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TOPOLOGICAL ANALYSIS OF ANGULAR MOMENTUM
RANGE VALUES OF THE GYRO MOMENT CLUSTERS
BASED ON COLLINEAR GYRODINES PAIRS

Introduction. To ensure the high dynamic characteristics of Earth remote sensing satellites
in their orientation systems, the gyro moment clusters (GMCs) based on excessive number
(more than three) two-gimbals control moment gyrodines (GDs) can be used as actuators.
The attitude control by GD actuators task is the most difficult among the tasks of spacecraft
(SC) reorientation control. The central issue in solving this task is the synthesis of the control
laws for precession angles of individual GDs when there are excessive. Success in solving the
control problem is substantially determined by the choice of the GMC structure, it means the
number of GDs used and their mutual positions of the precession axes. From this choice
depends on the possibility of forming by GMC the necessary control momentum, the existence
and number of special GMC states, the complexity of the control laws for the precession
angles of the individual GDs included in the GMC. This is because in order to maintain the
desired SC orientation for a long time and to perform its turns with the required angular
rate, the GMC must have a sufficient margin of angular momentum. The allowable values of
the total angular momentum created by the GDs form a certain area that is bounded by a
closed surface of complex shape in a coordinate system rigidly attached to main SC body.
Inside this area there are particular surfaces on which the control of the GDs is complicated
or unfeasible. These surfaces are called singular. In this regard, for SC attitude control in
addition to control the precession rate of individual GDs it is also necessary to control the
mutual orientation of the angular momenta of the GDs in GMC. That is why one of the most
important problems of the control laws synthesis with the use of GMC is the identifying sin-
gular surfaces (topological analysis) in the area allowable angular momentum of the GMC.
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The purpose of the article is to develop a technique for detecting singular states in
GMC based on three collinear pairs.

Results. The analysis was carried out and the singular states of the GMC with three col-
linear pairs were revealed.

Conclusion. An original technique of a topological analysis of GMC based on collinear GD'’s
pairs is proposed. This technique may be useful to developers of SC attitude control systems.

Keywords: spacecraft, gyrodine, singular vector, singular surface.

INTRODUCTION

The task of a SC attitude control is the control by angular motion around CS
mass center. Nowadays this task is very actual due to the ever-increasing re-
quirements for the dynamic characteristics of CS angular maneuvers. The turns
must run from any current position to any given position. Wherein the attitude
accuracy after turning should be angular minutes, and the angular rates can attain
the values 2—3 degrees per second. For example, the French SC Spot 7 for shoot-
ing the Earth’s surface with high-resolution launched on June 30, 2014, provides
the following dynamic characteristics of spatial maneuvers:

— angular orientation accuracy — 1,7 arcmin;

— the maximum angular rate — 2,1 deg/s.

The assurance of such high dynamic characteristics is complicated by the
fact that the mass increase trend is observed for high resolution Earth remote
sensing satellites. If the mass of the earlier satellites Ikonos, OrbView-3 was 720
and 304 kg, respectively, then the mass of the subsequent satellites QuickBird-2,
WorldView-1, Geoeye-1, WorldView-2 exceeds 2000 kg. It is known that for
SC with a considerable mass the most effective actuators of attitude control sys-
tems are the GMCs based on excessive number (more than three) two-gimbals
control moment GDs [1, 2]. The main advantage of GMC is that they have the
best “created control moment /own mass” ratio among other actuator types and
at the same time allow for complex rotational movements of the SC necessary
for solving many practically important attitude control tasks. The tasks of con-
trolling angular motion with the help of GMC are one of the most difficult tasks
among the SC attitude control tasks. The general approaches to the solution of
these tasks and some fundamental results were first presented in the domestic
publications by papers of Ye. N. Tokar in the 1970s — 1980s. A significant con-
tribution to the development of this subject matter was also made by the results
presented in [3, 4, 5, 6]. The modern approaches to the development SC attitude
control algorithms using GDs are considerd in [7, §].

