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Description

Technical Field

[0001] The present invention relates to an orbit control device for keeping the orbit of a satellite, a satellite mounted
with the orbit control device and an orbit control method for a satellite.

Background Art

[0002] Satellites or spacecraft flying in circular orbit at approximately 36 000 km above the equator seem to be almost
stationary to ground observers because their period of orbital motion and the rotation period of the earth are nearly
equal. Such satellites are called geostationary satellites. However, in fact, the geostationary satellites are subject to
various perturbative forces such as tidal force from the earth and the sun, perturbative force due to non-uniform gravity
potentials of the earth, and solar radiation pressure; consequently, their latitude and longitude gradually change.
[0003] Therefore, the satellites have to fire the thrusters for correcting change in the latitude and longitude. The thruster
firing for correcting change in the longitude is generally called east-west control and the control for correcting change
in the latitude is generally called south-north control. Performing the east-west control and the south-north control to
keep the longitude and the latitude of a satellite in desired ranges is generally called orbital station-keeping.
[0004] A technique for realizing the orbital station-keeping of a geostationary satellite is described in, for example,
Non-Patent Literature 1. The technique in the Non-Patent Literature 1 performs orbital station-keeping control on a
geostationary satellite where electric propulsion devices are disposed in a petal-like pattern using a nonlinear optimum
control technique. The Non-Patent Literature 1 fires four thrusters simultaneously and has an orbital station-keeping
accuracy of approximately 0.005°.

Citation List

Non-Patent Literature

[0005] Non-Patent Literature 1: D. Losa, et al., "Electric Station Keeping of Geostationary Satellites: a Differential
Inclusion Approach," 2005.
[0006] Another relevant document of the prior art is US 5,443,231 A1.

Summary of the Invention

Technical Problem

[0007] However, the example known art technique presented in the Non-Patent Literature 1 calculates the firing
amounts of the electric propulsion devices using a nonlinear programing method for realizing highly accurate orbital
station-keeping with low propellant consumption. Therefore, high calculation cost is required and this example technique
is not suitable for calculating the firing rules.
[0008] An objective of the present invention is to calculate the thruster firing rules for performing highly accurate orbital
station-keeping while suppressing the propellant consumption with low calculation cost.

Solution to the Problem

[0009] The orbit control device according to the present invention is an orbit control device for a satellite providing four
thrusters disposed on the satellite with firing directions each facing away from a mass center of the satellite and different
from each other, comprising

- an orbit determiner to determine mean orbital elements of the satellite and temporal change rates of the mean orbital
elements;

- a target value setter to set target values of the mean orbital elements;
- a control amount calculator to calculate control amounts of the mean orbital elements from the mean orbital elements,

the temporal change rates of the mean orbital elements, and the target values;
- a distributor to calculate firing timings and firing amounts of the thrusters for realizing the control amounts of the

mean orbital elements calculated by the control amount calculator by expressing a motion of the satellite with orbital
elements, solving an equation taking into account coupling of an out-of-the-orbit-plane motion and an in-the-orbit-
plane motion due to thruster disposition angles and thruster firing amounts at multiple times, and combining one or



EP 3 243 756 B1

3

5

10

15

20

25

30

35

40

45

50

55

more thruster firings controlling mainly an out-of-the orbit-plane direction and one or more thruster firings controlling
mainly an in-the-orbit-plane direction; and

- a thruster controller to control the thrusters based on the firing timings and the firing amounts calculated by the
distributor.

Advantageous Effects of the Invention

[0010] The present invention enables calculation of the thruster firing rules suppressing the propellant consumption
with low calculation cost.

Brief Description of the Drawings

[0011]

FIG. 1 is a block diagram illustrating a configuration of a satellite orbit control device according to Embodiment 1 of
the present invention;

FIG. 2 is an illustration illustrating a disposition of thrusters;
FIG. 3 is a flowchart illustrating an operation of a control amount calculator according to Embodiment 1;
FIG. 4 is a flowchart illustrating an operation of a distributor according to Embodiment 1;
FIG. 5 is a flowchart illustrating an operation of a distributor according to Embodiment 2;
FIG. 6 is a flowchart illustrating an operation of a distributor according to Embodiment 3;
FIG. 7 is a diagram illustrating an example hardware configuration of the present invention; and
FIG. 8 is a diagram illustrating an example hardware configuration of the present invention.

Description of Embodiments

[0012] Conventionally, multiple electric propulsion thrusters are simultaneously fired for realizing highly accurate orbital
station-keeping. The electric propulsion thrusters consume high electric power and consequently, firing multiple thrusters
simultaneously significantly constrains actual operations. Moreover, in the given example of the known technique, the
firing amounts of the electric propulsion devices are determined using nonlinear optimization calculation for realizing
highly accurate orbital station-keeping.
[0013] Consequently, high calculation cost is required, and hence the technique is not suitable for calculating the firing
amounts with use of satellite on-board computers. The present invention provides an orbit control device and a satellite
keeping the orbit of the satellite with high accuracy while suppressing the power consumption or the amount of propellant.

