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Abstract

To assess various methods for relocating a fictional satellite from a
geosynchronous transfer orbit (GTO) to a lunar orbit, this research project was
conducted. The primary objective of the study was to determine the most time and
cost-effective technique, while also considering the influence of perturbations and
other possible variables on orbital mechanics analysis. Three different approaches
were examined, involving the transfer of the satellite in one, two, or three separate
rounds. The development of algorithms for this investigation relied on MATLAB
orbital mechanics software, and careful consideration was given to factors such as
delta-v, mission duration, spacecraft mass, and potential perturbations throughout
the course of the transfer.
For each mission's requirements, the study discovered that every technique had its
own set of benefits and drawbacks. The least time-consuming and the easiest way
was the first technique, despite using up the largest amount of propellant. The
second technique might find a middle ground between propellant usage and mission
time. Even though it took longer, the third technique consumed less propellant than
the first two techniques. The fourth technique proved advantageous in terms of
propellant usage and mission time. Factors such as atmospheric drag, perturbations
from other celestial bodies, and solar radiation pressure can affect the spacecraft's
trajectory and require additional analysis to ensure the success of the mission. The
study also emphasized the impact of these perturbations on the spacecraft's path,
potentially necessitating course corrections and increasing propellant usage. The
most pronounced effects on the orbital elements were discovered to stem from the
Earth's oblateness, primarily impacting perigee and apogee.
Providing insights into various mission requirements and perturbations, this study
revealed the most efficient technique for transferring a satellite from the
geosynchronous transfer orbit (GTO) to the lunar orbit.
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1. Introduction

For centuries, humanity has been entranced by the vast and mysterious domain referred to
as space, following the Earth's sprawling existence. While plumbing the depths of this realm,
we have constantly been allured by the moon, which is situated close to our home planet. Our
journey across the cosmos has provided us with a precious cache of information, including
crucial data, precious samples, and priceless viewpoints. Of the lunar sphere and the celestial
system at large, which have come to be better understood through this vast adventure [1, 2].
Our desire to understand the cosmos, solve universal mysteries, and comprehend the
fundamentals of life spurs us forward. In fact, we may have made significant socio-economic
gains and fueled high-tech industry growth thanks to new techniques and scientific
advancements born from lunar exploration [3, 4]. Scientists gain a better understanding of the
universe by observing celestial bodies, like the moon, and can explore various scientific
questions [1]. The moon provides a fascinating source of much-needed resources that are
difficult to procure on the Earth [5, 6]. Abundant compounds on the moon such as alumina,
iron, titanium, magnesium, and silica suggest a generous supply of oxygen. Water is another
essential resource located in deep craters near the poles of the moon [7, 8]. These icy water
deposits have the potential to be valuable for future human colonies. Through nuclear fusion,
the precious element helium 3, discovered in the moon, could be utilized as an efficient and
clean energy source, according to researchers [9, 10, 11]. The moon's long day, stretching for
two continuous weeks, also makes it an ideal location for solar energy generation [12, 13, 14].
The mission from the geosynchronous transfer orbit (GTO) to the lunar orbit can be
accomplished in various ways; here we use three popular methods that stand out:
1. Direct transfer from the geosynchronous transfer orbit (GTO) to the lunar orbit. This
method involves firing the spacecraft's engine once to leave GTO and head straight for the
moon. It's fast but expensive, and the application of this method depends on the spacecraft's
capabilities and launch conditions [15, 16].
2. The Hohmann transfer is a spacecraft maneuver that requires two separate engine firings [7,
8] Initially, the spacecraft fires its engine to depart from the geosynchronous transfer orbit
(GTO) and enter a transfer orbit that intersects the Moon's orbit. Then another engine firing is
performed to achieve a lunar orbit. If the initial, and final, or target orbits do not intersect, we
need at least two momentums for inter-orbital transfer. This method is recognized for being
highly fuel-efficient [17, 18].
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3. This method involves three impulses; the bi-elliptic transfer requires the spacecraft's engine
to be fired three times. The first firing is to exit the geosynchronous transfer orbit (GTO) and
transition into a highly elliptical orbit encircling the Earth. To achieve its desired orbit, the
spacecraft undergoes multiple engine burns. The first burn raises the spacecraft's apogee, then
the second burn propels it to the same distance as the moon's orbit. Finally, a third burn
allows it to enter the lunar orbit. This method, though more intricate and requiring additional
engine burns, proves to be more efficient in terms of fuel consumption [19, 20].

