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Outline of spacecraft collision
warning

1.1 Distribution and characteristics of space objects

Since the launch of the first satellite in 1957, the total number of space object has reached
the order of 10 millions, and the gross mass is up to 10,000 tons, according to statistical anal-
ysis. Up to February 24, 2016, the number of space objects whose diameter is about
subsquare-decimeter and can be tracked on the ground is 17,552 in total [from NASA public
two-line element (TLE) data, excluding classified satellites of the United States and its allies].
All the space objects, whose diameters are less than subsquare-decimeter fall into the cate-
gory of space debris. Of the objects larger than subsquare-decimeter, the number of active
spacecraft with intact shape is less than 2000, and other 15,000 objects are also space debris,
or space junk. It can be seen that space debris constitutes the majority of space objects and
the number is still growing. Fig. 1—-1 shows the progressive increment of space objects
tracked from the ground since 1957 to the present. As depicted in the figure, the number of
space objects, especially that of space debris, is increasing at an astonishing speed, in partic-
ular, after critical space collisions such as the collision of the US satellite and the Russian
satellite on February 11, 2009.

Although active spacecraft are not the major component of space objects, they play an
increasingly important role in today’s information society and are deployed into various
orbits according to different applications. Fig. 1—2 shows the distribution of spacecraft in
space around the Earth. From Fig. 1—2 the space over the altitude of 36,000 and below
2000 km above the equator is the main operation region for spacecraft.

Table 1—1 is the distribution of 1303 active spacecraft in terms of orbital altitude and
inclination.

In terms of orbital altitude, spacecraft at an altitude of greater than 30,000 km account for
38.14% of all, and most of them are communications satellites in GEO; spacecraft at an alti-
tude between 30,000 and 2000 km account for 8.29%, and most of them are GNSS satellite;
spacecraft at an altitude between 2000 and 500 km account for 47.35%, and most of them are
resource survey and experimental satellites; spacecraft at an altitude below 500 km account
for 6.22%, and most of them are satellites for special experiments.

In terms of orbital inclination, there are 455 satellites with an inclination less than 5 degrees,
accounting for 34.92%, and most of them are GEO satellites; there are 64 satellites with an
inclination between 5 and 40 degrees, accounting for 4.91%, and most of them are relay and
mission satellites; there are 297 satellites with an inclination between 40 and 80 degrees,
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FIGURE 1-1 Increment of trackable space objects.
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FIGURE 1-2 Distribution of spacecraft (including defunct satellites) from various views: (A) view of Earth from
North Pole, (B) view of Earth from Equator, and (C) view of Earth in the vicinity of Earth.

accounting for 22.79%, and most of them are GNSS and communications satellites; there
are 468 satellites with an inclination between 80 and 120 degrees, accounting for 35.92%,
and most of them are imaging, reconnaissance, and resource survey satellites. From this
the orbital space of GEO satellites at an altitude of 36,000 km and with an inclination
around 0 degrees, that of GNSS satellites at an altitude of 20,000 km and with an inclination
between 40 and 80 degrees and that of sun-synchronous satellites at an altitude between
500 and 2000 km and with an inclination of around 90 degrees are the dominant regions
for space activities.

A large amount of space junks are created when space activities are carried out. Till 2016,
the number of space debris tracked and cataloged reaches 15,729. Table 1—2 shows the
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Table 1-1 Distribution of active spacecraft in different orbits (%).

i (degrees)
Hp (km) i<5 5=i<40 40=i<80 80=i<120 120=i Total

Hp=30,000 33.69 3.38 0.69 0.31 0.08 38.15
2000 = Hp< 30,000 1.07 0.15 7.06 0.00 0.00 8.28
500 < Hp< 2000 0.08 1.23 11.74 33.15 1.15 47.35
Hp <500 0.08 0.15 3.30 2.46 0.23 6.22
Total 34.92 4.91 22.79 35.92 1.46 100

Table 1-2 Distribution of space debris in different orbits (%).

i (degrees)
Hp (km) i<5 5=<i<40 40=i<80 80=i<120 120=<i Total

Hp=30,000 0.19 1.75 0.03 0.01 0.00 1.98
2000 = Hp< 30,000 1.09 7.40 6.71 0.62 0.09 15.91
500 = Hp <2000 0.02 1.26 21.98 53.65 0.13 77.04
Hp <500 4.18 0.03 0.24 0.62 0.00 5.07
Total 5.48 10.44 28.96 54.90 0.22 100

orbital distribution of the debris that is mainly distributed in the orbital space with an alti-
tude below 2000 km. Table 1—3 shows the volume rate in different orbital space. It can be
seen that, compared with other regions, the volume rate of detected space debris per
(100 km)? is more than 0.01 in LEO at an altitude between 300 and 2000 km and is obviously
higher than that of space debris in MEO and GEO. The volume rate of detected space debris
per (100 km)® is more than 0.7, especially in the space above South Pole and North Pole at
an altitude between 600 and 900 km where on-orbit satellites concentrate. Hence, this region
is the most threatening place where space debris may collide with spacecraft and collision
warning is urgent.

1.2 Characteristics and hazards of space debris

At 00:55 (Beijing Time) on February 11, 2009, the collision of the US Iridium 33 and Russia
Cosmos 2251 satellite about 790 km above Siberia (North Pole) marked the first collision of
intact satellites in the history. It is confirmed that more than 1200 detectable debris were
generated in this collision. Fig. 1—3 depicts the distribution of orbit debris created in the col-
lision. All the debris will reside in space for a long time.

In fact, five collisions on satellites by space debris causing catastrophic loss were confirmed
before this one (see Table 1—4). In December 1991, a Russia defunct navigation satellite
Cosmos 1934 was hit by a piece of space debris from the same series of satellite Cosmos 926.
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Table 1-3 Distribution of space debris in main orbital regions.

Entire region Special regions
Number of space Space volume rate Number of space Space volume rate
Orbital altitude objects moving (number of space objects moving (number of space
(km) through the region debris/100 km?3) through the region  debris/100 km3)

200-300 363 0.00658 15 0.00451
300—400 764 0.01333 78 0.02274
400-500 1327 0.02248 375 0.10613
500—-600 2628 0.04319 1265 0.34777
600—700 4447 0.07121 2763 0.73812
700—-800 6552 0.10202 4614 1.19827
800—-900 7305 0.11076 5185 1.30956
900—1000 5906 0.08724 3586 0.88115
1000—-1100 4450 0.06388 2250 0.53809
1100—1200 3566 0.04988 1390 0.32364
1200-1300 3190 0.04354 1085 0.24605
1300—-1400 3112 0.04119 994 0.21962
1400—1500 3791 0.04907 1646 0.35444
18,000—22,000 1967 0.00005 61 0.00003
35,000—37,000 2067 0.00005 2066 0.00291

Note: As for certain regions at an altitude between 35,000 and 37,000 km, the area with latitude within =5 degrees will be selected;
as for certain regions at other altitudes, the area with high latitude (above 70 or below —70 degrees) will be selected.
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FIGURE 1-3 Space debris distribution created in the United States—Russian Satellite Collision in 2009: (A) the orbit
altitude distribution of debris from Iridium 33 and (B) the orbit altitude distribution of debris from Cosmos 2251.

On July 24, 1996, the French ELINT satellite CERIES launched on July 7, 1995, was hit by the
debris of an Ariane rocket launched in 1986. Although the rocket debris did not hit the body
of the satellite, it broke down the gravity gradient stabilization boom which caused the satellite
attitude control failure. These are only observed and documented collisions.
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Table 1-4 The confirmed spacecraft collision events in history.

Number Time Site Space object 1 Space object 2

1 1991-12 Above Siberian Satellite Cosmos Satellite Cosmos 926 (Russia)
1934 (Russia)

2 1996-07-24 - Satellite Cerise (France) Rocket debris Ariane (ESA)

3 2005-01-17 885 km above the Rocket Thor Burner 2A Debris from the upper stage

South Pole of CZ-4 (China)

4 2009-02-10 790 km Above Siberian  Satellite Iridium 33 Satellite Cosmos 2251 (Russia)
(United States)

5 2013-05-24 Above Indian Ocean Satellite Pegasus (Ecuador)  Rocket fuel tank (the Soviet Union)

Besides, the sudden failure or degradation of active spacecraft (satellites or rockets) is fre-
quently observed. Due to the limitation of observation ability and device accuracy, although
it could not be confirmed that those events were caused by debris impact, the undetected
impacts by small debris are likely to be the primary reason. According to postevent estima-
tion, there are several other satellites and rocket bodies impacted. In 1997 the defunct satel-
lite NOAA 7 was collided by unknown space debris; in 2002 the defunct satellite Cosmos 539
was collided by unknown space debris; in 2007 the on-orbit active meteorological satellite-8
was collided by unknown space debris. Each collision not only caused direct damage to the
spacecraft but also produced a large amount of space debris residing in space for a long time
and further deteriorating the space environment. Fig. 1—1 shows the increment of fragments
since 1957, where each collision incident would eventually cause an abrupt increase of new
debris, and the probability of spacecraft collision would increase in turn. With the increase
of collisions the situation may drop into a malicious cascade, which would eventually threat
the security of long-term operation of spacecraft. According to the space debris evolution
model of a relative institution, if current population and increasing trend of space debris are
not controlled, the space will be too crowded to be normally utilized in just about 200 years.

The huge destruction on spacecraft by the impact of space debris is caused mainly by the
relative velocity. To remain in orbit without decaying, all space objects will fly at a velocity of
approximately 10 km/s. Since the flight directions of both objects are different during the
impact, the mean relative impact velocity will usually be greater than 10 km/s. Assuming
that the relative velocity is 10 km/s, the generated kinetic energy will be enormous.
According to the equation that kinetic energy equals to mass multiplied by the square of
velocity, the kinetic energy generated by the collision between a 10-g debris and a spacecraft
equals to that by the crash between two cars running at a speed of 100 km/h on the highway.
The consequence will be catastrophic. According to ground simulations and current
manufacturing status of space material, it is acknowledged that the number of space debris
with a diameter smaller than 1 cm is enormous and hard to be tracked; thus protection from
these tiny debris can only rely on the progress on spacecraft material to minimize the dam-
age of space debris on spacecraft. The number of space debris with a diameter between
1 and 10 cm is on the order of 100,000. The international community is expected to achieve
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complete monitoring of this kind of debris in the next two to three decades. The possible
technical approach may be the combination of spacecraft self-protection and monitoring
and avoidance by the ground in the future. There are 10,000—20,000 pieces of space debris
with a diameter larger than 10 cm currently tracked by the international community, through
which collision warning and collision avoidance can be achieved. The tracking capabilities
are not enough to monitor all the critical objects of nearly 10 cm in diameter, and the orbits
of these objects cannot be precisely determined by all the available global observing
resources currently. Yet it is a feasible way and already in practice to mitigate the collision
risk for on-orbit spacecraft through the collision prediction by tracking space objects with a
diameter larger than 10 cm via the global tracking stations. Apparently, this technical
approach is not the optimal due to the insufficiency of the global monitoring resources and
the inadequacy of the current prediction accuracy. However, with the joint effort of the inter-
national society, solutions will become more and more mature.

1.3 Collision warning of spacecraft

Space debris avoidance has almost been a routine activity for capable space powers to
ensure the security of their spacecraft or space station. International Space Station (ISS) exe-
cuted several orbital and altitude maneuvers to avoid space debris every year. According to
statistical data, from 2008 to 2014, ISS altogether executed 14 collision avoidance maneuvers
(see Table 1—5) due to the collision threat of space object. From Table 1—5, ISS respectively

Table 1-5 Statistical data of collision avoidance maneuver of ISS in recent years.

Avoidance

time Avoidance object Action

2008-08-27 Debris from satellite Cosmos 2421 (Russia) Collision avoidance maneuver

2009-03-22 Upper stage (China) Collision avoidance maneuver

2009-07-18 Upper stage (Russia) Collision avoidance maneuver

2010-10-26 Debris from satellite UARS (United States) Collision avoidance maneuver

2011-04-02 Debris from satellite Cosmos 2251 (Russia) Collision avoidance maneuver

2011-06-28 Breakdown debris from proton rocket Astronauts entered into the Soyuz
spaceship to hide

2011-09-29 Rocket body debris from Tsyklon (Russia) Collision avoidance maneuver

2012-01-13 Debris from satellite Iridium 33 (United States) Collision avoidance maneuver

2012-01-28 Debris from satellite FY-1C (China) Collision avoidance maneuver

2012-03-24 Debris from satellite Cosmos 2251 (Russia) Astronauts entered into the Soyuz
spaceship to hide

2014-03-16 Debris from satellite Meteor 2-5 (Russia) Collision avoidance maneuver

2014-04-03 Rocket body form Ariane (ESA) Collision avoidance maneuver

2014-10-27 Debris from satellite Cosmos 2251 (Russia) Collision avoidance maneuver

2014-11-12 Debris form remote sensing satellite 12 (China) and Collision avoidance maneuver

ATV-5 (ESA)
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executed one maneuver in 2008, two maneuvers in 2009, one maneuver in 2010, three man-
euvers in 2011, three maneuvers in 2012, and four maneuvers in 2014. It is obvious that the
increasing number of avoidance frequency shows the worsening of the operation environ-
ment of spacecraft.

However, current limited tracking resources and accuracy of orbital dynamics prediction
models lead to the unfavorable credibility of collision avoidance. With the increasing number
of space debris, spacecraft are encountering more and more enormous collision threats and
risks during on-orbit operation. In 2015 from October 1 to 10, the United States notified 21
collision warning events of LEO satellites of China (Table 1—6). These events were confirmed
to be false alarms afterward. If avoidance maneuvers were executed according to these false
alarm notices, more fuel would have been consumed and the designed lifetime of the space-
craft would have been greatly reduced. If avoidance maneuvers were frequently executed,
the normal applications would have been interrupted, and the efficiency of the spacecraft
would have been reduced. Therefore reducing false alarms and improving the credibility of
early warning is prerequisite for engineering implementation of spacecraft collision warning
and avoidance.

Table 1-6 Collision warning events of LEO satellites notified by the United States to
China (2015-10-01T00:00:00—2015-10-10T00:00:00).

Satellites of Space object Time of closest Miss
China (NORAD (NORAD approach (Beijing distance R direction T direction N direction
Number code) code) time) (m) (m) (m) (m)
1 37,167 30,694 10-01 06:57:54 703 —127 339 603
2 38,038 30,954 10-02 00:28:04 652 — 189 — 181 598
3 37,931 30,721 10-03 16:07:10 221 -9 =211 - 67
4 36,415 29,928 10-04 00:26:10 627 —-25 223 — 586
5 28,890 35,076 10-04 10:08:46 486 133 456 105
6 31,490 35,336 10-04 17:36:32 927 =77 - 813 440
7 39,455 29,875 10-04 19:01:04 189 - 190 -4 -5
8 39,209 1722 10-05 07:19:04 615 86 — 498 — 351
9 39,358 40,467 10-05 19:56:12 157 - 104 23 117
10 40,701 15,592 10-06 02:29:22 380 -97 —12 — 368
11 40,701 15,592 10-06 02:29:23 354 —88 -8 —343
12 29,506 33,409 10-06 10:21:29 758 58 752 -79
13 28,737 30,192 10-06 14:16:14 849 — 145 323 —-773
14 40,701 15,592 10-08 14:17:50 903 - 108 11 — 897
15 40,701 15,592 10-08 14:17:51 948 - 116 8 —941
16 27,431 82,030 10-08 22:57:53 115 82 -3 82
17 37,930 9986 10-09 05:09:14 540 190 —-133 —488
18 33,433 39,888 10-09 11:42:27 669 162 58 — 648
19 27,431 39,603 10-09 14:21:40 630 165 1 609
20 38,861 21,423 10-09 20:40:47 308 34 4 - 307
21 38,861 15,495 10-09 23:49:13 391 -97 344 160
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The direct reason for the high false alarm rate of spacecraft collision warning is the insulffi-
cient prediction accuracy of orbital positions of both spacecraft and the dangerous space object.
Assuming that the prediction accuracy of both orbital positions in 24 hours is within the magni-
tude of meter, the collision warning on spacecraft within meter level in 24 hours can be 100%
credible. However, at present, the quasi—real-time orbit determination accuracy of spacecraft
measured using cooperative equipment can reach the order of meters or even centimeters,
whereas the ultimate accuracy of the dangerous space object measured by noncooperative
equipment can only reach the order of 10 m. However, as an active spacecraft collision warning,
alarms should generally be sent at least 24 hours ahead. Hence, after the quasi—real-time orbit
determination, orbital position in 24 hours will be propagated using orbit dynamics extrapola-
tion method, and collision warning will be performed. Considering the accuracy of the orbital
dynamics model, especially the influence of errors in atmospheric density model, even though
no error exists in quasi—real-time orbit determination, the accuracy of predicted orbital posi-
tions for 24 hours is hard to surpass the order of 100 m. Within two big error spheres with
diameter of 100 m, the collision possibility of two objects with diameter of a few meters or even
less is very low. Limited by the global space object—detection resources, current space object
catalog system worldwide can only maintain the accuracy of quasi—real-time orbit determina-
tion for all space objects at the magnitude of kilometers and the accuracy of extrapolation pre-
dicted orbital positions for 24 hours at the magnitude of 10 km, which will lead to the collision
warning based on common space object catalog orbital system without any credibility.

In view of current ability, two types of collision warnings are defined in the collision warning
strategy in this book, that is, colorless warning and colorful warning. A colorless warning is
based on normal catalog system for space object monitor task without special requirement on
accuracy or any additional tracking task. It can be carried out by using measurement data from
devices or only TLE from an open source on the internet. Any universities, organizations, or
individuals in the world can carry out colorless warning if they are interested. This kind of colli-
sion warning cannot be used as the basis for spacecraft avoidance due to relatively higher false
alarm rate and lower credibility, whereas it can be used to filter dangerous events, select dan-
gerous objects, and schedule detection devices to execute important observations. Colorless
warning is a kind of collision warning based on normal catalog system without extra observa-
tion cost. Colorful warning is a kind of collision warning based on selected conjunction candi-
dates by colorless warning. Since colorful warning is used to determine whether or not to
perform collision avoidance, it requires real-time assessment and high orbit prediction accuracy
of space object. Therefore intensive observations on conjunction candidates need to be sched-
uled. In general, colorful warning can be divided as yellow and red warnings in terms of phase
and requirement on orbit prediction accuracy. Red warning is the precondition for spacecraft
collision avoidance and yellow warning lays the foundation for red warning and is necessary for
further reducing false alarm rate, concentrating detection devices on conjunction candidates,
and improving the credibility of red warning. In colorful warning, especially in the phase of red
warning, all-time and all-weather stable detection device is necessary to ensure the stability of
data collection, and precise orbit determination system is used to perform orbit determination
and prediction calculation to ensure the high credibility of conjunction point prediction.
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The foundation of spacecraft collision warning system with no false dismissal, low false
alarm rate, and high credibility depends on enormous space object—detection network,
accurate orbit determination and prediction, reasonable detection and calculation resource
scheduling strategy, and efficient management commanding system. Space object catalog
and orbit determination system is used to continually screen numerous colorless warning
messages with possible collision risks in order to ensure no false dismissal within the space
surveillance capacity; the reasonable resource scheduling strategy is used to screen yellow
warning messages with possible collision risks and eliminate most of the false alarms; precise
orbit determination and prediction system is used to recognize important dangerous red
events and schedule spacecraft to perform collision avoidance maneuver. This is the main
task of the whole collision warning process.

This work involves fundamental technologies of space object orbit calculation, detection
data acquisition technology, precise orbit calculation theory, the space environment of space
object flight, overall planning, and other technological theories. The above fundamental
technologies, theories, and models will be successively introduced in the upcoming chapters
in this book. It is expected that this book can help readers acquire a thorough, objective, and
detailed understanding of spacecraft collision avoidance technologies.



Basics of orbital calculation for
spacecraft collision avoidance

The warning of spacecraft collision avoidance is essentially a warning of the risk of close
approach between two space objects, the position information of which is obtained through
collaborative and noncooperative orbit measurement and prediction. Due to different mea-
surements of two high-dynamic moving objects and different sources of measurement infor-
mation from different countries of international cooperation, it is especially important to
adopt a unified benchmark frame. In addition, the precise orbit calculation of space objects
should be carried out in space inertial system, and the measurement of space objects is
usually obtained on the basis of the fixed TT&C stations in Earth’s fixed coordinate system.
The transformation of celestial spheres and various coordinates of the Earth are involved.
This chapter gives a brief introduction to the definition of time and coordinate system and
the transformation between the systems, as well as basics of orbital dynamics.

2.1 Basic definitions and transformation in astronomy

2.1.1 Basic concepts in astronomy

The basic idea of astronomy is the basis of the inertial coordinate system of celestial sphere
that we are talking about. Fig. 2—1 is the reference ellipsoid for the celestial sphere; it shows
the horizontal plane, meridian plane, equator, ecliptic, equinox, and hour angle, and the
definitions are shown as follows:

Reference ellipsoid: A rotating ellipsoid is often defined that approximates the figure of the
Earth. This rotating ellipsoid is called the reference ellipsoid. Reference ellipsoid’s center O
coincides with the Earth’s center of mass, and the rotation axis of the ellipsoid points toward
the conventional international origin P.

Horizontal plane: It is defined as the tangent plane A-a,...-, with its tangent point A at
the reference ellipsoid.

Meridian plane: It is defined as the plane PA passing through any point A on the surface
and the North and South Poles.

Equator: Equatorial plane is the plane passing through the Earth’s center of mass and
perpendicular to the rotation axis. And equator is the intersection of the surface with the
equatorial plane.

Spacecraft Collision Avoidance Technology. DOI: https://doi.org/10.1016/B978-0-12-818011-2.00002-7 11
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FIGURE 2-1 Space frames and basic planes.

Ecliptic: The Earth rotates around the Sun. An observer on the Earth viewing the Sun will
note that the Sun orbits around the Earth. The trajectory of the apparent diurnal movement
of the center of the Sun is referred to as ecliptic.

Vernal equinox: The ecliptic and the equator intersect at two points. The point ~ where
the Sun moves from the southern hemisphere into the northern hemisphere is the ascending
node, also known as the vernal equinox. The direction from the center of the Earth toward
the vernal equinox is the direction toward the vernal equinox. It is often used as a basic
direction in astronomy.

Hour angle: O is the center of the Earth, P is the North Pole, and S is the observing sta-
tion. PSG is the meridian passing S, X denotes any celestial body, PXT is a large arc passing
X, and TG is the equator. Then the arc GT is called the hour angle of celestial X. For the
vernal equinox ~, G is the hour angle of the vernal equinox.

Precession: The vernal equinox is not fixed among the stars, and actually it moves slowly
along the ecliptic westwards. This phenomenon is called precession. Precession is caused
due to the gravitation of the moon, sun, and planets. Earth’s rotation axis revolves around
the ecliptic pole, with a precession angle of 23.5 degrees, opposite to the Earth’s rotation
direction, and a period of 26,000 years. This is called lunisolar precession. It makes vernal
equinox moving westward about 50”.37 along the ecliptic each year. In addition, the gravity
of planets will cause the rotation of the Earth’s orbital plane. This will also cause movement
of the vernal equinox (but does not cause the Earth’s axis precession). This is called plane-
tary precession. It makes equinox moving 0”.13 along the equator each year.

Nutation: The orbital planes of the moon and the sun do not coincide with the equatorial
plane of the Earth. They are sometimes above the equatorial plane and sometimes under the
equatorial plane. In addition, the Moon—Earth or Sun—Earth distance is also changing.
These factors yield the changing moment of the precession of the Earth’s axis. This further
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makes the Earth’s axis precession extremely complex. Precession trajectory can be seen as
tiny swaying in the vicinity of the average position for a short period. The tiny swaying is
called nutation. Nutation’s half amplitude is about 9”.2, with a period of about 18.6 years.

Nutation is denoted by “longitude nutation” and “obliquity nutation.” The precise formula is
very complicated, if you want to be accurate to 0”.0001, the formula will contain more than 100
items. Therefore in practical applications the formula is not directly used. Instead, Jet Propulsion
Laboratory provides “sun—moon—planet ephemeris and nutation” data for calculations.

When only the effect of precession is considered, the vernal equinox and equator are
referred to as the mean vernal equinox and mean equator. When the influence of precession
and nutation are considered together, they are called the instantaneous vernal equinox and
instantaneous equator, or true vernal equinox and true equator.

Pole shift: The Earth’s poles are the intersection of the Earth’s rotation axis with the sur-
face. Subject to complex motions of oceanic currents, tides, and Earth mantles, the instanta-
neous rotating axis of the Earth will wander within 1 as, which makes the Earth’s poles not
strictly fixed points on the surface.

The shift of the Earth’s poles on the surface is referred to as pole shift. The position of the
instantaneous pole at any time can be represented by Xp and Yp, Origin of the coordinate sys-
tem is the conventional international origin P, (CIO), X-axis prime Greenwich meridian, and
Y-axis the meridian at 90-degree-west longitude. The polar change of 2012—14 is shown in
Fig. 2—2. It is shown that the variety rule of polar anniversary is obvious during the period of
3 years. The range of changes is within 10 m, and there is a significant systematic bias for P,,.
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FIGURE 2-2 Polar shift from 2012 to 2014.
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Pole shift is a completely different geophysical phenomenon with precession and
nutation. Precession and nutation reflect the direction change of the Earth’s rotation
axis in stellar space, but the relative position within the Earth’s interior does not
change. Thus precession and nutation only cause changes in celestial coordinate but do
not cause a change in the Earth’s surface latitude and longitude. In contrast the pole
shift shows no change in the direction of Earth’s rotation axis in stellar space, but its
relative position within the Earth’s interior does change. This leads to changes of polar
positions on the Earth’s surface and eventually causes changes of the longitude and lati-
tude on the Earth’s surface. As the topocentric coordinates are defined within Earth-
fixed coordinate systems, the pole shift correction shall be applied when the topocentric
coordinates interact with the celestial sphere. In addition, the precession and nutation
can be modeled very well, and the actual observations are consistent with the theoreti-
cal models. The formula will usually produce satisfactory precision of values. In contrast
the normalized amplitude of the pole shift on the surface is hard to coincide with the
theoretical value, though the value is only about the order of tens of meters. Thus high
precision pole shift values are based on actual observations. Currently, the shift value
(Xp, Yp) is accurately measured and published by the International Earth Rotation and
Reference Systems Service (IERS), so as to obtain accurate prediction value and precise
solution value.

In addition, China’s International GNSS Monitoring and Assessment System (referred
IGMAS) has been approved by the 10th Annual Meeting of the International Conference on
Genomics (ICG-10) in November 2015. The Mission of IGMAS is to provide a global real-
time tracking network with full-arc and multicoverage for BDS/GLONASS/Galileo navigation
satellites, as well as an information platform with the abilities of data collection, storage,
analysis, management, publishing, and other functions, so as to monitor and evaluate the
operation and key indicators of GNSS and to generate products such as high-quality naviga-
tion satellite ephemeris, clock, Earth’s pole shift parameters, tracking station coordinate and
velocity, global ionospheric delay model, and GNSS-integrity products. Since 2016, global
users can go to http://en.beidou.gov.cn/ for pole-shift parameters [103].

2.1.2 Time systems and major transformation formula

In orbit calculation, time is an independent variable. Yet different time systems are applied
for calculating different physics quantities. Time system is defined with the starting point
and the unit of measurement of time intervals.

2.1.2.1 Sidereal time

The time when the vernal equinox passages over the observer is the zero hour of the local
sidereal time. The local sidereal time is defined as the hour angle of the vernal equinox. As
can be seen from the definition of sidereal time, the change rate of sidereal time is that of
the apparent diurnal motion of the vernal equinox. The apparent diurnal motion rate of
vernal equinox is the composition of the Earth’s rotation rate and rate of the equinox itself.
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We know that the vernal equinox displacement rate is subject to precession and nutation
effects. When precession and nutation is considered, the obtained sidereal time is called true
sidereal time, denoted as 0,.

2.1.2.2 Solar time
The solar time includes true solar time and mean solar time.

True solar time: The time when the apparent Sun passages over the observer’s meridian
is the zero hour, then the hour angle of the apparent Sun is the local true solar time.

Since the ecliptic and the equator do not coincide, and the Earth’s orbit around the Sun
is not a circle, the true solar time changes irregularly. Thus mean solar time is defined as
follows.

First a fictitious point is introduced in the ecliptic which moves with the mean angular
velocity of the Sun and passes the perigee apogee at the same time as the Sun. Then another
fictitious point is introduced in the equator which moves at the same speed as the fictitious
point in the ecliptic and returns to the vernal equinox at the same time as the point in the
ecliptic. This second point is called the mean sun. The relationship is given next:

Mean solar time = hour angle of mean sun + 12 hours or
Mean solar time = hour angle of mean vernal equinox—right ascension of mean
sun + 12 hours.

2.1.2.3 Universal time
Greenwich mean solar time is called Universal Time.

Since the mean Sun is a fictitious point, and is not subject to observation, Universal Time
is in fact determined by observing the diurnal motion of stars is and obtained via sidereal
time. Universal Time reflects the Earth’s rotation. Due to the uneven nature of the Earth’s
rotation and changes in the Earth’s meridian caused by pole shift, the Universal time is not
uniform. Depending on the adjustments to Universal Time, three variations of Universal
Time are defined.

UTO: Universal Time determined by direct observation of the stars is called UTO.

Due to the pole shift, the local meridians also change. So the UT0 corresponds to the
position of the observer. UT1 is obtained after pole shift correction.

UT1 = UTO0 + pole shift correction.

As the Earth’s rotation presents long-term, periodic, and irregular changes, UT1 also has
the above features. After seasonal periodic correction, we get UT2:

UT2 = UT1 — periodic items.

2.1.2.4 Ephemeris time

The start point of ephemeris time is defined as the epoch when the Sun’s geometric mean
longitude is 279°41'48”04, relative to the instantaneous mean vernal equinox. The standard
second is defined as the second length on January 0 12:00 (ET) of the tropical year 1900 (or
the fraction 1/31, 556, and 925.9747 of the tropical year).
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Ephemeris time is a uniform timescale within the solar barycentric framework, and it is
the independent variable in Newtonian equations of motion for calculating the ephemerides
of the Sun, Moon, planets, and satellites.

Definition of ephemeris time depends on the system of astronomical constants adopted.
The ephemeris time is obtained by observations of the positions of the Moon. The ephemeris
time relying on modified Brown lunar ephemeris during 1960—67 is referred to as ET0. Apart
from the modified Brown lunar ephemeris, another ephemeris time relying on astronomical
constants system of the year 1964 during 1968—71 is called ET1. The lunar ephemeris was
refined after 1972 when the new series in lunar motion were researched, and the ephemeris
time relying on the refined lunar ephemeris is called ET2. Ephemeris time used herein is
ET2, referred to as ET for short.

2.1.2.5 Atomic time

The current major International Atomic Time system, TAI, is determined by the
International Time Bureau (BIH). Take 0:00 on January 1, 1972 (UT2) as the starting point of
TAIL The length of a second is defined as 9,192,631,770 periods of the radiation correspond-
ing to the transition between the two hyperfine levels of the ground state of the Cesium 133
atoms.

2.1.2.6 Coordinated universal time

As can be seen from the definitions of Universal Time and Atomic Time, Universal Time
represents the Earth’s rotation, yet the change is not uniform. While the change in Atomic
Time is more uniform than Universal time, its definition has no connection with the Earth’s
rotation. Thus the atomic time does not reflect the Earth’s rotation. To this end, Coordinated
Universal Time, UTC, is introduced to basically synchronize with the Earth’s rotation. Epoch
of UTC is the same with the epoch of Universal Time, and the duration of a second is the
same as the definition of an atomic second. UTC is the standard time signal for tracking sta-
tions to synchronize time.

Actually, the definition of UTC changed several times in history. With an intent to make
UTC as close as possible to UT2, frequency compensation was adopted prior to January 1,
1972 to make the UTC second very close to the UT second. When [UTC-UT2]| is greater than
0.1 second, the specified date is forced to a time jump of 0.1 second. After January 1, 1972,
the length of second in UTC is equal to the second of atomic time. When [UTC-UT1| is
greater than 0.9 second, a time jump is forced on 0:00 January 1 (UTC) or 0:00 July 1 (UTC).
Each jump is 1 second, which is also called leap second.

2.1.2.7 GPS time

GPS time (GPST) is an atomic timescale used in global positioning system, of which the zero
is at 0:00:00 on January 6, 1980. At the starting epoch, GPS and UTC aligned exactly, and the
two time systems give the identical time. Due to the presence of UTC leap second and the
continuity of GPST, there will always be a difference of an integer number (n) of seconds
between UTC and GPST, where n is the accumulative number of seconds to UTC in this
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duration. Yet at 0:00:00 January 6, 1980, the difference between UTC and TAI is 19 seconds,
so the difference between GPST and TAI is always 19 seconds, namely

TAI — GPST = 19 seconds

Theoretically, TAI and GPST are both atomic timescale and have no time jumps; thus
there is a strictly fixed difference of 19 seconds between them. Yet TAI and GPST are main-
tained by different atomic clocks, and the difference CO between TAI and GPST is measured
and published by specialized institutions. Current monitoring indicates that the value CO is
usually kept within 10 ns. For spacecraft collision warning computation, this difference can
be completely ignored. However, as GPS is widely used in time alignment and onboard GPS
timing, UTC—GPST difference cannot be totally ignored.

2.1.2.8 BeiDou time

With the improvement of China BeiDou Navigation Satellite System, BeiDou time is also
widely used as well as GPST. Similarly, BeiDou time is an atomic timescale, of which the
zero is at 0:00:00 on January 1, 2006 (UTC). The second duration of TAI is adopted in
BeiDou time with no leap second. The longest time duration of BeiDou time is a week
(defined by 604,800 seconds), which is referred to as WN and SOW. TAI and BDT can be
transformed as follows:

TAI — BDT = 33 seconds

By UTC (NTSC), BDT can be contacted with the international UTC. The deviation
between BDT and UTC is kept within 100 ns (1 second). The leap second information of
BDT from UTC is broadcasted in navigation message [102].

2.1.2.9 Time system conversion
For conversion from UT1 to Greenwich mean sidereal time, §g, the following formula is
used:

0, = 18".6973746 + 879000".0513367Ty + 0°.093104T% — 6.2° X 107 0T}, (2.1)

where Ty is the Julian centuries since 12:00 January 1, 2000 (UT1) (JD = 2451545.0).

For conversion from Gregorian date to Julian Date, assume that the year, month, day,
hour, minute, and second in the Gregorian calendar are, respectively, Y, M, D, h, m, and s.
Then

J =D — 32075 + [1461 X (Y + 4800 + [(M — 14)/12])/4] + [367 X (M — 2 — [(M — 14)/12] X 12)/12]
— [3X [(Y +4900 + [(M — 14)/12]/100] /4]
(2.2)

where [X] represents the integral part of X.
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The corresponding Julian date:

JD=]—0.5+h/24 + m/1440 + s/86,400 (2.3)

2.1.3 Coordinate systems and major transformation formula

In orbit calculation, we have to, in a precise way, deal with a variety of observations and
orbit ephemeris conversion in different coordinate systems. Meanwhile, many quantities in
dynamic models for orbital calculation are defined in a specific coordinate system. A variety
of coordinate systems are therefore to be introduced to facilitate the processing and
calculation.

A coordinate system is defined by three elements: origin, the basic plane, and the primary
direction in the plane (usually the direction of X-axis in the Cartesian coordinate system).

2.1.3.1 2000.0 inertial coordinate system
The origin is at the center of mass of the Earth, the fundamental plane is the mean equator
of J2000.0, and the X-axis is aligned with the mean equinox of J2000.0. Z-axis is the normal
direction of the fundamental plane and is aligned with the North Pole. Y-axis and X, Z axes
make up a right-handed system.

In the 2000.0 inertial coordinate system the position vector is denoted with 7, and the
velocity vector is denoted with 7.

2.1.3.2 Instantaneous mean equatorial coordinate system
The origin is at the center of mass of the Earth, the fundamental plane is the mean equator
at the instant of observation, and the X-axis is aligned with the mean equinox of the observa-
tion instant. Z-axis is the normal direction of the fundamental plane and is aligned with the
North Pole. Y-axis and X, Z axes satisfy the right-handed rule.

In this coordinate system the position vector is denoted with 7,,. The velocity vector is
denoted with ?m

2.1.3.3 Instantaneous true equatorial coordinates system
The origin is at the center of mass of the Earth, the fundamental plane is the true equator at
the instant of observation, and the X-axis is aligned with the true equinox of the observation
instant. Z-axis is the normal direction of the fundamental plane and is aligned with the
North Pole. Y-axis and X, Z axes satisfy the right-handed rule.

In this coordinate system the position vector is denoted with 7;, and the velocity vector
with 7.

2.1.3.4 Quasi Earth-fixed coordinate system

The origin is at the center of mass of the Earth, the fundamental plane is the instantaneous
equator of the Earth, and the X-axis is aligned with the Greenwich Meridian. Z-axis is aligned
with the instantaneous North Pole of the Earth’s rotation axis. Due to the pole shift effect,
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the Z-axis’ intersection with the Earth surface changes with time. X, Y, and Z axes make up a
right-handed system.

This coordinate system is fixed to the Earth and rotates with the Earth. In this coordinate
system the position vector is denoted with 7}, and the velocity vector with 7).

2.1.3.5 International Terrestrial Reference System

International Terrestrial Reference System (ITRS) is the most accurate and widely used con-
ventional terrestrial coordinate system. In accordance with IUGG resolutions, ITRS is defined
by the IERS. The core of its definition of spatial coordinates O-XYZ is as follows: O is the cen-
ter of mass of the Earth, Z-axis points to the Celestial Intermediate Origin (CIO), X-axis is
aligned with the Greenwich meridian, and Y-axis, perpendicular to X, Z-axes, satisfies a
right-handed rule. Only such an invisible reference system definition is not enough to deter-
mine the position of a point on the surface of the Earth. In addition to the ITRS reference
system definition a group of reference stations are used, and these stations are called IERS
reference stations. The stations’ coordinates (X, Y, and Z), their velocity (AX, AY, and
AZ)/year, and the earth orientation parameters published by IERS all together constitute
the International Terrestrial Reference Frame (ITRF). With this frame of reference, you can
measure the difference between any point on Earth or in space and the reference points to
calculate the coordinates of the measured point in the ITRS. The precise pole motion para-
meters are also available to calculate the point’s coordinates in the celestial coordinate
systems.

2.1.3.6 Earth-fixed coordinate system

In order to keep fixed point’s coordinates constant, it is necessary to construct a coordinate
system completely fixed with the Earth body itself. A variety of Earth-fixed coordinate sys-
tems can be defined according to different applications. In order to facilitate the conversion
between celestial coordinates and terrestrial coordinates, space object orbital calculation
usually adopts CGCS2000 (China Geodesic Coordinate System 2000) or WGS-84 (World
Geodesic System 1984) Earth-fixed coordinate systems, which are coincident with the ITRF.
This coordinate system is fixed to the Earth and rotates with the Earth. In this coordinate sys-
tem the position vector is denoted with 7}, and the velocity vector with ?b.

As the GPS coordinate reference system, WGS-84 coordinate system is a US-defined
global geocentric coordinate system. It is widely adopted in the world with the popularity of
GPS navigation and positioning technology. The coordinate system definition is almost con-
sistent with ITRS. The coordinates of IERS reference stations in this frame have a difference
of less than 1 cm relative to the defined ITRF coordinates in three axes.

CGCS2000 is also known as 2000 China Geodetic Coordinate System. The origin and the
three axes are consistent with ITRS reference system, and the ellipsoid geometry parameters
a=6,378,137.0 and f= 1: 298.257222101. At the reference epoch of 2000, CGCS2000 can be
considered coincident with the ITRF and WGS-84 at the centimeter level.
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2.1.3.7 Geodetic system

The topocentric coordinates of the observer, as well as the satellite ground track, are often
expressed in geodetic coordinate system. The coordinate system uses the geodetic reference
ellipsoid as a reference surface, and the observer’s position is denoted in geodetic longitude
A, geodetic latitude ¢, and the height s, which is defined as follows:

The longitude is measured as the angle between the observer’s (or celestial bodies’) geo-
detic meridian plane and the prime meridian plane. It is measured eastward from the prime
meridian plane.

The geodetic latitude is the angle between the normal to the reference ellipsoid at the
observer and the equatorial plane. It is measured from the equator, with northward as posi-
tive and southward as negative.

The height is defined as the distance along the normal direction from the observer to the
reference ellipsoid. It is measured from the reference ellipsoid, with outward as positive and
inward as negative.

2.1.3.8 Topocentric coordinate system

The origin is the center of the tacking station, that is, the rotating center of the tracking
antenna. The local horizon at the station center is the fundamental plane. The primary direc-
tion is directing northward from the origin.

For station Cartesian coordinates, X-axis directs eastward in the fundamental plane, Y-
axis directs toward the primary direction, and Z-axis is perpendicular to the fundamental
plane pointing upward.

For station spherical coordinate system, range p is the distance from the center to the sat-
ellite, azimuth A is the angle measured clockwise from the primary direction to the satellite
position vector’s projection upon the fundamental plane, and elevation E is the angle
between the satellite position vector and the fundamental plane.

In this coordinate system the position vector is denoted with p, and the velocity vector
with p.

2.1.3.9 Satellite coordinate system

Coordinate origin is the satellite’s center of mass. Z-axis points from the satellite center of
mass to the center of the Earth (i.e., r direction), Y-axis directs opposite of the normal to the
orbital plane, and X-axis directs toward the motion direction and is perpendicular to Z-axis
within the orbital plane. X-, Y-, and Z-axes satisfy the right-handed rule.

2.1.3.10 UNW and RTN coordinate system

2.1.3.10.1 UNW coordinate system

UNW coordinate system is defined by the followings. The origin is the center of mass of a
space object. U direction is of the direction of the velocity vector. N direction is perpendicu-
lar to U direction and points toward the orbit normal direction. W direction constitutes
right-hand system with U and N directions. The vectors of UNW coordinate system are
defined in J2000.0 inertial coordinate system as U, N, W, then there is
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v vXr
U=— W= N=WXU
v v Xr|

where v and r are, respectively, the position and velocity vector in J2000.0 inertial coordinate
system.