In order to maintain the SC given orientation for a long time and to turn
with the required angular rate the GMC must have a sufficient angular momen-
tum store. Possible summary angular momentum generated by the GDs form a

certain area S,, in SC body fixed frame. This area is bounded by a closed sur-

face of complex shape. Inside area S, there are particular surfaces on which the

control of the GDs is complicated or unfeasible. These surfaces are called singu-
lar. There are two types of singular surfaces: passable and impassable. Passable
are called surfaces that can be passed by changing the mutual configuration of
GDs angular momenta without changing the summary angular momentum of
GMC. If this is not possible, then the surface is called impassable. In the class of
GDs systems, the most rational are the GMC on the base of collinear pairs. The
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aggregating of GDs into so-called collinear groups, in which the precession axes
are arranged in parallel, gives one very important advantage: if there are six or
more GDs, all the singular surfaces of such schemes are strictly passable [9].
Quite a lot of work has been devoted to the problem of analyzing singular sur-
faces. As an example, one can cite the works [10, 11], in which singular passable
and impassable surfaces were classified based on analytical criteria for GMC
arbitrary schemes, and a technique for the type surface determining was pro-
posed. The works [12—16] deserve attention, where the attitude control problems
using GMC are studied in detail. Despite the fact that a lot of work has been
devoted to the problem of GMC topological analysis, interest to this problem
continues unabated today.

The main goal of this paper is to develop an analytical technique for identi-
fying singular surfaces for GMC based on collinear GD’s pairs and to carry out a
topological analysis of such GMC built on six GDs.

FORMULATION OF THE PROBLEM

The SC will be considered as a rigid body containing arbitrarily mounted collin-
ear pairs of GDs. Let us introduce the right orthogonal coordinate system B
rigidly attached to main SC body or Body Frame (BF) and the right orthogonal
th

coordinate system G, rigidly attached to mounting plains of the GDs in the i
pair. Let us determine the position of the basis G, relative to the basis B by the
transition matrix C BG, - We assume that all the GDs have the same proper angu-
lar momenta /%y =const .

For the GDs angular momenta vectors hy;,_; , hy;, i=1,2,---, N in the i
collinear pair, the following relationships are valid:

hyi1y = CBG; i1, »

(1)

hZiB = CBGi hQiGi .
Hereinafter, the subscript in the vector designation indicates what basis it is
projected.
Introduce the vector o = (al sers OO N )T and Jacobi gradient matrix

Ohp . Ohnp |
60(1 6a2N

L<°‘>=( )

To ensure SC angular motion complete controllability it is necessary that
the rank of the Jacobi gradient matrix L(a), which is determined by the dimen-

sion of its column space, is three. Consider the following problem: to find re-
strictions on the vector of the GDs precession angles o in the scalar equations
form (equations of special surfaces)

filo)=0, k=12...K ,

where K is the number of singular surfaces in GMC at which the rank of the
Jacobi gradient matrix L(a) is less than three
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rang L(a) <3 3)
The solution of the problem. If the condition (3) is satisfied, then the col-
umns of the matrix L(a) lie in the same plane. In this case GMC cannot gener-

ate control torque components along unit vector A of the normal to this plane.

Such an unit vector Ag =(A;5, 25,5 B)T is called the GMC singular vector
and is determined from the condition

MpL(a)=0 )

This task can be reformulated as follows: to find all the restrictions on the
GDs precession angles vector, for which the homogeneous overdetermined sys-
tem of equations (4) has nonzero solutions. Equation (4) taking into account
expressions (1) and (2) can be represented as follows:

0T
da; a
0 hzT

aOLz G

CGIB

Ce,8

5 : Ap=0. (5)
_— C

ooy 2Nlon Gy-1B
LhT

Co,yB
6(12]\/ 2NG2N Gan

h.
Denote by g, = h—’ the angular momenta of the GDs in relative units. Then
0

equation (5) can be represented as:

