° and that this type
is effective in low earth orbit because gravity var-
ies with the square of the distance, it’s not very
effective beyond LEO [1].

1.2. Control method

Choosing the control method means to select
one of the two common control methods as open
loop and closed loop control.

Open loop control refers to a system that can’t
dynamically adjust the inputs based on what’s ac-
tually happening. Thus the spacecraft’s actuation
mechanism is not autonomously driven by sensors
and on-board control algorithm’s but rather by
commands from a ground station as turning to a
desired direction. Open loop systems transfer the
computational effort to the ground station and it is
limited because commanding is only possible dur-
ing the contact time with the ground station [4].

Closed loop control systems dynamical adjust
inputs based on what is actually happening by
sensor measurement. Thus the on board system al-
ter the orientation and determine attitude and for-
mulate corrective maneuvers. Compared to open
loop control, it is more computationally intense [4].

1.3. Attitude determination

The performance of the attitude determina-
tion depends on the used sensors. Sensors are the
essential element of closed-loop control systems
which measure data based on what’s happening
in space to the system, describe the attitude in
three dimensions and report this data to the con-
trol system. Common sensors for spacecraft atti-
tude determination are sun sensors, star trackers,
magnetometers, gyroscopes and GPS.

Sun sensors located the position of the sun and
determine suns position with respect to the space-
craft body frame. Sun sensors give the azimuth
and elevation of the sun vector and usually are
combined with another sensor to describe the atti-
tude in three dimensions. While simple sun sensor
can provide 5° of pointing knowledge more com-
plex instruments provide down to less than 1° [1].

Star trackers measure a spacecraft’s attitude
with respect to known star locations and com-
pare these measurements to accurate maps of the
brightest stars stored in the sensors data memory
[1]. They are very precise, but also the most ex-
pensive attitude determination instrument [4].

Magnetometers measure the earth’s magnetic
field’s direction and its strength local at the space-
craft and determine by a general model of earth’s
field the orientation of the spacecraft with respect
to earth.

Gyroscopes determine spacecraft’s attitude and
changes of the attitude caused by principals of
spinning mass. Every spinning mass has an con-
served angular momentum while the gyroscope
detect a spacecraft’s angular motion [1].

GPS signals can also been tracked for deter-
mining the spacecraft’s attitude. To implement a
GPS system it needs usually two prime compo-
nents as shown in Figure 2.

Fig. 2. The Phoenix GPS Receiver and the San Jose [5]

While the antenna receives the GPS signal and
transmit it to the GPS receiver, the receiver con-
vert and processes the signal into the instantane-
ous attitude information and forward the informa-
tion to the ADCS unit [5]. This GPS system is in
actual use for the Compass 1 picosatellite design
by the University of Aachen, Germany.

1.4. Control systems

Actuators provide «torque on demand» to ena-
ble a rotation as needed to a specified position to
meet mission requirements as taking pictures or
data down- and uplink. Many different actuators
are available and become often combined to apply
accurately torque and achieve a desired attitude.
Referring to the Federal Aviation Administration
control systems conceptually can be divided into
two general classes, passive and active attitude
control systems [1].

Passive actuators operate in open loop systems
and keep the spacecraft in the desired attitude.
Active actuators require continuous feedback and
adjustment thus they are able to act on command.
Common passive actuators are for example grav-
ity gradient stabilization and spin stabilization or
dampers, which will not be further described be-
cause of the fact that for this ACDS active con-
trolled actuators are requested and preferred.
Common actuators are for example thrusters, re-
action wheels and magnetic torquers.

Thrusters expel mass from the spacecraft into
space pointing in one direction and therefore cre-
ate a well defined torque. Usually more thrusters
are arranged, pointing in opposite direction to en-
able a two or three axis attitude control. They are
able to create a greater force or torque thus that
they also can be used to change the spacecraft’s
orbit [4]. Unfortunately, the amount of fuel cause
of weight and design reasons which a spacecraft
can carry is limited. Therefore thrusters are used
for short missions, but for longer missions thruster
can be added as backup or temporary used as well
depending on the mission [1].

