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§\ DETERMINE STATE OF CHARGE (SOC) OF BATTERY AT ENTRY INTO ECLIPSE | ~202
DURING EACH ORBIT DURING ELECTRIC ORBIT RAISING (EOR)

DETERMINE ELECTRIC POWER LEVEL OF POWER PROCESSING UNIT (PPU) ASSOCIATED WITH EACH
THRUSTER FOR FIRING THRUSTER FOR EACH ORBIT BEGINNING AFTER ECLIPSE BASED ON SOC OF
BATTERY ENTERING ECLIPSE AND THAT WILL PROVIDE SHORTEST EOR DURATION, BALANCE SOC OF
BATTERY BY AUTONOMOUSLY CONTROLLING ELECTRIC POWER LEVEL AND TIMING DURING WHICH
TO FIRE EACH THRUSTER; SET PPU ELECTRIC POWER LEVEL IN STEPS BASED ON MATCHING PARTICULAR
SOC OF BATTERY TO CORRESPONDING ONE OF PREDEFINED OPERATING POINTS OF THRUSTER

204
210 ; 2086
S ‘ 1 7
SET PPU POWER LEVEL - BASE POWER SET PPU POWER LEVEL - BASE POWER
LEVEL - CHOSEN NUMBER STEPS BASED LEVEL + CHOSEN NUMBER OF STEPS
ON SOC AND PREDEFINED OPERATING BASED ON SOC AND PREDEFINED
POINTS OF THRUSTER OPERATING POINTS OF THRUSTER

i
SWITCH BETWEEN PREDEFINED OPERATING POINTS OF PPU TO MAINTAIN BALANCED STATE OF CHARGE
OF BATTERY; CONTROL RESOLUTION OF DISCHARGE CURRENT OF PPU; MAINTAIN NEUTRAL POWER | ~212
BALANCE BY ADJUSTING THRUSTER POWER SETTING TO CORRESPOND TO POWER GENERATED BY
SOLAR ARRAYS MINUS POWER CONSUMED BY LOADS AND BATTERY CHARGING

i

MINIMIZE THRUSTER PROPELLANT (XENON) USAGE AND MINIMIZE DURATION OF ELECTRIC ORBIT

RAISING (EOR) BY SWITCHING BETWEEN PREDEFINED OPERATING POINTS OF PPU TO MAINTAIN POWER | ~214

BALANCE AND CONTROL RESOLUTION OF DISCHARGE CURRENT OF PPU; MAXIMIZE USE OF AVAILABLE
POWER FOR THRUSTER FIRING TO MINIMIZE EOR DURATION

®

FIG. 2A




Patent Application Publication  Jun. 25,2020 Sheet 3 of 7 US 2020/0198807 A1

7

FIRE THRUSTERS DURING SUN LIGHT AND SHUT OFF THRUSTERS DURING ECLIPSE OF EACH ORBIT
DURING EOR TO MINIMIZE THRUSTER PROPELLANT USAGE; FIRE OPERATIONAL THRUSTER AT 210
MAXIMUM POWER CONTINUOUSLY (INCLUDING ECLIPSES) IN EVENT OF FAILURE OF OTHER THRUSTER
TO MINIMIZE EOR DURATION

i}

PERFORM FAULT PROTECTION IN RESPONSE TO SPACECRAFT CONTROL ELECTRONICS (SCE) BEING
UNABLE TO MAINTAIN POWER BALANCE BECAUSE OF COMPONENT FAILURE OR OTHER ANOMALY

PERFORM LEVEL 1 FAULT PROTECTION IN RESPONSE TO SOC OF BATTERY BEING 290
BELOW FIRST PRESET LIMIT; LEVEL 1 FAULT PROTECTION INCLUDES SHUTTING 218
DOWN POWER PROCESSING UNIT (PPU) ASSOCIATED WITH EACH THRUSTER

PERFORM FAULT LEVEL 2 PROTECTION IN RESPONSE TO SOC OF BATTERY
BEING BELOW SECOND PRESET LIMIT; FAULT LEVEL 2 PROTECTION- 222
SWITCHING OFF INTEGRATED POWER CONTROLLER (IPC) IN ADDITION

T0 PPU SHUTDOWN

FIG. 2B
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AUTONOMOUS CONTROL OF ELECTRIC
POWER SUPPLIED TO A THRUSTER
DURING ELECTRIC ORBIT RAISING

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] The application is related to U.S. patent application
Ser. No. (Docket No. 18-1370-US-NP 289), entitled
“Optimized Power Balanced Variable Thrust Transfer Orbits
to Minimize an Electric Orbit Raising Duration,” filed the
same date and assigned to the same assignee as the present
application and is incorporated herein by reference.

[0002] The application is related to U.S. patent application
Ser. No. (Docket No. 18-1379-US-NP 290), entitled
“Autonomous Control of Electric Power Consumption by an
Apparatus,” filed the same date and assigned to the same
assignee as the present application and is incorporated
herein by reference.