0 T
8(11 glGl G158
0 T
Ao ngl GB
: 7\.3 =0. 6
o (6)
R T Gn-1B
0 gT
dayy < 2Naay GanB

Suppose R; is the coordinate system associated with i GD rotor. The axis
xp of this system coincides with the precession axis of the i GD, the axis Vr

coincides with the rotor rotation axis of /" GD and the z g axis complements
the system to a right-hand one. Further assume that the mutual orientation of the
bases G, and R, corresponds to Fig. 1.
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ZR

O

g
Fig. 1. Mutual orientation of the bases G; and R;

In this case, for the i collinear pair GDs angular momenta in the relative

units, the following expressions are valid:

0 0
ng =|cosa; |=|y; |, j=1,2,...,2N. (7)
sinocj zZ;

It follows from (7) that

0
0gG, ,
2o =|Tsiney =)=z ) )
J cosaL V;

By substituting (8) into (6), we obtain N subsystems

0 —zy ;
where
hG; =Cqhp - (10)
Consider the matrices
i1 = (— 22i-1 y2i—1) (i
—22i Y2i

Denote by D,, , ,; the determinant of the matrix A,, , ,;. Finding this de-

terminant, we obtain
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Dy 10 =23 Y50 = 2911 Vg = SN0, COS 0Ly, | —COS Oy, SINOLy; | =

(12)

=sin(0ly, =0y, )

The solution of the systems (9) depends on the values of the determinants
and is determined by the expression:

+1
0 |, Dyi12; #0;
A Cpg. A 0
B=TBGTGE T ging, sing; ’ (13)
Yoic08¢g; |=| £y 1c0sg; |, Dy;y0;=0;
Zp; COSE; tz,; jcoOsg;

where €, is an arbitrary angle. The geometric interpretation of the solution (13) is as

follows. According to equation (9), the vector A, is a singular vector of the i h ol

linear pair. If the angular momenta of the included in the collinear pair GDs do not lie
on one straight line, then the singular vector Ag, is perpendicular to the plane passing

through the vectors 8Gyi > &Gy, and parallel to the GDs of precession axes, which,

according to Fig. 1, is the axis x; . If the angular momenta of the included into collin-

ear pair GDs lie on one straight line, then they form a straight line to which an infinite
number of perpendiculars can be drawn, which position in the basis G; is determined

by the angle ¢; . Since, if the condition D,;_; 5; =0 is satisfied, the angular momenta
in the i collinear pair are related by the relationship g, | =+gg,, , hereafter only
vectors g, are considered. Then, taking into account expressions (7) and (10), for a

singular vector A p it is true the relationship

BG[ .
1 =C. 1. = to ", Dy #0; 14)
B — “BG,”*G; — ) .BG, . BG, BG, _n
¢, 'sing; +c¢, 'y, COSE, + ¢ 'z, COSE;, DzH,zl. =0;

where cfci,kzl, 2,3 are the columns of matrix CBGi . N relationships (14)

define the same vector A, therefore, if A is not a zero solution to system (4),
then forany i # j, i,j=1,2,..., N, the equalities should be satisfied

CBG,'}\‘GI‘ = CBGJ }\‘Gl *

(15)

Thus, if there are the GDs precession angles vector o and angles ¢; for
which all N(N —1)/2 equalities (15) hold, then there exist nonzero solutions of
system (4) and there is a singular state. If there are no such angles, then Az =0
and there is no singular state.
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TOPOLOGICAL ANALYSIS OF THE 3-SPE SCHEME

As an example of the application of the proposed technique, consider the GMC
containing three collinear pairs. In the original work of J.W.Crenshaw [17], the
excessive multiple scheme based on three collinear GDs pairs was named as
3-Scissored Pair Ensemble (3-SPE).