Embodiment 1

[0014] FIG. 1 is a block diagram illustrating a configuration of a satellite orbit control device according to Embodiment
1 of the present invention. An orbit control device 9 is mounted on a satellite 7. In embodiments, the satellite 7 is assumed
to be a geostationary satellite. The satellite 7 includes four thrusters 91, 92, 93, and 94 and the orbit control device 9
controlling them.
[0015] The orbit control device 9 includes a target value setter 1, a control amount calculator 2, a distributor 5, an orbit
determiner 8, and a thruster controller 6. The control amount calculator 2 includes a feedforward control amount calculator
3 and a feedback control amount calculator 4. The orbit control device 9 determines a firing timing and a firing amount
of each of the thrusters 91, 92, 93, and 94 for keeping the orbit of the satellite 7 and controls the thrusters 91, 92, 93,
and 94 to fire with the determined firing timings and firing amounts.
[0016] In the orbit control device 9 of Embodiment 1, the orbit determiner 8 determines mean orbital elements of the
satellite 7 and temporal change rates of the mean orbital elements from, for example, GPS information, information on
the range and range rate of the satellite with respect to a ground station, and information on the azimuth/elevation angle
of the satellite obtained by observation with an optical camera on the ground.
[0017] Here, the mean orbital elements are average orbital elements obtained by eliminating periodically changing
components from the satellite orbital elements. The target value setter 1 sets target values of the mean orbital elements
that are proper for realizing orbital station-keeping of the satellite 7. The target values of the mean orbital elements
include target values of the mean ground longitude, the mean eccentricity vector, the mean inclination vector, and the like.
[0018] The control amount calculator 2 calculates feedforward control amounts and feedback control amounts of the
mean eccentricity vector and the mean inclination vector of the satellite 7 based on the mean orbital elements and the
temporal change rates of the mean orbital elements calculated by the orbit determiner 8 and the target values of the
mean orbital elements set by the target value setter 1.
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[0019] The distributor 5 receives the control amount of the mean inclination vector calculated by the control amount
calculator 2, the target value of the mean ground longitude set by the target value setter 1, and the mean orbital elements
and the temporal change rates of the mean orbital elements calculated by the orbit determiner 8, and calculates the
control amounts of the mean eccentricity vector and the mean inclination vector and the control amount of the mean
ground longitude for maintaining the mean ground longitude in the vicinity of a target value.
[0020] Then, firing timings and firing amounts of the thrusters for realizing the calculated control amounts are calculated.
The thruster controller 6 makes the thrusters 91, 92, 93, and 94 fire based on the firing timings and the firing amounts
calculated by the distributor 5.
[0021] The four thrusters 91, 92, 93, and 94 are disposed in a petal-like pattern on the satellite 7 surface facing away
from the earth. In other words, the thrusters 91, 92, 93, and 94 are disposed with the firing directions each facing away
from the central celestial body (the earth) when seen from the mass center of the satellite 7 and different from each
other on a line passing through the mass center of the satellite 7. FIG. 2 illustrates a disposition of the thrusters.
[0022] In FIG. 2, the letters C. M. (center of mass) present the mass center of the satellite 7. In FIG. 2, the XB axis
coincides with the direction from the center of a central celestial body, typically the earth, to the satellite’s mass center
C. M., the ZB axis coincides with the velocity direction of the satellite, and the YB axis constitutes the right-handed
coordinate system with respect to the XB axis and the ZB axis. In FIG. 2, the firing directions of the thrusters 91, 92, 93,
and 94 are northwest, northeast, southwest, and southeast, respectively.
[0023] The thrusters 91, 92, 93, and 94 are also called the NW thruster, the NE thruster, the SW thruster, and the SE
thruster, respectively. In FIG. 2, the angles θ are the angles between the thrusters 91, 92, 93, and 94 and the YB axis.
The angles φ are the angles between the line segments connecting each of the thrusters 91, 92, 93, and 94 and the
mass center of the satellite 7 and projected on the XBZB plane and the XB axis.
[0024] The hardware configuration of this embodiment is described next. FIG. 7 is a diagram illustrating an example
hardware configuration. As illustrated in the figure, the satellite 7 includes a receiver 111 receiving GPS signals and
range and range rate signals, the orbit control device 9 receiving the signals from the receiver 111, determining an orbit,
and then controlling the thrusters, and the control-target thrusters 91, 92, 93, and 94.
[0025] Moreover, the orbit control device 9 includes a processing circuit 101 realizing the functions of the target value
setter 1, the control amount calculator 2, the distributor 5, and the orbit determiner 8, and a thruster controller 6 controlling
the thrusters based on the calculation results of the distributor 5. The processing circuit may be a dedicated piece of
hardware, or a central processing unit (also called a CPU, a central processing device, a processing device, an arithmetic
device, a microprocessor, a microcomputer, a processor, or a DSP) executing programs saved in a memory.
[0026] Moreover, FIG. 8 is a diagram illustrating another example hardware configuration of this embodiment. As
illustrated in the figure, the satellite 7 may include the receiver 111 receiving GPS signals and range and range rate
signals, the orbit control device 9 receiving the signals from the receiver 111, determining an orbit, and then controlling
the thrusters, and the thrusters 91, 92, 93, and 94 subject to control. The processing circuit 101 in FIG. 7 corresponds
to a processor (CPU) 102 and a memory 103.
[0027] When the processing circuit 101 is a dedicated piece of hardware, the processing circuit 101 is, for example,
a single circuit, a complex circuit, a programmed processor, a parallel-programmed processor, an ASIC, an FPGA, or
any combination of these. The functions of the target value setter 1, the control amount calculator 2, the distributor 5,
and the orbit determiner 8 may be realized each by an individual processing circuit or may be realized collectively by a
processing circuit.
[0028] When the processing circuit is the processor (CPU) 102, the functions of the target value setter 1, the control
amount calculator 2, the distributor 5, and the orbit determiner 8 are realized by software, firmware, or a combination of
software and firmware. The software and firmware are written as programs and saved in a memory. The processing
circuit reads and executes the programs stored in the memory to realize the functions of the parts. In other words, the
orbit control device 9 includes a memory for saving the programs that, when executed by the processing circuit 101,
result in executing a target setting step, a control amount calculation step, and a distribution step.
[0029] Moreover, programs can be said to be those allowing a computer to execute the procedures or the methods
of the target value setter 1, the control amount calculator 2, the distributor 5, and the orbit determiner 8. Here, for example,
a nonvolatile or volatile semiconductor memory such as a RAM, a ROM, a flash memory, an EPROM, and an EEPROM,
a magnetic disc, a flexible disc, an optical disc, a compact disc, a minidisc, a DVD, and the like correspond to the memory.
[0030] The memory stores, besides the above programs, the mean orbital elements and the temporal change rates
of the mean orbital elements determined by the orbit determiner 8, the target values of the mean orbital elements set
by the target value setter 1, the feedforward control amounts and the feedback control amounts of the mean orbital
elements calculated by the control amount calculator 2, and the firing amount and the firing timing of each thruster
calculated by the distributor 5. The above information stored in the memory is read and used in the processing as
appropriate and corrected.
[0031] Here, some of the functions of the target value setter 1, the control amount calculator 2, the distributor 5, and
the orbit determiner 8 can be realized with dedicated piece of hardware and some with software or firmware. For example,
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the function of the orbit determiner 8 can be realized with a processing circuit as a dedicated piece of hardware and the
function of the distributor 5 can be realized by the processing circuit reading and executing a program saved in the
memory. Here, in the above description, in FIG. 8, the processing circuit 101 corresponds to the processor 102 in FIG.
8 and the memory corresponds to the memory 103 in FIG. 8.
[0032] As described above, the processing circuit can realize the above-described functions with hardware, software,
firmware, or a combination of these. Operations of the parts of the orbit control device 9 are described below.
[0033] The target value setter 1 sets target values of the mean orbital elements of the satellite 7. The mean orbital
elements include, for example, the mean mean ground longitude ΛM, the mean mean ground longitude angular velocity
Λ’M, the mean mean ground longitude angular acceleration Λ"M, the mean eccentricity vector ex, ey, and the mean
inclination vector ix, iy.
[0034] Here, the mean ground longitude λM is defined by λM = ω + Ω + M - θg in which Ω is the right ascension of the
ascending node of the satellite, ω is the argument of perigee, M is the mean anomaly, and θg is the argument of Greenwich
latitude. The mean mean ground longitude ΛM is the time average of the mean ground longitude λM. Here, needless to
say, other parameters may be used as the mean orbital elements. The target values of the mean eccentricity vector of
the satellite 7 are denoted by exref, eyref; the target values of the mean inclination vector, by ixref, iyref; and the target
value of the mean mean ground longitude, by ΛMref. Here, the angles are in [rad] unless otherwise stated.
[0035] The target values exref and eyref of the mean eccentricity vector are set to, for example, exref = 0 and eyref = 0.
In another setting, the characteristic in which the eccentricity vector creates a circular locus of en in radius in one year
under the influence of the solar radiation pressure can be used. Here, the magnitude of the radius en is determined by
the mass and effective cross-sectional area of the satellite 7 and the optical constant of the satellite surface.
[0036] When the magnitude of the radius en is acceptable as the eccentricity, the target values exref and eyref of the
mean eccentricity vector along a circle of en in radius having the center at the origin, whereby the control amount of the
mean eccentricity vector by the control amount calculator 2 can be suppressed, are settable. The target values ixref and
iyref of the mean inclination vector are set to, for example, ixref = 0 and iyref = 0. Moreover, the target value ΛMref of the
mean mean ground longitude is set to, for example, ΛMref = 140° in the case of keeping the satellite 7 above Japan.
[0037] The control amount calculator 2 calculates the control amounts of the mean orbital elements from the mean
orbital elements, the temporal change rates of the mean orbital elements, and the target values. The control amount
calculator 2 includes the feedforward control amount calculator 3 and the feedback control amount calculator 4. The
feedforward control amount calculator 3 calculates the feedforward control amounts of the mean eccentricity vector and
the mean inclination vector of the satellite 7 based on the temporal change rates of the mean orbital elements calculated
by the orbit determiner 8.
[0038] The feedback control amount calculator 4 calculates the feedback control amounts of the mean eccentricity
vector and the mean inclination vector of the satellite 7 based on the mean orbital elements calculated by the orbit
determiner 8 and the target values of the mean orbital elements set by the target value setter 1. Operations of the
feedforward control amount calculator 3 and the feedback control amount calculator 4 are described below.
[0039] The feedforward control amount calculator 3 calculates the feedforward control amounts of the mean eccentricity
vector and the mean inclination vector of the satellite 7 based on the temporal change rates of the mean orbital elements
calculated by the orbit determiner 8. The temporal change rate of the mean eccentricity vector at a time t0 is defined as
e’x0, e’y0 and the temporal change rate of the mean inclination vector at the time t0 is defined as i’x0, i’y0. In this case,
the change amounts per orbit period, Δe and Δi, of the mean eccentricity vector and the mean inclination vector are
expressed by the following Expressions (1) and (2) in which the superscript "T" represents the transposition. 

