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Abstract

One of the challenges associated with exploring the planet is a selection of the most suitable location for landing
on the surface to collect highly accurate scientific data. However, due to both purely ballistic constraints such as the
entry angle of the lander and launch opportunities as well as natural restrictions such as slow rotation of the planet,
this choice reduces locations attainable for landing only to a few sites.

This paper presents a thorough investigation of flight trajectories to Venus, which were constructed via the methods
of employing the gravity assist of the planet and the combination of resonant heliocentric orbital manifolds to guide
the spacecraft towards the designated landing site. The study involves analysing the requirements for a working satellite
in a near-Venus orbit, starting from technical specifications and progressing toward their mathematical interpretation.
These resulting dependencies serve as the basis for the subsequent computation of potential landing sites on the
planetary surface.

A comparative analysis of attainable landing sites obtained through classical approaches (direct flight) and those
achieved via a technique involving gravity assist was conducted. This analysis revealed that the flight scheme proposed
in this study offers advantages over traditional approaches, even when selecting landing sites is limited by the
constraints of the orbiter's nominal orbit.

Keywords: Gravity assists, Venus exploration, resonant orbits, attainable landing sites, Venus orbiter, orbit dynamics

Nomenclature
{a,e,i,m,Q, f} = the classical set of Keplerian elements for the satellite orbit around Venus is: semimajor axis,

eccentricity, inclination, argument of periapsis, longitude of ascending node (or right ascension of the ascending
node), and true anomaly. These elements are referenced to a frame in which the x-axis lies along the line
connecting centers of masses of Venus and the Sun, and the z-axis is in the direction of the orbital momentum
of Venus. Therefore, the plane of the Sun's motion coincides with the xy plane.

{ao ,€0510, My, L5, fo} = the initial values of Keplerian elements of the satellite orbit around Venus.
b = semi-minor axis of incoming hyperbolic orbit of the spacecraft, km.
C, = orbital energy of the spacecraft at Venus SOI boundary, km?*/s%.

h p = periapsis altitude of the satellite orbit around the Venus, km.
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m, n =numbers determining the resonance ratio of heliocentric orbits of the satellite and Venus, i.e. such numbers that
for n complete revolutions of Venus around the Sun the satellite makes exactly m revolutions at the heliocentric
orbit.

k = vector pointing to the ascending node of the satellite orbit.

r = radius-vector of the spacecraft relative to Venus.

r, = radius vector of a planet in the heliocentric ecliptic reference frame.

r =||r ||= distance between centers of Venus and the spacecraft, km.

7o, = radius of the planets sphere of influence (SOI), km;

7, =|| 1y || = distance between centres of masses of Venus and the Sun, km.
1, =|| ¥ =1, || satellite position relative to the Sun, km.

7. = periapsis distance of the spacecraft trajectory relative to the planet.

T = period of mutual visibility of an orbiter and a lander, s.
T> = ballistic lifetime of the orbiter, s.
Ts:= T, (Qmwo) = duration of eclipse, s.

v = vector of the heliocentric velocity of the spacecraft when it approaches Venus in the heliocentric ecliptic reference
frame; “+/-” upperscript denotes incoming and outgoing directions, respectively.
v, = vector of the planet’s orbital velocity in the heliocentric ecliptic reference frame.

v = vector of the asymptotic velocity of the spacecraft at Venus in the planetocentric ecliptic reference frame.

v, = magnitude of the vector v

- + . . . . .. . .
v, V= vectors of incoming and outgoing asymptotic velocities of the spacecraft at Venus in the planetocentric
b

ecliptic reference frame.
Vh = entry velocity into the Venusian atmosphere.
Avo = impulse required for the launch from the low-Earth orbit to Venus.
Avyo = impulse required for the manoeuvre to break into the near-Venus orbit.
Avye, = separation impulse value, km/s.
Avis = total cost of the characteristic velocity for orbital operations in Venus SOI, km/s.

— +
. 1 =
o= 2arcsin i angle between V_and V_,rad.
1+};((v:+o) /ﬂpl
X 1 = natural turn angle, rad, 7, . , the minimal allowed periapsis radius during the gravity
o =2arcsin—————— ’

Vs (72 it
assist is 6,551 km (in this work).
[ = the angle determining the periapsis of a real hyperbolic orbit that belongs to the manifold of orbits with the same

energy.
. . S Ao .
2., 7, — rght ascension and declination of V_, in the planetocentric frame., deg

P — 1 = angular radius of the circle of possible periapsis, rad.

2
) / Hy
0 =initial entry angle at the Venusian atmosphere (considered at an altitude of 140 km above the Venus surface), deg.
W, = gravitational parameter of the planet, [km®/s?];

_ 3 2 . .
Ho =132712440018 km™ /s~ _ orayitational parameter of the Sun.

V= the angle determining the size of the landing circle, which is the set of possible landing points that form when the
manifold of approaching hyperbolas, with a constant orbital energy intersect with the Venus surface, deg.

x = angle between the planes of motion of the orbiter and the lander, deg.