Figure 1: The diagram illustrates the ways to transfer a spacecraft from a geosynchronous
transfer orbit (GTO) to the moon (a) Direct transfer (b) Hohmann transfer (c) Bi-elliptic
transfer [19].

Describing the movement of a spacecraft typically involves employing the theoretical
concept known as Keplerian motion, under the assumption that the spacecraft follows an
elliptical course around a central mass. Nonetheless, a spacecraft's actual trajectory differs due
to tiny disturbances caused by factors like the non-symmetrical shape of our planet, the
gravitational pull exerted by other celestial bodies, and the drag experienced in the
atmosphere. Considering the gravitational forces acting on the spacecraft, the perturbation
equation can be used to describe the effects of these perturbations [21, 22].

Describing the motion of a spacecraft affected by small forces that alter its orbit from the

predicted Keplerian path, the perturbation equation is expressed as follows [21, 22].
d?r GM 7
F:-r—zm"'A(r,V,t) (1)

Where:

r: position vector of the celestial body.

G: gravitational constant.

M: mass of the attracting body.

A (r, v, t): perturbing forces.

|r|: magnitude of r.

This equation is solved by the orbital elements’ calculation of position, velocity, and angular

momentum:

1- Convert the position vector r and the velocity vector v to the orbital elements, which

include the semi-major axis (a), the eccentricity (e), the inclination (i), the longitude of the

ascending node (Q), the argument of perigee (®), and the true anomaly (f) [23, 24].

2- After getting the orbital elements, calculate the angular momentum from:
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h =rxv. (2)
Where x: the cross product.
Then it can be rewritten as perturbation equation based on the orbital elements and the

angular momentum from [23, 24]:
() = - 2
dt?

>— + Aaxr + axAr 3)
a“Xxr
Where:

W: gravitational parameter.

Aa: change of the semi-major axis.

Ar: change of the position vector.
Because perturbations are complex and so large that a purely analytical solution to the
perturbation equation is not tractable, we used numerical methods. Numerical methods, like
the Runge-Kutta technique, can solve the orbital perturbation equation. This process begins
by converting the position and velocity vectors to the orbital elements, then calculating the
angular momentum, and, ultimately, writing the perturbation equation in terms of the orbital
elements and the angular momentum. With these steps, the equation can be solved with easier
and more reliable accuracy [25, 26, 27, 28].

Previous research and studies focused on two sections: the first was lunar mission strategies,
and the second was the effects of disturbances on spacecraft paths. Rogan Shimmin (2013)
studied the potential of using low-thrust propulsion for lunar missions by optimal trajectory
design [29], while Richard Epenoy and Daniel Pérez-Palau (2019) designed low-energy
transfer orbits between the geostationary orbit and the moon [30]. Similarly, Lorenzo
Casalino and Gregory Lantoine (2020) analyzed lunar mission trajectories using the gravity
assists of the Earth and the moon to reduce propellant use [31]. Also, in 2018, Mohammed A.
Yousif and Abdul-Rahman H. Saleh study was concerned with the evaluation of orbital
maneuvers for transitioning from low Earth’s orbit to geostationary Earth’s orbit using
numerical simulations [18].

As for the perturbations, researchers have studied perturbations and their impact on
mission trajectories, such as the study by Anas Salaman Taha (2002) which investigated
disruptions of satellites, which was a disorder affecting the orbits of low-lying satellites [10].
Meanwhile, Prado (2002) investigated the disruptions in lunar satellites' orbits caused by the
moon's gravitational field [32]. Al-Ali (2011) computed the perturbation effects on orbital
elements of the moon, which computed the perturbations, including atmospheric drag, non-
spherical earth, solar radiation pressure, and a third-body attraction. These perturbations
disrupted an object's orbit and were also found to cause changes in the moon's orbital
elements with time [33]. In 2016, Taif A. Damin and Abdulrahman H. Salih investigated the
solar attraction effect on orbital elements of the moon [6]. Abdul-Rahman H. Salih et al.
(2019) calculated the effects of the sun, the moon, and satellite position on the perturbation
forces of the low retrograde orbits [34]. Meanwhile, Fouad M. Abdulla et al. (2016) described
the orbital elements variation of the moon through 2000-2100 [35]. Finally, Farid M. Mahdi
et al. (2020) studied the determination and evaluation of the orbital transition methods
between two elliptical earth orbits [12]

2. Methods:

These equations are used in algorithms for the transfer methods used in this study [34, 36,

37]: -

_ T'p+ Ta

) (4)

a

Where:

a: semi-major axis of the elliptical orbit.
7, perigee distance.