[0040] Here, in the case of a geostationary satellite, the orbital motion period T of the satellite 7 is equal to the rotation
period of the earth. In anticipation of the mean eccentricity vector and the mean inclination vector changing by Δe and
Δi per orbital period, Δe and Δi multiplied by a constant are set as the feedforward control amounts of the mean eccentricity
vector and the mean inclination vector. The feedforward control amounts δeFF and δiFF of the mean eccentricity vector
and the mean inclination vector can be set, for example, as by the following Expressions (3) and (4). 



EP 3 243 756 B1

6

5

10

15

20

25

30

35

40

45

50

55

[0041] Operation of the feedforward control amount calculator 3 is described above. Next, operation of the feedback
control amount calculator 4 is described.
[0042] The feedback control amount calculator 4 calculates the feedback control amounts of the mean eccentricity
vector and the mean inclination vector of the satellite 7 based on the mean orbital elements calculated by the orbit
determiner 8 and the target values of the mean orbital elements set by the target value setter 1. The mean eccentricity
vector at the time to is denoted by e0 = [ex0 ey0]T and the mean inclination vector at the time t0 is denoted by i0 = [ix0 iy0]T.
[0043] Moreover, the target values of the mean eccentricity vector and the mean inclination vector set by the target
value setter 1 are denoted by eref = [exref eyref]T and iref = [ixref iyref]T. Then, the difference between e0 and eref is defined
as De = e0 - eref and the difference between i0 and iref is defined as Di = i0 - iref. The feedback control amounts of the
mean eccentricity vector and the mean inclination vector are defined as δeFB and δiFB, respectively. Then, δeFB and δiFB
are determined based on De and Di, respectively. For example, δeFB and δiFB can be determined as by the following
Expressions (5) and (6) as PID control.
[Math 1]

[0044] In the Expressions (5) and (6), kep, ked, and kei are a proportional gain, a differential gain, and an integral gain
for calculating the feedback control amount of the mean eccentricity vector, respectively. kip, kid, and kii are a proportional
gain, a differential gain, and an integral gain for calculating the feedback control amount of the mean inclination vector,
respectively.
[0045] Operation of the feedback control amount calculator 4 is described above. The control amounts output by the
control amount calculator 2 are the sums of the feedforward control amounts calculated by the feedforward control
amount calculator 3 and the feedback control amounts calculated by the feedback control amount calculator 4.
[0046] The control amounts of the mean eccentricity vector and the mean inclination vector output by the control
amount calculator 2 are defined as δe and δi, respectively. Then, δe and δi are expressed as by the following Expressions
(7) and (8). 

