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ITpenMeToM JOCTIDKEHHSI € HEBENUKa opOiTalbHa 3B’S3Ka, IO CKIAAETHCS 3 ABOX TLI, SKi MAlOTh OyTH
PO3rOpHYTI 3 KOCMIYHOTO amapara TaKMM YHHOM, LIO0 Micisi 3aBepLICHHs PO3rOPTaHHsS BOHA obepraiacs 3
MOCTIIHOI0 KYTOBOIO LIBHIKICTIO Ta MaJia 3aaHy JOBXHHY. Maca KiHIEBHX TiJl BBAXKAEThCS OJHAKOBOIO, a TPOC,
SIKHH 3'elHye I Tila, PO3MILAAEThCA SK O0e3MacoBUil. MeTo0 JOCIHiKeHHS € po3poOKa MpOrpaMy yIpaBIiHHSI
JIOBXMHOIO TpOCa 3 YpaxyBaHHAM BIUIMBY Ha HOro JMHAMIKy TIpaBiTallilHOrO MOMEHTY LEHTPaJIbHOrO
HBIOTOHIBCBKOTO CHJIOBOTO M. [l po3ropTaHHs BUKOPUCTOBYETHCS IMONEPENHE OOEPTAaHHS 3B’SI3KU HABKOJIO
Oinopmani opOitu. JlocmipkeHHs CKIagaeThes 3 JBOX eTamiB. Ha mepmomy erami po3poOnseThest 3aKOH
YHPABIIHHS JIOBXKHMHOIO TPOCa JUIs JOCATHEHHS OakaHOro posropraHHs. Ha 1iboMy erari BHKOPHCTOBYIOTBHCS
PIBHSIHHS PyXy 3B’S3KH, 3aIMCaHi B CHEPUIHHUX TOIAPHUX KOOPAMHATAX JUIS CHELiAIbHOTO BUIIAJKY PYXY 3B SA3KH
B miowuHi opbiti. Ha apyromy erami IpOBOAMTHCS YHCIOBE MOJEITIOBAHHS AMHAMIKM PO3TOPTaHHS TPOCa IIij
IE€I0 PO3POOIICHOr0 MPOrPaMHOTO 3aKOHY YIPABIiHHS, 30CEPEKYIOUH YBary Ha 3MiHI JOBXHHH 3B’S3KH.
MaremMaTH4Ha MOJENb 3B’SI3KM BPaxoBye MOBHMII HaOIp pPIBHSIHb pPyXy 3B’SI3KH 31 3MIHHOIO [OBKHHOIO B
cdepryHNX MOJSIPHUX KOOPAMHATAX, IO OMHCYIOTH 1l TpUBUMIpHHMI pyx. Crila HaTATY TPOCY B LUX PIBHSIHHAX
BHp@XEHa dYepe3 3alporpaMOBaHUil 3aKOH 3MIHM MOBXKHHM Ta #oro mepur 1Bi dacoBi moxizxi. HoBusna
JIOCII/UKCHHST HoJArae B (pOPMYJIIOBaHHI IIPOTPAMHOTO 3aKOHY YIPABJiHHS, [€ TPOC PO3IIIIAETHCS SIK
manonpuBoana (underactuated) mexaniuna cucrema. Y IOCIIDKEHHI BHKOPHCTOBYBAJIUCS METOIM aHATITHYHOL
MEXaHiKH, YHCIIOBI METOIM Ta METOIHKH, po3poOieHi camMuMmu aBTopamu. OTpHMaHi pe3ysbTaTé JO3BOJLIOTH
BCTAHOBUTH [(ialla30HH 3HAYCHb MMAPAMETPIB PO3TOPTAHHS, SKi 320€3MeUyI0Th BUKOHAHHS TAKOrO THUITY OIepaiif.
ITpakTHyHa 3HAYMMICTH PeE3yJbTATIB MOJITa€ y MOMIIMBOCTI PO3TOPTAaHHS HEBENMKHX 3B’S130K Ha opOiTi Ta
IIPUBEICHHS IX IO CTaHy PiBHOMIpPHOTO 0OepTaHHS i3 331aHOI0 JOBKHHOIO 32 OTIOMOTO0 KOHTPOJIIO JOBXKUHU.