1,. apogee distance.

1341



ALnidawi and Saleh Iragi Journal of Science, 2025, Vol. 66, No. 3, pp: 1338-1352

n= |5 (5)

Where:
n: Mean motion.
u: the gravitational parameter of the Earth.

T=22 (6)
T: period of the spacecraft.
e= (Ta - Tp) (7)
2a
Where:
e: eccentricity.
_ 2 1
V= / N (8)
Where:
V,: velocity at perigee.
_W: o
E=5 % (9)
Where:
E: the energy of the body in its orbit.
_ 2 1
Vo= [H-—3 (10)
Where:
V,: the Velocity spacecraft at apogee.
DeltaV =./(2 (E2 — E1)) (11)
Where:

E2: the orbital energies of the final orbit.
E1: the orbital energies of the initial orbit.
The total change in orbital energy (AEtwta) can be calculated as follows:

a1y (12)

aptag

- U
AErotal = - X (
2xay

Where:
a,: semi-major axis of the initial orbit.
a,: semi-major axis of the final orbit.

2aq

— 1): the ratio of the velocity at apogee of the final orbit to the velocity at perigee of
D a

the initial orbit [6, 31, 33, 37, 38, 39]
A negative sign: the burn is retrograde [40, 41, 42, 43, 44, 45]

The total change in specific orbital energy for a Hohmann transfer at perigee between two
elliptical orbits with the same perigee and different apogee, where the change in specific
energy during each burn is calculated using the velocity at the transfer perigee and the transfer
perigee radius. The total change in specific orbital energy is then the sum of the specific
energy changes during each burn [40, 46]:

- The change in energy at the first burn can be calculated [40, 46]:
2
AE = 22 2 (13)

2 p

Where:
v,1: the velocity at the first transfer perigee.
1, - the first transfer perigee radius.
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The change in energy at the second burn can be calculated [40, 47]:
2

AE, = 22— - (14)
Where:
vpf velocity at second transfer perigee.
7, : second transfer perigee radius.
The total change in orbital energy (AEtwta) given by [40, 48]:

AEtota = AE1 + AE2 (15)
The total change in orbital energy for a bi-elliptical transition at the perigee can be calculated
using formulas [33, 40, 49]:

AEtow = AE1 + AEz + AE; (16)

AE; = VP;Z % (17)
2

Ep =2 ip (18)

AE3 = % - % (19)

3. Results and Discussion

According to previous space missions, there are known and approved methods for
transporting any satellite or spacecraft to outer space, specifically the moon. Therefore, in this
study, we developed four techniques that help reduce the time and energy consumed for such
trips. These techniques use different internationally approved methods to transport a
spacecraft or satellite into space, where the first technique uses direct transfer, while the
second and third techniques use Hohmann transfer. Finally, the fourth technique uses bi-
elliptical transfer. In this study, we will analyze each technique by showing its negatives and
positives, and compare them to achieve the goal of this study, which is to obtain the best
technique to transfer a virtual satellite from a geosynchronous transition orbit (GTO) to a
lunar orbit with the least time and energy consumption, then study the effect of perturbations
on these techniques to determine the conditions of Truth facing satellite mission.

The results and suggestions obtained from this study will facilitate future space missions,
as it examines the most critical problem facing space mission designers, which is the long
mission time, in addition to the high cost due to the energy consumed, as follows:

- The first technique:

The direct transfer method, in which the transmission takes place at one time from the
primary orbit to the target orbit. Accordingly, in the first technique that uses this method, the
satellite will be moved from the geosynchronous transitional orbit (GTO) (primary orbit) to
the lunar orbit (target orbit). The results (Table 1 and Figure 2 (a)) of this technique show the
following:

- The least time it takes to move to lunar orbit.

- The highest change of velocity (delta-V) corresponds to high energy consumption (delta-E).
Based on the above information, this technique has succeeded in solving the time problem,
but it will require high energy consumption to transfer the satellite to the orbit of the moon.
Therefore, the use of this technique will be very limited to missions whose most important
condition is time, and fuel consumption does not matter.

Advantages of this technique: little time is taken compared to other techniques.

Disadvantages of this technique: high energy consumption, which is not limited to the mission
path, but this technique will need additional modifications that require higher fuel
consumption to overcome the perturbations that may be encountered for the satellite mission.
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Table 1: Delta-V, delta-E, and the time for the first technique.