[0047] Control of the mean eccentricity vector is control of the satellite 7 in the in-the-orbit-plane direction and control
of the mean inclination vector is control of the satellite 7 in the out-of-the-orbit-plane direction.
[0048] The control amount calculator 2 calculates the control amounts of the mean eccentricity vector and the mean
inclination vector based on the calculations of the Expressions (1) to (8). The control amount calculator 2 realizes highly
accurate orbit control with the feedforward control amounts and improves the stability/robustness of the control system
with the feedback control. Operation of the control amount calculator 2 is described above. The following description is
given with reference to flowcharts.
[0049] FIG. 3 is a flowchart illustrating an operation of a control amount calculator according to Embodiment 1. The
control amount calculator 2 includes the feedforward control amount calculator 3 and the feedback control amount
calculator 4. The description is given as presented in the flowchart. In Step S250, the feedforward control amount
calculator 3 receives the temporal change rates of the mean orbital elements from the orbit determiner 8 (Step S250).
[0050] Next, in Step S251, the change amounts per orbit period, Δe and Δi, of the mean eccentricity vector and the
mean inclination vector are calculated (Step S251). Next, in Step S252, Δe and Δi multiplied by a constant are set as
the feedforward control amounts δeFF and δiFF (Step S252). The above Steps S250 to S252 are executed by the
feedforward control amount calculator 3.
[0051] The feedforward control amount calculator 3 may execute the processing using the processing circuit 101 or



EP 3 243 756 B1

7

5

10

15

20

25

30

35

40

45

50

55

the processor 102, or may be realized by an independent processing circuit. Moreover, the feedforward control amount
calculator 3 reads from the memory the temporal change rates of the mean orbital elements and the like, and stores in
the memory the calculated change amounts Δe and Δi and the feedforward control amounts δeFF and δiFF.
[0052] Next is the operation of the feedback control amount calculator 4. First, in Step S253, the feedback control
amount calculator 4 receives the mean orbital elements from the orbit determiner 8 and receives the target values of
the mean orbital elements from the target value setter 1 (Step S253). Next, in Step S254, the differences De and Di
between the orbit determination values and the target values of the mean orbital elements are calculated (Step S254).
Next, in Step S255, the feedback control amounts δeFB and δiFB of the mean eccentricity vector and the mean inclination
vector are calculated (Step S255).
[0053] The above Steps S253 to S255 are executed by the feedback control amount calculator 4. The feedback control
amount calculator 4 may execute the processing using the processing circuit 101 or the processor 102 or may be realized
by an independent processing circuit. Moreover, the feedback control amount calculator 4 reads from memory the mean
orbital elements, the target values of the mean orbital elements, and the like, and stores in the memory the calculated
differences De and Di and the feedback control amounts δeFB and δiFB.
[0054] Next, in Step S256, the feedforward control amounts and the feedback control amounts are lastly added and
the control amounts of the mean eccentricity vector and the mean inclination vector are calculated (Step S256). Fur-
thermore, in Step S257, the calculated control amounts of the mean orbital elements are given to the distributor 5 (Step
S257). The above Steps S256 and S257 are executed by the control amount calculator 2. The control amount calculator
2 stores the control amounts of the mean eccentricity vector and the mean inclination vector in the memory.
[0055] The distributor 5 of the orbit control device 9 receives the control amounts of the mean eccentricity vector and
the mean inclination vector calculated by the control amount calculator 2, the target value of the mean ground longitude
set by the target value setter 1, and the mean orbital elements and the temporal change rates of the mean orbital elements
calculated by the orbit determiner 8.
[0056] Then, the distributor 5 calculates the firing timings and the firing amounts of the thrusters realizing the control
amounts of the mean eccentricity vector (the in-the-orbit-plane direction) and the mean inclination vector (the out-of-
the-orbit-plane direction) and the control amount of the mean ground longitude (the in-the-orbit-plane direction) for
maintaining the mean ground longitude in the vicinity of a target value.
[0057] The distributor 5 first calculates the magnitude δi = |δi| and the argument β of the control amount δi of the mean
inclination vector at the time to calculated by the control amount calculator 2. In other words, δi is expressed as by the
following Expression (9). 

in which δi > 0 is satisfied.
[0058] Next, the distributor 5 determines the first south-north control (out-of-the-orbit-plane control) timing. Here,
control to correct change in the longitude is generally called east-west control and control to correct change in the latitude
is generally called south-north control. An equation regarding the inclination vector (for example, the Gaussian planetary
equation) indicates that an optimum timing for performing the south-north control is when the mean longitude of the
satellite 7 is equal to β or β + π. π is the circular constant.
[0059] Therefore, when the mean longitude λ0 of the satellite 7 at a time t0 is equal to β or β + π, the first south-north
control is performed at the time to. If the mean longitude λ0 is not equal to β or β + π, no firing amounts are calculated
and no south-north control is performed at the time t0. Operation of the distributor 5 is described below in two separate
cases: when the mean longitude λ0 is equal to β and when the mean longitude λ0 is equal to β + π.
[0060] When the mean longitude λ0 is equal to β, the distributor 5 calculates the first and second south-north control
timings and firing amounts. The mean longitudes at the times of performing the first and second south-north controls
are denoted by λ1 and λ2, respectively. Then, λ1 and λ2 are given by the following Expressions (10) and (11).

