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Annomayus. B pabome npedcmagiena Memoouxa onpedeieHuss Mech YCmaHo8KU OANaHCUPOBOUHbIX 2py-
308 GHYMPU OMCEKO8 KOCMUHECKUX annapamos, OCHOBAHHAA HA NPUMEHEHUU KOMOUHAYUU MEeMOO08 AHAIU-
MUYECKOU U GbIYUCIUMENBHOU 2e0MEMPUU, MAMEMAMULECKO20 NPOSPAMMUPOBAHUS U KOMNIOMEPHOU 2pa-
Guxu. [Ipumenenue 6aIAHCUPOBOUHBIX 2PY308 HEODXOOUMO 015 ObecneyenUss NOMPEOHO20 NOIONCEHUS YeH-
mpa macc omceka u uzoenus 6 yerom. IIpu ucnonv30eanuu MemoOuKy peuiarmes 3a0adu 06ecnedeHus
MUHUMATILHOU MACCHI DANAHCUPOBOYHBIX 2DY308 U CHUNCEHUL MPYOOEMKOCIU HA NPOPAOOMKY 8APUAHIOE UX
VCMAaHOBKU 075t YCKOPEHUst OGOPMIEHUSL U CO2NACO8AHUSL KOHCIMPYKIMOPCKOU OoKyMeHmayuu. 30Ha pazmewye-
HUsL GATAHCUPOBOUHBIX 2PY308 PACCMAMPUBAEMCSL KAK COBOKYNHOCb 001acmell npOoCmpancmed, c80000HbIX
OM KOHCMPYKIMUBHBIX JJIEMEHM08 OmceKa u opyeux cocmasHvlx yacmetl usoenus. C yenvio MUHUMUIAYUU
0bwell Maccol OANAHCUPOBOUHBIX 2PY308 NYMEM ONPeOeNeHUsl MECI UX YCIAHOBKU NO KOOPOUHAMHOU CemKe
3a0auy pazmeujeHust GAIAHCUPOBOUHBIX 2PY308 NPedNasaemcs NPeOCmasums 6 Uoe 3a0auu TUHEIHO20 npo-
epammuposarus. /s mecmuposanus 6 Kawecmee npUMepa paccmampueaics KOHUYeCKUtl Omcex u30eiust co
cpepuueckum onuwgem. Ilo pesynomamam pacuémos Obilo ONpeoeneHo, mo 30Ha pasmeujeHus 6araHcupo-
BOUHBIX 2PY306 Q0JICHA HAXOOUMbCS 8 palioHe CmblKa OHUWa U obeuatiku xopnyca. bviia uoenmugpuyuposa-
HA KOHpU2ypayusi 30Hbl pAMEUEHUsE C YHEMOM OKDPYICAIOUIUX KOHCIPYKIMUBHBIX IIEMEHMO8 U ONPedeeHbl
KOOPOUHAMbL PA3MEWeHUsE DANAHCUPOBOYHBIX 2PY308 U NOOOOPAHbI Ux Maccel. Tecmuposanue nokasano pa-
60mMoCnOCOOHOCIb NPEONONCEHHOU MEMOOUKU U ANOPpUMMA Ha eé ocHoge. Dpghexmusroe ucnonv3osanue
MEMOOUKU BO3MONCHO NPU HATUHUU CREYUATUSUPOBAHHO20 PACHEMHO20 NPOSPAMMHOZ0 KOMNIEKCA.

Knioueguie cnosa: 6anrancupogounsiii epy3, yenmp macc, 6araucuposrd, KOMNOHO8KA OMceKd, KOCMude-
CKuti annapam.
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Abstract. The paper presents a methodology for determining the mounting places of balancing weights
inside spacecraft compartments, based on the use of a combination of methods of analytical and computa-
tional geometry, mathematical programming and computer graphics. The use of balancing weights is nec-
essary to ensure the required position of the center of gravity of the compartment and the product as a
whole. When using the methodology, the problems of ensuring a minimum mass of balancing weights and
reducing the labor intensity of developing options for their installation are solved to speed up the prepara-
tion and approval of design documentation. The balancing weight placement zone is considered as a set of
spatial regions free from compartment structural elements and other component parts. To minimize the
overall mass of the balancing weights by determining their placement locations on a coordinate grid, the
balancing weight placement problem is proposed to be represented as a linear programming problem. For
testing, a conical compartment of a product with a spherical bottom was used as an example. It was deter-
mined that the balancing weight placement zone should be located near the junction of the bottom and the
hull shell. The configuration of the placement zone was identified, taking into account the surrounding
structural elements. The coordinates for placing the balancing weights were determined, and their masses
were selected. Testing has showed the performance of the proposed methodology and the algorithm based
on it. Effective use of the methodology is possible with the availability of a specialized calculation software
package.