LEO to GTO GTO to Lunar orbit
Vpl Va1 Vp2 Va2 fo Vaf AViotal
The 1st (km/sec) (km/sec) (km/sec) (km/sec) (km/sec) (km/sec) (km/sec)
technique | 7.81822802 | 1.597935 | 10.716236 | 1.3930569 | 10.626822 | 0.3499362 | 0.089414
Energy - - - - - - -
(J/kg) 29.5124621 | 8.14718789 | 0.0000012 | 0.0000012 | 0.9977647 | 0.9977647 | 0.91329300
The time of
mission 0.06398785 10.28300
(day)
The time of mission total (day) is 10.346991
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Figure 2 (a)

:Changes in distance, velocity, and energy, as well as angular
momentum, are specific to the first technique.
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Figure 2: (b) The orbital elements change with perturbations for the first technique.
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- The second technique:

As for the second technique, which uses the Hohmann transfer method, that is, the
transmission takes place twice: from the primary orbit to a chosen altitude and then from the
chosen altitude to the target orbit. The mechanism adopted in this technique is that, first, the
satellite is launched from the geosynchronous transitional orbit GTO (primary orbit) to an
altitude of 120,000 km. Secondly, a second push is made to move from the height of 120,000
km to the lunar orbit (target orbit). The results are given in Table 2 and Figure 3(a): -

- More transmission time than the first technique by a small rate.

- The values of change in velocity delta-V are higher than the first technique, and therefore
the delta-E values are lower (the amount of fuel consumption is less), but it is not less than the
other two techniques.

Based on this information, the advantages of this technique are that the amount of fuel
consumption is less than that of the first technology, but it will also require fuel consumption
to escape from the gravity of the Earth at an altitude of 120,000 km, which is considered one
of its defects, as well as other defects in requiring more time to move to the required orbit,
which may not constitute a serious problem in space missions.

Table 2: Delta-V, delta-E, and the time for the second technique.

LEO to GTO GTO to Lunar orbit
Vot Va1 Vp2 Vao Vs Vas Vo Var AV1 | AV2 | AViota
(km/sec (km/se (km/sec |
(km/sec) (km/sec) (km/sec) (km/sec) (km/sec) (km/sec) (km/sec)
The 2nd ) c) ) (km/sec)
technique | 7.8182 | 1.59 | 10708 | 1.393 | 10.61 | 2.097 | 10.61 | 0.1879 %298 0.004 | 0.093
2802 | 7935 | 4022 | 2123 | 8905 | 4678 | 4820 | 8986 | o | 085 | 5822
Eaz:g;’ 29.512 ?i};; 0.0000 | 0.000 | 0.954 | 0.954 | 0.997 | 0.9977 3'??(::’ 0.997 | 1.952
g 4621 | 35" | 0239 | 00239 | 368 | 368 | 74 4 5 | 659 | 1071
The time
of 0.06398785 12.26603310
mission
(day)

The time of mission total (day) is 12.33002095

energy (J/kg)

0 I I I 0 | I | L 9 I L . I 67 | L I L
0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200
Step no. Step no. Step no. Step no.

Figure 3: (a) Changes in distance, velocity, and energy, as well as angular
momentum, are specific to the second technique.
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Figure 3: (b) The orbital elements change with perturbations for the second technique.

- The third technique:

The third technique uses the same Hohmann transfer as the second technique, and it also
follows the same mechanism used by the second technique, but the chosen height is different,
as it has used in this technique a height of 200,000 km. l.e., the transmission is done first from
the geosynchronous transitional orbit GTO (primary orbit) to 200,000 km, then a second burn
iIs made to move from the height of 200,000 km to the lunar orbit (target orbit). The results,
shown in Table 3 and Figure 4-a, gave:

- Longer transmission time compared to the first and second techniques, but not longer than
the fourth technique.

- the values of velocity change are less delta-V than the first and second techniques, and
therefore the amount of fuel consumption is less delta-E, than the first and second techniques,
but it is not less than the fourth technique.

So, the advantage of this technique is that the amount of fuel consumed is less than the first
and second techniques, but its disadvantage is that it will take longer than the first and second
techniques, although, in space missions, time does not constitute a real problem [50].

Table 3 : Delta-V, delta-E, and the time for the third technique.

