I*I Innovation, Sciences et Innovation, Science and CA 2874532 C 2018/09/11
Développement economique Canada Economic Development Canada
Office de la Propriété Intellectuelle du Canada Canadian Intellectual Property Office (11)(21) 2 874 532
(12 BREVET CANADIEN
CANADIAN PATENT
13) C
(86) Date de depot PCT/PCT Filing Date: 2013/07/02 (51) Cl.Int./Int.Cl. B64G 71/66 (2006.01),

B64G 1/24(2006.01), B64G 3/00(2006.01),
GO8G 5/04 (2006.01)

(72) Inventeur/Inventor:

(87) Date publication PCT/PCT Publication Date: 2013/11/14
(45) Date de délivrance/lssue Date: 2018/09/11

(85) Entree phase nationale/National Entry: 2014/11/21 BRISKMAN, ROBERT, US

(86) N” demande PCT/PCT Application No.: US 2013/000159| (73) Propriétaire/Owner:

(87) N° publication PCT/PCT Publication No.: 2013/169309 BRISKMAN, ROBERT, US

(30) Priorites/Priorities: 2012/05/07 (US61/688,071); (74) Agent: NEXUS LAW GROUP LLP

2013/03/27 (US13/986,059)

54) Titre : SYSTEME AUTONOME ET PROCEDE D'EVITEMENT DE DEBRIS ORBITAUX POUR SATELLITE
54) Title: AUTONOMOUS SATELLITE ORBITAL DEBRIS AVOIDANCE SYSTEM AND METHOD

(57) Abréegée/Abstract:

An autonomous system for a satellite which calculates collision paths of debris from anywhere within the spheroid around the

satellite by using its radar/ladar data and from data on its own orbit derived by onboard sensors such as star, earth and sur
or from stored data sent from its ground control station through the satellite's command subsystem. If a collision would be

system calculates the minimum change in the satellite’'s orbit to avoid such collision and generates and executes comm
firing on-board orbital control thrusters to put the satellite in a suitable avoidance orbit.

SENsors
Ikely, the
ands for

50 rue Victoria e Place du Portage1l e Gatineau, (Québec) K1AOC9 e www.opic.ic.gc.ca

50 Victoria Street e Place du Portage 1 ¢ Gatineau, Quebec K1AO0C9 e www.cipo.ic.gc.ca C anada

Ll



woO 2013/169309 A3 | I JHI LW A0 A ARRL A A

CA 02874532 2014-11-21

(19) World Intellectual Property
Organization

International Bureau
l —

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(10) International Publication Number

(43) International Publication Date ..na/ WO 2013/169309 A3
14 November 2013 (14.11.2013) WIPO | PCT
(51) International Patent Classification: (81) Designated States (unless otherwise indicated, for every
GO08G 5/04 (2006.01) B64G 1/24 (2006.01) kind of national protection available). AE, AG, AL, AM,
, C | AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,
(21) International Application Number: BZ. CA. CH. CL. CN. CO. CR. CU, CZ. DE, DK, DM,
PCT/US2013/000153 DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
(22) International Filing Date: HN, HR, HU, ID, IL, IN, IS, JP, KE, KG, KN, KP, KR,
2 July 2013 (02.07.2013) KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD, ME,
. MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ,
(25) Filing Language: English OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SC,
(26) Publication Language: English SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN,
TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

(30) Priority Data: . o
61/688.071 7 May 2012 (07.05.2012) US (84) Designated States (unless otherwise indicated, for every
13/986.059 27 March 2013 (27.03.2013) US kind of regional protection available). ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, SZ, TZ,
(72) Inventor; and UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
(71) Applicant : BRISKMAN, Robert [US/US]; 61 Valerian TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
Court, Rockville, MD 20852 (US). EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,
(74) Agent: WYATT, Douglas, W.; Wyatt, Gerber & O'Rourke MC, MIK, MT, NL, NO, PL, P71, RO, RS, SE, 51, 5K, SM,

L.L.P., 99 Park Avenue, New York, NY 10016 (US).

TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ, GW,
KM, ML, MR, NE, SN, TD, TG).

[Continued on next page]

(34) Title: AUTONOMOUS SATELLITE ORBITAL DEBRIS AVOIDANCE SYSTEM AND METHOD

120

N

FIG. 1

(57) Abstract: An autonomous system for a satellite which
calculates collision paths ot debris from anywhere within the
spheroid around the satellite by using its radar/ladar data and
from data on its own orbit derived by onboard sensors such
as star, earth and sun sensors or from stored data sent from
its ground control station through the satellite’s command
subsystem. If a collision would be likely, the system calcu-
lates the minimum change in the satellite’s orbit to avoid
such collision and generates and executes commands for fir-
ing on-board orbital control thrusters to put the satellite 1n a
suitable avoidance orbit.
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AUTONOMOQUS SATELLITE ORBITAL DEBRIS AVOIDANCE SYSTEM AND METHOD

