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Abstract: Propellantless propulsion systems, such as the well-known photonic solar sails that provide
thrust by exploiting the solar radiation pressure, theoretically allow for extremely complex space
missions that require a high value of velocity variation to be carried out. Such challenging space
missions typically need the application of continuous thrust for a very long period of time, compared
to the classic operational life of a space vehicle equipped with a more conventional propulsion system
as, for example, an electric thruster. In this context, an interesting application of this propellantless
thruster consists of using the solar sail-induced acceleration to artificially precess the apse line of
a planetocentric elliptic orbit. This specific mission application was thoroughly investigated about
twenty years ago in the context of the GeoSail Technology Reference Study, which analyzed the
potential use of a spacecraft equipped with a small solar sail to perform an in situ study of the
Earth’s upper magnetosphere. Taking inspiration from the GeoSail concept, this study analyzes
the performance of a solar sail-based spacecraft in (artificially) precessing the apse line of a high
elliptic orbit around Venus with the aim of exploring the planet’s induced magnetotail. In particular,
during flight, the solar sail orientation is assumed to be Sun-facing, and the required thruster’s
performance is evaluated as a function of the elliptic orbit’s characteristics by using both a simplified
mathematical model of the spacecraft’s planetocentric dynamics and an approximate analytical
approach. Numerical results show that a medium-low-performance sail is able to artificially precess
the apse line of a Venus-centered orbit in order to ensure the long-term sensing of the planet’s
induced magnetotail.

Keywords: solar sail; Venus’s induced magnetosphere; magnetotail observation; preliminary trajec-
tory design; apse line artificial precession; GeoSail mission; non-Keplerian orbits

1. Introduction

Since the pioneering Soviet missions of the Venera family, which were the first to
successfully enter the atmosphere of Venus and make a soft landing on the planet, or
NASA’s missions such as the Mariner 2 launched in the early 1960s and the Pioneer
Venus Orbiter launched in the late 1970s [1], and more recently, thanks to the ESA’s Venus
Express mission and the ESA /JAXA’s BepiColombo, which is currently on an interplanetary
flight to its target planet, the exploration of Venus’s induced magnetosphere and the
related magnetotail has provided useful data to better understand the complex Sun—Venus
connection, and how the solar wind interacts with the upper atmosphere of the second
Solar System’s planet [2,3]. In fact, the particular physical origin of Venus’s magnetic
field [4], which originates from the interaction of the solar wind stream of charged particles
with the ionized atoms that populate the planet’s upper atmosphere, differentiates Venus’s
magnetotail from that of magnetized planets as, for example, the Earth [5]. In this context,
the artistic impression in Figure 1 schematically describes the differences between the
induced magnetosphere of Venus (and Mars) and that of the Earth.

Over the decades, Venus has been the study object (or a flyby planet on its way
to the final target) of several interplanetary spacecraft. For example, NASA’s Pioneer
Venus Orbiter observed the central region of Venus’s magnetotail at a distance between
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8 Ry and 12 Ry [6], where Ry ~ 6052 km is Venus’s mean radius, while the ESA’s Venus
Express observed a downstream region of the magnetosphere at a distance of roughly
4 Ry, due to the high orbital inclination of that space probe with respect to the equatorial
plane of the planet [7,8]. Figure 2 shows an artistic impression of the Venus Express
spacecraft approaching the planet on its successful science mission, which ended in early
2015. More recently (i.e., in October 2020 and August 2021), the two Venus flybys of the
ESA-JAXA'’s BepiColombo spacecraft provided new and interesting data regarding both
the physical composition of the planet’s upper atmosphere and the structure of its induced
magnetosphere [9,10].

Figure 1. Artistic impression of the magnetosphere of Venus (top part of the figure), Earth (middle part),
and Mars (bottom part). The topology of the induced magnetosphere of Venus and Mars is substan-
tially different from that of the Earth, whose internal magnetic field interacts with the solar wind
charged particles. Image: European Space Agency (ESA).