¢ = half- angle of the cone formed by the field of view of the radar of the lander, deg.
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(6 h ) - the secular variation in the pericentre altitude of the satellite orbit, km.
P JSec

1. Introduction

The study of Venus has been one of the most important areas of planetary science over the past five decades [1-3].
Moreover, the last interplanetary stations that directly explored the surface of the planet were the Vega-1 and -2
spacecraft launched in 1984 [4, 5]. Later, studies of Venus were conducted only from an orbit of its artificial satellite
by the Magellan, Akatsuki, and Venus Express missions, as well as from a flyby trajectory by the BepiColombo mission
during the flight to Mercury [6-8].

Interest in the study of Venus is primarily caused by its geological and atmospheric features [2-5], as well as various
hypotheses about the possibility of habitability. The sheer number of publications devoted to this subject demonstrates
the intense interest in the search for potential life. Some of the most popular ones are [10-18]. Currently, a number of
projects aimed at exploring the internal structure, surface and atmosphere of the planet are being developed by leading
space agencies in different countries.

The Venus exploration projects are at different stages of development and are aimed at solving various scientific
problems. Specifically, the main goal of the Russian Venera-D project is to gain fundamental knowledge about Venus
as a planet and to conduct a detailed study ofits surface and atmospheric conditions, as well as its climate and weather.
The scientific data collected by the mission are expected to be useful for understanding and predicting the future
evolution of climate not only on the Earth but also on various exo-planets, most of which, having Earth-like dimensions,
are similar to Venus, which thus can be considered as a "representative of exo-planets" in the Solar system.
Additionally, the information gathered during the Venera-D mission could be used for future Venusian missions aimed
at delivering atmospheric and soil samples to the Earth [8, 18].

An important stage in the development of the project is determining the landing site for the lander. The site should
be chosen not only on the basis of the ballistic scenario of the mission and the technical realizability of landing but
also out of scientific objectives to be achieved. According to [19-29], from the perspective of studying the internal
composition of Venus, such areas of surface relief as tesserae and plains may be of primary scientific interest.
Additionally, planetary scientists are strongly interested in studying volcanic activity on the planet via orbital and
surface studies of areas associated with the formation of young volcanoes [30-31]. However, despite the wide scientific
interest in the study of tesserae, the existing technological restrictions require landing on the plains. In [19-24, 26, 29],
four main types of flat landforms were identified as scientifically interesting and technically realizable landing sites.
These include 1) stratigraphically the oldest plains, 2) stratigraphically the youngest plains, 3) lobed plains, and 4)
channel-shaped plains. In the future, a working group will be formed to map the surface and study the scientific benefits
oflanding on an area of each type. Ensuring safe landing on various parts of the planetary surface, as discussed in [22,
32], also limits the choice of the landing site.

Achieving the scientific goals of the mission is closely related to technical and natural restrictions imposed on the
flight to Venus. Until now, the only way to conduct research on the Venusian surface by a lander was to land it directly
from the elliptical Earth—Venus transfer trajectory. As a result, the choice of a landing site for the lander was limited
by anumber of factors, namely, the slow rotation of Venus (the sidereal rotation period is —243.02 Earth days, sign “-”
shows the retrograde direction), severe conditions on its surface for device operation, surface relief itself, and other
factors [22, 29, 32].

However, with the progress of space technology, as well as the increase in the number of successfully completed
Soviet and American missions to Venus, the problem of ensuring the delivery of a lander to a given area of the planet's
surface, which was chosen solely due to its scientific value, became very realistic. Various strategies that increase the
scientific potential of planetary exploration missions by using the dynamic features of heliocentric spacecraft
trajectories have been proposed for the Venus flagship mission project (a complex mission profile including vehicles
moving towards Venus with high-thrust and gravity assist manoeuvres as well as small low-thrust vehicles) [34] and
for the DA VINCI+ project (double Venus gravity assist associated with radiosonding of the proposed landing site) [44].
In [47-49], a method of transfer to Venus via a gravity assist manoeuvre and resonant orbits” to ensure landing at any
site on the surface was proposed. This flight scenario is also considered in this paper. Let us focus on its description in
more detail.

It should be noted that in recent studies [50-51], the authors investigated periodic (resonant) orbits in the Sun-
Venus system using numerical simulations of the circular restricted three-body problem. Their research provided
approximately 37 stable resonant orbit manifolds, either outer or inner families, either within the orbit of Venus or

5
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outside it. These findings can serve as a solid foundation for future Venus missions, as well as being important because
they provide evidence for the existence of stable orbits and the feasibility of conducting remote studies of Venus.

For Venusian missions involving landing on the surface of a planet, the use of a gravity assists of Venus, which
puts the spacecraft on a resonant orbit, providing a subsequent return to the planet and landing at the desired point on
the surface, was proposed in [47]. This scenario qualitatively changes the principles of choosing landing sites on the
surface of the planet and allows landing in those areas of the surface that have the highest scientific importance.