Keywords: balancing weight, center of mass, balancing adjustment, compartment layout, spacecrafft.

Introduction

When developing design documentation (DD) for spacecraft, at the conceptual or technical design
stage, mass-centering and inertial requirements for the product and permissible deviations from them
are determined. Ideally, these requirements should be met through a rational layout of the spacecraft's
compartments. In practice, numerous errors (design, computational, manufacturing, metrological, etc.)
lead to unacceptable deviations in the mass-centering and inertial characteristics (MCIC) of the prod-
uct [1; 2]. To eliminate these, partial or complete reconfiguration of the compartments is carried out,
and when this is impossible for technical and economic reasons, balancing weights (BW) are used.

Various balancing rigs are used to weigh and balance products and their components [2—11]. Dur-
ing spacecraft testing, they provide data on the actual values of mass, center of mass or center of grav-
ity (COQ), and moments of inertia. If unacceptable deviations from MCIC are detected, the layout or
arrangement of BW is adjusted according to change notices.

There may be cases where the design documentation does not provide for the installation of a BW.
During the working documentation stage, during its development or during prototype testing, the need
for a BW may be identified. In such cases, a new design group is added to the working documentation,
and technically, the number of BWs must be determined and locations for their installation on the
spacecraft must be found. The task of locating payloads under such conditions increases the complex-
ity of the design documentation development. A heuristic solution to this problem does not guarantee
the use of the minimum number (mass) of BWs.

The objective of this work is to develop and refine a methodology for determining BW installation
locations within spacecraft compartments. The objectives of this work include developing computa-
tional mathematical models, identifying sources and methods for processing initial data, developing an
algorithm for a software package to be developed in the future, and testing (refining) the methodology
using a spacecraft compartment as an example.

The relevance of this research topic, in addition to reducing the labor intensity of design documen-
tation development and minimizing the weight of the BW, is determined by the fact that spacecraft
balancing using additional BWs will be carried out on both existing and newly developed products.
Therefore, a reliable mathematical apparatus and calculation software package for solving the problem
of determining BW installation locations will be in demand for quite a long time.

This paper examines the static balancing of spacecraft. For questions on dynamic balancing of
spacecraft, it is recommended to refer to works [2; 3; 5; 7-11]. Although determining the actual values
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of the maximum permissible coefficient of performance of products using dynamic balancing methods
can be more accurate, as noted in [11], for large-sized and outsized products, where BW placement
zones can cover large areas and, therefore, hundreds of small payloads of various configurations can
be used, static balancing methods appear more rational in terms of the test base. This provision does
not exclude the fact that dynamic balancing of the product must also be carried out on par with static
balancing in order to ensure not only the required position of the COG, but also the required values of
the moments of inertia.

This article presents mathematical models for calculating the COG and mass of a BW installation, de-
termining the configuration of a BW placement zone, calculating the BW mass separately, presents a
block diagram of the algorithm of actions according to the proposed method, provides a list of the neces-
sary initial data indicating their possible sources, and presents the results of developing this method.

Center of Mass for Balancing Weight Installation

First, it is necessary to determine the coordinates of the COG for the BW installation, assuming that
only one BW is required. This point is formed at the intersection of the centering line and the BW
placement surface. The centering line is a line that passes through the specified COG of the spacecraft
and the current COG of the spacecraft without the BW. The balancing weight placement surface is a
theoretical surface on which the median number of balancing weight centers of mass is located. It is
situated at a distance from the shell surface of the spacecraft compartment equal to half the thickness
hpwag Of the standard balancing weights from the standard nomenclature, which are in the form of

plates of equal length and width /, . In general, the surface is not smooth. The calculation scheme

Wavg
is shown in Fig. 1.