Knrouosi cnosa: xocmiunuii mpoc, pozzopmanus, odepmanis, OUHAMIKA, YRPAGTIHHA.

The focus of the study is a compact orbital tether consisting of two bodies that must be deployed from a
spacecraft so that after deployment it rotates at a constant angular speed and attains a prescribed length. The end
masses are taken as equal, and the connecting cable is assumed massless. The aim of the research is to develop a
feedforward control for the tether length, taking into account the gravitational torque exerted by the central
Newtonian field of forces. Initial rotation of the tether about the orbit’s binormal is employed for deployment. The
research consists of two stages. The development of the control law is based on the tether length in the first stage,
which provides the performance of the desired deployment. The tether motion equations, expressed in spherical
polar coordinates for a particular case of tether motion in the orbital plane, are used at this stage. In the second
investigative phase, a numerical simulation of the deployment dynamics of a tether under the effect of the
developed feedforward control law is performed using the tether length. As a mathematical model of the tether, the
full set of motion equations for a variable-length tether in spherical polar coordinates is employed, describing the
spatial motion of bodies. The tensile force of the cable entering these equations is described by the control law
governing length variation and its first two time derivatives. The novelty of this study lies in devising a
feedforward control law that treats the tether as an underactuated mechanical system. Analytical mechanics,
numerical techniques, and authors-developed methods were employed in this research. The results enable
determination of the permissible ranges of deployment parameters, facilitating this type of deployment.
Practically, the findings allow small tethers to be deployed in orbit and brought to uniform rotation at a specified
length via tether length control.

Keywords: space tether, deployment, rotation, dynamics, control.

Introduction. The use of tethers represents one of the promising directions in
the current development of space technologies. Cable systems are regarded as
attractive for solving numerous tasks in space [1 — 11]. Particular interest is drawn
to centrifugal systems, whose deployment and shape maintenance are achieved
through the centrifugal forces generated when a structure rotates about its center of
mass. In recent years many projects have employed centrifugal forces to preserve
the shape of space antennas. Since there are no drag forces in space, maintaining a
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constant rotational speed of bodies is relatively straightforward. Although
theoretical studies examine the contours of extremely large tethers, researchers
continue to focus mainly on small tethers, typically supporting systems ranging
from a few meters to several kilometers in length and having masses from a few
kilograms up to a few hundred kilograms [4].

Such systems are of practical relevance because they are suitable both for
solving independent scientific tasks and for implementing full-scale experiments
and checks of a number of hypotheses concerning tether deployment dynamics and
methods of creating their steady motions. For instance, a compact rotating tether
can serve as a length standard for calibrating onboard optical and radar servo-
mechanisms, as a built-in sensor of the planetary force field, and so on.

One possible implementation of a small-size space tether (a few dozen meters
long) is a system of two bodies linked by an elastic cable. Typically, the masses of
the end bodies determine the total mass of the tether (Fig. 1); the mass of the cable
connecting the ends usually accounts for no more than a percent of the total tether
mass. As a model, one may choose two equal point masses joined by a flexible,
massless cable. The dimensions of the end bodies can be neglected when studying
motions in which the cable cannot be wound onto the end bodies.

The simplest and most economical approach, both in construction and in
mathematical description of deployment in orbit, is to rely on centrifugal forces.
These forces can arise from an initial rotation of the system in the plane that passes
through the centers of mass of its end bodies. Two actuators (for example, springs)
must be installed on the spacecraft for this purpose; on command from Earth or
from the spacecraft’s onboard computer, they push the system away. As it
separates from the spacecraft, it begins to rotate in the preset plane relative to the
spacecraft-normally the orbital plane.

The initial angular velocity must be high enough to ensure, on the one hand,
deployment of the system by centrifugal forces and, on the other hand that the resulting
angular velocity and tether length correspond to the intended operational duty.