SPECIFICATION

Background of the Invention

Outer space has considerable debris as described in Committee on Space Debris, National
Research Council; Orbital Debris: A Technical Assessment; National Academy Press, ISBM- 10:0-
309-05125-8; Wash., DC 1995. This debris around the earth has been created by the whole or
parts of satellites and launch vehicles which have been placed in orbit, especially over the past
four decades. Several of these objects were intentionally destroyed, as described by P. Hartis in
The Growing Menace of Orbital Debris; Draper Laboratory; Live better Center for a Better Life;
2011, unintentionally exploded or intentionally blown up creating small debris. Such debris
created in orbits which are higher than the earth's atmosphere will remain there indefinitely.
The problem of debris impacting operating satellites is now recognized, and many developed
countries have taken action to mitigate further growth in debris as described by D. Baiocchi and
William Weiser |V in Confronting Space Debris; Rand Corporation; ISBM-978-0-8330-5056-4. It
has been recognized for decades that removal of debris should be accomplished, but nothing

yet has been done due to economic, legal and political issues, as described by me in Rouge

Commercial Geosynchronous Communications Satellites; IEEE Transactions on Broadcasting;

BC-33, NO. 1; March 1987.
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Communication and broadcast satellites can typically require up to $250 million for
construction, launch and insurance. These satellites generally have a design lifetime of 15~1 8
years. Besides the cost of loss due to collision with orbital debris, the satellite may serve many
millions of customers and its replacement typically takes three years. This results in serious loss
of service to customers and of operating revenues.

Since debris is a hazard to operating satellites and the amount of orbital debris is still
increasing, albeit at a slower rate than in the past, some satellite operators (including the manned
International Space Station) take the information on debris location and orbit from ground radars,

particularly the US government’s NORAD radar complex, and send commands to move the
operating satellites so their orbits avoid collision with the debris. The ground radar data become

less effective as the distance to the debris increases and for smaller sizes of debris.

Objects of the Invention

A system and method for satellite orbital debris avoidanée according to the invention
allows an operating satellite to avoid orbital debris autonomously or semi-autonomously.

The benefits of the innovation provided by this invention permit the satellite operator to
not require ground stations for orbital debris assessment and needed countermeasures.

Debris tracking can be superior on the satellite, since ground station radars must contend

with attenuation and errors caused by the atmosphere and ionosphere.

Satellites generally have almost full view of the spheroid, since debris can come from any
direction, whereas a single ground station can practically see somewhat under half of the
spheroid.

Multiple ground stations can overcome the coverage deficiency referred to above. A

geostationary satellite would require three ground stations spaced about 120 degrees in
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longitude, and lower orbiting satellites would require many more than three ground stations.
Such ground stations are expensive in capital and have significant operations costs including
their inter-communications.

The inclusion of an autonomous debris avoidance system according to the invention on
larger satellites is particularly effective since much of the computing power is normally already
included, making the modest equipment and programming additions feasible, and the

combination of existing computer subsystems in the satellite is a particularly effective

implementation.

In addition to the above, an operator could easily add other supplementary capabilities
without any more satellite hardware and only small software additions. Besides determining an
avoidance orbit which minimizes satellite propulsion fuel, the satellite could also determine if a
chosen avoidance orbit is safe from collision with other satellites and with other debris. It could
also determine the effect of the chosen avoidance orbit on the satellite’s system operational
performance.

An important benefit of autonomous satellite avoidance is the speed of operation,
especially for random small debris which might be invisiblé or difficult to track by ground
stations. The extra time required for ground station acquisition, processing, relay of the

avoidance data to the satellite and iis required confirmation of proper receipt could allow for the

collision to occur.

Summary of the Invention

In one embodiment, a satellite is constructed with such a system having an orbital debris

tracking subsystem to detect and track objects using a microwave or light (LADAR) frequency

radar or similar sensors/detectors. Detection and tracking equipment can include higher
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frequency microwave or laser radars, which may be preferable under certain circums_tances
because their resolution of debris size and motion is better, the required antenna on the satellite
will be smaller and atmospheric attenuation is not a problem (since the satellite and debns are
typically well above the atmosphere). The satellite has onboard computer capability which
calculates ﬁom its radar/ladar data and from data on its own orbit (derived from onboard sensors
such as star, earth and sun sensors, GPS receivers, and/or from stored data sent from its ground
control statipn through the satellite’s command subsystem) if a collision could occur, [fa
collision would be likely, the computer calculates the minimum change in the sateilite’s orbit to
avoid such collision and generates commands for firing on-board orbital control thrusters to put
the satellite in an avoidance orbit. Other than the radar/ladar, most large, modem
communications and broadcast satellites currently have the aforementioned onboard sensors and
a propulsion system with thrusters.

