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Abstract: The adaptive drive of a docking mechanism is a critical component
in automatic docking systems, widely used in spacecraft, marine vessels, and
industrial robots. The primary goal of developing such a drive is to ensure precise
and reliable connections between two objects under variable external conditions
and within limited maneuvering space.

The reliable adaptation of a two-movable self-regulating mechanical drive
consists in self-adaptability to an external load balancing friction clutch, which
ensures the connection of the friction moment with the relative angular velocity.
Recent studies of the interaction of force and kinematic parameters, reported at a
Symposium dedicated to the 60th anniversary of the MMT journal, have opened
up the possibility of creating an additional connection without losing the degree of
freedom. Such a connection can be obtained by replacing the action of the above
reaction with the action of the friction moment in the hinge of the intermediate link.
The friction moment creates a force connection, which is taken into account in the
equilibrium condition, and the friction joint retains relative mobility. The obtained
equilibrium conditions ensure the definiteness of motion and the ability of self-
regulation in the form of an inversely proportional dependence of the speed of the
output link depending on the variable external load. The described method makes
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it possible to create a fundamentally new class of self-regulating mechanisms in all
branches of technology.

The developed mathematical model of the existing central-type docking
mechanism can be used for an adaptive drive docking mechanism by using the
above simplifications of the changes. The paper briefly formulates the basics of the
theory of power adaptation of a gear drive and develops a prototype of an adaptive
drive for the docking mechanism of a spacecraft.

Key words: self-regulating transmission, planetary mechanism, force
adaptation, mathematical model, design, simulation
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Annoramus: KoHIBIpY MexaHH3MiHIH OeliMjenreH KeTeri  FapbIln
amnmaparTapblHia, TeHi3 KeMeJepiHJe JXoHe OHEpPKICINTIK poOoTTapAa KeHiHeH
KOJIJITAaHBIJIATHIH aBTOMATThI KOHIBIPY JKYHENepiHiH MaHBI3IbI Kypamjuac Oeiri
Oombin TaObuIaABl. MyHAal JKETeKTI NaMBITYIbIH HETi3ri MaKCaThl — CBIPTKBI
KaFJainapra OeifiMIIeNeTiH KoHe MaHeBp jKacay VIIH IIeKTEYNi KEHICTIKTE eKi
HBICAHHBIH J19J1 )KOHE CEeHIMi OaillaHbICBIH KAMTaMachl3 ETYy.

Exi mopesxerni ©3iH-031 peTTEHTIH MEXaHUKAJBIK )KETEKTIH CeHIMI1 OeriMeryi
YHKeNnic MOMEHTIHIH CallbICTBIPMaIbl OYPBIMITHIK JKBULIAM/IBIKIICH OaillaHBICHIH
KaMTaMachl3 €TETiH )KYKTEMEHI TEeHECTIPETiH CHIPTKbI YHKelic My(TachiHa ©3iH-
e31 perrey Oombin TaObUTambl. MMT >xypHanbiHbIH 60 KBUIIBIFPIHA apHAIFaH
Cumnosnymaa OasHIanFaH KYLI TIEH KHUHEMaTHKAJBIK IapaMeTpiepliH e3apa
OpeKeTTeCyi Typajbl COHFBI 3€PTTEYIIEP EPKIHIIK AOPEKECIH )KOFAITHAN KOCBIMILIA
OaifmaHpIC OpHATYFa MYMKIHJIK Oepai. MyHail OaillaHBICTBI KOFaphlaa aTaiFaH
PEaKIUSHBIH OPEKETIH apaliblK OyBIHHBIH TOTICACHIHJAFBI YHUKEIIC MOMEHTIHIH
ocepiMEH anMacThIpy apKbUIBl ajayFa Oomajbpl. YWKETIC MOMEHTI Teme-TEeHJIiK
JKaFJaibIHAa ECKEepIeTIiH Kyl OalIaHbICBIH TYABIPajbl, al YHKeTic OybIHBI
CaJIBICTBIPMAIIbl KO3FAJFBIIUTHIFBIH CaKTalbl. AJIBIHFAH Tele-TeHIIK apTTapbl
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KO3FAJIBICTBIH AHBIKTHIFBIH JKOHE aybICTIANbl CHIPTKBI JKYKTeMere OalTaHbICThI
IIBIFBIC OAJIAaHBICHIHBIH JKBULIAM/IBIFBIHBIH KEPi MPONOPIIMOHANIBI TOYEIJ T
TypiHZe e3iH-e31 perrey KaOineTiH KamTamachkl3 eredl. CumarranFaH ojic
TEXHOJIOTUSHBIH OapiiblK cajajlapblHla ©31H-031 PETTeHTIH MeXaHU3MICPAiH
TyOeTeii J)kaHa KIIaChIH KYpyFa MYMKIHIIIK Oeperti.