Puc. 1. Pacuérnas cxema s onpenenenus LIM ycranosku bI'

Fig. 1. Computational model for balancing weights (BW) center
of gravity (COG) determination

The standard form of the equation of the centring line is

Yow ~Xe Yy Ve Zpy ~Zc :>xBW Yo Vpw TVe  Zpy " (1)
- - - 9

Xy — X¢ Yo~ Yc Zy—Z¢ Ar, Ary Ar,
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T . . . .

where r, =(x, ¥, z) is the coordinate vector of the specified position of the spacecraft’s COG;
T . . i .

re=(xc ye z¢) s the coordinate vector of the current position of the spacecraft’s COG without

BW: rgy =X Ve  Zaw )T is the coordinate vector of the COG of the BW installation;

T
Ar = (Arx Ar, Arz) =1, — 1, 1s the vector of deviations of the coordinates of the spacecraft’s COG

without BW from the specified position.

Geometrically, the spacecraft’s compartment hull may take the form of a hypersurface — a combi-
nation of several segments of various elementary surfaces. For design purposes, the shapes of such
segments of the spacecraft’s hull can be adequately described by surfaces of no higher than second
order [12; 13]. In general form, the surface equation takes the form

UT AU +2bU +ay, =0, )

T . .
where U = (ux u, uz) is the vector of coordinates of points on a segment of the spacecraft’s hull

surface;
dyp Gy di3
A=|a, a,, a, |isthe affine matrix of coefficients for the quadratic term of the equation;
431 dyp 43

b=(ay a, as) isthe vector of coefficients for the linear term of the equation;

ajy:j,k= 1,4 is a set of coefficients for the equation of the spacecraft’s hull surface segment.

The coefficients of equation (2) are determined according to Table 1 [14], depending on the type of
surface segment.

Table 1
Coefficients of the equation for a spacecraft hull surface segment

Surface

a, ay | 4 A4 Qyy ay, Ay,
Plane 0 0 0 n, n, n, _(nxxCOMPT +1,Ycoupr + M:Zcompr )
Sphere 1 1 1 —Xcompr ~Ycompr | ~Zcompr | X z‘OMPT ty E'OMPT z E’OMPT - E'OMPT
Cylinder 0 1 1 0 —Ycompr | ~Zcompr y 20MPT tz i,‘OMPT B éOMPT
Cone tg’ ¢ 1 1 ~Xcompr tg’¢ | ~Ycomrr | ~Zcowrr y i‘OMPT tz z‘OMPT - éOMPT tg’p

In Table 1, (nx n, nz) represents the cosines of the normal to the plane;

teompr =(Xcoupr  Ycompr  Zcowpr ) Tepresents the coordinates of a point on the plane, the centre of

the sphere, the cylinder or the cone; R,y represents the radius of the spacecraft’s compartment; ¢

represents the angle of the cone’s semi-apex.
The coordinates of the center of gravity (COG) of the BW assembly can be found using a vector
transformation of the canonical equation of the centering line (1):

Ty =1y +OrArgy, 3)

where Or = (X X y) represents certain parameters of the centering line equation, depending on the

shape of the spacecraft body surface segment; Argy, =(§ ¢ g)T represents the deviations of the
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spacecraft’s COG coordinates (without BW) from the specified position, depending on the shape of the
spacecraft body surface segment.