LEO to GTO GTO to Lunar orbit
Vi | Y | Voo | Ve | Ve | Ve | Ve | Va | AV | AV2 | AVua
The 3rd (km/sec (km/sec (km/sec |
(km/sec) (km/sec) (km/sec) (km/sec) (km/sec) (km/sec) (km/sec)
techniq ) ) ) (km/sec)
ue 7.8182 | 1.597 | 10.683 | 1.393 | 10.594 | 1.397 | 10.590 | 0.188 | 0.089 | 0.004 | 1.674
2802 935 9389 6929 1810 4835 1481 4128 758 033 2757
E(’J“jligg’ 20512 | 5207 | 00000 | O | 0.9549 | 0954 | 09976 | 0.997 | 34| D371 1952
9 1 4621 43 943 60 660 6022
9 7 57 1 8
The
time of | 15399785 14.576420489
mission
(day)

The time of mission total (day) is 14.64040833
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Figure 4: (a) Changes in distance, velocity, and energy, as well as angular momentum,
are specific to the third technique.
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Figure 4: (b) The orbital elements change with perturbations for the third technique.

- The fourth technique:

The fourth and final technique uses the bi-elliptical transfer method; that is, the
transmission takes place in three stages. The mechanism adopted in this technique is: firstly, a
transition is made from the primary orbit to a chosen height. Secondly, a transition is made
from the chosen height to a second chosen height. Finally, a transition is made from the
second chosen height to the target orbit. Accordingly, it is done as follows: first, a first
burning is performed, and the transition from the geosynchronous transitional orbit GTO
(primary orbit) to an altitude of 120,000 km, then, a second burning is performed, and the
transition is made from an altitude of 120,000 km to a height of 2,800 km. Finally, the third
and final burn is made to move from the altitude of 280,000 km to the lunar orbit (target
orbit), and according to Table 4 and Figure 5-a, the results were:
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- Longer transmission time than the first, second, and third techniques.

- The values of change in velocity delta-V are less than the first, second, and third techniques,
and therefore the amount of fuel consumption is less delta-E than the first, second, and third
techniques.

Accordingly, the advantage of this technique is that the amount of consumed fuel that is
less than the other three techniques chosen in the study, and its disadvantage is that the
mission time will be longer compared to the rest of the techniques. As we mentioned earlier,
time in space exploration flights does not constitute a fundamental problem.

Table 4 : Delta-V, delta-E, and the time for the fourth technique.

LEO to :
GTO GTO to Lunar orbit
Vpl Val Vp2 VaZ Vp3 Va3 Vp4 Va4 fo Vaf AV1 | AV2 AV3 A\/Ito
(km/sec (km/ (km/se (km/s (km/se (km/s (km/se (km/s (kmf/se (kmf/s (km/s (km/s (km/s ta
The (km/se
4th ) sec) c) ec) c) ec) c) ec) c) ec) ec) ec) €c) 9
te;:;' 7.81 g;’ 106 | 1.3 | 105 | 21 | 104 | 02 | 105 | 01 | 00 | 00 | 0.0 | 0.16
8228 93 0085 | 674 | 1374 | 139 | 7194 | 594 | 0956 | 833 | 871 | 417 | 376 | 6525
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Figure 5: (a) Changes in distance, velocity, and energy, as well as angular momentum,
are specific to the fourth technique.

1348



ALnidawi and Saleh

deg)

nat

O]

§27.999 "

on (

28.001

1x,——1;

27.998 1

21997

27.996 1

0 500 1000 1500
Step no.

ending node (deg)

longitude of asc

Iragi Journal of Science, 2025, Vol. 66, No. 3, pp: 1338-1352

10.001

10}

9.999 1

9.998 -

9997+

500
Step no.

1000

1500

200
150

100

e anomaly (deg)

£
= -100

-150

-200
0

;

500

1000 1500
Step no.

; — 0.95
G
&
= 0.9
-]
Z
L
K
=)
E

i
290! g
E.I 20 g
g 05
18 075

0 500 1000 1500 0 500 1000 1500 $ 0
Step no.

500 1000 1500

Step no. Step no.

Figure 5: (b) The orbital elements change with perturbations for the fourth
technique.

