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Abstract: Conducting survey and timely obtain of satellite status, especially for high-value GEO
targets, is of great significance for Space Traffic Management. This article proposes an approach for
patrolling Inclined Geosynchronous Orbit (IGSO) targets based on crossing points and spiral rings,
which including six steps: (1) calculate the crossing position and crossing time of the IGSO targets;
(2) design the spiral trajectory that satisfies desired patrol time; (3) divide IGSO targets into regions
based on dichotomy approach; (4) calculate the bidirectional longitude drift rate within each region;
(5) determine the starting position of patrol for each region; (6) determine the transfer trajectory for
each region. On this basis, the proposed approach is analyzed and validated in detail. The results
showed that the patrol orbit can effectively achieve patrol all of IGSO targets, with a period of no
more than 40 days and an energy consumption of no more than 0.04km/s. And, the total energy
consumption of a single patrol cycle in all regions shall not exceed 0.4km/s.

Keywords: space traffic management; patrol constellation; IGSO; crossing points; spiral rings

1. Introduction

Space activities, including not only commercial satellite launches and on-orbit service, but also
space exploration missions by more and more countries and international organizations, are
increasing day by day which has made space environment more complex. The importance of Space
Traffic Management (STM) is becoming increasingly prominent. Space Traffic Management refers to
the planning, supervision, coordination, and emergency response activities carried out by relevant
management agencies through technical, legal, and other means to ensure the safe, efficient, and
orderly launch, orbit operation, re-entry, and other activities of satellite, as well as to maintain the
space environment and prevent unsafe factors such as electromagnetic interference, physical
collisions, and environmental damage [1-4].

Space Traffic Management revolves around three core goals: safety, orderliness, and
sustainability. Safety is primary consideration, which means ensuring the normal operation of
satellite and related equipment, and preventing the occurrence of various accidents and incidents. As
an important component of Space Traffic Management, the Space Situational Awareness (SSA)
system is primarily responsible for monitoring and tracking of space targets, ensuring the safety and
sustainable use of the space environment. In the vast expanse of space, GEO Zone is a key area for
Space Traffic Management. It is generally considered that the GEO is a circular orbit with inclination
of 0° and earth-radius of 42164km. In a strict sense, there is only one GEO in space. In order to
effectively use and protect GEO, Inter-Agency Space Debris Coordination Committee (IADC) has
artificially delineated a GEO Zone as shown in Figure 1 [5]. It can be seen that the GEO Zone’s upper
and lower height is 35786km+200km, and the north-south range is latitude +15°. In the Zone, the inner
+75km zone is GEO working zone while the rest is GEO maneuver zone. Satellites in GEO Zone are
widely used in navigation, communication, early warning and other fields due the unique orbital
advantage, such as the sub-satellite point trajectory and global coverage [6].

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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+200km

Figure 1. GEO Zone Defined by IADC.

The prerequisite for Space Traffic Management in GEO is to obtain the status information of
GEO targets quickly and accurately. However, due to the long distance and poor tracking accuracy,
the ground-based space situation awareness system for GEO satellites inspection is limited. Space-
based observation, which can achieve close range, long-term, and multi-angle tracking and
observation of space targets, becomes the only means to obtain detailed information of GEO satellite.
Due to the vastness of GEO, GEO SSA typically adopts a method of traverse patrol, which is similar
to traffic patrol, called Space Traffic Patrol. Space Traffic Patrol means to go around a Zone or an area
at regular times to check that it is safe and that there is no trouble at close range by using one or more
satellite.

According to the UCS database, as of May 2023, there are 590 controllable GEO satellites [7]. In
terms of satellite types, GEO satellites can be divided into three categories: military,
civilian/government, and commercial. The number of commercial satellites is largest, accounting for
about 57%, and the military and civilian/government is equivalent, accounting for 21% and 22%.
When considering that the perigee and apogee are both in working zone, the number of qualified
satellites are 495, accounting for about 84%. When considering the distribution of orbital inclination,
it can be seen that although most GEO satellites have a small inclination angle, but the number of
satellite inclinations exceed 0.1° is 179, accounting for more than 30%. Those satellites belong to a
different orbital plane from the patrol satellite due to its inclination, which poses a huge challenge to
Space Traffic Patrol. In this article, we define an inclined geosynchronous orbit (IGSO) target is a
satellite with inclination angle exceed 0.1°.

Essentially, the Space Traffic Patrol problem belongs to the problem of multiple targets
rendezvous. There are a lot of domestic and international researchers who engage in it, especially in
terms of On-Orbit-Services. Those articles can be divided into four categories: One-to-Multiple (OTM),
Multiple-to-Multiple (MTM), Peer-to-Peer (PTP), and Mixed.

OTM means that one service satellite refuels multiple targets. In OTM, most scholars consider
service order as the main variable for optimization, with the minimum consumption as the
optimization objective. Those scholars transform it into a Travel Salesman Problem (TSP) or a Mixed
Integer Nonlinear Programming (MILP) problem. Ref. [8] studied the OTM service order problem
with the service satellite and targets in same circular orbit. Ref. [9] studied the route problem of
servicing GEO targets with small inclination, while same question as in Ref. [10]. In addition, a spiral
cruise orbit for GEO satellites traverse was designed by using relative orbit equations in Ref. [11,12].
Genetic algorithms (GA), Particle Swarm Optimization (PSO) and other optimization algorithms are
also used to solve the problem [13-18].