2.1.3.10.2 RTN coordinate system
RTN coordinate system is defined by the followings. The origin is the satellite’s center of
mass. R radial axis coincides with direction from the center of the Earth to the satellite center
of mass. T transverse axis points toward the movement direction in the orbital plane and is
perpendicular to the R-axis. N-axis is the normal to the orbital plane and constitutes the
right-hand system with R- and T-axes. The vectors of RTN coordinate system are defined in
J2000 inertial coordinate system as R, T, N, then there is

r rxXv

N=
Ir| r XV

R= T=NXR

2.1.3.11 Coordinate transformation

Ephemeris calculation is the prerequisite for satellite orbital determination and prediction.
And the integrator in this calculation requires continuous time frame of high stability and
inertial coordinate system with no rotation, so that the satellite position can be integrated.
This is why we select atomic time TAI and 2000.0 inertial coordinate frames adopted by BIH
for integration of orbital ephemeris calculation. Yet all observations for satellite tracking are
defined in Earth’s fixed coordinate system and conventional UTC. So space-time frame trans-
formations are the basics of orbital calculation. We shall be very familiar with the definitions
of abovementioned time and coordinate systems and use such parameters as time, pole
motion, precession and nutation, to compute the transformation from one frame to another.

2.2 Space object orbit: basic definitions and transformation

The trajectory of any object flying in the space can be expressed by its position and velocity
at any epoch, f, in inertial J2000 coordinate system. Space objects herein are referred to those
orbiting the Earth; they move in elliptic orbits at the first cosmic velocity, according to
Kepler theorem. At time ¢, three parameters depicting the shape and size of the ellipse are
mainly dependent on the object’s velocity. And the orientation of the ellipse in J2000 inertial
system and the three parameters depicting the object’s elliptic motion together give the exact
position of the object in J2000 inertial system. These six parameters are also known as six
orbital elements, which depict analytically the space object’s position and velocity in space.
Thus the space object’s trajectory can be expressed in inertial coordinate system or in orbital
elements to depict its position and velocity in space. These two expressions can be conversed
precisely with mathematical formulas and can be solved with numerical and analytical
approaches, respectively, so as to obtain the space object’s trajectory at any time ¢.
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2.2.1 Space object’s two-body motion in space

Space object in motion is subject to a variety of forces. Among these forces the gravity of the
Earth to the satellite is the most important and absolutely the dominant force. Meanwhile,
the space object can be treated as a point of mass as its mass and size is so small relative to
the Earth. Earth’s gravitational force upon the space object can fall into two parts: centric
gravitation and other gravitation. The centric gravitation indicates that the Earth is assumed to
be a sphere with uniform mass distribution, and the Earth is considered a point of mass with all
its mass concentrated in the barycenter. In this case the space object is moving mainly under
the influence of the Earth’s gravity, and its equation of motion can be written as:

d*r 7o
—_— == ur—z +F (2.4)

where 7 is the object’s radial vector; 1 = G(M + m), G is the universal gravitational constant, M
is the mass of the Earth, and m rgpresents the mass of the object; the first item —u(?/ rz) is the
gravity of the center of the Earth; F is the sum of all perturbations except for the gravity, including
the Earth nonspherical perturbations, atmospheric drag, solar radiation pressure, and sun and
moon gravity. It is noted that in Eq. (2.4), the length is measured in the unit of the Earth’s radius.

If you ignore other perturbations, and only consider the gravity, the motion equation
becomes:

s 5
% =~z (2.5)

In celestial mechanics the motion described by the equation is called the two-body prob-

lem (or two-body motion). And two-body problem has analytical solution, see Refs. [4,9].

2.2.2 Integration of two-body problem
Analytical solutions of two-body problem equations have the following integrals:

1. Area integration

FXF=h (2.6)
2. Energy integration
L2
For=tae @2.7)
r
3. Laplace integration
I R
rh.:/,L;Jl'e (2.8)
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where 7 and & are integral vectors, c is constant of the integration, and they satisfy the fol-
lowing relationship:

From the above integrations, it is easy to derive the orbital equation:

h2
r= % (29)
1+ecos/ (é,7)

This is a conic equation. For space object orbiting the Earth, its velocity is less than the
second cosmic velocity; then, its orbit is elliptical, namely 0 =<e <1.

The trajectory of space object in the two-body motion is transformed into a depiction of
ellipse. Thus the motion equation can be expressed with the six elements a,e, i, 2, w, M, see
Fig. 2—3.

In the figure, O’ is the center of the ellipse; O is a focus of the ellipse, namely the Earth’s
core; a is the semimajor axis of the ellipse; e is the eccentricity, e = v/a? — b?/a; i is the angle
between the ellipse and the point W where the satellite intersects the equator when flying
from south to north; €2 is the angle in equatorial plane between W and the vernal equinox;
w is the angle in ellipse between the perigee P and W; fis the angle in the elliptical plane

'Y

FIGURE 2-3 Six orbital elements of space object motion.
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between the line SO and the line PO, namely the true anomaly; and E is the angle in the elliptical
plane between the line SO’ and the line PO’, namely the eccentric anomaly (see Ref. [4]).

The six elements (a,e,i,$2,w, M) depicting the space object trajectory are also called
orbital elements of space object.

The last element f of the orbit elements is usually replaced with the mean anomaly M in
order to reflect clearly the movement rule of space objects. The Kepler equation can be
obtained based on the area integral and vis-viva equation:

E—esinE=M (2.10)
where E can be obtained from the following formula:
r=a(l —ecos E) (2.11)
M is an element depicting satellite’s location in the orbit.
M=n(t—1) (2.12)

where

(2.13)

_ M
"=\

n is usually referred as mean motion and 7 as the epoch of the perigee passage.
The orbital equation and energy integration are:

_a(l—-é?)
" 1+ecosf (2.14)
P = u(% - é) (2.15)

In celestial mechanics, Eq. (2.15) is often called vis-viva equation.
Here the conversion relationship between the true anomaly f and eccentric anomaly E is

rsin f=a+v1—e?sinE

(2.16)
r cos f = a(cos E — e)
esin E
=E+2ig!
4 § [l—l-«/l—ez—ecosE}
(2.17)
_ esin f
E=f+2tg!
4 8 [l+«/lez+ecosf:|
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Under the assumption of the two-body problem, for space object flying around the Earth,
if the epoch 10 and the six orbital elements are determined, only M is a time variable theo-
retically among the six elements at any time 7.

M;=M; +nXt

GM
- /? (2.18)

where 7 is the angular velocity of the satellite motion. That is, the velocity can be obtained if
the satellite position at any time T is available.

2.2.3 Basic conversion of orbital elements for space objects

2.2.3.1 Interchange between orbital elements and position/velocity in Cartesian
system

The position/velocity (x, y, z, %, y, 2) of space object in J2000 inertial system at time, f,

has a unique correspondence conversion relationship with the six orbital elements (q, e, i,

Q, w, BE):

x
[y} =a(cos E — e)P + av/1 — e sin EQ

z

[xyZ]:fsinE@I’\JJrcosEiM@ (2.19)

sin €2 cos w — cos 2 sin wcos i

cos €2 cos w — sin {2 sin w sin i
p=
sin w sin i

Q= | —sin 2 sinw + cos ) cos w cos i

— cos €2 sin w — sin €2 cos w cos i
cos w sin i

r=4/x2+y?+ 2

2.2.3.2 Partial derivative of elements with respect to coordinates and velocity
Define
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5. The partial derivative of w with respectto 7,7
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2.2.3.3 Partial derivative of coordinates and velocity with respect to elements
For Kepler elements, there are:
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where 7 is mean motion, and p = a(1 — ¢%)
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0 1 cos i
For derivation of these formulas, see Ref. [3].

2.2.3.4 Partial derivative of acceleration with respect to position/velocity in two-body
motion of space object
From Eq. (2.5), we have two-body motion’s acceleration:

_ GMj
A= — rSE r (2.30)

The acceleration in two-body problem can also be expressed in potential function.
Namely Eq. (2.30) satisfies the following relationship:

VXf=0

where V X f denotes the curl of f.
Therefore the gravitational field is a conservative force field. For a conservative force field,
there is potential function:

V= Jifd?

o0
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Such that:
f =grad v

where grad v denotes the gradient of v.
If f is taken as the force upon unit mass, grad v is the acceleration under gravity. For the
two-body problem, its potential function is:

GM,
Vo= —= (2.31)
r
In the two-body problem the satellite acceleration is:
ox
_ oV
arg=grad Vy= oy (2.32)
a
0z
The partial derivative of the satellite position vector is:
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2.2.4 Orbital perturbations of space object

Space object in motion is by no means as simple as a two-body problem. It is affected by
many forces. Even if we take the Earth as a mass point, the Earth’s gravitational force upon
the space object can fall into two parts: (1) the Earth is assumed to be a sphere with uniform
mass distribution, and the Earth is considered as a point of mass with all its mass concen-
trated in the barycenter, which is the force in the two-body problem and (2) the Earth is in
fact not a strict sphere with uniform mass distribution, the nonspherical force upon the
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satellite shall also be considered, which is referred to the zonal and tesseral harmonic pertur-
bation force. In addition, the space object in motion is also subject to such forces as atmo-
spheric drag, N-body problem force, solar radiation pressure, Earth’s radiation pressure,
relativistic effects, attitude control force, and so on, which can be expressed uniformly by:

%=fTB+fNB +st +fm +fRL +.?SR+fAL+?DG+.?TH (2.35)

where 7 is the position vector of the space object in the inertial coordinate system.
T = x? + yf + zE

__ The right part of formula (2.35) indicates the force on unit mass of space object.where
f 15 denotes the force of two-body problem, namely the Earth is assumed to be a sphere
with uniform mass distribution, and both the Earth and the space object are considered as
points of mass. f 5 is the Earth’s gravitational force upon the space object. f ,; denotes the
gravitation force of the Moon, the Sun, and other planets except the Earth upon the space
object. f s denotes the gravitation force of the nonspherical part of the Earth upon the space
object. f;, denotes change of the gravitation force of the Earth upon the space object
caused by the Earth tide (including solid tide, sea tide, and atmospheric tide). f ; denotes
influence of relativistic effects on motion of the space object. f ¢, denotes pressure of solar
radiation upon the space object. f,; denotes the force of the Earth infrared radiation and
the Earth reflecting the Sun’s ray upon the space object. f ,; denotes the drag of the Earth
atmosphere upon the space object. f ;;; denotes the other force upon the space object, such
as the dynamic for control of the space object attitude.

If the analytical solution of formula (2.35) can be obtained, and as long as the motion sta-
tus 79 and 7, of the space object at some original time #, are known, the motion status r
and 7 of the space object at any time of =1, can be obtained. Generally speaking, the
expressions of the above forces are very complicated. The precise analytical solution of for-
mula (2.35) is not yet obtained except the two-body problem, and only some approximate
solutions can be obtained in the case of approximate suppose. As for catalogue orbit deter-
mination with precision of 100 m, the one-order approximate resolution is effective. As for
precise warning of spacecraft collision, the calculation precision of space object orbit is
required to be within meters and even better; here it is difficult to obtain the analytical solu-
tion of formula (2.35).

Along with the development of computers and application math the numerical integra-
tion method can be used to solve the numerical integration problem perfectly. In the numer-
ical integration approach, the position, velocity, and acceleration of the space object in orbit
are the uniform expressions of the numerical integration equation. So formula (2.35) can be
written as the expression of acceleration:

a=arp+ang+ans+ arp+ ar, + asg + aa. + apc + ary (2.36)
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In formula (2.35), effect of each perturbation force upon orbit of the space object is differ-
ent. The magnitude of perturbation force is discussed further in order to describe clearly the
primary and secondary relationship among perturbation forces. If the force of the two-body
problem is taken as 1, the force of the Earth’s zonal and tesseral harmonic terms is in the
order of 1073, the atmospheric drag for low Earth orbit satellites may be up to the magnitude
of 107°, the attitude control force is in the order of 10~ ° for space object in use and frequent
attitude maneuvering, the force of N-body force is in the magnitude of 10~ 7, the solar and
Earth radiation pressure is around the magnitude of 108, and the influence of relativistic
effects should be in the magnitude of 10~°. Typically except for the two-body problem force,
all the other forces upon the space object are collectively referred to as flight perturbation
forces for space object or perturbations in short. Large perturbations are up to the magnitude
of 1073, and some are as small as 10~ °. With further research in orbital dynamics and con-
tinuous improvement of measurement accuracy, more perturbations are discovered and
refined in a smaller magnitude. The perturbations will change explicitly for different satellite
orbits. Tables 2—1 to 2—3 give the perturbation upon the position accuracy in 24 hours for
space objects in three different orbits at 340, 780, and 36,000 km, respectively. As shown in
Table 2—1 for orbital calculation error below the altitude of 340 km, only assuming the atmo-
spheric drag model error is 5% (actually, there is no such model in the world with an error
of less than 5%) and the atmospheric drag perturbation is considered, the 24-hour orbital
calculation error is up to the magnitude of several kilometers. Even if all other perturbations
are ignored, the influence for low Earth orbit satellite is only tens of meters in 24-hour orbit
calculation error. Of course, with the increase in satellite orbit height, Tables 2—2 and 2—3
show that the effects of atmospheric perturbation are gradually reduced, while the perturba-
tions of solar and lunar gravitational forces and solar radiation pressure are gradually

Table 2-1 Various perturbations on a LEO satellite orbit (orbital altitude of 340 km).
Perturbation (within 24 h)

Items 1 2 3 4 5 6 7 8
The sun and moon tides Y Y Y Y Y Y Y
Atmospheric drag Y 5% error Y Y Y Y Y Y
Earth reflection Y Y Y Y Y Y Y
relativity Y Y Y Y Y Y Y
N-body problem Y Y Y Y Y Y Y
Solar radiation pressure Y Y Y Y Y Y Y
Solar gravity Y Y Y Y Y Y Y
Moon's gravity Y Y Y Y Y Y Y

Forecast 1 day error  Position central error 3.528 64,1140 0 2.662 0.0017 6.944 13.418 39.619
The maximum radial 0.159 8724 0 0.027 0.0013 1945 0.689 0.926
The maximum tangential 3.513 64,109.6 0 2.662 0.0016 6.944 13.417 23.011
Normal maximum 0.832 194 0 0.001 0.0010 0.003 0.049 33.295

Note: "Y" means this perturbation is considered, and blank means the opposite.
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Table 2-2 Various perturbations on resource satellite orbit (orbital altitude of

780 km).
Perturbation (within 24 h)

Items 1 2 3 4 5 6 7 8
The solar and lunar tides Y Y Y Y Y Y Y
Atmospheric drag Y Y Y Y Y Y Y
Earth reflection Y Y Y Y Y Y Y
Relativity Y Y Y Y Y Y Y
N-body problem Y Y Y Y Y Y Y
Solar radiation pressure Y Y Y Y Y Y Y
Solar gravity Y Y Y Y Y Y Y
Moon's gravity Y Y Y Y Y Y Y

Forecast 1 day error  Position central error 1646 27.733 0 2382 0.0014 8970 32516 64.440
The maximum radial 0.132 0484 0 0.027 0.0011 2.187 0932 2.028
The maximum tangential  1.590 27.732 0 2382 0.0014 8.970 29.543 62.023
Normal maximum 0.702 0.009 0 0.012 0.0009 0.277 14333 27.339

Note: "Y" means this perturbation is considered, and blank means the opposite.

Table 2-3 Various perturbations on the geostationary satellite orbit (orbital altitude

36,000 km).
Perturbation (within 24 h)

Items 1 2 3 4 5 6 7 8
The solar and lunar tides Y Y Y Y Y Y Y
Atmospheric drag Y Y Y Y Y Y Y
Earth reflection Y Y Y Y Y Y Y
Relativity Y Y Y Y Y Y Y
N-body problem Y Y Y Y Y Y Y
Solar radiation pressure Y Y Y Y Y Y Y
Solar gravity Y Y Y Y Y Y Y
Moon's gravity Y Y Y Y Y Y Y

Forecast 1 day error  Position central error 01178 0 0 231 0.007 2342 1754 6429
The maximum radial 0045 0 0 568 0.006 985 1224 3699
The maximum tangential  0.1776 0 0 3593 0.01 401.8 2922 1.09e4
Normal maximum 0.059 O 0 0.005 0.003 5.6 493.6 1552

Note: "Y" means this perturbation is considered, and blank means the opposite.

increasing. As for the LEO, it is obvious that the atmosphere drag is the primary orbit
perturbation force besides the gravity force. Modeling precision of the atmosphere drag is
minimum relative to other perturbations, which results in active international research of

this field.
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In formula (2.36) the theoretical research of the first seven perturbation acceleration is
relatively perfect, whose precise formula is presented in Ref. [1], and which is not discussed
any more. The dynamics model of the eighth atmosphere perturbation will be discussed
further in Chapter 4, Space environment and object orbit. The ninth item is the cruise atti-
tude control force perturbation of the space object in operation, which is relative to the atti-
tude data. In the noncooperative measurement mode the operation attitude data cannot be
obtained by telemetry of the space object. In orbit calculation the data can only be consid-
ered together with the atmosphere density correction factor, so the perturbation force
and uncertainty of the atmosphere model will be discussed together in Chapter 4, Space
environment and object orbit.



Space object detection technology

3.1 Overview

Space object detection is to detect the object entering the monitored space region in time
with certain technical equipment or means. According to the position of platforms on which
the observation equipment is deployed, there are two kinds of detection equipment, ground-
based and space-based equipment. The former is located on the surface of the Earth, while
the latter is located in space.

3.1.1 Ground-based detection

Ground-based detection uses equipment installed on the surface of the Earth to measure the
position of the space object. There are two kinds of means: radio detection and electro-
optical detection [46].

3.1.1.1 Radio detection technology

Radio detection includes mechanical tracking radar, phased array radar, and electromagnetic
fence. Ground-based radio detection is an important way to detect space objects due to its
all-weather and all-day work mode without the influence of the weather and its ability of
detecting multiple objects and discovering new objects. But with the increase of the distance,
the requirements on transmission power are getting higher and higher. As a result, radio
detection is primarily used to monitor space objects in low orbits. The detection of objects at
long range and in higher orbit requires antennae with higher transmitting power and larger
size, which will lead to low benefit—cost ratio.

1. Mechanical tracking radar
Mechanical tracking radar adopts a mechanical way to control the direction of the
beam. The space object can only be detected and measured by this type of radar when it
enters the range of the antenna beam. Hence, this type of radars is mainly for object
tracking and imaging. Since this kind of radar cannot scan electronically and its beam is
very narrow, its ability of observing multiple objects is limited and it is usually used for
tracking the single object with a field of view less than 1 degree.
2. Phased array radar
Phased array radar adopts an electronic way to control the direction of the beam and
it can simultaneously monitor multiple objects in different directions. Hence, it is usually
used for tracking and search tasks. This type of radar can track multiple objects
simultaneously due to its wide field of view.
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3. Electromagnetic fence
Electromagnetic wave emitted from the radar antenna of the electromagnetic fence is
not a narrow beam, but a thin planar field. When the space object penetrating the planar
field, the reflected electromagnetic waves are received by the receiver, and the correlation
of successive penetrating data can be used to determine the space object.

This kind of radar detects space object usually in three operating modes, tracking mode,
beam pointing mode, and mixed mode (stare-and-chase). In tracking mode the radar contin-
uously tracks one space object, so as to obtain successive data such as angle measurement,
ranging, range rate, phase, and amplitude of radar echoes. These data will further be used to
calculate the object orbital elements. Beam pointing mode means that the radar antenna is
fixed in one direction and only receives the radar echoes data through its field of view. This
method can provide statistical information such as the number and size of space objects, but
it cannot obtain a continuous tracking data. The mixed mode means that the radar begins
operating in beam pointing mode and switches to the tracking mode as soon as the object
crosses the beam. Thus continuous tracking data can be obtained. Once the required data is
collected, the radar will again return to the beam pointing mode.

This kind of radar can work in both monostatic structure (the receiver and the transmitter
are collocated in one antenna) and bistatic structure (the receiver and the transmitter are
separated by a distance in different antennae).

3.1.1.2 Electro-optical detection technology

Ground-based electro-optical measurement is a monitor method of space objects with
electro-optical telescope facilities. Electro-optical telescope facilities are an electrically
enhanced telescope, which integrates telescope and electro-optical monitoring equipment.

As the most traditional approach, electro-optical detection is featured with mature tech-
nology, low cost of construction and operation, and better performance for objects in
medium/high Earth orbit. However, due to atmospheric absorption and unavailability of
ultraviolet and infrared bands, only the visible light telescope can be used for measurement.
In addition, optical telescope is affected by the day and night, terrain, and weather condi-
tions. It is reasonable that one object is unobservable for one electro-optical facility, even if
the object is geometrically visible in clear weather. There is a possibility of more than 30%
that the object may still be affected by daylight and shadow effects.

A major role of optical measurement in space object monitoring is to provide high-
precision measurement data of space objects and to measure space object at a long distance
(deep space), which supplements the limitations of short distance for radar observations.

Ground-based detection, as the primary approach, contributes a primary source to space
object detection data. Without the limitation of volume and mass, ground observation equip-
ment may obtain higher spatial resolution with large aperture antenna and obtain a long-
distance observation ability of space objects with higher transmission power, which cannot
be realized with other detection means. Yet the ground-based detection also has the follow-
ing two disadvantages. First, ground stations cannot achieve seamless coverage of space
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domains or time domains and the construction of more stations is constrained by political
and geographical factors. Second, among current detection means, radar has active detection
ability; however, it is limited by the detection range; electro-optical approach has long detec-
tion range; however, it cannot meet requirements on all-weather and all-time.

3.1.2 Space-based detection

Space-based detection uses detection equipment installed on space-based platforms to
detect space objects. Space-based detection has higher resolution, due to the closer distance
between detection position and space object, as well as the absence of atmospheric interfer-
ence (e.g., extinction and absorption). However, its cost is usually higher than that of
ground-based detection and it is necessary to realize a balance between the performance
and the cost for space-based detection. Space-based measurements can be divided into opti-
cal measurement and radar measurement in terms of measurement method for space
objects.

Currently, ground-based detection is the primary means for space object surveillance,
while space-based detection plays a complementary role. In ground-based detection, surveil-
lance of LEO objects adopts radio detection as its primary means and electro-optical detec-
tion as the complementary one. Surveillance of MEO/HEO objects is usually dependent on
optical detection.

3.2 Radar measurement technology

At present, the main detection equipment for LEO objects is ground-based radar monitoring
system. Among the space catalog library of LEO space objects with size of larger than 10 cm
tracked by the United States Space Command (USSPACECOM), the contribution of radar
equipment accounted for 99.8%. Since ground-based radar can realize higher spatial resolu-
tion with large aperture antenna and longer detection range with large transmission power
without the limitation of volume, mass, and weather conditions, it is preferentially selected
to detect space objects in LEO.

Currently, ground-based surveillance radars mainly adopt the following three detection
methods: precision tracking mode, phased array scanning mode, and fence surveillance
mode. Radars working in precision tracking mode need to be guided by orbit prediction
information and mainly perform precise tracking, orbit determination, and even imaging of
specific single object, such as GLOBUS 11 in the United States and TIRA in Germany. Radars
working in phased array scanning mode can track multiple objects in a flexible way. For
instance, ANFPS85 phased array radar in US Eglin Air Force Base can simultaneously track
200 objects in LEO. On the other hand, it can also form a “virtual” beam barrier to achieve
universal measurement functions. For instance, GRAVES radar in France can provide a vir-
tual fence with azimuth coverage of 180 degrees in phased array scanning mode. Radars
working in fence surveillance mode can provide one or several “seamless” electronic fences
via beam dwelling or beam scanning in space, so as to get the position and velocity of space
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objects traversing the beam fence. Compared with phased array radar and optical telescope,
radar working in fence surveillance mode has favorable advantages of larger update rate and
acquisition number of space objects.

3.2.1 Radar measurement elements

Tracking radars usually refer to those that can continuously and automatically track the
object, precisely measure, and output its coordinate position parameters (such as azimuth A,
the elevation angle E, range R, and the radial velocity V).

3.2.1.1 Radar object angle measurement and tracking methods

The angle measurement of the radar can be realized with the direction of the transmission
(and receiving) antenna. When the received signals are maximum, the pointing direction of
the antenna is the angle of the object. The larger the antenna aperture is, the narrower its
beam is, the better the directional feature of its beam is and then the higher the angle mea-
surement accuracy is. However, in general, the angle measurement accuracy of the approach
of using beam maximum value is relatively low.

The direction of echo wave can also be obtained by measuring the phase difference of
signals from two separate receiving antennas, which is the working theory of angle measure-
ment in interferometer and the foundation of phase comparison monopulse angular mea-
surement. Similarly, the echo wave direction of the object can also be obtained by
measuring the amplitude difference of signals from two separate receiving antennas (or of
two tilted beams from one antenna), which lays the foundation of angle measurement in
lobe switching, conical scanning, and amplitude comparison monopulse angle measure-
ment. Since the phase difference and amplitude difference contain the object angle position,
the tracking radar can perform continuous automatic tracking.

3.2.1.2 Radar object range measurement and tracking methods

When the pulse radar works, a stream of high-frequency signal with certain invariable pulse
repeat period is transmitted by the transmitter via antenna. If there is an object within the
propagating direction of the transmitted waves, the scatter phenomenon will appear and par-
tial waves will be reflected to the receiving antenna. Hence, the time spent on the round trip
between the radar and the object can be used to calculate the distance R from the object to
radar. As for radar in single station, the relation between the distance R and the delay time
tr of echo waves relative to the transmitted signal is shown in the following equation:

tp = ? (31)

1
R= —ct 3.2
ZCR ( )

where c is the propagation speed of radio waves in the homogeneous medium.
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Hence, the distance R from the object to radar can be obtained through accurate mea-
surement of the delay, which is the approach for the pulse radar to execute range
measurement.

3.2.1.3 Object velocity measurement and tracking
The following two approaches are commonly used for radars to carry out velocity
measurement:

1. Through continuous measurement of the distance to the object, the variation ratio of
distance can be obtained as well as the radial velocity of the object. This method is
relatively simple without velocity ambiguity. However, the velocity measurement
accuracy is relatively low due to the influence of range measurement accuracy.

2. The velocity of the object can be obtained with the Doppler frequency shift of the echo
waves. Assuming the object is moving at speed of v in the radial direction with respect to
the radar, compared the transmitted frequency f;, there exists Doppler frequency shift f;
in the received echo frequency f,, and

e, T2 (—2v
fi=h-h= o (Z2) (33)
where c is the speed of light. Assume that the velocity of the object is far less than the
speed of light. In addition, when the object is moving away from the radar, the Doppler
frequency is negative and, otherwise, it is positive. Therefore the radial velocity of the
object can be obtained by measuring the Doppler frequency.

As for radar with high pulse repeat frequency, the accuracy of velocity measurement of
this approach is relatively high without velocity measurement ambiguity. However, this
approach still has the problem of range measurement ambiguity. As for radar with medium
or low pulse repeat frequency, the Doppler frequency shift of the echo waves can be used to
execute velocity measurement; however, this approach has the problem of both velocity
measurement ambiguity and range measurement ambiguity. As for the continuous echo
waves, this is the optimal velocity measurement method with higher accuracy and without
the velocity measurement ambiguity; however, there exist some problems in range
measurement.

Apparently, all the velocity measurement approaches require certain continuous observa-
tion time of the object. Theoretical analysis shows that the longer the observation time of the
object is, the higher the obtained velocity measurement accuracy is.

3.2.2 Radar measurement data modeling

In the measurement data of radar, in general, there are three types of error: systematic, ran-
dom, and gross. The system error keeps invariable or changes slowly following certain rules
during the sampling process, is predictable to some extent, and usually can be partially cor-
rected through proper calibration and compensation technology around the measurement;



40 Spacecraft Collision Avoidance Technology

random error is introduced by various uncertain perturbations or random factors, it cannot
be corrected through calibration or compensation and however can be reduced through filter
technology; and gross error is the result of negligent operation, equipment failure, or abnor-
mal changes. This section will focus on the systematic error and random error in each radar
measurement data.

3.2.2.1 Ranging error

The ranging error occurs during the measurement of the object slant distance and can be
divided into tracking errors relative to radar (such as zero distance offset, thermal noise,
multipath); conversion errors relative to radar (such as distance quantization and Doppler
coupling); errors relative to object (such as dynamic lag and distance); and propagation
errors (such as troposphere refraction). In view of types of errors, they can be divided into
system error and random error.

¢ Ranging random error
Ranging random errors include receiving loop thermal noise error, pulse front edge
jitter error, servo noise error, quantization error, pulse width variation error, and
multipath error.

Thermal noise error

Thermal noise error is related to the effective bandwidth and effective signal noise
ratio of the signal. Assuming the pulse width of the transmitted wave of one
monopulse radar is 0.8 ps, the slope of range normalization error is 1.8, the pulse
repeat frequency is 585.5 Hz, range servo bandwidth is 10 Hz, and the signal-to-noise
(S/N) ratio is set to be 12 dB. Then the thermal noise error of the receiving system is
2.2m.
Jitter error

The pulse front edge jitter of transmitted waves will bring perturbation error to
measurement data. For example, if the amplitude of the transmitted pulse front edge
jitter is = 10 ns, and the jitter is assumed to be uniform distribution, then the
generated ranging random error is about 1 m.
Servo noise error

As for pulse radar ranging system, the magnitude of servo noise error is usually
0.5—1 m.
Quantization error

Since the code in measurement data is limited by bit, quantization error will exist
in the measurement data. For example, if the distance measurement data uses a
binary code output of 22 bits, the minimum quantization unit is 1.953125 m. Hence,
the quantization error can be up to 0.7 m.
Transmit pulse width variation error

If the pulse width of the transmitted waves varies within = 10 ns and follows the
uniform distribution, the generated ranging error is less than 1 m.
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Multipath error

Echo waves reflected through multipath effect will lead to the multipath error
during ranging measurement. If the emission factor is 0.3, the pulse width of the
transmitted waves is 0.8 s, the relative side lobe gain is 25 dB, then the multipath
errors is in the order of up to 1 m.

¢ Ranging system error
System error is a major part of the ranging errors in ranging systems, which may
include zero value error, delay error, wave refraction error, and dynamic lag error.

Zero error

The distance of zero is the major determinate error item when the radar performs
tracking and measurement, and this error must be calibrated. In general, the method
of standard range marker shall be established within the radar facilities to simulate the
space object. The range marker shall be as far as possible from the radar. The distance
between the corner reflector on top of the range marker and the center of radar can
be obtained through measurement data with high accuracy. The calibration of zero
value by the use of range reference pole or marker is limited the selection of the range
marker position. Generally, the zero error residuals after calibration should be less
than 2 m.
Delay error

Whether in pulse radar receiver or transponder, certain time will be spent in the
transmitting or receiving of signals. The delay in receiving system can be obtained by
calibration. And the error after calibration should be less than 2 m.
Refractive error

Refractive error will be introduced when the wave propagates in the atmosphere
and ionosphere. Refractive error correction model may be used in this case, and the
residual error after correction should be less 1 m.
Dynamic lag error

When the variable accelerated motion of the object leads to servo lead or lag, it will
eventually introduce data errors in ranging. Ranging error due to dynamic lag can be
described by the following equation:

AR=K,'R (3.4)

From Eq. (3.4), it can be seen that the more tremendously the distance changes,
the greater the dynamic lag error is.

3.2.2.2 Angle measurement error

Angle measurement error refers to measurement error generated during the measurement of
angle coordinate of radar. Angle measurement errors includes tracking errors relative to
radar (such as thermal noise, multipath, gust, wind, and gravity torsion moment), conversion
errors relative to radar (such as shafting orthogonal, horizontal error zero, and data quantiza-
tion), errors relative to object (such as dynamic lag and angular glint), and propagation
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errors (such as refraction errors). In view of types of errors, they can be divided into system
error and random error.

e Angle random error
The receiving system thermal noise error is the main component of angle
measurement random errors.

Receiving system thermal noise error

The thermal noise entering the receiving system of radar causes the output error of
the angle error detector, which is especially important in the case of low S/N ratio and
will lead to the tremendous disturbance on the angle of the antenna.
Gust disturbance error

There are two kinds of winds, steady wind and gust. Gust is the component of
fluctuation in the vicinity of the steady wind and will generate variable moment on the
antenna. Gust disturbance error includes two parts, antenna deformation error and
the servo zero drift error. When the wind reaches Grade 8, set the antenna
aerodynamic constant to be 0.25 kgm/(m/s)? the antenna elasticity coefficient to be
10~ * mil/kgm and the gust rms amplitude to be 2.5 m/s, then calculation shows that
the gust can cause antenna deformation error of 0.0025 mil.
Servo noise error

Since the servo system and the mechanical transmission system are not ideal, the
noise generated is servo noise. Due to the nonlinearity of system components, the
instability of the servo system, mechanical noise, and echo error, the servo noise error
is very difficult to be calculated; however, it can be quantitatively estimated through
the practical measurement.
Code disk error

After the angle of the radar is outputted, errors can also be generated during
numerical read process. Code disk error includes the quantization error and
nonlinearity error. For 18-bit code disk the quantization error is
0g = 6000 X 127'%(y/12) "' = 0.007 mil. The nonlinearity error of the code disk oy is
determined via quantitative estimations. In general, the reference value of oy for an
18-bit code disk is 0.02 mil.
Multipath error

During the tracking process with low elevation angle, waves between the radar and
the object may be transmitted through two paths, the direct path between the radar
and the object and the path via the reflection by the ground. When the elevation is
low enough, the tracking on an object will be severely influenced.

* Angle measurement systematic error
The angle measurement systematic errors of mechanical radars include zero error,
shafting error, gravity sag error, radio wave refraction error, and dynamic lag error.

Zero error

In engineering, when the aiming axis is in horizontal direction and toward the
direction of true north, it is considered to be the zero of the azimuth and the
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elevation. In theory, the reading of the radar encoder should be zero; however, there
is often an initial reading in code wheel in fact and that is the zero error. After
calibration the residual value of zero error should normally be less than 0.05 mil
Shafting error

Shafting errors are equipment systematic errors such as the nonhorizontal error of
the base, nonorthogonal error of azimuth and elevation axes, nonvertical error of
optical axis, and unmatched error of electro-optical axis.

The calibration of the base nonhorizontal error is to determine the tilt amplitude 3
and the maximum tilt direction A,, of the antenna base. The imaging level meter is
usually used for calibration. The nonorthogonal of the azimuth and the elevation axes
means the elevation axis is not vertical to the azimuth axis. It can only generate
azimuth angle error and cannot be adjusted after assembly. The electrical axis shall be
vertical to the elevation axis, otherwise it will generate the elevation error. Both the
electrical axis in azimuth and that in elevation shall be correctly calibrated. Since the
adjustment of electrical axis and the orientation of coordinates are not convenient, in
actual application, optical telescope mounted in the antenna is usually used as the
media. During the assembly the optical axis shall be adjusted to be consistent with the
electrical axis and to be vertical to the elevation axis. If the optical axis is not matched
with the electrical axis, the azimuth error and the elevation error will occur. After
calibration, each residual of the abovementioned errors must be less than 0.05 mil.
Refractive error

Refractive errors can be divided into troposphere refraction and ionosphere
refraction. Wave refraction usually generates the elevation error. Ionosphere refraction
error depends on the working frequency of radar to a great extent.

If the wave refraction error is relatively large, it will have significant impact on the
orbit determination of the space object and shall be corrected with the practical space
environment parameters.

Dynamic lag error

Dynamic lag is the index to evaluate the rapidity of the servo system. Dynamic lag
error occurs because the velocity, acceleration, or high-order derivative cannot be
tracked by the tracking system in coordinates of radar. Assuming the object angular
velocity and angular acceleration are, respectively, 0 and 0, then the dynamic lag
error approximately satisfies the following relationship:

A9=K;'0 +K;'0 (3.5)

where K;° land K i ! are angular velocity error coefficient and angular acceleration
error coefficient of the servo system, respectively. In space TT&C engineering the
residual of the corrected dynamic lag error should be less than 0.07 mil.
Antenna gravity sag error

The electrical axis offset will be generated by the structure distortion of radar under
the function of gravity. In general, the larger the size of the antenna is, the severer the
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distortion is. In the engineering of data processing, the corrected residual should be
less than 0.05 mil.

3.2.2.3 Velocity measurement error

Doppler velocity measurement of pulse radars uses the Doppler effect of relative motion of
object to obtain the change rate of range; hence, the accuracy of velocity measurement
depends on the measurement accuracy of Doppler frequency. In the process of measuring
the Doppler frequency shift, random and systematic errors will also be generated.

* Velocity measurement random error
Random errors of the velocity measurement system in pulse radars are generated
mainly by thermal noise, multipath, object modulation, and quantization data processing.
Thermal noise error
Assuming the velocity measurement subsystem of the monopulse radar has an
equivalent noise bandwidth of 10 Hz, a filter bandwidth of 40 Hz, the error slope of
the loop discriminator is taken as 1.2. If the S/N ratio = 12 dB, the thermal noise error
is about 0.3 m/s. If the S/N is 20 dB, the thermal noise error is reduced to 0.01 m/s.
Quantization error
If 20-bit codes of binary system are used to record Doppler frequency, the
quantization error of the speed is less than 0.01 m/s.
e Speed measurement systematic error
The system error of velocity measurement system of the pulse radar mainly includes
equipment zero error, zero variation error of frequency discriminator, radio wave
refraction error, and dynamic lag errors. Wherein the equipment zero error and wave
refraction error are identical with Section 3.1.2.
Zero value error of discriminator
Discriminator’s zero value can be calibrated, but the change in temperature will
cause the change of zero value. This error should be controlled within 0.01 m/s.
Dynamic lag error
This velocity measurement error caused by the dynamic lag is

AV =K,'R (3.6)

where K, is the acceleration error coefficient of the velocity measurement system.

3.2.2.4 Mathematical model of systematic errors

Define the error of monopulse radar observation data AX(X =R, A, E, R) to be the difference
between the measured data X, and the true value of the observed object X, that is,
AX = X, — X,. Based on the analysis of various typical errors in pulse radar tracking process,
we can establish error correction models for ranging, angle measurement, and range rate
data.
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AX = AXj + AX, + ey (3.7)

where AX; represents the measurement data errors due to equipment fixed deviation and
shafting bias (referred to as equipment systematic error); AX, denotes nonrandom errors
that are generated in tracking process and can be modeled (referred to as process errors);
and ex represents the composite influence of various unmodeled minor errors and random
erTors.

During the tracking process of pulse radars, the equipment systematic errors mainly con-
sist of zero value, shafting error, and delay error of transponders. For range and angle mea-
surement data, the mathematical model of equipment systematic error is as follows:

AR; =Ry + R,
AAf = AO + (ﬂ Sin(A - AM) + é)tan E+ (/\optical/mechanical + )\A—optical)(sec E— 1) (3-8)
AEf =Ey + 3 cos (A— Ay) + kgcos E + Ag—gpical

where Ry, Ay, and E; are ranging and angle measurement zero value; R; is transponder delay
error; [ is the tilt amplitude of the base; Ay, is the maximum tilt azimuth of the base;
Ad—optical and Ap_qpiical are the deviation quantities of optical axis azimuth and elevation,
respectively; ¢ is the nonorthogonal quantity of the azimuth and elevation axes;
Aoptical /mechanical 1S the optical/mechanical axis deviation quantity; and k; is the radar antenna
gravity sag factor.

The errors introduced during tracking process mainly include radio wave refraction error,
timing error, and radio wave propagation time error. For range and angle measurement
data, mathematical model for process errors is as follows:

. AR .
ARp:ARN-i‘At-R-FT-R
. AR .
AAPZAt'AJ'_T'A (3.9)

AEI,:AEN+AL‘~E+¥~E

where ARy and AEy are the ranging and angle measurement errors, respectively, due to
radio wave refraction; At is timing error; and AR/c is radio wave propagation time error.

3.2.3 Typical space surveillance radar

Radar designs are different according to different functional requirements in space target
tracking and measurement. The commonly used detection and identification radars in the
world are three kinds of ground-based radars: mechanical scanning and tracking radar that
relies heavily on guidance, search radar with search and discovery function, and electromag-
netic fence, which is mainly used to find targets, especially small ones.
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3.2.3.1 Mechanical scanning tracking radar

The radar, which uses mechanical movement of the entire antenna system or a part of the
system to achieve beam scanning, is called mechanical scanning tracking radar. The advan-
tage of mechanical scanning is simple. The main disadvantages are that the mechanical iner-
tia is great, the scanning speed is not high, it is difficult to quickly capture an object, and
only a single object can be tracked and measured.

In order to achieve all-round track, the mechanical scanning tracking radars are typically
mounted on an antenna base with two-dimensional mechanical rotation (azimuth, eleva-
tion). In order to ensure dynamic performance of the antenna operation and accuracy of the
angle measurement, the antenna base of tracking radar has relatively complex mechanical
and electrical requirements. Its servo system is a typical application of automatic control the-
ory. The antenna can be controlled to track the operation object with the angle error signal
between the radar antenna and object and perform real-time accurate measurement of the
position of the mechanical axis of the radar.

The single pulse precision tracking radars are mechanical scanning tracking radars, which
are deployed on American British Indies in Antigua and Ascension Island near the equator.
Antigua Island is equipped with AN/FPQ-14 monopulse tracking radar. Operating frequency
is 5400—5900 MHz; operating distance is 1480 km; operating antenna has Cassegrain circular
parabolic diameter of 8.8 m. Ascension Island deployed two radars, and the main radar is
AN/FPQ-15 monopulse precision tracking radar. Its frequency is 5400—5900 MHz, and para-
bolic diameter is 8.5 m. Another is AN/FPQ-18 monopulse precision tracking radar. And its
frequency is 5400—5900 MHz, and the operating distance is 1100 km.

3.2.3.2 Phased array radar

Phased array radar is a phased array antenna (PAA) radar and an electronic scanning radar.
If antenna uses electronic approaches to realize the steering or scanning of antenna beam in
space, this kind of antenna is called electronic scanning antenna or electronically scanned
array antenna. In line with the beam scanning method, electronic scanning antenna can be
categorized into phase scanning and frequency scanning antennas. Both can be included in
the concept of PAA.

PAA is composed of multiple antenna elements (radiating elements) arranged in certain
order on a plane or curved surface, as well as signal power distribution/summing network
components. If the elements of PAA are distributed on a plane, it is called planar PAA. If
they are distributed on a curved surface, the antenna is called curved surface array antenna.
A phase shifter is set on each antenna to change the phase relationship between the antenna
element signals. The variation of signal amplitude between antenna elements is achieved by
unequal power distribution/summing network or attenuator. Under the control of beam
steering computers, the phase and amplitude relations between antenna elements can be
changed, so as to obtain the antenna aperture illumination function corresponding to the
required antenna pattern, and to quickly change the direction and shape of the antenna
beam.
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PAA has the following features. It can simultaneously search, detect and track multiple
objects from different directions and at different heights, and simultaneously perform multi-
object search, tracking, acquisition, identification, guiding, control, and victories evaluation.
It can reasonably manage and control the main lobe gain, which is conducive to the realiza-
tion of adaptive side lobe suppression against various disturbances. Its fast scanning capabil-
ity shortens the time required for object signal detection, admission, and information
transmission and enables the radar with high response speed. The antenna array of phased
array radars is composed of many elements. Even if one or more of the array elements can-
not transmit or receive, the performance of the radar as a whole will not be degraded.
Therefore the radar is highly reliable.