We will assume that the precession axes of the GDs of the first group coincide
with the axis zp , the precession axes of the second group coincide with the axis yp

and the precession axes of the third group coincide with the axis xp (Fig. 2). For such
a GMC scheme the transition matrixes C BG; » i=1,2,3 have the forms:

0 0 -1 0 -1 0 1 00
CBG] = 0 1 0 N CBG2 = 1 O 0 N CBG3 = 0 1 O .
1 0 O 0 0 1 0 0 1

Fig. 2. Precession axes arrangement of GDs in 3-SPE
scheme
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In this case, for the projections of the relative angular momenta along the
axes of B basis, the following expressions are valid:

—Sil’l61 —Z1 X1B —sin62 —Zy X2B
g B~ cosb; [=| ¥ |=| g | g&,B~ cosoy |=| y2 |=| )28 |

0 0 0 0 0 0

—COS63 -)3 X3B _00564 — V4 X4B

Sil’l(l3 z3 Z3B sina4 Z4 ZAR

0 0 0 0 0 0
gsB =|COSQs5 |=| Y5 |=| V5B |, & B =|COS0s |=| Ve |=| V6B |-

sinog Zs5 Zs5p sinag Zg Z6B

To determine the conditions under which the homogeneous system (4) has a
nonzero solution, we analyze the dependence of the solution of this system on
the values of the determinants Dy ,, D34, Ds¢. According to (12) these deter-

minants are defined by the formulae
Dy =sin(oc2 —al), Ds 4 :sin(a4 —0c3), Ds g :sin(oc6 —0(5).

Depending on the numerical values of the determinants D, ,, Ds4,Dsg,

the following different options are possible:

1) D172 #0, D3,4 #0, D5,6 #0.
In this case, according to (15), the condition for the existence of a nonzero

0 0 +1
solution of system (4)is | 0 |=|x1|=| O
+1 0 0

But obviously equalities are impossible. Therefore, Az =0 and no singular state.
2) Dl,2 ZO, D3’4 =0, D5,6 #0.

From relationships (14) and (15) it follows that for the existence of a non-
zero solution the equalities

—Z, COS €| 0 +1
ypcosg [=|£1|=| 0
sing; 0 0

must be satisfied, which is impossible and there is no singular state.
3) DI,Z #0, D3’4 =0, D5,6¢0'

In this case, for the existence of a nonzero solution the equalities
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0 — V4 COSEy *1
0 |=| singy, |[=]0
+1 Z4COSEy 0

must be satisfied, which is impossible and there is no singular state.

4) D1,2 =0, D3’4 =0, D5,6 =0.
In this case, for the existence of a nonzero solution the equalities

0 0 sin €5
0 |=|£1|=]| ygcoses
+1 0 Zg COS €3

must be satisfied. These equalities are not satisfied, Az =0, therefore there is no

single state.
5) D1,2 0, D3’4 =0, D5,6 =0.
A necessary condition for the existence of a nonzero solution for this case is

the validity following equalities:

0 — Y4 COS€) sin ez
0 |=| sinegy, |=|ygcoses
+1 Z4COS€y Zg COS €3

These equalities are possible when &, =0,m1; e3=0,1; y; =0, yg=0,
z4 =%1, zg =%1. Therefore Az # 0 and there is a singular state. Let us find the

equation of the surface in the basis B on which this state arises. From the equal-
ities of the determinants D; 4 and Ds¢ to zero and expressions (16) it follows

that y3 =y, =-x3p =Fx43 =0, y5s =+ys =ysp =*ysp =0. Then

2 2 2 2
X3p +Xip +y5p +vep =0. (17)
The constraint (17) defines a surface in the basis B in the form of a unit circle ly-
ing in a plane OX yYj , to which the singular vector Az = (0,0, + 1)T corresponds.

6) Dl,2 =0, D3’4 0, D5,6 =0.
In this case, the condition for the zero solution existence is

— 2, COS €| 0 sin €5
yocosgy |=|x1|=| ygcoses
sin g; 0 Zg COSE3

It is satisfied if € =0,7; e3=0,7; y, =%1, yg =21, z; =0, zg =0. From
the  conditions Dj,=0 and Dsg=0, the equalities follow:
VI=tyy=—xp=Fxp=0, z5 =1tzc =z5p =1z, =0. A nonzero solution will
occur if there is a constraint
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2 2 2 2
X\ t X2p +Z5p t ZgR =0. (18)
To the constraint (18) corresponds a circle lying in a plane OX 3Z5 of the

basis B and a singular vector A = (0,+1,0)" .
7) Dl,2 =0, D3,4 =0, D5,6 #0.