KongaHeicTaFbl  OpTANbIK THITI KOHJIBIPY MEXaHHU3MIHIH MaTeMaTHKAJIbIK
MOJISNTIH KOFaphlJa KEeNTIPIATeH e3repTylep/li KeHUIIETY apKbUIbl OeHiMaenreH
KETEKT1 KOHABIPY MeXaHW3Mi YIIiH TaiganaHyra Oonaapl. Makamaga Oepinic
BapUATOPBIHBIH KYIITIK OeHiM/IeTy TeOPHSICHIHBIH HeTi3/1epi KbICKallla culiaTTalFan
JKOHE FapbIll anmaparblHbIH KOHJIBIPY MEXaHW3Mi YIIiH OeHiMJeNnTreH >KEeTeKTiH
MIPOTOTHITI JKACaJIFaH.

Tyiiin ce3xep: OeliiMaenTeH TICTI KeTeK, KYMITIK OeHimMaeny, TuTaHeTapiIbIK
TiCTi MEXaHW3M, MaTeMaTHKAIIBIK MOJIEIi, )ko0aay, MOJIeIIey.

K.C. UBanoB!, I.T. Tynexkenona®, 2025.
12 AJIMAaTHHCKUI YHUBEPCUTET SHEPTeTUKH U cBsi3u uMenu I. Jlaykeesa,
Anmarsl, Kazaxcran;
?Ka3axCKuii HAIMOHAIBHBINA YHUBEPCHTET UMeHH ajlb-Dapabu, AnmMarel, Kasaxcran.
E-mail: dana_tul@mail.ru

OBECHHEYEHUME OINPEJAEJIMMOCTU ABUKEHUSA AJAIITUBHOT'O
NNPUBOJA KOCMHUYECKOI'O AIIITAPATA C IIOMOLIBIO
BBEJIEHUS JIOMOJHUTEJIbHOM CUJIBI CKOPOCTHOM CBSA3H

Koncrantnun CamconoBuu HBaHoB — mpodeccop, TOKTOP TEXHHYECKMX HayK, AJIMATHHCKHUM
YHUBEPCHUTET YHEPTeTHKH U cBsi3u, AnmMarsl, Kazaxcran, E-mail: ivanovgreek@mail.ru, https://orcid.
0rg/0000-0002-3750-8081;

Jana ToaeyOexkoBHa TyJjexeHoBa — cTapliuii npenojaBaTellb, MaruCTp €CTECTBEHHBIX HayK,
AJIMaTHMHCKHMH YHUBEPCUTET YHEPreTHKU M CcBs3u, Anmarbl, Kazaxcran, E-mail: dana tul@mail.ru,
https://orcid.org/0000-0002-9509-4331.

AHHOTauMs. AJIAITUBHBIA TPUBOJI CTHIKOBOYHOIO MEXaHM3Ma SBIISIETCSA
BaXHEWITUM KOMITOHEHTOM CHCTEM aBTOMAaTWYeCKON CTBIKOBKH, IIMPOKO
WCTIOJIb3yEMBIX B KOCMHMYECKHX arraparax, MOPCKHX CylaX M MPOMBIIUIEHHBIX
pobotax. OcHOBHas MeNb Pa3pabOTKH TAaKOTO MPUBOAA — OOECIEUUTh TOYHOE U
HaJIC)KHOE COCIMHECHHUE JIByX 0OOBEKTOB B M3MEHSIOIIUXCS BHEITHUX YCJIOBHSIX U B
OTPaHWYEHHOM IMPOCTPAHCTBE 11 MaHEBPHUPOBAHUSI.