The US equipment dedicated for space target tracking is the large phased array radar AN/
FPS-85 in Florida. The radar was put to use in 1967. It is the first phased array radar used for
space surveillance. The transmitting array is a square with a side length of 30 m. The working
frequency is 442 MHz, the effective receiving beam width is 0.8 degree, the azimuth angle in
the searching space is 102 degrees, the elevation angle is 105 degrees, and the detection
range is up to 4000 km. It can simultaneously track over 200 targets and perform over 10,000
detections against thousands of space targets.

3.2.3.3 Space fence

The space fence radar system originated from the concept of continuous wave multistatic
radars. A powerful transmitter generates a large fan-shaped energy beam, commonly referred
to as space “fence.” When space objects pass through the fence, the reflected radar signals
will be received by multiple receiving stations by the use of a large antenna, which will work
as interferometers to determine the object arrival angle and angular velocity. The space
object’s position is determined by observations from several stations. The object’s orbit will
be calculated if it passes through the fence for several times.

US Navy Space Surveillance System (NAVSPASUR) was built in 1961. As a large radio
interferometer, it has nine radar stations distributed across the southern United States, form-
ing a large circle with inclination of 33.57 degrees relative to the equator. The fence has three
transmitting stations and six receiving stations, with its space monitoring fence at roughly
the level of the 33rd parallel north, crossing a longitude range of 42.5 degrees from 77.50 to
120 degrees west longitude. Such a large monitor screen can detect space debris with incli-
nation of greater than 33 degrees. 88% of low and medium Earth orbit debris with 10 cm or
larger in diameter can be detected in its everyday tracking. For a duration of 10 days,
170,000 observations will be finished, which accounts for 95% of low and medium Earth orbit
debris of 10 cm in diameter or larger.

US space fence can track objects at heights of up to 24,000 km, and its average transmit
power is up to 767 kW. The length of the antenna array is very long in the north—south
direction. Transmit beam width is only 0.02 degree in the north—south direction. Such a nar-
row beam means that the overall gain of the transmit antenna can theoretically reach 70 dB
or more. In order to enhance the effectiveness of the fence, it is under upgrade. Upgrading is
focused on the following two aspects:
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1. The frequency is raised to S-band, in order to detect space debris of 10 cm or less in
diameter.
2. Bistatic design and determination with only one pass of data.

US Air Force next-generation “space fence” project contract was signed in June 2014. The
project is the core of the US military to enhance space situational awareness capabilities, try-
ing to track smaller objects. The new “space fence” will use world’s largest S-band
(2—4 GHz) phased array radar, focusing on uninstructed detection and tracking of hundreds
of thousands of objects in low and medium Earth orbits. The first site of the new “space
fence” is located at Kwajalein Atoll in the Pacific Marshall Islands. Compared with the old
system, the new “space fence” has large improvement in coverage, object library capacity,
detection accuracy, and timeliness. The project will work to enhance the detection of space
objects to a new level.

3.3 Electro-optical detection technology
3.3.1 Principles of electro-optical detection

Space object observing can be achieved by a variety of methods of radio, radar, and optical
measurements, wherein the optical measurement method has characteristics of high accu-
racy and low cost, especially with a dominant position in the high-orbit space observation
objects. Optical observation techniques have advantages such as low operating costs, far
detection distance, stealth satellite detection, high accuracy, and environment friendly; the
optical telescope has shortcomings, including easy influence by the weather and only work-
ing in the clear night, and the low-orbit object observation is only suitable for twilight obser-
vation. With the development of optoelectronic components and image processing
technology, the optical measurement rose to a new level, and the optical observation tech-
nology is quickly becoming a primary observation mean of high-orbit space objects.

3.3.1.1 The optical structure of electro-optical telescopes
There are three typical structures of telescope optical system: refractive structure, reflective
structure, and catadioptric structure.

1. Refractive structure
Refracting telescope is one of the first telescopes designed and used by human. In

1608—09, Hans Lipperhey, Jacob Metius, and Zacharias Janssen independently invented
the refracting telescope. Galileo Galilei, an Italian scientist, first developed a telescope
system composed of objective lens and eyepiece, which magnified 30 times, and
discovered the craters on the Moon and four major moons of the Jupiter using the
system. Refracting electro-optical telescope has the following characteristics: (1) larger
field of view of surveillance, (2) stable quality of star images, and (3) little effects of
scattering light. Because of these characteristics, it is usually used in astrometry, stellar
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astronomy, and optical observation. But the shortcoming is that diameter of refracting
telescope cannot be bigger.
2. Reflective structure

According to the position of the focus, telescopes with reflective structure can be
divided into five types: main focus, Newton focus, Cassegrain focus, Nasmyth focus and
coude focus. Most horizontal reflective telescopes will use Cassegrain focus, one or two
Nasmyth focus; and equatorial reflector telescope will use Cassegrain focus and coude
focus. Reflective structure has characteristics such as no color aberration, small loss of
near-ultraviolet and near-infrared light, and the clear aperture. The current excellent
telescopes in mainstream of the world are all reflecting telescopes.

3. Catadioptric structure

Refracting telescope has large field of view, but its aperture cannot be bigger; the
aperture of reflecting telescope can be bigger and its clarity is good, but the field of view
is small. So the catadioptric telescope comes into being, namely, that both the refraction
and reflection phenomenon exist in optical system. Schmidt telescope is the most
commonly used. Its primary mirror is a spherical mirror and its corrector is a wave-
shaped lens. Generally, the aperture of the primary mirror is about 1.5 times the
correction mirror. And the corrector’s aperture is used to be its equivalent aperture,
because the light shall first pass through the corrector, and then only corrected light is
required. World’s largest Schmidt telescope having primary mirror diameter of 2 m,
1.34m diameter mirror to correct the field of view reaches 3.4 degrees.

3.3.1.2 Optical telescope’s mount structure
There are three sorts of optical telescope mounts used for space objects’ observation: equa-
torial, altitude—azimuth, and altitude—altitude, as discussed in the following:

1. Equatorial mount
Equatorial structure has two mutually perpendicular axes of rotation. One is called
pole axis that is parallel to celestial pole and pointing at the North Pole. The other is
perpendicular to the polar axis and called declination axis. Rotation about the polar and
declination axes can make the telescope point to different hour angles and declination, as
shown in Fig. 3—1A. The advantages of the equatorial mount include the following
aspects. First, the apparent motion of celestial bodies can be compensated easily by
uniform rotation of ascension axis; second, tracking area covers all zenith spot, and there
is no blind zenith spot. Yet it has the disadvantage of having blind spot in pole area,
complex mechanical structure, complicated installation, and high cost. This mount
structure is usually not used for space object observation equipment.
2. Altitude—azimuth mount
Alt—az mount has two mutually perpendicular axes. The azimuth axis (also called
vertical axis) is perpendicular to the geoid and the horizontal axis (also called elevation
axis) is parallel to the geoid. Visual axis rotating around the vertical and the horizontal
axes enables the telescope to a different azimuth and elevation, as shown in Fig. 3—1B.
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FIGURE 3-1 Electric-optical telescope basic structural patterns: (A) equatorial, (B) altitude—azimuth, and
(C) altitude—altitude.

The alt—az mount has the advantages of better mechanical structure, small slewing
radius, good tracking performance, and easy field installation. The disadvantage is its
tracking blind spot in zenith. Due to the limitation of telescope rotation velocity and
acceleration, it is impossible for any alt—az telescope to achieve an instant fast change of
180 degrees in azimuth when the space object is passing the zenith. Thus the blind spot
is formed around the zenith area, which is called blind tracking spot.
3. Altitude—altitude mount

Alt—alt mount also has two mutually perpendicular axes of rotation. The longitude
axis is parallel to the north—south direction, and the other perpendicular to the longitude
axis is called latitude axis. The apparent axis’ rotation around the longitude and the
latitude axes enables the telescope point to different space areas, as shown in Fig. 3—1C.
Alt—alt mount has two advantages: (1) it has no blind spot in zenith, which is the best
observation area. (2) When the zero position of the latitude and longitude is set in the
zenith, the longitude and latitude axes work within the range of (—90 degrees, +90
degrees), which can cover any moving object in the space. In contrast, the alt—az mount
will have to work in the range of 360 degrees to achieve the same result. In this case the
reliability of the device is improved. It has the disadvantage of large slewing radius and
complicated filed installation.

3.3.2 Electric-optical telescopes measurement data types and
positioning

3.3.2.1 Measurement data
1. Measurement data and positioning
Electric-optical telescope has two positioning methods, shafting positioning and
celestial positioning. The two methods have different approaches for space object
measurement. When the electric-optical telescope adopts celestial positioning mode for
tracking and observation, it uses the relative position images of the object in the same
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frame of the field of view with respect to the stars obtained through TV measurement
system, so as to calculate the precise position of the object, and then guide the shafting
positioning TV system to track the object. Shafting positioning measurement system
mainly uses television shafting precision positioning to complete the object tracking and
high-precision measurements.

When the electric-optical telescope adopts different positioning modes for space
object tacking, the measured data have different types. Measurement data by Alt—az
shafting positioning include azimuth A and elevation i; measurement data by celestial
positioning include right ascension « and declination 6.

. Measurement data conversion

The following paragraph describes the method of converting the two measurements.
Assuming the longitude and latitude of the tracking site are A and ¢; the local sidereal
time is #; and the observed object’s range, azimuth, and elevation are p, A, and h,
respectively, then:

The position vector p of the space object with respect to the site’s alt—az coordinate
system is as follows:

p = p cosh sin Ai + p cosh cos Aj + p sinh k (3.10)

where i,j,fc is the site’s basic vector. The transformation matrix from the site alt—az
coordinates to geocentric equatorial coordinates is as follows:

—sinfd —sin¢cosfh cos ¢pcosb
Q,x = [ cosd —sin¢sinf cos ¢ sin 6 (3.11)
0 cos ¢ sin ¢

Therefore the position vector of the space object in the topocentric equatorial Cartesian
coordinate system, HX is as follows:

—sinf) —sin¢cosf cos¢cosf | | pcoshsinA R
px=Quxp = |cosd —sin¢sin® cospsing | | pcoshcosA | [I,],K] (3.12)
0 cos ¢ sin ¢ psin h

The relation between the observation vector in topocentric equatorial Cartesian
coordinates and the observed right ascension o and declination 6 is:

—py = p cos § cos ai + p cos § sin aj + p sin 5k (3.13)

By comparing the above two equations, we obtain the relation between right ascension ¢,
declination 6, and azimuth A and elevation h:

sin 6 = p cos h cos A cos ¢ + p sin h sin ¢
cos 6 cos a« = — sin € cos h sin A — sin ¢ cos 6 cos h cos A + cos ¢ cos 0 sin h (3.14)
cos 6 sin a = cos fcos h sin A — sin ¢ sin # cos h cos A + cos ¢ sin 6 sin h
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3.3.2.2 Working mechanism and features of positioning
1. Working mechanism and features of shafting positioning

When the shafting positioning mode is adopted by the electro-optical telescope, once
the object enters the field of view of the optical system, the servo system will capture,
lock, and track the object, keeping the object always within the field of view of the optical
system. TV measurement system will record the object’s bias relative to the center of the
field of view, or miss distance. Meanwhile, angle measuring device begins to measure the
azimuth and elevation of the center of the field of view, which, together with the miss
distance, will be synthesized into the actual angular position of the object.

Characteristics of shaft positioning include shaft positioning accuracy that depends
basically on the shafting precision of the telescope, so shaft machining precision of the
telescope is high, resulting in higher development costs of the telescope, and due to the
influence of atmospheric refraction correction error, measurement accuracy will be
affected during low elevation observation; the tracked objects by shaft positioning has no
problem of prolonged star image, and the fast and slow objects does not need to be
tracked in different ways; shafting positioning calculation is simple, requirement for real-
time processing of computer is not high, which will help improve the sampling frequency
of the measured data.

2. Working principle and characteristics of astronomical positioning

Celestial positioning gives the position information of space objects by comparing the
relative position of the space object with respect to reference stars in CCD image. This
positioning approach is achieved by establishing the mapping relationship between the
ideal and the measured coordinates of the reference stars. The working procedures of the
celestial positioning include establishing measured star patterns, calculating mass center
of the star images, fast matching algorithm of star patterns, ideal coordinates of reference
stars, CCD image processing models, normalization of electro-optical telescope pointing,
and space object’s position.

The main characteristics of the celestial positioning are as follows: (1) accuracy of
celestial positioning is not subject to telescope shafting error and atmospheric refraction
correction error, thus the positioning precision of the celestial positioning is higher than
the shaft positioning; (2) this positioning approach requires larger field of view, and at
least three reference stars are required in the field of view; and (3) celestial positioning
requires higher level of computer real-time processing. Millions of star data shall be
stored in the computer, and reference stars shall be found in very short time according to
the telescope pointing and positions in CCD images, so as to output the positioning
results of the space objects.

3.3.3 Measurement models of electro-optical telescope

In the tracking of space objects by electro-optical telescopes, the telescope is controlled to
point toward the preset space area, and “stares” at the space object spot. In working mode of
shafting positioning, the telescope collects the images and extracts the miss distance of the
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objects. The miss distance will then be integrated with the telescope encoder data, and the
final position information will be output after comprehensive error correction. In working
mode of celestial positioning, the collected images are recorded in real time, where calcula-
tion is done, in consulting with the reference star library, to give the position information of
the space objects. The following section discusses the measurement models in the working
modes of shafting positioning and celestial positioning.

3.3.3.1 Measurement model of shafting positioning

The common positioning mode in an electro-optical telescope system is shafting positioning,
which is a method of absolute positioning. By assuming Telescope Imaging CCD center coor-
dinates is (xo, o), the centroid position space object image is (x;, ¥;), CCD image scale is (S,,
S,), photoelectric telescope pointing to (Ao, E,), combined with the objects of object amount
and the telescope pointing information, calculate the spatial orientation of the object A; and
the pitch angle E; are as follows:

ESZE()i(ys_yo)XSy (3 15)
As = Ay £ (x; — x9) X Sy /cos Eg ’

where the selection of plus or negative signs depends on the incremental direction of the azi-
muth and elevation in the CCD image.

The conversion relation between alt—az coordinates (A,, E;) and alt—alt coordinates (L,
B) is as follows:

{ E; = arcsin(cos L cos B) (3.16)

Ag = arctan(sin L ctg B)

3.3.3.2 Measurement model of celestial positioning

Modern astronomical positioning method was first proposed by John and Jean and then
developed by Chris, Dustin, and so on. Celestial positioning gives the position information of
space objects by comparing the relative position of the space object with respect to reference
stars in CCD image. This positioning approach is achieved by establishing the mapping rela-
tionship between the ideal coordinates (£,7) and the measured coordinates (X, Y) of the ref-
erence stars.

1. Star image matching
Star pattern matching is one of the vital steps to achieve high-precision celestial
positioning, including the selected catalog, the establishment of a database of star pattern
recognition, calculation of star image centroid, and star pattern matching algorithm.
a. Selection of star catalog
The accuracy of star catalog is far higher than the accuracy of the observing
equipment. The selected star catalogs shall contain sufficient and evenly distributed
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reference stars in whole space. Common used catalogs include TRC, Tycho-1, and
Tycho-2.
b. Establishment of star pattern recognition database
The number of stars in the catalog library is huge. For example, there are about
900,000 entries of stars brighter than 11 Mag in Tycho-2 catalog. If all stars in Tycho-2
catalog are selected as candidates to calculate, much time is required for computing.
This is not conducive to the rapid realization of star pattern recognition, not alone to
the star pattern calculation. In fact, this is not necessary in actual application. In
engineering practice a subcatalog of the stars is selected, which usually consists of
stars within the extreme detection of the electro-optical telescope. In addition, some
stars whose angular distance is less than certain value are deleted from the
subcatalog, so as to further reduce the retrieval time of the reference stars, to increase
the real-time performance of celestial positioning, and to further reduce measurement
error of reference stars’ coordinates.
¢. Calculation of star image’s centroid
Star image’s centroid is obtained by the processing of observed CCD image, as the
CCD field of view is large for space object optical observation equipment, and the
data processing has high real-time requirements, commonly used centroid calculation
method is two-dimensional modified moment method.
d. Fast matching algorithm of star patterns
Commonly used star pattern matching algorithms include triangle matching
algorithm, polygon angular distance matching algorithm, and grid algorithm. Among
them triangle algorithm is the most adopted in engineering applications due to its
simple structure and less computing.
2. CCD image processing model
Due to the telescope aberrations, CCD installation deviation error, and other factors,
the relationship between the ideal and the actual coordinates cannot be accurately
derived. Thus this relationship is usually expressed in polynomial, that is, CCD image
processing models. CCD image processing models used in space object observations
include two-constant model, four-constant model, six-constant model, eight-constant
model, ten-constant model, twelve-constant model, and twenty-constant model, which is
used to establish the relationship between the measured coordinates and the ideal ones.
There is a one-to-one correspondence between the ideal coordinates (§;,7;) and the
equatorial coordinates («;, 6;) of the reference star. The formula for calculation is:

_ cos 6;sin (a; — )
sin ¢; sin §y + cos ; cos dg cos (a; — ap)

&

__sin é; cos 6y — cos §; sin &, cos (o — ) (3.17)

0= = .
' sin §; sin §y + cos &; cos &y cos (o — ayg)

where («p, 8p) is the correspondent right ascension and declination of the CCD image
center.
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a. Two-constant model
Generally, one reference star is required in this model, the CCD image’s scales in
the x and y directions are assumed to be identical, and the angle 0 between the ideal
coordinates (¢;, ;) and measured coordinates (x;,y;) are known.

{gi:a-i-cos()xi-&-sin@yi (3.18)

n; =d—sin 0 x; + cos 0 y;
b. Four-constant model
Generally, two reference stars are required in this model, and the scales in both
directions are assumed to be identical.

¢, =a+bxitcy;
{ni=d—exi+fyi (3.19)

¢. Six-constant model
Three or more reference stars are required in this model.

=at+tbxitcy
{7/i=d—cxi+byi (3.20)

The abovementioned three models primarily consider the first-order linear effect,
while eight- or ten-constant models take into account the nonlinear difference and
require multiple unknown variables. Thus more reference stars are required. It should
be noted that the final positioning accuracy of space objects obtained by using higher
order CCD image processing models is not necessarily better than the one obtained
by using lower order models. Because measurement error of each of the reference
stars will be integrated into the final measurement results. It is easy to verify that the
more the unknown variables to be solved, the lower the accuracy of the solution is, in
the case of the same conditional equations and of the same random errors of known
quantities. Besides, higher order CCD image processing models require more
computer processing overloading. Therefore we only select sufficient reference stars
within certain range of the space object image and use lower order CCD image
processing models. In this way the processing time requirements and expected
accuracy can both be met.

3. Calculation steps in real-time celestial positioning

a. Read the telescope’s encoder data in the L axis and B axis, and translate the pointing
information into the celestial coordinates of the telescope’s pointing (right ascension
and declination).

b. Around the telescope pointing (right ascension and declination) neighboring, quickly
retrieve star catalog and find the reference stars within the CCD field of view.

¢. According to the telescope pointing and CCD camera’s scale, calculate the equatorial
coordinates of each measured star image.
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d. Match the theoretical equatorial coordinates with the measured equatorial
coordinates, and obtain the measured coordinates of the reference stars.

e. Obtain the measured coordinates of the space objects by CCD image processing.

Establish CCD image processing model by the use of reference stars.

g. Calculate the space objects’ right ascension and declination by the use of CCD image
processing model and measured coordinates of space objects.

—h

3.3.4 Measurement errors and compensation techniques of telescopes

Measurement error of electro-optical telescope systems refers to deviation of measured
angular values from their true values in space object measurement. Overall, the factors
affecting the measurement accuracy of the telescope can be divided into static and dynamic
measurement error sources. When the telescope is in stationary state, the measurement
errors usually result from such factors as manufacturing process, installation, and adjust-
ment. When the telescope is tracking moving objects, the measurement errors are usually
larger, due to mechanical deformation and random factors. The static measurement error
sources include vertical axis tilt errors, the horizontal axis tilt errors, sighting axis error, zero
difference, directional difference, errors caused by optical system geometric distortion, and
atmospheric refraction error. The sources of dynamic measurement errors include tracking
motion error, CCD miss output lag error, the error caused by atmospheric jitter, sighting axis
swing error, and other random errors. According to the nature of the error, the previously
mentioned errors fall into system errors and random errors. The vast majority of system
errors can be adjusted or corrected, but residual errors still exist after correction. Random
errors cannot be corrected due to its randomness. Their impact can be decreased by
smoothing of measured data.

3.3.4.1 Static errors
1. Shafting error
During tracking the shaft must meet certain conditions, such as vertical axis must be
perpendicular to the horizontal, and the horizontal axis must be perpendicular to the
vertical axis. Due to constraints of manufacturing process, assembly and adjustment in
use and other factors, the instrument’s three axes, in fact, do not fully meet the
abovementioned three conditions. Therefore there are objective measurement errors
caused by inaccurate axes. This type of errors is called shafting error. It consists of
vertical axis tilt error, horizontal axis tilt error, and sighting axis error. These errors
include two parts: one is a constant systematic error caused due to the adjustment and
the other part is the amount of change in the instrument movement, namely, random
€errors.
2. Encoder error
Elevation and azimuth shaft angle encoders are precision angular measurement parts
of electro-optical telescope. Encoder error here refers to the installation and adjustment
error due to the nonalignment with the optical axis after the encoders are installed on
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horizontal and vertical axes. Namely, the error includes the horizontal axis encoder’s zero
difference and the vertical axis azimuth encoder’s directional difference. They affect the
authenticity of the measured values, thus affecting the measurement accuracy, and shall
be corrected.
3. TV static miss distance measurement error
TV miss distance refers to the offset of the object image point from the origin of the
object screen coordinate system. TV miss distance measurement error includes
quantization error in the CCD sensor, interpolation error, tail error, and the optical
system’s focal length error. The number of scanning lines of the CCD camera is subject to
the resolution limits of the imaging object surface, and the spacing between the scanning
lines is the smallest unit used to measure the size of the object image point. Thus the
angular resolution of the camera limits the measurement accuracy of the system.
4. TV miss distance pure lag error
When the television camera works, the image information stored in the object surface
is read out by raster scanning, pixel by pixel from top to bottom and left to right. There is
a lag of one frame from the beginning of the timing sampling to the sending out of the
miss distance. Things may differ if there are other lag factors. For instance, inertia of the
television camera itself may generate the signal transmission lag, causing the change of
time lag of the miss distance. The measurement data of TV tracking synthesizes the
encoder data and TV miss distance. Due to the pure time lag of the TV miss distance,
errors will eventually exist in the synthesized data.
5. Impact of atmosphere refraction
In observing space objects with precision electro-optical telescopes, the observed
direction of the object differs from its real direction due to the atmospheric refraction.
And this type of directional error is called refraction. The true height equals to the
observed height deducted by the atmosphere refraction. The smaller the star’s elevation
is, the greater the refraction is. The change of atmosphere pressure will lead to different
atmosphere refraction. Atmosphere refraction is an important factor affecting the
measurement accuracy of space objects. Current theoretical formula for atmosphere
refraction is based on the assumptions that the atmosphere density changes with its
distance from the ground and with other ambient environment changes. Precise
observation requires further precise correction of atmosphere refraction.
6. Other static errors
Other static errors include errors caused by inconsistent coordinates, nonalignment
error between the optical axis of the optical system and the electro-optical axis of the
CCD plane, as well as nonalignment error between the horizontal and vertical axes of
CCD plane and the optical system.

3.3.4.2 Dynamic errors
1. Instrument tracking motion error
When electro-optical telescope is tracking motion objects, rotation of the turret will
inevitably bring about structural deformation, displacement of instrument, or shaft
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bending, which will thereby generate dynamic error increment. And these errors are
random, including base adjustment error, the vertical axis swing error, the vertical axis
photoelectric encoder measurement error, the vertical axis photoelectric encoder zero
error, the vertical axis photoelectric encoder coupling error, horizontal axis swing error,
the horizontal axis optical encoder measurement error, the horizontal axis optical
encoder zero error, the horizontal axis optical encoder coupling error, sighting axis up-
down placement error, error of collimation error (swing of sighting axis azimuth), and
swing error of sighting axis elevation angle.
2. Nonsynchronized time sampling error
In real-time dynamic TV measurement systems, the object position is measured
mostly by counters in row and field directions. Nonsynchronized sampling error is
caused by the inconsistence between the time of the object image point scanning by the
electron beam and the time of system sampling. TV measurement system is a real-time
sampling system, where a variety of data, such as time information, object point
information, and position of the instrument (i.e., center position of camera tube object
surface), must be collected in a unified time. Generally, the leading edge of frame
synchronization pulse is taken as the sampling pulse to collect the previous frame of
data. This type of sampling is called frame-end sampling or frame-terminal sampling. In
the dynamic measurement system, the object image points keep moving in the camera
tube object surface. The moving distance of the point within one pulse interval is the
nonsynchronization sampling error of the dynamic measurement.
3. Boresight swing error of optical systems
Reasons for boresight swing of optical systems include (1) optical elements in motion
(such as dimming variable density disk and the focus lens). (2) Optical system barrel or
optical parts distortion or slight displacement due to thermal deformation, which is
caused by one side radiation by sunlight or different thermal expansion coefficients of
metal materials. (3) Barrel structure deformation caused by its weight redistribution when
the barrel is in elevation motion. (4) Horizontal axis random swing in horizontal plane
due to the gap between the bearings.
4. Errors caused by atmospheric jitter
Atmospheric jitter can cause diffusion of object image points and further affect the
position extraction of the object in CCD surface. Impact of atmospheric jitter on the
electro-optical telescope TV measurement system includes three aspects: random
fluctuation of image point position, random fluctuation of optical density in the image,
which may result in larger image or irregular diffusion circle in comparison with situation
without atmospheric jitter effect. Atmospheric jitter is still a complex issue, as it is heavily
affected by the natural meteorological conditions, as well as by locations, seasons, and
other environmental factors. Generally, we select an empirical value as the random error
rms value caused by the atmospheric jitter.
5. Other errors
In addition to the major errors affecting the measurement accuracy, there are other
potential minor factors, including changes of the foundation due to ambient temperature
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vibration, stability of counter pulse, random interference by ambient electrical field,
magnetic field, and thermal noises.

3.3.4.3 Angle measurement error model

When a single telescope is used to measure the space object, it can only give the radial angle
of the object relative to the telescope, that is, the included angle between each axis of the
measurement coordinate system and the line connecting the main point of the optical sys-
tem and the space object. The angle measurement errors come from various sources for dif-
ferent telescope structures. Here we only take alt—az tracking telescope as an example to
analyze the sources of the angle measurement errors and their calculation.

Telescope angle measurement error refers to the difference between the actual angular
position and the measured angular position of the measured space object at a certain
moment.

As shown in Fig. 3—2, O denotes the tracking/observing station, OP is the visual axis ori-
entation of the device, and OM is the apparent direction of the object, then o, represents
the error angle of the measurement for this telescope. Its components in the horizontal
direction and the height direction is 6,4 and ¢, respectively.

54,0/1 = (SACOS E, (SypE = (SE
where 6, denotes the azimuth angle measurement error, and 6r denotes elevation angle

measurement error. o 4 and o are further composed of multiple errors.

O"\PA =
(3.21)

O-\pE_

where 6,4; and ¢z denote the limit values for the ith item of azimuth error and jth item of ele-
vation error, respectively; K;, K;, K, and Kj’. represent the probability coefficients and error
transfer coefficients for the ith item and jth item, respectively.
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FIGURE 3-2 Angle measurement error diagram.
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The mean square error of the angle measurement error is:

I
3

j=m i=n Jj

i=n 2
0=\t o2 =] > (KiKjsu)® + (KK 551) = > (Kiow)* + (K;an) (3.22)
i=1

i=1 i=1 Jj=1

For tracking optical measurement device, the angle measurement error o, consists of
static error and dynamic error.

_ 2 2
74~V s ¥ Ok (3.23)
oy = \/0124 + 0129 Op = \/O'%s + UIZSD

where 045, 0gs, oap, and ogp denote the static and dynamic errors of the azimuth (elevation)
angle, respectively.

Device’s dynamic error results from the dynamic loads in motion when the device is
tracking space objects. As it is difficult to estimate, empirical formula is generally adopted to
calculate the error.

oap = K40as
oep = Kgogs

K, ad Kg are dynamic error coefficients, which generally range from 1.15 to 1.5.

JAS:\/(I/Z) tg E-oy]> +[(1/v/2) - tg E- 0;]* + (0¢/cos E)* + o% + (0p/cos E)?

(3.24)
Ops = \/[(I/Z)UV] + o2y + 0%+ 0%

In abovementioned formulas, E is elevation angle of the equipment; oy is vertical axis
error, that is, the vertical axis’ deviation from the local plumb line.

_ /2 2 2
oy =14/0y, T 07, T 0Ys

oy is the vertical axis leveling error, oy; =7/ 1042, T is leveling bubble grid values. oy, is
the vertical axis swing (for ball bearing shaft, it is the vertical axis swing of the thrust bearing
in flat rail). oy, = K'Ahp/ V2D, Ah represents the end surface roughness of the thrust bear-
ing. K is the load deformation coefficient; usually K’ = 0.4—0.96, p is 2 X 10°. D is the thrust
bearing’s median diameter, and oy;3 is the random swing of the vertical axis. For ball bearing
shaft, it depends on the component of more than three times of ball size error, the out-of-
roundness and the roughness of thrust bearing ring. o; is horizontal axis error, that is, non-
perpendicularity between the horizontal axis and vertical axis. o; =+/0% + 0% + 0% oa
represents the nonperpendicularity of the horizontal axis with respect to the vertical axis,
and o, the system swing of the horizontal axis within the vertical plane. For the ball bearing
shaft, there is the following equation: o, = K”ADp«/i/L, AD is the out-of-roundness of the
journal; L is the distance between two fulcrums of the horizontal axis; and K” is load
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deformation coefficient, where K" = 0.4—0.96. o3 represents the random swing of the hori-
zontal axis within the vertical plane. For the ball bearing shaft, there is the following equa-
tion: o;3 =2(Ad + AP)p/(3L), Ad is the ball size error. AP is the out-of-roundness of the
ball. o¢ is the boresight error, that is, the nonperpendicularity of the boresight axis and hori-
zontal axis within their plane. oc = \/02, + 02, + 02, + 0%, + 025, o1 is collimation error,
which depends on its measurement error; oc, is boresight system swing resulting from the
horizontal axis deformation. o¢; is the system swing of boresight axis within its plane with
horizontal axis; o¢, is the random swing of boresight axis within its plane with horizontal
axis; o¢s is the boresight axis deviation due to the variation of optical elements and cross
hair. ocy is swing of the boresight axis within the cross section perpendicular to the horizon-
tal axis. og is goniometer error, namely, the error of goniometer in azimuth and elevation
directions.or = \/0%, + 0%, + 0%, + 0%, o1 is the goniometer zero error; oy, is goniometer
measurement error; ogs is the coupling transmission error of goniometer; and og4 is zero
error caused by coupling torsional deformation of the goniometer. op is the miss distance
measurement error, namely, the interpretation error of the object position in the film or
CCD. When a film recorder is adopted, the miss distance measurement error is
op=1/0%, + 0%, + 0%, op; is focusing error; and op, is the position measurement error of
interpretative instrument. op3 is aiming error. When CCD is adopted in measurement, the
miss distance measurement error is op = /0%, + 0%, + 05, + 0%, op is focusing error; opy
is centroid extraction origin error; op, = A”/(24/3), A” is angular resolution of CCD pixels.
A" =(A/f) X2X107°, ops is centroid extraction object position error; ops = A”/(2+/3), op4 is
coordinate rotation error during CCD installation.

3.3.4.4 Error compensation technology

In order to measure the position of the target accurately, it is necessary to determine the
shafting error and reading system error of the telescope system accurately. Error calculation
and compensation is completed by taking pictures for multiple stars. Common error compo-
sition techniques include least square systematic error correction and spherical harmonic
systematic error correction. Among them, the least square systematic error correction
method mainly considers several systematic errors that have a great impact on angular mea-
surement accuracy, such as shafting error, directional difference, and zero difference. The
parameters in the correction function are few in number and cannot be changed, so it is dif-
ficult to achieve a comprehensive correction of the systematic error. However, the spherical
harmonic systematic error correction method does not specifically consider the physical
meaning of each parameter and only selects the number of parameters according to the fit-
ting degree of the system error curve. Therefore in the systematic error correction of electro-
optical tracking system, as long as the parameters are reasonably selected, the systematic
error correction method of spherical harmonic function will have higher accuracy than the
least square systematic error correction method. The spherical harmonic systematic error
correction method is introduced next.
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Systematic error, as a quantity related with telescope position status, is a function of posi-
tion. We use A and E to represent the azimuth and elevation angles and use functions f, and
J5 to indicate the deviation. Then

AA=fu(AE)
AE =34, E) (3.25)
Ja and fp are pointing correction functions, which are continuous functions on the sphere.
For spherically distributed stars, if the observed positions A, and E, of the stars are measured
and the calculated positions Ac and Ec are obtained via ephemeris, then we can obtain the
pointing deviation of the telescope in each direction:

AA:A()*AC
AE:EO_EC

After fitting of the discrete values distributed on the semisphere, we will get the correction
function fa(A,E), fg(A, E), which can be represented by spherical harmonic functions.
Telescope pointing systematic errors at different elevation angles are complex functions of
the elevation change. Thus the harmonic functions shall be fitted with high-order terms.
Select a spheric harmonic function with harmonic terms of up to four orders and each order
is linear, which is expressed as follows:

o0 n
F(6,)\) = Z {A%Pn(cos ) + Z [AZ'cos mA + BJ'sin mA| P} (cos 0)} (3.26)

n=0 m=1

where P,(cos ) is Legendre polynomials:

1 d//

Paleos 0) = 5 dcos 0

(cos 20—1)" (3.27)

P (cos 0) is associated Legendre polynomials

dm

. 1V 2 m/ZX—
P (cos 0) = (—1)"(1—cos *0) d"(cos 0)"

P,(cos 0) (3.28)

By simplifying F(6, A\) and making relevant truncating, we will obtain the systematic error
correction function of the telescope in azimuth and elevation directions:

Ay + A, cos E+ A, cos Asin E + A sin Asin E + A, cos 2 E +
As cos A sin E cos E + Ag sin A sin E cos E + A; cos 2 E +

Ag cos A sin Ecos 2 E + Ag sin A sin E cos 2E + Ajgcos “E +
Ay cos A sin Ecos ® E + A, sin A sin E cos 3E

fa(A,E)sin E — AA sinf =

By+ By cosE+By,cosAsin E+ B;sinAsin E+ Bycos? E+
Bs cos Asin E cos E + Bg sin A sin E cos E + B; cos 3 E +

Bg cos A sin E cos 2 E + Bg sin A sin E cos 2 E + Byg cos * E +
B;; cos A sin E cos 3 E + By, sin A sin Ecos 3 E

(A E) = AE = (3.29)
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where A; and B; are coefficients (=0, 1, 2, 3,..., 12).

Measurement of 30 plus stars evenly distributed in azimuth and elevation directions will
give their theoretical and observed values of the stars at the given observing time.

The observed values of the 30 plus stars constitute a set of nonlinear equations.

AXA = LA
AXs = Ly (3.30)
where
a,  aip a3 i
A= |%1 G2 G
an, a2 a3 |
A AAy ]
XA = A:1 LA = AA:AI
Az Al |
By AE,
XA = B:l LA = AEI
Bis AE;3

Each element in matrix A is defined as:

a;1 =1,a;, =cos E;,
a;3 = cos A; sin E;, a;4 = sin A; sin E;, a;5 = cos 2E;, a;s = cos A; cos E; sin E;,
a;7 =sin A; cos E; sin E;, a;g = cos 3E;, a;9 = cos A; sin E; cos 2E;, a;10 = sin A; sin E; cos 2E;,
a;11 = cos *E;, a; 1 = cos A; sin E; cos 3E;, a; 13 = sin A; sin E; cos 3E; where i =1, 2,..., N, and
N is the measured number of stars.

AXA:LA
AXB:LB

Solving equations {
we will obtain the coefficients X,, Xz of function f4(A, E), fg(A, E); then we can get the mean
square error of the observed values.

In the usage of observed data the star data shall be preprocessed so as to discard those
star data with gross errors. The mean square error of the observed values is:

(3.31)
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where V,; and V; are residuals to calculate azimuth and elevation. M is the number of avail-
able stars after the gross error is excluded. t is the number of unknowns, ¢ = 13.

Vai = fa(Ai, E;) [sin E; — AA; (3.32)

Vi = fe(Ai, Ei) — AB;

Telescope systematic error correction with spherical harmonics has been proven to be

effective in practice. In telescope observation the pointing error with spherical harmonic cor-
rection may reach about 2 arcs (in measuring stellar).

3.4 Public correction models for measurement data

“Measurement model” is analytic expressions to establish observing geometry between
observing sites and space objects, as well as mathematical models for observed data system-
atic error correction, which will give the partial derivatives of the observed quantities with
respect to each relevant parameter. Measurement data itself is not very precise, and the data
inevitably has random and systematic errors.

3.4.1 The partial derivatives of each measurement element with respect
to the space object position

Measurement data types mainly include range measurement, angle measurement, and range
rate measurement. For radar measurement the observed quantities are t, p, A, E, and p;
for optical measurement the observed quantities are astronomical longitude A and latitude
. The abovementioned types of observed data can be calculated by the use of space objects’
state vectors —r and —r. If the theoretically calculated value of the measurement data is
denoted with C, then we have

C=Gt71,7,R) (3.33)

where —r and —r are motion status vectors of the space objects, and —R is the observing
site’s position vector.

Taking into account the systematic error of the observation data, the above formula
becomes:

C=G(t,r, 7 R)+ AC+ AC, + AC.T (3.34)
where AC is the sum of systematic errors being considered.
AC = ACTR + AC]O + ACRL + ACRT + ACOF + ACEC (335)

where ACrgis the tropospheric refraction correction; ACyg is the ionospheric refraction cor-
rection; ACygy is the impact of general relativistic effect upon the light time-of-flight, and the
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resulted range correction; ACgr is the range measurement correction due to the sun’s gravi-
tational potential effect and Lorentz effect of the geocentric station coordinates; ACop is the
offset correction of space object transmit antenna with respect to the object centroid; and
ACgc is the eccentricity correction of the observing site.

The last two systematic errors in Eq. (3.34) are referred to herein as the offset error.
where AC, is part of the offset error that changes linearly with time. For arc-related para-
meters, time T commences from the start time of the arcs; for nonarc-related parameters,
time T starts from the epoch of the motion state vector of the object.

The following gives correction approaches for tropospheric refraction error, ionospheric
error, general relativistic effect error, and vertical deflection.

3.4.2 Tropospheric refraction error correction

Troposphere is the lowest level of the atmosphere with a height of 60 km or less, high atmo-
spheric density, and complex components. It is a mixture of a variety of gases (nitrogen, oxy-
gen, hydrogen, carbon dioxide, and other neutral plasma) and water vapor. The boundary of
the troposphere differs depending on temperature and vertical temperature gradients. Its
height continues to drop from the equator to the poles, but also in the immediate vicinity of
the equator there is a small discontinuity.

When the electromagnetic wave propagates through troposphere, its velocity will change
and its path will also bend, and this is the tropospheric refraction effect. When the radio
passes through troposphere, the resulted distance will deviate, and this is referred to as tro-
pospheric refraction error. In the zenith direction, distance refraction error caused by tropo-
sphere may be up to 2—3 m. At elevation of 3 degrees the error is up to 30—40 m.

There are many tropospheric refraction error correction methods, whereas commonly
used ones include the spherical stratification algorithm, the mapping function method, and
three-dimensional ray tracing method. Commonly used approaches of error correction in
engineering practice are as follows:

1. Only angle measurement data is available in troposphere:

According to the meteorological data from observation site, use simplified model of
the control center to correct the angle data in atmospheric refraction correction
processing.

Correction formula is:

E= EC - AEN (336)

AEy = NJ ctg E,
0. 776 4810 X P, 6
NI = E P+ — ) X 10

T:To"l‘t
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P, = 6.1078 X 10753/419%0 5 1y

where T is the absolute temperature, Ty, = 273.15°C. ¢ is the ground temperature °C. U is
the ground relative humidity (%). P is the ground atmospheric pressure (hPa, mbar). P, is
the ground water vapor pressure (hPa, mbar).

2. Both angle measurement data and ranging data are available at certain epoch in
troposphere:

According to the meteorological data from observation site, use atmospheric

refraction correction formula of the control center to correct the ranging and elevation
data. The correction formula is as follows:

R,=R,— AR, (3.37)
AR, = NJ csc E.(1 — e 209%¢) /¢
E= EC - AEN

NO(R+ Ry sin Ec)cos Ec
CRR, sin 3E¢

77.6 4810 X P,
Ng = —(P-i— T) X 107°

AEy =NJ ctg E. — (1 — 720000C)

T
T:T0+t

P, =6.1078 X 1075/Z4L9+0 x 7

where refractivity C takes a statistical average 1.4142X 10 *m™".

3.4.3 lonospheric error correction

The ionosphere is a region of Earth’s upper atmosphere from 60 to 1000 km altitude. Various
radiations from the Sun and other celestial bodies upon the gas molecules in the ionosphere
produced strong ionization, which generates a large number of free electrons and positive
ions. Ionization in the ionosphere can be described in the total electron content, which is
unstable and closely related with the outbreak of solar flares, the number of sunspots, mag-
netic storms, geomagnetic and their changes, and has impact on communications, naviga-
tion, radar, and aerospace. The ionospheric delay is proportional to the total electron
content in the signal propagation path and is inversely proportional to the signal frequency.
The higher the frequency is, the smaller the ionospheric impact is.

Domestic and foreign scholars have been committed to the study of modification of ion-
ospheric propagation effects and proposed different ionospheric delay correction methods
and models. In the early 1970s it was suggested to use dual frequency for ionospheric delay
error correction. And more different ionospheric correction models have been proposed. At
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present, the adopted ionospheric delay correction approaches differ in satellite navigation
systems and differential augmentation systems. In general, differential correction method,
dual-frequency/multifrequency correction method, ionospheric empirical model method,
and IONEX global ionospheric model are most widely used.

At present, the dual-frequency correction method is the most widely used ionospheric
delay correction method. Dual-frequency correction method can achieve good correction
accuracy and can correct ionospheric effect up to about 90%. Tri-frequency correction
method is theoretically the ionospheric delay correction method precision with highest accu-
racy but requires high observation precision.