Making the transformations similar to those performed in cases 6) and 7),
we obtain the following equation for the singular surface:

2 2 2 2
Yip +y2p +235 + 245 =0. (19)
The constraint (19) defines a circle lying in a plane OYgzZp of the basis B

and a singular vector Ag =(+1,0, 0)T .
The spatial positions of singular planes for cases 5) — 7) are shown in Fig. 3, [14].
8) Dj» =0, Dj3=0, Dy3=0.
The condition for the existence of a nonzero solution in this case is

— 25 COS§ — Y4C08€) sines
J1g =| ypcosg |=| singy, |=|ygcoses|. (20)
sing Z4COSEy Zg COSE3

Considering that the sines of angles €;, k£ =1,2,3 are the coordinates of the

vector Ap:

M, =singy, Ay, =singy, A3, =sing @1)

and Ap is the normalized vector, then from the equality of its norm to one fol-
lows the condition for the existence of a nonzero solution

Fig. 3. The set of special GMC surfaces when
two pairs GDs are in singular state
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sin? g + sin® €y + sin? e3=1. (22)
To satisfy equalities (20), it is necessary that the following relationships
hold for the coordinates of vectors g»;:

sing, sine;
:—’ Zz = — ;
COS € COS g
singy sing;
= —— 4 = —
cose, cose, (23)
sing, sing,
y6 = _, Z6 =
cose; coses

Consider a few special cases:

a) €1=0, e, #0, e5#0;
b) 81750,8220,83750;
C) 81¢0,82¢0,83=0;
d) 81=O,82=0,83=i§.

In the case a) from conditions (22—23) we have the following relationships:
sin? g+ sin’ €+ sin’ €3 = sin’ €+ sin’ ez =1,

sin’ € =1—sin? €3 = cos? €3, sing, =*cosgs, cosg, =tsings,

sing sing .
= 2 =*cosey, zp=-— 3 =-smeg;z,
cosg| cosg
sing; sing;
y4:——:il’ 24:—:()’
cos€y cos€y
sing, sing;
Yo =——k=tl, zg=—=0,
cosé€j Cos€j
=%y,  z1=%zy,
y3=tyq,  z;3=tzy,
ys =%y,  Z5==zg.
By substituting these relationships into (16) we find
X1B iZZ iSil’l83 X7>B -2 Si1’183
g B=| VB |=|* ¥y |=| £coses |, g,5=|V2p [Z| V2 |=|Ecoses |,
0 0 0 0 0 0
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x3p| (-3 (%1 X4 ) (—Va Tl
g,5=| 0 |=| 0 |=| 0], g,5= 0|2 0 |50
Z3B z3 0 Z4p Z4 0
0 0 0 0 0 0
gsp=|Ysp |=| Vs |=| x| .8 =|Yen |=| V6 |=| 1
Zs5p Z5 0 Z6B Zg 0

In this case, the singular surface is a unit circle lying in a plane OX zY5 .

Having done the similar calculations for cases b) and c), we obtain that in
case b) the singular surface is a unit circle in the plane OX 3Zp , and in case ¢) it

is a unit circle lying in the plane OYzZ5.
For the case d) a nonzero solution will exist if the following equalities hold

—z) [—ya] (*1
ap=| y2 |=| 0 |=] 0|,
0 Z4 0

from which it follows that y,=y,5=0, zy=—xyp=%1, yy=—-x4p==I1,
z4 =245 =0 and the singular surface is a straight line coinciding with the axis

OX p . Similarly, it can be shown that when &, = ig , 8 =0, g5 =0 the singular
surface is transformed into a straight line that coincides with the axis OZp, and
as g, =0, g, = ig , €3 =0 the singular surface is transformed into a straight line

that coincides with the axis OYp.