A similar problem was examined in the scientific literature [1] without
considering the gravitational field. Deployment of a three-body tether was
performed in a centrifugal-force field with tension control. That control was
proposed to be realized by generating viscous and Coulomb friction forces that
resist pulling the cable from the middle body, depending on deployment length and
speed. Here we consider the deployment problem under orbital flight conditions for
a two-body tether with control over the length of the connecting cable.

or, ,or.or

We introduce an orbital reference frame Cx®y®z° with its origin at the

tether’s center of mass C, where the Cx® axis points along the local vertical,
Cy*" aligns with the orbital velocity vector, and Cz® is normal to the orbital plane

(Fig. 1). This frame rotates about the Cz*" axis at a constant angular velocity o™ .
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The mathematical description of the process of ejecting a system as a rigid
body from the spacecraft is rather simple, and we will not dwell on it. If we
consider the motion of the system since the instant of its separation from the
actuator, its mechanical model represents a free system of two bodies tied by a
cable, undergoing relative motion under the influence of centrifugal and
gravitational forces. We will assume that the ejection system will not cause motion
of the bodies about their centers of mass at the moment of separation from the
actuators. In that case the terminal bodies can be treated as point masses. Let us
further assume that this condition is satisfied. The cable linking the bodies will be
regarded as elastic because at the initial stage of rotation the tension in the cable
can be quite large, and therefore it is essential to account for its elastic
deformations when controlling the tether length. We will assume deployment of the
tether from one of the bodies so that the masses of the bodies are equal at the end
of deployment.

Since the dimensions of the considered tether are substantially smaller than
the size of the orbit, the problem statement can be “limited” [3]; the equations of
motion of the tether’s center of mass are decoupled from the equations concerning
the spacecraft’s center of mass in this case. Consequently, we will focus solely on
studying the system’s attitude. When the tether is ejected from the spacecraft by
impulses of varying magnitude, its center of mass acquires an initial translational
velocity. As a result, the tether’s center of mass moves in inertial space relative to
the spacecraft.

At the same time, the motion of the deploying system occurs in a region of
space that must be free of obstacles. Therefore, when simulating the
tether-deployment dynamics, it is helpful to define the limits of such a region. This
issue is trivial and of little scientific interest. Hence, we will concentrate further
only on the rotational motion of the tether in the orbital frame of reference.

Assume the deployment of the tether takes place in the orbital plane. Let the
distance between the centers of mass of the tether’s end bodies be its length.
Denote the tether length at the initial instant by L, and its final length by L. .

When the end masses are equal, it is sufficient to examine the motion of a single
end body. In planar motion the state of the point mass can be described by its
distance r from the tether’s center of mass and the pitch angle 4, measured in the
orbital plane from the local vertical.

Typically a single control input associated with varying the tether length or its
tension is used in models of real tethers with a massless cable whose motion lies in
the plane of a circular orbit, yet the system possesses two degrees of freedom. The
second degree of freedom is associated with the pitch rotational motion of the
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tether. In this formulation the tether can be regarded as an under-actuated
mechanical system, where the number of degrees of freedom exceeds the number
of control inputs. We cannot directly influence the pitch angle, so it is necessary to
devise an appropriate control law for the tether length that produces the desired
pitch-angle dynamics.

Our goal is to find a control law L(t) that achieves deployment of the tether
in the orbital plane to the desired length and a prescribed rotational condition while
avoiding longitudinal oscillations.

To derive the needed control laws, one may employ the angular-momentum
conservation theorem for the tether. A simpler approach is to employ the motion
equation for the pitch angle of an inextensible tether, whose length can vary via
unwinding. Owing to the monotonic nature of the deployment process in this
model, it is straightforward to introduce corrections for the tether length due to
elastic deformation. Following [4] (pp. 65), the equation for the planar motion of a
tether in a circular orbit can be written as follows:

9+2(9+ &™) /1 +3(0”)?singcos 9 =0 (1)

here @” is the orbital angular velocity; r(t) = L(t)/2 is half of the tether length;

4 is the pitch angle.

Although we assume that the tether during deployment will be displaced
relative to the spacecraft, the speed of its motion is negligibly small compared with
the spacecraft’s velocity in the inertial frame. Consequently, the angular velocity of
the tether’s motion in orbit can be taken as identical to that of the spacecraft.

To develop the feedforward controlling tether deployment to a specified
length while maintaining uniform rotation at the desired angular velocity, we will
employ the method described in [0, 11].