Reaction wheels create torque in gaining an
opposite torque by changing the spin rate of a
flywheel. By increasing or decreasing the wheels
speed the motors may apply a torque on the space-
craft in either direction about the axis of the wheel.
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They are able of providing higher torques than
magnetic torque rods, but they are more power
intense, more expensive and prone to mechanical
failure [4]. Typically, the ADCS uses at least three
separate reaction wheels, oriented at right angles
to each other for every axis. A forth wheel can be
added for redundancy reason.

Magnetic torquers interact with earth’s mag-
netic field and therefore are able to create con-
trolled torque, which can adjust the attitude of
a spacecraft by reversing the current in the rods
or coils wires. Using magnetic torque is a simple
and very common system and therefore used very
often. Magnetic torquers are light, simple and
low-power consuming. They use electrical power
in order to generate controllable torques [3]. Mag-
netic torquers are combined with other attitude
actuators as one or more reaction wheels, thus that
all the actuator provide all the needed control to
maintain the spacecraft’s attitude, in low earth or-
bit up as in Geo Stationary orbit.

1.5. ADCS considerations

The high variety of ADCS elements enables
many different combination possibilities while
considering advantages and disadvantages of each
component. After the selection process, the de-
sign layout of the ADCS can be described. First,
a mathematical concept has to be established and
after that the hardware can be produced in rela-
tion to the mathematical equations [5].

Due to the moment the component selection
and description of the mathematical concept for
this microsatellite is still in progress. Yet anoth-
er topic of the microsatellites concept is the im-
plementation and possible design of magnetic
torquers. Therefore the design fundamentals will
be considered in this paper.

2. Magnetic Torquer Design

In this paper the design of one type of magnet-
ic torquer is considered. Magnetic rods consist out
of many wires wound up together to a circle or
square form. Magnetic rods as shown in Figure 3.

Fig. 3. Possible design magnetic rod [5]

The principle is to produce a controllable mag-
netic moment u which interacts with the earth’s
magnetic field B, to produce torque. This torque
is given by:

T = ,uxBearth;

The torque rods can only provide a torque rela-
tive to directions that are perpendicular to the lo-
cal magnetic field vector [3]. The smallest magnetic
field that earth’s magnetic dipole generates above
the equator for a specific altitude is given by:

By
Bearth = ;;
where By ~ 3 x 10T and with h referring to

the altitude and R? referring to the earth radius
which is 6350 km [3]. The necessary control torque
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to counteract disturbance torques at an altitude of
400 km would be as an example 107® Nm. At that
altitude B.,., would be 25uT. Therefore the mag-
netic moment gained by the magnetic torquers has
to be 5 x 107 Am? Thus the aim is to generate
control torques around this range.

2.1. General design requirements

General requirement for the torquer design
are described in this chapter. The required satel-
lite should be able to stabilize all three axes thus
a minimum of three torquers should be considered
overall. The magnetic moment will be calculated
with MATLAB in this paper for one torque, fur-
thermore all torquers should be simulated in one
program to be able to illustrate the interaction with
earth’s magnetic field. The torquers are not used
constantly due to the limited available power in
space. Therefore as a first approach for the calcu-
lations the power budget for one torque should not
exceed 500 mW and will be limited beginning with
100 mW. The maximum weight for the coils is not
specified at the moment. Therefore the range of the
calculation starts from 20 g and is limited to 50 g for
each coil. The available voltage is considered to be
3 V and the length of a possible square coil side s is
given by the microsatellites geometry of 400 mm?.

The optimum is to obtain the best required
magnetic moment with the smallest volume of
wire by the given requirements.

2.2. Magnetic torque rods

A magnetic torque rod is a long metallic wire,
wound up around a ferromagnetic or without
ferromagnetic core. Magnetic rods with a ferro-
magnetic core generate a larger magnetic dipole
moment with less room and lower power consump-
tions. In this paper magnetic torque rods with fer-
romagnetic core are not considered to meet the
microsatellite weight requirements. Therefore the
advantages of magnetic torque rods without ferro-
magnetic core are the low mass, its simplicity and
that magnetic moments can accurate and easily
adjusted. The magnetic moment is given by:

u = NIAn;

where n is the unit vector perpendicular to the
loop, N is the number of turns, I is the current
applied in the rod and A is the area of the coil
plane [3].