Detection, tracking and debris avoidance from a satellite is fundamentally superior from
doing it elsewhere including from earth stations. Debris orbits are random and numerous,
resulting in potential collision paths from anywhere in the spheroid around the sateilite. Smaller,
rapidly moving debris are particularly difficult to detect from earth stations which are often also
limited by non-continuous coverage and by the inability to penetrate the atmosphere etliciently
at various frequencies such as optical. Since, in many cases, avoidance must be accomplished 1n
a very short period, autonomous operation in the satellite is faster than doing the same operations

from earth station(s) due to command transit time between the station and satellite and other

previously mentioned factors.
The description following of autonomous debris avoidance operations is described in

terms ol separate computer processors. In fact, these are software programs. The best way to
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1mplement them would be based on the computer/processor equipment on a particular satellite.
Since many of the bigger satellites already have large computers with big memories, many or all
of the debris avoidance software programs could be integrated into these computers or their
modest expansions for this purpose.

The loss of a large satellite due to debris collision would be a very major operational and
economic disaster. Operationally, large commercial communications and broadcast satellites
each may serve millions of customers. Little spare on orbit satellite capacity exists, and these
satellite operators generally have no alternatives, especially from an unplanned
event. Particularly note that the production and launch of a replacement satellite of this type

takes at least 3 years and often more. The cost of replacement is at least a quarter of a billion US

dollars,

Accordingly, a satellite system is described herein which avoid collision with orbital
debris and which addresses the above mentioned concerns The satellite system includes an
orbital debris tracking means adapted to provide streams of tracking data on individual pieces of
debris detected in the full spherical envelope around the satellite, an orbit determination
processing means, an ephemeris processing means, a collision calculation means, a satellite

avoldance orbit processing means, and a satellite avoidance commands Processing means.
The means can be provided as one or more separate or integrated devices or software

adapted to perform one or more of the functions described herein. Specifically, the orbit

determination processing means is adapted to receive the tracking data from the orbital tracking
means to compute the orbits of the debris. The ephemeris processing means is adapted to receive

the debris orbital data from the orbital processing means and satellite orbital elements data from

on-board sensors and/or the satellite's computer.
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In addition, the orbit determination processing means is adapted to provide debris orbital
elements data of the debris including semi-major axis, eccentricity, inclination, right ascension of
ascending node, argument of perigee, period, time of perigee and their variances. Furthermore,
the ephemeris processing means is adapted to calculate location ephemeris data for future
positions of the debris relative to future positions of the satellite. Moreover, the collision
calculation means is adapted to receive the location ephemeris data for a piece of debris and the
location ephemeris data for the satellite from the ephemeris processing means.

Current satellite designs include low thrust, high efficiency electrical propulsion thruster
to realize stationkeeping operations. Since these systems are only capable of small orbital
adjustments, orbital corrections must occur at frequent intervals, sometimes twice per day. In
light of consideration of planned, nominal orbital adjustments, the ephemeris processing means
must therefore be aware of ongoing, or imminent station keeping operations when considering

future possible collisions. In general, collision avoidance may be achieved with the addition of a
collision avoiding orbit adjustment, the removal of one or more nominal stationkeeping

adjustments, or a combination of both.

The collision calculation means is also adapted to provide a collision conclusion showing
whether a collision would or would not occur at some future time between a piecg of debris and
said satellite. In addition, the satellite avoidance orbit processing means is adapted to receive
output from the collision calculation means and to calculate a minimum change of the satellite’s
existing orbit to an orbit which avoids collision with said debris. Furthermore, the satellite
avoidance commands processing means is adapted to receive the data for a minimum change in

orbit, to calculate the required commands for the satellite thruster firings and to cause these

commands to be executed.
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In another embodiment of a satellite system according the invention, the orbital debns
tracking means includes one or more radar or ladar which are adapted to provide coverage
around the satellite for determining the angle, velocity and range of one or more pieces of debris
from the satellite.

In another embodiment of a satellite system according to the invention, a telemetry
system means and a command system means are also provided .These means are adapted to send
and receive the data from the orbit determination processing means to a ground control station
having one or more of the ephemeris processing means.

In a further embodiment of a satellite system according to the invention, the system 1s

specifically adapted to autonomously avoid collision with orbital debris.
In an additional or alternative embodiment of a satellite system according to the
invention, the orbital debris tracking means is selected from the group comprising radar, ladar,

microwave radar, and optical recognition; wherein the orbital debris tracking means include one
or more modes such as pulse mode, continuous mode, and/or Doppler mode; and wherein the
orbital debris tracking means include one or more operating parameters such as pulse width,

beam scan, frequency shift, radiated power output and/or bandwidth.
In a further embodiment of a satellite system according to the invention, a first tracking
means 1s also provided for tracking debris having a range of high speeds, relative to the satellite,

and a second tracking means 1s further provided for tracking debns having a range of low speeds

relative to the satellite.