In the dual-frequency observations, the combination of dual-frequency observations can
be used for ionospheric error correction. The dual method use difference of dual observa-
tions to estimate ionospheric delay at L1 and L2 frequencies, respectively. Since code obser-
vables include:

(/72 - Pl)fzz
§p, = 2 P2
" flz k 3.38
B = (ﬂz B pl)flz (3.58)
2 f12 _f22

where f; and f» are dual carrier frequencies; p, and p, are dual-frequency code observables;
and 6p; and 6p;, are dual-frequency ionospheric delay.
For carrier observations, there is a similar formula:

— 2
opp = (pjzclz ,pjlczzfl -
5, = VL PO (4:39)

2 f12 _f22

where p] and p;, are dual-frequency carrier observations.

The multifrequency observations must correct ionospheric effect through the linear com-
bination independent of ionosphere, which weakens the influence of the ionospheric delay
and at the same time magnifies the influence of the observation noise, multipath residuals,
and so on. The correction accuracy of multifrequency ionospheric delay depends on the fre-
quency number of observations, frequency values and intervals, pseudo-range accuracy, the
correction method, ionosphere higher order delay, and so on. Dual-frequency correction
tries to select two groups of data with large-interval frequency and small pseudo-range
errors. Dual-frequency correction method can correct more than 90% of the ionospheric
delay error. In this method, observation noise is smaller, and calculation is simple with low
hardware requirements. Furthermore, this method is easy to be implemented in
engineering.
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In engineering practice, GNSS observation network can be used to generate ionospheric
delay correction model based on global ionospheric real observations, where the ionospheric
model parameters «;, 5;(i=0,1,2,3) in GPS navigation message are input parameter.
Ionospheric refraction error is calculated as follows:

1. At any epoch ¢ the ionospheric delay Tg in the zenith direction (E = 90°)

T, =DC + Acos [2n(t' — T,)/P] (3.40)

3
A=) o,
i=0

L (3.41)
p= Zﬁi‘foin
i=0

where DC = 5 ns is the evening ionospheric delay, T, = 50,400 s is the local time
corresponding to the largest ionospheric delay, P is the ionospheric delay function period
(s), A is the ionospheric delay function amplitude(s). ¢,, is the geomagnetic latitude of
ionosphere K’ point (the intersection of the center ionosphere and the line connecting
the spectrum spread device K and the space object), and ¢ is the hour angle of K’ point
at corresponding time ¢.

2. Geocentric angle E4 between the spread spectrum device K and K’ point

445

E, = —4 3.42
AT E+20 (3.42)

where E is the elevation of the spread spectrum device K in observing space objects.
3. Geocentric longitude and latitude of K’ point

Y = px T Ea cOS
{ Ak = Mg + E, sin o/ cos ¢y (3.43)

where ¢y, Ak is the geocentric longitude and latitude of spread spectrum device K, and «
is the azimuth of the spectrum spread device K in observing space objects.
4. The local time ¢’ at K’ Point.

t' = (UT + Mg/ /15) X 3600(s) (3.44)

where UT is the corresponding UTC for the observation time ¢.
5. The geomagnetic latitude ¢,, at K’ point.

O = Y T 11.6c0s (A —291°) (3.45)

6. The ionospheric delay T, in the direction of elevation E at any time .
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T, =SF- Ty = {1+ [206°~E)/90° } - Ty fs i (3.46)

where SF is the obliquity factor, fgps = 1575.42 MHz is the operating frequency of the GPS
signal, and fip is the operating frequency of the spread spectrum device, which takes the
downlink frequency 2282.4 MHz.

For accurate correction of the postmission processed data, the global ionospheric
delay model published by IGMAS can be used [103], which is not repeated here.

3.4.4 General relativistic effect error correction

According to Einstein’s general relativity theory, light propagation will be distorted in a gravi-
tational field, and the speed will be slower. It results in longer light propagation time from
the space objects to stations than there is no gravitational field, which is called electromag-
netic wave delay effect. The ranging correction caused by this effect is called general relativ-
istic effect correction in ranging. Here we only consider the ranging general relativity effect
correction caused by the Sun and Earth’s gravitational fields.

Relativistic effect correction caused by the gravitational field of the sun is:

Ay =(1+9Re

GM, 7'1+7'2+p 3.47
=) SR (2 EE (347
c rn+r—p

where M;: the mass of the Sun, GM; = 1.327124 X 1020; r; is the distance from the Sun to
the space object; r, is the distance from the Sun to the observation site; and + is the correc-
tion factor for the relativistic effect. It can be taken as estimated quantity, and its normal
value is 1.

Relativistic effect correction caused by the gravitational field of the Earth is:

Ay =(1+7)Rp2

GM, o+, +
SN (.48)
[% rytr,—p

where Mg is Earth’s mass, and GMg = 3.9860044 X 10 m?3/s%. r} is the distance from Earth’s
core to the space object; r,, is the distance from the geocenter to the observation site.
The relativistic effect correction of the range by the Sun and Earth’s gravitational field is:

APRL = Al + Ag

=(1+ 7)(Rru1 + Rgr2) (3.49)
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3.4.5 Vertical deflection correction

For shafting optical data the site coordinates are expressed in astronomical coordinates,
while orbit determination uses geodetic coordinates. Thus vertical deflection correction for
shafting data is required. Correction method is as follows:

A'=A—(\—L)sin ¢ — (&sin A’ — ncos A')ctg Zs
Zg=Zs+ (écos A’ +nsin A') (3.50)

E/: —ZG

SN

where A is the raw measurement data, A, E’ is obtained data after the vertical deflection cor-
rection, )\, ¢ are the longitude and latitude in astronomical coordinates, L is the longitude in
geodetic coordinate system, and &, 7 are the meridian and prime components of the vertical
deflection. Z; is astronomical zenith distance, that is, the angle between the vertical line of
the site and the observation direction. Zg; is the zenith of the Earth.

In certain sites with large vertical deviation, dynamic correction of the error could reach
the magnitude of one minute of arc.

3.5 Relationship between detection network and orbit
accuracy

The near-Earth objects with a period of 90 minutes orbit the Earth about 16 passes a day.
For a detection network with reasonable longitude distribution (e.g., eight radar stations are
evenly laid on the equator), theoretically ascension of the object from south to north and
descension from north to south can be observed at least eight times a day. Arc length of
each observation should be a few minutes. Each country’s specific detection network can
actually observe a few liters lower, and the length of each observation arcs, according to the
country, can be laid detection equipment span longitude, latitude span and space objects’
orbital inclination and altitude may be. In general, the goal of space object cataloging is to
use minimal equipment resources to catalog as many space objects as possible. Thus in cata-
log orbit determination requirements, usually one arc of observation is required, and the
data types are mainly low precision phased array radar and optical data. For space object
collision avoidance and warning missions, precision tracking and observation of space
objects is required. For precision orbit determination, three and more arcs of observations
are generally required in space object tracking. The data types shall include high-precision
measurement radar data, in addition to the phased array radar data and optical data.

In order to better illustrate the relationship between the accuracy of orbit determination
and the amount of observation data, it is assumed that radars, deployed in different longi-
tude locations, track a Sun-synchronous object with an orbital altitude of 480 km.
Measurement data are generated by simulation. The orbit determination and extrapolation



Table 3-1 Calculation results of orbit determination and prediction error.

One pass of

Two passes of Three passes

Four passes of Five passes of Six passes of

Seven passes

Eight passes

ascension ascension of ascension ascension ascension ascension of ascension of ascension
Observations  grhit orbit orbit orbit orbit orbit orbit orbit
One pass of Two passes of Three passes Four passes of Five passes of Six passes of Seven passes  Eight passes
Calculation error descension  descension of descension  descension descension descension of descension  of descension
orbit orbit orbit orbit orbit orbit orbit orbit
Calculation items
Orbit determination Rms of position (m) 113.7 12.8 4.2 1.9 1.4 1.3 1.2 1.1
error Rms of velocity (m/s) 0.1151 0.0136 0.0044 0.0020 0.0013 0.0011 0.0010 0.0009
One day Direction R (m) 137.7 39.9 33.6 30.4 28.4 25.4 25.8 15.5
Direction T (m) 8363.1 383.9 2104 197.5 132.6 121.6 114.6 13.7
Direction N (m) 2062.6 28.6 13.0 8.0 5.0 3.5 3.7 2.7
The position P (m) 8558.4 384.1 2104 200.5 133.8 121.6 114.6 20.9
Three days Direction R (m) 137.7 49.3 38.5 35.7 35.1 293 28.5 28.1
Direction T (m) 26316.4 3660.3 2031.3 1637.2 1189.3 10394 745.1 708.8
Direction N (m) 2062.6 31.5 13.7 4.1 3.5 3.5 3.3 3.5
The position P (m) 26370.7 3660.3 2031.5 1637.2 1189.3 1039.4 745.1 709.3
Seven days Direction R (m) 272.9 64.2 54.2 62.1 475 41.2 39.9 15.0
Direction T (m) 62,2111 18,620.0 10,297.8 10,981.4 8041.8 5771.7 3885.2 4001.2
Direction N (m) 2062.6 39.4 14.0 7.0 6.5 5.6 3.7 09
The position P (m) 62,223.9 18,620.0 10,297.9 10,981.5 8041.9 5771.7 3885.2 4001.3
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prediction are implemented according to different measurement data within 24 hours.
Table 3—1 shows the orbit determination errors and prediction error of object location for 1,
3, and 7 days.

As is seen from Table 3—1, with increasing of the orbit measurement data arcs, the posi-
tion RMS error for orbit determination is reduced from 100 m to a few meters; the velocity
RMS error is reduced from decimeter/second to millimeter/second; and the position predic-
tion error for seven days is reduced from over 60 to 4 km. According to the abovementioned
simulation results and a lot of statistics, calculation of space objects’ collision warning usu-
ally needs two passes of both ascension and descension orbital data, thus the orbit predic-
tion accuracy can meet the demand that the position prediction error for 3 days is within a
magnitude of kilometers. To achieve the prediction accuracy for 24 hours that the position
error is within 100 m and error in radial or normal direction is within 10 m, measurements
should be performed for at least three passes of both ascension and descension orbits. Based
on the current level of dynamics, even if the detection equipment distributed around the
world is used intensively for measurement and orbit determination of a certain space object,
the prediction error of orbit position for 7 days is still within ten kilometers. Accordingly,
broader geological deployment of sites and more space object observation by optical and
radar equipment will bring higher orbit determination precision of space objects. This is con-
ducive to space object collision warning calculation. Therefore a reasonable plan of detection
resources scheduling, namely, the use of appropriate detection resources at the right time, is
very important for efficient completion of collision warning.

Furthermore, it should be noted that the previous calculations are performed according
to the simulation of radar equipment. If radar equipment is replaced by optical device, and
under good weather conditions and daylight and shadow requirements, the number of
observable arcs of the satellite per day is 0.6. That is, for an average of 3 days, there are two
arcs available. As the optical device’s data precision and density is less than radar devices, if
unfavorable weather results in unavailable observation by optical devices, the number of
trackable arcs will be less than normal. And this will reduce the accuracy of orbit determina-
tion. Thus to answer for the detection requirement in the colorful warning stage of collision
warning, optical detectors cannot be used as a primary warning device, but only as auxiliary
of the radar equipment.
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Space environment and object orbit

The natural and artificial environments when on-orbit spacecraft encounter are known as
space environments. From ground to the designed orbit, spacecraft have experienced a
number of different environments. According to the current information, all changes of
natural space environment are closely related to the change of the Sun. The Sun is not
only the source of material and radiation but also controls the changes of atmosphere and
ionosphere, cosmic rays of Earth’s adjacent area, and the orbit evolution of space objects,
and so on.

Space environment has a very significant effect on spacecraft. Thereinto, gravitational
field, upper atmosphere, and solar radiation affect the orbit and life of spacecraft; radiation
belts of the Earth, solar cosmic rays, galactic cosmic rays, and solar radiation bring radiation
damage to the materials and coatings of spacecraft; a large amount of space debris and
micrometeoroid damages optical lens and mechanical structural of spacecraft; atomic oxygen
brings chemical damage to the materials and coatings of spacecraft; magnetospheric plasma
and solar electromagnetic radiation affect the surface potential of spacecraft; solar electro-
magnetic radiation, cold dark environment, and the vacuum environment of upper atmo-
sphere affect the thermal state of spacecraft. This chapter focuses on the impact of the upper
atmosphere on the orbits of spacecraft.

4.1 Atmospheric effect on space object orbit

The on-orbit space objects will be influenced by various forces. Thereinto, atmospheric
drag is a typical nonconservative force, and the effect on orbit prediction is directly propor-
tional to time square. Because people have not completely mastered the physical mecha-
nism of upper atmospheric density variation, until now the present mode error is about
15% for almost all of the atmospheric density patterns in the inactive period of solar activi-
ties (the error is bigger in the period of intense solar activities). This will cause the same
uncertainty of atmospheric drag perturbation and bring huge impact on orbit prediction of
low on-orbit space objects. And it is directly related to the confidence coefficient of the col-
lision warning of spacecraft. This section will focus on the impact of atmospheric drag on
orbit prediction.
The calculation method of objects influenced by atmospheric drag is shown as follows:

1A
Joc = 2m capv’ (4.1)
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where A,, = (A/m) is object area—mass ratio (the ratio of windward area and quality); ¢, is
atmospheric damping coefficient; p is atmospheric density of objects’ location; and v is
velocity that the centroid of the object is relative to the local atmosphere.

In the calculation of atmospheric drag, the general empirical atmospheric model is
adopted to calculate the atmospheric density. However, due to the changes, the upper atmo-
sphere becomes very complex and easily gets affected by the changes of space environment
(such as solar activities), which causes great difficulties for empirical modeling. In the calcu-
lation of atmospheric drag, the uncertainty of atmospheric density is the main error source
of the calculation. In recent years, part of satellites carries a high-precision accelerometer,
which can be adopted to perform the inversion of atmospheric density to analyze the preci-
sion of density model with the use of satellites’ acceleration data. According to the analysis
results, the model error of atmospheric density is generally 15% in the conditions of inactive
solar activities and geomagnetic quiet period, whereas it can reach 100% (even more) when
intense solar activities and geomagnetic storms occur. This will cause the same uncertainty
of atmospheric perturbation and bring huge impact on orbit prediction of low-orbit space
objects.

In the calculation of atmospheric drag, another nonnegligible error source is the area-
—mass ratio of space objects. For domestic spacecraft the geometry sizes are precisely
known. Although area—mass ratio will change with the changes of attitude during on-orbit
flight of spacecraft, the range of variation is known. For space debris, their area—mass ratio
cannot be obtained, and it is generally greater than that of spacecraft. So the impact of atmo-
spheric drag calculation is greater. Meanwhile, atmospheric damping coefficient c,; is not a
fixed value. And ¢, is a description of parameter that free atmospheric molecules impact the
surface of objects, which is connected with factors such as the variety of atmospheric mole-
cules, the shape of objects’ surface, the capacities of ejection and adsorption for material,
and the impact angle. And these factors in space are often unpredictable. Therefore only the
estimated value of ¢, can be given. In the engineering practice, c; is usually fixed as 2.2, and
the deviation between the constant value 2.2 and the real value c¢; will be introduced into
the calculation of atmospheric drag. Taking into account the uncertainties of atmospheric
drag coefficient and effective area—mass ratio, the ballistic coefficient B, = A,,c; can be
defined in some application of engineering. If the measured data meets a certain length, the
drag error can be reduced by solving B, during the process of orbit determination. Since the
two parameters of ballistic coefficients are variable, A,, should be generally fixed to solve c,.
The set value A,, and calculated value c; in orbit determination are adopted in orbit
prediction.

Taking objects I, II, III, and IV in nearly circular orbit for example, the heights of which
are, respectively, 200, 400, 500, and 600 km, the uncertain impact of atmospheric drag on
orbit position prediction is introduced. The same area—mass A,, = 0.002 and space environ-
mental parameters (inactive period) are given, and the error of 24-hour orbit prediction
should be compared whether to consider the atmospheric perturbation when the simulation
is performed. And MSIS00 empirical model is adopted for atmospheric density model.
Table 4—1 shows 24-hour orbit error of different orbital prediction in the components of R
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Table 4-1 24-Hour orbit error for different orbital height prediction.

Object no. Orbit altitude (km) Error of R (km) Error of T (km) Error of N (km)
| 200 2.2 270 0.08

Il 400 0.04 2.6 0.005

1l 500 0.008 0.44 0.002

\% 600 0.002 0.09 0.001

(radial), T (lateral), and N (normal). Seen from Table 4—1, for objects I, II, III, and IV, the
position errors of 1-day atmospheric prediction are, respectively, about 270, 2.6, 0.44, and
0.09 km. Thus it can be seen, the lower altitude the orbit has the greater impact on object
orbit prediction the atmosphere has. And it will mainly influence the error along direction T.
Atmospheric perturbation has great effect on LEO object orbit prediction, and the uncer-
tainty of atmospheric density will make the whole atmospheric perturbation become the
minimum degree of perturbation in the modeling of the entire LEO space objects.

4.2 Atmospheric density model

The real-time atmospheric density often cannot be measured, and the general experience (or
semiempirical) models and physical models are adopted to calculate atmospheric density.
Empirical models are based on atmospheric diffusion balance equation to establish a mathe-
matic model of the neutral atmospheric composition density. And the distribution and
change of atmospheric density can be analyzed from the perspectives of experience and sta-
tistics. The physical model is concerned with the mechanism of interaction between the neu-
tral atmosphere and ionosphere. And the atmosphere caused by energy input, the changes
of ionospheric composition, and a series of complex physical processes can be described as
physical equations to be used in the afterward theoretical study. This section focuses on the
common empirical atmospheric model in orbit calculation of space objects.

By using abroad databases such as balloon soundings, satellite drag, mass spectrometers,
and incoherent scatter, a number of empirical atmospheric models are built, which are
divided into one-dimensional model only changing with the height, and three-dimensional
model, in which the height, longitude, latitude, season, Sunday, and other factors are consid-
ered, including the standard and reference atmosphere. Generally, the standard atmosphere
shows the cross section of Earth’s atmosphere idealized and steady-state average from
Earth’s surface to mid-latitude region (1000 km) under the medium conditions of solar activ-
ity. The typical models include US Standard Atmosphere in 1962, US Standard Atmosphere
Supplement in 1966, and US Standard Atmosphere in 1976, which represent the average
state of standard atmosphere that cannot fully meet the requirements. And in orbit determi-
nation prediction in near-Earth orbit satellite, the reference atmosphere is usually adopted.
The typical models include CIRA (International Reference Atmosphere) series, Jacchia series,
DTM series, and MSIS series. CIRA series are recommended by International Space
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Committee (COSPAR), which include CIRA1961, CIRA1965, CIRA1972, and CIRA1986.
Jacchia series are based on atmospheric density database of satellites’ orbit decay and inver-
sion, which includes J65, J70, J71, J77, MSFC/J70, and MET and MET V2.0. DTM series adopt
J71 model that are based on independent static thermal diffusion equilibrium assumptions
from different thermosphere composition, which include DTM78, DTM94, and DTM2000. In
the series of MSIS the measurement data of satellites, rocket-borne mass spectrometer, and
the incoherent scattering radar are fitted in the high thermosphere, which is close to the
results of the global atmospheric circulation system in the lower thermosphere. Then a series
of models are generated, including MSIS77, MSIS83, MSIS86, MSIS90 (MSIS90), and MSIS00
(NRLMSIS00). Currently, in the prediction of space objects, the frequently used atmospheric
density models include the exponential model, HP (Harris—Priester) model, J71, J77,
DTM78, DTM94, DTM2000, MSIS86, MSIS90, MSIS00, and MET-V2.

The upper atmosphere is very complex and easily influenced by space environment,
which causes many difficulties for empirical (or semiempirical) modeling. In addition, the
accuracy and the spatial and temporal resolution of modeling data are limited, which cannot
perform more comprehensive measurement for a variety of global atmospheric environment.
That will lead to lower accuracy for existing models. And it can be said that no single model
of the upper atmosphere can completely and accurately describe the upper atmosphere. In
recent years, compared the predicted atmospheric density with measured data by using vari-
ous high-precision satellite accelerometers, the differences between the predicted and mea-
sured can be found. The error of such models is generally from 15% to 30%, while it can
reach 100% or even higher during the period of space environmental disturbances.

4.2.1 Atmospheric density modeling principle

Atmospheric density model is established based on hydrostatic principle [72—74]. In order to
obtain the first-hand data, the data fitting is performed by combining theoretical analysis
with the introduction of the parameters to solve the atmospheric density model.

4.2.1.1 Hydrostatic principle
The statics equation related to the atmospheric density mainly includes the ideal gas density
equation, which is shown as follows:

pP=— (4.2)

where P is absolute pressure; M is average molecular mass composed of the entire atmo-
sphere; g is gravitational acceleration; R is general gas constant; and T is absolute
temperature.

The hydrostatic equation that pressure changes with heights is shown as follows:

dpP
-8 (4.3)
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where & denotes the height.
The widely accepted atmospheric drag equation is shown as follows:
1 el

ap = — - pv

2 m (4.4)

where ap is acceleration caused by atmospheric drag; m is objects’ quality; v is the velocity
that objects are relative to atmosphere; A is cross-sectional area that objects are forced by
atmospheric drag; ,,q ¢p is drag coefficient.

4.2.1.2 Data acquisition technology
There are two main types of data acquisition methods: direct measurement method [75,76]
and inversion method [77—80].

Direct measurement method is mainly used to obtain atmospheric density data directly
through various devices. For example, the atmospheric density detector adopts a method of
using inside gas pressure and temperature of direct detection sensor, which can obtain free
atmospheric density through the basic molecular dynamics theory.

Inversion method is the mainstream and research focus currently. Through using this
method, atmospheric density can be inverted by measuring the force of satellites. For exam-
ple, the acceleration caused by all nonconservative forces can be measured with the use of
on-board accelerometer. These forces include atmospheric drag and lift, solar radiation pres-
sure, and Earth’s albedo radiation pressure (including Earth’s reflected light pressure and
the infrared radiation pressure); and atmospheric drag is the maximum among them. The
solar radiation pressure and Earth’s albedo radiation pressure can be calculated by using a
certain model, thus the atmospheric drag and lift can be separated. Satellites’ resistance and
lift are direct ratio with the atmospheric density around a satellite. According to the relation-
ship between them, atmospheric density can be calculated.

In direct measurement method or inversion method, the data sources are from on-orbit
spacecraft. The number of on-orbit spacecraft provided with such measurements is limited.
Therefore the all-time and all-weather status of atmospheric changes cannot be overwritten
when modeling. In contrast, two-line orbital elements (TLE) of space objects have a great
advantage. According to the US space Situation Report statistics, the Surveillance Network of
the United States Space has cataloged more than 40,000 space objects, of which more than
17,000 are currently in orbit. It is an effective way to inverse atmospheric density with the
use of orbital decay TLE. In 2005 Picone et al. proposed a method of rapidly obtaining atmo-
spheric density from TLE data [81]. And Lean et al. applied this method in the study of
Starshine satellite [82].

4.2.1.3 Introduction of parameters and fitting technique

The main variables of various types of atmospheric density models include diurnal variation,
seasonal variation, semiannual changes, solar activity and geomagnetic activity, latitude,
local time, and day of year.
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As the representative of solar radiation energy, Fj, is the main parameter of the calcula-
tion of atmospheric model. After decades of years of development, the error of parametric
model has not been improved yet. Therefore researchers have proposed new solar radiation
index such as E,g, Si09.7» M1o.7, and Yy, to improve atmospheric models. The new radiation
index is smaller than the conventional F),,, which can better characterize the impact of solar
radiation on atmospheric density. It requires further evaluation of the correlation with the
use of solar radiation index. In fact, without considering the physical meaning of each radia-
tion index, any kind of radiation index reflects the same change in density if the impact on
density can be characterized from a single statistical. That is one of the reasons why a large
number of models can be adopted to characterize the size of the solar radiation with the use
of accessible Fg .

In addition to solar radiation index, geomagnetic index is another important parameter
that is used as the input of atmospheric models to characterize the impact of the status of
geomagnetic activities on upper atmosphere. Before using JB2008 model, Ap or K, indexes
are adopted as model input parameters among various reference atmospheric models. In
2008 Bowman used Dst index in the new JB2008 model instead of Ap index [83]. From the
relationship between linear and density, Dst is more consistent with density [84].

Elements such as diurnal variation, seasonal variation, semiannual variation, latitude,
local time, and day of year have impact on atmospheric density. From the start of J64 model,
they are gradually revised and added to improve the density model accuracy
[72,74,80,83,85—90].

Cross correlation coefficient and root mean square error are usually used to evaluate the
fitting results [73].

SV [ =D - 9]
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where x; is the first-hand measurement data, y; and x; correspond to the fitting results, and X
and y are, respectively, measurement results and the mean results of the fitting sequence.
Or to adopt relative proportions evaluation method [83,86].
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4.2.2 Introduction of current atmospheric density models

After years of development, atmospheric models have developed a variety of series and
types. According to the applicative height and region of American National Standard, atmo-
spheric models can be divided into six categories, as shown in Table 4—2 [74].
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Table 4-2 Atmospheric models according to application scope.

Types Application scope Typical model
Global model Global area CIRA86 model
Suitable height: 0—2000 km
Regional model Used by some nations or Chinese national standard atmospheric model in
regions 1980
Suitable height: 0—120 km
Middle atmospheric model Suitable for middle AFGL atmospheric composition profile model in
atmosphere 1986
Suitable height: 0—120 km
Thermosphere atmospheric Suitable for thermosphere DTM2000 model
model layer Suitable height: 120—1500 km
Distance model Suitable height: local area RRA-2006 model
Suitable height: 0—70 km
Planetary model Applicable to other planets Mars-GRAM-2001 model
Suitable height (Mars):
0—1000 km

Currently, the frequently used atmospheric models mainly are Jacchia series, MET series,
DTM series, MSIS series, and CIRA series. Fig. 4—1 depicts several series of the development
process and relationships. In 1978 the first DTM model was (DTM78) published. Until now,
there are DTM94, DTM2000, DTM2009, and other models introduced, which mainly use the
observational data of satellite resistance to do modeling. In recent years, ATMOP program of
ESA launches the latest model DTM2013, which absorbs the data of high-precision on-board
accelerometer. In 1977 MSIS model is first formed, then MSIS83, MSIS86, and MSIS90 are
subsequently published, which first adopt atmospheric temperature and concentration mea-
surements. In 2000 US Naval Research Laboratory added a new “oxygen ions” in the archi-
tecture of the model, which was improved to obtain MSIS00 model. DCA (dynamic
atmospheric correction) is developed in Russia, which uses observational data to correct the
value of calculation once every 3 hours to realize the continuous calibrating model technol-
ogy. High-Accuracy Satellite Drag Model was developed in the United States on the basis of
DCA. Both of them are based on J70 model. There are more and more scholars in the study
of their correction performance on basic models [73]. Jacchia series are an atmospheric den-
sity model that was first established. And in the existing analysis assumptions, most of them
are from Jacchia series. Table 4—3 illustrates a series of atmospheric density model proper-
ties [74,80,83,85—89] in detail.

Taken together, the accuracy of DTM and MSIS model is similar, and they use a similar
model framework to, respectively, establish the atmospheric change expressions for different
densities of atmospheric composition. The model parameters are obviously more than those
in Jacchia, so the details of the density are better than Jacchia, with the average accuracy
slightly better. In the orbit determination and prediction of space objects, the different orbital
calculation of velocity and accuracy are obtained at different stages and for different pur-
poses. In order to make different accuracy match different computation speed, different
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FIGURE 4-1 Development process of atmospheric model.

Notes: (1) The intricate relationship of borrowing or citing between series of models is not shown. (2) Figure “1*"
indicates that the calculation of atmospheric density model is from the data of satellites’ drag. Figure “2*"
indicates model temperature and atmosphere form a derivation based on ground observational data and field
testing equipment [72].

atmospheric models are chosen under different requirements. The most typical and fre-
quently used models include a simple exponential model, Jacchia77 model with moderate
calculation and accuracy, MSISE00 model with higher computation and accuracy.

4.2.2.1 Index model

In order to compensate for the insufficiency of one-dimensional atmospheric models, the
maximum and minimum values of atmospheric density are used in the improved HP model
to perform diurnal variation correction. HP model can provide the maximum and minimum
values of diurnal variation of atmospheric density at various heights with different forms,



Table 4-3 Characteristics of atmospheric models.

Main
Series models Characteristics Limitation Development direction
Jacchia  J60 1. It is the first model of the series, which 1. The accuracy of the model 1. The relationship between the relevant
J6d belongs to semiempirical model. And it is decreases due to lack of large parameters and atmospheric density should
J65 the basis of other series amount of data when it is in high be revised based on the observational data.
J70 . Main applicable height is 90—2500 km altitude(h > 1100 km, J71 model) For example, the formula of outer
71 . Models are classical and reliable, and the 2. The smoothness of short-term atmospheric density and semiannual changes
177 calculation is general. Therefore it is widely dynamic results is poor of density should be constantly revised
JB2006 used, especially in J71 and J77 models 2. While continuing to introduce new
JB2008 parameters to describe the relevant
parameters more accurately. For example,
the new solar activity index and Dst
parameters
3. To introduce more data, to optimize models,
and to continuously improve the scope of
application. For example, JB2008 has
improved the applicability of intense
geomagnetic storms, and the applicable
height is enhanced to 90—4000km
4. To improve calculation methods and
computational efficiency. For example,
Jacchia-Roberts is the version to increase the
calculation speed based on J70
MET MET88 1. Based on Jacchia model, therefore itis also 1. The prediction accuracy is not high. Inherently, it belongs to Jacchia series, so the
MET99 listed in Jacchia series Because as the solar EUV of model development direction is consistent with
MET02 2. Main applicable height is 90—2500 km input, the assessment of heat Jacchia series
METO7 3. It can be applied in afterward and real-time amount is inaccurate
prediction
DTM DTM78 1. The data foundation of model derivationis 1. The height is 250—900 km, and the 1. A rich source of data to improve the
DTM94 abundant, which includes the total mass estimation accuracy is poor accuracy of the model. For example,
DTMO00 density (Jacchia data), satellite accelerometer compared with DTM78 model, satellite

(Continued)



Table 4—3 (Continued)

Main
Series models Characteristics Limitation Development direction
DTMO03 data, exosphere temperature measurement 2. The model ignores the impact of accelerometer data and the relative density
data, mass spectrometer data, the relative longitude change data by measuring the wind are
density change by measuring the wind, and 3. The model cannot reproduce wavy added to the data source of DTM00O
orbit determination obtain relative density disturbances less than 3000 km, 2. To introduce new parameters as input, and
exosphere temperature measurement data, which seriously affect the to improve the model to enhance the
incoherent scattering radar data uncertainty of the model applicability of the model
. Main applicable height: 120—1500 km
. The treatment effect is better when the
height range is 250—900 km
MSIS OGO-6 1. The specified accuracy can be obtained by ~ The applicability of the model is better, 1. To optimize the data using, such as drag and
MSIS77 using fewer parameters. And in China’s only in some cases with the accelerometer data
MSIS83 manned space engineering, the atmospheric  resolution lower than other models 2. To strengthen the role of the air component,
MSIS86 density model is MSIS90 for example, oxygen ion contribution
MSIS90 2. Main applicable scope is 90—2500 km 3. To enhance the low-level model’s seamless
MSISO0 3. The prediction accuracy is stable, and connectivity
MSISQO is the most influential upper
atmosphere density model that is widely
used
lon CIRA CIRA61 1. Directly absorb the advantages of other 1. Itis ineffective in the lower layers 1. Continue to absorb the strengths of other
CIRAG5 models because of the data models For example, CIRA08model fully
CIRA72 2. The main scope is 0—2000 km. And it is the 2. It is ineffective when a large air borrowed the advantage of density models
CIRA86 only model in several series where the turbulence happens such as JB2008, GRAM7, MSIS00, as well as
CIRA90 height below 90 km is applicable the advantage of wind model GWEM
CIRA08 2. Continue to improve the scope of

application For example, the height scope of
CIRA08 increased to 0—4000 km
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which is based on Fyj; ¢, solar radiation flow. In the calculation process, first, the maximum
and minimum values of space objects situated at a certain height are used to calculate the
altitude of atmospheric density situated at a certain height. The model is applicable to calcu-
late atmospheric density at the altitude of 100 km above. Calculation process is shown as
follows:

1. Calculation of space objects’ position
The height of reference ellipsoid for space objects is shown as follows:

Rg(1 —f
hope MOD "
v/1 — € cos?y’
/x2 + 12
cosg0’=M (4.9)

r

where ¢’ is geocentric latitude of space objects; x,, o, 2z, is position vector in the Earth-
fixed coordinate system for space objects.
Latitude of space objects is shown as follows:

Zh

(1—et)y/x2+y2

(= arctan (4.10)

2. Calculation of solar position
The definition of solar hour angle « is shown in Fig. 4—2, where O is geocenter; S is
the Sun; V is space object; and OA and OB are r; and r projected in equatorial plane.

FIGURE 4-2 Positions of the Sun and space objects located on the Earth.
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The unit vector of the Sun in the Earth-fixed coordinate system is

Xsh COS g COS Ag
rso=| Vs | = | cosdssin Ag (4.11)
Zsp sin g

bs = arcsin Zg, (4.12)

_ Xso)p — Vspn -1 OA OB

= 708 == (4.13)
|Xsu3, — VspX| |0A| |0B|
OA = (’f”’), OB = <x”) (4.14)
Vs Vb
3. Calculation of atmospheric density for space objects
po= (1472 Moot 7) (415)
PN 2

where B is input constant to adjust the change rate of diurnal variation for atmospheric
density, and generally B =4; 7, pp, and py are, respectively,

T=a—37.0°+6.0° sin(a +43.0°) Te(—180°, 180°)

O = Prin 1+ Pmax — Pmin 0082'277
Pmin (416)

PN = Prmin (l + Pmax ~ Pmin sin2'20)

Pmin

where p,,. and p.;, are, respectively, the maximum and minimum atmospheric density
for space objects at the height A.

1 1
7725’80—55; 6’:5!%0‘“55}

The height h is between h; and h;, ;in the tabulated value.

Prnin (1) = B1 pyyin (i) @i~/ Hrin)

(1) = B g ()~ M) (4.17)

Prmax

where B; and B, are two input constants, which can be used to adjust the amplitude of
atmospheric density diurnal variation, and generally B; =1 and B, = 1. Hy,;, and Hy,,, are
shown as follows:

o = (hi = hi1)
o lg((pmin(hHl))/(pmin(hi)))
o (hi = i) (4.18)

I8 ((max(Pi1)) / (Penax (D))
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4.2.2.2 Jacchia77 atmospheric model
Jacchia77 atmospheric model is applicable to the calculation of atmospheric density at the
height of 90 km above, which can be divided into two parts. The first part is a static atmo-
spheric model, and the second is a dynamic atmospheric model, with considering various
atmospheric changes. Based on these changes, the static atmospheric correction is
performed.

The calculation process of Jacchia77 atmospheric model is shown as follows:

1. Calculation of the related position values of the Sun and satellites
Formulas (4.8) and (4.9) are adopted to calculate height of satellites and latitude of
subsatellite point. With the use of formulas (4.11)—(4.14), Sun’s unit vector rg, in Earth-
fixed coordinate, solar declination 65 and solar hour angle a are obtained.
2. Calculation of T/, using 10.7 cm solar radiation flow

Ty =5.48F"° + 101.8F** (4.19)

where F is daily average value of 10.7 cm solar radiation flow. F is weighted average of F
during six solar rotation periods (164 days). And

— WF
F= XZ: v (4.20)
where W is weight coefficient. And
W = o~ (—)/7) (4.21)

where t, is the corresponding time to the desired F. 7 is taken as three solar rotation
periods or 71 days. F and F can be found in the database, and the desired value of time
(namely value ¢ in the previous day) is obtained with the use of linear interpolation.

3. Calculation of average molecular weight M in upper atmosphere

If T, = Ty, average molecular weight M at height h is calculated. The computing

process can be found in Step 6 for detail. The temperature of each atmospheric
component is 7.

4. Calculation of pseudo-temperature of each atmospheric component

b 1
T, =T /2{1 + O.IS;Ssimp +0.24cosp [ﬁ(a) - 5} } (4.22)

where i = 1—6, which is corresponding to such atmospheric components as N,, O,, O, Ar,
He, and H. And ¢ = 230.44°, fi(«) can be shown as follows:

fila) = cos"%(a + 3;) + 0.08cos[3(cr + ;) — 75°] (4.23)
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where

2 2
n=2+cos? -2~
m

Bi=-35+27°( = —1| (i=1-5)

£[=

B = — 60°

5. Calculation of geoeffectiveness correction
The impact of geomagnetic thermal effects on the temperature of upper atmosphere is

shown as follows:
ATg =54.2 X Kiy(1 + 0.027¢"4K7)sin® @ (4.24)

where K, means Kp at the time t — 7; 7= 04.1 + 0%.2cos’®, and @ is magnetic latitude.
And the approximated calculation can be performed with the following formula.

sin @ = 0.9792 sin ¢ + 0.2028 cos ¢ cos(A — 291°) (4.25)

where ) is longitude of subsatellite point.
6. Calculation of particle concentration for each atmospheric component
Taken T,,; = T',; + ATy as pseudo-temperature for atmospheric component i, the
particle concentration of each atmospheric component is calculated by resolving
Jacchia77 model. The calculation method is shown as follows:
1. Calculation of constant coefficients

500.0 — 125.0
6356.766 + 500.0
= 20% (6356.766 + 125.0)
* 125.0 — 90.0
V=K, 100.0 —90.0 '
6356.766 + 100.0

X500 =

(4.26)

1=V,
1+V, (4.27)
W1 = Wo +1

Wo

Gy = CaWg + CWg + G, + Co

Cr= (3(;3W§ + %Czwo +C)W; (4.28)
C; = (3C; Wy + Co) W2 |
C = 63W13
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Co = 28.573844
C, = —0.471730
C, = —0.106679
Cs = 0.047675

U

1

M=
G-t G -G
_ 9.80655 X 6356.766>

8av

" K.(6356.766 + 90.0)
_9.80655 X 6356.766>

8ax =

2. Calculation of coefficients correlated with T ;

D =3110.743363T 4197668 — 5 719352 X 10727, ;e T=/1187417) 4 22 58421

T, = 188.0 + 110.5[g(Yy + /1.0 + Y2)

Y, = 0.0045(T,; — 188.0)

Towi— Ty

6356.766 + 125.0

=
G,(6356.766 + 125.0)

x =

T, —188.0

"125.0 — 90.0

I'D

«

“TDh-10

T, +188.0

To

T1 —

a; =

b[:
Ct =

"~ T,—188.0
—2.0 X 188.0T

T, — 188.0

D
a(Tx - Tcﬁi)
- Zath —-D
atTéi + DT ;

np(500) = 5.94 +28.97 %%

Ts00 =T +

Xy =1g [

a(Ty—Toi) X 10M+1

1-a

R
e DX — 1+ q

:|1/D

(4.29)

(4.30)

(4.31)

(4.32)

(4.33)

(4.34)

(4.35)
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2500.0 T..;=1386.5
6356.766X,, + 125.0
hy = © T..; <1386.5 (4.36)
1-X,,

a;, and b}, are calculated as follows:

6356.766 + 125.0 % 188.0

G* =0.475 X
6356.766 + 90.0 T, (4.37)
a; = 0.06205282Ig(T., + 213.9884) — 0.6286968 .
af =0.065551111g(T,, — 329.6454) — 0.1520990
T, +188.0
a;=—-Gi+at—————
T, —188.0
a=-G+a+15 (4.38)
a; =Gy —2.0a;
a; =Gy —2.0a; —0.5
Ll
by
b; «1 T * * * * * *
bt (0% a a, a; a; a; a; 0 0 0
Cy 0 af a; a; a, ai a; 0 0
* — 1 X 1 2 3 4 5 6
2§ c; 0 0 a a a a a a 0 (4.39)
bg (0 0 0 0 a a a a a a
by
[ bs |

3. Calculation of particle concentration of each atmospheric component when
h =100 km (homogeneous layer)

hg =min (h, 100 km)

Taken atmospheric particle concentration when k& =< 100 km (2) with the use of
corresponding value of T in (2).

hg — 90.0
Vy=K,—4_ """ _10 4.40
i 6356.766 + hy (4.40)
g = P00 (M g meo[S, mivis 0]} (4.41)
M, \'T

where pj, = 3.43 X 107% kg/m?; pj, is the unamend atmospheric density at a height of
90 km; T, = 188K, which is atmospheric temperature at a height of 90 km; .4 M}, is
the average molecular weight at a height of 90 km, which is given in formula (4.30).
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M 1<
— == pvr! 4.42
(T) 71; e (4.42)

Thus the particle concentration n}; of each atmospheric component in the
homogeneous layer is

qsi

ny; = Ay X 103ﬁp (i=1,4,5)
S
+
n,,, = Ay X 105 T5E 1
e T Ms - (4.43)
2 M
Nz = Ay X 10° ﬁ(l - MS)P/

Ry = 0.0

where A, is Avogadro’s constant, A, = 6.02257 X 10%® mol '; gg; is gas component i
at sea level, which is the proportion of atmosphere per unit volume. The values are
shown in Table 4—4; M = 28.96 is average atmospheric molecular weight at sea
level, M’ is shown as follows:

M=C+CVy+CVE+CiV}

The temperature of homogeneous layer is

71

Ty= —
6 *{/n—1
Zn:l anVH

(4.44)

If 7 =100 km, then turn to step (8) after the calculation of step (3). Otherwise,
continue with the following calculation.
4. Calculation of particle concentration and temperature (at the height of
100 < h =125 km).
According to pseudo-temperature T',; of atmospheric component I, each
corresponding value T.; is calculated with the formulas in step (2). Taken

Table 4-4 Atmospheric component coefficients of Jacchia77.

i Gas gs M; a (@ G

1 N> 0.78110 28.0134 0.0 0.0 0.0

2 0, 0.20955 31.9988 0.0 1.03%x107° 0.0

3 0] 0.0 15.9994 0.0 —-5.75%107° —-0.16
4 Ar 0.009343 39.948 0.0 3.07x107° 0.0

5 He 0.000005242 4.0026 —0.38 -630%107° -0.79
6

H

0.0

1.00797 -0.25 0.0 0.0
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hg = min(h, 125.0 km)

hg —90.0
Vr=K,——24 727 .
6356.766 + hy (4.45)
71
Tr = 5

N6 geyn-1
ZnZI an VT

The particle concentration of atmospheric component i is shown as follows:

’ TH ra Migav
W, =n, | = e — 4.46
L TH, (TT) Rry (4.46)

where ny; is given by formula (4.43); Ty and Vy are, respectively, given by formulas
(4.44) and (4.40); M; is molecular weight of atmospheric component i, which is given
in Table 4—4; and q; is thermal conductivity of atmospheric component i, which is
given in Table 4—4.

In the abovementioned calculation, i = 1 — 5. If i = 6, ion concentration of
hydrogen atom H should be calculated separately, and the calculation method is in
step (7).