Figure 2. Artistic impression of the ESA’s Venus Express orbiting around the second planet of the Solar
System. Using the installed onboard magnetometer and low-energy particle detector, the spacecraft
observed Venus’s magnetotail on 15 May 2006 at a distance of about 1.5 planet’s radii downstream of
Venus. Image: ESA—D. Ducros.

To date, however, a systematic and in situ exploration of Venus’s comet-like induced
magnetotail has not been performed. In fact, a continued and long-term probing of the phys-
ical characteristics of the trailing part of a magnetosphere usually requires a continuous-
thrust propulsion system, which is able to change the orientation of a suitable elliptic
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(planetocentric) orbit whose apocytherion lies inside the planet’s magnetotail. Conse-
quently, the continuous and prolonged application of propulsive acceleration indicates that
this type of mission requires a considerable velocity change, which, in turn, makes them
difficult to achieve using a conventional thruster whose capabilities are constrained by the
mass of storable propellant on board.

A possible solution, in this respect, is offered by a propellantless propulsion system.
In fact, propellantless thrusters, such as the well-known photonic solar sails [11-13], the ex-
otic Magnetic Sails proposed by Zubrin and Andrews in the early 1990s [14,15], the more
recent Electric Solar Wind Sails invented by Janhunen in 2004 [16-18], or the advanced
Solar Wind Ion Focusing Thrusters (SWIFTs) recently proposed by Gemmer et al. [19-21],
theoretically allow for extremely complex space missions that require a very high value in
terms of the velocity change [22,23]. In this specific case, keeping in mind that the spacecraft
flies (and, therefore, the propellantless thruster operates) inside the planet’s magnetosphere,
the only possible option among those just indicated consists of the use of a photonic solar
sail [24].

For this reason, the use of a small (reflective) solar sail as the primary propulsion
system was proposed roughly 20 years ago during the preliminary design of the GeoSail
mission concept [25], the aim of which was to create a geocentric orbit capable of enabling
the in situ sensing of the Earth’s upper magnetosphere. To this end, it was proposed to
use the propulsive acceleration induced by the reflective solar sail to achieve an artificial
precession of the apsidal line of an assigned (elliptic) geocentric orbit, so as to maintain the
apogee within the Earth’s magnetotail over time. In this context, thanks to the pioneering
studies of Mclnnes et al. [26], it was demonstrated that such artificial precession could
be achieved using a low-performance reflective solar sail with a substantially constant
attitude with respect to the direction of propagation of the solar rays [27,28]. This inter-
esting result was then subsequently refined by the author using an optimized guidance
law [29,30] or a suitable on/off control strategy [31], which allows the mission concept to
be extended to smart dust with an electrochromic control device. More recently, as a valid
alternative to the classical reflective sails, solar sails with advanced metamaterial films
have been proposed. This is, for example, the case of the so-called refractive sails [32-34],
or the interesting diffractive sails whose performance has been thoroughly investigated by
Swartzlander et al. [35-38]. The interesting aspect of a diffractive or a refractive sail is the
possibility of generating a transverse component of the propulsive acceleration even with
a Sun-facing orientation, that is, an orientation in which the direction of the solar rays is
perpendicular to the nominal plane of the thin sail membrane [39,40]. Such a Sun-facing at-
titude can be maintained passively through a suitable design of the sail’s external structure,
i.e., by providing a slightly conical form with the apex directed to the Sun [41].