After analyzing the four techniques, identifying the advantages and disadvantages of each

technique, and comparing them, we must note that all four techniques selected in this study
were analyzed according to ideal conditions, which do not represent the real situation of the
mission. Space missions in general, during the transition from the Earth to space, face a group
of perturbations that may affect the space mission plan clipart, represented by atmospheric
drag, non-spherical Earth, and the effect of the third body, not to mention the effect of solar
radiation. Therefore, the impact of these perturbations on the satellite transition path will be
studied for the selected techniques in this study to provide a picture closer to the real
conditions for space missions.
Figures (1-b), (2-b), (3-b), and (4-b) show how perturbations may affect the orbital elements
of the satellite during the transition for each technique. The idea of perturbations is very
complex, as it can be affected by a number of diverse variables, where it is noted that most of
the perturbations occur in the perigee and apogee regions; alternately, this is expected where
the impact is due to Earth's oblateness. The perigee is the point closest to the Earth, so when
the satellite is at this point, the effect of the Earth's gravity will be stronger, and with the
presence of other perturbations at this point, the effect will be stronger (that is, all
perturbations will be combined in this region). While apogee is the point farthest from the
Earth, and therefore, when the satellite is at this point, the effect of gravity is weaker, and the
effect of the rest of the perturbations (atmospheric drag and solar radiation pressure) is weaker
in these areas, for this reason, perturbations are evident in these two points, alternately.

According to the above, the fourth technique is the least fuel-consuming, which makes it
the most efficient, followed by the second and third techniques, which are considered the
middle ground between the four techniques. As for the first technique, although it consumes
more fuel and is less efficient, it can be used on some missions where time is the only
condition in the mission.
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Conclusion

From this study, it can be concluded that the best technique that should be adopted is the
fourth technique because it solves both time and fuel consumption issues compared to other
technologies. If the satellites are transported from the Geostationary Transfer Orbit (GTO) to
the lunar orbit in three batches, more efficient and precise mission control can be achieved in
no more than 19 days. Therefore, it is deemed the most suitable and successful method for
achieving the study's objective.

Reference

[1] National Aeronautics and Space Administration, “The moon,” https://science.nasa.gov/moorn/.

[2] A. K. Izzet, M. J. Hamwdi, and A. T. Jasim, “Analytical Study of Earth Tides on Low Orbits
Satellites,” lraqi Journal of Science, pp. 453461, Feb. 2020, doi: 10.24996/ijs.2020.61.2.25.

[3] A. Y. Q. Abdulrahman H.S. Almohammadi, “The Moon, Sun and Jupiter coordinates and
distances variation through 100 years,” IRAQI JOURNAL OF SCIENCE, vol. 58, no. 3B, Aug.
2017, doi: 10.24996/ijs.2017.58.3b.18.

[4] J. Carpenter, “ESA Space Resources Strategy.”

[5] National Aeronautics and Space Administration, “INTERNATIONAL SPACE STATION
Benefts for Humanity 2022.” [Online]. Available: https://www.asc-csa.gc.ca/

[6] A. H. Saleh and T. A. Damin, “The Solar Attraction Effect on Orbital Elements of the Moon,”
2016.

[7] National Aeronautics and Space Administration, “Moon Mineralogy Mapper,”
https://www.jpl.nasa.gov/missions/moon-mineralogy-mapper-m3.

[8] O. A. Fadhil and A. R. H. Saleh, “Effect of the altitudes and eccentricity of the initial orbit on
satellite transition efficiency,” Iraqi Journal of Science, vol. 62, no. 2, pp. 699-707, Feb. 2021
doi: 10.24996/ijs.2021.62.2.33.

[9] European Space Agency, “Helium-3 mining on the lunar surface,”
https://www.esa.int/Enabling_Support/Preparing_for_the Future/Space_for_Earth/Energy/Heliu
m-3_mining_on_the_lunar_surface.

[10] Anas Salman Taha al-Hiti, “disorders affecting the orbits of satellites low-earth orbit,” Master,
University of Baghdad, Faculty of Science, Iraq, Baghdad, 2002.

[11] National Space Science Data Center, “Ice on the Moon A Summary of Clementine and Lunar
Prospector Results,” 2022. [Online]. Available:
https://nssdc.gsfc.nasa.gov/planetary/ice/ice_moon.html

[12] F. M. Mahdi, A. R. H. Salih, and M. M. Jarad, “Determination and evaluation of the orbital
transition methods between two elliptical earth orbits,” Iragi Journal of Science, vol. 61, no. 1,
pp. 223-233, Jan. 2020, doi: 10.24996/ijs.2020.61.1.25.

[13] David R. Criswell, “Solar Power via the Moon,” University of Houston’s Institute for Space
Systems Operations, Houston, Texas, 2002.