FIELD

[0003] The present disclosure relates to spacecraft, satel-
lites and the like and more particularly to autonomous
control of electric power supplied to a thruster of a space-
craft during electric orbit raising.

BACKGROUND

[0004] Electric orbit raising involves moving a spacecratt,
such as a satellite, from an initial injection orbit after
separation from a launch vehicle to a final orbit or target
orbit where the spacecraft will operate during its useful life.
Thrusters are used during electric orbit raising to move the
spacecraft from the initial injection orbit to the target orbit.
The thrusters use a propellant. The amount of thrust gener-
ated by each thruster during firing is controlled by an amount
of electric power supplied to the thruster and the amount of
propellant used during operation of the thruster is deter-
mined by the amount of electric power supplied. The amount
of electric power and propellant used will also be dependent
upon the duration of firing of the thruster each time the
thruster is fired. The thrusters are also used for station
keeping once the spacecraft is in the target orbit. Accord-
ingly, minimizing the duration of electric orbit raising and
controlling electric power to the thrusters during electric
orbit raising is important to preserve as much propellant as
possible for station keeping.

SUMMARY

[0005] In accordance with an embodiment, a method for
autonomously controlling electric power supplied to a
thruster of a spacecraft during electric orbit raising includes
determining, by a processor, a state of charge of a battery
onboard the spacecraft at an entry into an eclipse during each
orbit of a plurality of orbits during the electric orbit raising
of the spacecraft. The method also includes determining, by
the processor, an electric power level used to fire each
thruster of a plurality of thrusters during each orbit begin-
ning after the eclipse, based at least on the state of charge of
the battery, and that will provide a shortest electric orbit
raising duration and minimize thruster propellant usage
during electric orbit raising.

[0006] In accordance with an embodiment, a system for
autonomously controlling electric power supplied to a
thruster of a spacecraft during electric orbit raising includes
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a battery to power the spacecraft and a plurality of thrusters
used for electric orbit raising of the spacecraft and station
keeping of the spacecraft. The system also includes space-
craft control electronics powered by the battery. The space-
craft control electronics are configured to control operation
of the thrusters. The spacecraft control electronics are fur-
ther configured to determine a state of charge of the battery
onboard the spacecraft at an entry into an eclipse during each
orbit of a plurality of orbits during the electric orbit raising
of the spacecraft. The spacecraft control electronics are also
configured to determine an electric power level used to fire
each thruster of the plurality of thrusters during each orbit
beginning after the eclipse, based on the state of charge of
the battery, and that will provide a shortest electric orbit
raising duration and minimize thruster propellant usage
during the electric orbit raising.

[0007] In accordance with an embodiment and any of the
previous embodiments, the spacecraft control electronics are
further configured to balance the state of charge of the
battery for each orbit by autonomously controlling the
electric power level and timing during which each thruster
is fired during each orbit of the electric orbit raising.

[0008] In accordance with an embodiment and any of the
previous embodiments, the spacecraft control electronics are
further configured to fire each thruster during sun light and
to shut off each thruster during the eclipse of each orbit of
the plurality of orbits during electric orbit raising.

[0009] In accordance with an embodiment and any of the
previous embodiments, the electric power level used to fire
each thruster is determined by determining an electric power
level supplied to each thruster by a power processing unit
associated with each thruster. The electric power level
supplied by the power processing unit to the associated
thruster is set based on matching a particular state of charge
of the battery to a corresponding one of a plurality of
predefined operating points of the associated thruster.

[0010] In accordance with an embodiment and any of the
previous embodiments, the electric power level supplied by
the power processing unit to the associated thruster is set in
steps to match the particular state of charge of the battery to
the corresponding one of the plurality of predefined oper-
ating points of the associated thruster.

[0011] In accordance with an embodiment and any of the
previous embodiments, the method and system further
include balancing the state of charge of the battery for each
orbit by autonomously controlling the electric power level
and timing during which each thruster is fired during each
orbit of the electric orbit raising.

[0012] In accordance with an embodiment and any of the
previous embodiments, the method and system further
include firing each thruster during sun light and shutting off
each thruster during the eclipse of each orbit of the plurality
of orbits during electric orbit raising.

[0013] In accordance with an embodiment and any of the
previous embodiments, the electric power level used to fire
each thruster is autonomously controlled onboard the space-
craft without control from a ground station or with minimal
control from the ground station.