MTM means that multiple service satellites refuel multiple targets. MTM problem is much more
complex than OTM. Many factors, such as initial position and traverse cost, will affect the path
planning. Moreover, considering the limited capacity of service satellite, it is necessary to place the
location and number of fuel stations to affect the final result. For MTM, different scenarios are set and
different models are established. Ref. [19] assumes that the service satellite can return to fuel station
for refueling and continue the service. Taking the service sequence and the time of return to station
as variables, the service plan with lowest consumption is optimized. By converting the problem into
a Location-Route Problem (LRP), a service plan is given in Ref. [20], same as in Ref [25-29]. Some
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others solved the problem by converting it into an Optimal Matching Problem (OMP) [21,22] or a
mixed mode [23,24].

PTP assumes that each service satellite and target have the ability to maneuver. PTP is actually
an optimal matching problem, and the model is established depending on the constraints of the scene
conditions. All models were varying slightly. To make all targets fuel-abundant with lowest cost, the
PTP problem was transformed into an optimal matching problem model and solved by using auction
algorithms. Ref. [30] studied the PTP traverse mode assuming that targets in a circular orbit with
uneven fuel distribution. The PTP refueling model added fuel quantity threshold as a new parameter,
where targets with larger quantity as fuel-abundant and smaller quantity as fuel deficient [31].
Furthermore, some scholars assumed that each service satellite can return to the original position of
anyone after rendezvous, transformed it into a three-index assignment problem, also called E-PTP
(Egalitarian Peer to Peer) problem, and solved it by using search algorithms [32].

Mixed traverse is relatively complex, and generally two or more categories are used to achieve
the goal of reducing fuel consumption or more effective traverse. Ref. [33-35] simplifies the MTM
and PTP to achieve equilibrium through weighting, resulting in a relatively ideal state for fuel
consumption and fuel gap between targets. Ref. [36] selected some service satellites to only provide
fuel for some targets in the constellation. After these targets receive fuel, they transform into service
satellites to provide fuel for other targets. Through enumeration and PSO comprehensive algorithm
comparison, it was verified that the hybrid traverse strategy is more cost-effective than other
strategies.

Although there are many literature studies on this topic, most of them focus on the coplanar
rendezvous, and there is relatively little research on non-coplanar rendezvous problem. Bai et al.
used the dual target rendezvous orbit cluster to obtain the rendezvous orbit approaching multiple
non-coplanar targets by searching and calculating the closest distance to other targets [37-39]. Zhang
et al. used Lambert's theorem to determine the service satellite orbit that were close to two targets,
and then improved the orbit by using least squares method and genetic algorithm, obtained the orbit
that approaches three non-coplanar targets [40—42]. Ref [43] demonstrated a service satellite orbit that
can rendezvous with multiple satellites in Walker constellation without orbit maneuver. Based on
this, the author summarized the rendezvous orbit constraints for maximum number of constellation
satellites, and then used phase modulation to change the initial phase of service satellite to
rendezvous with all satellites in the orbit plane. The strategy is verified that fuel consumption is less
compared to the Lambert's theorem. Mana et al. designed the traversal orbit for GPS satellites by
using single pulse coplanar orbit maneuver. After traversing one orbit plane, the maneuver is carried
out at the intersection with next one, and repeating the same operation until the traversal of all
satellites [44].

The above articles mainly focus on Walker constellation, but IGSO orbit is not a regular Walker
constellation, but rather an irregular problem. To solve the rendezvous multiple targets problem on
general orbital plane, Zhang et al. proposed the crossing point method, and achieving the rendezvous
orbit based on the method [45-47].

In this article, we propose a patrol route design approach based on gradient longitude drift rate
and crossing points to patrol IGSO targets. Sec. II introduces the approach in detail. And, the
proposed approach is illustrated in Sec. III by using numerical experiment. Additionally, the
discussion is illustrated in Section IV. Finally, the conclusion and future work directions are provided
in Section V.

2. Materials and Methods

For safety, the patrol satellite should not frequently pass through the GEO working zone, and
not affect the normal satellites in working zone. Thus, the patrol satellite should be located in GEO
maneuver zone defined by IADC. It can be seen from the definition that the GEO maneuver zone is
divided into two in-dependent parts, above or below GEO. Therefore, the patrol orbit zone should
be located in a part of the maneuver zone. When the satellite is in the maneuver zone, it will drift
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relative to GEO. Taking the standard GEO as the reference coordinate system, the patrol route relative
to the GEO is shown in Figure 2.
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< Patrol Satellite
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From West to East

Figure 2. Patrol route relative to GEO orbit.

It can be seen from the figure that when the satellite is located below GEQ, its trajectory relative
to GEO is wave-shaped (elliptical orbit) or linear (circular orbit). The sub-satellite point longitude
becomes larger, and drifts from west to east. Conversely, when located above the GEQO, its relative
trajectory is also wave or linear with sub-satellite point longitude becomes smaller and drifts from
east to west.