The sequence of operations for constructing trajectories in this scenario, according to [47], includes the following
stages: (I) calculating the trajectory of the spacecraft’s flight from the low-Earth orbit to the boundary of the Earth's
sphere of influence (SOI); (II) calculating the interplanetary trajectory of the spacecraft flight from the Earth to Venus,
implemented by solving the Lambert problem; (III) calculating the gravitational manoeuvre, which consists of
determining the parameters of the required m:n resonant orbit leading the spacecraft to the targeted landing point on
the Venus surface; (IV) calculating how many times the spacecraft needs to orbit Venus while moving along this m.n
resonant orbit; (V) calculating the trajectory of the spacecraft inside the Venus SOI from its outer boundary to the
boundary of the planet's atmosphere; and (V1) estimating the displacement of the landing point of the lander as a result
ofits descent in the planet's atmosphere.

Special attention should be given to the stage (V) of the abovementioned technique. Since the developed methods
focus primarily on orbital parts, the developed techniques for calculating the abovementioned stage are used. Promising
approaches ensuring the safe landing of a lander on Venus' surface can be found in [32], which also assesses the
potential risks associated with landing on terrains and strategies for compensating for these risks to ensure a successful
landing. Paper [50] considers a method of landing using a manoeuvrable type of lander, which allows control during
descent. The authors of [52-54] proposed a variant of a mission to Venus involving entering an intermediate orbit
around the planet's satellite with subsequent landing in a given area.

Another important question related to designing the flight trajectory is a choice of the proper ratio m/n for the
resonant orbit. Note that, as in [47], where the best option from the point of view of a simple assessment of the
effectiveness of covering the surface of Venus is to use a 1:1 ratio, in this paper, only mentioned ratio will be considered.

In this work, an analysis of flight trajectories to Venus is performed via the above technique within the framework
of assumptions for a reference resonant orbit. In contrast to previous studies, the purpose of the current one is to
consider a specific scenario for a flight to Venus including an orbiter and a lander while paying special attention to
analysing the requirements for the orbiter's orbit since, in the proposed assumption, these factors influence the choice
of a landing site.

Two stages of analysis are considered: 1) analysis of the requirements for an orbit of the orbiter beginning from
technical specifications and developing up to their mathematical interpretation, and 2) use of the resulting dependencies
for further calculation of possible landing areas for the lander. For the second stage, a comparison of the landing areas
covered in the classic (i.e., direct flight) and gravity-assisted approaches is made, and the results are presented in
coloured maps.

The results of the analysis showed that the proposed flight scheme, as described in [47-49], provides advantages
over classical approaches, even if the choice of a landing site is limited by the requirements for the orbiter's nominal
orbit.

2. Material and methods

In this section, we focus on the Earth-to-Venus flight trajectory within the context of the scenario described
above. The flight trajectory is calculated via the patched-conic approximation method [55-58]. In this method, the
trajectory is divided into three sections: two planetocentric ones and a heliocentric one. In each of these sections, the
trajectory is determined by a solution of the corresponding Lambert problem. The trajectory on the heliocentric section
between the Earth and Venus can also be determined by the solution of the Lambert problem; methods for solving this
problem can be found in various works on astrodynamics, for example, in [58-62].

The calculation of the spacecraft trajectory within the planets’ SOI is performed according to the algorithm
given in [59]. The initial data for this calculation is the vector of the asymptotic velocity as well as the known inclination
and pericenter radius of the hyperbolic trajectory of the spacecraft. The algorithm based on those data is presented in
Appendix Al.

The V-infinity globe method [62-68] is used to connect the trajectory parts of the Earth-Venus and Venus-
Venus transfers, along with a gravity assist arc, considering the latter to be impulseless. Further calculations of the
trajectory that ensure the delivery of the lander to the selected site on the planetary surface are performed via the method

described in [48], in which the V; is connected to the landing site in a conical model. Based on [48], where the general
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algorithm of using gravity assist with the subsequent transfer to periodic heliocentric orbits was developed, the scheme
in Fig. 1 was drawn.
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Figure 1. A general scheme showing the idea behind the method in use. This diagram graphically represents the process
of calculating the gravity assist parameters in the first case; in the second case, it shows the selection of the required
orbits from the presented manifolds to find the trajectory leading to the desired landing site.

In Fig. 1, a brief description of the proposed technique is presented. The key factor in determining the lander's
final position is the ability to transit the spacecraft to the desired resonant orbit, and then to the target location. This is
made possible by maintaining the asymptotic velocity achieved during the flyby phase, which remains constant in the
planet-centered frame. Particularly, all potential landing sites are located on a circle centered at the point where the
asymptotic velocity intersects the Venus surface, as described in [47].

Notably, only those resonant trajectories that are reachable through a passive (impulseless) gravity assist
manoeuvre around Venus are considered. This can be easily explained by considering the impulse

Av, =2|

N R .
\o SIHE (OL - ) required for compensating for the difference |0t —at | between the allowed and the

required rotation angles. It can be easily estimated that the impulse required to compensate for a 1-degree difference in
trajectory with C; =9 km® | s* is Av, =101 m/ s .In these cases, active manoeuvres seem to be highly ineffective

in the considered scenarios. Therefore, trajectories that require additional impulses are excluded from analysis.