After elementary manipulations of equation (1), one can obtain a first-order
ordinary differential equation together with the appropriate initial condition.

3(w™)?sin29+ 29
_|_ -
40" +9)

L= , L(0)=L,. )

Its solution can be written down as the following:

dr|. 3)

L(t) = Lyexp —'!' 3(w )4S<I25f2f(,9r()i ); 29(z)

It follows from equation (3) that L(t) is a function of the pitch angle (1), its
first two time derivatives, and the duration of the maneuver t. =T_ . Itis clear that

the variation law for the pitch angle and its time derivatives must satisfy certain
conditions for the deployment mode under consideration, both at the start of
deployment and at its conclusion. We now examine how to select such boundary
conditions on physical grounds.

We choose a variation law for the angle 3(t) that yields a smooth deployment

of the tether to a prescribed constant length. Numerous possible laws L(t) for the

tether-length change can be generated for different values of the maneuver duration
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T- . From this family of solutions, one can be selected that achieves the desired

final tether length, avoids loss of tension during deployment, and satisfies the
additional requirements that will be stated below.

Next, we consider the constraints that must be imposed on the pitch-angle
variation law 9(t) in order to define the time-dependent tether-length law L(t)

that permits solving the problem via the Cauchy-problem solution (2).

As mechanisms for generating the initial rotation of the tether, two spring
pushers acting in opposite directions with different impulses may be employed.

For the initial condition of the tether deployment, we assume it is aligned with
the local vertical, possessing a prescribed angular velocity (both magnitude and
direction) and an initial translational velocity of the tether’s mass center in the
orbital reference frame. In this case the following initial conditions for the pitch
angle and its angular velocity can be written:

90)=0, ¥0)=4, (4)

and an initial condition for the relative velocity of the tether mass center in the
orbital frame of reference:

Ve =V,. (5)

As in an initial instant the contacts of bodies of a tether with the device of
creation of its initial motion stop, at this instant both the angular and linear
accelerations turn into zero, i.e.,

3(0)=0, (6)
V. =0. (7)

The following conditions have to be satisfied at the initial instant of
deployment and at the time of its termination;

L(0) =L, L(Te) = Le.- (8)

The first of these conditions can be regarded as satisfied; the second condition
can be used further to define the a priori unknown time at which the maneuver
ends. This value will enable the selection of the appropriate solution of the problem
from the set of solutions obtained for various values.

Two additional conditions follow from the requirement of constancy of the
tether length at the initial and final instants:

L(0)=0,L(T.)=0. (9)

The emergence of jumps in the tension of the cable is unacceptable at the
initial and final instants of the maneuver and throughout the entire maneuver,
because they can lead to a loss of tension that would render the adopted mechanical
model inadequate. The absence of tension jumps at the initial and final instants is
ensured when the following conditions are satisfied:

L(0)=0,L(T.)=0. (9)

To obtain the restriction on the law governing the change of the pitch angle
from these conditions, we differentiate equation (2) with respect to time:
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[=1/[4(0” +9) H-2L (" +8)[3(”)?sin29/ 2+ 8]+

.. . . . (11)
LI[3(0™)?sin 29 + 23] - 2|_(a)°r + 9)[3(w°f)29coszs+ 313

At the initial instant, using conditions (4, 6, 8 — 10), expression (11) becomes
L(0) =-Ly[6(c")’ % +25(0)]/ 4/ (& +9) . (12)

Considering condition (10) yields an additional requirement that must be
satisfied when the pitch angle varies with time:

9(0) = -3(™)* Y. (13)

Next, we examine further constraints that must be imposed on the law $(t) at
the final instant t =T of tether deployment in the designated state. At the final

state, when the deployment process ends, it is convenient to assume that the tether
has rotated an integer number of turns relative to its initial position:

$(T.)=2zn,. (14)

Hence, the tether at t =T will be aligned with the local vertical. Since the

gravitational torque vanishes at this moment and no other external forces act on the
tether in the present formulation, we can introduce the additional condition

4(T.)=0. (15)

Rather than constraining the final tether length, we prescribe its final angular
velocity.

