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The paper discusses the possibility of realizing a spacecraft-tether mission to study the
surface of Phobos within the framework of the planar elliptic restricted three-body problem
taking into account the topography of Phobos. The tether system is a weightless and
inextensible tether with an instrument unit attached to it to study the surface of Phobos.
Control laws of the tether length during deployment, the envelopment of the lunar surface by
the instrument unit and the retraction of the tether system into the spacecraft are considered.
The spacecraft is located in a low quasi-satellite orbit of Phobos. Four different altitude quasi-
satellite orbits are analyzed with respect to the possibility to study the Phobos topography by
means of the tether system. Numerical modelling confirms the effectiveness of the chosen

nonlinear control laws of the tether system at all stages of motion.

Nomenclature

c = conservation of the angular momentum, kg-m? -s™

d = distance between Mars and Phobos, m

f = true anomaly of the orbit of Phobos, rad

G = Newtonian gravitational constant, 6.67428 - 10!, m* -s” - kg™
m, == mass of Mars, kg

m, = mass of Phobos, kg

m, = mass of the main spacecraft, kg

m, = mass of the instrument unit, kg
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R = distance between the center of Phobos and the observation point on its surface, m
r = distance between Mars and Phobos, m

T = tension force, N

poo= my/(m +m,)

Subscripts

1 = Mars

2 = Phobos

3 = spacecraft

4 = instrument unit

I. Introduction

For several decades Mars and its moons — Phobos and Deimos — have been of great scientific interest. Several
missions to Mars and Phobos were designed since the eighties of the XX century [1-3]. Some launches were not that
successful and the missions’ development is continuing now. The beginning of one of such missions is assigned for
2026. Phobos is difficult to study because, due to its low density, Hill's spheres are partially inside its surface, so
Keplerian orbits cannot be used [4]. In this case, a number of researchers are proposing the use of quasi-satellite orbits
(QSO0s). [5-11]. For instance, during the Martian Moons eXploration (MMX) mission developed by the Japan
Aerospace Exploration Agency (JAXA) it is intended to use QSOs [8,12].

Tether systems are a prospective technology that can be generally applicable in interplanetary missions in the
future. There are several books [13-15] and hundreds of articles [16-26] dedicated to tether systems and their
implementation in space engineering. The characteristics of tethered systems, including their variable configuration,
offer a wide range of applications in space technologies. The possibility of using a tether system to observe the surface
or to deliver a rover on Phobos in MMX-type missions was explained in a paper by Aslanov [27]. The idea to which
the paper [27] is dedicated consists of the following. A tether with an instrument unit attached to it is to be deployed
to the Phobos surface from the spacecraft located on the QSO. The unit needs to reach the stated altitude of several
dozen meters above the Phobos surface and make a complete revolution around it. After that the unit should be returned
back on the spacecraft. Such an idea can become an addition to missions aimed at Martian moons investigation due to
the fact that it does not require high additional costs. All in all, tether systems can be used in MMX-like missions for

surface observation or rover delivery to Phobos.



However, in the paper [27], a number of questions remained unresolved. The motion of the spacecraft and the
instrument unit was considered in terms of the circular restricted three-body problem (CR3BP). So, the influence of
the eccentricity of the Mars-Phobos system on the motion of the spacecraft and the instrument unit was not taken into
consideration. Also, the Phobos surface was approximated by an ellipse, and thereby the Phobos terrain was out of the
examination. In addition, the motion of the spacecraft-tether system was only studied for a single orbit.

The present paper is a development of the research [27]; it focuses on the problem from the perspective of the
elliptic restricted three-body problem (ER3BP), taking into account the topography of Phobos and considering several
QSOs of various altitudes.

The implementation of the purpose is carried out in this paper in four stages:

1) The first stage is focused on the formulation of the basic assumptions and differential equations of motion in the
framework of the elliptic restricted three-body problem. The construction of the curve to approximate the Phobos
surface is under consideration.

2) In the second stage the numerical simulation of the tether deployment under the action of the linear control law is
presented. It is shown that the linear control law is not effective for a new problem formulation.