Another point to note in the above paragraph is that the Oberth manoeuvre, which is the impulse near the
periapsis during a planet's flyby, is not taken into account either. This is because, in general, spacecraft approaching
Venus have sufficient velocity to allow Venus gravity to decrease their heliocentric velocity and achieve the required
value.

The impact of the orbiter's technical constraints on the attainable landing area on the Venus surface can be
assessed by dividing the entire set of possible landing sites, which are calculated without considering these constraints,
into a finite number of landing points, which are then transformed into a set of planet-centric vectors. The same
operation is performed for orbital pericenters, producing a finite set of radius vectors. Then, each pericentric vector is
transferred into the set of Keplerian orbital elements, each of them is evaluated for compliance with every given
constraint. Finally, it is compared with the corresponding radial vectors of the desired landing point. For apiece landing
point, a set of orbits with the same asymptotic velocity must be checked. This procedure is both feasible and practically
implementable, requiring minimal computing resources because of the preliminary analysis that can be performed for
Keplerian elements.

Therefore, it is necessary to further analyse the most common constraints on the operation of a planetary
orbiter to apply them to practical examples for future missions.
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1. Analysis of the requirements for the orbiter’s nominal orbit

Let us delve into the implementation of the trajectory design methodology for a spacecraft mission to Venus,
as outlined in the introductory section of the paper [45]. This mission stands out because of its utilization of a dedicated
lander and an orbiter, both of which contribute to the comprehensive exploration of Venus. The inclusion of an orbiter
necessitates specific requirements for its working orbit, introducing additional constraints on the landing locations of
the lander. This similarity to previous considerations regarding other factors, such as maximum overload and angle of
re-entry, makes this approach similar to that previously explored.

To date, there exists only one known mission with plans to implement a similar architecture, namely, Venera-
D. Therefore, in our analysis, we consider the currently accepted missions as constraints within the project scenario.
Each constraint is examined individually, with particular attention given to the duration of the ballistic lifetime of the
orbiter.

The design of the spacecraft's trajectory within the scope of the Venera-D mission involves the stage of
separation of the orbiter from the lander 1-3 days before approaching Venus [69]. The orbiter subsequently breaks into
a near-Venus orbit, with its pericentre located at an altitude of 500 km [1, 7]. Building on the aforementioned
framework, it is possible to conceptualize a mission trajectory to Venus that involves the decoupling of a spacecraft
comprising an orbiter and a lander, the mentioned one is depicted in Fig. 2.

LEAVING EARTH SOI
2
"'."'_' AFTER E-V LAUNCH
LAUNCH :
To LEO 7 : FINAL SCIENGE ORBLT
: ‘ E-V TRANSFER E
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Figure 2. Scheme of spacecraft flight under the scenario proposed in [48], modified to consider orbiter operations in
the flight scheme.

Among the space missions to Venus which are currently under of development, Venera-D presents a unique
opportunity to study the planet. It uses a lander, an orbiter, and an aerial platform to investigate the long-term evolution
of the middle atmosphere. This mission configuration, which is based on the requirements formulated in [1, 6 and 69],
is a great example for studying the application of the method developed in [47-49]. By applying this method to
missions, this paper studies how the constraints put on the orbiter influence the possible areas for landing a lander on
the planet's surface.

The list of requirements for the orbiter is provided below, according to [69]:

[1] The cost of the characteristic velocity for the orbiter to enter a near-Venus orbit (braking impulse) is no
more than 1700 m/s.

[2] Ensuring mutual radio visibility between the lander and orbiter at all stages of descent and for at least 180
minutes after landing.

[3] The duration of existence of the orbiter in the orbit (ballistic lifetime) is at least 8 years.

[4] The duration of the shadow areas (eclipses) should not exceed 60 minutes.
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In the section below, the above requirements will be thoroughly analyzed, and final constraints on the orbiter will be
presented.

2.1 Braking impulse
The spacecraft transfer from the hyperbolic approach trajectory to the orbit of a satellite of Venus occurs as a
result of a capture manoeuvre. The impulse required for such a manoeuvre can be calculated according to [55, 65]:

20, 11
+VOO — 2“.1)1 }/-__2_% , (1)

T

Ay, =
Let us perform the analysis for the case of orbit braking from an incoming hyperbolic trajectory, with an
asymptotic approach velocity in therange 3 <v,_ <5 (knvs). The results of calculating the impulse needed for orbit

entry as a function of the period of the final orbit are given in Table 2.

It can be seen from the data given in Table 2 that the minimum impulse is attained at the shortest distance
from the centre of the planet, as deduced from (1). Drawing on the experiences of previous missions such as the Venera
series and Venus Express, it can be inferred that the braking manoeuvre occurs at an altitude of approximately 500 km
above the mean distance to the surface of Venus, assuming that the surface of the planet can be approximated as a
sphere with a radius 0f6,051 km on average. Consequently, the perigee of the nominal orbit must always be considered
at a height 06,551 km.