HT)=9 . (16)

The final tether length can be selected, if required, by adjusting the value .9F .
Finally, using condition (15) and by analogy with (13), we obtain another condition
G(F)=-3(e")* 9 . (17)

Consequently, the law $(t) must satisfy eight conditions (4), (6), and (13 —
17). The required law $(t) can be expressed as any suitable series of functions,

with its coefficients determined from the eight constraints. Here we choose a
seventh-order power series for the law J(t).

a(t) = ici [Tij | (18)

At satisfaction of eight specified boundary conditions for the law 3(t) the
expression for coefficients of the power series (18) take the following form:
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c, =0,

c, =9,

c, =0,

¢, =—(0™)?29, /2,

¢, = -[-140n 7 + 404, T, + 304 T, — 40" )2 912 — (0™ )2 9T/ 2/ T2,

¢, =—3[112n, 7 — 309, T, —269.T, +2(0™ ) 4T + (0 )? 9T/ 2/ TE.

C, = —[-280n, 7 + 72T, +689.T, —4(0” ) TS —3(w™)* 9T/ 2/TS.  (19)

c, =—[80n, 7 — 204 T, =204 T, + (0™ )* 4TS + (™) 4T3/ 2/ T,.

Now, having set parameters of the problem and having substituted their values
in the coefficients (19), we will obtain the law of change of pitch angle in time
corresponding to the required mode of the motion of the tether at its deployment
from an initial state in the state of rotation with the set angular velocity. The law of
change of the tether length in time, which implements the required mode of the
tether deployment, can be obtained from the solution of the Cauchy problem (3),
having substituted laws of change of the pitch angle and its time derivatives there.
Conditions (5) and (7) define only the translatory motion of the tether mass center
in the orbital frame of reference and have no influence on its attitude.

Numerical research. Let us consider further implementation of the stated
method of creation of the feedforward control of the space tether deployment in the
condition of uniform rotation in the orbit plane. Let us choose the following basic
values of the tether parameters:

The masses of the end bodies are 10 kg.

The duration of the deployment process is 50 s.

The initial length of the tether L, is 4 m.
The initial angular velocity of the tether 9, =15rad/s.
The final length of the tether L. is 15 m.

The longitudinal rigidity of the cable EF is 26104 N.
The velocity of leaving of the center of mass of the tether v, is 0.2 m/s,

The basic value of the number of turns n, is 70.

The radius of the orbit of the tether is 7000 km.

Let us show further how to find the law, which solves the problem.
Apparently, from expressions (2) and (19), the required control law is defined
by values of such parameters as the number of turns of the tether during

deployment n_,, the initial value of the pitch angle of the tether 9, the initial
value of the angular velocity 90 of rotation of the tether in the orbital frame of

reference, the final value of the angular velocity .9F of the tether rotation in the
orbital frame of reference, and the deployment process duration T.. These
parameters define the law of change in time of the tether pitch angle 9(t)

according to expression (18). The initial value of the semi-length of the tether ris

included directly in the control law (3) of program change of the tether length.
In the beginning we will estimate the influence of the parameter n., on the

nature of the required law of feedforward control, the tether length, and the
behavior of other characteristic values. In Fig. 2 the change of shape of the control

law L(t) depending on values of the parameter n,, at basic values of other
parameters is shown.
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Here the number of whole revolutions of the tether during the deployment

N, changes from 45 to 90. In all cases the length of the tether deployment is

equal; nevertheless, the nature of its change considerably depends on the accepted
number of turns. In the range from 45 to 60 turns at approach to the end of
deployment, the tether length becomes more than the final length. For the
realization of such a mode in the device of deployment, it will be required to carry
out not only the controlled deployment of the cable but also its controlled retrieval.
Therefore, for practical implementation, the range of values n , >60 is
represented the most appropriate. The straight dashed line on it and other figures
corresponds to the time of the deployment completion t =50 s.

Fig. 3 shows the program law of change in time of the tether length in the case
of rigid cable.

Deployment velocity L, m/'s
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In this figure the parts of curves where the velocity of exit of the cable has to
be negative are good visible n,, €[45,60). Most strongly this effect is expressed

at n,, =45. At the same time, such parts of the curves corresponding to the
condition n_, >80 are expressed less considerably.

rot

The behavior of the pitch angle of the tether in time depending on value n_ is
shown in Fig. 4.