Taking inspiration from the GeoSail concept, and leaving the study of the performance
of diffractive or refractive sails to future works, this study analyzes the performance of a
reflective solar sail-based spacecraft in (artificially) precessing the apse line of a high-elliptic
orbit around Venus with the aim of exploring the planet’s induced magnetotail. In particu-
lar, the solar sail-induced propulsive acceleration vector allows a scientific probe to obtain
long-term residence within the induced magnetotail of the planet. The mission concept is
schematized in Figure 3, which shows how the apse line of the spacecraft’s planetocentric
orbit remains substantially aligned with the Sun—Venus direction during the flight. In par-
ticular, Figure 3 indicates that the plane P of the spacecraft’s science (planetocentric) orbit
coincides with the plane of the heliocentric orbit of Venus. Bearing in mind that the axial tilt
of Venus is roughly 177 deg, one can infer that P substantially coincides with the equatorial
plane of the planet. Note that, in Figure 3, the orbit of Venus around the Sun is assumed to
be circular with a radius rgy =~ 0.7233 AU so that the planet moves in its heliocentric orbit

with a constant angular velocity equal to y/ps/r3, ~ 1.6 deg/day, where jig is the Sun’s
gravitational parameter.
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Figure 3. Conceptual scheme of a GeoSail-type mission scenario applied to a Venus-centered case.
The solar sail-induced thrust rotates the apse line of the spacecraft (elliptic) science orbit in order
to maintain the apocytherion inside Venus’s induced magnetotail. The spacecraft and Venus move
around the Sun along the same plane P. The artificial precession of the apse line can be maintained,
theoretically, for a very long period of time.

In this study, the orientation of the reflective solar sail with respect to a classical
orbital reference frame is assumed to be fixed. In particular, a Sun-facing configuration is
assumed, while the required propulsion system’s performance is evaluated as a function
of the characteristics of the elliptic science orbit, that is, the value of the pericytherion
radius r, and the apocytherion radius r, > rp [42,43]. In this context, as discussed in
detail in Section 2, the required thruster performance parameters (in terms of the value
of the reference, characteristic, and propulsive acceleration magnitude) are obtained by
using both a simplified mathematical model of the spacecraft’s planetocentric dynamics
and a semi-analytical approach, which allows the reference propulsive acceleration to be
easily written, in a closed compact form, as a function of r, and 7,. The numerical results
illustrated in Section 3 show that a medium-low-performance sail is able to artificially
precess the apse line of a medium-high-elliptic orbit around Venus, in order to ensure
the long-term sensing of the planet’s induced magnetotail. The performance analysis in
Section 3 is conducted parametrically using the two geometric terms {r,, 7;} as design
parameters, while a set of curves is obtained to quickly determine the required value of
the sail-induced (reference) propulsive acceleration magnitude. The last part of Section 3
briefly describes the analysis of the effects of the eclipse period on the mission performance,
by using a simplified (cylindrical) model of the Venus-induced shadow. Finally, as usual,
the last section includes the conclusions of this study.
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2. Mission Description and Simplified Mathematical Model

In this section, the dynamics of the solar sail-based spacecraft in its motion around
Venus are described using the simplified approach proposed by McInnes et al. [26]. More
precisely, assuming a two-dimensional scenario in which the spacecraft and Venus move
around the Sun along the same plane P introduced in the previous section, the solar sail
dynamics along the planetocentric, elliptic, science orbit is described by the following four
simplified Lagrange planetary equations (in Gaussian form) [44]:

% = ;W(zlprZe2)2 [upre sinv + %} (1)
% = ;‘2/ [ap, sinv + ap, (Cosv+ rcos;/)Jrerﬂ (2)
% = y:/ze {—up, CosV + ay, sinv(l + ;)} 3)
%: J%{l+ﬂi€ [ap, CosV — ap, sinv (14—;)}} (4)

which are consistent with the set of equations used in Ref. [31], where uy is Venus’s
gravitational parameter, while

2 P
p=e(1-2) = e ®

In particular, Equations (1)—(4) give the variation with the true anomaly v € [0, 277] rad
of the spacecraft’s osculating orbit semimajor axis a > 0, eccentricity e € (0, 1), time t > 0 of
passage from the pericytherion, and argument of pericytherion w € [0, 27t] rad. The latter
is measured counterclockwise from a fixed direction, which coincides with the Venus-Sun
line at the initial time ¢ = 0. In Equations (1)—(4), the term r is the Venus—spacecraft distance,
while ay, (or ap,) is the radial (or transverse) component of the solar sail-induced propulsive
acceleration vector a,. In particular, the radial component of vector a,, is directed along
the Venus-spacecraft line, while the transverse component a, is positive when a, - v > 0,
where v is the spacecraft’s velocity vector in its motion around Venus.