[0061] The SW thruster and the SE thruster are used in the first south-north control and the NW thruster and the NE
thruster are used in the second south-north control. The total of the firing amounts of the SW thruster and the SE thruster
in the first south-north control is defined as fS and the total of the firing amounts of the NW thruster and the NE thruster
in the second south-north control is defined as fN. Then, fS and fN are determined as follows by the Gaussian planetary
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equation (Walker M J H, Ireland B, Owens J., A set of modified equinoctial orbit elements. Celestial Mechanics 1985,
36 (4): 409-419).
[0062] First, the components of the control amount δe of the mean eccentricity vector calculated by the control amount
calculator 2 are denoted by δe = [δex δey]T. Moreover, variables A and B dependent on δe and δi are defined as by the
following Expressions (12) and (13) in which a is the orbit semi-major axis and n is the mean orbit angular velocity of
the satellite 7. 

in which the angle θ is the angle between the thrusters 91, 92, 93, and 94 and the YB axis and the angle φ is the angle
between the line segment connecting each of the thrusters 91, 92, 93, and 94 and the mass center of the satellite 7 and
projected on the XBZB plane and the XB axis (FIG. 2).
[0063] Here, the above variables A and B have the dimension of velocity. The variable B is obtained by substituting
the components of an impulse in the YB-axis direction that occurs due to firing of the SW thruster and the SE thruster
in the Gaussian planetary equation regarding the inclination vector.
[0064] Moreover, the variable A is obtained by substituting the components of an impulse in the XB-axis direction that
occurs due to firing of the SW thruster and the SE thruster in the Gaussian planetary equation regarding the eccentricity
vector.
[0065] The distributor 5 gives fS and fN as by the following Expression (14) based on the magnitudes of A and B.
[Math 2]

[0066] Next, the distributor 5 calculates the control amount for controlling the mean eccentricity vector (the in-the-
orbit-plane control). Control of the mean eccentricity vector is achieved by combining the NW thruster and the SE thruster
and firing each of them equally or combining the NE thruster and the SW thruster and firing each of them equally so as
to apply a force in an orbit radius direction to the satellite 7.
[0067] The mean longitude at the time of controlling the mean eccentricity vector is defined as λr and the control
amount in an orbit radius direction applied to the satellite at the time is defined as fr. Moreover, the unit vector in the
direction of the argument β is defined as ρβ = [cos β sin β]T. λr is given by the following Expression (15) based on the
angle between the unit vector ρβ and the control amount δe of the mean eccentricity vector.
[Math 3]

in which δe · ρβ represents the inner product of δe and ρβ. Moreover, fr is given by the following Expression (16). 
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[0068] Next, the distributor 5 determines a distribution factor αS of the firing amounts of the SW thruster and the SE
thruster in the first south-north control and a distribution factor αN of the firing amounts of the NW thruster and the NE
thruster in the second south-north control by solving a constrained optimization problem. An evaluation function J of the
optimization problem can be set, for example, as by the following Expression (17). 

[0069] The evaluation function expressed by the Expression (17) requires that the difference between the impulse in
the ZB-axis direction that occurs in the first south-north control and the impulse in the ZB-axis direction that occurs in
the second south-north control should be decreased.
[0070] Moreover, the condition of constraint can be set, for example, as by the following Expression (18). 

[0071] The Expression (18) is a condition of constraint for controlling the mean ground longitude for a target value
ΛMref. In the Expression (18), ΔΛMtotal is the total of the change amounts of the mean mean ground longitude of the
satellite 7 resulting from the first south-north control at the mean longitude λ1, the second south-north control at the
mean longitude λ2, and the mean eccentricity vector control at the mean longitude λr, and is expressed by the following
Expression (19). 

[0072] The Expression (19) is obtained by substituting in the Gaussian planetary equation regarding the mean ground
longitude the impulse in the XB-axis direction resulting from the first south-north control at the mean longitude λ1, the
second south-north control at the mean longitude λ2, and the mean eccentricity vector control at the mean longitude λr.
In the Expression (18), AMref is a target retention value of the ground longitude of the satellite 7 and set by the target
value setter 1. Moreover, in the Expression (18), ΛMT is the mean mean ground longitude of the satellite 7 after one orbit
period since the first south-north control is performed, and expressed by the following Expression (20). 

[0073] In the Expression (20), the first three terms are obtained by time integration of the angular velocity and angular
acceleration of the mean mean ground longitude immediately before the first south-north control is executed. Moreover,
the last term is obtained by time integration of the angular velocity of the mean mean ground longitude that occurs in
the first and second south-north controls.
[0074] Here, ΛM0, Λ’M0, and Λ"M0 are the mean mean ground longitude, the angular velocity of the mean mean ground
longitude, and the angular acceleration of the mean mean ground longitude of the satellite 7 at the time t0, respectively.
These are calculated by the orbit determiner 8. The distributor 5 determines the distribution factors αS and αN so as to
minimize the evaluation function J given by the Expression (17) while satisfying the condition of constraint for controlling
the mean ground longitude for a target value ΛMref given by the Expression (18).
[0075] Next, the distributor 5 determines the firing amounts in the first and second south-north controls from the
calculated distribution factors αS and αN as by the Expressions (21) and (22). In the Expressions (21) and (22), the
subscripts NW, NE, SW, and SE of the firing amount f represent the NW thruster, the NE thruster, the SW thruster, and
the SE thruster, respectively. Moreover, the numeric subscript 1 indicates the first time and the numeric subscript 2
indicates the second time. The Expression (21) represents the firing amounts of the thrusters in the first south-north
control. The Expression (22) represents the firing amounts of the thrusters in the second south-north control. 
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[0076] The distributor 5 gives the calculated firing timings and firing amounts of the south-north controls and the mean
eccentricity vector control to the thruster controller 6. The thruster controller 6 controls the thrusters 91, 92, 93, and 94
based on the firing timings and the firing amounts calculated by the distributor 5.
[0077] Returning to the determination of the south-north control timing, operation of the distributor 5 when the mean
longitude λ0 is equal to β + π is described. When the mean longitude λ0 is equal to β + π, the distributor 5 calculates the
first and second south-north control timings and firing amounts. The mean longitudes at the times of performing the first
and second south-north controls are denoted by λ1 and λ2, respectively. Then, λ1 and λ2 are given by the following
Expressions (23) and (24). 