Fig. 4

Here the direct dependence between the number of turns and the change of the
angle of rotation of the tether during deployment is visible, and essential effects are
not noticeable. But in Fig. 5, in which the dependence of the relative angular
velocity of the tether in orbital basis on the number of program turns is represented,
it is visible that in the range n_, € (45,60) and in the range n., >80 in the law
of program change of the tether length, there are parts where it is necessary to
increase the angular velocity of the tether, i.e., to reduce its length. As it was
already noted, it will lead to complication of the mechanism of the system of
deployment. Note that the range n,, >80, where cable length reduction is

required, is also present in Fig. 2. However, due to the chosen viewing angle, the

decrease in the coordinates L (representing length vs. time) on this interval is
nearly indistinguishable from adjacent ranges.
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Program change in time of the tether angular acceleration J(t) depending on
the number of its turns during deployment n_, is shown in Fig. 6
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Fig. 6
In this figure it is visible that the number of turns in the program motion is
less, and the maximum delay of rotation is closer to the beginning of deployment.
Here it is also possible to note that in the range of the modes of the program motion

acceptable for implementation (n,,, € (60,80) ) the range of change of the angular

acceleration is narrower than at the edges of the considered area of values of the
parameter n,, .

Having constructed the program law of change of the tether length in time, it

is possible to construct the program law of change of the tether tension T, in

time. For this purpose we use one of the equations of motion of a tether of variable
length in spherical coordinates [4] on the condition of the motion of the tether in
the orbit plane. As a result, it is possible to write down:
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Teeen = m/2{—L + L[(«°" + 19)2 cos @ + ¢% + 3(w°")? cos? 9 cos? ¢ —
()2 = m/2{~L + L[(0°" +9)* + 3(0°")? cos? 9 — (w°")? . (20)
In Figure 7, the change in time of program values of the tether tension is

shown in the mode of deployment depending on the chosen number of turns of the
tether.
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Fig. 7

Both in the initial and in the final instants of the deployment, the force of the
tether tension does not depend on the total number of turns. Nevertheless, the
nature of the change of the tension during deployment depends on value n_,
essentially. In the range of values n,, (80,90) time intervals are visible on
which the maximum tension force considerably exceeds the initial tension. It
occurs where, according to Fig. 5, at the same values n, there is a significant
increase in angular velocity of the tether. Respectively, significant decrease in the
force of tension on an interval of time in the neighborhood of a point t=35s at
N, €(45,60) happens where, in Fig. 5, the considerable decrease in angular

velocity in comparison with its value at the end of deployment is visible.
Lengthening of the tether during deployment is shown in Fig. 8.

m
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The surface shape AL(n,.,,t) at first sight reminds the surface shape
Tietn (N, 1), Nevertheless, here the similarity is rather mirror-like. This surface is

much closer in shape to the surface J(n,,,,t) -

Having analyzed the graphic information connected with studying the
influence of the parameter n_, on the nature of the feedforward control law for the
tether length during its deployment, we will note that the choice of value of this
parameter does not allow us to obtain the set size of the final length of the tether. It
follows from physical reasons that the final length of the rotating tether depends on
its initial angular momentum and the specified final angular velocity of the tether
in the orbital frame of reference. The initial relative tether angular momentum in
the orbital frame of reference is

K ={0,0,2mr’3}, (21)

i.e., with constant end masses, the parameters r; and 9, equally influence the

value of the angular moment and the size of the final length of the tether.
Further, we will turn to consideration of the influence of the parameter r. on

the control law and behavior of the tether. The nature of the change of the tether
length at change of size r, in the range r, €[2,2.9] is shown in Fig. 9. Other

parameters at the same time have their basic values.

m

H|||\.‘ ¥

Fig. 9

In this figure it is visible that during the uniform increase of the initial size r,
from 2.0 to 2.9 m, the radius of the deployed tether r. evenly increases from 15.48

m up to 22.45 m. Here it should be noted that the choice of a way of increasing the
initial angular momentum for an increase in the tether's final length, taking into
account the tensile strength of the cable, will unambiguously lead to an increase in
the initial radius of the tether, but not its initial angular velocity. It is easy to show,
for example, that a fourfold increase in the module of the angular momentum due

to an increase r. twice, centrifugal force F. =mr,(3,)* will increase twice. To

reach the same value of the angular momentum due to an increase in the initial
angular velocity of rotation, it needs to be increased four times. At the same time,
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centrifugal force will increase eight times. It will demand an increase in tensile
strength and of the cable mass.