[0014] In accordance with an embodiment and any of the
previous embodiments, wherein determining the electric
power level used to fire each thruster includes determining
an electric power level supplied to each thruster by a power
processing unit associated with each thruster.
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[0015] In accordance with an embodiment and any of the
previous embodiments, wherein the electric power level
supplied by the power processing unit to the associated
thruster is set based on matching a particular state of charge
of the battery to a corresponding one of a plurality of
predefined operating points of the associated thruster.
[0016] In accordance with an embodiment and any of the
previous embodiments, wherein the electric power level
supplied by the power processing unit to the associated
thruster is set in steps to match the particular state of charge
of the battery to the corresponding one of the plurality of
predefined operating points of the associated thruster.
[0017] In accordance with an embodiment and any of the
previous embodiments, wherein the method and system
further include setting the electric power level supplied by
the power processing unit by adding a chosen number of
power level steps to a base power level in response to the
state of charge of the battery exceeding or being equal to a
preset threshold. The chosen number of power level steps is
determined by matching the state of charge of the battery to
a corresponding predefined operating point of the plurality
of predefined operating points of the associated thruster.
[0018] In accordance with an embodiment and any of the
previous embodiments, wherein the method and system
further include setting the electric power level supplied by
the power processing unit by subtracting a chosen number of
power level steps from a base power level in response to the
state of charge of the battery being less than a preset
threshold. The chosen number of power level steps is
determined by matching the state of charge of the battery to
a corresponding predefined operating point of the plurality
of predefined operating points of the associated thruster.
[0019] In accordance with an embodiment and any of the
previous embodiments, wherein the method and system
further include switching between a plurality of predefined
operating points of the power processing unit associated
with each thruster to maintain a balanced state of charge of
the battery. The plurality of predefined operating points
includes a set of parameters of the associated thruster.
[0020] In accordance with an embodiment and any of the
previous embodiments, wherein each of the plurality of
predefined operating points of the power processing unit are
defined by a group of parameters including a discharge
current, a discharge voltage and a magnetic current of the
power processing unit.

[0021] In accordance with an embodiment and any of the
previous embodiments, wherein the method and system
further include minimizing thruster propellant usage and
minimizing electric orbit raising duration by switching
between the predefined operating points of the power pro-
cessing unit to maintain the balanced state of charge of the
battery.

[0022] In accordance with an embodiment and any of the
previous embodiments, wherein the method and system
further include performing fault protection in response to
being unable to maintain a balanced state of charge of the
battery.

[0023] In accordance with an embodiment and any of the
previous embodiments, wherein performing the fault pro-
tection includes performing a level 1 fault protection in
response to the state of charge of the battery being below a
first preset fault threshold. The level 1 fault protection
including shutting down the power processing unit associ-
ated with each thruster.
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[0024] In accordance with an embodiment and any of the
previous embodiments, wherein performing the fault pro-
tection includes performing a level 2 fault protection in
response to the state of charge of the battery being below a
second preset fault threshold lower than the first preset fault
threshold. The level 2 fault protection includes switching an
integrated power controller (IPC) off in addition to shutting
down the power processing unit associated with each
thruster.

[0025] The features, functions, and advantages that have
been discussed can be achieved independently in various
embodiments or may be combined in yet other embodiments
further details of which can be seen with reference to the
following description and drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0026] FIG. 1 is a block schematic diagram of an example
of a spacecraft in accordance with an embodiment of the
present disclosure.

[0027] FIGS. 2A and 2B are a flow chart of an example of
a method for autonomously controlling electric power sup-
plied to a thruster during electric orbit raising of a spacecraft
in accordance with an embodiment of the present disclosure.
[0028] FIG. 3 is an illustration of an example of electric
orbit raising of a spacecraft in accordance with an embodi-
ment of the present disclosure.

[0029] FIG. 4 is an illustration of an eclipse during electric
orbit raising of a spacecraft in accordance with an embodi-
ment of the present disclosure.

[0030] FIG. 5Ais a graph illustrating an example of a state
of charge (SOC) of a battery during electric orbit raising in
accordance with an embodiment of the present disclosure.

[0031] FIG. 5B is a graph illustrating an example of an
electric power level supplied to a thruster during electric
orbit raising in accordance with an embodiment of the
present disclosure.

[0032] FIG. 6 is a table of an example of operating points
of'a power processing unit to supply power to an associated
thruster in accordance with an embodiment of the present
disclosure.

DETAILED DESCRIPTION

[0033] The following detailed description of embodiments
refers to the accompanying drawings, which illustrate spe-
cific embodiments of the disclosure. Other embodiments
having different structures and operations do not depart from
the scope of the present disclosure. Like reference numerals
may refer to the same element or component in the different
drawings.