3) The third stage is dedicated to the development of the nonlinear control law, which is effective for obtaining the
desired instrument unit trajectories and conducting a designated study of the surface of Phobos.

4) In the fourth stage the numerical simulation of the tether retraction under the control law stabilizing the tether
system is analyzed.

The scientific novelty of the work lies in the problem statement and the discussion of how the eccentricity of the
Mars-Phobos system and the terrain of Phobos influence the motion of the spacecraft and the instrument unit. The
construction of a nonlinear feedback control law for the deployment of a tether makes it possible to compensate for
the influence of the eccentricity of the Phobos orbit and its terrain on the motion of the instrument unit attached to the
tether when the control law is applied to the retraction of the tether within the framework of the introduced

assumptions.

I1. Key Assumptions and Equations of Motion
This section is dedicated to the derivation of the equations of motion of the spacecraft and the instrument unit in
terms of ER3BP. In Fig. 1 the system consisted of the main spacecraft, the instrument unit and the tether is presented.

The in-plane motion of the bodies is considered.
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A. Key Assumptions

The following assumptions are to be made:

1) Mass of the tether’s instrument unit m, is supposed to be much smaller than m, — the mass of the spacecraft,
while m; is assumed to be negligible compared with masses m, and m, of the primary bodies (Mars-Phobos)

m, < m, < m, <m, @)

2) It is supposed that the tether is a weightless and rigid rod.
3) The gravitational influence of the end-mass m, and the spacecraft m, on each other and the primaries are not
taken into account. An accuracy of this assumption is confirmed by the restricted three-body problem formulation and

the fact that masses m,,m, are insignificant compared with masses of the primaries [28, 29].

B. Equations of motion of the main spacecraft and tether’s end-mass in polar coordinates

In the Local-Vertical-Local-Horizontal frame Ozxy (Fig. 1) the motion of the spacecraft and the instrument unit is

determined by the differential equations of the elliptic restricted three-body problem [28]:
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where f is true anomaly of the orbit of Phobos, T = (Tl,Ty) is the tether tension force, W and w are potential of

Eqs. (2)-(5)
Wie, 1) = G+ 72 6)
wlz,y,) = Gt +2) @

T T

where G is Newtonian gravitational constant, R, is the distance between the primary body 1 and the spacecraft

R = \(z, +rp) +y,’ ®)
R, is the distance between the primary body 2 and the spacecraft

R, = \(z, —rv) +y’ 9)

Similarly, r,and r, respectively are distances between the primaries and the instrument unit

=@, +ru) 4y (10)
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wherey = ———=1—pu, p=——>=— is the mass ratio, » = = is the distance between two primaries,
m, +m m, +m k

1 2 1 2
k=14+ecosf, p=a(l—¢’) isasemilatus rectum.

Despite the fact that in this paper the impact of the Phobos terrain is under consideration, the gravitational model is
still suggested as in Egs. (6), (7). Primarily, this is due to the discussion of the planar three-body problem. Of course,
when examining the three-dimensional problem, it is necessary to apply models that take into account the non-
spherical gravity field of Phobos, as in [30]. Furthermore, it may be necessary not only to take into account the
influence of the second zonal harmonic but also the influence of high-order non-spherical gravitational terms [31, 32].
For the closure of the system (1) — (4) we need to enter the expression that describes the dependency between the true
anomaly and the time. As the conservation of the angular momentum c is valid, the following expression may be
written [29]:

f=% (12)

T
Now let us make the transition from the Cartesian coordinates to the polar coordinates. The Cartesian coordinates of

the spacecraft and the instrument unit in polar reference frames (p,¢) and (l,c) can be written as:



T, =TV + pCcosy, y, = psingp, (13)

x, =1V + pcosg —lcos(a +¢), y, = psing —Isin(a + ) (14)
Describing motion with the polar coordinates allows us to simplify the understanding of the describing processes from
a physical point of view. Moreover, it is not so complicated to set the initial conditions for the numerical solution of
the equations in the polar coordinate system.