Hagexxnas amanranusi JBYXIOABMYKHOTO CaMOPETYJIUPYIOIIETOCS MEXaHH-
YeCKOro TMpHUBOAA 3aKJIIOYaeTCs B CAMOIPHUCIIOCOONSIEMOCTH K BHEIIHEH
YPaBHOBEIIMBAIOIICH HArpy3Ky (pUKIMOHHONH MydTe, oOecrieunBaromieii CBI3b
(pPUKIIMOHHOTO MOMEHTa C OTHOCHUTENBbHON ymioBoW ckopocThio. llocnennue
WCCIIEZIOBAaHUS B3aMMOJICHCTBHUSl CHJIOBBIX M KHHEMAaTHYECKHX MapaMeTpoB,
npeacTaBieHHble Ha Cumnosuyme, TocBsamieHHOM 60-netuio xypHara MMT,
OTKPBIIM BO3MOYKHOCTH CO3/1aTh JOMOJHUTENBHYIO CBA3b 0€3 MOTepu CTEreHU
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cBoOozpl. Takast CBS3p MOXET OBITH IONyYeHa MyTEM 3aMEHBl JeHCTBUS
BBIILICYTIOMSIHYTOH pEakUuu ACHCTBHEM (PPUKIMOHHOTO MOMEHTa B IIAPHUPE
MPOMEXYTOUYHOTO 3BeHA. DPUKIMOHHBII MOMEHT CO3[aeT CHIJIOBYIO CBSI3b,
YUUTBIBAEMYIO B YCIIOBHM pPaBHOBECHs, a (PPUKIHMOHHBIM IIAPHUP COXpaHsET
OTHOCHUTEIIbHYIO TIOBMKHOCTD. [loydeHHbIe yCI0BUs paBHOBECHSI 00€CIICUMBAIOT
OIIPENCTMMOCTb JBIKCHHS U CIIOCOOHOCTD CaMOPEryTUPOBaHUs B BUJe 00paTHOM
MPONOPLHOHANBHONW 3aBHCUMOCTH CKOPOCTH BBIXOAHOTO 3BEHa B 3aBUCHMOCTHU
OT TIepeMEHHON BHeWIHeW Harpy3kd. OmnucaHHbBIM crnoco® MO3BOMAET CO3AATh
MPUHOUINAIBHO HOBBIH KJIACC CaMOPETYIMPYIOIIMXCS MEXaHM3MOB BO BCEX
OTPACIISIX TEXHUKH.

Pazpaborannass Maremaruyeckass MOJEIb CYLIECTBYIOIIETO CTBHIKOBOYHOTO
MEXaHHM3Ma LEHTPAIBHOTO THUIA MOXKET OBITh MCIOJIB30BAHA JUIS CTHIKOBOYHOTO
MeXaHHM3Ma C alallTHBHBIM IIPUBOOM Oarofapsi BhIIICONMCAHHBIM YIPOILIECHHUSIM 1
MoaudukanusiM. B cTatee KpaTko H3naraloTcst OCHOBBI TCOPUU CHIIOBOH afjanTaun
3y0uaroro mpuBOAa W pa3padarbiBacTCs MPOTOTHI aalTUBHOTO MPUBOAA IS
CTBIKOBOYHOT'O MEXaHHU3Ma KOCMHUYECKOT0 arapara.

KiroueBble ciioBa: camoperynupyromascs TpPaHCMUCCHS, IUIaHETapHBIN
MEXaHM3M, CHJIOBasl ajanTaius, MareMaTHYecKas MOJelb, IMPOSKTHPOBAHHE,
MOJICTTUPOBaHUE.

Introduction. The existing drive has a limited range of action due to the lack of
sufficient conditions for determining the movement of the required power factor of
the existing design is not enough to achieve the required control range. The existing
total moment of friction in kinematic pairs turned out to be insufficient to achieve a
practical control range (Syromyatnikov, et al., 1984).

The drive mechanism of a spacecraft docking system is a critical component
that ensures the precise and reliable connection between two spacecraft. This
mechanism must operate effectively in the unique and challenging environment of
space, which includes factors such as weightlessness, high relative velocities, and
potential external disturbances. One innovative approach to improving the control
and determinacy of the docking mechanism drive is through the introduction of
additional velocity coupling forces (Fehse, et al., 2003).