In a further embodiment of a satellite system according to the invention, a first tracking
means 1s also provided for tracking debris having a range of large sizes, and a second tracking

means 1s further provided for tracking debris having a range of small sizes.
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In a further embodiment of a satellite system according to the invention, the ephemeris

processing means is adapted to receive a portion of the debris orbital elements data from the
orbital determination processing means and a portion of the satellite orbital elements data from
on-board sensors and/or the satellite's computer. In addition, the ephemens processing means is
adapted to receive a portion of the debris orbital elements data from one or more ground stations
and a portion of the satellite orbital elements data from one or more ground stations.

In a turther embodiment of a satellite system according to the invention, the computer
collision calcﬁ]ation means is adapted to determine a collision likelihood envelope for each piece
of debris based upon an uncertainty measurement associated with one or more factors associated
with the piece of debris.. Such factors include the orbat, size and/or velocity data.

[n a further embodiment of a satellite system according to the invention, the collision
calculation means is further adapted to provide an output conclusion showing whether a collision
would occur at some future time between a piece of debris and a future position of said satellite
afier the satellite undergoes an orbital change maneuver.

In a further embodiment of a satellite system according to the invention, the collision

calculation means 1s adapted to maintain a matrix of orbital maneuver choices for the satellite,

wherein each matrix element includes a risk assessment of collision.

In a further embodiment of a satellite system according to the invention, the collision

calculation means is adapted to determine if a probability of collision of the orbital debris is
below a predetermined threshold and to provide a conclusion including an ignore conclusion, and

to provide the output of its probability determination to other orbital debris avoidance

subsystems.
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In a further embodiment of a satellite system according to the invention, the satellite
orbital debris tracking means relays debris information to the ground which is then used to make
collision predictions for other satellites. Debris information could be in the form of processed
debris orbit determination results, or unprocessed radar/ladar data.

[n a turther embodiment of a satellite system according to the invention, the satellite
avoidance orbit processing means is further adapted to choose a solution set of orbital maneuver
choices from a matrix depending on one or more predetermined satellite operational performance
parameters being fully functional at each orbital maneuver choice.

In a further embodiment of a satellite system according to the invention, the satellite
avordance orbit processing means is further adapted to choose a solution set of orbital maneuver

chotces from a matnx depending on a calculation of the minimum fuel required to achieve a new

orbital avoidance solution.

In a further embodiment of a satellite system according to the invention, one or more of
the means of the system is adapted to include a debris tracking dwell time for performing more
accurate calculations or other functions of that means, which calculations are associated with one

or more pieces of debris and that the means is further adapted to prioritize calculations based

upon position and velocity of debris.

Brief Description of the Drawings

Figure 1 illustrates a modern high capacity satellite used for communications and

broadcast purpose(s), with a system to actively avoid collision with orbital debris.
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Figure 2 illustrates an enlargement of the main body of the satellite. It shows the existing
command and telemetry antennas for communication with the ground control station(s) and one
possible location of three radars or ladars for tracking debris.

Figure 3 is a flow diagram illustrating an embodiment of an orbital debris avoidance
system accordiﬁg to the invention as implemented for a satellite and its connection to a ground
control station for backup and other purposes.

Figure 4 shows an alternative embodiment of a satellite system according to the
invention. Ground control earth station(s) can send additional data related to debris location and
velocity and/or debris orbital ephemerides to the satellite system to supplement the data the
satellite has autonomously collected or, if the satellite orbital debris data collection subsystem

has failed, to allow the satellite avoidance system to continue operation using the data on debris

locations/velocities collected by the ground station(s).

Detailed Description

A modern high capacity satellite 120 used for communications and broadcast purpose(s)
is shown in Fi gure 1 which can be adapted for use with the invention. Such satellites typically
include functional equipment includ_ing one or more satéllite thrusters 121, one or more power
sources 122, as well as one or more antennae 123, It can be appreciated that the satellite 120 can
include a number of systems, including systems associated with the primary function of the
satellite, such as communication, broadcast, observation, and other systems, not shown. Some of

such systems and functional equipment can cooperate with or be part of an orbital debris

avoidance system according to the invention.

10
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An enlargement of the main body of the satellite is shown in Figure 2 and illustrates a
command antenna 124 and a telemetry antenna 125 for communication with a ground control ‘
station(s) and one possible location of three orbital tracking devices 101, namely radars or ladars
or other similar sensors/detectors for tracking debris. The locations and numbers of the antennac
and orbital tracking devices will vary from satellite to satellite. The orbital tracking devices are
preferably located to best be able to see unobstructed the full sphere around the satellite. At least
two would normally be incorporated to achieve that visibility and to provide redundancy in case
of failure. Not shown are the satellite sensors (e.g., sun, earth and stars) used internally to
determine the satellite’s location and attitude and the several propulsion thrusters used for orbit
and attitude control, since they are standard on-board equipment. Also, internal to the satellite

body are the computers/processors described below and the tanks holding the propulsion fuel
which are used by the previously noted thrusters for controlling the satellite’s orbit and attitude.
A flow diagram in Figure 3 illustrates the typical operation of the orbital debris avoidance
system 100 as implemented on a typical satellite and its possible connection to the ground
control station for backup and other purposes. It can be appreciated that an orbital aebris
avoldance system 100 need not necessarily include some of the standard equipment that may be
included 1n a satellite such as antennas, sensors and/or communication and processor devices.
The following description is provided in view of this consideration. Similarly, processors and
devices described herein as having a described functionality could be provided as one or more
general purpose computers or as one or more application specific integrated circuits (ASIC).
Often on satellites processors may be provided, since they typically are designed for a

special purpose. However, several processors may be incorporated in a satellite computer. It can

be appreciated that the satellite orbital debris avoidance system 100 can be embodied 1n one or