Table 2. Costs of the characteristic velocity for the transition to the orbit of an artificial satellite of
Venus depending on the period of the final orbit. The radius of the pericentre of the final orbit is located at an
altitude of 500 km.

Period of the Semimaior axis. km Eccentricit Avip, km/s Avip, km/s
near-Venus orbit, h ¢ Jor axis, cee y (3 km/s) (5 km/s)
24 39,457 0.834 0.864 1.607
48 62,634 0.899 0.706 1.449
72 82,073 0.924 0.643 1.385
96
(unstable) 99,425 0.938 0.607 1.350
120 (unstable) 115,372 0.947 0.584 1.327

According to the experience of the currently operated missions, particularly Venus Express [3], as well as the
draft scenario of the Venera-D mission [69] and the research conducted in this paper (Table 2), only 24 hr orbits near
Venus are considered.

2.2 Mutual radio visibility between the orbiter and the lander

The constraint on the duration of mutual radio visibility between the orbiter and the lander (T; > 180 min.) was taken
into account by an additional solution to the following problem. The position of the lander was fixed at the moment of
re-entry, and the position of the orbiter was moved to the pericentre of its hesperocentric orbit. It was assumed that the
field of view of the radar of the lander formed a cone with a half-solution angle ¢ and an axis passing against the
planetocentric distance connecting the position of the lander and the center of Venus. The solution of the problem
consists of finding the maximum of the functional characterizing the duration of the radio communication session
between the orbiter and the lander (T; — max), on the interval of angles between the planes of motion of the orbiter

and the lander (K € (0°;360°)). According to the numerical evaluation made by the gradient method, K = 180°,
¢ <90 (i.e., when the transmitter antenna located on the landing vehicle is assumed to be omnidirectional). For the

constraint adopted in Venera-D (T; > 180 min) taking ¢ = 90, the constraint on T; is fulfilled at K = 180° + 15°.
The solution to the problem of determining the duration of the radiovisibility interval is given in Appendix A.2.

2.3 Orbiter lifetime

Analysis of the orbital motion of a satellite in a highly elliptical orbit around a planet can be performed via
analytical, semianalytical, and numerical methods. The analytical and semianalytical methods include the classical
perturbation theory developed by M.L. Lidov (Kozai—Lidov theory of satellite motion) [72, 73], which is based on the
spatial elliptic three-body problem in the Hill formulation for satellites. For numerical analyses, the approaches
described in Battin [74], Vallado [70], and Bate [75] can be used. The basis of these approaches is the numerical
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integration of the equations of motion; the difference lies in the different types of equations that can be used for this
analysis.

Let us consider the most commonly used model of spacecraft motion in the form of a second-order vector differential
equation written relative to the radius vector of the spacecratft:

fz—u—lz’l-£+2a.. @)
J
r r =1
This model can be considerably simplified, for example, if the accuracy requirements at the initial design stage can be
slightly relaxed. Let us perform a preliminary analysis of the values of perturbing accelerations acting on the satellite
orbiting Venus.
Consider the following perturbations, with a designation of the corresponding curve in the Figure 4 given in
parentheses:
1. Gravitational pull:

e  The Sun (SUN);

e Jupiter (JUP);

e Earth-Moon Systems (EARTH).
2. Relativistic effect (accounting for Schwarzschild functions, Lens-Tirring precession effect) (RELAT);
3. The gravitational field of Venus (64x64 harmonics) (GRAVITY);
4. The cumulative effect of the above perturbations (ALL).
The expressions used to numerically estimate the above accelerations on the satellite can be fully found in Battin and
Bate et al. [71-72]. Figure 3 shows acceleration magnitudes calculated using the expressions from the reference and
plotted on a logarithmic scale along both the horizontal and vertical axes.

= + «SOLAR ALL JUP EARTH = e==GRAVITY == RELAT
1,0E-01
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R e T
o 1,0E'07 - ---~--------
TS e e o ]
1,0E'09 ¢ -y , , = o e ammm— - e q
. \ / ® dalnimo
1,0E-11 o
1,0E-13 —_—
1 10 100

Distance from the center of Venus, [Rpl]

Figure 3. Perturbative acceleration of spacecraft motion vs. the distance from the Venus center of mass on a logarithmic
scale

The analysis of disturbing influences of various nature shows that at a distance not exceeding 100 thousand km,
it is enough to consider only the gravitational influence of the Sun.