By utilizing the relative drift, it is possible to patrol the GEO targets. The longitude drift rate D
is

D=-0.0128(a-a,) (1)

Therefore, by designing drift rate reasonably, it is possible to achieve a natural patrol of all
targets in GEO zone. As shown in Figure 3, assume that a GEO zone contains six targets. The patrol
satellite first drifts from west to east, observing target 2 and 6 at apogee, and then implementing
orbital maneuver at the zone boundary, turn around and drifts from east to west, observing target 1,
3, 4, and 5 at perigee. Thereby, the satellite achieves the patrol of the entire zone's targets. Afterwards,
through orbital maneuver, the satellite will turn around again and enter the East-Drift orbit,
conducting periodic patrol of targets in the zone.

From East to West
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S S R
\"
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Figure 3. Schematic diagram of patrol strategy.
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The above strategy is very effective when the target is stationary, but IGSO targets exhibit up
and down relative to the equatorial plane. Patrolling these targets not only requires consideration of
relative position, but also relative time, which is a more complex spatiotemporal problem. According
to orbital dynamics, each satellite is in a plane passing through the center of Earth. That is, the orbital
planes of any two satellites will inevitably intersect, forming two intersection points, called crossing
points, as shown in the following Figure 4.

Crossing point

Reference plan

Crossing point

Figure 4. Schematic diagram of satellite crossing point.

Select any orbit plane as the reference plane, and the target orbit passes through the reference
plane and intersects at points A and A', where point A north of the equatorial plane is called the north
crossing point, and point A' south of the equatorial plane is called the south crossing point. The two
points have a phase difference of 180 ° within the reference plane.

If we use the strategy above to implement the patrol of IGSO targets, there will be a situation
where the patrol satellite nears the crossing point, but the target does not reach the crossing point. If
the patrol satellite could hold on near the crossing point for a period of time, waiting the target crosses
the reference plane, then the problem can be smoothly transformed into the stationary problem.
According to the space special orbit design theory [47], when the height difference meets certain
conditions, it can achieve a spiral holding-on effect as shown in Figure5.

+ AH (k)
Apogee /\ Patrol Satellite
" T
\ Perigee
AimingPoint
GEO )
2 (°
Apogee \ U
Perigee

Figure 5. Schematic diagram of spiral cruise.
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When the target crosses the reference plane, the patrol satellite happens to be on the spiral ring.
By designing the spiral ring reasonably, the cycle of the spiral ring can cover the crossing time within
a day. This transforms the patrol problem of IGSO targets into a stationary target problem, and uses
the gradient longitude drift rate method to achieve patrol of IGSO targets.

This article proposes a gradient longitude drift rate patrol configuration approach based on
crossing points and spiral rings to patrol IGSO targets, includes:

(1) Calculate the crossing position and crossing time of the IGSO targets;

(2) Design the spiral trajectory that satisfies desired patrol time;

(3) Divide IGSO targets into regions based on dichotomy approach;

(4) Calculate the bidirectional longitude drift rate within each region;

(5) Determine the starting position of patrol for each region;

(6) Determine the transfer trajectory for each region.

2.1. Calculate the Crossing Position and Crossing Time of the igso Targets
Assuming a IGSO target crosses the orbital plane, the target orbital element is (at 1€ it QL Tt) .
Set the orbital plane of patrol satellite as reference plane, which can be represented by (I;,)) . The

coordinates of crossing point in reference plane can be represented as (1,1,4), where U is the
moment when target crosses through the plane, ris the geocentric distance of the crossing point, and

# is the ascending intersection angle of the crossing point. If crossing point is (ty.Ny. @y ), thus
CoS ¢, = Cos(Y, —Q,)cosu, +sinuy sin(Q, — € )cos(180°-1i,)
sinuy sini; _ sin(Q, —Q,)sini, ()
sini sin(i, — i)

sing, =

Among them, Uy is the argument of latitude of the target, which can be obtained by

sin(Q, — Q)

t =
o cos(Q, — Q) cosi, +sini.ctg(180°—i,) )

The crossing time can be obtained from the Kepler equation:

at3
ty =(Ey —¢SinEy) ’—+rt 4)
Y7

E l-¢., (u,—w)
t _N: tt N t
g 2 l+e g 2 ©)

The south crossing point and north crossing point are symmetrical relative to the center of the

earth, then the south crossing point (g, I s is

at3
ty = (Eg —¢sinEg), |— +7,
7]

g =7+ (6)
a (1-¢)

" 1+e.cos(ug —a,)

Due to the periodic motion, the target periodically crosses the reference plane, with a time
interval of orbital period T:, i.e

{tmN =t, +mT,

m=0,12,---
ts =t +mT, @

d0i:10.20944/preprints202502.0677.v1
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In this article, the patrol satellite operates within the equatorial plane, thus
i, =0

Q, =0 ®
Then, the crossing point becomes the ascending and descending node of target, and the crossing

point can be represented by (t,Q) . Thus, formulas (5)~(8) derive the crossing time as

Gy 3’
t.n =(E, —gsin EN)\/7+T‘+2ﬂm\/7 m=0,12,- 9)
U Z

Considering that most IGSO targets is in near circular orbit, thus
e~0

Formula (9) can be simplified as:

a?