11
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more programmed computers, and/or ASICs, which can be embodied within processors to
perform the functions of the system 100 according to the invention, as described herein. Thus, a
system 100 according to the invention can be adapted or designed to cooperate with such devices

and yet fall within the scope of the invention.

A system and method for satellite orbital debris avoidance 100 according to the invention
allows an operating satellite to avoid orbital debris 140 and similar objects (e.g., meteors)
autonomously or semi-autonomously. In one embodiment, a system 100 in Figure 2 can be
designed for a satellite having at least one orbital debris tracking device 101 to detect and track
objects and provide tracking data. The orbital debnis tracking devices 101 includes a processor
and one or more detector/sensors, such as microwave or light (LADAR) frequency radars.
Detector/sensors 101 may include higher frequency microwave or laser radars, which may be
preferable under certain circumstances because their resolution of debris size and motion 1s
better, the required antenna on the satellite will be smaller and atmospheric attenuation is not a
problem (since the satellite and debris are typically well above the atmosphere). In addition, or
In the alternative, detectors/sensors 101 can also include radar and optical sensors having
recognition capability as well as other remote sensing devices. It can be appreciated by a person
of ordinary skill in the art, in view of this disclosure of the invention, that variations in the orbital
debris tracking deviee 101 can be implemented having one or more t)"pes of sensors 101 for

different embodiments of a system 100 according to the invention.

Figure 3 illustrates an embodiment of an orbital debris avoidance system 100 according

to the invention that can include one or more orbital debris tracking devices 101 or can be

connected to cooperate with existing orbital debris tracking devices provided with a satellite 120.

In one embodiment, the orbital debris tracking devices are radars/ladars 101 which detect and

12
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track the orbital debris. Such devices should be able together to cover the full spherical envelope
around the satellite since debris can arrive from any direction. Typically the devices provide
tracking data which include the angle and range of the debris from the satellite using pulse
modulation, but continuous wave type radars providing near instantaneous velocity between the
satellite and debnis méy also be employed. There are also radars/ladars that can alternate
modulation between continuous and pulsed. There are countless modes of radar/ladar operation
including range only operation and dwell, where the radar/ladar scan of the spherical envelope 1s
stopped and the tracking device is continuously pointed at a particular piece of debris for a
predetermined pertod so more accurate and more rapid data would be available on that particular
debris piece. The radar/ladar operational modes and modulation can also be optimized for
tracking both on debris size and on velocity relative to the satellite. The tracking data is
provided to the orbit determination processor 102 as streams of tracking data on various
individual pieces of debris. The number of such streams could be unlimited but generally only
several would be required simultaneously, since most debris will not be on a collision éourse.
An orbital tracking device 101 can receive commands from an orbital debns collision
calculator 104 to modify the function mode of the device 101 accoxfding to the circumstances.
For example, an embodiment of a system according to the invention can provide for shifting of
modes between pulsed and continuous wave operation when tracking one or more of a first set of
debris, such as debris having a greater proximity or likelihood of impact, and accordingly a
continuous wave mode can be chosen, whereas a pulsed mode which uses less energy and
processing can be employed for a second set of debris having less proximity or likelihood of
impact. Alternatively, one or more of the separate modes éan be dedicated to each tracking

sensor 101 where a plurality of tracking devices 101 are employed. It can be appreciated that

13
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one or more of the functions of the orbital debris tracking processor can be included in other
programming or processors of the system, such as the orbit determination processor 102.

The orbit determination processor 102 determines the orbits of the debris. The computer
102 takes the tracking data from each piece of detected debris and when sufficient information 1s
collected over time, calculates the orbit of the debris. This is not difficult since the debris must
follow a classic orbit originally formulated by Kepler as described by R. Bate, D. Mueller and J.
White in Fundamentals of Astrodynamics; Dover Publications; New York; 1971. There are now
other similar orbit determination formulations, some of which require less computing power. A
processor 102 can be designed or programmed to determine what is known as the “orbital
elements” of each piece of debris, such as semi-major axis, eccentricity, inclination, period, time
of perigee, right ascension of ascending node, and their variances (i.e., the uncertainty in the
elements). When each piece of detected orbital debris has its elements determined within a
specified variance, the debris elements are sent to the ephemerides generator processor 103.