The drive mechanism of a spacecraft docking system plays a vital role in ensuring
successful and reliable docking operations. By incorporating additional velocity
coupling forces into the control system, the docking mechanism can achieve
higher levels of precision, stability, and adaptability. This approach addresses the
challenges posed by the space environment and enhances the overall performance
and reliability of the docking process (Boesso, et al., 2013).

Docking mechanisms have been employed in space missions for more than 50
years. With the start of the Space Stations era, the new concept of standardization
was born and the contribution of different participants from various countries led to
the definition of common design requirements (Yaskevich, 2019).
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Materials and methods of research.

1) The proposed solution for the drive of the docking mechanism.

Fig. 1 shows one of the options for an illustrative example of a spacecraft
docking mechanism drive. In the drive of the tightening device, two duplicate
electric motors 1 relate to the output shaft 5 through locking clutches 2, planetary
mechanism (differential) 3 and two planetary gears 4.

ﬂFDl—{

3

()

|

T

Figure 1. An example of drive of docking mechanism as a kinematic design: planetary unit-4,5;
planetary gear-3; motors-1,2 (Golubev, 2019).

The locking clutches prevent transmission of motion from the main wheels of
the differential to the electric motors.

The drives of electromechanical docking devices use DC collector motors.
Permanent magnet motors in four-pole design, with a duplicated brush assembly
and armature winding, as practice shows, are highly reliable. These motors have
a high ratio of starting torque to nominal torque for the applied power range (Mp/
Mn = 5...10) and therefore have a good overload capacity, which favorably affects
the reliability of the drives, but requires the use of safety couplings. Despite the
presence of a brush collector, the engines have good performance in vacuum. To
further increase the life of engines and other elements in outer space, it is possible to
completely seal housings, use AC motors, brushless DC motors. Disadvantages of
motors can be indicated in: need for on-board DC-to-AC converters; large mass and
dimensions of the engines themselves; lower efficiency (for low-power engines);
4) worse overload capacity (lower starting torque multiplicity Mp/Mn = 1.5 ... 2).

Disadvantages of the existing drive of the docking mechanism: 1. The complexity
of the design; 2. Large dimensions and weight; 3. Large energy losses; 4. Relatively
low reliability.
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2) Design of an adaptive drive.

The proposed design is based on previous works for new design of a gear drive.
The adjustable drive proposed in this paper contains an electric motor and a gear
variator. Adaptive gear variator contains input driver , closed loop of gears 1-2—
3—6-5-4 a closed loop of gears and an output driver . The closed loop contains
the input satellite 2, solar wheel unit 1-4, ring wheel unit 3-6 and output satellite 5
(Ivanov, 2019).

¥
§||E

7

~

Figure 2. Kinematic scheme of the proposed adaptive drive

The drive in Fig. 2 is considered to replace the existing drive Fig. 1 of the
spacecraft docking mechanism.

The formulation of the problem of force analysis of a mechanism with two
degrees of freedom (Fig. 2) and with two inputs is as follows: according to the
given external forces, reactions in kinematic pairs and generalized external forces
Fu1 and Fyz are determined (or moments My1 = Fy17h1 and My, = Fyotyp)
on the two input leads H1 and H3. The force analysis should begin by considering
the structural group 1-2-3-6-5-4 in the form of a four-link closed circuit consisting
of gears. The structural group contains a block of solar wheels 1-4, satellite 2, a
block of epicyclic wheels 3-6 and satellite 5.

These conditions can be represented as equilibrium conditions based on the
principle of possible displacements.
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NT X mA T

Figure 3. Linear velocity plan of the adaptive drive

Linear velocities are determined using known angular velocities and wheel radii

using the formula V; = w;1;.
A closed loop allows you to create static equations. Let’s make up the equilibrium
conditions for the links of the contour 2 and 5.

Riz + Ry = Fya, (1)
Rys + Res = Fz. )
For satellite 2, we obtain from the equations of moments

Ri; = 0.5Fy;, 3)
R3, = 0.5F; )

Multiply equation (3) by V| (the velocity of the point D of the satellite 2 or the
circumferential velocity of the wheel 1). Multiply equation (4) by (the velocity of
the satellite point 2 or the circumferential velocity of the gear 3).