[0034] FIG. 1 is a block schematic diagram of an example
of'a spacecraft 100 in accordance with an embodiment of the
present disclosure. In an example, the spacecraft 100 is a
satellite or other space vehicle or apparatus. The spacecraft
100 includes a system 102 for autonomously controlling
electric power supplied to a thruster 104 of the spacecraft
100 during electric orbit raising. An example of electric orbit
raising 300 is illustrated in FIG. 3 and is a procedure of
transitioning the spacecraft 100 from a separation orbit 302
after separation from a launch vehicle 402 (FIG. 4) to a
target orbit 304 where the spacecraft 100 will operate.
Electric orbit raising 300 includes a series of transition orbits
or intermediate orbits 306 during which thrusters 104 are
fired to move the spacecraft 100 to the target orbit 304. A
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position 308 of the sun 410 (FIG. 4) during electric orbit
raising 300 is also illustrated in the example of FIG. 3.
[0035] The spacecraft 100 includes a plurality of thrusters
104. In the example in FIG. 1, the spacecraft 100 includes
two thrusters 104. In accordance with an example, the
thrusters 104 are electric propulsion thrusters, such as Hall
Effect thrusters (HET) or similar thrusters. The plurality of
thrusters 104 are used for electric orbit raising 300 and
station keeping when the spacecraft 100 reaches the target
orbit 304. The thrusters 104 use a propellant 106 to generate
thrust 108. The propellant 106 is stored in a tank 110. In
accordance with an example, the propellant 106 is Xenon
gas. The propellant 106 is fed to the thrusters 104 by a feed
system 112. A propellant flow controller 114 such as a
Xenon flow controller (XFC1 and XFC2), for example, is
associated with each thruster 104 and operatively couples
the feed system 112 to each thruster 104. The amount of
thrust 108 generated by each thruster 104 during firing is
controlled by an amount of electric power 118 supplied to
each thruster 104 and the amount of propellant 106 used
during firing of each thruster 104 is determined by the
amount of electric power 118 supplied. The amount of
electric power 118 and propellant 106 used will also be
dependent upon the duration of firing each time the thruster
104 is fired. A power processing unit (PPU) 120 is also
associated with each thruster 104 to control an amount of
electric power 118 or electric power level 152 supplied to
each thruster 104 during firing.

[0036] Each thruster 104 is mechanically coupled to an
exterior 122 of the spacecraft 100 by a gimbaled platform
mechanism 124 such as a Xenon gimbaled platform (GXP1
and GPX2) mechanism for example. The gimbaled platform
mechanism 124 provides autonomous momentum dump
capability by moving the thrust direction 116 to dump
accumulated momentum due to center of gravity travel of
the spacecraft 100 and thruster pointing.

[0037] The spacecraft 100 also includes one or more solar
arrays 126 operatively attached to the spacecraft 100. The
solar arrays 126 are configured to convert light energy to
electric energy and provide electric power 130 to the com-
ponents 127 of the spacecraft 100. In the example in FIG. 1,
the spacecraft 100 includes a north solar array 1264 and a
south solar array 1265. The north solar array 126a and the
south solar array 1265 are mounted on opposite sides of the
spacecraft 100. The north solar array 1264 and the south
solar array 1264 are electrically coupled to an integrated
power controller (IPC) 128. The IPC 128 receives electric
power 130 from the solar arrays 126 and controls distribu-
tion of the electric power 130 to other components 127 of the
spacecraft 100. In the example illustrated in FIG. 1, the IPC
128 provides the electric power 130 to the power processing
units 120 to operate the thrusters 104 via a 100 volt bus 132.
The IPC 128 also distributes electric power 130 to other
components 127 of the spacecraft via a 30 volt bus 134
which is connected to secondary bus units 136.

[0038] The spacecraft 100 also includes a battery 138 to
power the spacecraft 100. In one embodiment, the battery
138 is a battery pack. The spacecraft 100 further includes
spacecraft control electronics (SCE) 140 powered by the
battery 138. The battery 138 is charged by electric power
130 from the solar arrays 126 through the IPC 128. The IPC
128 controls charging of the battery 138 by the solar arrays
126. A state of charge (SOC) 142 of the battery 138 is
monitored by the spacecraft control electronics 140. Volt-
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ages 144 associated with the battery are measured to deter-
mine the SOC 142 of the battery 138 at any time. Referring
also to FIG. 5A, FIG. 5A is a graph 500 illustrating an
example of a state of charge (SOC) 142 of a battery 138
during electric orbit raising 300 in accordance with an
embodiment of the present disclosure. The horizontal axis is
time measured in days and the vertical axis is battery SOC
142 measured in a percentage of charge of the battery 138.
In accordance with an example, the spacecraft control elec-
tronics 140 transmit control signals 146 to the IPC 128 to
control charging the battery 138 in response to at least the
SOC 142 of the battery 138 to maintain a SOC 142 of the
battery 138 proximate a preset threshold 502 (FIG. 5A) or
within predetermined limits. In the example in FIG. 5A, the
preset threshold 502 is about 90% of a full charge of the
battery 138. In other examples or applications, the preset
threshold 502 may be set at other preset threshold levels.
Maintaining the SOC 142 of the battery 138 proximate the
preset threshold 502 or within predetermined limits is also
referred to as maintaining a balanced SOC 142 of the battery
308.