The ephemerides processor 103 takes the orbital elements and determines where the
debris will be located in the future. This processor capability provides information called an
ephemeris which is a standard type of orbital calculation for projection of an orbital object’s
future location and whose accuracy degrades with the length of the time from projection as well

as the uncertainty in the orbital elements noted above.

The ephemerides processor 103 is also fed the orbital elements of the host satellite from
processor 102, which were determined by the previously described on-board sensors or by
previous ground control station upload. In an alternative embodiment, a ground control station
can send such information to the ephemerides processor 103 through a command uplink

subsystem. In another embodiment, anticipated nominal adjustments to the satellite's orbit can

14
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also be sent to the ephemerides processor 103, affording more accurate predictions. Reasons for
the existence of such nominal orbital adjustments include orbital location maintenance, orbital
relocation, de-orbiting operations, and other system performance considerations. The
ephemerides processor 103 takes the satellite’s orbital elements and, if required, nomin'al.orbital
adjustment information and converts them to an ephemeris for the sateilitc. These ephemerides
data generated by the ephemerides processor 103 is sent to a collision calculator 104.

The collision calculator 104 is a processor which essentially functions as a comparator or
a collision probability processor. It takes the ephemeris of each piece of debris and compares its
future location with the ephemeris of the future location of the satellite. It outputs at least three
results for each piece of debris. The act processor 105 receives and stores at least one result from
the collision calculator 104 which determines that a collision is likely to occur at some future
time within a predetermined threshold. The act processor 105 sends at least one result to the

avoidance orbit calculator 108 and may also send the result to a ground control station by the

telemetry subsystem.

The ignore processor 107 receives and stores at least one result from the collision
calculator where the calculator 104 determines that a collision is not likely or not expected. In
this case, the ignore processor 107 iélls the tracking device 101, the orbit determination
processor 102 and the ephemerides processor 103 to ignore that particular piece of debris. This
ignore debris data is stored in the 101 processor memory so no further tracking of the object is
performed. The store processor 106 receives and stores at least one result from the colliston
calculator where the calculator 104 é{etennines that the variances are large enough to make a
future collision uncertain within a predetermined threshold. In this case, the store processor 106

may just wait until more tracking data are accumulated on this piece of debris or may direct the

15
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radars/ladars 101 to accumulate more data, say by going to a dwell mode, or changing
modulation type.

The avoidance orbit processor 108 essentially calculates the minimum change in the
satellite’s existing orbit to an orbit that will avoid the collision with the debris. Again, this is a
standard calculation. The calculation is preferably performed so that the orbital change consumes
the minimum amount of satellite on-board propellant. If the calculated time of the collision is
either during or after an anticipated, nominal orbital correction maneuver, the avoidance orbit
processor 108 may consider not executing this orbital correction in order to avoid the collision or
combining the collision and correction maneuvers. This strategy could result in requiring very

little, or even zero, additional on-board propeliant.

The orbital change data are sent to the avoidance command processor 109 which
calculates the required satellite maneuver commands (typically which thrusters will be used, the
desired satellite attitude, the time and the duration of the thrusters’ firings). The satellite
commands are sent to a satellite thrust controller 110 that is typically included in a satellite.
There can be at least two types of on-board satellite thrusters 121 in a satellite. One type 1s fueled
by chemicals and can provide high amounts of thrust. The other is electronic which provides low
thrust levels. The electronic is more efficient and is typically used for geostationary satellite
orbital east west station keeping where low thrust levels are desirable. For the avoidance
maneuver, the choice of thruster type (if more than one type is employed on the satellite) would
be determined by the amount of orbit change required and the length of time available to

accomplish it. As shown, these commands could also be sent from the avoidance command
processor 109 to a ground control station through a telemetry subsystem so that the satellite

operator knows what is occurring. Avoidance commands may also include instructions
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necessary to terminate or cancel anticipated, nominal satellite orbital adjustments which may be
already in progress or scheduled in the satellite’s memory.
It is also possible to implement the invention in one or more semi-autonomous

configurations or combinations. Figure 4 shows one such alternative embodiment of a satellite

system according to the invention.

Here, additional data on orbits of debris may be obtained from ground or space sources
other than from tracking devices on the subject satellite. These data can be sent to the satellite
through its ground control station 300 using its command subsystem 310 for use as a data
augmentation to the satellite’s generated tracking data. Also, if the satellite’s orbital debris
tracking subsystem fails and the remaining orbital avoidance subsystems are operable, the

ground derived orbital debris locations/velocities can be used to continue normal satellite

avoldance operations.