So, Egs. (2) — (5) take the following form in the polar coordinates (p,) and (I, «)

- , o .
po = — TZZ (2ek cos f sin ¢ + (k —2¢” sin f)sin ) + %(esinfsincp —kcosp) —2pw —i—w (15)
1
.. rl/f2 2 . . . Tl/f. . .
p= 7((k—26 sin f)cos¢ — 2ek sin f sin ) —T(esmfcoscp + ksin¢)
p? Gm, (rcos + p) _ Gm, (16)

U R,

((kK* — ek cos f —2¢” sin® f)cosy —2ek sin f sin )

[ = pcosa 4+ 2pwsina + pwsina —

ruf’
2

Gm,(pcosa —1)
713

+6" sin®  + % (ksiny +ecosysin f) +1(3* + (7 + 6)f) cos” y +

+Gm2(rcosyzl+pcosa)_LT 17)

£ m,

2

19 =— r;{ ((k* — ek cos f —2€” sin® f)sin v + 2ek sin f cos 7y) + 216 — 2pwcos a — p(w” sin a + W cos )

T G . . G ) .
sina —ﬂ(kcos'y—esinfsin'y) 3 m](rs1n7 + psina) 3 mzp‘sma (18)

k Tld 7,23

where

R = \/7"2 +2prcosg + p°, R,=p (19)
7"1:\/r2+2r(pcoscp—lcosv)+d2, n,=d (20)
Y=ate w=¢+f O=dtp+f (21)

So, the resulting Egs. (15)—(18) describe the motion of the spacecraft and the instrument unit in polar coordinates

(p,) and (I, ) . It is worth noting that for e = 0, the Egs. (15)-(18) are reduced to the corresponding Egs. (14)-(17)

in [27] which indicates their correctness.



C. Topographic model of Phobos

The terrain of Phobos is difficult and rough. Its surface has lots of craters of different depths. The largest of
them is the Stickney crater [33-36]. In the case of designing a mission to Phobos, it is essential to take into account
the topography of Phobos. At least to avoid the collision of the instrument unit with the Phobos surface. The following
describes the construction of a 2D cross-section of Phobos. A flat model of Phobos is considered here due to the
corresponding problem statement. In considering consideration of the three-dimensional case, it will be necessary to
build a 3D model of Phobos. It is proposed to consider the cross-section of Phobos with the OXY plane to build an
analytical model of the surface. Then 40 points located on the line of intersection of the secant plane and the Phobos
surface are selected. These points are approximated using a Fourier series. Their coefficients are selected so as to
make the approximation of the obtained curve and the Phobos model as accurate as possible. For comparison purposes,

we will use the Phobos model proposed in [30]. The equation of the curve in the polar frame is written as:

zn:Rk COS(bll{n/} - Qljk), Zf 1/} € [07 ﬂ-}

R(y) =14 (22)
Y R cos(biy =), if ¢ € [m,27]
i=1
where n = 20 is number of points in each half-plane. Coefficients b and b, are taken as follows:
b, =0.408, b, =0.251 (23)

(R.,%,), (R,4,) are the Fourier series coefficient and the phase shift, presented in Table 1 and Table 2. Values

(R.,4,), (R,v,), b, b, are selected to satisfy the criteria of maximal approximation of the model [30] and the curve

obtained according to Eq. (22).
Table 1 Fourier series coefficient and phase shift for ¢ € [0, 7]

k R ,m ¥, ,rad
1 5452.41 27.798
2 3004.99 11.655
3 4024.95 23.669
4 2897.45 10.808
5 2155.17 36.973
6 1286.45 95.104
7 780.147 57.817
8 1012.92 -44.180
9 733.64 156.028
10 1404.45 182.038
11 1529.07 23.995
12 1336.58 27.016
13 914.219 7.245
14 417.706 19.779
15 73.090 665.412
16 598.468 -0.611
17 930.446 -12.170
18 998.589 2.536
19 1008.20 -11.215
20 834.348 53.990