Fig. 4. The set of special GMC surfaces when three pairs GDs are in
singular state
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Thus, when one of the angles ¢,, k=1,2,3 tends to zero or to =, the sin-
gular surface is transformed into a circle lying in one of the coordinate planes,

3n . .
and when one of the angles ¢; tends to % or to > the singular surface is trans-

formed into a straight line coinciding with one of the BF axes. In the general
case, when Dy, =0, D;3 =0, D,3 =0, the singular surface has a quite complex

shape. The boundary of this shape has six cavity (“craters”), the axes of which
coincide with the BF axes. The set of possible native singular states of the 3-SPE
scheme is shown in Fig. 4.

CONCLUSION

An original technique of a topological analysis of GMC based on collinear GD’s
pairs is proposed. Using this technique, the analysis was carried out and the
singular states of the GMC containing three collinear pairs were revealed. The
proposed technique may be useful to developers of SC attitude control systems.
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TOITOJIOTTYHUI AHAJII3 OBJIACTI JIOITYCTUMMX 3HAYEHB KIHETUYHOI'O
MOMEHTY CHJIOBUX I'TPOCKOITTYHUX KOMIUIEKCIB KPATHUX CXEM

Beryn. s 3a0e3medyeHHs] BUCOKUX JMHAMIYHMX XapaKTEPUCTHK CYMYTHHKIB HCTAHIIHHOTO
30H/yBaHHS 3eMIli B iXHIX CHCTeMax Opi€HTAIlil B SIKOCTI BUKOHABYMX OPraHiB MOXYTh BUKOPHC-
ToBYyBaTucs cuioBi ripockoniyni komiuiekcH (CI'K), ski € HagmmkoBoro (Oiblre 3) cucTeMoro
JIBOCTYTNICHEBUX CHJIOBHX TIPOCKOIIB (TipOMIiHOB). 3aBJaHHS TiPOCHIOBOTO KEPYBaHHS KyTOBUM
PYXOM € OTHMMH 3 HACKJIAJIHIMINX cepes 3aBlaHb KepyBaHHA nepeopienrauieto KA. LenTpans-
HHMM NUTaHHAM IIiJ 9ac BUPIIIEHHS [IMX 3aBIAHb € MUTAHHS CHHTE3Y 3aKOHIB KEPYBaHHS KyTaMH
nperecii OKpeMHX TipOAiHOB 3a 1X Ha/UIMIIKOBOCTI. YCIHIX y pO3B’s3aHHI 3aBIaHHS KepyBaHHS
OaraTo B YoMy BHU3Ha4aeThcsi BUOOpoM cTpykTypu CI'K, min sikor0 po3yMi€eThCst KiJIbKICTh BUKO-
PUCTOBYBaHMX TipOIIHOB 1 B3a€MHE po3TallyBaHHs iXHiX oceil mpeuecii. Bix Takoro BuGOpY
3aISKUTh MOXKIUBICTE (hopmyBanHs CI'K HE0OXiHOrO Kepyrouoro MOMEHTY, HasBHICTb 1 Killb-
KicTh ocobnuBux craHiB CI'K, ckiaHicTb 3aKOHIB KepyBaHHS KyTaMU IIpelecii OKpeMHX Tipoi-
HOB Bx0o/aTh B CI'K. Lle 3yMOBJI€HO THM, IO YISl TPUBAJIOTO MiITPUMAHHS MOCTIHHOI OpieHTAIlT
arapara i BUKOHaHHS HUM PO3BOPOTIB 3 HeoOXifHOW KyToBoto miBuakicTio CI'K moBuHeH matu
JIOCTaTHIN 3anac KiHetnaHoro MoMeHTy (KM). lomyctumi 3HadeHHs1 cymapHoro KM, cTtBoproBa-
HOTO TipofiiHaMy, YTBOPIOIOTH B CHCTEMi KOOPAMHAT, KOPCTKO MoB'13aHoi 3 KA, nesky o0nacts,
sIka OOMEKCHA 3aMKHYTOIO TOBEPXHEI0 CKIamHOI Gopmu. YcepeauHi 1€l 00IacTi po3TaiioBy-
I0TbCSl OCOOJIMBI [OBEPXHI, Ha SIKUX KePyBaHHs TipoAiHaMU YCKIaJHEHO abo B3araii HEeMOXKIIUBE.
L1i moBepxHi MPUITHATO HA3UBATH CUHTYJIIPHAMH. Y 3B'SI3KY 3 IIUM, Y pa3i KepyBaHHI Opi€HTAIII€0
KA 3a gonomoru CI'K, kpiM KepyBaHHs IIBUJKICTIO Hpelecii OKpeMux IipoAiHOB, HEOOXiTHO
KEpyBaTH 1 B3aEMHOIO OPI€HTAIlI€I0 KIHETHYHUX MOMEHTIB TipojIiHOB, 110 Bxoith B CI'K. Box-
HOYaC OJJHUM 3 HaWBaXKIUBIIINX 3aBIaHb CHHTE3y 3aKOHIB KepyBaHHS 3 Bukopucranuam CI'K e
3aBJIaHHs BUSIBJICHHSI CHHTYJIIPHHX ITOBEPXOHB (TOIMOJIOTIYHOTO aHaji3y) 00JacTi JOITyCTUMOro
kiHetnyHoro MmomeHty CT'K.