17



What is claimed:
1. A satcllite system that can autonomously avoid collision with orbital debris including:

an orbital debris tracking device adapted to provide tracking data on a piece of debris;

an orbit determination proccssor adapted to receive said tracking data from said orbital debris
tracking device and compute the orbits of the debris, to produce debris orbital element data, and to
compute the satellite's orbital elements from on-board sensors or on-board stored data or both;

an ephemeris processor adapted to receive said debris orbital element data from the orbital
determination processor, and satellite orbital elements data, and (o generate debris ephemeris data for
future positions of the debris and future positions of the satellite;

a colliston calculator adapted to receive the tuturc debris cphemeris data and the tuture satcllite
ephemeris data from said ephemeris processor; said collision calculator adapted to compare said futurc
satellite and debris ephcmeris data; and to provide an output conclusion, said output conclusion showing
whether a collision would or would not occur at some future time between said debris and said satellite;

an avoidance orbit processor adapted to recetve an output conclusion that a collision 1s likely to
occur and to calculate an avoidance orbit; and

processors to create propulsion thruster commands to effect the avoidance orbit and to execute the

commands.

2. A satellite system according to claim 1, whcerein the orbital tracking device is sclected from the
group comprising radar, ladar, microwave radar, and optical or microwave recognition; and lurther

comprising an avoidance command processor which receives the data for an avoidance orbit from the

avoldance orbit processor, calculates the requircd commands for the satellite's thruster firings and causes
these commands to be executed wherein said orbital tracking device is adapted to provide complete
coverage of the spheroid around the satellite for determining the angle, velocity and range of debris [rom

the satellite.
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3. A satcllite system according to claim 2, wherein a first orbit tracking device is provided for

tracking dcbris, relative to the satellite, and a second tracking device 1s provided for tracking debris.

4. A satellite system according to claim 2, wherein a first tracking device is provided for tracking

debris, and a second tracking device 1s provided for tracking debris.

5. A satellite system according to claim 1, wherein the ephemc'ris processor 1s adapted to receive a
portion of the debris orbital elements data from the orbital dectermination processor and a portion of the
satcllite orbital elements data from on-board sensors or stored on-board data, and wherein the ephemeris
processor is adapted to receive a portion of the debris orbital elements data from one or more ground

stations and a portion of the satellite orbital elements data from one or more ground stations.

0. A satellite system according to claim I, wherein the collision calculator determines collision
likelithood for each piece of debris based upon an uncertainty in measurements associated with the orbit,

siz¢ and/or velocity data associated with the piece of debris.

7. A satellite systcm according to claim I, wherein the collision calculator further provides an output
conclusion showing whether a collision would occur at some future time between a piece ot debris and a

possible future position of said satellite atter undergoing an orbital change avoidance mancuver.
3. A satellite system according o claim 1, wherein the collision calculator maintains a matrix of

orbital maneuver avoidance choices for the satellite, wherein each matrix element includes a risk

asscssment of debris collision and the amount of on-board tuel required for each maneuver choice and the

satellite's opecrational performance after each possible avoidance maneuver.
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9. A satcllite system according to claim I, wherein the collision calculator is adapted to determine 'if

a probability of collision with orbital debris 1s below a predetermined threshold and to provide at least one

conclusion including an ignore conclusion.

10. A satellite system according to claim I, wherein said satellite avoidance orbit processor is further
adapted to choose a solution set of orbital maneuver choices from a matrix depending on one or more

satellite operational performance parameters being fully functional for each orbital maneuver choice.

11. A satellite system according to claim 1, wherein said satcllite avoidance orbit processor is further

adapted to choose a solution sct of orbital maneuver choices from a matrix depending on a calculation of

the minimum fuel required to achieve the new orbital avoidance solution.

12. A satellite system according to claim 1, wherein the system includes debris tracking dwell time [or

performing calculations associated with one or more pieces of debris and prioritizes calculations based

upon position and velocity of debris.

13. A satcllite system according to claim 9, wherein a satellite system device selected from the group
comprising the orbital debris tracking device, orbit determination processor, collision calculator, and act

processor, 1s adapted to ignore all or a portion of the data associated with an ignored object based on the

ignore conclusion.

14. A satellite system according to claim 1, wherein the ephemeris processor is further adapted to

reccive a portion of the debris orbital elements data from the orbital determination processor and a portion
of the satellite orbital elements data {rom the orbital determination processor, and wherein the cphemeris
processor 1s adapted to receive a portion of the debris orbital elements data from one or morc ground

stations and a portion of the satellite orbital elements data from onc or more ground stations
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15. A satellite system to permit a satellite to avoid collision with orbital debris including:
orbital debris tracking means adapted to provide streams of tracking data on individual pieces of

debris detected 1n the full spherical envelope around the satellite, orbit determination processing means

adapted to receive said tracking data from said orbital tracking means to compute the orbits of the debris,

said orbit determination processing means providing debris orbital elements data of the debris including
semi- major axis, eccentricity, inclination, right ascension of ascending node, argument of perigee, period,
time of perigee and their variances;

ephemeris processing mcans adapted to reccive the debris 01;bital data from thc orbital processing
means and satellite orbital elemcnts data from on-board SENSOrs or on- board stored data or both, and
calculates location ephemeris data for future positions ot the debris relative to future posttions of the
satellite;

a collision calculation means adapted to reccive the location ephemens data for a piece of debris
and the location cphemeris data for the satellite from said ephemeris processing means, wherein said
collision calculation means is adapted to provide a collision conclusion showing whether a collision
would or would not occur at a futurc time between a picee ot debris and said satellite;

a satcllitc avoidancc orbit processing means adapted to recetve output from said collision
calculation means and to calculate a minimum change of the satellite's existing orbit to an orbit which
avoids collision with satd debris; and

a calculation means to create propulsion thruster commands to achieve the avoidance orbit and to

execute the commands.