R12Vy = 0.5F;Vy (5)
R32V3 = O.5FH1V3 (6)
Add up equations (5) and (6).

R12V1 + R32V3 = O'SFHl V3 (7)

According to the linear velocity plan of the mechanism (Fig. 3) 0.5 V; = Iy
where V1 is the velocity of point B the satellite point 2 or the circumferential
velocity of the carrier H,.
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Then from equation (7) we obtain the equilibrium equation of satellite 2
according to the principle of possible displacements using capacities instead of
work

R12V1 + R3oV3 = Fy1Ving (8)

In a similar way, we obtain the equilibrium condition of the satellite 5

RysVs + ResVe = FuaVis )

Where Va, Ve, Viz are the velocities of the points E£,G,K of the satellite 5 or the
circumferential velocities of the wheels 4, 6 and the carrier H,.

Using equations (8), (9) it is possible to obtain an equilibrium equation based
on the principle of possible displacements for the entire mechanism. Add up the
equations (8), (9)

R12Vi + R3Vs + RysVy + ResVe = FiaViga + FuaVigo (10)

It is convenient in equation (10) to convert the linear parameters of the satellites
into the angular parameters of the central wheels, as well as the linear parameters
of the drivers into angular parameters.

To do this, we will use a replacement according to the formula. V = wr with
the appropriate indices for speeds, and for forces, we will replace reactions on

satellites with reactions applied to the central wheels according to the Ri; = =Ry,
principle, etc.

—R12w 71 —Ry3w313—R5 4wy —RscWeTe = Fyywy1Ty1 + Fuawpaty, (11)

The product of the force by the radius determines the moment using the
appropriate indices. Equation (11) will take the form

—My101 — Myz3w3 — Msawy — Msewe = Myqwy1 + Mpawhy (12)

Equation (12) contains the parameters of all the links of the mechanism and
represents the equilibrium equation of the entire mechanism according to the
principle of possible displacements. Note that such an equation can be composed
only if there is a closed loop.

Let’s transform equation (12) considering the equality of the angular velocities
of the wheels in the wheel blocks W4 = W1, We = W3

—Mz101 — My3w3 — Msywq — Msgwsz = My wyy + My @iy (13)
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According to equation (13), the sum of the powers of the moments of internal
forces on the blocks of the central wheels 1-4 and 3-6 is equal to the sum of the
powers of the moments of external forces on the input drivers.

On the left side of equation (13), there is a sum of capacities (corresponding
to the sum of work) of the internal forces of the contour. The connections in the
kinematic pairs of the contour are ideal and stationary. The work of external forces
cannot turn into the work of internal forces. Therefore, the work (power) of internal
forces on possible displacements is zero

M21(U1 + M23w3 + M54(U1 + M56(l)3 = 0 (14)

The right side of equation (13) is the sum of the capacities (corresponding to
the sum of the work) of the external forces of the contour. When condition (14) is
fulfilled, we obtain from equation (13) the equilibrium condition for external forces
according to the principle of possible displacements.

My wyy + Myzwpp =0 (15)

Equation (15) analytically represents an additional connection to the static
conditions between the parameters of the kinematic chain. Consequently, a closed
loop in a conventional kinematic circuit with two degrees of freedom and two input
links also imposes an additional connection on the movement of the links.

Equation (15) allows us to determine the output angular velocity.

The combination of two degrees of freedom with additional coupling ensures
the dependence of the output angular velocity on the external load. This property
follows from the formula (15)

Wyy = Myq wyy /My, (16)

Here MH1 is the input driving torque, and Mp2 is the output torque of the
resistance (external load).

Equation (16) expresses the main theoretical result — the effect of force adaptation
in mechanics. The effect of force adaptation has the following essence: for given
constant input power parameters and a given output moment of resistance, the output
angular velocity is inversely proportional to the variable output moment of resistance.

Results and discussion.

The CAD design of adaptive drive in Fig. 2. is a self-regulating mechanism.

An experiment was conducted with an adaptive drive. At the beginning, it is
considered when the adaptive drive is made of metal (Fig. 5). The second case is
when the adaptive drive is made of plastic (Fig. 8).
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Fig. 4.1. Fig. 4.2.
Figure 4. Structural description of a three-dimensional adaptive drive model left view (4.1) and
right view (4.2)

The module is equal to two, the number of teeth is shown in Table 1.