H

|
Fig. 4. Magnetic moment created
by a single loop of wire [3]

Furthermore it is assumed that lw and Aw are
the length and the cross-sectional area of the wire,
with a square coil side length s [3]. Considering
that geometry, the number of turns is given by:

w
4+5’

Therefore the magnetic moment can be de-
scribed as:
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=14 S.
H— w wj4:

while J is the given current density. The power

consumption can be calculated by:
P =UIl =UJA,;

The power consumption can be optimized under
the constraint that the accepted current density of
copper on earth is about 5 A /mm? Therefore it is
assumed an current density of J = 1 A/mm? [3].
The resistance of the wire is given by:

Pl PV
Rw - Aw - Aa ]

where p, is the electrical resistivity. Due to
practical considerations a resistance must be add-
ed in series [3].

V2

Roprios = = — Ry;
Saries P wr

Concerning to the general design requirements
further assumptions are made for the following
calculations. The electrical resistivity of copper is
pe = 172 Om and the mass density of copper is
pa = 8.2 kg/dm?. Considering the available voltage
is fixed to 3 V, the power consumption decreases
with the cross-sectional area A, [3]. To meet the
power budget of 100 mW A, is considered to be
0.033 mm? Possible magnetic torques and control
torques at an altitude of 400 km are calculate in
MATLAB and shown in Figure 5.
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Fig. 5. Control torque by magnetic torque rods
without ferromagnetic core

Referring to Figure 5 the possibly achievable
control torque increases proportional to a rising
electricity induction by the given design require-
ments in the calculated torque rod mass range
from 20 g to 50 g per rod. Therefore the maximum
obtainable magnetic moment is proportional to the
mass of the rod and reaches due a mass of 50 g a
control torque of 1.4 = 10™* Nm.

To illustrate the magnetic moment of the de-
signed rod magnetic field to the magnitude, di-
rection, length, and proximity by the calculated
electric current a MATLAB simulation of the Bi-
ot-Savart law is considered. The Biot-Savart law
describes the magnetic field generated by an elec-
tric current and is given by:

483

4 rz
In this simulation the square loop is in the X and
Y plane and magnetic field is evaluated at every
point in the Y and Z plane while is X = 0. Magnetic
field formation for the calculated magnetic rod as
shown in Figure 6.
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Fig. 6. Magnetic field formation
for the calculated magnetic rod

3. Attitude Model

The attitude of a spacecraft describes the orien-
tation of a body fixed coordinate frame referring
to an external frame as shown in Figure 7. The
body fixed coordinate frame (called body frame) is
usually given by roll, pitch, and yaw angles, where
roll is a rotation about the X axis, pitch is a rota-
tion about the Y axis, and yaw is a rotation about
the Z axis.

North Celestial Pole

EARTH

=ZxX
Vernal Equingx (X) o

\/‘/

Fig. 7. Illustration of the Earth Centered Inertial
coordinate frame [4]

Ecliptic Plane
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The Orientation of 3-D Space objects can be de-
scribed in several ways. The common method to de-
scribe the orientation of a spacecraft uses Euler angles
and quaternions. Euler angles describe the orientation
of a set of body fixed axes relying to an inertial ref-
erence frame. The Euler angles of any orientation can
be described as three separate angles ¢, 6, and y, that
act to rotate the body along the body fixed axes from
the inertial axes as shown in Figure 8.

Fig. 8. Euler angles [2]

Most of the algorithms shown in the consid-
ered literature assume the application of reaction
wheels with or without the use of thrusters for
three axis stabilization.

Thus it is mentioned that attitude models with
only magnetic torquers challenges the control of
the system to be not entire controllable. Therefore
one attitude model with only magnetic torquers
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and one including reaction weels will be described
in the following chapters.

3.1. Attitude model with only magnetic torquers

The control torque is constrained to the plane
perpendicular of the local geomagnetic field. This
always leaves one uncontrollable direction paral-
lel to the local field. Thus attitude stabilization is
possible for two axes and in higher orbits even
for a three axis stabilization while the magnetic
field direction in an inertial space as seen from the
spacecraft is varying during the orbit. Therefore
orbits with low inclinations can lead to less effi-
cient control since the magnetic field direction is
not varying much [3]. The attitude dynamics can
be expressed by using the Euler’s equations with
gives the following equation:

}_dm X lw+ T, + T
— = —W w : ik
dt coils distr

This basic control law could be used to define
the ideal control torque for a 3 axis stabilization
control depending on the strengths of earth’s mag-
netic field [3]. Referring to the literature attitude
maneuvers can be simulated and described by us-
ing parameters as shown in Figure 9.