[0078] The NW thruster and the NE thruster are used in the first south-north control and the SW thruster and the SE
thruster are used in the second south-north control. The total of the firing amounts of the NW thruster and the NE thruster
in the first south-north control is defined as fN and the total of the firing amounts of the SW thruster and the SE thruster
in the second south-north control is defined as fS. The method of calculating fS and fN are described below.
[0079] The components of the calculated control amount δe of the mean eccentricity vector are denoted by δe = [δex
δey]T. Moreover, the orbit semi-major axis and the mean orbit angular velocity of the satellite 7 are denoted by a and n,
respectively. Then, variables A and B dependent on δe and δi are defined as by the following Expressions (25) and (26). 

in which the angle θ is the angle between the thrusters 91, 92, 93, and 94 and the YB axis and the angle φ is the angle
between the line segment connecting each of the thrusters 91, 92, 93, and 94 and the mass center of the satellite 7 and
projected on the XBZB plane and the XB axis (FIG. 2).
[0080] The distributor 5 gives fS and fN as by the following Expression (27) based on the magnitudes of A and B.
[Math 4]

[0081] Next, the distributor 5 calculates the control amount for controlling the mean eccentricity vector. Control of the
mean eccentricity vector is achieved by combining the NW thruster and the SE thruster and firing each of them equally
or combining the NE thruster and the SW thruster and firing each of them equally so as to apply a force in an orbit radius
direction to the satellite 7. The mean longitude at the time of controlling the mean eccentricity vector is defined as λr and
the control amount in an orbit radius direction applied to the satellite at the time is defined as fr.
[0082] Moreover, the unit vector in the direction of the argument β is defined as ρβ = [cos β sin β]T. The mean longitude
λr at the time of controlling the mean eccentricity vector is given by the following Expression (28) based on the angle
between the unit vector ρβ and the control amount δe of the mean eccentricity vector.
[Math 5]
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in which δe · ρβ represents the inner product of δe and ρβ. Moreover, the control amount fr in an orbit radius direction
(the XB-axis direction) applied to the satellite is given by the following Expression (29). 

[0083] Next, the distributor 5 determines the distribution factor αN of the firing amounts of the NW thruster and the NE
thruster in the first south-north control and the distribution factor αS of the firing amounts of the SW thruster and the SE
thruster in the second south-north control by solving a constrained optimization problem. An evaluation function J of the
optimization problem can be set, for example, as by the following Expression (30). 

[0084] Moreover, the condition of constraint can be set, for example, as by the following Expression (31). 

[0085] In the Expression (31), ΔΛMtotal is the total of the change amounts of the mean mean ground longitude of the
satellite 7 resulting from the first south-north control at the mean longitude λ1, the second south-north control at the
mean longitude λ2, and the mean eccentricity vector control at the mean longitude λr, and is expressed by the following
Expression (32). 

[0086] ΛMref is a target retention value of the ground longitude of the satellite 7 and set by the target value setter 1.
Moreover, in the Expression (31), ΛMT is the mean mean ground longitude of the satellite 7 after elapse of one orbit
period from when the first south-north control is performed, and expressed by the following Expression (33). 

[0087] Here, ΛM0, Λ’M0, and Λ"M0 are the mean mean ground longitude, the angular velocity of the mean mean ground
longitude, and the angular acceleration of the mean mean ground longitude of the satellite 7 at the time t0, respectively.
These are calculated by the orbit determiner 8. The distributor 5 determines the distribution factors αS and αN so as to
minimize the evaluation function J given by the Expression (30) while satisfying the condition of constraint given by the
Expression (31).
[0088] The distributor 5 determines the firing amounts in the first and second south-north controls from the calculated
distribution factors αS and αN as by the Expressions (34) and (35). The subscripts of the firing amount f are the same
as those in the Expressions (21) and (22). The Expression (34) represents the firing amounts of the thrusters in the first
south-north control. The Expression (35) represents the firing amounts of the thrusters in the second south-north control. 