Aty _ d(E, +27m) [a] d\/*

dt,, _ d(E, +27m) i+(EN+27rm)7ﬂ
dt 7] t

dt d
3
_ %y i+§(EN +27m) a da an
da \u 2 p dt

3 3
:% al+3(EN+27rm)\/aTdaz_ 3 (a-a)
u 2 a, uodt 2a

C

ac is the radius of geostationary orbit. It can be seen that the change of crossing time is closely
related to the semi major axis difference between target and a.. The difference between two
consecutive crossing times is

al 3 a’
- Fe | _ - -t 12
7 ﬂ[ 7o (372 af] (12)
3
__a( _aC)Te

If the semi major axis difference is 100km, it can be obtained that the daily variation of crossing
time is about 306.5 seconds. Considering that the semi major axis change is only a few kilometers
under the perturbation, it can be considered that the crossing time of IGSO target in this article
remains basically unchanged. The (2 will also experience precession drift due to the perturbation
influence, and the drift pattern is as follows

Q=QO+[Ki1ﬁ+3—”(&j (1—%j+3—”(&J (1—%j]t (13)
4\ n 2 4\ n 2

It can be obtained that the Q) decreases by about 0.0089 ° per day. However, under controlled
conditions, the Q will remain within + 0.1 © of its sub-point longitude. Therefore, in this paper, we
consider that the crossing points of selected targets remain unchanged.

2.2. Design the Spiral Trajectory That Satisfies Desired Patrol Time

As shown in Figure5, the intersection point is called aiming point, and the point where the
trajectory turns from west to east or from east to west is called turning point. Satellite passes through
the same aiming point twice is called a spiral loop, which is a closed teardrop trajectory relative to
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GEO. The turning point is the point where the velocity of patrol satellite is equal to the GEO. Using
the vitality formula, turning point is

)
N

r a
Among them, v is the velocity of the turning point, a is the semi major axis of the patrol satellite,
r is the position of the turning point, and u is the gravitational constant of the Earth. The turning
point position is
2a,
= (15)
a +a
According to the displacement difference between aiming point and turning point, it is
approximately equal to half of the difference between the aiming point and the satellite, that is, the
position of the aiming point is

2r+75—-a, r<a,
= (16)

2r—75—-a, r>a,

The period of the spiral ring is the time interval where the satellite continuously passing through
the same aiming point, which is approximately twice the time between turning points. Similarly, it

a’ 1-v, . 1-v,
T, ~4 |—]| arccos +esin| arccos 17)
H e ¢

where vs is the energy parameter at the turning point, which is:

can be obtained that:

H

& _r_ (18)
H
r

Assuming that the crossing times within a day is {T1,T2,..., T}, and the earliest aiming point is
Tins, thus.

T, > max {T;} -min{T }

Ty =Mmin{T,} (19)

2.3. Divide IGSO Targets into Regions Based on Dichotomy Approach

It can be seen that when the longitude drift rate is constant, the patrol period of targets depends
on the maximum longitude difference. On the other hand, if the distribution of longitude differences
between targets within the zone is uneven, there will be a situation where the targets are concentrated
on both sides, which causes a great waste of time. Therefore, when designing the patrol configuration,
it is necessary to consider dividing all targets reasonably to ensure that the longitude differences
within each zone are consistent, so that the patrol periods of each zone are not significantly different,
and thus achieve periodic patrol of all targets.

Without losing generality, sort n GEO targets in ascending order according to their sub-satellite
point longitude, and record the longitude as Ai (i=1, 2,..., n), and Ai< Ax<...< An. Distributed on GEO
orbits, the difference in longitude between adjacent targets is recorded as AAi (i=1, 2,..., n), then there
is

A=Ay —d i=len-1

A4, =4 — A, +360 (20)
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When the distribution of GEO targets is uneven, there will inevitably be several large longitude
gaps. If the divided area covers the gaps, there will be a significant in-crease in patrol period due to
a single target. Therefore, when dividing zones, it is necessary to avoid these huge gaps as much as
possible.

This paper presents a zone division method based on dichotomy approach, which can quickly
perform zone division. Set the maximum and second largest longitude difference gap between targets
as

Al =Max{AZ} i=1--n

Ay oy = MaX{(AL |A2,, )} i=1-n

Sec—max

21)

>

Due to the characteristic of circular distribution, these two longitude differences divide all
targets into two zones, as shown in Figure 6.

Ny, 1 / 5,

<,
~  Adsec-max /
/"\"‘\ —
1 1
1

Figure 6. Schematic diagram of zone division.