[0039] In accordance with an example, the spacecraft
control electronics 140 include a processor 148. The space-
craft control electronics 140 are configured to perform a set
of functions 150 as described in more detail with reference
to FIGS. 2A and 2B. For example, the spacecraft control
electronics 140 are configured to control operation of the
thrusters 104. Referring also to FIG. 4, FIG. 4 is an illus-
tration of an eclipse 406 during electric orbit raising 300 of
a spacecraft 100 in accordance with an embodiment of the
present disclosure. The spacecraft control electronics 140
are also configured to determine the SOC 142 of the battery
138 onboard the spacecraft 100 at an entry 404 (FIG. 4) into
an eclipse 406 during each orbit 306 of a plurality of orbits
306 during the electric orbit raising 300 of the spacecraft
100. The plurality of orbits 306 are also referred to as
intermediate orbits. An eclipse 406 occurs during each orbit
306 when the earth 408 is between the spacecraft 100 and
the sun 410.

[0040] The space craft control electronics 140 are also
configured to determine an electric power level 152 used to
fire each thruster 104 during each orbit 306 beginning after
the eclipse 406. The electric power level 152 is determined
based on the SOC 142 of the battery 138. The electric power
level 152 supplied to each thruster 104 is also determined
based on a particular electric power level 152 that will
provide a shortest electric orbit raising 300 duration and
minimize propellant 106 usage during the electric orbit
raising 300. Referring also to FIG. 5B, FIG. 5B is a graph
508 illustrating an example of electric power level 152
supplied by a power processing unit 120 to an associated
thruster 104 during electric orbit raising 300 to maximize
thruster power and minimize electric orbit raising 300 in
accordance with an embodiment of the present disclosure.
The horizontal axis is time measured in days and the vertical
axis is thruster command power measured in watts.

[0041] In accordance with an example, the spacecraft
control electronics 140 are additionally configured to bal-
ance the SOC 142 of the battery 138 for each orbit 306 by
autonomously controlling the electric power level 152 sup-
plied to each thruster 104 and autonomously controlling the
timing during which each thruster 104 is fired during each
orbit 306 of the electric orbit raising 300. In one example,
the spacecraft control electronics 140 are further configured
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to fire each thruster 104 during sun light and shut off each
thruster 104 during the eclipse 406 of each orbit 306 of the
plurality of orbits 306 during electric orbit raising 300. As
previously described, the electric power level 152 used to
fire each thruster 104 is determined by determining an
electric power level 152 supplied to each thruster 104 by the
power processing unit 120 associated with each thruster 104.
As described in more detail with reference to FIGS. 2A and
2B, the electric power level 152 supplied by the power
processing unit 120 to the associated thruster 104 is set
based on matching a particular SOC 142 of the battery 138
to a corresponding one of a plurality of predefined operating
points 602 (FIG. 6) of the power processing unit 120 and the
associated thruster 104. The electric power level 152 sup-
plied by the power processing unit 120 to the associated
thruster 104 is set in steps to match the particular SOC 142
of the battery 138 to the corresponding one of the plurality
of predefined operating points 602 of the power processing
unit 120 and the associated thruster 104.

[0042] FIGS. 2A and 2B are a flow chart of an example of
a method 200 for autonomously controlling electric power
118 supplied to a thruster 104 during electric orbit raising
300 (FIG. 3) of a spacecraft 100 (FIG. 1) in accordance with
an embodiment of the present disclosure. In accordance with
an example, the method 200 is embodied in and performed
by the spacecraft control electronics 140. In block 202, a
state of charge 142 of a battery 138 onboard the spacecraft
100 is determined at an entry 404 (FIG. 4) into an eclipse
406 during each orbit 306 of a plurality of orbits 306 during
the electric orbit raising 300 of the spacecraft 100.

[0043] In block 204, an electric power level 152 is deter-
mined to use to fire each thruster 104 of a plurality of
thrusters 104 during each orbit 306 beginning after the
eclipse 406, based at least on the state of charge 142 of the
battery 138, such that the determined electric power level
152 provides a shortest electric orbit raising 300 duration,
and minimizes thruster propellant 106 usage during electric
orbit raising 300. The state of charge 142 of the battery 138
is balanced for each orbit 306 by autonomously controlling
the electric power level 152 and timing during which each
thruster 104 is fired during each orbit 306 of the electric orbit
raising 300. As previously described, the state of charge 142
of the battery 138 is balanced by maintaining the state of
charge 142 of the battery 138 proximate the preset threshold
502 (FIG. 5A) or within predetermined limits. The electric
power level 152 used to fire each thruster 104 is autono-
mously controlled onboard the spacecraft 100 without con-
trol from a ground station 160 (FIG. 1) or with minimal
control from the ground station 160.