[0089] The Expressions (12) to (14), (16), and (18) to (20) are equations taking into account coupling of the out-of-
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the-orbit-plane motion and the in-the-orbit-plane motion. The distributor 5 calculates the firing timings and the firing
amounts of the thrusters for realizing the control amounts of the mean orbital elements calculated by the control amount
calculator 2 by solving the equations taking into account coupling of the out-of-plane motion and the in-plane motion
due to thruster firing amounts at multiple times, and combining one or more thruster firings controlling mainly the out-
of-the-orbit plane direction and one or more thruster firings controlling mainly the in-the-orbit-plane direction.
[0090] The distributor 5 gives the calculated firing timings and firing amounts of the thrusters in the south-north control
and the mean eccentricity vector control to the thruster controller 6. The thruster controller 6 controls the thrusters 91,
92, 93, and 94 based on the firing timings and the firing amounts calculated by the distributor 5.
[0091] FIG. 4 is a flowchart illustrating an operation of the distributor 5 according to Embodiment 1. The distributor 5
first calculates the magnitude and argument of the control amount of the mean inclination vector expressed by the
Expression (9) (Step S01). Then, the distributor 5 determines the south-north control timing (Step S02). When the mean
longitude λ0 of the satellite 7 is equal to the argument β (Step S02; YES), the distributor 5 calculates the firing timings
λ1 and λ2 by the Expressions (10) and (11) and calculates their respective total firing amounts fS and fN by the Expressions
(12) to (14) (Step S03). The distributor 5 stores in the memory the magnitude and argument of the control amount of
the mean inclination vector, the south-north control firing timings λ1 and λ2, and the total firing amounts fS and fN.
[0092] Next, the distributor 5 calculates the firing timing λr and the firing amount fr of the mean eccentricity vector
control by the Expressions (15) and (16) (Step S04). Then, the distributor 5 determines the distribution factors αS and
αN minimizing the evaluation function J of the Expression (17) under the condition of constraint of the Expression (18)
(Step S05).
[0093] The distributor 5 calculates the first and second firing amounts of the thrusters from the distribution factors αS
and αN by the Expressions (21) and (22) (Step S06). Then, the distributor 5 sends the calculated firing timing and firing
amount to the thruster controller 6 (Strep S07). The distributor 5 stores in the memory the firing timing λr and the firing
amount fr of the mean eccentricity vector control, the distribution factors αS and αN, and the firing timing and the firing
amount.
[0094] If the mean longitude λ0 is not equal to the argument β in the Step S02 (Step S02; NO) and λ0 is equal to β +
π (Step S08; YES), the distributor 5 calculates the south-north control firing timings λ1 and λ2 by the Expressions (23)
and (24) and calculates their respective total firing amounts fS and fN by the Expressions (25) to (27) (Step S09). The
distributor 5 stores the south-north control firing timings λ1 and λ2 and the total firing amounts fS and fN in the memory.
[0095] Next, the distributor 5 calculates the firing timing λr and the firing amount fr of the mean eccentricity vector
control by the Expressions (28) and (29) (Step S10). Then, the distributor 5 determines the distribution factors αS and
αN minimizing the evaluation function J of the Expression (30) under the condition of constraint of the Expression (31)
(Step S11).
[0096] The distributor 5 calculates the first and second firing amounts of the thrusters from the distribution factors αS
and αN by the Expressions (34) and (35) (Step S12). Then, the distributor 5 sends the calculated firing timing and firing
amounts to the thruster controller 6 (Step S07). The distributor 5 stores in the memory the firing timing λr and the firing
amount fr of the mean eccentricity vector control, the distribution factors αS and αN, and the first and second firing
amounts of the thrusters.
[0097] If the mean longitude λ0 is not equal to the argument β or β + π in the Step S02 and Step S08 (Step S02; NO,
Step S08; NO), no firing amounts are calculated and no firing is performed (Step S13) and the processing at the time ends.
[0098] With the above configuration of Embodiment 1, the distributor 5 can calculate the thruster firing rules suppressing
the propellant consumption with low calculation cost by analytically solving the Gaussian planetary equation including
coupling of the in-the-orbit-plane and the out-of-the-orbit-plane dependent on the thruster disposition angles and multiple
thruster firings.
[0099] Moreover, the firing rules restricting the number of thrusters firing simultaneously to two or one can be calculated
and therefore, the power consumption can be suppressed. Specifically, the distributor 5 can obtain firing rules restricting
the number of electric propulsion devices firing simultaneously to two or one with a small amount of calculation, whereby
the satellite orbit can be kept with high accuracy while suppressing the power consumption.
[0100] Then, optimum south-north control firing timings based on the control amount of the mean inclination vector
can be calculated, and therefore, highly accurate south-north control can be realized. Moreover, the mean mean ground
longitude, the mean inclination vector, and the mean eccentricity vector can be controlled simultaneously in the south-
north control. Furthermore, the mean eccentricity vector in the vicinity of a target value can be kept by controlling the
mean eccentricity vector one time in every orbit period in addition to two south-north controls, whereby the ground
longitude of the satellite 7 can be kept in the vicinity of a target value with high accuracy.
[0101] According to Embodiment 1, the interval between the south-north control and the mean eccentricity vector
control can be 1/4 of the orbit period and overlapping of the timings of firing the thrusters in the south-north control and
in the mean eccentricity vector control can be prevented.



EP 3 243 756 B1

13

5

10

15

20

25

30

35

40

45

50

55

Embodiment 2

[0102] In Embodiment 2, a feasible timing of firing the thrusters in one orbit period is preset. Then, the second to fourth
thruster firing amounts and whether the firing is possible are determined based on the control amounts of the mean
eccentricity vector and the mean inclination vector calculated for each timing by the control amount calculator. The
configuration of Embodiment 2 is the same as that of Embodiment 1; only operation of the distributor 5 of the orbit control
device 9 is different. The others, namely the target value setter 1, the control amount calculator 2, the thruster controller
6, and the orbit determiner 8, are the same as those in Embodiment 1.
[0103] The distributor 5 receives, as in Embodiment 1, the control amounts of the mean eccentricity vector and the
mean inclination vector calculated by the control amount calculator 2, the target value of the mean ground longitude set
by the target value setter 1, and the mean orbital elements and the temporal change rates of the mean orbital elements
calculated by the orbit determiner 8.
[0104] Then, the distributor 5 calculates the firing timings and the firing amounts of the thrusters realizing the control
amounts of the mean eccentricity vector and the mean inclination vector and the control amount of the mean ground
longitude for maintaining the mean ground longitude in the vicinity of a target value.
[0105] At this point, in Embodiment 2, the thrusters are assumed to be fired up to four times in one period. Using the
mean longitude λ, the timings are denoted by λ1, λ2, λ3, and λ4 and given by the following Expressions (48) to (51). 

[0106] λc is a preset first thruster firing timing. In Embodiment 2, λc is fixed to a proper value near the ascending node
Ω. For example, λc = 80 [°] is set. Then, the thrusters are fired at equal intervals from the first thruster firing with the
phase apart from each other by π/2. However, λc and λ1, λ2, λ3, and λ4 can be given some values other than the above.
Here, the thrusters are assumed to be fired four times. However, the thrusters may be fired as few as two times from
actually calculated control amounts. The method of calculating the control force necessary for keeping the orbit and the
firing amounts of the thrusters is described below.
[0107] At the beginning, the distributor 5 calculates the control force in the out-of-plane direction. First, the distributor
5 receives the control amount of the mean eccentricity vector, δe = [δex δey]T, and the control amount of the mean
inclination vector, δi = [δix δiy]T, calculated by the control amount calculator 2. Moreover, the distributor 5 receives the
target value of the mean mean ground longitude, ΛMTref, from the target value setter 1. Based on these, the distributor
5 calculates the control force in the out-of-plane direction, fhi (i = 1 to 4), with the thruster firing timings. The following
unit vector is used in calculating the control force: ρei = [sin λi - cos λi]T, ρii= [cos λi sin λi]T. Then, the control force in
the out-of-plane direction, fhi, with each timing is given so as to satisfy the following two Expressions. 

in which θ and φ are the angles given in FIG. 2.
[0108] The right side of the Expression (52) is denoted by δei and the right side of the Expression (53) is denoted by
δii, and fhi is determined in each case depending on the magnitude relation between δei and δii. In dividing into cases,
priority is given to realizing the control amount of the mean eccentricity vector.
[0109] As fhi is fixed from the thruster positions, fri is automatically determined. When δei > δii, meeting the control
amount of the mean inclination vector leads to shortage in the control amount of the mean eccentricity vector. Therefore,
in such a case, fhi is determined on the basis of the control amount of the mean eccentricity vector.
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(1) When |δei| > |δii|,