The four first-order differential Equations (1)—(4) are completed by four initial condi-
tions, that is, four scalar conditions at the initial true anomaly v = vy £ 0. In this context,
without losing generality, we assume that, initially, the science orbit apse line is aligned with
the Venus-Sun direction, so that the initial value of w is zero; this situation is illustrated
in Figure 4, where the pericytherion radius rp, the apocytherion radius r;, and the mean
radius of Venus Ry are indicated. Accordingly, the four initial conditions are as follows:

T +r Yo — 71
a(vg) = = > pre(Vo)IraJrrp,w(Vo):O, t(vo) =0 (6)
atTp

The spacecraft equations of motion and the initial conditions given by the previous
equation are more conveniently rewritten in a dimensionless form by introducing the
following (dimensionless) terms:

A [7’ /r/a/prr] ~ 5 5 [a 0 ]
[rp,ra,ﬂ,p,r} = % s t=t % ’ [ap,/apt] = prr 7Pt (7)

uy/ry
with
a(1—e?)

7:
1+ecosv
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In the remainder of the paper, the dimensionless version of a generic variable will be
indicated with the tilde superscript.

oy
T, 7
solar sail-based
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apse line
/ b o
apocytherion pericytherion Sun

Figure 4. Scheme of the solar sail-based spacecraft’s science orbit around Venus, in which the initial
direction of the planetocentric orbit apse line coincides with the Venus-Sun line. In particular, initially,
the Sun belongs to the positive direction of the first axis of a classical perifocal reference frame.
The Sun-Venus distance rgy is a constant of motion, and its value is high enough to assume that the
Sun rays arrive parallel to the solar sail-based spacecraft.

According to Equation (7), the dimensionless version of the spacecraft’s equations of
motion is as follows:

da  2p# [ . p, p

dv (1) {a”’e SV ©
de 2| . 5 ¥ cosv+er

g, =7 |Ap sinv+ap, cosv+ — 5 (10)
dw 72 . 7

i {—ap, oSV + dp, smv(l + f’)} (11)

d—f— P 1+ﬁd cosV — i, sinv |1+
dv P e | P pe

while the initial conditions given by Equation (6) become

"31‘ ~t

e

7g+7p _ _ - _
5 e(vy) = T, w(vg) =0, F(vg) =0 (13)

a(vo) =

2.1. Solar Sail Thrust Components with Sun-Facing Orientation

To complete the Cauchy problem given by Equations (9)-(13), it is necessary to assign
the control law that provides the variation with the true anomaly v of the two components
{ap,,ap,} of the dimensionless propulsive acceleration vector a, given by the solar sail.
In this respect, taking into account the numerical results of Ref. [26], we consider a fixed
orientation of the solar sail nominal plane (i.e., the plane of the thin reflective membrane
when sail billowing is neglected) with respect to the Sun-spacecraft line during the entire
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flight along the science orbit. In this context, paralleling the procedure described in
Ref. [31], we assume that the solar sail’s orientation is Sun-facing, that is, the sail nominal
plane is perpendicular to the Sun—spacecraft line at any time instant [26]. This situation
is schematized in Figure 5, which also shows the two dimensionless components (i.e.,
the radial and transverse components) of the propulsive acceleration vector a, in a generic
point of the spacecraft’s science orbit.

radial direction

solar sail-based

Z . / spacecraft
a r

to the Sun

apse line

/

\\

pericytherion

science orbit

Figure 5. Sketch of a Sun-facing solar sail in a Venus-centered mission scenario in which the direction
of the incoming Sun rays is coincident with the elliptic orbit apse line. Note that the Sun belongs
to the apse line of the science orbit at a distance approximately equal to rgy, which is considered a
constant of motion.