The longitude coverage ranges of the two zones are

I ﬂ’maxﬂ D ﬂ’sec—max (22)
I ﬂ“sec—max+1 0 ﬂ‘max
Set the range of longitude drift rate to
D < {Dyin U Do } (23)
Then the maximum patrol period of the two zones can be calculated as
TI _ /’i’sec—max +360— ﬂ’max-d
Dmin
ﬂmax — ﬂ'sec—maerl (24)
v

min

Compare the sizes of Tr and Tu, select the zone with a larger period, select the maximum
longitude difference gap within the zone, and perform secondary division, as shown in Figure 7.
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Figure 7. Schematic diagram of second zone division

Compare the periods of the three zones Ti, Tn and Tm, and also select the zones with larger
periods for segmentation using the maximum longitude difference gap until all zones meet the patrol

period To (To is the given limitation period), as shown in Figure 8.

3,—8 -7,
w,/ 1
\ 1
SN IV g
\ 1
\‘\ S \ 1 Vs ‘\
~ N . /7
“' ~ < , 7/ ‘\
’ \
1

-
-——
e

Figure 8. Schematic diagram of zone division result

The process steps for dividing the entire zone are shown in Figure 9


https://doi.org/10.20944/preprints202502.0677.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 10 February 2025 d0i:10.20944/preprints202502.0677.v1

11 of 26

# Given: Targets’ Longitude 4; /

Y

A
A 4
Replace Zone
with max{T;} Al e
h 4
T;

max{T}>Ty

Zone Division Result

Figure 9. Zone division process.

2.4. Calculate the Bidirectional Longitude Drift Rate within Each Region

After dividing the entire target into multiple zones, it is necessary to determine the east/west
longitude drift rate within each zone. Assuming n targets are divided into N zones, denoted as Zi (i=1,
2, .., N), each zone contains Mi targets, represented by their sub-satellite point longitude, denoted as
Aij (i=1, 2, .., N, j=1, 2, .., Mi). Thus

Zi={k A v

N (25)

> M, =n

i=1

=y

It can be seen from Figure 4 that if target k and target 1 can be observed in one patrol, their
longitude difference needs to be an integral multiple of the drift rate, which is

|4 —4|=pD peN (26)

The above equation also indicates that the remainder of t drift rate D for target k and target 1 is
the same, which is

mod(4 D)=mod(4 D) (27)

Assuming that the eastward longitude drift rate of the patrol satellite is De and the westward is
Dw. It can be inferred from the above analysis that the conditions for achieving patrol of targets can
be transformed into the existence of Dt and Dw, so that the eastward target set Qe with the same
remainder of Dg, and the westward target set Qw with the same remainder of Dw, meet the union of
the Qe and Qw can include all targets
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Z=Q.UQ, (28)

Taking zone N as an example for analysis, the sub-satellite point longitude of the targets is Aj
(=1, 2, ..., Mn). Considering the existence of the GEO satellite box, keep the sub-satellite point to one
decimal, denoted as Ay (j=1, 2, ..., Min). Simultaneously, simplify the longitude drift rate to one decimal

Dc{D, D, - Dy} (29)
order
4o, ={mod(4 D)} (30)
Take Q corresponding to the mode of the above set, denoted as Qoi, then
Qy ={#|mod(4 D;)=MODE(q, ) (31)
Join the above target sets until patrol of all targets is achieved
Zy =Qp UQy (32)

Considering that the orbital periods for patrol satellite are not significantly different, the drift
rate affects the number of patrol cycles under certain longitude difference conditions. The larger the
drift rate, the more longitudes drift each day, the fewer cycles required for patrol, and the shorter the
corresponding patrol cycle. On the contrary, the smaller the drift rate, the longer the patrol period.
Therefore, patrol satellites with high longitude drift rates should be selected firstly. When satellites
with high longitude drift rates do not meet the requirements for patrol, they choose to use smaller
longitude drift rates for patrol.

In addition, according to the constraint analysis, there is redundancy in the observation distance.
By adjusting the observation distance, a certain sub-satellite point longitude threshold can be brought
to the target's sub-satellite point longitude, as shown in Figure 10.

\ Inspection Satellite

Figure 10. Schematic diagram of a certain sub-satellite point longitude threshold.

Set the point longitude threshold to Aq. The same remainder condition is trans-formed into

p ={4€Z 4 €Z |mod(4" D)-mod(% D) <Aq} (33)
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Correspondingly, the target set corresponding to the mode becomes the target set corresponding
to the same set of residues with the most elements

Q = {qD [num(g; ) = maxnum(ap, ))} (34)

Take the intersection of the target set Q generated by each longitude drift rate mentioned above,
and find two sets of longitude drift rates, which are the east-west longitude drift rates used by the
satellite for patrol.

2.5. Determine the Starting Position of Patrol for Each Region
Assuming that the set of eastward drift targets and westward drift targets are Qe and Qw, the
initial position Ae and Aw is
)“E = min(QE)_ pEDE

Ay =max(Q )+ R Dy (%9)

And pe and pw meet

min(Qg )— peDg <min(Z;) <min(Qg)— pcDg + D¢

max (Q, )+ Py Dy — Dy < max(Z;) <max(Q, )+ p, Dy, (36)

At this point, the initial time Tt of the eastward drift is the 0 o'clock of At local time, and the
initial time Tw of the westward drift is the 12 o'clock of Aw local time.