Substituting equation (3) into equation (2) produces quadratic equations in the unknown parameters
of the centering line:

g7 + 2(% = rcompr )T EL+R> =0 — sphere,

2.2 T 2 _ .
Cx” +2r.,prSx+ P~ =0 — cylinder, 4
ngyz —ZQ(rCTOMPTA—E)y+Q2 =0 — cone.

In system (4), the following convolutions are used for the equation on the sphere:
2,82 g2 _gTy _ g2
éx +§y +§z _é é—é s

(xo _xCOMPT)&x +(J’o _yCOMPT)&y +(Zo _ZCOMPT)&z =(r0 _”COMPT)T

&

2
z(”o ~Tcompr )2 _(RCOMPT _hBWavg) =R,

In system (4), the following convolutions are used for the equation on the cylinder:
0+C5+C2 =C"C=C",

T
0+ YeourrSy + ZcomprS: = Tppppr S

2
(xo ~Xcompr )2 + (yo — Ycompr )2 + (Zo ~Zcompt )2 - (RCOMPT ~Mgiping )

2 2
2 2 _ _p2
0+ yeovrr T Zcompr — (RCOMPT = 0,50 g4, ) =Tcompr ~ (RCOMPT = 0,50 34, ) =P

In system (4), the following convolutions are used for the equation on the cone:
G+ e =¢'¢=¢,
(tgch 1 1)T =4,

T

Cx (xCOMPTtgz(P - 1) +6, (¥eowrr =1)+6. (zcoupr —1) = G(FCOMPTA - E),

2
(xo — Xcompr )2 tgz(P + (J’o — Ycompr )2 + (Zo ~ ZcomPT )2 - 2xéOMpT tgz(P = (”0 ~Veompr ) A- ZRéOMPT = QZ-

The roots of the equations in system (4) are

T
—(ry =~ &+ /D,
- ( 0 COMPT2) ph sphere,
g
T
—r Cx,/D,
y = —<oMP TCz L cylinder, 5)
T m
_g(rCOMPTA_E)i Dcone
y= 5 — cone.
¢ A

The following convolution operations are used in system (5):
2
T
D, z[(”o ~Tcompr ) i} —&’R* — sphere,

:[ r (;:Iz —*P? — cylinder,

rCOMPT

D,

cyl

D =[—g(rT A—E)T—ngQ2 — cone.

cone COMPT
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In each case, one of the two possible solutions in system (5) is selected based on the following cri-
terion:

gy —> min. (6)
From the known equation of the COG of a spacecraft, we can derive a formula for estimating the
total mass of the BW:

]/' —_—
M gy :C_—MSCs )

where M ¢ is the mass of the spacecraft without BW.

The proposed approach to determining the coordinates of the center of gravity (COG) of the BW
installation using Equation (3), with the coefficient values from (5) based on criterion (6) and the total
mass of the BW calculated using equation (7), gives only an approximate result. As mentioned earlier,
in reality, the surface on which the BW is placed is not smooth when BWs of different configurations
are used. Therefore, the COG of the BW assembly will shift in the neighborhood along the centering
line from the wall of the spacecraft compartment closer to the specified COG of the spacecraft without
the BW. Consequently, the BW placement must be modeled in order to derive the final coordinates of
the BW center points from the resulting electronic geometric model of the BW installation and then
recalculate the spacecraft’s MCIC. To do this, first of all, one must identify available spaces in the
neighborhood of the previously determined center of gravity of the BW installation.

Identification of the Configuration of the Balancing Weight Accommodation Zone

The balancing weight accommodation zone is a collection of spatial regions free from compartment
structural elements and other components of the spacecraft. Generally, it can be separable and contain
discontinuities.

During automated balancing weight placement, the configuration identification of the accommoda-
tion zone must also be automated to ensure the processing and use of model information for further
actions. During this procedure, the boundaries of free regions along the surface of the spacecraft com-
partment body are determined, and the coordinates of points within these boundaries are stored at a
specified interval.

The points of the structural elements on the surface of the spacecraft compartment body form a
layer. Within this layer, points belonging to the boundaries of the BW accommodation zone are de-
termined. They are connected by straight lines, thereby forming closed exclusion zones. The number
of such zones is equal to the number of structural elements in a given area surrounding the BW instal-
lation's center of gravity, as the points in question possess attributes of belonging to specific electronic
geometric models. By logically subtracting the exclusion zones from the surface of the BW accommo-
dation zone, the available space for the payload installation is determined. Built-in procedures of CAD
systems are used to check the space of the BW installation's intersections with its surroundings.