Table 2 Fourier series coefficient and phase shift for ¢ € [, 27]

7 R,m ¥, rad
1 7410.01 17.261
2 5427.83 2.477
3 2543.88 -6.015
4 778.512 13.382
5 2081.15 69.624
6 2950.74 42.179
7 1438.32 8.389
8 1963.24 -20.976
9 845.626 -11.860
10 873.052 37.391
11 1902.98 61.106
12 1284.96 -69.526
13 1618.10 -52.593
14 938.805 25.243
15 -83.643 335.494
16 1147.38 0.471
17 1229.99 57.028
18 1092.90 14.624
19 867.78 10.181
20 294.068 -15.020

Fig. 2 illustrates the combining of the obtained curve and the model of the Phobos surface [30]. It is assumed that
for the first attempt the accuracy of the curve is sufficient for modelling the Phobos topography. Note that in paper

[27] the cross section of the Phobos surface was approximated only by an ellipse.
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Fig.2 The model of the Phobos surface



The approximation of the Phobos surface by the high-dimensional curve allows to refine the model and make it
closer to the real Phobos terrain. Such an approach promotes more precise selection of the control law and the start

points for the motion.
I11. Deployment of tether system from main spacecraft in low QSO

This section discusses the possibility of studying the Phobos surface from the instrument unit connected to the
spacecraft by the tether. The cases where the spacecraft is in four low quasi-satellite orbits (QSOs-L) [37] of different
altitudes are considered. The choice of the tether length control law is carried out and the results of this choice are

illustrated by means of numerical modeling of the equations of motion.

A. Linear feedback control law

The instrument unit attached to the tether should go around Phobos to explore the surface. As it is shown in [27],
this purpose can be achieved by controlling the tether tension force. So, it is proposed to use the feedback control law
discussed in [27] for new conditions. It will be discussed below if such a law is effective. Thus, the control law can

be written as:

kd(d—R(qp)—h)—l-k?,%d, if: d=R(¥)—h <0
0, if : d—R(¥)—h >0

T — (24)

where R is the distance between the center of Phobos and the observation point on its surface, h is the altitude where

the instrument unit is located, it’s supposed fixed and known, & and k, is feedback control law coefficients:
k, =10 Nm™ [N/m], k =200 Nsm™ [Ns/m] (25)

B. Numerical modeling

Under consideration are four QSOs-L, three of which were introduced by Nakamura et al. [37]. QSO (or QRO —
distant retrograde orbit) is a trajectory of the spacecraft which located beyond the smaller gravitating body’s Hill
sphere. Altitudes of QSOs are specified in Table 3, and Fig. 3 presents selected QSOs around Phobos and their
evolution during the 24 hours.

Table 3 Size of QSOs-L

QSO Size
QSO-LA 30 km x 49 km
QSO-LB 22 km x 31 km
QSO-LC 20 km x 27 km

QSO-LD 16 km x 19 km
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Fig. 3 QS0Os-L and their evolution in 24 hours

It is assumed that the start of deployment is at one of two points: ¢ = 0 — the rightmost position or position A,

and ¢, =

presented in Table 4. The control law coefficients were chosen after a series of numerical experiments. In some cases,
they allow the instrument unit to make a complete revolution around Phobos. The numerical experiments conducted

to select the coefficients that will allow the instrument unit to spend the maximum time at a given altitude above the

Phobos surface.

—g — the lower position or position B. The initial conditions of the spacecraft and the instrument unit are

Table 4 Initial conditions and control law coefficients for the tether system deployment

QSO Starting Initial conditions
position
P, = 30000 m, p, =0ms" [m/s],
A ¢, =0rad, ¢, =—0.00052 rad s~ [rad/s],
o, =0.1rad, ¢, =—0.33rads™ [rad/s],
QSO-LA h=1m, ] = 05ms [m/s