[14] R. H. Ibrahim and A. R. H. Saleh, “Re-evaluation solution methods for Kepler’s equation of an
elliptical orbit,” lIraqi Journal of Science, vol. 60, no. 10, pp. 2269-2279, 2019, doi:
10.24996/ijs.2019.60.10.21.

[15] S. Yang, B. Xu, and X. Li, “Optimization of Geostationary Orbit Transfers via Combined
Chemical-Electric Propulsion,” Aerospace, vol. 9, no. 4, p. 200, Apr. 2022, doi:
10.3390/aerospace9040200.

[16] A. R. H. S. A.-M. Omar. A. Fadhil, “New Technique of Orbital Maneuvers including inclination
Plane Change ,” Master, University of Baghdad, Faculty of Science, Iraq, Baghdad, 2020.

[17]J. Eubanks, “INTERPLANETARY TRAJECTORY ANALYSIS USING INVARIANT
MANIFOLDS A Project,” 2021.

[18] M. A. Yosif and A. R. H. Saleh, “Evaluation of orbital maneuvers for transition from low Earth
orbit to geostationary Earth orbit,” Iragi Journal of Science, vol. 59, no. 1 A, pp. 199-208, Jan.
2018, doi: 10.24996/1JS.2018.59.1A.21.

[19] D. Dichmann, D. Folta, F. Vaughn, and J. Parker, “Ways to the Moon: Trajectory Options From
Earth GEO Transfer Orbit to the Moon Lunar Cubes 2013 1,” 2013.

1350



ALnidawi and Saleh Iragi Journal of Science, 2025, Vol. 66, No. 3, pp: 1338-1352

[20] R. H. Ibrahim and A.-R. H. Saleh, “Increasing the Accuracy of Orbital Elements for a Satellite in
a Low Earth Orbit under the Influence of Atmospheric Drag Using Adams-Bashforth Method,”
Iragi Journal of Science, pp. 81-90, May 2021, doi: 10.24996/ijs.2021.S1.2.9.

[21] R. Bate, D. D. Mueller, and J. E. White, Fundamentals of astrodynamics, 1st Edition. NEW
YORK: Dover Publications, 1971.

[22] Mohammed .A. Yosif, “Calculation of Perturbations Effect and Orbit Transfers for Earth
Satellites,” ph.D, University of Baghdad, Faculty of Science, Iraq, Baghdad, 2019.

[23] W. D. M. David A. Vallado, Fundamentals of Astrodynamics and Applications, 3rd Edition.
Microcosm Press/Springer, 2007.

[24] Wesam T, “Calculation of Satellite Orbits under Perturbations Effect,” ph.D, University of
Baghdad, Faculty of Science, Iraq, Baghdad, 2011.

[25] D. J. Saad, F. M. Abdulla, and A. H. Saleh, “Improving the Accuracy of Prayer Times and
Calculating Their Change with Geographical Latitudes during the Year 2021 AD,” Iraqi Journal
of Science, pp. 4090-4101, Sep. 2022, doi: 10.24996/ijs.2022.63.9.37.

[26] B. B. Rasha Hashim Ibrahim and A. H. Rahman Saleh, “Improvement the Accuracy of State
Vectors for the Perturbed Satellite Orbit Using Numerical Methods,” 2006. Accessed: Mar. 01,
2024. [Online]. Available:
https://www.researchgate.net/publication/357214116 Improvement the Accuracy of State Vec
tors_for_the Perturbed_Satellite_Orbit_Using_Numerical _Methods

[27] A. H. Almohammadi and O. N. Mutlag, “Modified Model to Calculate Low Earth Orbit (LEO)
for A satellite with Atmospheric Drag @ 2sa 5 S (b sedll eliall | jlae ol J) Glual sk o 73 5a
2015 7% sae 49 s ¢ Geaa ll Cpeas (gaenall e (55 Rl

[28] Howard D. Curtis, Orbital Mechanics for Engineering Students, Second Edition. Elsevier, 2010.
doi: 10.1016/C2009-0-19374-1.

[29] R. Shimmin and A. Benjamin Cazzolato Matthew Tetlow, “Trajectory Design for a Very-Low-
Thrust Lunar Mission.”

[30] R. Epenoy and D. Pérez-Palau, “Lyapunov-based low-energy low-thrust transfers to the Moon,”
Acta Astronaut, vol. 162, pp. 87-97, Sep. 2019, doi: 10.1016/j.actaastro.2019.05.058.