2.6. Determine the Transfer Trajectory for Each Region

Assuming that the patrol satellite does not consume fuel during the westward and eastward
drifts (ignoring the pulses applied during orbit maintenance), the classic double pulse orbit transfer
method is used for the turning process. Eastward drift first and then westward, as shown in Figure
11.

From East to West

AH
‘\/\ Turning around
S "0‘\/
A}
A
GEO[— % W% Y >
o \ \ }
1
1W¢

_—

From West to East

Figure 11. Schematic diagram of turning around.

From the previous section, it can be seen that when patrol satellite turns around from east drift
to west drift, it should maneuver from the apogee of east drift orbit to the perigee of west drift orbit.
As previously analyzed, the patrol position of eastward drift orbit is apogee, while the position of
westward drift orbit is perigee, and the period is approximately 24 hours. The above transfer orbit
allows the patrol satellite to carry out normal missions after turning around. The specific transfer
process is shown in Figure 12.
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‘West Drift Orbit

Second Maneuver
Vs

East Drift Orbj

First Maneuver Turning Orbit

Figure 12. Schematic diagram of turning around orbit.

According to formula (1), the semi-major axes of east and west drift orbit are

DE
e =% 700128
D, (37)
=a_ +
& =& * 50128

The perigee of the transfer orbit is the eastward drift orbit apogee rae, and the apogee of the
transfer orbit is the westward drift orbit perigee rpw, then its semi-major axis is

raE + rpW
_ 38
. > (38)

Based on orbital knowledge, it is easy to obtain the velocity of the eastward drift orbit apogee
vae, and the velocity of westward drift orbit apogee vpw, and vi and v: of the transfer orbit apogee,

respectively
H e
Vae =42 :
aE raE
oo
Vow = [ aw
aW rpW
(39)
r
v = [
a'T raE
V2 — ﬂ raE
ar Ty
Therefore, the energy consumption required for the transition is
AVeyy =Vy =V +Vpu =V, (40)

Similarly, when the patrol satellite transitions from a west to east, it shifts from the perigee of
the westward drift orbit to the apogee of the eastward drift orbit, as shown in Figure 13.
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West Drift Orbit .
First Maneuver
Va
East Drift Orbit
Turning Orb
Second Maneuver
Figure 13. Schematic diagram of turning around orbit.
It can be seen that the required energy consumption is also
AVye =Vy = Ve Vow —V, (41)

Thus, it can be obtained that the energy consumption of patrol of the targets in the zone once is

AV = Av, + AV, (42)

3. Results

GEO satellites can be divided into three categories: military, civilian/government, and
commercial. According to UCS database, there are a total of 48 IGSO military targets. In our paper,
the analysis and design of patrol orbit configurations will be carried out for these targets. Based on
the above steps, this section provides a specific analysis of the patrol for IGSO targets.

3.1. Calculate the Crossing Position and Crossing Time of the igso Targets

The crossing time of IGSO targets, and the results are shown in Table 1.

Table 1. The time of crossing the target.

NORAD Time NORAD Time NORAD Time

Number (UTCG) Number (UTCG) Number (UTCG)
23467 17:03:00 27168 15:57:00 41724 14:42:00
41937 22:45:00 26694 12:00:00 41940 10:06:00
43162 15:21:00 39120 13:54:00 38352 17:49:20
25019 13:01:20 43700 15:37:20 28158 11:58:20
38254 23:37:20 22787 14:06:00 44337 19:45:10
37481 11:03:00 28542 17:54:00 44204 11:29:00
27711 8:03:00 25639 16:36:00 37256 15:19:20
26715 13:27:00 38091 15:46:20 37804 11:01:20
22988 12:27:00 26880 8:31:20 37234 13:07:20
26695 8:42:00 39375 19:03:00 37377 21:06:00
33055 8:42:00 28117 12:54:00 44231 5:23:00
20253 22:37:20 25967 19:06:00 41586 0:25:20
38466 15:51:00 39234 5:48:00 43683 21:04:20
20776 13:12:00 29155 4:00:00 36287 9:07:20
44481 8:03:30 38953 15:19:20 37210 19:52:20
24737 15:46:20 42949 21:27:00 25258 17:54:00
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3.2. Design the Spiral Trajectory That Satisfies Desired Patrol Time

The closer the observation distance, the more detailed characteristic information can be obtained.
Therefore, when the distance between patrol satellite and GEO is the smallest, the observation effect
is the best. That is, the observation position should be selected as the apogee (east drift orbit) or
perigee (west drift orbit) of the patrol satellite. It can be seen that the conditions for forming a spiral

ring are that the apogee velocity is less than the target orbit, while the perigee velocity is greater than
the target orbit, that is

(43)
Among them, ve is the reference orbit velocity, and va and vp are the perigee and apogee

velocities of the patrol orbit, respectively.
According to orbital dynamics, the velocities of the perigee and apogee can be expressed as

ey Ty
rp +1, r,
2r,
v, = | == (44)
rp +1, rp
v, = | £
aC

By substituting into formula (19), we can obtain:

I’p(l’p-i-l’a)sacgl’a(l’p-i-l’a) (45)
r, r,

As analyzed above, the edge of the GEO maneuvering area is + 75km, and the observation
position is taken as perigee (west drift) or apogee (east drift), as shown in Figure 14.