If satellites’” height h is within the range of 100 km < h < 125 km, then the
concentration of hydrogen atoms can be calculated in step (7). If &> 125 km,
continue the following calculation.

5. If > 125 km, the particle concentration of atmospheric component is calculated as

6

a*
> (V= Vi)
n=1

follows:
hg =min(h, h,,) (The value of h., is given in step (2)).
hg —125.0
Xp= 4 20 (4.47)
6356.766 + hy,
_ a(Tx - Twi)e_DXE
T =Tt =D 10+ a (4.48)
—— T et a, T + b T + ¢, 1 L@ Toi—To\ ]/ (4.49)
Ei Ti TE,‘ atTf-i-thx-i-ct 11—« 11—« TEi_ToOi ’
where n; is given in formula (4.46). ay, b, ¢, o, and Ty are calculated in step (2)
as follows:
M;8,(6356.766)*
lga( ) (4.50)

717 R(6356.766 + 125.0)c,

where M; is the molecular weight of each gas (see Table 4—4). And
g« = 9.80655 m/s*; R =8.31432 J /(k mol).
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Because the computer word length is limited, T¢ in formula (4.48) turns to be T,
after the height of a satellite reaches a certain limit. And in formula (4.49)

aT? +bTe+¢=0 (4.51)

Thus in formula (4.49), the concentration of atmospheric particles has already
been close to zero before the height of a satellite tends to infinity (2500 km). This is
mainly caused by the restriction of computer word. Thus in formula (4.48), there is
an effective height h.,. When h <h,, the concentration of atmospheric particles can
be calculated with formula (5.49). Provided,

Te —T(hy)=c¢

when ¢ = 10™14, the variation range of h., can be obtained with formulas (4.47)
and (4.48).

When T, =500K, h., =1366.75km;
When T, =1386.5K h,, =2500 km.

Therefore if

2500.0 (T, =1386.5)
766X, + 125.
h,, = { 8356.766X 5.0 (T., <1386.5) (4.52)
1- X,
T,—T,)x10%4+1]"P
X, =lg {O‘( x fza (4.53)

when h = h,, the particle concentration of atmospheric component at the height of
h is calculated in step (5). When k> h.,, the calculated particle concentration of
atmospheric component nj; from step (5) is actually at the height of i,,. And the
particle concentration of atmospheric component at the height of h should be
calculated in step (6).

. Calculation of atmospheric particle concentration n;,; when h> h,

_ h—1250
6256.766 + h (4'54)

n,=n, e[ (MiRax /RT o )(n=x20)]
ni 5

h

The value i of the above calculation is 1-5.
. Calculation of particle concentration of hydrogen atom

Each corresponding value is calculated by using T, in step (2). Select
hg =min(h, h,)
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. _ha—1250 (455)
£ 6356.766 + hy '
Oé(Tx - Tg;@)eiDXE
Tre=Tpg+ ———"— 4.56
PO 06 T e DX — 1.0 + o (4.56)
1+ag+y 2 Ye/2
”l;gs = 1(500) (T500> s { a; I;EG +b;Tgg+c; | '° e16D1/2)(Xe—=X500) (4.57)
TEG a; T500 + bt T500 + Ct
where ny(500) and Tsqo are given from step (2); Xsop is given from step (1).
M, g,6356.766>
- 68 (4.58)

~ R(6356.766 + 125.0)c,

If h = h,, the result of formula (4.41) is the particle density of hydrogen atoms at
the height of h, turning to step (8). If 2 > h,, the calculation should be continued.

_ h—125.0 (459
" 6356.766 + h '
Npe = n/EGe[%M"g”/RT%G)(Xh7X5°°)] (460)

8. The empirical correction of particle concentration of atmospheric particles and
calculation of atmospheric density
In the previous calculations, the decomposition degree of O, is determined with
the use of the average molecular weight of the homogeneous layer. In the
homogeneous layer above, the decomposition of the particle concentration for
oxygen molecules and oxygen atoms is revised by using empirical correction
formula. The correction coefficients are

_ ] 0.7244359601 (h>200 km)
F = 100070+ anh(©.180:-11L0)] (<200 km) (4.61)
1.0 (h > 200km)
F3 - 10_0'24‘3':41009(;.7977)2] (h - 200krn) (462)

The concentration of particles for oxygen molecules and oxygen atoms are shown

as follows:
Ny = Ny By
4.63
Nps = Ny F3 (4.63)
At the height h, the average molecular weight is shown as follows:
6
_ _y M
M= M (4.64)

i M



Chapter 4 * Space environment and object orbit 93

The static atmospheric density at the height is shown as follows:

6
p=1.660421 X 10727 X M X Z pi (4.65)
i=1

9. The effect of equatorial waves and top height variations in homogeneous layer.
The variations of homogeneous layer at the top level are accompanied by
geomagnetic thermal effects. The change is shown as follows:

AH=5.0 X 10%g (O.OIATE +4/1.0+ 0.0001AT§) (m) (4.66)

The effect of particle concentration on the atmospheric component i is shown as
follows:

Dl’ll’(l) = CtiAH (467)

where the value C; of each coefficient is given in Table 4—4.
Geomagnetic thermal effects can also cause atmospheric density wave, the
impact of which is shown as follows:

Dny) = 5.2 X 10™* X 54.2K,, (1.0 + 0.027¢"*%) cos*® (4.68)

where cos® = V1 — sin’®, and sind is given in formula (4.24).
10. Seasonal variation of latitude.
Here, the seasonal variation of latitude does not include the related latitude items
to the height in the diurnal variation. The seasonal latitude is irrelevant to the height.
A typical particle is called “winter helium outstanding.” The seasonal variation of
latitude in atmospheric component is shown as follows:

B
Dnys) = csl?ssimp (4.69)

where 5 is solar declination; ¢ is the angle between the equator and the ecliptic, and
& = 23.44°; The value of Cg; is in Table 4—4.
11. Semiannual variation.
The expression of semiannual variations for atmospheric density is basically the
same as Jacchia71, which only has the change of coefficients in the expression.

Dny) = f(R)g(2) (4.70)
where

{ f(h)= (0.4 X 107°h% + 0.05) e~ 002" (4.71)

g(f) = 0.0284 + 0.382[1.0 + 0.467sin(277 + 4.14)]sin(477 + 4.26)
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where

1 1 1.65
T=0+ 0.0954{ {5 + Esin(27r¢>+6.04)} -

N =

} (4.72)
And & = JD,q75/365.2422.
where JD;g73 is the Julian day number starting from 1978-01-00. And
]D1978 = tM]D —43509.0.
12. Correction of geomagnetic effect in the heat temperature atmosphere

Dnys) = 3; X (?) " f'(h) X (sina) ™' X (0.003 X ATg) (4.73)

100 100
. (4.74)

h 13
+0.3322 X (7> } m=1.7 X tana X [0.005 X (h — 100)]

) h h\? h 2
fh)=—086+06( 1) ~0.00636( o) +029X |1+1.7X (127

100

0; in each component is shown in Table 4—5.
13. Calculation of the revised atmospheric density p at the height of h.

6
p=Ay X103 ZMJOD"' (4.75)
i=1

where Ay, = 1.660421 X 10~24, which is the reciprocal of the Avogadro constant. M; is
the molecular weight of atmospheric composition i, which is shown in Table 4—4.

Dni = lognhi + AnH,- + AI’ZE,' + Angu + ApS + Alogne,-

ny,; is static particle concentration of atmospheric composition i, obtained from step
(6). Dny), Dny), Dnys), Dnyg), and Dnygs) are, respectively, given by formulas (4.66),
(4.67), (4.68), (4.60), and (4.70).

4.2.2.3 MSISO0 model
MSIS00 (US Naval Research Laboratory Mass Spectrometer and Incoherent Scatter Radar
Extended, referred MSIS00) atmospheric model is developed by Naval Research Laboratory
generated on the basis of MSIS90 model. With respect to MSIS90 model, MSIS00 model not
only adds new satellite data but also absorbs the database of Jacchia model.

Table 4-5 g, in each component of Jacchia77.

He Ar 0O, N, o H

Bi 0.1 1.5 1.16 1.0 0.52 0.46
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Along with seven kinds of He, O, N,, O,, Ar, H, and N components in MSIS90 model, a
new component that is introduced to MSIS00 model is anomalous oxygen. It comes from the
analysis of Jacchia70 model. And in the region of high latitude and high elevation (higher
than 600 km) in summer, the atmospheric density of Jacchia70 is obviously much higher
than MSIS86 model. Hedin believes that active oxygen ions in the upper atmosphere brought
these effects [89]. In a subsequent analysis of the satellite data, this deduction also can be
corroborated.

The atmospheric density that calculated by MSIS00 model is the combined effect under
the conditions of diffusion and mixture, taking into account space environment and chemical
effects. The calculation steps of MSIS00 model are shown as follows:

1. Temperature calculation
a. The temperature calculation when Z > Z, (123.435 km) is shown as follows:

Tz =T, — (T, — T)e **<*2) (4.76)
where

5= TWT_L A (4.77)
(Z.21) = (Z_?P)(%ZL) (4.78)

2 X 980.616 X 1075 X [1 — 0.0026373 X cos(2B)]
P T 3.085462 X 10 0 +2.27 X 109 X cos(2B) (4.79)
Ty, =T (1+ Gyg(L)) (4.80)
T, = T.(1 + Go(L)) (4.81)
Ty =Tr(1 + Gio(L)) (4.82)
T, = 386K (4.83)
T, =1037.14K (4.84)
T, = 16.19916K /km (4.85)

where Z; =120 km; and Z, L, and B are, respectively, the height of calculated point,
latitude, and longitude. G;(L) is the physics parameter of location, time, and space.

b. The temperature calculation that height Z is less than Z, (123.435 km) is an
interpolation process. The interpolating calculation is performed at five node heights
Z, =2, Z, =110, Z3 =100 km, Z, = 90 km, and Z5; = 72.5 km). The node function can
be obtained via the fitting of the rocket flight data and the US Standard Atmosphere.
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(Br=B)* X { (A3~ A) X YZ;+ (B*~B) X YZ,}

Tz = (A XTT;+BX TTp+

-1
) (4.86)

(4.87)

(4.88)
(4.89)

(4.90)

6
Bp—8
A=
Br— B
B—B
B=__"_"
Bn— By
h and [ are, respectively, the adjacent nodes, and height Z is in the position of five
node heights.
where
,8 — E(Z’ Zl)
e(Zs, Z1)
,Bi — € Zi> Zl)
e(Zs, Zy)
1
TT,' =
T

T(z, is calculated from (4.91)—(4.94).

(1-Gs(Pn))

T :( 244.999 )
T ((1 Gs(Pu)))
&) 180.35
T (1-Gs(P13))\
@) 181.889
o (A=Gs(Pu)\”
@) 212.865

The calculation process of YZ; is shown as follows:

UN — 05X U,

YZSZ
05XYY, +1

YZ,‘=YY,'><YZ,'+1+U,‘

(si—1)

YY, =
P;

(4.91)

(4.92)

(4.93)

(4.94)

(4.95)

(4.96)

(4.97)
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UN=LX(YD _M) (4.98)
55 - 54 2 ﬂ5 - ﬁ4 .
_ _ Tl —TT; TT; — TT;-
Ui=P;' % (GX(BM—@»_I) X ( 5: 751,’ - 5; 7@7’1 ‘) — 8 % U,-_l) (4.99)
ﬁi - Bi—l
§;= L it (4.100)
ﬁiﬂ - Bi—l
P;=8; XYY, +2 (4.101)
YY; = — 05 (4.102)
U= > X(TTZ_TTI—YD) (4.103)
! 52 - ﬂl ﬁz - Bl ! '
T'(z1) X e(z5,21)
YD) = —————— 4.104
1 () (4.104)
T'(z5) X &(zs5,21) Ry, +Z;5 z
YD, = — X 4.105
2 T2(z5) R,+7, ( )
T'(Z,) is the temperature gradient of Z;.
T'(Z)) = (T, — T(Z))) X § X Ryt Z1)* (4.106)
Ve ! R,+7, :
T'(Zs) is the temperature gradient of Zs.
T'(Zs) =3.8245 X 10° X T¢, ) X (1 + Gs(Py5)) (4.107)

P11, Py, P13, P14, and Pi5 are five group fitting constants that can be seen in P
coefficient table. Gg (Pi) is the function related to time, location, and spatial
parameters. And the calculation is shown as follows:

11

Gs(P)=>"1 (4.108)

J=1

The calculation of T; is shown as follows:
T, is the impact term of solar Fjg; ., radiation parameters. And

Ty = Py, X (F1o7 — 150) (4.109)

T, is time-independent item. And
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T, = P(iz) X Py + PfS) X Py + Pf23) X P,y + P(l'27) X Pa,0)

. . 4.110
+ Plog) X P30) 1 Plag) X Pis,0) ( )
T; is anniversary even term. And
T, = (pglg) + Plig) X Pag) + Pl X P(4,0)) X Cs (@11
+ P(lzg) X P30y + P(lzg) X P,
T, is semiannual even item. And
Ty = (Pl + Plioy X Peoy + Plyy X Pag)) X Cig (4.112)
Ts is anniversary odd item. And
Ty = (P("w) X Pagy + Phiyy X Pggy + Plagy X P(5,0>) X Cua (4.113)
Ts is semiannual odd item. And
TG = (P(isg) X P(1,0)> X C39 (4114)
T, is diurnal item shown as follows:
T71 = P(ilz) X P(Z,l) X C14 (4115)
Tzp = P{y3) X Py X Cy (4.116)

T, = (P("4) X P,y X Pig) X Py + T71) XCr + <p(i7) X P11y X Pl X Py + T72> X8 (4.117)

Tg is half diurnal item.

Ty = (sz4> X Pg) X Plyy) p(5,2)) X Cl4 (4.118)
Ty = (P{34) X g X Plyg) X P(ﬁ,s)) X Cl4 (4.119)
Ty = (pi X Ppog) X Plyy X Py + Tgl) X C2T
© @ (4.120)
+ (p(tg) X Py X Plyy) X Piag) + ng) X 82T

Tq is diurnal item of the thirds.

Ty = Py, X Pa.3) X S3T X P4, X P33 X C3T (4.121)
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Ty is geomagnetic impact item.
T = APDF X (pfss) X Plyg X P(Z,O)) (4.122)
Ty, is longitude item.
Ty = (1 + Pag) X (P(igl) X cos (d - P(igz)) + Plgg) X cOs <2 xXd— me)))) + Plgy) X cos (d - P£85)>
+ Plygy X c05(2 (d = Plyg)) ) ) x ((Plog) X Py + Plogy X Paay + Plogy X Pioy + Plogy X Payy
+ Pl X Py + Pl X P ) X CL+ (Plgy) X Py + Plogy X Paasy + Plog) X Pioa) + Plag) X Py
+ Plrgy X Pg,1) + Plgy) X PPl ) X SL)
(4.123)

In the abovementioned calculations the calculation formula of each parameter is
shown as follows:

Appr = (AP, — 4) + ((P("45) - 1) X ((AP1 —4)+ (e‘me X(AP—4) _ 1) /P§44))> (4.124)
Fy =1+ Pl X (Fio7 —150) + Plyy) X (Fioz — F107) + Ply, X (Fioz—Fuo1) (4.125)
Fy =1+ Pigy X (Fig7 — 150) + Pl X (Froz — Fio7) + Plyyy X (Fior—Fio7)° (4.126)
P, — (10300 1 (1585 < ) w127

EXP, = ¢ 10800 % [P, | (4.128)

i

GO(A) = (A — 4+ (P(ize) — l) X (A — 4+ (ei}P(zs)

XA 1) /‘P{m D) (4.129)

Sy (x) = (GO(APZ) + (GO(AP3 ) X x + Go(APy) X X% + Go(APs) X x3
+ (Go(AP) X x* + Go(AP) X x12) X (1= 22) /(1 =) ) /(1 + (1 = x19) /(1 — x)

(4.130)

Apr(1) = Sg,(EXP1) (4.131)
Apr(3) = Sg,(EXP>) (4.132)
C; = cos (%L) (4.133)
S; =sin <% L) (4.134)
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T
= sin(——(L + UT ><15)
St s1n<180( uTrcC )
™
Cr =cos <— (L+ UTC X 15))
180
™
Syr =si (2><—L+UTC><15>
»7 = sin 180( )
Cor = c0s<2 X —(L + UTC X 15))

Ssr = sin (3 X —(L + UTC X 15))

Csr = cos(S X —(L + UTC X 15))

2T i

C32 = Cos (% (d - Pé32)>)
4 ;

C18 = COS (% (d - p(18)>)
27 f

Cy4 = cos (ﬁ (d - P(14)>)

a1 :
C3g9 = cos (% (d — P539)>)

(4.135)

(4.136)

(4.137)

(4.138)

(4.139)

(4.140)

(4.141)

(4.142)

(4.143)

(4.144)

where P, is Legendre function; d is the calculating time corresponding to the
number of the year; Fy - is the pridian value of solar radiation of 10.7 cm; Fy; is
the average value of 81-day solar radiation of 10.7 cm; AP; is the geomagnetic

index value a, of the day; AP, is the geomagnetic index value a,, of current
3 hours; AP; is the geomagnetic index value a, 3 hours before; AP, is the

geomagnetic index value a, 6 hours before; AP; is the geomagnetic index value a,

9 hours before; APg is the average value of the geomagnetic index value

12—33 hours before; and AP; is the average value of the geomagnetic index value

36—59 hours before.
2. Calculation of atmospheric density

MSIS00 model provides two calculating results of atmospheric density. And the
first result represents the measurable atmospheric density, while the second result

represents the effective atmospheric density.

The calculation of the measurable atmospheric density is the integration for the

distribution of the diffusion and mixing, and the unit of atmospheric density p is

shown as follows:

7
p=166X10""*>"(m X N(Z,my)) (g/cm®)

(4.145)
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where i =1, .. .,7, the sequence of the corresponding atmospheric component is He,
O, N,, O,, Ar, H, N, and m;, which are, respectively, 4, 16, 28, 32, 40, 1, and 14. And
the nominal value of the molecular weight for each component is N;(Z, m;). And

N{(Z, m;) = Ny (1 +et '"(Nmi/Ndf)) e (4.146)
_ My
A= (T, — 30 (4.147)

where Ny; is diffused distribution density; N,,; is mixed distribution density; and
Ci(Z), Ci(Z) are, respectively, the space environment and chemical correction factor of
the ith component.
where Mj, = 28; M,, = 28.95; M, is the nominal values of the molecular weight for
each component.

The effective atmospheric density is the sum of the measurable atmospheric
density and the density of active oxygen atoms.

Pe=p+166X10"*Ng(Z) (g/cm?) (4.148)

where Ng(Z) is the density of the active oxygen atom at the height Z. In MSIS00 model
the density of the active oxygen atom is not isolated as the diffused and mixed
distribution density.

3. Diffusion distribution

T 1+a
Nai = NuDi(Z, m;) (%) (4.149)
Di(Z,m;) = Dpi(Z,m;) (Z=Z,) (4.150)
T, 1+«
Di(Z, m;) = Dpi(Z, my;) X (%) Xe XN (Z<Zy) (4.151)
Ton\”
Dyi(Z, m;) = (—f”) g XX (4.152)
2)
m;gr,
= 4.153
g=— (4.154)
(1+(Z./Rp))
g = & (4.155)

(1+ (Za/Re))*
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Ny; = Npe% (4.156)
g = 980.616[1 — 0.0026373cos(2L)] (4.157)

where Ry = 831.4 and Ny; are the average density of each component at Z;. According
to the sequence, the following values are shown. They are in the sequence of
2.577179 X 107, 8.001985 X 10'°, 3.00389 X 10!, 3.0736266 X 10'°, 1.15451049 X 10°,
224,553.9, and 57.3587 X 107.

8s E(Z.21)

r3 = m; X X (4.158)
! (1+ (ZL/RP))Z Rg
r—i H, X (I—AZ)XTT"-i-BZXTT"H-i- A 1A sy
AN Yooz 2 2 4 ' (4.159)
(B B) ) < |
4 2 el 6
Hy = i = (4160)
- XX,
Ap = 4(5”“11 ) (4.161)
n
(XXn - ﬁn)

B, =~—n_ n 4.162
. 1, ( )

6n+1 ﬂnJrl = @

€(Zs5,21)
XX, = (n<4) (4.163)

&z,21) ﬁ o> E(z,21)

Ezs.2) " ezm)
- fez (4.164)

&(Zs5,21)

G;(L) is a function fitted by of the measured atmospheric data, which is a low-order
spherical harmonic function related to the location, time, and spatial physics parameters.

13
Gi(L) = Ply, + Z T; (4.165)
j=1

The calculation of T} is shown as follows:
T is impact item of solar Fjy7 . radiation parameters.

e me) X (Fioz = Fio) (1 * PEGO) X (Froz = 150)) * ple) % (1310.7—1_310.7)2 (4.166)
+ szz) X (FIOJ - 150) + P("30) X (Flm_ 150)2
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T, is time-independent item.

T, = P{y) X Pia.0) + Plg) X Piag) + Plyg) X Psg) + P15 X Piag) X (F107 — 150)

. ® (4.167)
+ P(127) X P10
T; is anniversary even order item.
— pi 2 i
Ty = Plyg) X cos( 2= (d — Pl (4.168)
T, is semiannual even item.
— (pi i 4m d—p
Ty = (Pas) T Pag) X P ) X cos| 222 X (d = Pug) (4.169)
Ts is anniversary odd item.
_ i i 2m i
T5 = F1 % (p(m) X Pagy + Pl X P(3,0))cos X (d - P(M)) (4.170)
T is semiannual odd item.
— pi am d i
Ty = Plyg) X P X cos( 2 X ( - P(39)> (4.171)

T, is diurnal term.
. . . . 2m ;
T7 = Fg X CT X P(L4) X p(l,l) + P(IS) X P(3~1) + PEZS) X P(5,1) + pélZ) X P(Z.l) X cos % X (d - Pél4))

+F2X Sy X | Pi

(7) X P(L]) + Pi

. . 2m ;
i X P+ Plogy X Pty + Plgy X Py X cos | =2 X (d = Plyy))
(4.172)
Tg is semi diurnal items.

Tg = Fz X CZT X (P(I'G) X P(gﬁg) + P(i42) X P(4,2) + P£24) X P(3’2) + Pf36) X P(5’2)>

2 A
X cos(—7T X (d—P(’M)))) + F2 X 82T
365

. . . . 2w ;
X (Pég) X Py + P(l43) X Py + (P(l34) X Pag) + PE37) X P(5,2)> X cos (% X (d — P(ll4)>))
(4.173)

Ty is three diurnal variation.
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Tyo = F> X S37 X (P&O) X P(g,g) + Pfg4) X p(4’3) + Pf47) X P(6’3)>

27 . . . .
X cos (ﬁ X (d - le4)>) + F, X C3T X (P(l“) X P(3q3) + <P(195) X P(4q3) + P(l49) X P(6,3)>

2T d—pi
X cos 365 ><( —P(14)>

(4.174)

Ty is the impact items of geomagnetic index Ap.
If P(,,, is equal to 0, then

Ty = Appy X (p{33) + Plygy X Pagy + Plag) X Piag) + (wal) X Py + Phioy X Py + Pligy) X P(g,,o))

21 . . . .
X cos <% X (d - le4)>) + <P(1122) X P(l,l) + P(lus) X P(3’1) + P(1124) X P(5,1)>

L .
X cos (0.2618 X (ﬁ + UTC — Pélzs))))

If P(iSZ) is not equal to 0, then

(4.175)

Ty = App(1) X (pgsl) + Plyy X Pogy + Plsg) X Piag) + (p('lze) X Pugy + Phigy X P + Plisg) X p(;,,o))

27 . . . .
X cos (ﬁ X (d - le4)>) + (P(lug) X P(l,l) + P(ll30) X P(3,1) + P(ll.’il) X P(5,1)>

L .
X cos (0.2618 X (E + UTC — P(1132)) ))

Ty, is the item related to longitude.

(4.176)

= <1 + Py X (Froz = 150)) x (<P£65) X Py + Plgs) X Pay) + Plaz) X Py + Plaosy) X Py
+ P(iloa) X Pyt P(iloe) X Pyt (Péuo) X Pay + P(illl) X Pyt anz) X P(B,I))
X 2T (d-pi X T L)+ (Pl X Pay + Ploy X Py + Ploy X P,
cos 365 (14) cos 180 (91) (2.1) (92) (4.1) (93) (6.1)
+ P(1107) X Py + p(lloa) X Py + P(1109) X Py + (P(IIIS) X Payy + P(1114) X Pgyy + P(llls) X P(5.1))

2m . ) T
X cos| — X(d—P‘14> ><sm<—><L)
365 a9 180

(4.177)
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Ty, is item mixing time and longitude.

. . _ ; 2m i
Ti2 = (1+ Plogy X Pagy ) (1+ Plgy X (Fro7 — 150) ) <1 + Pl13) X P10y X cOS (ﬁ x (d- Pgm)))
X (pfﬁg) X Pig) + Plrg) X Pgg) + Pippy X p(5,0)> X cos (0.000072722 X (UTC X 3600 — p;'m))
+ (Plony X Py + Plagy X Psz) + Plrg) X Pgay) X (14 Pliggy X (Fro7  —150))

x c0s(0.000072722 X (UTC X 3600 ~ Py, ) +2% L)
180
(4.178)

T13 is the mixed item of time, latitude, and geomagnetic index.
If P, is equal to 0, then

T3 = Appr X (1 + Pl X Pa, 0)) X <P(61) X o1y + Ply) X Py + Pleg) X P, 1))
T ; .
X COS<180 (L P(64))> + Appr X < (116) X P(l,l) + P(lll7) X P(3’1) + pzllB) X P(5’1)>
2m i
X cos 365 d P(M) X cos — >< <L P(Hg))) + Appr

X (p{84) X Pg) + Plys) X Pgg) + Plggy X p(5,0)> X cos (0.000072722 X (UTC X 3600 — P(i76)>>
(4.179)

If P(isz) is not equal to 0, then

Tis = APT(1) X (1++ Py X Py ) X (Plsg) X Py + Plogy X Py + Plogy X P )

x cos (55 X (L= Play ) ) + APT(W) X (Plygyy X Pty + Plagy X Py + Plyzs) X Prsn))

2m i i
X cos( 2= (d - p(m) X c;os(180 (L - P(m))) + Apr(1)

X cos (0.000072722 X (UTU X 3600 — P§59))> X (pg'%) X i) + Play) X Pggy + Plag) X P(s,o))

(4.180)
4. Mixed distribution
_ — Tz
Npi = Nyi(hi, mi) X Di(Z,Mo) X | —— (4.181)
Tz
Nii(hi, m;) = Np; X Di(h;, mg;) (4.182)

where my; = m; — M, and h; is the height of isothermal layer of each atmospheric

component.
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By =100, hy =105, hy =105, hs =105, hs=095, h, =105

. 2
hz =105 X 0.962736 X | 1+ 0.140925 X sinB X cos %(d + 8.45398)

And d is the number of day in the year.
5. Space environment and chemical correction factor are shown as follows:

i R1! X N oo —1
In(Ci(2)) :1n(N(Z—3(i:’)m3)) X (1+e<<Z—Zh1 Vhl)) (4.183)
hi\lti, It
. . oo —1
In(Cy(2)) = R2' X (1+e<<Z*Zh2 W)) (4.184)

where R1/, H1}, ZH1!, R2!, H2!, and ZH?2! are fitting coefficients. The functional
calculation of G;(L) and GS (Pi) are obtained by using the fitting constant P’.

4.3 Systematic error and random error of atmospheric
density models

The calculation error of atmospheric density is not only connected with the precision of
atmospheric density model itself but also closely related to the space environment parameter
that can characterize the conditions of space environments. And the main space environ-
ment parameters that affect the atmospheric density are solar 10.7 cm wavelength
(2800 MHz) radio radiation flux Fy,,; and geomagnetic index Ap. In the orbital calculation of
space objects, if it is the postmission processing that delays more than 2 months, the mea-
sured value of Fjy; and Ap can be directly invoked. However, in the prediction analysis of
future events such as collision warning, space object decay forecast, and TT&C station guid-
ing and tracking forecast, the predicted orbit needs to be used, to calculate the atmospheric
density; the forecast value for 2 months of solar radiation flux and geomagnetic index need
to be input. The longer the parameter prediction time span is, the larger the forecast error is.
Thus the prediction error of solar activity parameters will be introduced to the calculation of
atmospheric density error, which will cause the error of orbit calculation.

In this section, atmospheric density obtained from CHAMP on-board accelerometer data
inversion is taken as the standard to analyze the atmospheric density precision calculated by
MSIS00 model in January and April of the year 2010. Furthermore, the factors causing the
systematic error and accidental error of atmospheric density are analyzed. Fig. 4—3 shows
the variation of Fj,; of January and April in 2010. As shown here, the amplitude of variation
for Fyo, is more than 20 (changes from 70 to 90). And the radio radiation flux is in the mid-
dle level. In April 2010 F),, is almost less than 80. And the radio radiation flux is at a low
level. The variation every 3 hours in January and April of the year 2010 is given in Fig. 4—4.
It can be seen that a majority of Ap is less than 10 in January, 2010, and solar activities are
calmer. In April 2010 a majority of Ap is less than 20. And since a sudden huge magnetic
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storm occurred on April 5, the maximum value of Ap reached 180. Affected by this huge
storm, small storms continued the following 2 days. On April 12 a medium storm occurred.
Small storms happened on April 14 and 15. And on 23 April the magnetic field perturbation
happened. Atmospheric density systematic error and the daily average value of Ap (acciden-
tal error) calculated with the MSISO0 model are shown in Tables 4—6 and 4—7, which are
based on the inversion with CHAMP on-board accelerometer data in January and April 2010.
It can be seen from the two tables that the atmospheric density systematic error calculated
by MSIS00 model is more than 20% in January, and lower than 10% in April in most cases;
thus the systematic error of MSIS00 model is larger in January than in April. Fig. 4—3 shows
that the Fo- is generally larger in January than in April. Fig. 4—4 shows that the average
value of Ap is generally lower in January than in April. It can be concluded that of all the
space environment parameters input to calculate the atmospheric density with the MSIS00
model, the radio radiation flux F),; is the main factor that brings about the systematic error.
Fig. 4—5 shows the maximum absolute value of the atmospheric density error calculated
with the MSIS00 model in January and April 2010. It can be seen that the value is at the
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FIGURE 4-3 Variation of F1o5 of 2010-01 and 2010-04.
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FIGURE 4-4 Variation of Ap every 3 hours of 2010-01 and 2010-04.
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magnitude of 10~ '? in January and mostly the same in April. In April 5—7, 12, 14, 15, and 23,
where magnetic storms and perturbations happened, the maximum value reached the mag-
nitude of 10", while in April 5, where the huge magnetic storm took place, the accidental
error had an obvious jump. It can be seen that Ap is the main factor that affects the atmo-
spheric density calculated with MSIS00 model.

Table 4-6 MSIS00 atmospheric density model precision in January 2010.

Time Average A, Systematic error (%) Time Average A, Systematic error (%)
2010-01-01 0 51 2010-01-16 1 30
2010-01-02 1 47 2010-01-17 1 28
2010-01-03 4 42 2010-01-18 3 29
2010-01-04 2 29 2010-01-19 1 23
2010-01-05 1 25 2010-01-20 12 25
2010-01-06 1 25 2010-01-21 5 12
2010-01-07 0 25 2010-01-22 3 15
2010-01-08 1 25 2010-01-23 5 18
2010-01-09 1 26 2010-01-24 4 13
2010-01-10 3 29 2010-01-25 3 16
2010-01-11 6 27 2010-01-26 3 34
2010-01-12 4 24 2010-01-27 1 37
2010-01-13 7 32 2010-01-28 3 38
2010-01-14 4 28 2010-01-29 1 42
2010-01-15 4 37 2010-01-30 5 43

Table 4-7 MSIS00 atmospheric density model precision in April 2010.

Time Average A, Systematic error (%) Time Average A, Systematic error (%)
2010-04-01 12 9 2010-04-16 3 9
2010-04-02 13 9 2010-04-17 3 "
2010-04-03 9 9 2010-04-18 3 12
2010-04-04 13 10 2010-04-19 4 14
2010-04-05 55 20 2010-04-20 4 9
2010-04-06 44 17 2010-04-21 6 8
2010-04-07 22 12 2010-04-22 6 8
2010-04-08 12 9 2010-04-23 10 10
2010-04-09 6 9 2010-04-24 7 9
2010-04-10 3 8 2010-04-25 3 8
2010-04-11 12 11 2010-04-26 2 9
2010-04-12 19 14 2010-04-27 4 10
2010-04-13 3 10 2010-04-28 3 10
2010-04-14 10 10 2010-04-29 6 9
2010-04-15 8 10 2010-04-30 3 9
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FIGURE 4-5 Maximum absolute value of the atmospheric density error calculated with the MSISO0 model of
2010-01 and 2010-04.

The previous analysis shows that in the period of time in days, the atmospheric density
model calculates the average deviation of the difference between the basic presentation sys-
tem characteristics, the size of the average deviation of the day with the characterization of
the Sun 10.7 cm wavelength radio emission parameters 27 days a traffic F,,, small cycles
and 13 years is a big cycle, as well as the validity of the model using the data changes.
Regarding month as the unit of time, a certain regular changes are presented. Regarding
year as the unit of time, the inconspicuous regular changes are presented. Thus regarding
day as the unit of time, it is still considered that the major factor causing systematic errors is
Fyo7 in the short term. While the transition of the geomagnetic index Ap is short-term and
occasional changes. Regarding hour as the unit of time, many times or even dozens of times
of jump may occur. This transition causes multiple errors of the calculated values for the
atmospheric density model occur within a few hours. Therefore regarding day as the unit of
time, it is considered that the transition of geomagnetic index Ap will cause accidental errors
of the atmospheric density.

4.4 Prediction confidence level of space environment
parameters influenced atmospheric density

According to the timeliness requirement of space object surveillance capacity and collision
warning, the prediction confidence of environmental forecast parameters is analyzed from
three different time nodes with respect to 24, 72, and 168 hours.

4.4.1 Analysis of Fqo7 prediction confidence level

Fo.7 prediction confidence level is defined as follows. Assume the total number of samples is
M, the given error is ¢, if the sum of samples which satisfy
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Frozp — Froar
Jioap 70 (4.185)
Fio7r
is M, then the confidence level is
M
Pp= (4.186)

where Fyo7, and Fyo 7, are, respectively, the predicted values of Fy,, and the exact values
published afterward.

In this section, taking F, -, published on the website (US Celestrak) for the next 3 months
as standard, large sample statistical sampling was conducted in three periods of solar activity
in nearly 10 years from 2003 to 2013, including low solar activity (Fo- < 80), normal solar
activity (80 < Fyy, <120), and high solar activity (F,o,> 120); and the given error ¢ of Fyy~
forecast of different time span in different solar activity periods when P is greater than 90%
is analyzed. According to the statistical analysis, Fjo; change in a short term is relatively
slow, there is no strong correlation between the prediction error and the value of Fyq itself.
That is, in low solar activity, normal solar activity, and high solar activity years, Fjq -, forecast
with the same time span gives similar error, the results are shown in Table 4—8.

4.4.2 Analysis of Ap prediction confidence level

Assume the total number of samples is N, and given error ¢, if

Ap, — Ap,
‘M = (4.187)

Apr

The sum of its samples is M, then the confidence level is

M
Py = N (4.188)
where Ap, and Ap, are, respectively, the predicted values of Ap and the exact values pub-
lished afterward.

In this section, taking Ap published every day on US Celestrak website for the next 3
months as standard, the statistical sampling of large sample is performed with three periods,
which are recent geomagnetic activity quiet period (Ap < 25), small geomagnetic disturbance
period (25 <Ap <50), and geomagnetic storm period (Ap>50) from 2003 to 2013. When
the prediction confidence level Ap is more than 90%, the given errors ¢ of different days are
predicted during the period of different activities. The results are shown in Table 4—9. As is
seen from Table 4—9, during the period of quiet geomagnetic activity, Ap prediction error is
about 20%; during the period of small geomagnetic disturbance, Ap prediction error is about
60%; and during the period of geomagnetic storm, Ap prediction error is about 85%. The pre-
dicting time scale has smaller influence on Ap prediction error.
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Table 4-8 F, prediction precision.

Prediction time span 1 day 3 days 7 days

€ (%) 2 5 10

Table 4-9 Ap predition precision.

Prediction time span

Geomagnetic activity Error (%) 1 days 3 days 7 days
Geomagnetic quiet € 18.6 19.5 21.9
Magnetic disturbance € 58.7 60.1 62.8
Magnetic storm € 83.4 85.9 87.1

4.4.3 Impact of environmental parameters on orbit prediction error

According to the analysis in Section 4.4.2, under different solar activities and geomagnetic
environment, the impact of the prediction error with input parameters for F;,; and Ap atmo-
spheric density model on space object orbit prediction (using MSIS00 atmospheric density
model) at different heights can be simulated and analyzed with the addition of correspond-
ing prediction error to the device.

Table 4—10 gives the impact of a different solar radiation flux Fjy, at the height of
400—1000 km on orbit prediction error of space objects of different heights. In order to mini-
mize its impact of geomagnetic index, assume magnetic is in the magnetic quiet period and
take Ap =7. In addition, take surface-to-mass ratio as 0.02, which is the approximation of
surface-to-mass ratio for most satellites. It can be seen from Table 4—10, for the space of dif-
ferent orbital heights, 1-day orbit prediction error caused by Fj,, is less than 1 m, mainly
because the F),, value input in the MSIS00 atmospheric density model is the value of the
day before and the 81-day average value. The Fj, - of the previous day has a measured value
and is not affected by the forecast error. 81 days is three solar rotation period, and the pre-
diction error of Fj,, value of some days has little influence on the 81-day average value;
therefore Fy, - error has little effect on the orbit forecast for 1 day, as the forecast time span
increases, Fyg 7 error cumulative effects gradually increase; for objects with an orbital altitude
of 500 km and above, the 3-day track forecast errors caused by the error of Fyq; is less than
300 m in low solar activity years and normal solar activity years, and less than 600 m in high
solar activity years; for objects with an orbital altitude of 600 km and above, the 7-day track
forecast errors caused by the error of Fj,; is less than 800 m in low solar activity years and
normal solar activity years, and less than 2 km in high solar activity years, therefore, for dan-
gerous objects within 7 days of the screening phase, when the solar activity is not high, Fjq
errors are less likely to cause missed alarm; for 1000 km high spatial goals, no matter in low,



Table 4-10 Impact of Fio7 prediction error on orbit prediction error.
Orbit prediction error (m)
1 day 3 days 7 days
Orbit R T N R T N R T N
attitude Position direction direction direction Position direction direction direction Position direction direction direction
(km) Fio7 error error error error error error error error error error error error
400 Solar minimum 0.388 0.007 0.388 0.001 490.8 3.10 490.8 0.123 5368.2 24.37 5368.1 1.308
Normal 1.017 0.016 1.017 0.001 1178.0 7.79 1178.0 0.297 12,822.6 66.40 12,8225 3.133
Solar maximum 1.936 0.029 1.936 0.002 20556 13.97 2055.6 0.519 22,208.1 131.29 22,207.8 5.436
500 Solar minimum 0.068 0.002 0.068 0.001 89.0 0.53 89.0 0.022 982.9 4.01 9829 0.230
Normal 0.221 0.004 0.221 0.001 279.4 1.72 279.4 0.069 30669 13.24 3066.9 0.719
Solar maximum 0.482 0.008 0.482 0.001 582.8 3.66 582.7 0.143 6331.8 29.15 6331.8 1.484
600 Solar minimum 0.015 0.001 0.015 0.001 18.7 0.1 18.7 0.005 206.9 0.82 206.9 0.048
Normal 0.054 0.002 0.054 0.001 71.9 0.43 71.9 0.018 794.5 3.23 7945 0.182
Solar maximum 0.134 0.003 0.134 0.001 176.1 1.07 176.1 0.043 1924.1 8.03 1924.1 0.439
700 Solar minimum 0.005 0.001 0.005 0.001 5.0 0.03 5.0 0.002 549 0.22 549 0.013
Normal 0.016 0.001 0.016 0.001 20.5 0.12 20.5 0.006 226.4 0.89 226.4 0.051
Solar maximum 0.042 0.002 0.042 0.001 56.7 0.34 56.7 0.014 622.0 2.47 622.0 0.138
1000 Solar minimum 0.002 0.001 0.002 0.001 0.6 0.01 0.6 0.001 6.3 0.03 6.3 0.002
Normal 0.002 0.001 0.002 0.001 14 0.01 14 0.001 14.9 0.06 149 0.004
Solar maximum 0.003 0.001 0.003 0.001 33 0.02 33 0.002 36.1 0.14 36.1 0.008
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normal, or high solar activity years, the track error F),, prediction error caused is no more
than 50 m, that is, for objects with an orbit height of more than 1000 km, F,,, prediction
error has little effect on its track.

Further analysis, when the forecast time span is longer than 24 hours, when the average
value of 81-day Fj,- has the same error as that of the day before, the average value of 81-
day Fjo, has more impact than that of the previous day. According to analysis results in
Section 4.3, Fyo, will lead to systematic errors in atmospheric density, thereby causing sys-
tem errors in orbit determination and prediction; system error can be solved in the orbit
determination process. By prediction correction with the system error solved, the impact on
the track forecast accuracy can be greatly weakened.

Table 4—11 gives the impact of Ap under different geomagnetic conditions on different
space prediction error of space target orbits at different altitudes from 400 to 1000 km. In
order to minimize the F),, impact, assume that solar activity at a low level and take
Fy07 = 80. Meanwhile, take 0.02 as object surface-to-mass ratio. Table 4—11 shows that, for
space objects with the orbital altitude more than 700 km, the impact of Ap prediction error
on orbit prediction error is small, even in 7-day prediction in the period of magnetic storms,
the position error is about 1.5 km, which is the equal of cataloging and orbit determination.
There is little impact on the screening of dangerous objects. Table 4—11 shows that, for the
space objects with the orbital altitude less than 700 km, the impact of Ap prediction error on
orbit prediction position error increases sharply with the lower orbit altitude. At the same
time, when the position error increases rapidly with the prediction time-length increasing,
the position error in the period of geomagnetic storm is much larger than it is in the periods
of magnetic disturbance and magnetic quiet. Take 7-day prediction for example, in the geo-
magnetic quiet period, the position prediction errors of space objects are, respectively, about
3, 0.6, and 0.1 km at the orbital altitudes of 400, 500, and 600 km. In the period of magnetic
disturbance, the position prediction errors of space objects are, respectively, about 19, 4.3,
and 1.1 km at the orbital altitudes of 400, 500, and 600 km. In the period of magnetic distur-
bance, the position prediction errors of space objects are, respectively, about 63, 15, and
4 km at the orbital altitudes of 400, 500, and 600 km. For the objects at the orbital altitude
less than 700 km, whether for the stage of 7-day screening of dangerous objects, the phase of
3-day yellow alert or the phase of 1-day red alert, the impact of Ap error on its orbit cannot
be ignored.