The sequence of steps described above is known as the Jarvis algorithm or method [15], according
to which the points of interest are determined based on the following criterion:

COSV; | = (xi+1 —X; )(xl—l —X ) + ()’1+1 - y[)(yi—l - J’1) + (Zi+1 - Zl)(zi—l - Zi) —> min, )

where (x,_; ¥, z_) is the coordinates of the second-to-last identified point; (x; y; z;) is the

]
coordinates of the last identified point; (xl- i Vg Z +1) is the coordinates of the next point to be

identified; v,,, is the angle between the points in consideration.

The advantage of the Jarvis method, for example, over the Graham fast shell scan, is that it requires
fewer calculations and is more convenient to use in three-dimensional space [16].
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Coordinates of the placement of balancing weights
The identified BW placement area is delineated with a coordinate grid, the spacing of which is

equal to the dimension /, of the main BWs from the nomenclature. The markings should be made

Wavg
on the BW placement surface.

To minimize the overall BW mass by determining BW installation locations using the coordinate
grid, the BW placement problem can be represented as a linear programming problem, where the ob-
jective function is

Npw )
Mgy = z My ; —> min, 9)
j=1

where j=1,Ngy is the ordinal number of the BW; Ny, is the number of all BWs; myy, ; is the mass

of the BW.
This objective function is subject to mass constraints depending on the available range of BWs
used:

(10)

Mgy ; 20,
Mpyy ; S MAX My

where max mpgy, ; is the maximum possible mass of BW according to the nomenclature.

In addition, the following centering constraints are imposed on the objective function (9):

Npw
MSC(r0 —m1nr0)+ Z Mgy ; (rBWj —mlnrO)ZO,

- (11)
Npw

Mg (ry—maxry)+ D mgy, (rBWj —maxro)so,
j=l

where min7z,, maxz, are the vectors of the boundary admissible values of the spacecraft's center of
mass coordinates.

A linear programming problem with an objective function of the form (9) and constraints of the form
(10) and (11) can be solved, for example, using the simplex method or the multiparametric Newton method
[17]:

[mBWj:EH zl:mBWj:I: _Hk_l (MBW)Vi (MBW)’ (12)

where k is the ordinal number of the computational iteration; H, ' (Mg ) is the inverse Hessian ma-

trix of the objective function (9); Vi (M BW) is the Nabla operator of the objective function (9).

For technical reasons, the obtained BW masses may be rounded to integer values. The grid point
numbers at which the BW mass is nonzero are used to construct an electronic geometric model of the
BW installation. It should be noted that BW units of different masses but identical overall dimensions
lgy ; will have different thicknesses /gy, ;. Therefore, if geometric intersections with structural ele-

ments occur, some BW units will need to be repositioned.
After that, the coordinates of the BW unit’s COG are recalculated to account for the fasteners using
the formula

ZmBWj’”BWj T My fustVBW fast

Tew = , (13)
szWj + My st

J
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. T . .
where mpy 4, 1s the mass of the fastener; 7y 4 :(xBW fast VBW st ZBW ﬁm) is the coordinate

vector of the fastener's COG.

When using adhesive and other permanent types of joints, the calculation using formula (13) is per-
formed under the assumption that the layer of fastening material is distributed uniformly across the

surface of the spacecraft compartment wall. The coordinates of the fastener’s
termined during simulation.

A general flowchart of the algorithm for placing BWs using formulas (1)—(
The list of required input data and their possible sources is presented in Table 2.

Hauano
Begin

center of mass are de-

13) is shown in Fig. 2.

.

Beog, orpaHuueH it no
Macce 1 LieHTpoBKe
Input of mass and COG
constraints

l

Onpegenexue TMNa
NOBEPXHOCTH KOPMYCa
Hull shape type
identification

Onpeaenerune obuei

Beop mcxogHbix WoeHTtudurauyuma
OAHHDBIX KOH(HIypaLmm 3oHbI
Data input pazmeweHuA br

BW placing zone
configuration
identification

Tpeboeannit MLIMX
Checking of mass and
COG requirements

Mpoeepka
EbINOHEHUA

F

¥

MoctpoeHue
HOOPAMHAETHOW CETHM
Grid generation

HeT

¥

Onpepgenexue mect
ycTaHoekm Bl

¥ BW mounting [+
Onpepgenenue coordinates
LM yctaHoerm Bl calculation
BW mounting COG
calculation
h 4
l Mepecuer