3.2. Attitude model of magnetic torquers with
one reaction wheel

To be able to include one reaction wheel in the
considered attitude model for a desired torque the
generated magnetic moment vector needs to be
implemented which can be described as:

B = [Has Hxys 1]

In order to get full controllability one magnetic
torquer within the magnetic torque matrix should
be replaced by a reaction wheel (referring to de-
scription in reference [3]). If a reaction wheel with
its axis aligned along the Z body axis, the control
equations becomes the following:

T, 0 B, 0\ /K
T,|=(-B. 0 o0 (uy) .
T, B, -B, 1/ \n,
Depointing angle
2 : :
pry
8 N |
B

Time [s], 45°
Transition quaternian qmr

i
—

&

Time [Slx 10

Ervironmeantal torques

: ; x
o ~ ——— Y H
: ! =

o] 1 2 3
Time [s]x 104

Fig. 9. Attitude maneuver using only magnetic torquers, no disturbance torques considered [3]
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Table 1
Spacecraft affecting disturbance torquers [4]
Disturbance Equation for Magnitude Estimated Comment
Torque Torque, n*m
. = DB: Dipole generated by ac-
Magnetic _ L > 2. _4 |tive control of magnet-
Red (B2 gpaseerait magnetie dpole S04 < gyt Y010 ictoraue rodk Magnei
8 P ’ ) field strength at 350 km.
T4 = Kawo v, Assumes 8° half-cone of
Nutation kq = damping constant = 0.001; 1.9 x 1074 nutation at 10 RPM. k4
Damper w,n = rate of fluid bulk moving relative to container ’ tuned to match required
walls. 15 hr time constant.
1 5
T, = > (pCy AV ®) [CM — cg);
= local heri ity = 150 x 10-1 3. Assumes predicted
Atmospher- P :oca atmospheric de251t.y 50 07" keg,/m?, _¢ | atmospheric activity
: Cq = coefficient of drag = 2; 1.3 x 10 % ;
ic Drag Ay = cross sectional surface area in ram direction = 0.164 m? at 350 km during solar
V = spacecraft velocity = 7697 m/s; max.
cpe — cg = distance from aerodynamic center of pressure
to center of gravity = 0.01 m.
3u ,
T, = ﬁlfx — I}.| s5in 26 ;
. u = Earth’s gravity constant = 3.986 x 10 m?3/s% .
grag!ty ¢ R = orbit radius = 6.728.140 m; 1.3 x 1077 f‘sjulme? fli Bn;cax}m‘;m
raalen I. — I, = largest and smallest spacecraft moments of =7 4y 0 g-m
inertia; 14
0 = maximum deviation of I, from nadir or zenith = =
radians. “
F :
Ty = ?Asﬁl +q) cosi [CM - cg);
F, = solar constant = 1.367 W /m?, Asf?umes Wors_t—fased
Solar Pres- |c = speed of light; L5 x 10 re fctance g=1lan
sure A, = cross sectional area in direction of the sun = 0.164 m? : Cos flg ;arrée as lnlat—
q = reflectance factor = 1; fno.sp eric drag calcu-
1 = angle of incidence to the sun = 0 radians; ation
¢y — cg = distance from solar center of pressure to center
of gravity = 1 cm.

This is a possible solution of an attitude mo-
del with one reaction wheel which improves the
momentarily controllability, and would have the
advantage of being lighter and cheaper than an
ADCS with three reaction wheels [3]. These con-
siderations can be useful for future types of atti-
tude control with more explicit requirements.

4. Disrurbance Torques

Spacecraft’s are affected by different distur-
bance torques in an earth orbit, which the attitude
control system must either tolerate or manage and
have to be included to attitude model simulations.
These torques are gravity gradient, solar radiation
pressure, magnetic field effects, and aerodynam-
ic forces. The most significant ones are listed and
quantized in the following Table 1.

Resume and further prospects. This paper
showed and described considered elements during
the feasibility studies for a microsatellite developed
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Mapunomrenko O.IL, Capubora I'.B., Ilikenin O.0.
KuiBcbrnit mositexuiunmit incturyt imeni Iropa Cikopcbkoro
Rox I'.JI:x.