From the above analysis, we can find that the impact of space environment parameter
error on low-orbit space object prediction is great. The statistical result in Table 4—11 shows
that when the confidence level of Ap prediction is greater than 90%, its impact on orbit pre-
diction is great. And under special circumstances, it is greater. Ref. [91] analyzed the impact
of different atmospheric density at different geomagnetic conditions on the 24-hour orbit
prediction. According to the results of the analysis, when the magnetic disturbance happens,
the 24-hour prediction error of YG1A-93 satellite reaches 10 km. When the magnetic activi-
ties are more intense or object surface-to-mass ratio increases, there is greater impact of
space environmental parameters on orbit prediction.



Table 4-11

Impact of Ap prediction error on orbit prediction error.

Orbit prediction error (m)

1 day 3 days 7 days
Orbit R T N R T N R T N
attitude Geomagnetic Position direction direction direction Position direction direction direction Position direction direction direction
(km) conditions error error error error error error error error error error error error
400  Geomagnetic 63 1.09 63 0.02 571 3.99 571 0.14 3109 14.3 3109 0.77
quiet
Magnetic 381 6.33 381 0.12 3440 252 3440 0.87 18,725 109 18,725 4.63
disturbance
Magnetic 1277 21.0 1277 0.40 11,553 92.5 11,552 2.92 62,966 570 62,964 15.6
storm
500  Geomagnetic 12 0.19 12 0.00 113 0.74 113 0.03 615 2.66 615 0.15
quiet
Magnetic 87 1.43 87 0.03 790 5.46 790 0.19 4309 20.2 4309 1.03
disturbance
Magnetic 301 4.98 301 0.09 2733 19.7 2733 0.67 14,912 82.3 14,912 3.55
storm
600  Geomagnetic 2.6 0.04 2.6 0.00 24 0.15 24 0.01 130 0.55 130 0.03
quiet
Magnetic 23 0.37 23 0.01 205 1.38 205 0.05 1120 493 1120 0.26
disturbance
Magnetic 84 1.41 84 0.02 755 5.24 755 0.18 4131 194 4131 0.96
storm
700  Geomagnetic 0.6 0.01 0.6 0.00 56 0.04 56 0.00 31 0.13 31 0.01
quiet
Magnetic 6.3 0.10 6.3 0.00 57 0.38 57 0.01 314 1.35 314 0.07
disturbance
Magnetic 26 0.45 26 0.01 233 1.59 233 0.05 1275 5.68 1275 0.29
storm
1000 Geomagnetic 0.05 0.00 0.05 0.00 0.5 0.004 0.5 0.00 2.5 0.01 2.5 0.002
quiet
Magnetic 0.3 0.01 0.3 0.00 2.7 0.02 2.7 0.00 15 0.06 15 0.004
disturbance
Magnetic 1.3 0.02 1.3 0.00 12 0.08 12 0.00 65 0.28 65 0.01

storm
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4.5 Calculation strategy of atmospheric perturbation for
spacecraft collision avoidance warning calculation

In order to minimize the impact of space environment on space object orbit, the credibility
of spacecraft collision warning results should be enhanced. And the strategy of orbit determi-
nation in the calculation of spacecraft collision warning is particularly critical. Orbit determi-
nation strategies include the selection of orbit measurement data and dynamic models and
solution of orbital parameters; and orbit determination strategy is the key factor affecting
orbit prediction accuracy.

4.5.1 Resolving atmospheric damping coefficient and absorbing
systematic error

The accuracy of the calculation of atmospheric drag model is the largest source of the error
for low-orbit space object determination and prediction. And according to the existing level
of awareness, the error of atmospheric drag model is mainly composed by the following four
types of error. For space object windward atmospheric drag, the uncertainty of the area
causes area—mass ratio error, atmospheric density model error, Fq; prediction error of solar
F.; radiation flux characterization parameter, and Ap prediction error of geomagnetic index
characterization parameter. These four errors are not the same in the phases of afterward
orbit determination and real-time orbit prediction.

The uncertainty of atmospheric drag area depends on the attitude of space objects. In the
measurement of cooperative objects, the object attitude can be obtained precisely through
internal telemetry parameters of cooperation objects. In the noncooperative object measure-
ments, the area of object windward atmospheric drag, attitude, and quality are unknown
parameters. When the attitude of the space object is stable or it changes with the law of short
cycle, the surface—mass ratio error can be regarded as systematic error of day order of mag-
nitude. In Section 4.3 the atmospheric density model error and F,,-, characterization para-
meters’ prediction error can be regarded as systematic errors of day order of magnitude. In
most times of a year, geomagnetism is calm. In the magnetic quiet period the impact of pre-
diction error for geomagnetic index characterization parameters on atmospheric model is
small, and the atmospheric density error is basically systematic errors of day order of magni-
tude. It can be seen that in the geomagnetic quiet period, the four main sources of error are
the dominant terms with systematic errors of day order of magnitude. While in a year of 365
days, the geomagnetic quiet days account for about 90%. In formula (4.1), in the calculation
of atmospheric drag fpg, four major atmospheric drag error terms such as c; are in parallel.
When the systematic biases of four major error terms is dominated, they will have strong
correlation of c;. When the orbit is determined, c¢; and orbital elements can be regarded as
unknown quantity and calculated using the measured data rail arc length of day order of
magnitude. And the systematic biases of atmospheric drag model can be absorbed by the
calculated c;. In the orbit prediction, when the orbit extrapolating can be performed with the
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Table 4-12 Position error statistics of 24-hour prediction (whether resolving ¢4 for
space object of different types).

Position error (resolving cy) Position error (fixing c,)

Object sequence  Orbital altitude (km) P(m) R(m) T(m) N(m) P(m) R(m) T(m) N(m)

1 276 1518 24 1518 1 3882 46 3882 "
2 452 278 4 278 1. 465 7 465 1.
3 514 262 2 257 47 317 2 314 47

use of the calculated orbit and ¢y, the systematic biases of four major atmospheric drag error
terms are effectively weakened.

In order to more directly reflect the absorption of systematic error by calculating atmo-
spheric damping c;, Table 4—12 gives whether the orbit objects of different orbit types can
resolve ¢; to predict the statistical results of 24-hour orbit position error (P denotes total
position error; R, T, and N are, respectively, its distribution at radial direction, lateral direc-
tion, and normal direction). Among them, the three object orbits are nearly circular orbits
with an orbital altitude of average height, and the fixed ¢; is nonresolving c,; of the orbit
determination process. The orbit prediction is performed by using the previous calculated
value c;. It can be seen from Table 4—12, for objects 1, 2, 3, and 4, the 24-hour prediction
can be performed by using the fixed c,.

With respect to using the calculated value ¢, to predict orbits, the position error increase
approximately 2.5, 1.7, and 1.2 times, mainly in T direction. Moreover, with the increase of
prediction length, the error grows intensely. Therefore the accuracy of LEO orbit prediction
can be significantly improved with the use of the calculated c,.

4.5.2 Application of atmospheric damping coefficient and analysis of
orbit determination and prediction under normal geomagnetism
conditions

How to calculate atmospheric damping coefficient intensively is an engineering practice
problem. And the calculation accuracy is related to such factors as orbit measurement accu-
racy, data arc length, space environment parameters, and atmospheric density model. And
different attitudes of the object orbit are given through comparative analysis in Ref. [92].

In this section, first, a certain target is selected at the attitude of 340 km, then we use all-
time orbit measurement data of 0.5, 1, 1.5, and 2 days to analyze its orbit position error and
the component of the position error for 36-hour prediction in the radial (R), track (T), nor-
mal (V) directions. The results are shown in Table 4—13, where, during the process of orbit
determination, the object position and speed only can be calculated with the use of 0.5-day
data, while the object position, speed, and atmospheric damping c; can be calculated at the
same time by using the data of 1, 1.5, and 2 days. Table 4—13 shows that the shorter the
data arc is, the smaller the orbit determination error is. However, the orbit prediction error
is the largest using 0.5-day data and the smallest using 1.5-day data. The main reason is
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Table 4-13 Prediction precision with different length data for orbit determination.

Position error (m) 36-Hour position error (m)
Length of arc (day) R T N R T N
0.5 52.1 21.2 19.6 85.2 —6345.5 22.7
1 81.0 62.0 514 78.3 —5440.7 16.4
1.5 96.1 189.2 52.6 —-17.6 1323.0 —3.6
2 —348 -361.9 -55 —-324 4919.6 -74

because the process of orbit determination is the process of approaching measurement data.
And the shorter the arc is, the fewer the constraints are. Of course, if orbit determining preci-
sion is high, the arc cannot be too short. The concrete value is correlated with object orbit
altitude. Precise orbit prediction is not only associated with the orbit determination but also
affected by dynamic model precision. For the object at the attitude of 340 km, the atmo-
spheric model error of dynamic models plays a leading role in orbit prediction error determi-
nation. Though the precision of orbit determination is high with the use of 0.5-day data, it
cannot correctly solve the atmospheric damping coefficient c¢;, and the deviation of orbit
measurement data is large when using c¢; and ¢, to predict orbit. Therefore the orbit predic-
tion error spreads quickly. Compared with orbit prediction by using 1.5-day data, the data
orbit prediction error increases with the use of the data of 1 and 1.5 days. The main reason
is the resolving of c; is incorrect. And the data arc of the measured orbit data is too short, as
well as the redundant information is not enough with the use of the least square method to
perform orbit determination, which leads to the inaccurate c;. Conversely, if the arc of the
measured data is too long, given rail track use arc length is, in this process due to the space
environment, such as changes in attitude objectives, based on the order of days difference
between the system of assumptions no longer exists, c¢; big variations, and orbit solving a ¢4
value, which is considered within the entire length of the arc segment ¢, to a fixed value,
thus resulting prediction error increases. To solve this problem, it is suggested that a seg-
mentation solution is used to calculate c;. This method can only improve the orbit accuracy
but does not contribute to the improving of orbit prediction error.

In addition to the effect of the arc for orbit determination on the calculated accuracy of
cq, it is closely related to the atmospheric density model itself [93]. In this section, take a sat-
ellite with the orbit altitude of 600 km for example, the orbit determination is performed by
using the measurement data of 1, 2, 3, 4, 5, 6, and 7 days to predict the orbit accuracy of 1,
7, and 30 days. The statistical results are given in Table 4—14. It can be seen from
Table 4—14 that the orbit accuracy prediction is related to factors such as initial orbit accu-
racy (orbit determination with the use of the data and atmospheric density model) and the
accuracy of dynamic models (the atmospheric density model when forecasting). After calcu-
lating c¢; and using it to predict orbit, the effects of different atmospheric density model for
short-term orbit prediction (1-day prediction) on the accuracy is not obvious. And the short-
time prediction accuracy is affected by the use of the orbital arc. When adopting different
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atmospheric models, the prediction accuracy is almost the same by using the measurement
data less than 6 days, while the prediction error increases significantly by using the measure-
ment data of 6 or 7 days. During the process of medium- and long-term orbit prediction (the
prediction of 7 or 30 days), MSIS and DTM78 have obvious advantages in comparison with
Jacchia77. Moreover, the prediction accuracy with the use of 6- or 7-day orbit measurement
data is better than that using short arc data. It is difficult to find a best model under any cir-
cumstances that is why various models can be used in the world at present. Under the con-
dition of quasi-real-time orbit prediction, the minimum orbit prediction error is difficult to
achieve due to the unstable accuracy of space environment parameters used.

In summary, the calculated precision of atmospheric damping coefficient c; for low-orbit
objects is related to a variety of factors. When the prediction time scale is longer than 3 days,

Table 4-14 The maximum position error with different atmospheric models unit: m.

Prediction time span

Model Orbit determination span (day) 1 day 7 day 30 day
JACCHIA77 1 20.22 2390.56 62,104.38
2 58.83 1372.30 46,472.36
3 40.23 1701.86 51,118.44
4 37.96 1746.11 51,728.31
5 49.66 1618.22 50,160.31
6 96.77 1148.28 44,694.76
7 151.94 662.95 39,339.49
DTM78 1 46.55 1185.94 38,336.89
2 76.91 412.62 24,665.76
3 38.85 1038.38 35,010.41
4 32.81 1151.55 36,623.92
5 57.52 843.05 32,603.23
6 118.49 497.68 24,907.58
7 166.37 685.87 19,876.20
MSIS00 1 30.76 1671.20 42,608.08
2 69.53 599.36 25,349.68
3 40.92 1127.30 33,161.04
4 37.03 1202.36 34,250.88
5 58.53 937.92 30,769.91
6 116.75 444 .30 23,352.17
7 172.75 657.77 17,428.52
MSIS90 1 20.20 1735.35 42,372.15
2 51.94 835.46 27,765.95
3 39.05 1074.53 31,349.93
4 40.72 1059.30 31,159.03
5 68.75 701.50 26,356.44
6 114.39 456.54 20,478.69
7 152.49 604.09 16,430.39
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Table 4-15 Suitable length of orbit
determination arc at different orbit attitudes.

Orbit attitude (km) Suitable orbit span (day)
300—-400 1.5-2
400-500 2-25
500—-600 2.5-3
600—800 3-4
> 800 >4

DTM or MSIS atmospheric density models are generally adopted according to the statistical
results of the experiences or orbit prediction accuracy. Table 4—15 gives the suggested length
of the arc for nearly circular orbit objects at different attitudes (as to the ellipse object, espe-
cially noncooperative object, it is difficult to perform orbit measurement and determination).
In addition, the effect of space environment on the orbit determination and prediction is
large. In Table 4—15 the suggested arc is under the normal conditions for solar activity.
When the variation of space environment parameters Ap is large, c¢; can be calculated by
shortening the time span of orbit determination in order to improve orbit prediction
accuracy.

4.5.3 Application of atmospheric damping coefficient and analysis of
orbit determination and prediction under abnormal
geomagnetism conditions

When the quasi-real-time orbit calculation and prediction of early warning are performed,
there is no measurement value Ap. When storms occur, the value c; is abnormal by detect-
ing and calculating. But when storms occur at the first time, the suitable strategy should be
chosen to improve the track forecast accuracy. In the forecast of orbits, the determination
and predictive accuracy of orbital period change rate is directly related to the predictive
accuracy of orbits. In LEO space object orbits the semimajor axis error is 800 m, correspond-
ing to the error that the variable ratio is 1 second. Because the flight speed of space objects
is 8 km/s, the orbit prediction error in the orbital flight direction for N-pass orbit prediction
is 8 X N km. In Ref. [91], more details about the impact of geomagnetic index on the variabil-
ity of low-orbit satellite orbital period and orbital precision are studied. In this section, take
the magnetic storm on March 17, 2015, for example, the calculated c; of different objects is
consistent with the change of Ap.

At 00:11 p.m. March 22, 2015, Beijing time, the outbreak of large X-ray flares (X2.2 class)
in the solar active region AR2297 reached the orange alert level. Since the approach to the
solar disk for AR2297 on March 5, the frequent outbreaks produced a X2.2 class and 10 M-
level X-ray flares. On March 15 a full halo coronal mass ejection (CME) took place, which
reached the Earth at around 11:00 on March 17. And the solar wind speed increased to about
670 kin/s. Meanwhile, southward interplanetary magnetic field component fell to the lowest
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around —28 nT. Affected by Earth’s magnetic field, the geomagnetic index Ap reached 117.
The reproducible coronal hole high-speed stream (CIR) reached the Earth at 21:00 on March
18. Affected by the combined effect of the high-speed fluid in the polar corona Hole and
CNE, the solar wind speed went up to 760 km/s. And the sustained geomagnetic disturbance
between March 17 and 19 occurred. Thus a total of 12 hours of disturbance means the level
of big storms. The level of moderate geomagnetic storms reached after 12 hours of distur-
bance; the level of small storms reached after 40 hours of disturbance; and the active level
reached after 15 hours of disturbance. The geomagnetic storm is the strongest storms since
entering the 24th solar cycle (starting from the year of 2008).

Fig. 4—6 gives Ap changes from March 15 to 20, 2015. And Table 4—16 shows the orbital
altitude, quality, area, attenuation amount of semimajor axis, and value of c¢; of four different
objects. Fig. 4—7 shows the changes of c; for four different objects from March 15 to 20,
2015. In contrast to Figs. 4—6 and 4—7, the values of c; and Ap have a very good consistency.
Namely, the error of Ap can be absorbed through calculating the atmospheric damping coef-
ficient ¢;. Table 4—16 shows that the atmospheric damping will cause the attenuation of
object orbits. And the magnetic storm will increase the attenuation of object orbits. But the
four goals are the maximum for the calculated c; on March 17. The attenuation is maximized
on March 18. The analysis of the reasons shows that Ap is maximized on March 17, while
the orbital decay has certain continuity.

Upon the completion of orbit determination, the calculated value of c; is detected and
found to be abnormal. So it needs to modify the orbit determination and prediction strategy
to stabilize the orbit forecast accuracy under the condition of geomagnetic anomaly. From a
large number of statistics, it can be found that, the severe transition of Ap index generally
occurs within a few hours when the geomagnetic happens. Then it quickly returns to the
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FIGURE 4-6 Variety of Ap from 2015-03-15 to 2015-03-30.
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Table 4-16 Statistics of the calculation for orbital decay and atmospheric damping.

Object H, H, Quality Windward Flat semimajor axis Resolving
sequence (km) (km) (kg) area (m?) Date (UTC)  attenuation (m) Cy
1 305 334 450.0 3.6 2015-03-15 709.87 1.85
2015-03-16 690.77 1.87
2015-03-17 910.63 2.65
2015-03-18  1044.85 2.04
2015-03-19 746.43 1.77
2015-03-20 723.47 1.75
2 276 303 460.0 3.6 2015-03-15  1230.45 2.14
2015-03-16  1259.79 2.95
2015-03-17 1601.78 3.26
2015-03-18  2098.48 2.7
2015-03-19  1493.38 2.02
2015-03-20 1528.99 2.14
3 467 482 67.0 0.273 2015-03-15 75.11 2.15
2015-03-16 68.06 2.36
2015-03-17 59.69 4.75
2015-03-18 136.40 4.12
2015-03-19 73.49 2.13
2015-03-20 54.70 2.12
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normal value or associated with several small magnetic disturbance. And its duration is no
more than 1—-2 days. When geomagnetic storms occurs, the calculation of c; is abnormal. At
the moment, there is only predicted value and no measured value in the input document of
geomagnetic index used for orbit determination. The predicted value does not reflect the
true state of geomagnetic storms according to the normal level. Therefore the value c; under
this condition will inevitably bring about huge errors for subsequent orbit prediction. In
Table 4—16, take object 2 for example, the geomagnetic index reached the extreme values on
March 17. The daily calculated value c; changed from 2.14 to 3.26 on March 15. After the
1-day change, it returned to 2.02 on March 19. The attenuation of semimajor axis for object
2 was from 1.2 to 2 km then lowered to the level of 1.5 km. It caused a 0.7-second error of
orbital period change rate. And the impact on orbit prediction is as follows. The prediction
of one pass was 5.6 km (0.7 X 8); the maximum error of the prediction of 1 day (16 passes)
was 90 (16 X 0.7 X 8) km. Therefore when the calculated value c; is abnormal through orbit
determination, the abnormal c¢; cannot be used directly to perform the orbit prediction of
postcollision warning. At this point the best way to reduce the influence of magnetic storms
on the orbit prediction accuracy is to readjust a reasonable Ap value of the artificial construct
that day and the next few days to meet the normal variation for the calculated c; based on
the latest published statistical data or Ap statistics experience. With the use of c;, the orbit
prediction of collision warning is performed to reduce the impact of storms on collision
warning credibility to some extent.

Through continuous efforts of the International Space Environment scholars, people have
a certain understanding of the cause of geomagnetic storms. According to the current level
of understanding, geomagnetic storms are associated with the intensity of solar CMEs. The
occurrence of solar CMEs after 24—48 hours produces a “shock,” which reaches the Earth
and causes geomagnetic storms. Thus through the real-time monitoring of CMEs, the occur-
rence of geomagnetic storms can be predicted 24 hours in advance. The recognition provides
the possibilities to predict geomagnetic storms, especially a direct basis of judging the credi-
bility of 24-hour collision warning. In the calculation and prediction of low-orbit space
objects, the error of atmospheric drag perturbation model is the primary item of orbit deter-
mination and prediction. Among the four factors causing error in this model, the surface-
mass ratio, the atmospheric density model and the F,,,; parameter prediction model are all
systematic errors measured in days, which can be eliminated by solving c;. Only Ap predic-
tion error cannot be controlled when a geomagnetic storm occurs. Through monitoring the
changes of sunspots, the four error items that affect atmospheric drag perturbation models
can be controlled when there are no geomagnetic storms for the next 24 hours. The days of
sunspots’ outbreaks in a year are less than 10%, even in solar maximum. This means that, in
most cases, no magnetic storms would happen for the next 24 hours. This fully shows that
the orbit forecast accuracy is controllable for low-orbit space objects within 24 hours. Based
on this, the high confidence level of collision warning can be achieved.



Spacecraft collision warning orbit
calculation method

Space debris and spacecraft flight safety first need to get large quantities of space debris orbit
information, so the space debris orbit calculation and prediction is an important part of the
space debris monitoring. Space object orbit calculation refers primarily to the process that
first to obtain orbital measurement data through space surveillance network (SSN); second
to solve the value of the orbital parameters using measurement data and orbit determination
algorithm; then to store the updated orbit parameters; and finally, to quickly make short-
term, medium-term or long-term orbit prediction using the latest orbital parameters and
designated prediction model as needed.

Orbital calculations consist of precise orbit calculation and cataloged orbital calculations,
wherein the precise orbit calculation principle is to use all resources for measurement and
calculation to track, measure, and obtain the most accurate space object orbit as possible.
Principles of cataloging orbital calculation are to allocate resources rationally to maintain the
maximum amount of space on the destination catalog as possible in the case that system
resources are limited. Thus in the pursuit of the ultimate goal accuracy, precision orbital cal-
culation method of the model around the world is basically the same, which uses numerical
integration approach with the minimum truncation error, the most sophisticated dynamic
model, and the best method of valuation. As a simplified method with low accuracy, cata-
loged orbital calculations include many ways according to different simplifying ways and
objectives.

Commonly used cataloging methods include numerical, analytical, and semianalytical
methods. The space object orbital elements currently released by the US SSN mainly use the
analytical method based on SGP4/SDP4 orbit prediction model. Meanwhile, the data used
for space safety analysis and collision warning are input into JSpOC orbit extrapolation calcu-
lation model to perform the “special perturbation” calculation, here “special perturbation” is
the numerical cataloging algorithm. Every day the United States performs space object orbit
determination for several times and orbit determination information for each space object is
updated in JSpOC database (high-accuracy catalog). Russia adopts a semianalytical method,
which includes the main effect of J,,,,(m,n=5). As for the high-orbit object, the solar radia-
tion is considered, and a more complex model of the sun and moon perturbation is also
used. Purple Mountain Observatory also set up a semianalytical method based on the quasi-
mean element method, which contains a more complete mechanical model that transforms
the satellite movement calculation into mean element equations of motion and expression of
the short-period perturbations.
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5.1 Precise orbital calculation method
5.1.1 Orbital parameters optimal estimation method

Orbital parameter estimation is in fact to obtain the best estimation of the orbital parameters
under the premise of obtaining a series of observations. The best estimation can minimize
the difference between the theoretical value calculated from the observed data and mea-
sured values. The most commonly used orbital parameter estimation method is based on
the method of least squares orbit improvements, which are applicable to any dynamic mod-
els. Kalman filtering, batch least squares, least squares estimation with a priori and other
common orbit determination methods are evolved on the basis of the traditional method of
least squares according to different requirements such as timeliness and accuracy.
The dynamic model corresponding to artificial space object motion:
{ X = F(X,t) 5.1
X(t) = Xo

where X is the state quantity to be improved. As for different orbit determination, it has a dif-
ferent meaning. It can be Kepler element of the object o. It also can be position and velocity
vectors and other dynamic parameter vectors Px. Take near-earth-orbit object, for example,
Px is generally ballistic coefficient b+. When the state quantities are considered as position
and velocity vectors:

X =[r, ¥, bx]" (5.2)

Eq. (5.1) is an n-dimensional first-order nonlinear equation. The form of the general solution
can be written as:

X(t) = X(Xo, £) (5.3)

The observation quantity of space object monitoring equipment is a nonlinear function of
the state quantity of the object, represented by the following formula:

Y= ?(Xi, L) +e (5.4)
=GXo, lo, ;) +e;, i=1,....m
where Y; are the actual observation quantities (observations for short, referred to as O),
when t;. G(Xo, to, t;) is the calculation observation quantities (calculations for short, referred
to as C), when the dynamic model is used to calculate #; based on the initial state X,. ¢; is
random noise.
In fact due to the inaccuracy of the initial state X, the calculations and observations do
not match. The difference between the observations and calculations is called “O—C”, or
observation residuals. Orbit improvement is to estimate the optimal value X, of the initial
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state quantity X, through a series of observations, so that the weighted mean square sum of
observation residuals is minimum.
Define the vectors:

Y . G1(Xo, fo, 11)
Y=|: ,  GXo, t,t)= s
Ym Gm(XOa th tm)
&1 W1 0
e=| ], W= . (5.5)
Em 0 Wi,

where W is the weight matrix of m X m order, W; is the weight coefficient of observations
every time. It is supposed that the accuracy of observations is unequal every time, so

Y = G(Xo, fo, £) + € (5.6)

As mentioned earlier, orbit improvement is to minimize the weighted mean square sum
of observation residuals, so

Q==e"e =[Y—G(Xo, to, )] "'W[Y — G(Xo, to, )] (5.7)

is minimum.
To minimize Q, supposed X is the optimal estimation value of X, so

aQ . r o« 0G
= =—2[Y-G(Xo, fp, )] W=—
0Xo |x,=%, Y= GXo. fo. 1) 0Xo |x, =%,

=0 (5.8)
The previous formula includes n nonlinear functions with #» unknown variants. Only an
iterative method can be used, so the process of orbit determination needs to be linearized.
It is assumed that the initial value of the state vector X is relatively close to the optimal
estimation Xy, G(Xo, fy, t) in formula (5.4) is expanded near X, then

Y=G(X,, to, )]+ g_; XO:XS(XO =X!)+e (5.9)
to make
y=Y - G(X, to, 1) (5.10)
x=X, X (5.11)
B :aa_fo (5.12)
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Then formula (5.10) can form a linear system:
y=Bx+e (5.13)

Formula (5.13) is the observation error equation of orbit improvement, also known as
conditional equation.
Based on formula (5.13), conditions to satisfy the optimal estimation are:

—2(y—B,)"WB=0 (5.14)
This solution is:
x = (B"WB) 'B"Wy (5.15)

The formula above is called the normal equation, where, BTWB is called method matrix.
This is the weighted least squares estimation. The whole process is actually carried out itera-
tively. Inverse (B"WB) ' of the method matrix output after convergence is the covariance
matrix of the estimated parameter. Its diagonal element is the variance of the estimated
parameter error.

5.1.2 Numerical integration

There are a lot of methods to solve problems of numerical integration, which consist of the
single-step and multistep methods according to calculation relativity. The single-step method
needs only the value of one dependent variable function to obtain the value of the indepen-
dent variables corresponding to other dependent variables. The multistep process will need
function values of multiple independent variables to obtain the solution. In terms of acceler-
ation calculating times to obtain the same accuracy the multistep method is more effective
than the single-step method. Usually, the single-step method is used in the initial stage of
numerical integration and provides function values of the beginning self-variants for the
multistep method.

The multistep method consist of I and II types according to orders. The I type method is
a first-order integral; the II type method indicates direct resolution to second-order differen-
tial equation. The two methods also consist of the fixed order and step integration and the
variable order and step integration. Different from the method of the fixed order and step
integration, the method of variable order and step integration estimates the local truncation
error on each node and meets the error limits by changing the order and step size to control
the integration error. This means a lot more computation.

This section gives a widely used Runge—Kutta single-step integration method, RK7(8),
which uses nested technique to estimate local truncation error in order to control integration
step. This method can be directly used to solve a motion equation, or as a starter for other
multistep methods. This is a Runge—Kutta method presented by Fehlberg to solve the first-
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order equation V) = f{t,y). This method gives two groups of formula of 7 and 8 orders simul-
taneously. The resulting difference between the two groups of formula is used to estimate
the local truncation error in order to achieve the purpose of control step. So, this is a method
to nest the 7th and 8th order formula.

The 7th-order formula is:

10
I =Yn thY_&fy (5.16)
k=0
The 8th-order formula is:
12
Yni1 =Yn thY_afy (5.17)
k=0
where fy = f(tn, yn)
k—1
fi =f(t,, + oeh, Y +hZﬂkak> k=1,2,...,12) (5.18)
j=0

The constant ¢, cx, o, O j is available in the relevant bibliography; the book will not
repeat them.

Yn+1 is the obtained resolution of the next step. The estimation formula of local trunca-
tion error is:

Tyi1 =Pp41 — Ynt1 (5.19)

Gain by calculation:
T, = 71 + - - (5 20)
n+1 840 (f() flO fll le) .

If the required absolute error limit is ¢, the relative error limit is ¢,, so that:

T, = max Trnr (I (5.21)

I YD+ lya(DI + (5a/5r)

Then there is the measurement value that decides whether integration of this step is to
be rejected or be accepted:

— Tr
(7.5¢;)

My (5.22)

If n, > 1, integration is rejected, otherwise integration is successful.
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The step stretching factor is calculated as follows:

0.9
0.025, 1=

" 0.025

When 7, >1; d= 0.9 _ 09
(ton)'® " 0.025

20, 0= (%)"
When n,=1; d= 0.9 s
' i > (57)

If the next step is h*, then

hx =dh-

5.1.3 Numerical calculation of precise orbit

5.1.3.1 The elements system

The numerical calculation of precise orbit method applies mechanical model for numerical
integration during orbit extrapolation. Since the input parameters of the mechanical model are
instantaneous orbital parameters, the used radical system is close radical. According to the
parameters, elements can be further divided into the position and velocity of the satellite, the
elements of Kepler, the first-category elements without singularities, and the second-category
elements without singularities [5]. Currently the position and velocity are commonly used.
During orbit extrapolation in Section 5.1.1 with position and velocity vector required to be
solved: X = [r, ¥, P«]’, the appropriate mechanical model is used for numerical integration. In
the case that initial orbital parameters are identical to the perturbation parameters, the more
sophisticated the used mechanical model is, the higher the extrapolation accuracy. In accor-
dance with the degree of precision of the selected mechanical model the numerical orbit deter-
mination can be divided into precise orbit determination and simple orbit determination.

5.1.3.2 Method matrix

According to Section 5.1.1, the method matrix B'WB needs to be calculated during the orbital
parameters optimization. Matrix B can be calculated by multiplication of a number of matrixes.
Then B = (Y /&(r, 1)) (&(r, ¥)/6X) .Specific calculation includes the following two steps:

1. Calculating the partial derivative 0Y /d(r, i) related to the position and velocity of
observations:
The partial derivative of velocity and position relative to the range:
op op

_m 9P _
r—R) =0 (5.23)

1
P

—
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where R is radial direction vector of the station.
The partial derivative of velocity and position relative to the range rate:

op 1

. T .
—[(i‘—R)—B(r—R)} % _ L pyr (5.24)
o p p

The partial derivative of velocity and position relative to the azimuth:

0A 0A
p COS Ea = (a1, ap, az)” Foi 0 (5.25)

where

a; = —sin S cos A + cos S sin B sin A
a, = cos S cos A + sin S sin B sin A

as = —cos Bsin A

The partial derivative of velocity and position relative to the angle of pitch:

OF O
P =(enene)’ =0 (5.26)

where

e; = cos S cos Bcos E + sin S sin E sin A + cos S sin B sin E cos A
e, =sin S cos B cos E — cos S sin E sin A + sin S sin B sin E cos A
e3 =sin B cos E — cos B sin E cos A

B and S appearing in the above formulas are the latitude of stations and local sidereal
time, respectively.
2. The variational equation is used to calculate the state transition matrix ®().

In orbit improvement process the partial derivative of the current state relative to
the initial state vector needs to be used. As for numerical methods, while equations of
motion are integrated, the variational equation is integrated to obtain the partial deriva-
tive that constitutes the state transition matrix. On both sides of Eq. (5.1), the partial
derivative of the argument vector is sought to obtain the second-order linear ordinary
differential equations:

Y = A(H)Y + B(H)Y + C(1) (5.27)

This equation is called variational equation, where A(t), B(t), and C(t) are the function of
t,r,t and Px, obtained simultaneously while calculating perturbation acceleration. Solutions
of variational equations became the state transition matrix.
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or.
oP
(1) =
or’
oP dexi
Integration of equations of motion and variation can be performed simultaneously, for

example, Y, Y,, and Y3 are used to express three row vectors of Y, respectively, namely
T T o . T
Y=(r ,¥1,Y2, Y5, 1" ,Y1,Y5,Y3)

So the two equations are combined into the following initial value problem of second-
order ordinary differential equations

¥ =flt.y. ") (5.28)
t=to, yo=yto), ¥ =yV(ty) (5.29)

To solve the problem is to obtain y(t), y(t) corresponding to t based on ty, y(ty), ¥V (ty)
according to Eq. (5.28).

5.1.3.3 Dynamical modeling strateqy

A key factor affecting orbit determination precision is the theoretical observations precision. The
accuracy of the theoretical observation depends on the precision of the mechanical model.
Mechanical models used for precise orbit determination include 70 X 70 order Earth gravity
model, a three-dimensional model of the atmosphere, sunlight pressure model (cone model of
earth shadow), the gravitational model of the third body such as the Sun and Moon, the model
of sea and solid tide and general relativity effects model. Table 5—1 describes the magnitude of
each perturbation of the LEO spacecraft:

Table 5-1 Magnitude comparison of each main perturbation.

Perturbation Magnitude Remarks

Earth gravity field J, items 1073 -

Earth gravity field J3, J, items 107 -

Atmospheric drag 107%1074 Area-to-mass ratio 0.002 m%/kg

Area-to-mass ratio 0.2 m?/kg
(the height is about 200 km)

Solar gravity 0.6x1077 -
Moon’s gravity 1.2%x 1077 -
Sunlight pressure 0.6x1078 Equivalent area-to-mass ratio 0.05
Solar radiation pressure reflection coefficient 0.5
Perturbation of Earth and ocean tide 1078 -
Deformation perturbation owing to Earth rotation ~ 107""—107"°

Effects of general relativity 107"-107° -
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5.2 Cataloged orbit calculation method
5.2.1 Simple numerical method (simplified dynamic model)

Orbital parameters optimal estimation method used by simple numerical orbit determination
is the same as the method used by precise orbit determination. The dynamic model used by
the two is different. Based on the current level of research and engineering, the orbit pertur-
bation model calculations can be very easily considered as the magnitude 10~° by general
numerical integration method. It is difficult for the analytical calculation to consider the per-
turbation magnitude of 107%. The simple numerical method simplifies the dynamic models
at the expense of the orbit accuracy in order to improve computational efficiency.
Mechanical models used for LEO spacecraft include 16 X 16 order Earth gravity field model;
two-dimensional atmospheric model (such as Harris—Priester), and Sun/moon gravity
model (for high-orbit object, there are also sunlight pressure models). Comparison of the
models used by the simple numerical method and the precision orbital calculation method
respectively is shown in Table 5—2. The parameter estimation and orbit extrapolation used
by the simple numerical method and the precise orbital calculation method are basically the
same.

5.2.2 Cataloging orbit calculation with two-line element

5.2.2.1 The US cataloging system

Since 1957, North American Air Defense Command (NORAD) has developed an analytical
model of orbit prediction, which is combined with observations of the US Global
Observation Network (SSN) to generate the world’s largest space object catalog database and
published it in the form of TLE (two-line element). Since 1980, the US Department of
Defense (DOD) announced a mathematical model of SGP4/SDP4 model and the

Table 5-2 Comparison of perturbation models used by the simple numerical method
and the precise orbital calculation method.

Precise orbital calculation

Perturbation Simple numerical method method
Earth’s gravitational field 16 X 16 order 70 X 70 order
Atmospheric drag Two-dimensional atmospheric Three-dimensional atmospheric

model model

Harris—Priester; index model (MSISE-90, etc.)
Solar gravity Considered Considered
Moon'’s gravity Considered Considered
Sunlight pressure Considered Considered
Perturbation of Earth and ocean tide Not considered Considered
Deformation perturbation owing to Earth Not considered Considered
rotation

Effects of general relativity Not considered Considered
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corresponding FORTRAN code, the program code is constantly amended in actual use, and
there have been many versions. In 2006 Vallado et al. summarized all versions and offers the
latest program code which is fully compatible with the US DOD.

The SGP model, established by Hilton and Kuhlman in 1966, is mainly used for near
Earth objects. The gravitational field model mainly used the research work of Kozai
Yoshihide (1959), which considers the effect of atmosphere on flat orbit as effect of relative
time linear varieties.

Developed in 1970, SGP4 is mainly used for near Earth objects. It is the simplified model
of the analytical theory presented by Ryan and Cranford in 1969. SGP4 uses gravitational
field model proposed by Brouwer in 1959. The atmospheric model used the power density
function. The difference between the SGP and SGP4 is the different presentation of the aver-
age velocity and resistance.

SDP4 is an extension of SGP4, which is used for deep-space orbit calculation. Due to
great gravitational effects of the moon and sun on half-day and 1-day period orbits, SDP4
considers the influence of the moon and sun gravitation as well as Earth on certain sectoral
and tesseral harmonics. It mainly includes gravity potential /,—/, and recovers the short-
period portion of the first-order J, of O(e,). Added to half-day and 1-day numerical integra-
tion resonance term, it can approximately indicate the effects of the sun and moon particle
(P2).

The SGP8 model is used for near-Earth satellites and is obtained by the simplification of
an extensive analytical theory of Hoots that uses the same gravitational and atmospheric
models as Lane and Cranford did but integrates the differential equations in a much different
manner.

Finally, the SDP8 model is an extension of SGP8 to be used for deep-space satellites. The
deep-space effects are modeled in SDP8 with the same equations used in SDP4.

5.2.2.2 The US two-line elements
The US space object surveillance network generates TLEs based on SGP4/SDP4 model and
issues them to the public. Table 5—3 gives definition of US TLEs.

In the following take Dongfanghong-1, for example, one set of TLEs are listed:

0 DFH-1
1 04382U 70034A 15330.85908916 -.00000006 00000-0 12806-4 0 9997
204 382 68.4228 300.9240 185.4409 173.4391 13.06972537141074 1055939

As can be seen from the above two lines of elements, TLEs usually include three lines of
elements. The serial number of the first line is zero, indicating that the object is
Dongfanghong-1, named DFH-1 in the US cataloging database. The serial number of the sec-
ond line is one, which shows that the epoch corresponding to the TLEs is the 330th day of
2015. Unit of .85908916 is day. It is the time from the current epoch to zero of the 330th day
in 2015. The serial number of the third line is two, which shows the orbital inclination,
RAAN, eccentricity, perigee anomaly, and mean anomaly. It should be noted the directly
readout orbital element is the mean element under the TEME coordinate system. The SGP4/
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Table 5-3 Definition of the US TLEs.
No. Column Meaning Instructions and notes
0.1 01 Object name Character string containing up to 24 characters
1.1 01 Line number The value is 1
1.2 03-07 Satellite catalog number Expressed with five decimal numbers, up to 99,999 objects
can be cataloged
1.3 08 Satellite security category U represents a nonsecret object, S represents the secret one
identification (TLEs of the secret object are private)
1.4 10—-11 International designator of satellite Year of launch is expressed with two decimal numbers, for
example, 03 represents 2003
1.5 12-14 Serial number of the launch is expressed with three decimal
numbers, for example, 111 represents the 111th launch of
the same year
1.6 15-17 The sequence of object generated in the launch of this time is
expressed with characters, for example, C represents the
third object generated in this launch
1.7 19-20 Epoch date Year is expressed with two decimal numbers, for example, 03
represents 2003
1.8 21-32 The number of days (day of the year), eight significant digits
are saved after the decimal point (accurate to 1 ms)
1.9 34-43 The first-order variation rate of mean The unit is pass/day?
motion(1/2)
1.10 45-52 The second-order variation rate of The unit is pass/day?, the first 6 bits are the fractional part,
mean motion(1/6) and last 2 bits are exponential parts. For instance,
—12,345 — 6 represents —0.12345 X 107
1.11 54—61 The ballistic coefficient denoting The unit is the reciprocal of the Earth’s equatorial radius, with
atmospheric drag is B*(=0.5¢,5/ the same representation as 1.10
Mpo)
1.12 63 Orbit determination model type Internal use, now set to 0, with SGP4 and SDP4
1.13 65—-68 Element groups
1.14 69 Check digit
2.1 01 Line number The value is 2
2.2 03-07 Satellite catalog number The same as 1.2
2.3 09-16 Orbital inclination Unit: degrees, four digits after the decimal point
2.4 18-25 Orbit RAAN Unit: degrees, four digits after the decimal point
2.5 27-33 Orbital eccentricity Decimal (1234567 represents 0.1234567), seven significant
digits
2.6 35-42 Perigee argument Unit: degrees, four digits after the decimal point
2.7 44-51 Mean anomaly Unit: degrees, four digits after the decimal point
2.8 53-63 Mean velocity Unit: pass/day
2.9 64-68 Passes relative to the epoch Unit: pass, the first pass indicates that the satellite passes
through RAAN for the first time
2.10 69 Check digit

RAAN, Right ascension of the ascending node; TLE, two-line elements.
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SDP4 models need to be used for converting it into the instantaneous position and speed
under TEME coordinate system. The United States also issued various algorithms of SGP4/
SDP4 model via the Internet. If the position and speed of other coordinate systems (such as
J2000.0) need to be obtained, refer to Chapter 2, Basics of orbital calculation for spacecraft
collision avoidance.

5.2.2.3 Orbital principle of SGP4 model

The orbit element input by SGP4 is TLE. Orbital eccentricity, orbital inclination, RAAN, peri-
gee anomaly, and mean anomaly given in TLE are the initial average elements, but the initial
average element of the semimajor axis is not given directly in TLE. Before the SGP4 model is
used for orbit prediction, we first need to perform a series of calculation of TLE element
characterizing angular movement of mean motion in order to obtain the initial average ele-
ments of orbit semimajor axis [94]:

a; =ny 2P (5.30)

= Z%% (5.31)

ay=a (1 - %61 -6 - %62) (5.32)
§o = Z%Li; D) (5.33)

ny = 127050 (5.34)

a = < f"éo (5.35)

where 6 = cos i, 5 = (1—egz)1/ ?_ Variables of the above formulas have been normalized. In

other words the unit of length is the Earth’s equatorial reference ellipsoid average radius ag,
the mass unit is the mass of Earth Mg, time unit is (a% / GME)I/ 2, and G is Newtonian gravita-
tional constant.