Since the trajectory of a satellite experiences the greatest perturbation under solar gravity, one can use this
trajectory for simplified analysis. A model for calculating the motion of an orbiter is well known as Cowell's third-
body perturbation [72, 76]:

.. Wyr [ u,(rg—r) u.r,
r=——m—+ 3 - . 3)
ror 10 s
The theory of motion [72, 76] provides us with the dependence of the secular evolution of the pericenter radius
on the inclination and the argument of the periapsis with respect to the perturbing body:
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3

15 a C o

(Shp) = 2a B2 gedi-¢ sinisin 20 4)
R I AN

The orbital plane of the perturbing body is taken as the basic plane, where a = a,,e=¢,,i =i,,00 = ®,

represent the initial values of the satellite orbital elements.
The above equalities (4) do not depend on the longitude of the satellite's ascending node. Thus, studying
the satellite lifetime will be sufficient to change the initial argument of the pericentre and orbital inclination at other

fixed orbital parameters, g, =39456 km, ¢, =0,8339, Q) =0 deg. Let us estimate the orbiter existence time via
numerical simulation of orbiter motion within the framework of model (3) by changing the initial values of ®, and
I, ata fixed pericentre altitude (500 km) and orbital period (24 hr). The calculation results are shown in Fig. 5 for

different values of wo and io.
From Fig. 5, one can clearly distinguish four regions in wy and iy corresponding to long (more than 5
years) and short periods of existence. Let us allocate those regions on wy, corresponding to the high value of the ballistic

lifetime of the satellite (given for the value i, = 90 deg ):

90° <m, <180°
270° <o, <360°

)

30

T2, yrs

Figure 5. To vs. @, and ;. Note that the color highlights the ballistic lifetime (7%)

Note that the results obtained for the duration of the ballistic lifetime of the orbiter in a 24 hr highly
elliptical orbit from the initial value of w fully correspond to the regions of increasing periapsis altitude under
perturbations from external bodies [76].

3. Results
3.1 Direct flight scenario for the 2029 and 2031 launch windows
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Let us first consider the classical approach, for example, the mission plans for Venera-D, which are sheduled to
be launched between 2029 — 2031 yrs, according to [69]. Based on this paper, let us use the combination of Avy + Av;g
discussed in [49] for minimizing characteristic velocity costs in the problem of trajectory optimization. Let us plot the
dependences of the launches 4vy and 4v; on the date of launch to Venus for both launch windows (Fig. 6).

4,3 I 1,8
o R R K
4,2 F .i‘o, [ | ’
4.1 [ I. AN - - 1,4
T E n AL PN AV10 L
7] 4 F [ | ’Q‘ [ 1,2 ©n
S é .-I ""‘000 [ ] PO 1 E
s 37 .-I. MAA 2 O X T s R
338 [ g, n 06 S
37 k "mg,_AVO [ ’
TE ll.. " - 0,4
3.6 [ m-.....l' - 0,2
3 b v o s
0/.0 Z; 3/.0 N /00 30.0
9o 2 9o 2 62 2
%, % %, % %, %,

Launch date

Figure 6. Dependence of the 4v, required for launching a mission to Venus on the launch date and arrival date for
missions launched in 2029 and 2031; the required braking impulse 4v;y for entering a 24 hr period orbit.

According to the conclusions of the previous section, let us analyse the attainable landing points, taking as a
reference the 24 hr near-Venusian orbit, i.e., an orbit with ap =39456 km and ey = 0.8339. The inclination of the orbit
is a free parameter, although in more recent scientific studies, the nominal inclination should be close to polar, i.e., ip
=90°, as in [69]. The initial values of the longitude of the ascending node and the pericentre argument are determined
by the date of the spacecraft approach Venus according to Appendix A.1.

The attainable landing regions obtained in the direct flight scenario with and without orbiter constraints are
plotted in Fig. 7.

(o]
=]

60

N
(e2)

N
o O

Latitude, deg

| | | |
0 o bh N
(== = =

=100 =50 0 50 100 150
Longitude, deg

Figure 7. Total landing area (red—orange) constructed without considering orbiter analysis; (green) area trimmed
according to orbiter requirements.

The presence of the orbiter greatly restricts the attainable landing areas, primarily due to the requirement for a
ballistic lifetime. Although the strict constraint on radio visibility also makes landing in the plotted red—orange area on
any launch/arrival date within the considered launch window impossible.

=150

 Calculated as the difference between required hyperbolic velocity to leave the Earth sphere of influence and
velocity of the spacecraft on circle parking orbit with parameters that is altitude 200 km and inclination 51.6 deg.
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3.2 Determination of attainable landing areas in the lander/orbiter mission scenario

Let us provide an example of calculating the attainable landing areas on the surface of Venus, considering the
orbiter requirements for the launch windows in 2031 (Table 3), and compare them with a direct flight on the same
launch dates. Notice that trajectories were optimized taken into account the criteria provided above.

In Fig. 8a, the manifolds of the resonant 1:1 orbits are drawn using the method described in [49], based on the data
from Table 3 for a launch date in 2031.

Table 3. Parameters of flight trajectories to Venus in 2031.