In this case, bearing in mind that during the flight, the Sun—spacecraft distance is
substantially constant and equal to rsy, neglecting the eclipse period experienced during
the flight, and observing that the direction of the sun rays is parallel to the science orbit
apse line (recall that the Sun belongs to that line; see the scheme in Figure 4), one has the
following expressions of the two components {a,,, dp, }:

; 2
dp, = —dc (T’SSIE;) cosv (14)
; 2
dp, = dc <r555) sinv (15)

where rgg 2 1 AU is a reference distance that coincides with the Sun—Earth mean distance,
and 4. £ a./ (nv/ R%,) is the dimensionless version of the sail characteristic acceleration a.,
which is the typical performance parameter in the trajectory design of a solar sail-based
space vehicle when the optical degradation of the reflective film is neglected [45]. Note
that Equations (14) and (15) indicate the effect of the solar radiation pressure (i.e., the
thrust vector induced by the solar sail) on the motion of the spacecraft around the planet,
according to the typical results in the literature. In particular, recall that a, is defined [46,47]
as the maximum value of the magnitude of the solar sail-induced propulsive acceleration
vector when the distance from the Sun is equal to rsg. Note that, given the same sail
design characteristics (as, for example, the sail area, the mass breakdown, and the reflective
film performance), the use of a solar sail propulsion system in a Venus-centered mission
scenario allows for an increase of (rgg/ rsv)z =1/0.7233? ~ 1.91 the maximum magnitude
of the propulsive acceleration vector compared to the case of an Earth-centered application.
However, in a Venus-centered scenario, the solar sail must be able to rotate the science
orbit apse line faster than in a classical Earth-centered scenario. In fact, in a Venus case,
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the apse line should be rotated about 1.6 deg/day to maintain the apocytherion inside the
planet’s induced magnetotail (recall that the orbital period of Venus is roughly 225 days, so
360/225 = 1.6 deg/day), while in a geocentric case, the required rotation rate is slightly
less than 1 deg/day.

The effects on the spacecraft’s planetocentric dynamics of the simplified control law
given by Equations (14) and (15), which are shown in Figure 6, have been accurately
studied in Ref. [26]. In particular, McInnes et al. [26] indicated that the simple control law
(14) and (15) allowed the authors to obtain an averaged value equal to zero regarding both
the semimajor axis and the eccentricity over a complete revolution of the spacecraft around
the planet. This result can be easily obtained by substituting Equations (8), (14), and (15)
into Equations (9) and (10) and observing that di@/dv and de/dv are odd functions of the
true anomaly. On the other hand, that proposed control law gives a non-zero net variation
(over a single revolution around the planet) considering the argument of pericytherion w.
Therefore, this specific characteristic of the simple control law given by Equations (14) and
(15) can be used to obtain a (target) value of w, which allows the science orbit apse line to
be aligned again with the Venus—spacecraft direction at the end of the generic revolution
around the planet.

0 60 120 180 240 300 360

v [deg]
Figure 6. Variation of the dimensionless components of the solar sail-induced propulsive acceleration
vector with the spacecraft true anomaly v, according to Equations (14) and (15).

Bearing in mind that the initial value of w is zero and observing that the azimuthal
angle A traveled by Venus’s center of mass along its heliocentric (circular) orbit in a time

interval At is simply A = At /s /73, the following final condition is derived at the true

anomaly v = vy £ 27 rad:

/ - Ry’
w(vf) =Aw = tf :é—i = tf (;t) (7’5‘1//) (16)

where f¢ = t(vy) is the time instant at the end of the spacecraft revolution around the planet,
and Equation (7) is used to express the dimensionless version of the flight time. In fact,
recall that the final values of both i and ¢, i.e., the values at the end of the revolution around
the planet, correspond to their initial value [26]. In other terms, for a given value of the
dimensionless pair {?p, 74}, which defines the characteristics of the planetocentric science
orbit, the scalar constraint given by Equation (16) can be reached by selecting a suitable
value of the (dimensionless) sail characteristic acceleration 4.. In this respect, the required
value of 4, can be obtained through a simple numerical procedure described in Section 3,
where the Cauchy problem is transformed to a sort of root-finding problem, which is then
solved using a standard numerical procedure.
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However, the specific characteristics of the spacecraft’s planetocentric dynamics and
the simple form of the proposed control law given by Equations (14) and (15), allow
the designer to obtain a rapid estimate of the required (dimensionless) sail characteristic
acceleration 4. by using an approximate, elegant, analytical approach. This simplified
mathematical model is illustrated in the next subsection.

2.2. Performance Approximation through a Simple Analytical Approach

This section illustrates an analytical procedure to obtain an accurate approximation of
the value of the dimensionless characteristic acceleration required to reach the desired rota-
tion Aw of the science orbit apse line; see the scalar constraint described by Equation (16).

The analytical procedure is based on the assumption that, during the generic revolution
of the spacecraft around Venus, the values of a4 and e remain sufficiently close to the
assigned ap and ey, respectively. In fact, the specific form of the control law given by
Equations (14) and (15) allows the semimajor axis and the eccentricity of the osculating
orbit to return to their initial values at the end of the spacecraft’s revolution around the
planet. Bearing in mind Equations (8), (14) and (15), when the conditions 4 ~ dy and e ~ e
are enforced in Equation (11), the result is as follows:

2 22 2\2
dwﬁﬁc <r55) a5(1—e5)” 2+ep cosv — cos?v 17)

dv rsv €o (1+ ey cosv)®
The previous equation can be easily integrated into the interval v € [0, 27 rad to

obtain an analytical approximation of Aw, that is, the variation in the argument of peri-
cytherion during a single spacecraft’s revolution around Venus. In this case, one has the

following:
242, /1—¢2
mu:3nm(“*>°° (18)
rsy €0

which is, indeed, a linear function of the sail performance parameter .. Observing that ff
is approximated by the (dimensionless) orbital period of the science orbit, viz.,

o [a (19)

from Equations (16), (18), and (19), one easily obtains the analytical approximation of the
required (dimensionless) characteristic acceleration as follows:

R 3
P S

dc

~ . ~ (9324 x1075) ——0 (20)
TSENT 12 do (1~ ¢f)
: (Tsv> % (1)

The dimensional value of the required characteristic acceleration a., in mm/ 2, is then
obtained from the previous equation as follows:

ac~0827—————  (in mm/s?) (21)

Note that the denominator of Equations (20) and (21) coincides with the square root
of the dimensionless semilatus rectum of the (elliptic) science orbit. The expression of
d. (or equivalently that of a.) given by Equation (20) can be used to quickly estimate the
required sail performance as a function of the characteristics of the spacecraft’s science
orbit around Venus. The accuracy of the proposed approximate model is investigated in
the next section.
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3. Numerical Simulations and Results

The mathematical model described in the previous section is employed to determine
the required solar sail propulsive performance in a reference mission scenario. In this
respect, the characteristics of the science orbit described in Ref. [48] are used as a potential
case study. In particular, Albers et al. [48] considered an elliptic (science) orbit around
Venus with a pericytherion radius 7, = 1.3Ry and an apocytherion radius 7, = 6Ry, so the
dimensionless (reference) initial values of the semimajor axis y and the eccentricity ¢y are

as follows:
1.3+6 6—13

I e

According to Equation (21), the approximate value of the solar sail dimensionless charac-
teristic acceleration required to obtain the desired rotation of the apse line is 4. ~ 4.106 x 1075,
which corresponds to a dimensional value a, ~ 0.363 mm/s?. For example, NASA's pro-
posed Solar Cruiser mission [49] was planned to employ a solar sail-propelled spacecraft
with a characteristic acceleration of about 0.12 mm /s?.