After obtaining the value of a; the next step is to calculate parameters involved in the
solution of the atmospheric perturbation. First we need to determine the s value of the
atmospheric density model expressions based on perigee altitude. When the orbit altitude at
perigee h, is more than 156km, s=1.01222928; when 98km <h, <156 km,
sx =ag(l—ej) —s+1is used to replace s; when h, =98 km, s* =20/6378.135 + 1 is used
to replace s. Once the value of s is obtained, other factors in the solution of the atmospheric
perturbation need to be calculated, such as the value of C;, Cs, Cy, Cs, D2, D3, Dy, &, .

Next the satellite position and velocity vector at the time of #, which is obtained from
propagation of the initial mean element at the time of £, is to be calculated.
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1. Based on the major zonal harmonic terms, the perturbation in long term is calculated
from the initial mean element, the mean element I, gpp, A of angle variable at the
time of ¢ is obtained (atmosphere drag effects is not considered). Angle variables are
defined as follows:

I=M
g=w (5.36)
h=0Q
. 3J,(—1+3cos i”) | 3J2(13 — 78cos %" + 137cos i) y
I'=hH+ |1+ AL G + AL G X ny(t — ty) (5.37)
, 3J,(1—5c0s2i”)  3J2(7—114cos?i” +395cos*i") 15]4(3 —36c0s?i” +49cos*i’)
g =g+ |- 2 . 4202 : _ 194 - X g (t—to)
4G 64G"8 32G
(5.38)
p 3J,cosi”)  3J2(4—19cos?i" 15],cosi”(3 —7cos?i"
W' =hy+ |— /2 ) 3¢ )__15 ( ) X (t—to) (5.39)

2G4 8G"8 16G"®

2. The analysis solution of atmosphere drag perturbation is calculated to obtain the mean
element of orbital variables at the time of ¢ with the atmospheric drag perturbation
considered:

a’ = aj[1—Cy(t—ty) — Da(t—ty)* — D3(t — t9)> — Da(t — o) *T* (5.40)

3
1=l + | 5 Cult—1o)” + (D2 +2C]) (o)’

1
+ Z(3D3 +12C, Dy + 10C3)(t —t)*

1
+ £ (3Ds +12G1Ds + 6D% +30C2D, + 15C)(t— 1)’ (5.41)
+68lp

2
8lp = — = (do—35)" B * £ —— [(1+cos Ijy)* — (1—ncos )°]

3 €7
+ B x Cscos gj(t — ty)

8" =8&or —0lp (5.42)

21 ngJocos i’

"o 4 —_ 2
h" = hpy n 7“62 z CGi(t—1) (5.43)

€’ = ey — B Cy(t — ty) — B * Cs[sin (I + 6lp) — sin [j] (5.44)
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=1 (5.45)
where
6= cos i,
1
5 = "o
ag—s
n=age;é

B=(1-e)?

3
Cy,=(q0 — s)/§4ng(l —772)7/2 ag| 1+ Enz + 4eyn + eqi

43 J2€ 1 3, 2 4
—>+ 20| (8+2407 +3
4(1_2) 575 ( 7 +31°)
C]ZB*CZ
_ 2(go—s) Jsngsin iy
Cy=— T Z 07"
)25

1 1
Cy = 2n(go — ) ¥ ay (1 )’/Z{ [2n(1 e+ 56+ 5 ]

]25 _ 2 § 1 /7,3
//(1 o {3(1 360 )<1 + 27] —2epn — 5ol

+ Z(l —0%)2n* — en — ejn’)cos 2g) ]}

[SIEN

- 11
Cs = 2q0—9)"€ ay (1 —1P) {1 + ot ep) + e 3}

D, = 4a”§C2
Ds = —ay&¥(17ay + S)C3

2
D, = §a;;gS(zzm’o’ +319)C;

When the perigee altitude is less than 220 km, the above equation is simplified as:

a _610[1 C](t tg)] (546)

u " 3

=I5+ - n0C1(t t) (5.47)
g =g (5.48)
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21 ngJocos i’

W =i, — = 2008 o g2 (5.49)
4 “ozﬁg

€' =ey— B Cy(t —ty) (5.50)

=i (5.51)

3. Orbit variables ¢’ are calculated which take into account the long-period items.

oo _GXG
l L”Ze//
ad=a
=7
14 +g/ +H =V +g// +H + (ll +g+ hl) (552)
_ Jgsind’ wms”3+w
4fa’(1 — €'?) § 1+6
W=n
ecos g = (e’ +e)cos g’ —€'g sin g'’ =¢"cos g’
ésin g =(e’ +e)sin g’ —e’g cos g’ =¢€’sin g’ — % (5.53)
The generalized Kepler equation is solved
(E+g)—[(I' +g +H)—h']1=¢cos g'sin (E' +g')— €sin g'cos (E' +g) (5.54)

Newton iteration method can be used to solve (E’ + g').
4. The instantaneous orbital parameters are calculated which takes into account the short-
period items.

The instantaneous value of the orbit element is obtained, and then the satellite position
and velocity at time ¢ are obtained based on the instantaneous value of the orbit elements.
In this process the true anomaly needs to be obtained through solving the Kepler equation.
The SGP4 model eliminates solving the Kepler equation through variable conversion in order
to reduce computation (Hoots, 1981). The following is the conversion process from the old
variables to the new variables:

Old variables: a’,i',€'cos g',€e'sin g',I' +g +h W

New variables: v, +r'f , i, I, u

r=da(1—¢€cos E)
!

¥ =—¢sin E
r/

L'v/1—¢?

r/

(5.55)
rf =
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=1

W=n ) , (5 56)
sin u .
W =arctan| —— |, u' =f+
(cos 174 ) fte

The variables used in above conversion are calculated as follows:

écos E =(€cos g')cos (E' +g')+ (¢sing’)sin (E' +g')

esin E' = (¢cos g')sin (E' +g') + (¢/sing’) cos (E' +g') (5.57)

e = \/(e’cos E'? + (¢'sin E')? (5.58)

/

.y inE
cosu = % |:COS (E/ +g/) — écos g/ + (e’smg)(e’sm ):|

1++4/1—¢2
(¢cos g')(€'sin E’)} (5.59)
1++1-e?

/

a
sinu = — {sin (E'+g)—ésin g +
r

The short-period main harmonic items are calculated as follows:

or = @e sin f'l; + r as—dacosf e
,—1 — 2 sT g% s
3
= %(1 — cos 2i')cos 2u — i]—/zz(Scos 2 —Dr
P p

(5.60)
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orf = — En’@(;)tk + Wi (7)(cosf’ — € + €cos 3f")e;

51 = sin f'as + n’a/e/cosf/(%,')zls =0
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—naésinf (%) Is
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2p
3

[(1 — cos 2i)cos 2u — g(l — 3cos 2i)}
(5.61)
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bi=1i5= ——cos i'sin 2u/
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Up to now, the instantaneous value of the following six elements at time ¢ can be
obtained:

r=r +or
F=r

f=rf +&0rf)
i=i+6i
h=n+6h
u=u +oéu

(5.62)

Therefore the position and velocity vector of space objects at time ¢ can be calculated:

r=ruU

o ; (5.63)
r=iU+ (f)V
where
U=Msinu+Ncosu
_ (5.64)
V=Mcosu—Nsinu
—sin h cos i cos h
M= | sin hcosi , N=|sinh (5.65)
sin i 0

5.2.2.4 Orbit determination based on SGP4 model

TLEs are a set of radicals generated by NORAD based on the general perturbation theory to
forecast the position and velocity of space objects. TLEs issued now are generated with SGP4
or SDP4. The US SSN regularly updates the TLEs of space objects but does not issue the
algorithm to determine TLEs. A set of orbit determination methods based on SGP4 model is
provided here. In this section the SDP4/SGP4 model of TLE is analyzed; orbit determination
method based on the SDP4/SGP4 Models is proposed combining with least squares orbit
determination method.

Orbit determination methods based on SGP4 model, and the mean elements catalog-
ing method to be introduced in the next section, are similar to the precise orbit calcula-
tion method in parameter estimation. The main difference between the models includes
calculation of the partial derivative matrix in addition to the different extrapolated orbit
model. The state vector X based on SGP4 model include the six orbit element oand the
trajectory coefficient B*, so B= (0Y/d(r,¥))(d(r,¥)/60)(00/0X). How to calculate
o(r,¥)/0c and 0o /0X = 0o /0(ory, Bx) will be expatiated in the following:
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1. To calculate the partial derivative o(r, r)/0o; of the position and velocity relative to the six
Kepler elements,

or 1 or or Z o~
—=-r, —=Hr+Kr, —=——R
da a i sini
5.66)
or or or 1 (
7= (= Z —RX = T
0 (= yx0), ro3 ot
or 1 or , , or Z
—=——r, —=Hr+Kr, —=-—R
oa 2a oe i sini
5.67)
or .. or 0 a\3 (
6—92(—ny), aZRXl‘, B =—n(;) r
where
a sin E r
H=——(cosE+e), = (1 + —) (5.68)
p n p
in E
o= yasn [1 -4 (1 + E)], K =2cosE (5.69)
p T r r p
~ 1 .
R= —p(r><r) (5.70)

where p = a(1 — ).
2. To calculate the State transition matrix do /0o,

Take the SGP4 model, for example, long-term or long-period changes of the orbit ele-
ments are (parameters of the equations refer to related documentation):

3ky(— 1 + 36%) N 3k3(13 — 786* + 1376%)
2a,2 3 16a,* 3]

Mpp =M, + [1 + }n;;(t — 1) (5.71)

3ky(1 —56%)  3k2(7 — 1146 +3950")  5k,(3 — 366% + 496%)|
wpp =wp + | — 2 e ) 2( — ) 4 Skl — ) ny(t — to) (5.72)
2ay° 3, 16a,* 3, 4a,' 3,
3k,0  3k2(40—196°)  5k40(3 —76%)| .
Qpp=Qo+ |~ + 2( s ), Sk (//4 . ) ny(t — to) (5.73)
ay’ B, 2a,* By 2ay* B,
e=ey — B Cy(t — tp) — B * C5(sin My — sin M) (5.74)

a= ay[1—Ci(t—ty)—Da(t—ty)* — Ds(t —ty)* — Da(t —tp)*]* (5.75)
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For the model SDP4, formulas (5.74) and (5.75) are simplified as:
e=ey— Bx Cy(t — 1) (5.76)
a=dj[1-Cy(t—t) (5.77)
Thus it can be obtained that:

oa Oa oOa Oa Oa oOa Oa
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oi o0i 0i 0i Oi ﬁ Oi
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oo o2 o2 o2 o2 o2 o2 oOf2

o=l % & @ a a o
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da de 0 00 dw M 0OBx
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Oa Oe 0i 02 3, oM 0Bx (5.78)
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where

oa .
3B = 21— Gt~ 1) — Dy(t—19)* — Ds(t—19)° — Da(t—1o)"] [ — Ca(t — to)

—2D,C,/Ci(t—t9)* = 3D3Cy/Ci(t—19)* — 4D4Co / Ci(t— )]
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a% = — Cy(t — ty) — Cs(sin My, — sin Mp)
% =- ;Z(l)(t_ o)
Z—Z =— %(t_ fo)wi
o —Z—Z‘l’(t— )My

5.2.3 The mean elements cataloging orbit calculation method

According to Chapter 2, Basics of orbital calculation for spacecraft collision avoidance, if the
equation of orbit motion only considers the two-body problem, it can be solved directly to
get six orbital elements. However, as described in Chapter 4, Space environment and object
orbit, space objects are affected by various perturbations in real circumstances, the equation
of motion performs as the perturbed two-body problem. As for the solution of perturbed
two-body problem, the classical perturbation method was used to find solution of a small
parameter power series. Since the orbit period around the Earth is shorter, the convergence
range of power series of the solution is large. As for perturbation equation of artificial celes-
tial body, an improved perturbation method was proposed by Kozai. The so-called mean ele-
ment method is a series expansion method that is deployed near the mean element o* or
average element . This method uses the orbit elements as the basic variables to more
clearly reflect the geometry state of the orbit. Different from the classical perturbation
method, it divides perturbation terms into long-term, long-period, and short-period items.
Since the generated small parameter power series solution is the expansion of power series
based on consideration of the long-term mean elements, forecast accuracy and stability of
long arc is higher relatively to the classical perturbation method [4]. A small law denominator
phenomenon will appear in perturbation items of the mean elements method. As for the
problem that singularities will happen to small e or i orbit, Liu Lin proposed the quasimean
elements method, making long-period items with slow changes being saved in the mean ele-
ments, avoiding that problems happen to the long-period item of elements. It is proved that
the quasimean elements method will not bring loss of accuracy [94].

5.2.3.1 Orbit extrapolation
5.2.3.1.1 The mean element method
The perturbation motion equation in the form of element can be expressed as:

d .
d—‘t’ —fo(a@) + Z Fio.t,c% (5.79)
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o = (aei2wM)",f, = dn,§ = (000001)" (5.80)

where f is part of the equation of motion with no perturbation. f; is part of the equation of
motion with perturbation and the magnitude is O(si). As for the Earth satellite, the magni-
tude of € and the nonspherical second-order harmonics is the same.

The mean element at any time is defined as:

a(1) =(h) + ot — ) + »_ oi(t — ) (5.81)

o(to) = o(to) — [0 (to) + -+ + oi(to)] (5.82)

where &(f) is the original mean element.
Taylor expansion is performed on the right function of perturbation motion equation at
the mean element of the time t.

— 1
d ) 2 (1) (1)
_t[a(t)+0§ +O’§)+~~~+Jl +Jl +}

182
A +a® + gV + 0 + } SR . ORI RN (5.83)

_ ofo
=h@+ 5, [ 2 ba?

6
I}
+ -+ (T, 1¢) +Z£[U§”+...+a§”+-.-]j R AT R
i=1 J

The right functions of equations of perturbation motion can be divided into three differ-
ent types: secular item f.(o,t "), long-period item f,(co,t,¢'), and short-period item
fi(o,t, '), wherein ¢, I, and s, represent, respectively, secular-term item, long-period item,
and short-period item.

The power and nature of each item on both sides of the equation are compared to get:

To(t) =Ty + 6t — 1y) (5.84)

ot —t) = Lt (f1o)z +dt (5.85)

al(t) = L [J%agh + fh] Edt (5.86)

oot — o) = Jt [;62;21 my 24 (iaf o) ) +sz] 7dt (5.87)

o V(t) = L [ gz ) 4 6%% N2+ (jzﬁ;% (Ugn +a§”>j> l+f21} 7dt (5.88)
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on 18°n, 2 b of .
o0 = [s%a@ SO Gy (za— (02 +0f) ) 41| (5.89)
j=1 s -
The mean elements method, which considers main zonal harmonic terms of the Earth
nonspherical gravitational perturbations, can be used to get variation or the right ascension

) and the argument of perigee w. The formula of the first-order secular term is:

A
Q) =- —;n cos i (5.90)
p
A 5
wy = —;n cos i(z— 7sin2i) (5.91)
p 2

where A, = (3/2)/2, J» = 1.082636 X 103, the orbit elements involved in the formula are the
mean elements.

5.2.3.1.2 The quasimean element method

Since the integral function contains the factor cos w, during the process of obtaining long-
period item by integration, the long-term variability of the argument of perigee in the results
of integration will appear in the denominator sin w/w;. When w; — 0, the singularity prob-
lem (normally agreed singularity) will be caused, and now i — 63°26" or i — 116°34/, which
is also called critical inclination. The mean element method needs to be adjusted in some
degree in order to solve the critical inclination problem, and the quasimean element method
is used to construct the perturbation analysis solution to eliminate the agreed singularity
caused by small denominators. The mean element method, as described above, selects the
mean element at the time ¢ as a reference solution for the Taylor expansion of right function
of the perturbing motion equations, while the quasimean element method selects the quasi-
mean element at the time ¢ as a reference solution for the Taylor expansion of right function
of the perturbing motion equations. Here the quasimean element is defined as:

7(t) =700 + o.(t) + AdtV (@) + - (5.92)
where
oc(t) = o1(t —to) + oa(t — o) + - (5.93)
Ao V(1) = /(1) = 1 V(t0) (5.94)
7O) =7 + 0T (t — ) (5.95)

7o =00 — [0V(ts) + 0P(tg) + -] (5.96)



Chapter 5 * Spacecraft collision warning orbit calculation method 145

It can be seen from definition of the quasimean element that the long-period items of the
mean element method will appear in the form of long-period changing items, namely,
Ao/ V() = o/ V() — o/ V(t)). When normally agreed singularities appear in the orbital
motion, even if o,/ (t) and o, V(f,) fail at the same time, the impact on the long-period
changing items is only limited. And because only the short-period items of the right function
of the perturbing equations of motion are expanded, the normally agreed singularities will
not result in ineffectiveness of the quasimean element method.

The perturbation equations of motion (5.79) are expanded at the quasimean element of
time ¢ to get:

% [@(t) + o) + P + -] =
0
Pa

167, 2
1 2 0 1
f@+ == §>+a§>+...}+§—aa2 [@PV+ ]+ (5.97)

6
fl(E,t,s)+Z%[agl)(t)+m]j+ o+ (T, 1) +
=199

The items with the same power and nature on both sides of the equation are compared:

ot
a<°>(t):ﬁo+J éndt =ao + 67t — to) (5.98)
)
t
o1(t —ty) = J (fic)zdt (5.99)
to
W= [ 597 M
o )= | |0 —a,’ +f| dt (5.100)
L da =

t 6
oot —to) = J [;52'2 &) (Zai &) ) +f20} (5.101)

(* 1an b of,
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@(p) = oy alV) “L(oM) ] + de 5.103
o 2(1) u‘saa“s 526 5 <§ 30, (of > f2$:| ( )

o

The related orbit elements are all quasimean elements.

Compared with the formula given by the mean element method, only the integral expres-
sion of the long-period changing items disaccords with the mean element method. In fact,
although the first-order secular integral formula of the mean element method is similar in
the form to the one of the quasimean element method, the first and 0-order secular terms
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constructed by the two methods are also different. Thus the difference of the long-period
items between the two methods is compensated by the secular items. The remaining differ-
ence exists in the third order, which can be accepted in the case that integration time is not
long.

5.2.3.2 State transition matrix

Generally speaking, the calculation of state transition matrix is realized by directly obtaining
partial derivative of the state differential equations, which is &(%, t) = (6X /8X0). Since its
role in determining the orbit is to provide the coefficients of the correction quantity X,
obtained during iterative process, the coefficients will only affect the speed of convergence of
the iteration but generally will not affect the accuracy of the results of convergence. Thus the
state transition matrix of two-body problem is generally adopted when the mean element
method is used for orbit determination, namely,

r 0000 0]

0 10000

0 0100 0

do _ o 00100

doo 19 00010
3 |GM

“21ZZ 000 0 1
24| a®

where o is the mean or quasimean element.

5.2.4 Precision analysis

Orbit precision of space objects directly affects the success rate of spacecraft surveillance and
confidence of spacecraft collision warning risk analysis. Factors affecting orbit precision
mainly include orbit measurement data quality and orbital calculation method. The orbit
measurement data and orbital calculation method together determine the initial orbit accu-
racy. This section focuses on influence of the orbital calculation method on orbit accuracy in
the case that orbit measurement data are error-free. Second, the error characteristics of the
space objects cataloging orbit have been elaborated, the relationship between the orbit error
in different forms, and the propagation with time are described in detail.

5.2.4.1 Simple numerical method accuracy analysis

According to Section 5.2.1, the simple numerical method and the precise orbit calculation
method differ mainly in the perturbation model. As for nearly circular orbit with different
altitude, the two methods are used for orbit prediction, respectively, and compared in the
case that initial orbit is the same. Table 5—4 lists statistics of the orbit prediction accuracy
based on two kinds of model strategy of orbit determination.



Table 5-4 Relatively precise orbit prediction accuracy with the simple numerical method.
Orbit

. 300 km 500 km 800 km
altitude
Time Time Time
Simple Differences Simple Simple
Days for  Differences numerical Precise orbit of numerical Precise orbit Differences numerical Precise orbit

prediction of accuracy (m) method (s) determination (s) accuracy (m) method (s) determination (s) of accuracy (m) method (s) determination (s)

1 day 300 0.7 14 200 0.7 1.3 100 0.7 1.4
3 days 800 500 2 4 300
7 days 1700 4 8 1200 - 8 1000 4 8

N
N
N
N
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According to Table 5—4, prediction error between the simple numerical method and pre-
cise orbit determination method is within 500 m for 1 day, 1 km for 3 days, and 2 km for 7
days. Prediction accuracy with the simple numerical methods can meet with the object guide
requirements of subsequent week and object catalog needs, greatly reducing the computing
complexity and machine-hour. But as for the collision warning, precise orbit determination
strategy is needed to meet the requirements of a low false alarm rate, which will be reflected
in Chapter 6, Spacecraft collision warning and avoidance strategy.

5.2.4.2 The US cataloging precision analysis

SGP4/SDP4 model can be adapted to objects with various types of orbits, which can be
divided into LEO (orbital altitude is less than 5000 km, e<0.1), semisynchronous orbit
(about 20,000 km), geostationary orbit (36,000 km around), and elliptical orbit (e>0.1)
according to orbital altitude and eccentricity [96]. Precision analytical approach is as follows:
the precision orbit prediction model is used for orbit prediction; the predicted position and
velocity are used as analog observations; and precise orbit is used to calibrate precision after
SGP4/SDP4 model is used for orbit calculation. Analog data take a point every 2 minutes,
which are the whole-arc observations. The orbit of an object, whose altitude at perigee is
less than 1500 km, is predicted for 3 + 7 days. Data for the first 3 days are used for orbit
determination; data for the last 7 days are compared to the orbit predicted by the model.
The orbit of an object, whose altitude at perigee is more than 1500 km, is predicted for
10 + 30 days.

Orbit determination method described in Section 5.2.2 is used for orbit determination;
and SGP4/SDP4 models are used for prediction. The orbit predicted by precise orbit predic-
tion software is taken as normal orbit, and the predicted and normal orbits are compared.
Suppose the number of observation data is k, positional deviation between the predicted

and normal orbits is y;, then
U
== 5.104
o \/; , ( )

k
U="> Wy (5.105)
=1

Prediction accuracy is the maximum deviation of the position between the predicted and
normal orbits within the prediction period. According to the statistics of various orbits, the
formula of orbit determination accuracy range for different space objects is given, as well as
prediction error of different space objects for n days.

1. Nearly circular LEO object
When the orbit altitude is less than or equal to 1600 km, orbit determination accuracy
is 0.3—1 km; when orbital altitude is more than 1600 km, orbit determination accuracy is
0.25—0.4 km.
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Table 5-5 LEO object classification.
Types of orbits A B C D

Orbit altitude (km) h, <400 400 = hp <600 600 = hp < 1200 hp=1200

Table 5-6 LEO objects prediction accuracy (F19.7 = 100).

Orbit error (km)
Types of orbits Prediction for 1 day Prediction for 3 days Prediction for 7 days
A 10 40 300
B 7 30 200
C 6 15 70
D 2 10 10

Orbit prediction accuracy of LEO objects is highly relevant to the orbit altitude. LEO
objects are divided into four categories based on the experience, as shown in Table 5—5.
Table 5—6 lists the prediction accuracy of LEO objects.

It can be concluded from the earlier.

a. If the SGP4/SDP4 models are used for processing LEO objects, orbit determination
accuracy is within 100 m. Orbit prediction accuracy is highly relevant to the orbit
altitude; the lower the altitude, the worse the orbit determination accuracy.

b. The position error of LEO objects predicted for 3 days is less than 40 km.

2. Nearly circular high-altitude objects

Nearly circular high-altitude objects are mainly in semisynchronous and geostationary
orbits. The orbit with altitude between 18,500 and 21,500 km is classified as
semigeosynchronous orbit, and the orbit with altitude between 33,000 and 38,000 km is
classified as geosynchronous orbit.

According to the statistics, orbit determination precision for semisynchronous objects
is between 0.4 and 1.5 km, and orbit determination precision for synchronous objects is
between 1.5 and 3.2 km. With the increasing of the orbit altitude, orbit determination
error is increasing. Orbit determination error of synchronous objects is more than the
one of semisynchronous objects. Prediction error of geosynchronous objects for 15 days
does not exceed 40 km nor does semisynchronous objects for 30 days.

3. The elliptical objects

Orbit determination precision of the elliptical objects is not associated with the altitude at
perigee, but is highly relevant to the eccentricity. The greater the eccentricity, the greater is
the orbit determination error. Given the eccentricity is e, orbit determination precision of the
elliptical objects decreases with increasing eccentricity, in particular.
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Table 5-7 Elliptical objects classification.
Types of orbits A B C D

Orbit altitude at perigee (km) hp <400 400 = h, <600 600 =h, <1200 hp=1200

Table 5-8 Elliptical objects prediction accuracy.

Orbit error (km)
Types of orbits Prediction for 1 day Prediction for 3 day Prediction for 7 day
A 20 100 500
B 20 100 200
C 20 100 150
D 20 40 50

When 0.1 <e=0.6, the orbit determination error is less than 5 km; when 0.6 <e=0.8,
the error is less than 10 km; and when e > 0.8, the error is greater than 10 km.Orbit determi-
nation accuracy is within 10 km.

Orbit prediction precision of the elliptical objects is not associated with the eccentricity
but is highly relevant to the altitude at perigee. The elliptical objects are divided into four
categories according to orbit altitude at perigee based on experience, as shown in Table 5—7.

Table 5—8 shows the maximum position prediction error of various orbit objects for n
days.

It can be concluded that position prediction error of elliptical objects is less than 20 km
for 1 day and less than 100 km for 3 days. Orbit prediction precision of the elliptical objects
is highly relevant to the altitude at perigee. The lower the altitude at perigee, the greater is
the prediction error.

5.2.4.3 Precision analysis with the mean element method

This section mainly describes the orbit determination and prediction accuracy with the qua-
simean element method. Same as Section 5.2.2, precise orbit data are used as observations
in order to eliminate error caused by the observation data. Mechanical model and orbit alti-
tude classification used for precise orbit calculation is also the same as Section 5.2.4. Owing
to the low orbit of objects whose altitude is less than 400 km, precise orbit for 1 day is used
for orbit determination. As for GEO objects, precise orbit for 7 days is used for orbit determi-
nation. As for other objects in various orbits, precise orbit for 3 days is used for orbit
determination.

1. Nearly circular LEO object
Orbit determination accuracy of nearly circular LEO objects is relevant to the altitude.
When the altitude is less than 400 km, the orbit determination error is relatively unstable;



Chapter 5 * Spacecraft collision warning orbit calculation method 151

Table 5-9 LEO objects prediction accuracy (F;o.7 = 100).

Orbit error (km)
Types of orbits Prediction for 1 day Prediction for 3 days Prediction for 7 days
A 3 8 100
B 2 7 30
C 0.5-0.6 1-2.6 7-9
D 0.3-15 1.2-2.0 3.0-12

the position error is between 800 m and 3 km, and the mean position error is about

1.5 km. When the altitude is between 400 m and 600 km, the position error is about

500 m. When the altitude is between 600 and 1200 m, the position error is about 300 m.

When the altitude is more than 1200 km, the position error is about 100 m.

The mean elements method is used for the prediction of the improved initial orbit;

the precise orbit is use for calibration of the orbit. The results are shown in Table 5—9.
It can be concluded from the earlier:

1. If the mean element method is used for processing LEO objects, orbit determination
accuracy is within 100 m. Orbit prediction accuracy is highly relevant to the orbit
altitude; the lower the altitude, the worse is the orbit determination accuracy.

2. The position error of LEO objects predicted for 3 days is less than 10 km.

2. Nearly circular high-altitude objects
According to the statistics, orbit determination precision for semisynchronous objects
is within 2 km, and orbit determination precision for synchronous objects is within 5 km.

With the increase of the orbit altitude, orbit determination error is increasing. Orbit

determination error of synchronous objects is more than the one of semisynchronous

objects. Prediction error of geosynchronous objects for 15 days does not exceed 40 km
nor does semisynchronous objects for 30 days.
3. The highly elliptical objects

According to the statistics, orbit determination precision for the elliptical objects is within
3 km. Prediction error of highly elliptical objects for 15 days does not exceed 40 km.

5.2.4.4 Space object catalog error characteristic orbital analysis
Orbit error can be expressed in the form of Kepler orbital elements, position, and velocity.
Long-term calculations and theoretical analysis shows that the expression of the position
and velocity error in RTN coordinate system is more conductive to the breakdown of the
error, thus relationship between the position and rate error and Kepler orbit element error
in RTN directions is described in detail and the variation of the orbit error with time in the
three directions is also described [97,98].

In the inertial coordinate the instantaneous element of initial orbit is set as
o(a,e,i,,w,M), the position is set as r,, the orbit element error is set as
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Ao(Aa, Ae, Ai, AQ, Aw, AM), the position and velocity error is set as Ar, Ar. Relationship
between the position and velocity error and the orbit element error can be derived as
follows:

Ar = —Aa+ (Hr+ Kr)Ae+ (~Q Xr)Ai + (~Z Xr)AQ

Q-

+(~NX1)Aw+ %AM
. (5.106)
AF = Appa+ (Hr +K'Aet (~ QX DA+ (~ZXHAQ

+(~NxBHAw+EZAm
nr

0
where §2 = (cos Qsin 00) is unit vector in the direction of orbit right ascension; Z = (0) is
1

unit vector in the Z direction of inertial coordinate system; N =1/, /zip(r X ¥) is unit vector in
the normal direction of the orbit surface. The formulas of symbols H,K,H',K’, i, n are:
H= - g(cosE +e),
- r) sin B
K (1 + p)

n

.
H = g (1),
1a
K » €08 E,
1= GM @ is the Earth’s gravitational constant;

n=/u/a®=2x/T is the mean angular velocity of the satellite.

where T is the period of satellite motion; p=a(l —¢e*); r=|r|; and E is the eccentric
anomaly.

The position and velocity error vector in the inertial coordinate system is projected onto
RTN coordinate system to obtain:

ae

r
Pr=—-Aa—acosf Ae+ ——sinf AM
" foer =gt
2 /17 2
Pr =rcos iAQ) + a(l + ’%)sinf Ae+rAw + %AM (5.107)
Py =r sin uAi — rsin icos u AS) + > ! 2Sin(u+<p0)
V(rAi)? — (r sin iAQ)

where sin ¢0 = sin iAQ /v A2 + sin 2iAQ?, cos p0 = Ai/~/ Ai2 + sin 2iAQ?.
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2a n\r?

Vr= \/gg(cosf-i-e)Ae-i- %e sin f cos i A2 + \/ge sin f Aw

Vi = LAa—ﬁ%smwa —Vr“”cosiAQ——VrWAw—ﬁ (l)AM

(5.108)
Vn = \/i[(l + ecos f)cos u + esin fsin u] Ai +

\/%[(1 + ecos f)sin i sin u — esin f sin i cos u} AQ

For nearly circular orbits the formula can be further simplified as:

Pp ~ Aa — acosfAe
Pr =~ acos iAQ + 2asin fAe + a(Aw + AM) (5.109)
Py = a(sin uAi — sin i cos u ASQ)

1
Vr~ — EAa — nasin fAe — nacos iAQ — na(Aw + AM)
Vr & na cos fAe (5.110)

m ™
Vn =~ na(cos u Ai + sin i cos u AQ)) = na [sin <u + 5) Ai — sin icos (u + E)AQ

The position and velocity error are compared to have the following relationship:

Var —2Tp,
T
N 2
Vi~ == Pr (5.111)
~ i
VN N—PN(L{"F E)

Error relationship of orbit elements between ¢ and #, can be deduced approximately as
follows:

Aa; ~ Aag + Aa (t — to); Ae; ~ Aey + Aée (t— ty); Aip ~ Ay + AF (t — ty); AQ ~ AQy +
AQ (t— to); Aw; ~ Awg + Adr (t — t); AM; ~ AMy + AM- (t — t,)

According to orbit perturbation basics, e, i, 2,w errors are small in the six orbit elements
and change slowly with time; owing to effects of atmospheric drag, error variation of the
semimajor axis a changes faster than other elements. M error changes fast with time and is
associated with the semimajor axis errors.

AM, ~ AMy + AM: (t — ty) = AM, — gg(Aao(t — ) + Aat—1,)?) (5.112)
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As can be seen, T-direction position error has AM; items, which contain a squared term
and the first power term of time, and diverge rapidly with time delay. R-direction position
error only contain the first power term of time, initial semimajor axis error, and the eccen-
tricity error. Variation rate of the semimajor axis error Aa is relatively smaller than variation
rate of AM;, so the long-term divergence of Aa, is not obvious. N-direction position error is
determined by Ai; and Af), and vibrate according to a sinusoid based on the orbital period.
The above theoretical analysis is highly consistent with Table 3—1 simulation in Chapter 3,
Space object detection technology. When tracking data of more than two passes of ascension
and descension orbits are used and after orbit determination accuracy is stable, the position
prediction error in both radial R and normal N directions is small and is stable based on pre-
diction duration and T-direction error is maximum and diffuses greatly based on prediction
duration.



Spacecraft collision warning and
avoidance strateqy

Spacecraft collision warning and avoidance strategy is closely related to the detection
capability and tracking efficiency of early warning systems. Theoretically, spacecraft collision
warning and avoidance strategy can be very simple: what is needed is only a minimum
approaching distance threshold. If the distance between the spacecraft and the space object
is within the threshold, then avoidance maneuver is needed, otherwise, the spacecraft will
be safe. However, to satisfy the abovementioned situation, detection system should meet the
following three conditions: (1) a reasonable distributed detection system network able to
track all passes and orbits of all space objects could be calculated without any error; (2) orbit
dynamics model is accurate enough that the orbit prediction precision over 1 week would be
10 m or better, with no error divergence; and (3) there is no need to consider fuel consump-
tion cost, orbit control time, and spacecraft effective working time and life span. Obviously,
to meet the abovementioned three conditions is unrealistic.

Facing with tens of thousands of space objects, based on current technology, the above
conditions could not be satisfied even using up global detection resources. Therefore in engi-
neering, in order to carry out high accurate spacecraft collision warning analytical work, a
kind of reasonable and feasible collision warning and avoidance strategy must be drawn up.

In fact, collision warning and avoidance strategy is the unification of the coordination
between the capacity and accuracy of the entire detection resources as well as the spacecraft
capacity of emergency response and feasible countermeasures. In spacecraft engineering, a
successful and implementable collision warning strategy should meet the following three
principles: (1) no missing alarm and fewer false alarms, (2) no interference to spacecraft rou-
tine work, and (3) sufficient time for avoidance maneuver with the lowest consumption.

In order to maintain the catalog integrity of tens of thousands space objects, the detection
resources should be distributed averagely so that at least one pass of tracking data of each
object (especial LEO object) can be obtained within 24 hours. As illustrated in Section 3.5,
based on 2—3 minutes of moderate-precision radar measurement data per day, the orbit pre-
cision of cataloged space objects could be at the kilometer level, the 24-hour propagated
orbit precision could be at 10-km level, and the 7-day propagated orbit precision could be at
100-km level. This is the common capacity of detection resources in the world. Using the
abovementioned orbit determination and orbit prediction for collision warning, there must
be a large number of false alarms. If the latter is applied in engineering for spacecraft avoid-
ance, a great quantity of useless maneuvers of spacecraft and lots of unnecessary fuel con-
sumption will be inevitable. Ultimately, the collision warning work loses its engineering
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value. Accordingly, the accuracy of orbit determination and orbit perdition becomes the key
factor of the engineering feasibility of collision warning.

By using the measuring data of 1 day (or more) collected by global detection resources,
the orbit precision of a space object can be more accurate than 10 m (see Section 3.5).
However, considering the error of atmospheric model (particularly in Section 4.5), the orbit
prediction precision in 24 hours could be several hundred meters, and that in 7 days could
be 10 km. Therefore the collision warning based on orbit prediction of 100 m is the best
means that current technology can achieve. To complete the orbit determination and predic-
tion with the accuracy of 100 m of a space object, 1—2 days are needed in engineering.
Considering the preparation for orbit control, a complete and feasible cycle of orbit measure-
ment, prediction, early warning, and avoidance control will take 2—3 days, generally. Though
it is not feasible for detection resources to make precision orbit determination and collision
warning of all space objects in 3 days, it can be done if only for a few potential objects that
really might be risky for collision. This chapter will discuss the following issues: how to select
reasonable objects for precision orbit determination and collision warning with no missing
alarm in 3 days ahead, as well as how to exclude false alarms and improve the reliability of
early warning after precise orbit determination.

6.1 Collision warning calculation

There are two methods for space object collision warning: the minimum distance method
(Box method) and the method based on probability of collision (Pc method). The minimum
distance method is a kind of average method. NASA is the first one who adopted the
method. If a space object enters the box area of 5km X 25km X5km in RTN direction
(radial, tangential, normal to the orbital plane), the object will be monitored with special
attention. If the object enters the box area of 2 km X 5 km X 2 km in RTN direction according
to the calculation based on the latest orbit parameters, the decision on whether to perform
avoidance maneuvers in action should be made combined with actual situations. However,
the method does not consider the uncertainties of object position and geometry, resulting in
high false alarm rate. Therefore scholars later proposed the probability of collision method
for early warning. In fact, both methods have limitations. Nevertheless, according to the dif-
ferent features of objects and prediction duration, to carry out a comprehensive work of risk
object screening, early warning and avoidance maneuvers based on the combination of the
two methods may achieve success both theoretically and in engineering.

6.1.1 Risky object screening

The total number of measurable on-orbit space objects currently is around 16,000. The pres-
ent available detection resources cannot afford to track and calculate orbits of all objects,
and the calculation is unimaginable too. In order to reduce workload and improve computa-
tion efficiency, approaching analysis and risky object screening need to be done. In other
words, before orbit prediction, the large amount of objects that will never collide with a
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spacecraft needs to be removed first. The objects that might collide with the spacecraft and
are within a certain distance to the spacecraft should be picked out for further orbit calcula-
tion and error analysis.

6.1.1.1 Screening by perigee and apogee
In order to find objects that might collide with the spacecraft in a short time, the initial
screening of large quantities of space objects is needed. The first criterion is perigee and apo-
gee. The objects whose perigee is greater than the spacecraft apogee and the objects whose
apogee is smaller than the spacecraft perigee are removed. Further analysis will be made to
the remaining objects.

Changes in perigee and apogee are mainly manifested in two aspects: one is the change
in short term and the other is long term.

6.1.1.1.1 Short-term change of perigee
According to the basic theoretical knowledge of space object orbit, it is found that perigee
can be expressed as:

Hy=a(l—e) =@+a")1—e+eV)=a(l —e) +ae +a(1 -2 +alel. (6.1)

where H,, a, and e are, respectively, the instantaneous perigee, semimajor axis, and eccen-
tricity of the space object; a and e are, respectively, the mean semimajor axis and mean
eccentricity; while a!) and e{!) are, respectively, the first-order, short-term items of the mean
semimajor axis and mean eccentricity. For space objects the perigee change is mainly
decided by two items in the middle of formula Eq. (6.1). Based on the orbit characteristic,
the change of @el! is within 10 km, and the change of a{"(1 — @) is relevant with J, by 10°,
which is usually within 10 km too. Therefore according to the characteristics of space object,
it can be estimated that the change of perigee is generally about 10 km.
The change of apogee is similar to the change of perigee in short term.

6.1.1.1.2 Long-term change of perigee

As for LEO space object, the long-term change of its perigee is mainly influenced by atmo-
spheric effects, resulting in decrease of perigee. The relationship between semimajor axis
attenuation (m/ring) and atmospheric density, surface-to-mass ratio, and the semimajor axis
is [3]:

S
da= —27Cp i pa’ (6.2)

where Cp is the coefficient of atmospheric drag, S/M is the surface-to-mass ratio, and p is
the atmospheric density.

According to the abovementioned formula and historical experience, the perigee change
in 24 hours is within a few 100 m.

The change of apogee is similar to the change of perigee in long term.
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Based on the abovementioned short-term and long-term changes, the estimation of space
orbit is generally about a dozen kilometers, or up to 20 km.

6.1.1.1.3 Calculation and analysis of space object orbit change
To support the abovementioned theoretical analysis and estimation results, some actual sat-
ellite data are calculated. The change of perigee is shown from Figs. 6—1 to 6—4.

6.1.1.2 Screening by the geocentric distance of intersection

The second criterion is the geocentric distance of intersection. For two objects on two orbital
planes, as long as the inclination or right ascension of the two objects is not equal, there will
be two intersection points theoretically. The two objects might collide with each other only
at the intersection points, so the geocentric distance of intersection becomes an important
reference for the screening for risk objects, too. Space targets are screened according to the
intersection geocentric distance, leaving targets that may pose a threat to spacecraft on-orbit
for further analysis.
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FIGURE 6-1 The perigee variation of object 25544 (H, = 410 km, H, =401 km).
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FIGURE 6-2 The perigee variation of object 21393 (H, = 1765 km, H, =398 km).
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FIGURE 6-4 The perigee variation of object 39774 (H, = 35,513 km, H, = 372 km).

As shown in Fig. 6—5, ip and i; refer to the inclination of the spacecraft and orbit debris;
A and B refer to orbit ascending node; C refers to the intersection of orbital planes; © refers
to the intersection angle; AB refers to the difference of ascending node A(); AC refers to the
arc uy from the spacecraft to the ascending node; and BC refers to the arc u; from the
ascending node to the intersection. It can be obtained the following:

cosf = cosi; cosiy + sini; siniy cosAQ (6.3)
. sinAQ) | |
sinu; = ————sini; (6.4)
sinf
. sinAQ | . 65)
sinuy = sini .
0 sinfd 0

By using the abovementioned formula, 1, u; can be calculated and then the geocentric
distance of intersection r, r; can be obtained. According to the geocentric distance of inter-
section, the space objects whose |ry — r1| > Ad can be removed.
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FIGURE 6-5 The celestial sphere diagram of satellites and debris.

When calculating the geocentric distance between two objects, the time difference
between the two objects crossing the intersection point can be calculated simultaneously.
However, as the two-body model is adopted in the calculation, using the time difference as a
screening criteria will lead to a high false dismissal rate in practical engineering, thus it is
often discarded.

6.1.1.3 Screening by the minimum distance between orbital planes

The third criterion is the minimum distance between two orbital planes. According to the
criterion, the objects that may pose a threat to the spacecraft are picked out for further
analysis.

The screening by the minimum distance between two orbital planes considers the geom-
etry relationship of the two orbital planes. The intersection of two orbital planes is shown in
Fig. 6—6.