[31] L. Casalino and G. Lantoine, “Design Of Lunar-Gravity-Assisted Escape Trajectories,” J
Astronaut Sci, vol. 67, no. 4, pp. 1374-1390, Dec. 2020, doi: 10.1007/s40295-020-00229-w.

[32] A. F. B. de Almeida Prado, “Third-Body Perturbation in Orbits Around Natural Satellites,”
Journal of Guidance, Control, and Dynamics, vol. 26, no. 1, pp. 33-40, Jan. 2003, doi:
10.2514/2.5042.

[33] D. al-Ali, H. Rida Ali, A. al-Rahman Husayn Salih, M. Jafar Fadil Karim, L. Mahmud Khalaf,
and S. Zaydan, “Computing the perturbation effects on orbital elements of the moon Other
Title(s) wlus il Gyl e jalial) & jlad) aill Thesis advisor Comitee Members.” [Online].
Available: https://search.emarefa.net/detail/BIM-603871

[34] A. R. H. Salih, M. M. Jarad, and F. M. Mahdi, “Calculation of the effects of the sun, moon and
satellite position on the perturbation forces of the low retrograde orbits,” Iragi Journal of Science,
vol. 60, no. 4, pp. 891-903, May 2019, doi: 10.24996/ijs.2019.60.4.23.

[35] A. Rahman, H. Salih, M. M. Jarad, and F. M. Abdulla, “The Orbital Elements Variation of the
Moon Through 2000-2100,” Iraqi Journal of Science, vol. 57, no. 1B, pp. 530-539, 2016.

[36] N. Alamdari, ‘“Perturbations in orbital elements of a low earth orbiting satellite,” 2007.

[37] A. K. Ibraheem and A. H. Salah, “Calculation the Venus orbital properties and the variation of its
position,” lraqgi Journal of Science, vol. 59, no. 4, pp. 2150-2158, Nov. 2018, doi:
10.24996/1JS.2018.59.4B.20.

[38] A. H. Salah and 1. Musa Murad, “The Effect of Solar and Lunar Attraction and SRP on the HEO
of Satellite ciun im0 55 Guadll 5 jail) iadl Laiia g g Ll el e e sl el dyelioal) dullal
201672 J o500 s gland | * ] Gaa )l

[39] Howard D. Curtis, Orbital Mechanics for Engineering Students, Third Edition. Elsevier, 2014.
doi: 10.1016/C2011-0-69685-1.

[40] Ahmed Kadir Izzet Zainal, “Orbit Determination from three Angles observation In the presence
Of Perturbation,” ph.D, University of Baghdad, Faculty of Science, Iraq, Baghdad, 2007.

[41] D. A. Vallado and W. D. Mcclain, “Fundamentals of Astrodynamics and Applications Fourth
Edition,” Mar. 2013. [Online]. Available: www.microcosmpress.com/Vallado

[42] Vladimir A. Chobotov, Orbital Mechanics, Second Edition. AIAA Education Series, 1996.

1351



ALnidawi and Saleh Iragi Journal of Science, 2025, Vol. 66, No. 3, pp: 1338-1352

[43] Ed.by James R. Wertz, Spacecraft Attitude Determination and Control, vol. 73. Dordrecht:
Springer Netherlands, 1978. doi: 10.1007/978-94-009-9907-7.

[44] James F Peters, Spacecraft Systems Design and Operations , 1st Edition. Kendall Hunt
Publishing, 2004.

[45] O. B. GEORGE P. SUTTON, ROCKET PROPULSION ELEMENTS, NinthEdition. Hoboken,
NewlJersey.: John Wiley & Sons, 2001.

[46] M. A. Aguirre, Introduction to Space Systems. New York, NY: Springer New York, 2013. doi:
10.1007/978-1-4614-3758-1.

[47] R. Bate, D. D. Mueller, and J. E. White, Fundamentals of astrodynamics.

[48] V. A. Anil K. Maini, Satellite Technology: Principles and Applications, 3rd Edition. Wiley, 2014.

[49] C. R. H. Solérzano and A. F. B. D. A. Prado, “Third-body perturbation using a single averaged
model: Application in nonsingular variables,” Math Probl Eng, vol. 2007, 2007, doi:
10.1155/2007/40475.

[50] J. Richard. Wertz, W. J. Larson, D. Kirkpatrick, and D. Klungle, Space mission analysis and
design. Microcosm, 1999.

1352