Parameter Unit. Parameter value
i m;a;‘;;lyl ?St;’b) . 12.06.2031 12:00
. 41.66 (prograde)/
P deg 138.33 (retrograde)
Avy (C3)F** (knll‘/‘;”)zs 3.79 (14.38) g
Q
130 (@S0, 850) (degklgé;’) 3.89 (121.28, -20.86) 0%’.
> =
Flyby date, i ) -
dd.mm.yyyy (UTC) 10.10.2031 22:36
SEV deg 153.75
Ve (2%, 0%) km/s 3.01 (141.56, -4.36)
' Range of deg _0, 360
permissible y1 [47] (D1=92.45) Y
Landing date, ) . s (7;"
ddmm.yyyy (UTC) 22.05.2031 15:24 s §
SEV deg 172.94 =1
vt km/s 3.01

Note: Parameters are set in reference to the ecliptic heliocentric coordinate system for the J2000 epoch; parameters
of'the low-Earth orbit from which the spacecraft is launched are assumed to be a radius of 6571 km and an inclination
of 51.6° to the Earth J2000 equator; SEV - Sun—Earth—Venus angle; * - azimuth value for the launch hyperbolic
trajectories to Venus. ** - value of the orbital energy of the spacecraft at the boundary of the Earth’s SOL

The attainable landing areas based on data in Table 3 considering possible launches at 12.06.2031 are plotted in
Fig. 8b, respectively. The attainable landing area in Fig. 85 is the total number of cyan points for 2029 and pink points
for 2031 points on the Venus surface map calculated via the approach discussed in Section 2. Only the areas that meet
the requirements for landing are considered when determining the attainable landing region.
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Figure 8. (a) Stage of gravity assist operation and resonant orbit selection; each of the orbits of the drawn manifold
is accessible to transit to using gravity assist of Venus, the resonant orbits 1:1 manifold plotted for vy, = 3.01 km/s
at approach date of Venus at 10.10.2031. Notice: XYZ is the ecliptic J2000 coordinate system centred at Venus. (b)
Attainable landing areas at a -12 deg entry angle without considering satellite orbit constraints for a launch date of
12.06.2031 (within the 2031 launch window).

A comparison of Figures 7 and 8b reveals that the total landing area obtained via the method mentioned in Section
2 provides more attainable landing areas in all the scenarios. This occurs because the use of gravity assist provides us
with more opportunities since there are manifold resonant 1:1 orbits in which every chosen orbit leads to different parts
of Venus at the planet’s second approach. Therefore, with a wider choice between landing sites, the primer role of
gravity assist is to allow impulse-free transition of spacecraft to the required orbit.

3.3 Attainable landing areas in orbiter-lander scenario
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Let us calculate the attainable landing areas for the scenario when orbiter operations are included (see Fig 14) using
previous data from Table 3. On the basis of the analysis conducted in the previous section, let us review the main
constraints for the orbiter:

(1) The basic parameters of the spacecraft orbit are as follows: a, = 39456 km, e, =0.8339.
(2) Ballistic lifetime with little regard to inclination is satisfied when:
90° <, <180
270° < @, <360°
(3) The radio visibility constraint is completely achieved when Kk =180°.
(4) Eclipse duration constraints are counted via diagrams shown in sec. 2 (see Fig. 8 as an example). By using those
diagrams for a given initial inclination of the satellite orbit and initial ®,,€2,, the eclipse duration Ts is

determined and compared with the allowable duration. If the condition is satisfied, then the corresponding landing
point is accepted.
Additionally, an analysis has been conducted in which, for several scientific reasons, the initial inclination may be
constrained. In general, for Venus study, the primary interest lies in polar or subpolar orbits to study atmospheric
variation at higher latitudes [1-4]. Therefore, taking io = 90 deg as a baseline, the following ranges of inclination have

been considered: (a.) 0° <i, <1807, (b.) 45" <i, <135°, (c.) 75" <i, <105°,(d.) i, =90" £ 1",

\f&
e 66,311 km

orbite”

Earth dir.

Case 2. South orbit Case 2. South orbit
<

Yy ZX

Figure 9. (a) Scheme of the spacecraft near-Venus operations at the stage of the Venus approach based on the [69];
(b) Example of two types of polar orbits with two different wo; case 1 — =180 deg, case 2 — wo= 92 deg. Note: All
designations other than white in the images have a technical meaning and do not affect the description of the image.

Let us plot attainable landing areas, taking into account the requirements for the orbiter (see Fig. 15-16).
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Figure 10 Attainable landing areas at a—12 deg atmosphere entry angle when constraints are considered T; + T, +

Ts. (a) 0" <i, Sl800,(b) 45 <i, <135 (o) 75 <4, <105 ; (d) iy =90"%1 for the launch date 2.06.2031.

In Figs. 10 (cases (a), (b), and (c)), one can see that the application of constraints to the satellite's orbit leads to a
decrease in the coverage of the Venus surface by potential landing sites. The main reason for this is orbital inclination
constraints, which reduce the number ofattainable landing areas, making some previously accessible areas unreachable
even with the aid of gravity. Therefore, cases (a-c) account for approximately 40 to 60% of original coverage. In case
(d) of Figs 10, approximately 5% of the initial coverage remains accessible, compared to Fig. 85.