Such a value of 4. is used to initialize a numerical procedure through which the
actual value of the characteristic acceleration is determined using a routine based on
the classical shooting method [50]. In particular, the procedure involves the numerical
integration of Equations (9)—(12) with the initial conditions (13) in the range v € [0, 27| rad,
by using a PECE solver with an absolute and relative tolerance of 10~!2. The output of the
numerical procedure gives the actual value of the dimensionless characteristic acceleration
dc =~ 4.09 x 105, which corresponds to a. ~ 0.3628 mm/s?. The numerical results indicate
that the analytical approximation given by Equation (20) allows the actual value of 4. to be
accurately estimated.

The numerical solution (i.e., the numerical integration) of the Cauchy problem with the
right value of 4. also gives the v-variation in the spacecraft’s osculating orbit characteristics.
In this context, Figure 7 shows the variation in v considering the argument of pericytherion
w during the spacecraft’s revolution around Venus (the black line). The same graph also
indicates, as shown with the red dashed line, the angle of rotation of the Sun—Venus line

iy = ~ 0.644 (22)

given by the product /s /r3,,. Note how the two lines coincide both at the beginning (by
construction) and at the end (as required) of the spacecraft’s revolution around the planet.

0.7
0.6
05}
@ 04r
=,
3 031

0.21

0 60 120 180 240 300 360

v [deg]
Figure 7. Variation of w with v obtained by the numerical integration of the Lagrange planetary
equations (black line), when r, = 1.3 Ry, r, = 6 Ry, and a, ~ 0.363mm/ s2. The red dashed line
indicates the rotation of the Venus—-Sun line during the spacecraft’s revolution around the planet.
Note how the black and red dashed lines overlap when v = 27 rad.

Finally, the v-variation considering the dimensionless semimajor axis and the eccen-
tricity is reported in Figure 8, where one can observe that both @ and e (1) remain close
to the reference value {7, ey} during the entire flight and (2) return to their initial values
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at the end of the revolution around Venus. This aspect confirms the effectiveness of the
simple (Sun-facing) solar sail control law given by Equations (14) and (15) and the validity
of the hypotheses underlying the approximate expression of d. given by Equation (20).

1.005

1.004 |

S 1.003 |
~

'S 1.002 F

1.001 |

1

0 60 120 180 240 300 360
v [deg]

1.0004

e/eg

1.0002

0 60 120 180 240 300 360
v [deg]
Figure 8. Variation of the dimensionless semimajor axis and the eccentricity with v, as obtained by

the numerical integration of Lagrange planetary equations (in Gaussian form), when r, = 1.3 Ry,
ta = 6 Ry, and a. ~ 0.363 mm /s%.

Finally, the numerical procedure was used to perform a parametric study of the
variation in the required (dimensional) characteristic acceleration a. with the value of the
pericytherion and apocytherion radii. The results are shown in Figure 9 when 7, € [1.3, 5.2]
and 7, € [6,24]. Note that the condition {7,,7,} = {5.2, 24} corresponds to a 400%
increase in the reference values assumed in Ref. [48]. Figure 9b indicates that a suitable
rotation of the science orbit apse line can be obtained with a medium-low-performance
solar sail. For example, the pairs {7y, 7, }, which give a required characteristic acceleration
ac. € {0.1,0.15,0.2} mm/s?, are shown in Figure 10.
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Figure 9. Parametric study of the required solar sail characteristic acceleration a. as a function of
the pericytherion 7, and apocytherion 7; dimensionless radii: (a) surface plot of ac = ac(7y,7a);
(b) contour plot of ac = ac(7p, 7a).
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Figure 10. Dimensionless apocytherion radius 7; as a function of the dimensionless pericytherion
radius 7, when the solar sail required characteristic acceleration is a. € {0.1,0.15,0.2} mm/ 2.

Effects of the Eclipse Period

In this last part of the section, we analyze the effect of the presence of an eclipse period
on mission performance during the revolution of the solar sail-based spacecraft around
Venus. In particular, we use a simplified cylindrical model for the shadow induced by the
planet, as schematized in Figure 11, which neglects the presence of penumbra zones [51].

k_\

eclipse

zone Ny

C ....... se—

Venus

shadow

S

Figure 11. Schematic concept of the (simplified) cylindrical shadow model, which was used to
determine the solar sail’s required performance in the presence of a period of eclipse.