MeTa po6oTH — PO3POOJICHHS METOJJMKH BHSBJICHHS CHHTYJISIPHUX MoBepXoHb B CI'K
KPaTHHUX CXEM.

Pe3yabTaT — NpoBeeHO aHali3 Ta BUABIEHO CUHTYIsIpHI ctanu cxemu CI'K, mo mic-
tuTh Tpu KoniHneapHi mapwu.

BucHoBkH. 3alpoNOHOBAHO OPUTIHAIBHY METOAUKY IIPOBENSHHS TOINOJOIIYHOIO aHali3y
CI'K kparHux cxemu. Meroanka Moske OyTH KOpUCHA po3poOHMKaM cucTeM opieHTartii KA.

Knrouoei cnosa: xocmiunuii anapam, 2ipo0iH, CUHSYAAPHULL 6EKMOP, CUHSYISPHA NOBEPXHSL.
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TOITOJIOTUYECKUI AHAJIA3 OBJIACTH JJOITYCTUMBbIX 3HAYEHUI
KHHETMYECKOI'O MOMEHTA CHJIOBBIX
I'MPOCKOITMYECKHX KOMIIIEKCOB KPATHBIX CXEM

BBenenmne. i1 oGecrieyeHUs] BHICOKHX THHAMHYIECKHX XapaKTEPUCTUK CITyTHHKOB JWCTAH-
IIMOHHOT'O 30HAUPOBAaHMS 3€MJIM B MX CUCTEMaxX OPUEHTALMM B KAueCTBE HCIIOIHHUTEJIBHBIX
OpraHoOB MOTYT HCIOJB30BaThCS CHIIOBBIE Thpockommdeckne komruiekcsl (CI'K), mpencras-
mstronye coboit u30bITOuHyl0 (Gonee 3) cUCTEeMy JBYXCTEHNEHHBIX CHJIOBBIX THPOCKOIIOB
(rupoauHOB). 3amaul TUPOCHIOBOTO YIIPABIEHHS YIJIOBBIM JIBIKEHUEM SIBISIIOTCS OTHUMU
u3 HauOoJee CIOXHBIX Cpeld 3ajgau ymnpasieHus nepeopueHrauueid KA. LleHTpanbHbIM
BOIIPOCOM TP PEIISHUH 3THX 3a]ad SBISETCS BOIPOC CHHTE3a 3aKOHOB YIIPaBICHHS yTIIAMH
MPELECCUU OTAEIbHBIX THPOAUHOB MPH UX U30BITOYHOCTH. YCIIEX B PEIICHHH 3aJlau yIIpaB-
JIEHUsI BO MHOTOM onpezeinsiercs: BeioopoM cTpyktypsl CI'K, mox xoTopoil moHHMaeTcst Ko-
JIMYECTBO UCIOJIb3YEMbIX I'MPOAUHOB U B3aUMHOE paclojokeHHe ux ocell mperneccuu. OT
TAaKOro BBIOOpA 3aBUCHT BO3MOKHOCTH (hopmupoBanus CI'K TpeGyemoro ymnpasisroiiero
MOMEHTa, HaJIM4YKe U KOJIHIecTBO 0co0bIX cocTosHUI CI'K, CI0)KHOCTh 3aKOHOB yIIpaBJICHUS