[0044] Determining the electric power level 152 used to
fire each thruster 104 includes determining an electric power
level 152 supplied to each thruster 104 by a power process-
ing unit 120 associated with each thruster 104. The electric
power level 152 supplied by the power processing unit 120
to the associated thruster 104 is set based on matching a
particular state of charge 142 of the battery 138 to a
corresponding one of a plurality of predefined operating
points 602 (FIG. 6) of the associated thruster 104. Referring
also to FIG. 6, FIG. 6 is a table 600 of an example of a
plurality of predefined operating points 602 of a power
processing unit 120 and associated thruster 104 in accor-
dance with an embodiment of the present disclosure. Each of
the plurality of predefined operating points 602 of the power
processing unit 120 and associated thruster 104 are defined
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by a group of parameters 604 which are supplied by the
power processing unit 120 to the associated thruster 104 to
control firing of the thruster 104. Examples of the param-
eters 604 include but are not necessarily limited to a dis-
charge power 604a, a discharge voltage 6045, a discharge
current 604c, and a magnetic current 6044 of the power
processing unit 120 which is supplied to the associated
thruster 104.

[0045] The electric power level 152 supplied by the power
processing unit 120 to the associated thruster 104 is set in
steps to match the particular state of charge 142 of the
battery 138 to the corresponding one of the plurality of
predefined operating points 602 (FIG. 6) of the power
processing unit 120 and the associated thruster 104. In block
206, a determination is made whether the state of charge 142
of the battery 138 is greater than or equal to a preset
threshold, for example, the preset threshold 502 in FIG. 5. If
the state of charge 142 of the battery 138 is greater than or
equal to the preset threshold 502 in block 206, the method
200 advances to block 208.

[0046] In block 208, the electric power level 152 supplied
by the power processing unit 120 to the associate thruster
104 is set by adding a chosen number of power level steps
to a base power level in response to the state of charge 142
of the battery 138 exceeding or being equal to a preset
threshold 502. The chosen number of power level steps is
determined by matching the state of charge 142 of the
battery 138 to a corresponding one of the plurality of
predefined operating points 602 (FIG. 6) of the power
processing unit 120 and associated thruster 104. This pro-
cess maximizes the amount of thrust 108 produced by each
thruster 104 each orbit 306 during electric orbit raising 300
to minimize the duration of electric orbit raising 300 and to
conserve propellant 106.

[0047] If the state of charge 142 of the battery 138 is less
than the preset threshold 502 in block 206, the method 200
advances to block 210. In block 210, the electric power level
152 supplied by the power processing unit 120 to the
associated thruster 104 is set by subtracting a chosen number
of power level steps from a base power level in response to
the state of charge 142 of the battery 138 being less than the
preset threshold 502. The chosen number of power level
steps is determined by matching the state of charge 142 of
the battery 138 to a corresponding one of the plurality of
predefined operating points 602 of the power processing unit
120 and the associated thruster 104.

[0048] In block 212, the processor 148 of the space craft
control electronics 140 are configured to switch between the
plurality of predefined operating points 602 of the power
processing unit 120 and the associated thruster 104 to
maintain a balanced state of charge 142 of the battery 138.
The balanced state of charge 142 of the battery 138 is
maintained by keeping the state of charge 142 of the battery
138 proximate the preset threshold 502. The plurality of
predefined operating points 602 include a set of parameters
604 of the associated thruster 104 as previously described.
The power processing unit 120 is also configured to provide
fine control of a resolution of the discharge current 604c
supplied by the power processing unit 120 to the associated
thruster 104. Fine control includes adjusting the resolution
of the discharge current 604¢ by the power processing unit
120 to provide more precise control of the electric power 118
supplied by power processing unit 120 to the associated
thruster 104.
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[0049] Also in block 212, a neutral power balance is
maintained by adjusting thruster power settings to corre-
spond to the electric power 130 generated by the solar arrays
126 minus electric power 130 consumed by loads, such as
components 127, and battery charging. The neutral power
balance is defined as a balance between the amount of
electric power 118 used to fire each of the thrusters 104
during each orbit 306 and the electric power 130 generated
by the solar arrays 126 reduced by the electric power 130
consumed by loads, such as components 127 consuming
electric power 130, and also reduced by charging the battery
138 during each orbit 306.

[0050] In block 214, thruster propellant 106 usage is
minimized and the electric orbit raising 300 duration is
minimized by switching between the predefined operating
points 602 (FIG. 6) of the power processing unit 120 and the
associated thruster 104 to maintain the balanced state of
charge 142 of the battery 138. Available electric power 118
used to fire the thrusters 104 is maximized by maintaining
the balanced state of charge 142 of the battery 142. Maxi-
mizing the available electric power 118 used to fire the
thruster 104 minimizes the electric orbit raising 300 duration
and preserves propellant 106 for station keeping.

[0051] In block 216, each thruster 104 is fired during sun
light and shut off during the eclipse 406 (FIG. 4) of each
orbit 306 of the plurality of orbits 306 during electric orbit
raising 300 to minimize thruster propellant 106 usage and to
minimize the electric orbit raising 300 duration. However, in
the event of a failure of one of the thrusters 104, as per one
example, the operational thruster will be fired at maximum
power continuously, including eclipses 406, to minimize the
electric orbit raising 300 duration.