Eprcr A0Ge YHiBepcuTeT NpurIagHUX Hayk, HiMeuunHa

CUCTEMN OPIEHTAIIII TA HABITAIIII MIKPOCYIIYTHUKA
3 BUROPMCTAHHAM MATHITHUX ROTYIIOR

Anoranisa

JaHa craTTa npucBAYeHa PO3poO0Il cucTeMM OpieHTallii Ta HaBiraiii MIKPOCYIyTHMKA 3 BUKOPUCTAHHAM
MarHITHMX KOTYIIOK. B po0oTi posryaHyTi ejleMeHTM HeoOXifHI /1A CTBOPEHHA i MOJEJIIOBAHHS CHCTEMU
YIOpaBJIiHHA MIKPOCYIIyTHMKa II0 TPbOX ocAX. IIpoBefeHO MaTeMaTHYHE MOJEJIOBAHHA POOOTM MAarHITHMX
KOTYILIOK i cucTeMn ynpaBJiHHA MikpocynyTHuka B cepenoBuini MATLAB. Ha ocHoBi pe3ysibTaTiB MOge 0~
BaHHA omycaHmii Mmetos crabimizarii mo Tpbox ocax i pobora maTumkiB cucteMu opieHTallii, Hasiramii Ta Ke-
pyBaHHA. Takosk omucyrTbCcA 30ypPIO0Ui MOMEHTM BiJi BIUIMBY HABKOJIMIIHBOTO CePeIOBUINA, AKi BIIMBAIOTh
Ha PyX MIKPOCYIIYTHMKA 1 3MIIIYIOTBH JIOTO BiJi IOYaTKOBOIO IIOJIOYKEHHS.

KurouoBi ciioBa: ynpaBJliHHA Opi€HTAIi€l0 CYIyTHMKA, CYIIyTHMUK, BU3HAYEHHs IIPOCTOPOBOI opieHTarii, cm-
cTeMa yNpaBJiHHA, MarHITHUI MOMEHT.

Mapunomenko A.IL, Capsioora A.B,, IIukennu A.A.
KueBckuit monurexHmudeckuit MHCTUTYT uMeHn JViropa CUKOpPCKOTo

Kox I'.JI:x.

OpHCeT AGOe YHMBEpPCUTET NPUKJIATHBIX HAYK

CUCTEMBI OPMEHTAIIMN 1 HABUTAIIIN MIKPOCITYTHIIROB
C UCIIOJIb3OBAHMEM MATHUTHBIX RATYIIER

AnboTanusa

JlagHaA cTaThA IIOCBAINEHA Pa3dpaboTKe CHUCTEeMBI OPYEHTAINN ¥ HABUTALIVI MUKPOCITYTHUKA C MICIIOJIb30BaH-
€M MarHMUTHBIX KaTylleK. B pabore paccMOTpPeHBI 3J1eMeHThbl HeOOXOAVIMBbIE IJIf CO3LaHMA Y MOJEJMPOBAHNI
CICTEMBI yIIPaBJIEHMA MMKPOCIIYTHMKA II0 TpeM ocAM. IIpoBesieHO MaTeMaTHdecKoe MOAespoBaHye paboThl
MaTHUTHBIX KaTYIIEK U CHUCTEMBI yIpaBjeHus MukpocrnyTHuka B cpene MATLAB. Ha ocHoBe pesyibTaToB
MOZEJIMPOBAHMA OIMCAH MeTOZ CTalduam3anmy [0 TPeM ocAM M pabora HaTUMKOB CUCTEMbI OPMEHTAIVN,
HaBMTaIlUM ¥ yInpaBJieHMdA. Takske OMMCBIBAIOTCA BO3MYIIAIOI[ie MOMEHTBI OT BO3JIEVICTBUS OKpYsKaloIllen
cpenbl, KOTOpPbIe BJIMAIOT Ha JIBMYKEHME MUKPOCIIYTHMKA M CMEINAI0T ero OT IIePBOHAYAJBHOTO ITOJIOMKEHNA.
KuloueBble cioBa: yIpaBJIeHNUA OpMeHTAalell CIIyTHMKA, CIIyTHUK, OIpefiesIeHN IIPOCTPAHCTBEHHO OpMeH-
TaluM, CUCTeMa YIpPaBJIEeHNA, MAaTHUTHBIN MOMEHT.