30000 m x 49000 m

Py =—0.063 m s [m/s],

5 o ="7 rad, @, =—0.00018 rad s [rad/s|,
ay, =0.1rad, G —0rads™ [rad/s],
Py, = 49045 m, [,= 55ms" [m/s]
Py, = 22000 m, p,; =0 m s7' [m/s],
QSO-LB A ¢, =0rad, ¢, =—0.00059 rad s~ [rad/s],

22000 m x 31000 m

=—0.33 rad s [rad/s],
= 0.5ms ' [m/s

O401
lOl




p,, = 31200 m, P = 00324 ms™ [m/s],

0, = _g rad, ¢, =—0.00026 rad s [rad/s],

B
o, = 0.1 rad, %2 =0rad s~ [rad/s],
b, =1 m, I, = 4ms™" [m/s]
Po = 20000 m, p()l =0ms" [m/s],
A @, =0rad, ¢, =—0.00062rad s~ [rad/s|,
a, =0.1rad, &, =—0.33rads' [rad/s],
b, =1m, l.m = 0.5ms " [m/s]
QSO-LC
20000 m x 27000 m . _
Py, = 27099 m, Prp = —0:0036 m s [m/s],
5 0y, = _g rad, @, =—0.000306 rad s~ [rad/s],
&, = 0.1 rad, d,, =0rads™ [rad/s],
b, =1 m, loz = 4ms' [m/s]
p,, = 16000 m, p,, =0 m s [m/s],
A ¢, =0rad, ¢, =—0.00072 rad s~ [rad/s],
o, =01rad, ¢, =-033rads™ [rad/s],
I, =1m, [,= 05ms" [m/s]
QSO-LD
16000 m x 19000 m . _
Py = 19634 m, Py, = —0.065 m s 1 (m/s],
5 00 = _g rad, ¢, =—0.00044 rad s~ [rad/s],

@, =00lrad, & —0.1rads™ [rad/s],

b, =1 m, [,= 11ms" [m/s]

Figs. 4 — 5 show the deployment of the tether system from the first lower and the rightmost positions, respectively.
According to Fig.4, the instrument unit flies away from the Phobos surface in case of deployment liftoff from the
lower position of the QSO-LD, while the deployment of the tether system from the rightmost position of the QSO-LD
causes the collision of the instrument unit and Phobos, as shown in Fig. 5.

The cases when the main spacecraft locates in the orbits of A, B, C types are being discussed. When the deployment
of the tether system starts from the higher altitudes, the instrument unit does not perform a complete revolution around
Phobos again (Figs. 6 — 11). When the deployment begins from position B of the selected orbits the instrument unit
collides with Phobos. In other cases, the results of numerical modelling show that the instrument unit does not achieve

the set altitude above the Phobos surface, it stays much higher, and its trajectory is close to the main spacecraft orbit.



All in all, the trajectories of the instrument unit are qualitatively similar for the deployment from the QSO-LC,
LB, LA. Under the action of the control law presented in Eq. (24) the instrument unit does not reach the required

altitude above Phobos or crashes into it.
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In summary, Figs. 6 — 11 do not present the desired trajectory of the instrument unit motion under the action of the
linear control law introduced in Eq. (24). The instrument unit does not perform the complete revolution around Phobos

in all cases of the tether deployment.

C. Nonlinear feedback control law
Itis possible to extend the scope of the feedback control law by adding a quadratic term to the law in Eq. (24). So,

the new feedback control law can be written as:

2
d d
k(d—R—h)+k —d+k|—d|, if: d=R—h <0

7 = kil ) " dt “"dt] /

0, if: d—R—h>0

(26)

where £ _is the additional coefficient for the quadratic term.
The effect of the control law presented in Eq. (26) on the motion of the instrument unit is studied for the four QSOs

considered previously. The start of the deployment are the same points: the rightmost position ¢ = 0and the lower

position ¢, = —g . The initial conditions are suggested to be the same and can be found in Table 4. The control law

coefficients for each orbit are presented in Table 5. As in the case of the linear control law, these coefficients had been
chosen in order to make the instrument unit move at the set altitude around Phobos. When the real missions are
planned, such values should be selected to meet the technical specifications of the equipment or to satisfy necessary

criteria. For example, to maintain the value of the required speed of the motion or the tension force of the tether.