LIM ycTaHoekm Bl
BW mounting COG

TpeboeaHua
BbINOAHEHDbI?
Requirements
succeed?

maccobl Bl
General BW mass recalculation
calculation
Puc. 2. O6mas 610K-cxemMa anropuT™Ma orpeaeNeHusi MecT yCTaHOBKHU bIT
Fig. 2. Control flow chart for BW mounting places determination
Table 2
List of input data and their sources for the algorithm
. . Processin,
Data Module Parameter Sources Collection options £
methods
. Explanatory note on
Coordinates of the P i . . .
, spacecraft Retrieving or entering Entering
spacecraft’s COG at Ty . . .
. - General types of information from DD Retrieving
a specified position
spacecrafts
. Retrieving or entering
. Calculation of MCIC | . .
Coordinates of the of s icecra f information from DD
spacecraft’s COG at p Retrieving or entering from the Retrieving
- o Model of the space- .
the current position, model Calculation
. craft compartment .. .
excluding the BW . Retrieving or entering
Balancing rig . . .
information from the rig
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End of table 2
. General types of Retrieving or enterin;

Coordinates of the b . 8 & .
cometric center of the , spacecrafts information from DD Entering
& compr Model of the space- Retrieving or entering from the Retrieving

compartment hull
craft compartment model
. General types of Retrieving or enterin
Inner radius of the b . 8 g .
spacecrafts information from DD Entering
spacecraft Reompr .. . ..
Model of the space- Retrieving or entering from the Retrieving
compartment hull
craft compartment model
Explanatory note on
spacecraft . .
Cfeneral tvpes of Retrieving or entering
P information from DD
spacecrafts . . .
Mass of the spacecraft, . Retrieving or entering from the Retrieving
. Mg Calculation of MCIC .
excluding the BW model Calculation
of spacecraft Retrieving or enterin;
Model of the space- . 5 £
information from the rig
craft compartment
Balancing rig
. Retrieving or enterin
Average thickness of DD on BW . 5 £ .
information from DD Entering
the BW from the g wavg Model of the space- o . S
Retrieving or entering from the Retrieving
nomenclature craft compartment
model
. . Retrieving or enterin;
Average dimensions of DD on BW . 5 & .
information from DD Entering
the BW from the Lwavg Model of the space- o . o
Retrieving or entering from the Retrieving
nomenclature craft compartment
model
. Explanatory note on Retrieving or enterin; Enterin
Mass Constraints max mpy ; P Y . 8 & crine
7| spacecraft information from DD Retrieving
. . minz Explanatory note on Retrieving or enterin; Enterin
Centering Constraints P Yy . .g £ . .g
maxr, spacecraft information from DD Retrieving

The method is implemented according to the algorithm presented in Fig. 2, in the following order

of actions:

1. Determine (specify) the surface type of the spacecraft compartment body according to equation

2).

2. Calculate the coordinates of the COG of the BW installation using formulas (3)—(6).

3. Calculate the total mass of the BW using formula (7).
4. Construct the boundaries of the BW placement zone and the exclusion zones according to crite-
rion (8) using the Jarvis method.
5. Construct a coordinate grid on the surface of the BW placement zone with a given step equal to
the average BW size from the nomenclature.
6. Record the coordinates of the grid nodes as possible coordinates for the placement of the BW.
7. Set the maximum masses of the BW at all nodes of the coordinate grid.
8. Calculate the optimal masses of the payload at the coordinate grid nodes by solving the linear
programming problem (9)—(11) using Newton's method (12) or the simplex method.
9. Taking into account the results of optimization and the mass of the fasteners, calculate the coor-
dinates of the COG of the BW installation using formula (13).
10. Calculate the MCIC of the spacecraft layout.
11. Check that the conditions for the permissible deviations of the COG and the moments of inertia

are met.

12. If the conditions in point 11 are not met, repeat points 611 of this procedure, taking into ac-
count the current optimization results.
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13. If the conditions in point 11 are met, take the balancing result into account in subsequent calcu-
lations of the MCIC of the spacecraft compartment.