During the eclipse period, that is, when the spacecraft covers the orange arc near the
apocytherion shown in Figure 11, the propulsive acceleration due to the solar sail is zero,
and the vehicle’s motion is substantially Keplerian. This corresponds to setting d,, = 0
and dp, = 0 in the equations of motion when the eclipse condition occurs. In this case,
the numerical procedure used to find the required value of the characteristic acceleration
yields the results summarized in Figure 12. As expected, the presence of an eclipse period
during the flight increases the required value of the characteristic acceleration compared to
the ideal case of full illumination during the orbit, for a given pair {7y, 7, }. For example,
considering again the characteristics of the science orbit indicated in Ref. [48], one has
a. ~ 0.42 mm/s? when the shadowing effects are considered in the simulation, while the
value of the characteristic acceleration is roughly 0.363 mm/s? in the ideal (full-illumination)
case. In that case, the v-variation of angle w is shown in Figure 13, in which one can observe
the presence of a coasting arc (i.e., the horizontal flat segment) near the apocytherion point
of the nominal science orbit.
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Figure 12. The required solar sail’s characteristic acceleration a. as a function of the pericytherion 7,
and apocytherion 7, dimensionless radii in the presence of a period of eclipse: (a) contour plot of
ac = ac(Fp,74); (b) case of a. € {0.1,0.15,0.2} mm/s2.
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Figure 13. Function w = w(v), in the presence of a period of eclipse, when rp = 1.3 Ry, rs = 6Ry,
and 4. ~ 0.42mm/s?. The black line indicates the output of an orbit simulator, while the red dashed
line indicates the rotation of the Venus-Sun line during the spacecraft revolution around the planet.

4. Conclusions

The literature results indicate that a low-performance photonic solar sail is able to
rotate the apse line of a geocentric elliptic orbit to obtain the continuous monitoring
of the Earth’s magnetotail. This study extends that interesting result to a Venus-based
mission scenario by considering a simple guidance law in which the sail nominal plane is
perpendicular to the direction of the incoming sun rays. The mathematical model proposed
in this work allows the required solar sail performance to be evaluated with a simple
numerical procedure, while an analytical (approximate) equation was obtained for a quick
estimation of the sail’s characteristic acceleration as a function of the elements of the desired
planetocentric (science) orbit. Numerical simulations indicate that the presence of an eclipse
period slightly increases the value of the required characteristic acceleration compared to
the ideal case of full illumination during flight. In this regard, an interesting extension of
this work could be to consider an optimal control law (which can be even combined with
the employment of a diffractive or a refractive membrane film) that considers variations in
the sail attitude during flight, in order to reduce the performance degradation due to the
presence of the period of eclipse.



Appl. Sci. 2024, 14, 8016 14 of 16

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in the study are included in the
article; further inquiries can be directed to the corresponding author.

Conflicts of Interest: The author declares no conflicts of interest.

Notation

a osculating orbit semimajor axis [km]

ac characteristic acceleration [mm/s?]

ap, radial component of the propulsive acceleration vector [mm /s?]
Ap, transverse component of the propulsive acceleration vector [mm/s?]
e osculating orbit eccentricity

p semilatus rectum [km]

Ry Venus’s mean radius [km]

r Venus-spacecraft distance [km]

Ta apocytherion radius [km]

p pericytherion radius [km]

TSE reference distance [1 au]

rsy Sun-Venus distance [au]

t time [hours]

uy Venus's gravitational parameter [km3/s?]

Us Sun’s gravitational parameter [km3/s?]

v true anomaly [rad]

w osculating orbit apse line rotation angle [rad]
Subscripts

0 initial, parking orbit

f final

Superscripts

~ dimensionless version
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