yIJIaMH TIPEeCCHU OTACNBHBIX THPOIUHOB, BXomamux B CI'K. OOycrnoBieHo 3TO TeM, 4To
JULSL IPOOJDKUTENBHOTO MOJ/IepKaHUs 3alaHHOW OpPUEHTAlluy almapaTa U BBHINOIHEHHUS UM
pa3BopoToB ¢ TpebyeMoii yriioBo# ckopocthio, CI'K momkeH o0iagaTh TOCTATOUYHBIM 3ama-
coM kuHetndeckoro momeHnta (KM). Jlonmyctumsie 3HaueHuUs: cymmapaoro KM, coznaBaemo-
ro TUpoJUHaMHM, 00pa3yloT B CHCTEME KOOPAUHAT, XKECTKO cBs3aHHOH ¢ KA, HekoTopyro
001acTh, KOTOpasi OrpaHU4YeHa 3aMKHYTOH MOBEPXHOCTHIO CIIOKHOW (QopMbl. BHyTpH 3Toi
o0nacTy pacroJiaraloTcsi ocoOble INOBEPXHOCTH, Ha KOTOPBIX YIpaBJIEHHE THUPOIUHAMU
YCII0)KHEHO WM BOOOIIE HEOCYIECTBUMO. DTH MOBEPXHOCTH MPUHATO HA3bIBATh CHHTYJISP-
HBIMHU. B cBs13u ¢ 3TUM, npu ynpasienuu opuentanueii KA ¢ nomompio CI'K, kpome ympas-
JICHUSI CKOPOCTBIO NPELECCHH OTAENBHBIX TUPOIMHOB, HEOOXOIUMO YIIPABIATH U B3aUMHOM
OpHeHTalMell KHHETHYECKHX MOMEHTOB rupoanHoB, Bxoamux B CI'K. Ilpu stom oxHoit u3
BaKHEHIINX 3a/a4 CHHTE3a 3aKOHOB ympasiieHus ¢ ucronb3oBanueM CI'K sBisiercs 3amaga
BBISIBIICHHUS CUHTYJISIPHBIX ITOBEPXHOCTEH (TOMOJIOTMYECKOro aHalIN3a) 00IacTH 1OIyCTUMOTO
kuHeTHyeckoro momenta CI'K.

Heas padorbl — pa3paboTka METOAWKU BBISBICHHS CHHTYJISIPHBIX IOBEPXHOCTEH B
CT'K kpaTHBIX cXeM.

Pe3yabTaT — npOBENEH aHAIM3 W BBIABICHBI CUHTYIIsIpHBbIE cocTosiHuA cxembl CI'K,
cozeprKaliell TpU KOJUTMHEapHbIe Maphl.

BoiBoabl. IIpeuioxkeHa opUruHaabHAs METOJUKA MPOBEICHUS TONOJIOTHYECKOrO aHa-
nu3a CT'K kpaTHbIX cxeM. MeToanka MOXeT OBbITh MOJIe3Ha pa3paboTYMKaM CHCTEM OpHEH-
tanuu KA.

Knioueevie cnosa: xocmuueckuil annapam, 2upoOUH, CUHSYIAPHBIN BEKMOP, CUMSYIAPHAS
NOBEPXHOCMb.
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