Apogee -—

H (km)

Aiming Point
+75km -

GEO .

—75km

Perigee

_—

Figure 14. Schematic diagram of observation positions for patrol satellite.

r,(r, +a,—75) (a,—75)(r, +a,-75)

East

<a <

2(a,—75) ‘ 2r,
(46)
(a.+75)(a, +75+t,) r,(a, +75+r,)
West <a <
2r, 2(a, +75)

By organizing the above equation, we can obtain:
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Eastdrift a, —a> 1508,

a,+75

150 (47)
West drift a-a, > %

a,—75

By rearranging formulas (45) to (47), the relationship between the aiming point position, spiral
ring period, and longitude drift rate D can be obtained as follows:

2
2| 2a, — 2, +75-a, r<a,
D
2%~ 00128
R= ' (48)
2
2 ZQ—LD -75-a, r>a,
2a, —
0.0128
oms)
al——2
0.0128
arccos 7[)
(a+ a)[omzs _75J
o . (52 (49)
+%sin arccos —\00128)

(a+ a)(o.olizs B 75)

The aiming point position and spiral ring period with respect to the longitude drift rate are
shown in Figure 15 and 16.
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Figure 15. Diagram of the aiming point position relative to GEO with longitude drift rate.
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Figure 16. Diagram of spiral ring period variation with longitude drift rate.

3.3. Divide IGSO Targets into Regions Based on Dichotomy Approach

Use the dichotomy approach to divide the regions of 48 IGSO targets. There are several
significant longitude gaps in the distribution of the targets. If the divided region covers these gaps,
there may be a significant increase in the patrol period due to a certain target. Therefore, when
dividing regions, it is important to avoid these gaps as much as possible. The position and the
longitude difference gap for IGSO targets are shown in Table 2.

Table 2. IGSO targets position and its longitude difference.
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Fixed-Point
Longitude
Longitude
Difference

Fixed-Point
Longitude
Longitude
Difference

Fixed-Point
Longitude
Longitude
Difference

Fixed-Pomnt
Longitude
Longitude
Difference

Fixed-Point
Longitude
Longitude
Difference

Fixed-Point
Longitude
Longitude
Difference

Fixed-Point
Longitude
Longitude
Difference

Fixed-Point
Longitude
Longitude
Difference

-177.1 -159.6 -159.0 -130.1 -120.0 -96.8 -90.0

175 0.6 289 10.1 232 6.8

-90.0 -67.9 -38.9 -34.0 -17.8 -14.7 -10.1

221 29 49 16.2 31 46

-10.1 -13 0.0 39 16.3 206 26.0

88 13 39 124 43 54

26.0 288 29.0 356 59.0 69.5 70.0

23 02 6.6 234 105 0.5

70.0 715 727 74.0 75.0 80.0 91.1

911 920 931 98.0 1038 106.0 1139

09 1.1 49 5.8 22 79

1139 118.0 129.8 130.0 131.1 143.0 144.0

4.1 11.8 02 1.1 119 1.0

144.0 1445 160.0 1723 -177.1

05 155 12.3 106

From Table 2, it can be seen that there are 5 longitude differences greater than 20 °, but the first
four notches are very concentrated, considering the actual situation such as period. Mark the
longitude gaps greater than 10 °, and control the patrol period of each region to be within 60 days.
Based on the distribution characteristics of IGSO targets and the analysis of orbital longitude drift
rate, the targets are divided into 7 regions. The division is shown in Table 3.

Table 3. IGSO targets division.

e A B c D E F G
160.0 -130.1 -38.9 16.3 59.0 91.1 129.8
172.3 -120.0 -34.0 20.6 69.5 92.0 130.0
-177.1 -96.8 -17.8 26.0 70.0 93.1 131.1
Crossing | 1596 90.0 -14.7 28.8 71.5 98.0 143.0
Targets -159.0 67.9 -10.1 29.0 72.7 103.8 144.0
13 35.6 74.0 106.0 144.5
0.0 75.0 113.8
3.9 80.0 118.0

3.4. Calculate the Bidirectional Longitude Drift Rate Within Each Region

As shown in the Figure4, as longitude drift rate increases, the aiming point position relative to
GEO increases linearly. As shown in the Figure5, the spiral ring period shows a rapid growth and
then a slowing trend, eventually tending towards 15 hours. If the crossing time is all corresponded
to the interval range of 0-12 hours (according to the concept of crossing points, crossing points always
appear in pairs, and there must be a crossing point in this interval), and the patrol satellite adopts a
strategy of regional control and round-trip. To achieve comprehensive coverage of crossing time, it
requires that the spiral ring period cannot be less than 12 hours. According to Figure 5, the longitude
drift rate corresponding to a 12 hour is 3.3 °/day.