Table 1. Number of teeth and radius for gears in Fig.4

Gear Number of teeth Diameter (mm)

Input sun gear, Z1 40 80
Input satellite, Z2 16 32
Input ring gear, Z3 72 144
Output sun gear, Z4 16 32
Output satellite, Z5 40 80
Output ring gear, Z6 96 192

Figure 5. The prototype design of the metal Adaptive drive (Ivanov, 2019)

Fig. 5 shows the prototype of metal adaptive drive and consists of the following parts: 1 — the
switch, 2 — motor, 3 — battery, 4 — adaptive drive, 5 — pulley, 6 — device for measuring angular
velocity, 7 — lever, 8 — load.
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F¢

2\ G
Figure 6. Torque sensor using a dynamometer

Fig. 6 shows the prototype of metal adaptive drive and consists of the following parts: 1 —
pulley; 2 — load; a and b — lever arms.

The experimental moment is found by this formula.

Friction power Py = Mywy (18)

where Myws — an additional non-holonomic connection or connection that
introduces force restrictions, but does not change the number of degrees of freedom
equal to two.

where  F. = Nf, Na = Gb,N = Gb/a, G=mg (19)

here N — normal force, f — coefficient of friction, f= 0.6, G — gravity; 1 —
pulley radius; a, b — lever arms. The results of the experiment of a metal adaptive
drive at

WH1= 155,557, MH1 =1,6 Nm

angular velocity vs My2
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Figure 7. Computed output moment of resistance from the output angular velocity
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Figure 8. The prototype design of the plastic Adaptive drive (Tulekenova, et al, 2021)

Fig. 8 shows the prototype of adaptive drive and consists of the following parts: Drive: 1 — electric
motor, 2 — adaptive gear variator; Test bench: 3 — AC to DC converter, 4 — voltage converter, 5 —
input RPM meter, 6 — output RPM meter, 7 — output disc, 8 — device for measuring angular velocity

The results of the experiment of plastic adaptive drive at ®H1= 11,94 s,
My1 = 1,8 Nm

angular velocity vs My2
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Figure 9. Computed output moment of resistance from the output angular velocity

As shown in (Fig.7) and (Fig.9) the output angular velocity decreases and
the output torque increases accordingly. These graphs show the dependence of
the output moment of resistance on the output angular velocity from numerical
calculation, from the CAD model and the experimental sample. This explains the
operating mode of the power adaptation of the drive.

The readings of the speed counters on the test bench correspond to the theoretical
values obtained. Fig. 6 shows the traction characteristic of the prototype of a
toothed adaptive variator in the form of a graph of the change in the traction torque
on the output shaft in Nm depending on its rotation speed in rad/sec. The theoretical

147



NE WS of the National Academy of Sciences of the Republic of Kazakhstan

results are consistent with the test results on the stand. A closed loop as part of a
kinematic chain with two degrees of freedom, in the presence of ideal connections,
provides confidence in movement both in a state with two degrees of freedom and
in a state with one degree of freedom.

Conclusion. The experiment confirms the presence of definability of movement
and the effect of force adaptation. The adaptive drive with two degrees of freedom
was developed considering aspects of mechanical design and kinematic modeling.
The design of the adaptive drive is shown in the kinematic diagram. The mathematical
model with an adaptive drive reduces loads over the entire range of initial docking
conditions and allows you to implement specified external design constraints and
the possibility of docking with nodes with different shapes of the receiving cone
due to a slight narrowing of the set of permissible combinations of parameters from
this range: 1) A scheme for actuating a coupling mechanism with an adaptive drive
has been developed, based on the design requirements for the drive. The drive is
greatly simplified. The brake motor, an additional degree of freedom, a differential
mechanism, planetary mechanisms (2) and a control system that changes the gear
ratio to the output shaft have been replaced. 2) The main design parameters of the
adaptive drive (engagement module, number of teeth, gear ratio adjustment range,
etc.) are calculated. 3) A dynamic analysis of the driving modes is carried out. 4)
The analysis confirmed the advantages of the developed drive design.
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