Puc. 3. PesynbTatsl onpeneneHust Mect ycraHOBKU Bl
1 — BHyTpeHHHUE CTEHKH KOpITyca; 2 — ce4eHne Kopiyca; 3 — KOHCTPYKITHS;
4 —BI' tun 1 (MaccusHbIe); 5 — BI" Tun 2; 6 — BI' tun 3; 7 — BI" tun 4

Fig. 3. Results of BW mounting places determination:
1 — hull surface inside; 2 — hull sectional view; 3 — construction;
4 —BW type 1 (massive); 5 — BW type 2; 6 — BW type 3; 7— BW type 4

Test Results

A conical spacecraft compartment with a spherical bottom was used as an example for testing. Cal-
culations using formulas (2)—(6) revealed that the BW placement area should be located near the junc-
tion of the bottom and the hull shell. The configuration of the placement area was identified, taking
into account the surrounding structural elements. The coordinates for the placement of the BWs were
determined and their masses were selected. 9 of the 40 applied BWs needed to be moved to eliminate
intersections with the structure. After this, the determination of the BW installation locations was
completed, the coordinates of the COG of the BW installation center were recalculated, the MCIC of
the spacecraft with the BW were also recalculated, and the fulfillment of the typical mass-centering
and inertial requirements was ensured. To improve the assembly efficiency, 24 adjacent BWs were
combined into monolithic massive BWs with complex geometry (topology). The simplified modeling
results are shown in Fig. 3.

Conclusion

As a result of testing, the methodology for determining BW installation locations within the space-
craft compartment was refined. Electronic dimensional models of the simulated compartment and its
structural elements were used for modeling. The degree of detail of the models will presumably impact
the speed of the algorithm and the quality of the solution. Intersections with structural elements may
occur when their detailed models are replaced by dimensional models, as well as if the surrounding
elements do not belong to the payload placement surface. It is also necessary to shift BWs whose
thickness does not equal the average value from the nomenclature.

Based on the placement results, the user can, at his own discretion, combine adjacent BWs into
more massive BWs of any shape in order to reduce the labor intensity of their manufacture and instal-
lation. These actions may lead to deviations in the mass of the BW, therefore, after completing all
transformations, it is recommended to recalculate the MCIC of the spacecraft. If the enterprise does
not have a nomenclature of standardized BWs, then the most suitable dimensions of square BWs
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should be specified as initial data, guided by analogies from statistics. When modeling, it is necessary
to take into account the variation in the mass of the BWs, so their models must be parameterized by
thickness.

To determine the COG of the BW installation, identify the configuration of the BW placement
zone, calculate the BW placement coordinates, and verify the requirements for the spacecraft's MCIC,
one has to perform many mathematical operations. This method is advisable to use only when a spe-
cialized calculation software package is available, including modules for static and dynamic balancing.

Furthermore, it must be taken into account that the model of the BW installation obtained by the
method must be supplemented with models of fasteners and other components. For issuing the DD, it
will still be necessary to go through approvals regarding the surrounding structure and strength. In-
cluding auxiliary sections in the method to automate these stages makes no sense, because these simu-
lation results are performed using special software products. Nevertheless, they are very useful when it
is necessary to work out and discuss several options for BW placement before starting to prepare the
DD.

Thus, as a result of the work performed, a method for determining the installation locations of BWs
inside spacecraft compartments was developed and tested. Using the proposed algorithm, it is possible
to ensure the minimum total mass of the BWs used. Simulation showed that in order to meet the re-
quirements for the spacecraft's MCIC regarding allowable values of moments of inertia, dynamic bal-
ancing should be performed. In addition, some comments were identified regarding the particular pro-
cedures, the introduced assumptions, and the order of using this method. Nevertheless, the proposed
approach allows reducing the labor intensity of developing the DD for BW installation by accelerated
elaboration of various BW placement options, assessment of possible intersections with structural
elements of the compartment and other surrounding equipment at the stages of preliminary design and
working DD. Also, the possibility of organizing the process of transferring initial data from the bal-
ancing stand software is not excluded.
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