[0052] In block 218, fault protection is performed in
response to being unable to maintain a balanced state of
charge 142 of the battery 138. Fault protection prevents the
battery 138 from discharging substantially completely. In
accordance with an embodiment, fault protection is a flight
software (FSW) algorithm that is monitoring a spacecraft
parameter, such a state of charge 142 of the battery 138, and
will trigger a response if the parameter exceeds or gets
below a predetermined threshold(s). The fault response is a
sequence of commands that are issued by the FSW to the
spacecraft components, such as the power processing units
120 and the integrated power controller 128, to prevent
complete shutdown of the spacecraft components and to
protect the spacecraft 100. There can be several levels or
tiers for a fault response. For example, the level 1 (or tier 1)
fault protection will be triggered first, then if level 1 fault
protection fails to correct the failure condition, level 2 (or
tier 2) fault protection is triggered that usually have a more
drastic response. In accordance with an embodiment, the
fault protection is embodied in and performed by the space-
craft electronics 140.

[0053] In accordance with an example, blocks 220 and
222 define two levels of fault protection. In block 220, a
level 1 fault protection is performed in response to the state
of charge 142 of the battery 138 being below a first preset
fault threshold 504 (FIG. 5A). The level 1 fault protection
includes shutting down the power processing unit 120
associated with each thruster 104. In the example of FIG.
5A, the first preset fault threshold 504 is slightly more than
a 20% charge of the battery 138 or about 21% of a full or
100% charge of the battery 138.
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[0054] Inblock 222, alevel 2 fault protection is performed
in response to the state of charge 142 of the battery 138
falling below a second preset fault threshold 506 (FIG. 5A)
that is lower than the first preset fault threshold 504. The
level 2 fault protection includes switching the integrated
power controller (IPC) 128 (FIG. 1) off in addition to
shutting down the power processing unit 120 associated with
each thruster 104. The second preset fault threshold 506 is
slightly less than a 20% charge of the battery 138 or about
19% of a full or 100% charge of the battery 138.

[0055] The flowchart and block diagrams in the Figures
illustrate the architecture, functionality, and operation of
possible implementations of systems, methods, and com-
puter program products according to various embodiments
of the present disclosure. In this regard, each block in the
flowchart or block diagrams may represent a module, seg-
ment, or portion of instructions, which comprises one or
more executable instructions for implementing the specified
logical function(s). In some alternative implementations, the
functions noted in the block may occur out of the order noted
in the figures. For example, two blocks shown in succession
may, in fact, be executed substantially concurrently, or the
blocks may sometimes be executed in the reverse order,
depending upon the functionality involved. It will also be
noted that each block of the block diagrams and/or flowchart
illustration, and combinations of blocks in the block dia-
grams and/or flowchart illustration, can be implemented by
special purpose hardware-based systems that perform the
specified functions or acts or carry out combinations of
special purpose hardware and computer instructions.

[0056] The terminology used herein is for the purpose of
describing particular embodiments only and is not intended
to be limiting of embodiments of the disclosure. As used
herein, the singular forms “a”, “an” and “the” are intended
to include the plural forms as well, unless the context clearly
indicates otherwise. It will be further understood that the
terms “include,” “includes,” “comprises” and/or “compris-
ing,” when used in this specification, specify the presence of
stated features, integers, steps, operations, elements, and/or
components, but do not preclude the presence or addition of
one or more other features, integers, steps, operations,

elements, components, and/or groups thereof.

[0057] The corresponding structures, materials, acts, and
equivalents of all means or step plus function elements in the
claims below are intended to include any structure, material,
or act for performing the function in combination with other
claimed elements as specifically claimed. The description of
the present embodiments has been presented for purposes of
illustration and description, but is not intended to be exhaus-
tive or limited to embodiments in the form disclosed. Many
modifications and variations will be apparent to those of
ordinary skill in the art without departing from the scope and
spirit of embodiments.

[0058] Although specific embodiments have been illus-
trated and described herein, those of ordinary skill in the art
appreciate that any arrangement which is calculated to
achieve the same purpose may be substituted for the specific
embodiments shown and that the embodiments have other
applications in other environments. This application is
intended to cover any adaptations or variations. The follow-
ing claims are in no way intended to limit the scope of
embodiments of the disclosure to the specific embodiments
described herein.

2 <
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What is claimed is:

1. A method for autonomously controlling electric power
supplied to a thruster of a spacecraft during electric orbit
raising, comprising:

determining, by a processor, a state of charge of a battery

onboard the spacecraft at an entry into an eclipse during
each orbit of a plurality of orbits during the electric
orbit raising of the spacecraft; and

determining, by the processor, an electric power level

used to fire each thruster of a plurality of thrusters
during each orbit beginning after the eclipse, based at
least on the state of charge of the battery, and that will
provide a shortest electric orbit raising duration and
minimize thruster propellant usage during electric orbit
raising.

2. The method of claim 1, further comprising balancing
the state of charge of the battery for each orbit by autono-
mously controlling the electric power level and timing
during which each thruster is fired during each orbit of the
electric orbit raising.