For two elliptical orbits, there must be two closest distance d; and d,, which are near the
intersection line. d; and d, are called the minimum distance between two orbital planes. If
the minimum distance between two orbital planes is greater than the threshold D, then there
would be no possibility of collision for the two objects. Since the calculation of d; and d, is
narrated in Ref. [107], herein it is omitted.

The three methods introduced here do not need detailed orbital calculation, but only
qualitative judgment using four slow-varying parameters a,e,i, and €2 in the six elements of
orbit. As long as one of the methods is used, the target whose orbit satisfies any one of the
conditions will not collide with the primary target. Thus the calculation workload can be
reduced by an order of magnitude with the minimum amount of computation and the fastest
speed.
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FIGURE 6-6 Screening by the minimum distance between two orbital planes.

6.1.2 The minimum distance calculation

The minimum distance and related parameters of two approaching objects is one of the
important factors to determine whether there is a risk of collision. Neglecting the orbit pre-
diction error, the factor becomes crucial for collision possibility calculation. Parameters
involved in the minimum distance method includes the minimum distance between two
objects, the distance component in UNW (or RTN) direction, the approaching velocity, the
approaching angle, etc.

6.1.2.1 The minimum distance

For the relative minimum distance between two space objects, the main factor affecting the
accuracy of the result is orbit propagation precision. Therefore for relevant objects, high-
precision dynamic model should be adopted to make orbit extrapolation calculation. The
method mainly consists of three parts that are discussed in the following subsections.

6.1.2.1.1 Space object orbit propagation
The dynamic model of space object orbit propagation is

r=a;+a. (6.6)
GM,
Q) = — 3 °r (67)

a. = Z a; (6.8)

where G refers to Earth gravitational constant, a, refers to the gravity acceleration of the cen-
ter of the particle earth, and a. refers to the total perturbation acceleration. The involving
perturbation models are as follows: Earth nonspherical perturbation, the third-body
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perturbation, atmospheric damping perturbation, solar radiation pressure, earth tide, tidal
perturbation, and relativistic effects.

6.1.2.1.2 The minimum distance calculation
Suppose the spacecraft position vector is r; = (x, 1 2z;)’, the space object position vector
isre=(x2 y2 2 )T, then the relative distance of the two objects is

D= \/(xl _XQ)Z + ()’1 _y2)2 + (Z] _Z2)2 (69)

The relative distance at all epoch between the spacecraft and the space object can be
obtained, and then find the minimum one among them.

6.1.2.1.3 The relationship between relative velocity and relative distance at minimum
distance

In J2000 geocentric inertial coordinate system, suppose the position vectors of the spacecraft

and the space object are, respectively, r; and r; the velocity vectors of the spacecraft and

the space object are, respectively, v; and v,; and then the relative distance vector between

the two will be

Ar=r, — 15 (6.10)
Then the approaching velocity between the two will be
Av=v, — v, (6.11)
The square of the relative distance vector will be
|Ar)* = (r; —13) - (r; — 13) (6.12)

Since now the minimum distance is achieved, then

d|Ar)? d(r; —r
Idtl :2(1'1—1'2)‘% =2(r; —r2) - (Vi —v2) =0 (6.13)
It can be obtained that
Ar-Av=0 (6.14)

This indicates that when the distance is the minimum, the relative position vector is per-
pendicular to the relative velocity vector. This feature can be used as a modified formula for
iterative calculation of the nearest distance and greatly improves the calculation efficiency
and accuracy.
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6.1.2.2 The distance calculation in three directions
In order to describe the approaching of two space objects, besides the minimum distance,
the distance components in three directions in UNW (or RTN) coordinate are also used.

In J2000 geocentric inertial coordinate system, suppose the position vectors of the space-
craft and space object at the minimum distance are r; and r,, the relative distance between
two objects will be

Ar=r; —r; (6.15)

Then in UNW coordinate system with the center of mass of the spacecraft as the origin,
the distance components of the minimum distance in three directions are

ArUNW = MUNW - Ar (616)

where Mynw represents the transformation matrix from J2000 inertial coordinate system to
UNW coordinate system.

Then in RTN coordinate system with the center of mass of the spacecraft as the origin,
the distance components of the minimum distance in three directions are

Argrny = Mgy - Ar (6.17)

where Mgry represents the transformation matrix from J2000 inertial coordinate system to
RTN coordinate system.

6.1.2.3 The precision evaluation of three distance components
Among all thresholds in collision warning, the distance threshold is mainly relevant to the
error of orbit prediction, which is determined by orbit determination error and prediction
models. The orbit determination error is decided by the quality and number of data acquired
by detection resources. Orbit prediction errors of different space objects are shown from
Figs. 6—7 to 6—-9.

According to Figs. 6—7 to 6—9 and the analysis in Section 5.2.4, the following conclusions
for near-circular orbit objects are listed as follows:

1. The prediction error in radical and normal direction is relatively stable and is much
smaller than that in tracking direction.

2. The prediction error is mainly in tracking direction, which is of rapid divergence over
time. The lower the orbit altitude is, the more serious the divergence is. The perdition
error in tracking direction is not of zero mean distribution. Instead, there is some
systematical deviation; the prediction error is near the side of real trajectory.

3. The prediction error in radical direction is of divergence over time (but relative slowly)
and systematical deviation. The lower the orbit altitude is, the more serious the
divergence is.
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FIGURE 6-9 Orbit prediction error of object 3.

4. The prediction error in normal direction is smaller, most of which is under 100 m.
Usually, it is of zero mean distribution, given nice measurement data constraint.

Therefore besides the minimum distance, radical distance is also considered to be an
importance reference for collision warning threshold. Because the accuracy in radical and
normal direction is much higher than that in tracking direction, by radical error, a great
quantity of false alarms can be removed. If the velocity vectors of two objects at the
approaching epoch are parallel or near parallel, normal error can also be used for removing
false alarms.

6.1.2.4 Approaching angle and velocity calculation

In J2000 geocentric inertial coordinate system, suppose the position vectors of the spacecraft
and space object are, respectively, r; and r,; the velocity vectors of the spacecraft and space
object are, respectively, v; and v,; and then the approaching angle between the two objects
will be

vV
0 = arccos ————=— (6.18)
V1] - V2l

Then the approaching velocity between the two objects will be

AV = |v] — vy (6.19)
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6.1.3 The probability of collision method

In space object collision risk analysis, the calculation of the probability of collision is one of
the foundations. The probability of collision method adopts probability of collision as the
index to describe collision risk degree. Probability of collision is defined as the probability of
collision of two space objects, the position prediction of which is of errors. The calculation of
probability of collision relies on the position, velocity, and the position covariance matrix
information of spacecraft and space debris when they come across.

6.1.3.1 Probability of collision

Probability of collision is the probability when the distance between the center of objects is
smaller than the combination of equivalent radius, which can be illustrated as P, = P(p <R)
[107—109]. The distance between two objects is p = ‘p‘ = |r; — r2|. The actual position of two
objects are r; and r,, which can be expressed as the combination of the distribution center
of two objects and a random error vector, that is, r; =r;, + e; and r, = ry, + €5.

It is demonstrated in Section 6.1.2 that when the minimum distance between the two
objects is achieved, the two objects are on a plane that is perpendicular to the relative veloc-
ity vector, and the plane is defined as the encounter plane. In this way the uncertainty of the
position of two objects is allowed to be projected to the encounter plane so that the three-
dimensional problem is simplified into a two-dimensional (2D) problem.

For the encounter plane, the function of probability of collision f{x,z) and probability of
collision P, is calculated as the 2D Gaussian probability density function (PDF) is

fx,2)= #em{—l <(x_“’“) + (=) )} (6.20)

2700, 2 o2 0,2

where ¢, and o7, are components of the error, while ;, and p, are the distance components
of the relative distance in the coordinate system of encounter plane. The probability of colli-
sion can be expressed as the integral of PDF in the circular domain:

p.= JLHZZ Ssz(x, z)dxdz (6.21)

The probability of collision results mainly contains the following items: object size, rela-
tive position, relative velocity, and position errors.

6.1.3.2 The maximum probability of collision

Theoretical and practical analysis show that, for a given intersection location, speed, geome-
try, and size of two objects, the probability of collision will increase with the increase of the
position error uncertainty. Under certain conditions of the positional error, the probability of
collision reaches the maximum, then the probability of collision decreases when the position
error increases. In practical engineering applications the maximum probability of collision
calculation is very important. Because the actual position error and the covariance matrix of
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spacecraft and space object are generally unknown or only the shape without the specific
size of the error ellipsoid is known, it is necessary to determine the probability of collision in
the worst case. The maximum probability of collision can be also used for prescreening of
space objects. When the maximum probability of collision is less than a threshold, it is sup-
posed that the object will not pose a threat to spacecraft [101].

2D normal distribution PDF is as follows:

2 2
o= oo (E08S L EOT) 62

X~z

The probability of collision can be expressed as the integral of PDF in the circular
domain:

p. = ﬂ f(x,z)dxdz (6.23)
X+22 <R

Because of the token independence of integral, the variable z is replaced by variable y in
the following to be convenient. The unequal variance PDF is expressed as:

_1 (x—,u,x)z . <y_lLy>2

1
= — 6.24
fx.y) 2m0v0, P | 72 P2 72 (6.24)
The probability of collision P, is expressed as
2 2
p—_ 1 ) (y—uy> dxd (6.25)
¢ 2102 J]x2+y2 SRzexp 202 Y ’

Suppose

He =/ 12+ 1 (6.26)

Define dimensionless variable

2 2
W _ R

Probability of collision P, can be reduced to the form of infinite series. The first item is
adopted as the approximation of P,:

Po=e(1—e " (6.28)
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In order to find the maximum of P,, differentiate P, of o, and suppose the partial deriva-
tive is 0, then

OP. _ OP.0v N OP. ou
oo ov Oo ou oo

2 R?
=e'1-e i —e et =0 (6.29)
[ [
Rearranging the equation, we obtain
RZ
u=hn(1+= (6.30)
112
2
When P, is the maximum, o is
R
op= (6.31)

2n (1 + (/1))

The formula is substituted into the probability of collision of a first-order approximation
expression, the maximum probability of collision Py, is

2 2
R2 Hz Hy /R
Poox = ——— r 6.32

* R+ w2 (R2+,u§ ( )

Define dimensionless variable

2
A= % = g (6.33)
Then the maximum probability of collision P is
)\/\
Pemax = (], T )\)1+A (634)

6.1.3.3 Influence of related parameters on probability of collision
Because there are errors in measurement and much uncertainty in orbit trajectory, in colli-
sion warning analysis, the influence of space motion (approaching distance, approaching
angle), space orbit minimum distance, probability of collision, and other parameters must be
considered. In space rendezvous determination, the influence factors and scales on collision
warning need to be analyzed deeply.

The calculation of probability of collision comprehensively considers the geometry of ren-
dezvous, the orbit prediction error, the size of object, and other factors, which is a compre-
hensive risk assessment index. However, in collision warning engineering, approaching
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distance (and its UNW components), relative velocity, and rendezvous angle are important
risk assessment indexes too. Under some situations, Box method based on UNW distance is
more reliable, but more reliable indicates more conservative.

In such cases, it is necessary to understand the probability of collision, the UNW compo-
nents of approaching distance, and their relationship in rendezvous geometry for further
understanding of two indexes and their significance in reasonable application.

6.1.3.3.1 The Influence of distance and position error in N direction on probability of
collision

According to the explicit formulation of probability of collision, probability of collision

decreases with the distance increase in N direction. Fig. 6—10 shows the variation curve of

probability of collision P, with the distance change in N direction.

Fig. 6—11 shows P, variation with the distance change in N direction too. However, its
vertical coordinate axis is in logarithmic form. Fig. 6—11 shows that when N >2 km = 4oy,
P.<10 8.

The influence of the overall position prediction error is the same with the influence in
each direction in the following: the probability of collision P. increases first and then
decreases after reaching its maximum value. Suppose the distance in N direction changes
and other conditions remain unchanged. Fig. 6—12 shows P, variation with the distance
error standard deviation variation in N direction. When oy = 0.0315 km &~ N, P, reaches its
maximum 2.966 X 10~%.

N (km)

FIGURE 6-10 P, variation with the distance change in N direction.
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FIGURE 6-11 P. variation with the distance change in N direction (vertical coordinate axis in logarithmic form).
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FIGURE 6-12 P_ variation with the distance error standard deviation variation in N direction.

6.1.3.3.2 The Influence of distance and position error in U and W direction on probability
of collision

According to the explicit formulation of probability of collision, probability of collision

decreases with the increase of the joint distance in U and W direction ~U? + W2, In the

case where other conditions remain unchanged, Fig. 6—13 shows the variation of probability
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FIGURE 6-13 P, variation with the change of VU2 + W2.

of collision P, with the change of ~U? + W2, When ~/U? + W2>10km ~ 3oyw, P, is
already very small.

Suppose the error in U and W direction changes with the scale factor k, and other condi-
tions remain unchanged. Fig. 6—14 shows the variation of probability of collision P, with the
change of k. When k = 0.221, that is, oy = 0.221 X 3.1554 = 0.6973 km, P, reaches its maxi-
mum 8.678 X 107°.

6.1.3.3.3 The influence of approaching angle on probability of collision

The influence of orbital plane angle ¢ on probability of collision depends on the shape and
the size of the joint error ellipsoid. In general, the prediction error in U direction is larger
than that in W direction. At this time, with the orbital plane angle ¢ increasing from 0 to T,
the joint error in U and W direction decreases. If the prediction error in U direction is greater
than that in W direction, with the orbital plane angle ¢ increasing from 0 to «, the joint error
in U and W direction increases. This result is derived by the following equation. The joint
error variance on horizontal plane is

o2y = g%]coszg + a%vsinzg =o% + (of — a%])sinzg (6.35)

When o3, <o%, 0%, decreases with the increase of ¢ in [0,w]; when o3, > 0%, 0%,
increases with the increase of ¢ in [0, T].

In most cases where the orbital error is large, probability of collision decreases with the
increase of error. When %, < 07, probability of collision increases with the increase of ¢ in
[0, ©]; when 0%, > 0%, the probability of collision decreases with the increase of ¢ in [0, 7).
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P

FIGURE 6-14 P, variation with the change of k.

Fig. 6—15 shows P, variation with the change of approaching angle. Because 0%, <o,

0%, decreases with the increase of ¢, and the probability of collision increases first, and
then decreases after reaching its maximum.

By analyzing the factors that affect probability of collision, we can get the following

conclusions:

1.

Because of the difference of the joint error ellipsoid shape, the impact of the angle
between orbital planes on probability of collision is different. When the error in T
direction is greater than that in N direction, the probability of collision increases with the
increase of the angle between orbit planes; when the error in T direction is smaller than
that in N direction, the probability of collision decreases with the increase of the angle
between orbital planes. Generally, in position prediction, the error in T direction is
always greater than that in R and N direction, so the probability of collision usually
increases with the increase of the angle between orbital planes.

. The influence of the overall position prediction error is the same with the influence in

each direction in the following: the probability of collision increases first, and then
decreases after reaching its maximum.

6.2 The method of spacecraft avoidance

On-orbit avoidance is an important measure for the safety of space mission. Collision avoid-
ance maneuver is defined as to make sure that spacecraft do not collide with other space
objects by orbit maneuvers based on comprehensive consideration of mission constraints
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FIGURE 6-15 P. variation with the change of approaching angle.

and orbit maintenance, according to the analysis of collision warning and information such
as collision risk and geometric relation. Based on collision risk analysis, collision avoidance
maneuver is able to give the guidelines and criteria of whether avoidance maneuver is
needed, and the calculation methods and implementation strategies of optimal collision
avoidance maneuvers, including the selection of direction and duration of thrust. Therefore
avoidance maneuver is essentially a problem of orbit maneuvers, the essence of which is
optimal transfer and mission constraints. In the choice for avoidance maneuver opportunity,
spacecraft should be under the monitoring of tracking stations, and after orbit transfer, real-
time measurement data could be obtained immediately so that the avoidance result can be
evaluated. In calculation of speed increment the performance of spacecraft engine such as
fuel and thrust needs to be considered too.

At present, many studies cast a light on impulse maneuvers for collision avoidance.
According to the duration between rendezvous collision and orbit maneuvers, two collision
avoidance strategies are offered: short-term and middle-term strategies. Short-term strategy
is realized by altitude avoidance method. Since orbit prediction is made when collision is
coming, a tangential velocity increment added by onetime pulse is adopted by this strategy
so that the distance (radial distance) between the altitudes of two objects at the time when
they approach each other is enlarged. Obviously, the required speed increment is greater.
For middle-term strategy the method of separation in tracking direction is adopted. If there
is still a long time before the rendezvous occurs, several small increments of velocity in
tracking direction is then adopted so that the tangential distance between two objects at the
approaching point will be increased. In other words, both the objects will encounter the
intersection site, but they will be there in different time instead of simultaneously.
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6.2.1 Altitude avoidance method

Altitude avoidance method is to pose a velocity increment along tracking direction during
n+1/2 (n=0,1,2,...) orbit pass before potential collision, raising or lowering the altitude
of spacecraft, and therefore when the spacecraft goes through the expected intersection site,
there will be a radial distance from the risky object so as to avoid collision.

It is certain that at #;, the spacecraft may collide with an object. It is required that within
1y, orbit maneuvers should be implemented, and because the potential collision is close to
the maneuver time, altitude avoidance strategy is adopted. It can be seen that the key points
of altitude avoidance are that the position and velocity of spacecraft at the time of maneuver
and the object position are known, and orbit elements and velocity increment need to be
calculated.

Suppose when no avoidance maneuver is taken, the spacecraft orbit is oy and o; at £
and f,. If orbit maneuver is taken at £, then the spacecraft orbit is o, and o/ at f, and t;.

According to the theory of orbit motion and avoidance constraints, there are

o= oo + o1l — fo) +05(1) — Ts(t)
o1 =op T o1’ (tt — o) + o5 () — 05 (o)
op = 0y + AUO(AU)

r(oy) =r(oy) + Ar

(6.36)

where oy and o, are the instantaneous orbit elements at f, and #, o7 and &5 are the long-
periodic and short-periodic coefficients of the orbit elements before the orbit changes; o
and o are the instantaneous orbit element at f, after the orbit changes at #, and #;; 0_1' and
o are the long-periodic and short-periodic coefficients of the orbit elements after the orbit
changes; Aoy(Av) represents the change of orbit elements caused by the speed variation
after the orbit changes at #y; and r is the position vector and Ar is the change of the position.

Because the energy consumption of orbit maneuver is small, the increment is small, too.
Therefore Ao(Aa/a, Ae, Ai, AQ, Aw, AM) is generally of the amount of O(10~3), and the dif-
ference between 77(c;) and 0_1'(0_0') is of O (J2 - Acge;) = O(107°). Similarly, the difference
between 7 and o/ is of O(107°). Since the altitude avoidance method is often taken in emer-
gency when the maneuver time and collision time is relatively close (no more than one
cycle), there is Ao = (0} +77)(t1 — to) + (04(th) — 75(t1)) — (04(to) — T5(fo)), which is about the
magnitude of O(107°).

Based on the abovementioned analysis, in calculation of avoidance maneuver, two-body
computation can be adopted. Lambert Flight Time Theory is adopted by this book for calcu-
lation. The calculation steps are as follows:

1. The iterative equation of semimajor axis a is obtained by the Lambert equation:
F(a) = n(t; — t;) — ((o — sina)) — (B — sinB3)) = 0 (6.37)

The Newton iterative method is used for solving Eq. (6.37). Through Taylor expansion,
it is estimated an initial value ay, and only get to Aa,
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dF
F(a) = F(ay) + (—) Aa=0 (6.38)
da
dr 3n n+trnt+c a nt+tr—c B
— =——(lL—H)+ tan— — tan— 6.39
da 2a'2 1) 2a2 2 20 2 (639)
where n=+/pu/ad
et n+ratc
sin— = [—————
2 4a
5 e (0 degrees < 3 < o = 180 degrees) (6.40)
sin- = [—————
2 4a
c=|r, — 1,

At,, is the time when the minimum energy ellipse flies from #; to #:

At = /S [tm = sinay, + (3, — sin,,)] (6.41)
21 2
In formula Eq. (6.41),
s-ntnte 642

For the control problem where the geocentric distance r, r, and its angle Af are
known, the semimajor axis can be obtained based on the relationship between Af and
Aty,, and the value of Af:

At=1t —t (6.43)
X
tanAf = 270 (6.44)
ryr

When Af <180 degrees, At = Aty,

F(a) = n(t; — ) — [(a — sina) — (G — sinf)]
b - 72_Z(t2*t1)+ r1+r2+ctang - rl+r2_ctan§) (6.45)

da 2a? 2 2a? 2

When Af =180 degrees, At = At,,

Fla)=n(t, — t1) — [27 — (a — sina) — (8 — sinf)]
dr 3n n+rn+c a n+r-—-c B) (6.46)

— =——(—t)— tan— + tan—
da ALY 2a2 2 2a2 2
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When Af =180 degrees, At = At,
F(a)=n(t; — t1) — [(o — sina) + (8 — sinf)]
dF 3n ntrnt+tc o ntr-—c ﬁ) (6.47)

—=———(lL )+ | —F-5—tan + ————tan-
da ALY 2a? 2 2a2 2

When Af =180 degrees, At = At,

F(a)=n(t; — t;) — [21 — (o — sina) + (8 — sinf)]

dF 3n nt+rnt+tc o ntr-c_ p (6.48)
—=—-—(-4)— | ——=—tan— — ———=tan—
da - 2T W 202 05 202
Also because
Fi
Ag— . Flao) (6.49)
(dF/da),

Therefore the semimajor axis after avoidance is
a, =ay+ Aa (6.50)

2. Judge whether a; meets the accuracy requirement, namely, |a; — ay| = ¢. If not, Taylor
expansion of F(a) needs to be done at a;. Do it repeatedly until the required accuracy of
a is obtained.

3. For normal spacecraft, since the flight path is usually a circular orbit, the velocity
increment of orbit maneuver can be expressed as:

A“(_ ), (651)

This method uses Lambert Flight Principles, replacing the precision orbit prediction
method by a simplified model of two-body Kepler. By the given constraints, the
avoidance maneuver velocity increment is solved.

On this basis, combined with the 2D probability of collision integration method, using
fixed-step searching method, the optimal solution of avoidance maneuver velocity
increment can be obtained.

6.2.2 Time avoidance method

Time avoidance method is to pose several velocity increments along tracking direction dur-
ing n(n=2) orbit passes before the potential collision, raising or lowering the altitude of
spacecraft, and therefore the spacecraft will not go through the intersection site at the origi-
nal time so as to avoid collision with risky object.
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It can be seen that the key point of time avoidance is the calculation of the velocity incre-
ment at the maneuver point given the position and velocity of spacecraft at the time of
maneuver and the object position. The steps of computation are as follows:

1. The orbital period before maneuver is

2
T, = T (6.52)

w/ar®

:

2. According to the avoidance constraints, it is assumed that A#, needs to be staggered to
the expected collision time, the orbital period after maneuver is

. Hh — L
T, =T, + (-1Y At/ 2

(i=1,2) (6.53)

3. Thus the semimajor axis of the object orbit is

_ 3 [
“ Ve 659

4. Therefore the orbit maneuver velocity increment can be expressed as

Av= vy = \/,,,Kfl SD-E-h) (655)

Directly by the relationship between orbit period and semimajor axis, and the given
constraints, the desired velocity increment can be obtained.

On this basis, combined with the 2D probability of collision integration method, using
fixed-step searching method, the optimal solution of velocity increment of the avoidance
maneuver can be obtained.

6.3 Collision warning strategy for spacecraft safety
operation and case studies

Due to the increasing utilization rate of space resources and increasing number of space
objects, the orbit environment of spacecraft is deteriorating, and the probability of collision
of space objects is growing. The destruction of any satellite will bring immeasurable loss to
the national economy and national security. In order to protect the safety of space missions
and reduce the costs by false alarms, it is necessary to formulate and improve organizational
procedures and construct an integrated system of collision warning and avoidance.
According to the accuracy of orbit prediction and the desired time for avoidance measures,
the procedures of spacecraft collision warning and avoidance are divided into four stages: risky
objects screening, daily warning analysis, precision collision warning, and avoidance control.
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6.3.1 Risky objects screening

Collision warning calculations of all on-orbit spacecraft in 7 days are carried out by normal
cataloging orbit data every day. If there is any approaching event entering the risky threshold
of collision warning, supplementary tracking plans will be added for those risky objects so as
to accumulate measurement data for future judgment of risky degrees.

In order to verify the feasibility of the risky objects screening algorithm, a case study of nine
on-orbit spacecraft with more than 15,000 space objects in space on August 21, 2014, is made.
The first screening is made by the altitude of perigee and apogee. The second screening is made
by the geocentric distance of intersection. The third screening is made by the minimum distance
between orbital planes. The following is the results of eight different screening conditions.

Screening condition 1:

1. Perigee is lower than 20 km, and apogee is higher than 20 km.
2. The geocentric distance of intersection is 50 km.

Screening condition 2:

1. Perigee is lower than 20 km, and apogee is higher than 20 km.
2. The minimum distance between orbital planes is 50 km.

Screening condition 3:

1. Perigee is lower than 20 km, and apogee is higher than 20 km.
2. The geocentric distance of intersection is 20 km.

Screening condition 4:

1. Perigee is lower than 20 km, and apogee is higher than 20 km.
2. The minimum distance between orbital planes is 20 km.

Screening condition 5:

1. Perigee is lower than 40 km, and apogee is higher than 40 km.
2. The geocentric distance of intersection is 50 km.

Screening condition 6:

1. Perigee is lower than 40 km, and apogee is higher than 40 km.
2. The minimum distance between orbital planes is 50 km.

Screening condition 7:

1. Perigee is lower than 40 km, and apogee is higher than 40 km.
2. The geocentric distance of intersection is 20 km.

Screening condition 8:

1. Perigee is lower than 40 km, and apogee is higher than 40 km.
2. The minimum distance between orbital planes is 20 km.
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The results show that:

1. Due to different distribution of the number of objects in different altitudes, the
percentage of risky objects for under screening conditions increases first and then
decreases with the increase of orbit altitude. According to the analysis in Tables 6—1 to
6—5, the results are influenced by the volume ratio of objects in different altitudes.

2. For the objects below 500 km the percentage of risky objects is about 10% by the
screening of perigee and apogee; for the objects from 500 to 900 km, the percentage of
risky objects is about 40% by the screening of perigee and apogee; for the objects above
900 km the percentage of risky objects is about 30% by the screening of perigee and
apogee. To some extent the influence of the threshold in the screening by perigee and
apogee is limited on the results. It is indicated that for the method of perigee and apogee
screening, the precision requirements for rendezvous time and orbit prediction are not

Table 6-1 Approaching events screening (Screening condition 1).

After first After second
screening screening

Object Altitude (km) Perigee (km) Apogee (km) Number Percentage Number Percentage

Satellitel 500 or less 367 377 620 41 144 1.0
Satellite2 473 492 1336 8.8 468 3.1
Satellite3  500—-900 581 586 2256 14.8 1003 6.6
Satellite4 620 662 3561 23.4 1832 12.0
Satellite5 684 697 3849 25.3 2102 13.8
Satellite6 786 794 5346 35.2 3139 20.7
Satellite7 816 831 5967 393 3418 225
Satellite8 900 or more 981 1196 5025 33.1 1220 8.0
Satellite9 1190 1211 2628 17.3 466 3.1

Table 6-2 Approaching events screening (Screening condition 2).

After first After second
screening screening

Object Altitude (km) Perigee (km) Apogee (km) Number Percentage Number Percentage

Satellitel 500 or less 367 377 620 41 146 1.0
Satellite2 473 492 1336 8.8 468 3.1
Satellite3  500—900 581 586 2256 14.8 1004 6.6
Satellite4 620 662 3561 234 1836 121
Satellite5 684 697 3849 25.3 2103 13.8
Satellite6 786 794 5346 35.2 3147 20.7
Satellite7 816 831 5967 393 3425 225
Satellite8 900 or more 981 1196 5025 33.1 1227 8.1

Satellite9 1190 1211 2628 17.3 472 3.1




Table 6-3 Approaching events screening (Screening condition 3).

After first After second
screening screening

Object Altitude (km) Perigee (km) Apogee (km) Number Percentage Number Percentage

Satellite1 500 or less 367 377 620 4.1 79 0.5
Satellite2 473 492 1336 8.8 248 1.6
Satellite3  500—900 581 586 2256 14.8 542 3.6
Satellite4 620 662 3561 23.4 966 6.4
Satellite5 684 697 3849 25.3 1127 7.4
Satellite6 786 794 5346 35.2 1801 11.8
Satellite7 816 831 5967 39.3 1722 1.3
Satellite8 900 or more 981 1196 5025 33.1 503 3.3
Satellite9 1190 1211 2628 17.3 234 1.5

Table 6-4 Approaching events screening (Screening condition 4).

After first After second
screening screening

Object Altitude (km) Perigee (km) Apogee (km) Number Percentage Number Percentage

Satellite1 500 or less 367 377 620 4.1 80 0.5
Satellite2 473 492 1336 8.8 248 1.6
Satellite3  500—900 581 586 2256 14.8 542 3.6
Satellite4 620 662 3561 23.4 966 6.4
Satellite5 684 697 3849 25.3 1129 7.4
Satellite6 786 794 5346 35.2 1807 11.9
Satellite7 816 831 5967 39.3 1726 1.3
Satellite8 900 or more 981 1196 5025 33.1 504 3.3
Satellite9 1190 1211 2628 17.3 235 1.6

Table 6-5 Approaching events screening (Screening condition 5).

After first After second
screening screening

Object Altitude (km) Perigee (km) Apogee (km) Number Percentage Number Percentage

Satellite1 500 or less 367 377 721 4.8 180 1.2
Satellite2 473 492 1595 10.5 547 3.6
Satellite3  500—900 581 586 2713 17.8 1311 8.6
Satellited 620 662 4078 26.9 2050 135
Satellite5 684 697 4512 29.7 2505 16.5
Satellite6 786 794 6340 41.8 3785 24.9
Satellite7 816 831 6859 452 4034 26.6
Satellite8 900 or more 981 1196 5462 36.0 1248 8.2

Satellite9 1190 1211 2784 18.3 518 34
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high, and therefore the method is suitable for initial screening for long-term collision
warning based on cataloging orbit data.

3. For the objects below 500 km the percentage of risky objects is about 5% by the screening
of perigee and apogee combined with the geocentric distance of intersection or the
minimum distance between orbital planes; for the objects from 500 to 900 km the
percentage of risky objects is about 30% by the screening of perigee and apogee
combined with the geocentric distance of intersection or the minimum distance between
orbital planes; for the objects above 900 km the percentage of risky objects is about 15%
by the screening of perigee and apogee combined with the geocentric distance of
intersection or the minimum distance between orbital planes. The smaller the geocentric
distance of intersections or the minimum distance between orbital planes is, the smaller
the percentage is.

4. With the same screening conditions of perigee and apogee, the number of risky objects
screened by the geocentric distance of intersection is smaller than that screened by the
minimum distance between orbital planes. The screening by the geocentric distance of
intersection may cause missing alarms. Therefore the minimum distance between orbital
planes is better than the geocentric distance of intersection as a screening algorithm.

5. In actual warning calculation the screening condition of perigee and apogee is required
to be larger than 20 km, the minimum distance between orbital planes is required to be
larger than the warning threshold. It can be reasonably adjusted according to actual
situation so as to ensure screening efficiency without missing alarms.

6. By using the perigee and apogee as well as the minimum distance between orbital planes
as screening conditions, the object number that needs to be further calculated is
lessened, shortening warning calculation duration and improving warning efficiency
(Tables 6—6 and 6—7).

In the stage of risky objects screening, the screening thresholds are mainly related to the
orbit shape of space object, including perigee, apogee, the geocentric distance of

Table 6-6 Approaching events screening (Screening condition 6).

After first After second
screening screening

Object Altitude (km) Perigee (km) Apogee (km) Number Percentage Number Percentage

Satellite1 500 or less 367 377 721 4.8 182 1.2
Satellite2 473 492 1595 10.5 547 3.6
Satellite3  500—-900 581 586 2713 17.8 1312 8.7
Satellite4 620 662 4078 26.9 2054 13.5
Satellite5 684 697 4512 29.7 2506 16.5
Satellite6 786 794 6340 41.8 3794 25.0
Satellite7 816 831 6859 45.2 4041 26.6
Satellite8 900 or more 981 1196 5462 36.0 1255 8.3

Satellite9 1190 1211 2784 18.3 524 35
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Table 6-7 Approaching events screening (Screening condition 7).

After first After second
screening screening

Object Altitude (km) Perigee (km) Apogee (km) Number Percentage Number Percentage

Satellite1 500 or less 367 377 721 4.8 79 0.5
Satellite2 473 492 1595 10.5 248 1.6
Satellite3  500—900 581 586 2713 17.8 542 3.6
Satellite4 620 662 4078 269 966 6.4
Satellite5 684 697 4512 29.7 1127 7.4
Satellite6 786 794 6340 41.8 1801 11.8
Satellite7 816 831 6859 452 1722 11.3
Satellite8 900 or more 981 1196 5462 36.0 503 3.3
Satellite9 1190 1211 2784 18.3 234 1.5

Table 6-8 Approaching events screening (Screening condition 8).

After first After second
screening screening

Object Altitude (km) Perigee (km) Apogee (km) Number Percentage Number Percentage

Satellite1 500 or less 367 377 721 4.8 80 0.5
Satellite2 473 492 1595 10.5 248 1.6
Satellite3  500—900 581 586 2713 17.8 542 3.6
Satellite4 620 662 4078 269 966 6.4
Satellite5 684 697 4512 29.7 1129 7.4
Satellite6 786 794 6340 41.8 1807 1.9
Satellite7 816 831 6859 452 1726 1.4
Satellite8 900 or more 981 1196 5462 36.0 504 3.3
Satellite9 1190 1211 2784 18.3 235 1.6

intersection, and the minimum distance between orbital planes. These parameters are
related to the semimajor axis a, the eccentricity e, right ascension of ascending node (2, and
the argument of perigee w but have no relations to mean anomaly M, which is hard to pre-
dict. According to Section 5.2.4, in normal cataloging orbit prediction, the element M in
tracking direction is hard to predict, the forecast error of which in 7 days reaches hundreds
of kilometers, whereas the error of perigee and apogee in 7 days is less than 40 km, and the
error of the minimum distance between orbital planes is less 20 km. Therefore based on
cataloging orbit prediction and the threshold in Table 6—8, using perigee, apogee, and the
minimum distance between two orbital planes to screen the potential risky rendezvous in
the next 7 days, the number of objects that need attention can be lessened by 90% without
missing alarms, leaving good conditions for further observation on remaining 10% risky
objects and removing false alarms.
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Two principles are obeyed in the risky object screening stage: (1) based on the current
orbit cataloging, without adding detection resources, to screen risky objects that might col-
lide with spacecraft in 7 days and (2) on the basis of no missing alarm, to reducing the num-
ber of risky objects so that detection resources can satisfy further observation needs.

6.3.2 Daily warning analysis

In the stage of daily warning analysis, the analysis on the risky objects in the future 7 days
will be made every day, on the basis of maintaining orbit cataloging and current workload of
detection network. Though the risky objects are reduced by 90% in the first stage, most of
the remaining objects are still false alarms. According to the results, for a satellite in the orbit
of 500—1000 km, there would be two-to-three potential collision warnings, most of which
will not actually occur. False alarm rate is too high that if it is used as the guidance for space-
craft avoidance, normal work of spacecraft would be impossible, and high fuel consumption
would shorten the life span of spacecraft sharply. However, objects that might cause real col-
lision with very low probability are among those objects. We should identify them.

In order to find reliable information among the collision data with high false alarm rate,
the remaining 10% risky objects should be further monitored by detection resources.
However, the observation work of all remaining objects is still huge and impossible to com-
plete. According to Table 3—1, for a space object lower than 500 km, by using tracking data
of two passes of orbit ascension or descension, the 3-day orbit prediction accuracy will reach
the order of kilometer, and the accuracy of orbit position in radical and normal directions
will be 20—30 m. In this way the accuracy is improved by one-to-two magnitudes. From the
day of risky objects screening that is 7 days ahead of potential collision to the day that is 3
days ahead of potential collision, there are still 3 days for detection network to adjust obser-
vation plans. At the moment, what need to do is only to add more observation of an ascen-
sion or descension orbit pass to the current tracking plans, which is the lowest adjustment
for the plan. Using the additional 2—3 days tracking data, the orbit prediction could be of the
order of kilometer, and the accuracy of orbit position in radical and normal direction could
be 10 m, based on which high reliable collision analysis could be done by using reasonable
distance thresholds.

The choice of thresholds for minimum distance method is related to the precision of
detection resources, the size of space objects, the inclination and altitude of object orbit, the
computation software accuracy and calculation time. In the process of risky object screening,
due to the requirement of calculation accuracy and efficiency, the method of simple numeri-
cal orbit cataloging calculation proposed in this chapter is recommended for calculation.
However, simple numerical orbit cataloging calculation, American two-line element calcula-
tion method, average elements orbit cataloging calculation and half-numerical and half-
analysis orbit cataloging calculation all can be used for orbit calculation and collision warn-
ing in the stage of risky object screening. However, in the following stages, numerical
method with high-precision models is recommended. Generally, the collision warning of ris-
ky objects in 3 days calculated by precision orbit method after screening by risky objects
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screening stage and additional observation of two passes of orbit ascension or descension is
defined as yellow warning.

On the basis of no false dismissals, yellow warning is of high credibility, lessening the
probability of false alarms. The formulation of a proper threshold for yellow warning should
ensure that the probability of false alarm is low enough that it has no influence on the life
span and normal operation of spacecraft, and there will not be any false dismissals.
According to the current number of space objects, the capability of detection network, and
the comprehensive performance of spacecraft, there should be no more than three-to-five
false alarms of yellow warning for each spacecraft every year.

6.3.3 Precision collision warning

When yellow warning is issued and risky objects are identified, in the next 48 hours, the
countable risky objects will be observed and tracked by detection resources with concentra-
tion to acquire high-precision orbit data 24 hours before the potential collision. In the next
48 hours after yellow warning is released, five passes of orbit ascension and descension or at
least two passes of orbit ascension and descension of precision observation data should be
acquired by detection network. According to Table 3—1, based on two passes of tracking
data, orbit prediction accuracy in 24 hours will reach the order of a 100 m, satisfying very
basic collision warning analysis. Based on five passes of tracking data, orbit prediction accu-
racy in 24 hours will be within a 100 m, whose credibility is highly improved. The collision
warning of objects that cannot be removed in this stage is called red warning.

The premise and foundation of accuracy improvement of orbit prediction is to acquire
orbit measurement data as much as possible. Even for red warning, the accuracy of dynamic
models, especially atmospheric drag models is a major factor that affects the precision of
orbit prediction and the bottleneck of confidence level. In Section 4.5 the major four factors
that affect the precision of atmospheric drag model are discussed in detail. The error of area-
—mass ratio of object, atmospheric density model, and average F,q, value in 81 days can be
determined as parameter c¢; in the stage of daily collision analysis together with other orbit
parameters, 2—3 days after risk object is proposed. In the stage of precision collision warn-
ing, based on more measurement orbit data, the error can be further corrected dynamically.
Meanwhile, the influence of solar Fjo- flows and its changes in 24 hours on atmospheric
density is mainly reflected in the process in atmospheric heating. Studies show that its influ-
ence on atmospheric density will be delayed in 24 hours. In the prediction of orbit determi-
nation, as long as the quasi-real-time measured data of F,,, are acquired, its effect on orbit
position prediction in 24 hours can be ignored. Therefore the impact of the first three factors
on orbit prediction in 24 hours can be reduced to the minimum. However, for the fourth fac-
tor geomagnetic index, its impact on orbit prediction in 24 hours cannot be corrected by c,.
Especially, if there is significant geomagnetic storm in 24 hours, the accuracy of orbit predic-
tion in 24 hours will decrease by an order of magnitude.

Through researches scientists found that before geomagnetic storms, there must be an
intense solar storm erupting from sunspot 24—48 hours ahead. Therefore by observing the
sun, it can be predicted whether there will be an anomaly jump of geomagnetic index. The



Chapter 6 * Spacecraft collision warning and avoidance strategy 185

probability of the occurrence of this kind of anomaly jump in a year is no greater than 10%. That
is to say, for red warning released 24 hours before intersection, in 90% cases, orbit prediction
error caused by the uncertainty of atmospheric drag perturbation model can be controlled within
a certain range. Therefore collision warning threshold can be set according to different orbital
altitudes of space objects. In the process, special attention should be paid to the pattern that orbit
precision in radial and normal direction is higher than that in tracking direction.

With appropriate threshold in radial direction, most of the false alarms in yellow warnings
can be removed effectively. Red warning released in this case is highly credible. For space
objects of normal size, the probability of collision is generally higher than 10™* in red warn-
ing, meaning that there would be a real collision event among 10,000 times of red warning.
However, given the very serious damage of collision, to guarantee complete safety, we rec-
ommend that the work of avoidance control can be carried out for space objects with the
ability of on-orbit maneuvers, especially for manned spacecraft or spacecraft with high
values. Indicated by sunspots observation and the calculation of ¢4, if a geomagnetic storm
may occur in the next 24—48 hours or the red warning is in the period of a geomagnetic
storm, proving that the confidence level of the red warning is lower, then avoidance control
can be decided whether to be carried out based on the calculated probability of collision
warning and the maximum probability comprehensively.

The accuracy of orbit prediction is higher if red warning is released near the collision
point, giving a higher credibility. However, the preparation procedure of space object orbit
control requires relatively longer time. In addition, theoretically, fuel consumption will be
less if orbit control is carried out earlier, whereas the result of avoidance control is better.
Therefore from this point of view, it is better to carry out the avoidance control earlier.
Considering the controllable 24-hours atmospheric drag model errors and the feasibility of
intensive observations of detection network, red warning is suggested to be released 24 hours
in advance of a potential collision.

6.3.4 Avoidance control

The procedure of avoidance control starts 24 hours before the collision. Generally, avoidance
control should be carried out 6 hours before collision. First, based on the theoretical post-
control orbit, collision warning analysis of spacecraft orbit in the next 3 days after the avoid-
ance control will be made so that safety assessment of postcontrol could be carried out. If a
yellow warning event exists, recalculate the theoretical postcontrol orbit. Repeat the process,
until there will be no yellow warning event.

The selection of orbit avoidance strategy is related to the capacities and status of space-
craft control components in each direction, as well as the orbit control decision-making
capability of spacecraft management department. In most cases the follow-up tasks of space-
craft should also be considered in the process of the above choice. Accordingly, the selection
of orbit avoidance strategy is often a complex process. Altitude avoidance method and time
avoidance method given in Section 6.2 are two typical algorithms. For both algorithms, the
theoretical postcontrol orbit must be analyzed to ensure that there would not be any new
risks.
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