Table 5 Nonlinear control law coefficients

QSO Control law coefficients

k, =10 N m™ [N/ml,
k =245 Nsm" [N s/m)],
k =—40 Ns’ m” [N s’/m]

s

QSO-LA
30000 m x 49000 m

k, =10 Nm™ [N/ml],
k =245 Nsm" [N s/m],
k =—40 Ns’ m" [N s*/m]

s

QSO-LB
22000 m x 31000 m

k, =10 Nm™ [N/ml],
k, =200 Nsm" [N s/m],
k =—40 N s’ m™" [N s’/m]

s

QSO-LC
20000 m x 27000 m



k, =10 Nm™ [N/m],
k =250 Nsm™ [N s/m)],
k,=-50 Ns* m" [N s’/m]

QSO-LD
16000 m x 19000 m

Figs. 12 — 19 show the deployment of the tether system from the lower and rightmost points of each orbit that is
under consideration. In all cases, when the deployment of the tether starts from the lower position, the instrument unit

under the action of the control law presented in Eq.(26) performs the complete revolution around Phobos. In addition,

launching the deployment of the tether system from the opposite point (¢, = —%W) gives us the similar result.
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So, the numerical modeling shows that the quadratic term addition to the control law leads to an increase in the

number of possible deployment start points. Fig. 12(c) demonstrates that the maximum instrument unit velocity is
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achieved when the instrument unit starts its revolution around Phobos. The oscillations in the velocity value are rather

small during the instrument unit flight above Phobos surface.
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As opposed to the linear control law presented in Eq.(24), the nonlinear feedback control law introduced in Eq.(26)
allows expanding the number of start points for the tether deployment. Specifically, to add the lower points of all
selected QSOs. So, the quadratic term of the nonlinear control law affords offsetting the impact of the eccentricity of

Phobos orbit and the approximation curve for the Phobos surface, it’s shown by Figs. 12, 14, 16, 18 (a). For the



rightmost points, the trajectories of the instrument unit under the action of the control laws presented in Egs.(24), (26)
are qualitatively similar (Figs. 5 — 11, Figs. 13 — 19).

It is worth specifying that the time necessary for the tether deployment and the complete revolution around Phobos
is in the interval from 12550 s to 24100 s depending on the altitude where the spacecraft is located. Figs. 12, 14, 16,
18 (c) illustrate the instrument unit velocity, which does not exceed the value of 14.2 m/s. The tension force acting on
the instrument unit does not surpass the value of 0.7 N (Figs. 12, 14, 16, 18 (d)). It is worth noting that the control law
presented in Eq. 26 starts acting only under the conditions introduced in Eq. 26, which is also reflected in Figs. 12,
14, 16, 18 (d). Also orbits of A and B types are the best to start the tether deployment because in these cases the

instrument unit will diverge less from the target distance.
IV. Retrieval of the tether system

In this section the possibility of delivering the instrument unit back to the spacecraft by the tether system retracting
is being discussed. The method of minimizing the tether oscillation during the retraction is illustrated. The control law
that reduces the oscillation based on the tether angular attitude control is presented.

As it was shown in [27], the fastest retraction can be achieved by the tether retracting at a constant velocity. So,

suppose the tether is retracted at a constant velocity (V)

= -V ms™ [m/s] I=0ms? [m/s’] (27)
Then the length of the tether is changed as follows:

I=L-Vt (28)
where L is the tether length at the beginning of the retraction.

The tether system retraction is describing by Egs. (15) - (18) taking into account Egs. (27) - (28). Clearly, the

instrument unit motion is determined by Eq. (28) and the following equation:

.. .. i . . Sin .. - ..\ COS . ; P . .o TV sin
i = (5= oI’ = pi — 200N 222 4 240+ 25 + pi) L 4 U5+ +2f) +2ef LIS
o siny sin ~y k sin-y (29)
. i m.m
(rv —lcos~y + pcosyp) —— —lgcoty —2V (y —i—f)cot'y—i-G(M—l)(—.l—i——?)
sin «y sin -y rPor?