On the other hand, in order to ensure that patrol satellite can observe the target during the spiral
loop, the position of the aiming point relative to GEO needs to meet the observation distance
constraint condition, which is less than 250km. Similarly, as shown in Figure5, the longitude drift rate
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corresponding to a relative distance of 250km is 4.1 °/day. In summary, the longitudinal drift rate of
the patrol orbit for IGSO targets is:

East drift inspection 3.3<D <4.1
West drift inspection —-4.1<D <-3.3 (50)

Also consider setting region thresholds for the target set:
Aq=0.2" (51)

At this point, the corresponding aiming point position is 200km. As shown in Figure 4, the
corresponding longitude drift rate is 3.5 °/day. Therefore, the set of longitude drift rates D is:

East drift inspection 3.3<D <35
West drift inspection —-3.5<D<-3.3 (52)

The above calculation is applied to each region using the gradient longitude drift rate strategy,
and the longitude drift rate and patrol period for each region were obtained as shown in Table 4.
From the table, it can be seen that the longest period does not exceed 40 days.

Table 4. Longitude drift rate and patrol period of geo crossing target regions.

Region A B C D E F G
Drift Rate of
Westward 34 34 34 34 35 34 33
Drift(" )
Drift Rate of
Eastward 35 34 35 33 35 34 33
Drift(” )
Traverse Cycle 25 39 28 13 14 18 12
(Day)
3.5. Determine the Starting Position of Patrol for Each Region
The initial positions of the west drift and east drift are shown in Table 5.
Table 5. The initial positions of each region.
Region A B C D E F G
Imitial Longitude N
Valwe of Fact Drigt 1984 1302 390 16.1 589 91.0 129.8
Initial Longitude
Value of Woet Drit 15 -66 68 356 820 120 6 1476

3.6. Determine the Transfer Trajectory for Each Region

The fuel consumption for one patrol cycle in each region can be obtained as shown in Table 6. It
can be seen that the energy consumption does not exceed 0.04km/s. The total energy consumption of
a single patrol cycle in all regions shall not exceed 0.272km/s.

Table 6. Energy consumption for one patrol cycle.

Region A B C D E F G

AV 0.0393 0.0387 0.0393 0.0382 0.0399 0.0387 0.0376

In summary, the IGSO patrol configuration designed in this article is shown in Figure 17.

d0i:10.20944/preprints202502.0677.v1


https://doi.org/10.20944/preprints202502.0677.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 10 February 2025 d0i:10.20944/preprints202502.0677.v1

21 of 26

\
\
RN
g
»
]
IR

»
/” "

%

\\

(

Figure 17. Schematic diagram of the IGSO patrol configuration.

4. Discussion

Taking zone A as example, there are 5 targets in this region, with sub-satellite point longitudes
of {-160.0, 172.3, -177.1, -159.6, -159.0}, and the longitude drift rate used is

D. =35
D, =34 (53)
The corresponding sets of east and west drift targets are
Q. ={172.3 -177.1 -159.6}
(54)
Qu = {160.0 -159.0}
The corresponding initial positions for east and west drift are
=158.4
iE (55)
A, =-159.0

The simulation results are shown in Figure 18.

(a) 2D Result
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(b) 3D Result

Figure 18. Patrol simulation results of zone A.

It can be seen that the patrol satellite has achieved patrol of all targets. The patrol of various
targets is shown in Figure 19.
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Figure 19. Patrol of various targets by patrol satellite.

During the patrol, the minimum observation distance and observation duration of the satellite
for each target are shown in Table 7.

Table 7. The minimum observation distance and duration for each target.

Target 1 2 3 4 5
Minimum
observation distance 108.8 187.1 205.7 84.7 101.1
(km)

Observation duration

(s) 5820.6 1180.5 1585.7 1487.6 1352.9
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From Table 7, it can be seen that for region A, the minimum observation distance of the patrol
satellite for each target is less than 250km, and the observation duration that meets the observation
condition constraint is above 20 minutes, which can ensure the patrol of targets.

5. Conclusions

This paper focuses on the patrol of IGSO targets. A method based on step longitude drift rate
and crossing points is proposed for patrol IGSO targets, includes: (1) Calculate the crossing position
and crossing time of the IGSO targets; (2) Design the spiral trajectory that satisfies desired patrol time;
(3) Divide IGSO targets into regions based on dichotomy approach; (4) Calculate the bidirectional
longitude drift rate within each region; (5) Determine the starting position of patrol for each region;
(6) Determine the transfer trajectory for each region. Using the above methods, STK tool was used
to simulate target in region A, and the simulation results verified that using the gradient longitude
drift rate method based on crossing points and spiral rings can achieve patrol of IGSO targets. The
patrol period shall not exceed 40 day, and an energy consumption of no more than 0.04km/s for a
single zone patrol period. The total energy consumption of a single patrol cycle in all zones shall not
exceed 0.272 km/s. The approach proposed in this article not only can be applied in the design of
GEO Zone patrol route, but also be used to guide Space Traffic Patrol, thereby enhancing Space safety.

6. Patents

This work was supported by National Defense Science and Technology Excellence Youth Fund
Project of China. And, all data, models, and code generated or used during the study appear in the
submitted paper.
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