However, it should be noted that in the case of significant tightening of requirements to the orbiter, the landing
areas (Fig. 15, 16) plotted for chosen launch date (10.11.2029 and 12.06.2031) are quite reduced (down to 40-50% of
the initial Fig. 8b) in comparison with the case in which no orbit restrictions are imposed, the obtained attainable
landing area is still much larger than that in the case of the direct flight. Recall that in the framework of the direct
flight, the attainable landing area is limited only by the circle which the landing points belong to (no more than 5% of
the entire surface of Venus within the entire launch window).

Moreover, when analysing the restrictions on T, and T3, some contradiction is observed in the sense that T, is
convinced of orbits with a small inclination to the planet’s orbit, whereas the smallest values of T; are provided by
orbits of large inclination localizing in the subpolar regions, forming two maxima shown on the diagram £y, w (see
Fig. 8). Thus, the combined effect of these two constraints and the presence of a strict relationship between the orbiter
and the lander orbits (x = 180 deg) leads to a reduction in the attainable landing regions.

6. Conclusions

The study analyses the use of a technique for constructing a flight trajectory to Venus via a gravity assist manoeuvre
and resonant orbits to ensure that the vehicle lands in a specified region on the surface of Venus.

As a result of the evaluation of the influence of the pericentre evolution of the orbiter under the influence of the
gravity of external celestial bodies in relation to Venus, it was established that there are regions in the space of the
parameters wy and i, for which the requirement for a long (more than 8 years) ballistic lifetime of the orbiter is
provided.

When the total attainable landing area for a landing vehicle is calculated, the overall impact of applying all the
constraints for a near-Venusian orbit satellite leads to a reduction in the attainable landing areas (by more than 30—
40%). However, combination of the individual areas obtained for each launch/landing dates within the entire launch
window makes it possible to virtually compensate for this negative effect. A similar effect can also be achieved by
relaxing some of the restrictions, for example, by shortening the duration of radio visibility.
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Appendix Al. Determination of orbit parameters from known asymptotic velocity projections

Initial data for calculation:

. . T
v, =v,[cosy,cosy, siny cosy, siny,] ,theprojections of the asymptotic velocity vector are

given in the ecliptic coordinate system with the center in the center of masses of Venus;

i, , orbital inclination, rad;
7., , pericentre radius, km.
Calculation:

1. Letus define

1

@ =arccos —
1+’/7"cvoo/ul

2. The energy parameters of the orbit can be determined as:

e  Semimajor axis:

e  Eccentricity:

3. Q,,m, can be determined as follows:
e To determine the remaining elements of the orbit, we introduce the parameter B , the geometric
meaning of which can be expressed as the angle between the projection of the pericenter radius on the
plane orthogonal to the vector Vv . Let us also define coefficients

A=rv, ;4 =ryv

0,y T "o0,x?

A, =rv, sinw;

—4, sin y, sinw — 4, cos y, SIN®

a_

- . . . . 5
—A, cosi+ A, cos B siny, sing, — 4, cosw sin x, cos ¥,

5= — A4, cosi, + A, cosm sin y, sin y, — 4, cosw siny, cosy,
2 -1
-2 ¢-_571
¢ +1

A, cos y, cos ¥, sinw — A4, sin , cos ., SIN®

One can obtain the equation

B*+CB+C, =0

1 :arctan[—%(q —«/C12—4C2)}, iy<m/2
2 :arctan[—%(q +«/C]2—4C2)}, iy>m/2

whence it readily follows

|'@

t\.)|'@ &)

SpaceOps-2025, 1D # 53 Page 15 of 19



Copyright 18" International Conference on Space Operations, Montreal, Canada, 26 - 30 May 2025.
by the Canadian Space Agency (CSA) on behalf of SpaceOps. All rights reserved

Let us determine the radius of the pericentre ¥, via the following method [71]:

COS Y, (sinm cos 3 cos , +Cos® sin xl) —sin , sinw sin 3
r, =7 |siny, (sinm cos 3 cos ¥, +cos® sin xl) +siny, sinw sin 3 |,
COS ¥, COST —sin® cos 3 sin y,

where 3, = y,, E:X2+Tc /2.
The longitude of the ascending node is as follows:

sin y, cos 3 +sin 3 sin y, cos ¥,

tan Q) = —— - - .
sin 3 sin y, sin, —cos , COS ¥,

Obviously, the obtained value can be within the range:
0<Q,<2n.
Argument of periapsis:
Let us define the vector of orbit nodes:
. T
k=[cosQ, sinQ; 0].

Let us introduce a variable:

1
P = B .
: \/1 —cos’ y,sin’ B
After the transformations, we obtain:
r k . . .
cos®, =—— = p, (siny, sinw +cosf cos y, siny, ).
v

Obviously, on the basis of the geometry of the problem, the argument of the pericentre will be bounded and will

be within the following limits:

%, +@ <o, <arccos(v, /v, k)+® .
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