3. The method of claim 1, further comprising firing each
thruster during sun light and shutting off each thruster during
the eclipse of each orbit of the plurality of orbits during
electric orbit raising.

4. The method of claim 1, wherein the electric power level
used to fire each thruster is autonomously controlled
onboard the spacecraft without control from a ground station
or with minimal control from the ground station.

5. The method of claim 1, wherein determining the
electric power level used to fire each thruster comprises
determining an electric power level supplied to each thruster
by a power processing unit associated with each thruster.

6. The method of claim 5, wherein the electric power level
supplied by the power processing unit to the associated
thruster is set based on matching a particular state of charge
of the battery to a corresponding one of a plurality of
predefined operating points of the associated thruster.

7. The method of claim 6, wherein the electric power level
supplied by the power processing unit to the associated
thruster is set in steps to match the particular state of charge
of the battery to the corresponding one of the plurality of
predefined operating points of the associated thruster.

8. The method of claim 7, further comprising setting the
electric power level supplied by the power processing unit
by adding a chosen number of power level steps to a base
power level in response to the state of charge of the battery
exceeding or being equal to a preset threshold, the chosen
number of power level steps being determined by matching
the state of charge of the battery to a corresponding pre-
defined operating point of the plurality of predefined oper-
ating points of the associated thruster.

9. The method of claim 7, further comprising setting the
electric power level supplied by the power processing unit
by subtracting a chosen number of power level steps from a
base power level in response to the state of charge of the
battery being less than a preset threshold, the chosen number
of power level steps being determined by matching the state
of charge of the battery to a corresponding predefined
operating point of the plurality of predefined operating
points of the associated thruster.

10. The method of claim 5, further comprising switching
between a plurality of predefined operating points of the
power processing unit associated with each thruster to
maintain a balanced state of charge of the battery, the
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plurality of predefined operating points comprising a set of
parameters of the associated thruster.

11. The method of claim 10, wherein each of the plurality
of predefined operating points of the power processing unit
are defined by a group of parameters comprising a discharge
current, a discharge voltage and a magnetic current of the
power processing unit.

12. The method of claim 11, further comprising minimiz-
ing thruster propellant usage and minimizing electric orbit
raising duration by switching between the predefined oper-
ating points of the power processing unit to maintain the
balanced state of charge of the battery.

13. The method of claim 5, further comprising performing
fault protection in response to being unable to maintain a
balanced state of charge of the battery.

14. The method of claim 13, wherein performing the fault
protection comprises performing a level 1 fault protection in
response to the state of charge of the battery being below a
first preset fault threshold, the level 1 fault protection
comprising shutting down the power processing unit asso-
ciated with each thruster.

15. The method of claim 14, wherein performing the fault
protection comprises performing a level 2 fault protection in
response to the state of charge of the battery being below a
second preset fault threshold lower than the first preset fault
threshold, the level 2 fault protection comprising switching
an integrated power controller (IPC) off in addition to
shutting down the power processing unit associated with
each thruster.

16. A system for autonomously controlling electric power
supplied to a thruster of a spacecraft during electric orbit
raising, comprising:

a battery to power the spacecraft;

a plurality of thrusters used for electric orbit raising of the

spacecraft and station keeping of the spacecraft; and

spacecraft control electronics powered by the battery, the

spacecraft control electronics being configured to con-

trol operation of the thrusters, and the spacecraft con-

trol electronics being further configured to:

determine a state of charge of the battery onboard the
spacecraft at an entry into an eclipse during each
orbit of a plurality of orbits during the electric orbit
raising of the spacecraft; and

determine an electric power level used to fire each
thruster of the plurality of thrusters during each orbit
beginning after the eclipse, based on the state of
charge of the battery, and that will provide a shortest
electric orbit raising duration and minimize thruster
propellant usage during the electric orbit raising.

17. The system of claim 16, wherein the spacecraft control
electronics are further configured to balance the state of
charge of the battery for each orbit by autonomously con-
trolling the electric power level and timing during which
each thruster is fired during each orbit of the electric orbit
raising.

18. The system of claim 16, wherein the spacecraft control
electronics are further configured to fire each thruster during
sun light and to shut off each thruster during the eclipse of
each orbit of the plurality of orbits during electric orbit
raising.

19. The system of claim 16, wherein the electric power
level used to fire each thruster is determined by determining
an electric power level supplied to each thruster by a power
processing unit associated with each thruster, and wherein
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the electric power level supplied by the power processing
unit to the associated thruster is set based on matching a
particular state of charge of the battery to a corresponding
one of a plurality of predefined operating points of the
associated thruster.

20. The system of claim 19, wherein the electric power
level supplied by the power processing unit to the associated
thruster is set in steps to match the particular state of charge
of the battery to the corresponding one of the plurality of
predefined operating points of the associated thruster.

#* #* #* #* #*
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