1 2
Start of the retraction is considered to be from the point of the deployment finish. The point corresponding to the

end of the instrument unit’s trajectory around Phobos is as follows:

p, =17001 m, p, =—1.81m s~ [m/s],

@, = —8.72 rad, ¢, = —00060 rad s~ [rad/s],
o, = 0.49 rad, &, = 0.00035 rad s™' [rad/s],
v, =2.87rad, p, =0.00022rads™" [rad/s]

(30)



Eq. (30) is the end condition of the tether deployment from the rightmost position of the QSO-LD. And characteristics

of the tether system at the start of the retracting are taking as following:

L=47235m, V. =157 ms"' [m/s] (31)

The values presented in Eq. (31) were also found in the numerical simulation. The tether length at the beginning of
the retraction L is the tether length at the end of the instrument unit flight. And the velocity of the instrument unit
during the retraction is found in such a way that the tension force of the tether remains positive throughout the entire
retraction.

Fig. 20 illustrates that in the case of the uniform tether retraction, the instrument unit turns around the spacecraft

under the action of the Coriolis force 2m,V (¥ + f) , which can be noticed in Eq. (29). Also, this can be explained by

the kinetic momentum theorem.
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Fig. 20 Retrieval of the tether system.

One of the methods can be used to prevent the instrument unit from turning around the main spacecraft is to set
small thrusters on the instrument unit. In that case, feedback control is essential to preclude the oscillation of the tether.
We use the control law, similar to the law presented in [27]:

do

u=k(a—a,)+k — 32
a( d) w dt ( )
where k£ and £ are the control law coefficients.
The control law coefficients are considered as follows [27]:
k=1m's? k =10m’'s" (33)

The initial conditions remain the same as in Eq. (30). Fig. 21 illustrates the efficiency of the retrieval control law. It

is worth noting that the tension force is positive during all the time of the retraction and its peak value is rather small



—near 0.005 N (Fig. 22). In consideration of the other QSOs-L, the control law coefficients remain the same, while

initial conditions should match with the end point of deployment (Figs. 23 — 28).
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Fig. 21 Retrieval of the tether system under the action of the stabilization control law, when the main
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As can be seen from Figs. 23-28, the tether retraction is successful under the action of the control law presented in

Eqg. (32), with the tension force staying small and not exceeding 0.06 N.



V. Conclusions

In this paper, the possibility of the Phobos surface exploration in terms of the elliptic restricted three-body problem
with the tether fixed to the spacecraft located in low quasi-satellite orbits is discussed. Both the eccentricity of the
Phobos orbit and the topography of Phobos have an impact on the motion of the instrument unit. However, the greater
effect has the approximation of the Phobos surface with the curve imitating the Phobos topography. The results of the
research can be summarized as follows:

1) The differential equations of the motion of the spacecraft and the instrument unit are derived in the framework of
the elliptic restricted three-body problem. Two control laws for operation of the tether system are discussed.

2) The numerical simulation has shown that it takes the instrument unit from 12550 s to 24100 s to reach the altitude
of 200 m above the Phobos surface and make the complete revolution around it depending on the orbit altitude.
Herewith, maximum instrument unit velocity varies from 11.7 m/s to 14.2 m/s in different orbits, and the value of the
tension force is in the interval from 0.12 N to 0.8 N.

3) In case of the retraction of the tether system, it takes the instrument unit near 3500 s to return to the spacecraft.
The tether tension force lies in the interval from 0.005 N to 0.06 N depending on the orbit in which the spacecraft is
located. In addition, the tension force remains positive under the presented control law in all cases.

The results of this paper can be useful during the development of MMX-like missions or missions focused on the
moons of other planets. In the further development the work can be focused on the consideration of the three-
dimensional case of the problem and the development of more detailed model of the Phobos topography including the

investigation of the influence of more accurate gravitational models of Phobos on the instrument unit motion.
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