16. A satellite system according to claim 15, wherein said orbital debris tracking means includes one
or morc of the group comprising a radar and a ladar adaptcd to provide coverage around the satcllite for

determining the angle, velocity and range of debris from the satellite,
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17. A satellite system according to claim 15, further comprising a telemetry system mecans and a

command system mcans adapted to send and reccive the data {rom the orbit determination processing

means to a ground control station having onc or more of the cphemeris processing means.

18. A satellite system according (o claim 15, {urther comprising a satellite avoidance commands
processing means adapted to receive the data for a minimum change in orbit, to calculate the required

commands for the satellite thruster firings and to cause these commands to be exccuted.

19, A satellile sysiem according to claim 15, wherein the orbital debris tracking means 1s selected
from the group comprising radar, ladar, microwave radar, and optical recognition; wherein the orbital
debris tracking means include one or more modes selected from the group comprising pulse mode,
continuous mode, and doppler mode; and wherein the orbital debris tracking means include one or morce
operating parameters selected from the group comprising pulsc width, beam scan, frequency shift,

radiated power output and bandwidth.

20. A satellite system according to claim 15, further comprising a first tracking means provided for
tracking debris having a range of high spced, relative to the satellite, and a sccond tracking means for

tracking debris having a range of low speeds.

21. A satellite system according to claim 15, further comprising a first tracking mcans for tracking debris
having a range of large sizes, and a second tracking means for tracking debris having a rangc of small

S1ZCS.

22. A satellite system according to claim 15, wherein the ephemeris processing means is adapted to
receive a portion of the debris orbital elements data {from the orbital determination processing means and

a portion of the satcllite orbital clements data from on-board scnsors or on-board stored data or both, and

22

CA 2874532 2017-12-07



wherein the ephemeris processing means is adapted to receive a portion of the debris orbital elements data
from one or more ground stations and a portion of the satcllitc orbital elements data from one or more

ground control stations.

23. A satellite system according to claim 15, wherein the collision calculation means is adapted to
determine a collision likelihood envelope for each piece of debris based upon an uncertainty value of the
measurement associated with one or more factors associated with the piece of debris selected from the

group comprising the orbit, size and/or velocity data.

24. A satellite system according to claim 15, wherein the collision calculation means 1s turther
adapted to provide an output conclusion showing whether a collision would occur at some future time
between a piece of debris and a future position of said satellite after the satellitc undergoes an orbital

change mancuver.

23. A satellite system according to claim 15, wherein the collision calculation means 1s adapted to
maintain a matrix of orbital maneuver choices for the satellite, whercin cach matrix element includes a
risk asscssment of collision and thc amount of on-board fuel requircd for cach mancuver choice and the

satellite's operational performance after cach possible avotdance maneuver.

20. A satellite system according to claim 15, wherein the collision calculation means 1s adapted to

determine if a probability of collision of the orbital debris 18 below a predetecrmined threshold and to

provide 4t least one conclusion including an ignore conclusion.

27. A satellite system according to claim 15, wherein said satellite avoidance orbit processing means

is further adapted to choose a solution set of orbital maneuver choices from a matrix depending on one or
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more satellite opcrational performance paramcters being fully functional for each orbital maneuver

choice.

28. A satellite system according to claim 15, wherein said satellite avoidance orbit processing means
is further adapted to choose a solution set of orbital maneuver choices from a matrix depending on a

calculation of the minimum [uel required to achieve the new orbital avoidance solution.

29. A satellite system according to claim 15, whercin the system includes a debris fracking dwell time
for performing more detailed measurements associated with one or more pieces of debris and prioritizes

avoidance calculations based upon position and velocity of debris

30. A satellite system according to claim 26, further comprising a satellite system means sclected
from the group comprising the orbital debris tracking means, orbit determination processing means,
collision calculation means, and act processing means, 1s adapted to ignore all or a portion of the data

assoclated with an 1gnorcd objcct bascd on the 1gnore conclusion.

31. A satellite system according to claim 15, wherein the ephemeris processing means is adapted to
receive the debris orbital data from the orbital proccssing means and the satellite orbital elements data

from on-board sensors and/or the orbital determination processor.

32. A satellite system according to claim 15, wherein the ephemecris processing means is adapted 10
receive a portion ol the debris orbital elements data [rom the orbital determination processing means and
a portion of the satcllite orbital elements data from the satellite's computer, and wherein the ephemeris
processing means 1s adapted to receive a portion of the debris orbital elements data from one or more
ground stations and a portion of the satellite orbital elements data from one or more ground control

stations.
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