The described result can be used for obtaining the specified final length of the
tether, applying the method of linear interpolation.

.
Deployment velocity L, nvs

Fig. 10

In Figure 10 the velocity of change of the tether length during deployment is
shown. The shown curves have smooth character. The less initial size of the radius
r, , the less maximum value of velocity of the tether deployment.

Change of the initial value r; at constant value of the parameter n_, does not

influence laws of change of the pitch angle and all its time derivatives. In general,
at correctly chosen value of the parameter n_, the modes of deployment of the

tether can be theoretically realized at any value n, .

Let's consider what impact the gravitational field has on the studied process.
The plot of the gravitational torque acting on the tether during deployment at basic
values of all parameters is provided in Fig. 11.
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Fig. 11

Here it is visible that the value of the torque changes periodically, being
synchronized with the frequency of rotation of the tether and with its length. In the
beginning, the amplitude of the torque grows slowly, as well as the tether length in
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Fig. 9, and quickly increases at the end, reaching a constant value at the instant
t =T, . In general, the maximum value of the amplitude of the gravitational torque
is insignificant because of the small sizes of the tether. Therefore, this torque
cannot have a significant effect on the nature of the deployment process of the
tether. Nevertheless, in Fig. 12 the influence of this torque on the angular velocity
of the deployed tether is shown upon termination of deployment.
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Here it is visible that the angular velocity of the deployed tether rotating
around the orbit binormal periodically changes with a frequency twice greater than
the frequency of the tether rotation. Such perturbations of the angular velocity from
the practical point of view do not matter. Naturally, the same perturbations may
also be shown in the change of the tension force of the tether. The amplitude of

fluctuations of the tether tension T, is about 0.0002 N for the considered case

that taking into account the accepted rigidity of the cable on stretching has the
negligible effect from the practical point of view.

Let us carry out a numerical simulation of the use of the constructed
feedforward control law L(t) for deployment of the tether to the condition of

rotation with the specified length of 16 m and angular velocity of rotation in orbital
basis 1 rad/s. Linear interpolation of the results of the numerical experiment
represented in Fig. 9 shows that for obtaining the tether's final length L. = 16 m

the initial length of the tether L, has to be equal to 4.1304 m. For numerical

simulation of the deployment, we will use the full system of the equation of motion
of the tether of variable length in a circular orbit in spherical coordinates [0] which
describes the spatial motion of a tether. We will adopt the initial position of the
tether in the orbital plane.

In Figure 13, the trajectory of the end body, upper at the initial instant is
shown during deployment. The trajectory of the lower body is shifted in a phase on
the angle 7. As well as it was specified, the final length of the tether is 16 m.

Now it is necessary to turn to the elastic properties of the cable. Apparently in
Fig. 8, at the initial instant when the tether tension in the majority of the considered
cases is as much as possible, lengthening of the cable AL can reach several
centimeters. Therefore, the mechanism of deployment has to have an opportunity
to consider adjustment for lengthening of the cable at deployment of the cable from
one of the bodies according to the obtained the length control law.
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Conclusion. Summarizing the results, it can be noted that a new approach is
presented here to solve the problem of deploying a two body space tether under
uniform rotation in a circular orbit, theoretically sound and numerically validated
for length control. This approach relies on programmatic control of tether length,
acknowledging the impossibility of directly controlling the tether pitch angle. The
tether length control law is derived by imposing constraints on the motion law of
the tether concerning pitch motion. These constraints arise from physical reasons
and do not contradict the nature of the studied process. Consequently, the number
of degrees of freedom decreases by one, and the problem obtains a simple solution.
In control theory terms, the method for creating the programmed length control is
developed, allowing deployment of the two tethered bodies under uniform rotation
with a specified size and rotation frequency without triggering longitudinal
fluctuations. The resulting control law is very smooth in time and lacks features
that could cause such fluctuations.
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