(1a) when δei < 0

(1b) when δei > 0

(2) When |δei| < |δii|,

(2a) when δei + δii > 0 and δei - δii < 0

(2b) when δei + δii < 0 and δei - δii > 0

[0110] Next, fθi (i = 1 to 4) necessary for the east-west control (keeping the ground longitude) is determined. The
distributor 5 determines fθi (i = 1 to 4) so as to satisfy the following conditional Expression (58).
[Math 6] 

in which a is the orbit semi-major axis, n is the mean orbit angular velocity, and θ and φ are the angles given in FIG. 2.
[0111] The thruster firing for giving the above fθi is realized by, as a general rule, distributing the firing amount between
the SW thruster and the SE thruster or between the NW thruster and the NE thruster in giving the control force in the
out-of-plane direction, fhi (distribution of the firing time in the case of electric propulsion). When fhi and fθi are given, the
distribution amounts can uniquely be determined based on the thruster disposition angles.
[0112] However, in Embodiment 2, when determining fθi, fhi is different in each control cycle and in some cases, a
sufficient total of fθi potentially may not be obtained in four controls. In such a case, two or one thruster is fired in the
first thruster firing and necessary fθ is additionally given. The distributor 5 gives the above calculation results to the
thruster controller 6.
[0113] The basic operation in Embodiment 2 is described above. For further saving of the propellant, the following
control is performed in calculating the out-of-plane control amount fhi. When the value of the mean inclination vector
after the control is estimated and the value falls within a preset acceptable range, in other words the error ι of the mean
inclination vector is a sufficiently small value, for example |ι| < 0.003 [°], the control amount is tailored to the control
amount necessary for ordinary eccentricity vector control and the number of times of firing the thrusters is reduced to
three or less.
[0114] FIG. 5 is a flowchart illustrating an operation of the distributor 5 according to Embodiment 2. The distributor 5
first receives the control amounts of the mean eccentricity vector and the mean inclination vector, the target value of the
mean mean ground longitude, and the like (Step S21). Then, when the mean longitude λ becomes equal to the set λ1
(= λc), the distributor 5 calculates the out-of-plane control amount fhi satisfying the Expressions (52) and (53) based on
the Expressions (54) and (57) in each case depending on the magnitude relation between δei and δii (Step S22). The
distributor 5 reads from the memory the control amounts of the mean eccentricity vector and the mean inclination vector,
the target value of the mean mean ground longitude, and δei and δii, and stores the out-of-plane control amount fhi in
the memory.
[0115] Next, the distributor 5 calculates fθi (i = 1 to 4) necessary for the east-west control (keeping the ground longitude)
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based on the control amount fhi so as to satisfy the Expression (58) (Step S23). A determination is made as to whether
∑fθi is sufficient in the east-west control (Step S24). If not sufficient (Step S24; NO), fθi is recalculated and added so that
∑fθi becomes sufficient (Step S25). If ∑fθi is sufficient in the east-west control (Step S24; YES), no recalculation is
executed. The distributor 5 reads the control amount fhi from the memory and stores fθi (i = 1 to 4) necessary for the
east-west control (keeping the ground longitude) in the memory.
[0116] The distributor 5 determines, as in Embodiment 1, the distribution of the firing amounts of the thrusters with
each thruster firing timing (Step S26), and sends the fixed firing timing and the firing amounts of the thrusters to the
thruster controller 6 (Step S27). The distributor 5 stores the distribution of the firing amounts of the thrusters with each
thruster firing timing in the memory.
[0117] According to the above Steps S21 to S27, in Embodiment 2, the firing timings and the firing amounts of the
thrusters realizing the control amounts of the mean eccentricity vector and the mean inclination vector and the control
amount of the mean ground longitude for maintaining the mean ground longitude in the vicinity of a target value are
calculated.
[0118] With the above configuration and operation of Embodiment 2, the firing intervals between thruster firings can
be fixed and the error in keeping the orbit in the longitudinal direction that results from change in the control time intervals
can be reduced. This Embodiment 2 is useful where the east-west control with highest accuracy (for example, the ground
longitude error Δλ = 0.005 [°] or lower) is required.

Embodiment 3

[0119] In Embodiment 3, two of the four thrusters are combined to perform the south-north control one time in one
orbit period and two thrusters are combined to perform the east-west control two times in one orbit period. The config-
uration of Embodiment 3 is the same as that of Embodiment 1; only operation of the distributor 5 of the orbit control
device 9 is different. The others, namely the target value setter 1, the control amount calculator 2, the thruster controller
6, the satellite 7, and the orbit determiner 8, are the same as those in Embodiment 1. Distributor 5 is the only component
different from that in Embodiment 1; therefore, the distributor 5 is described.
[0120] The firing amounts of the thrusters, the thruster 91 (NW thruster), the thruster 92 (NE thruster), the thruster 93
(SW thruster), and the thruster 94 (SE thruster), illustrated in FIG. 2 are denoted by fNW, fNE, fSW, and fSE, respectively.
On the premise that two thrusters are fired simultaneously, the northward firing amount fN, the southward firing amount
fS, the eastward firing amount fE, and the westward firing amount fw are each expressed as follows. 

[0121] Of the received control amounts of the orbital elements, the distributor 5 controls the control amount of the
mean inclination with the northward firing amount fN or the southward firing amount fS. Since the eastward firing amount
fE and the westward firing amount fW do not affect the mean inclination, the northward firing amount fN or the southward
firing amount fS can be determined only from the control amount of the mean inclination.
[0122] The firing timing can be determined from the argument β of the control amount δi of the mean inclination vector.
The mean inclination can be controlled using either one, the northward firing amount fN or the southward firing amount
fs. However, the calculation is executed for both cases and the one yielding a smaller total value of firing amounts is
lastly used.
[0123] Next, since the mean eccentricity and the mean mean ground longitude are affected by the northward firing
amount fN or the southward firing amount fS, the distributor 5 determines a new control amount of the mean eccentricity
vector and a new target value of the mean mean ground longitude with the addition of correction amounts. The correction
amounts can be calculated by substituting the components in the XB-axis and ZB-axis directions of the northward firing
amount fN or the southward firing amount fS in the Gaussian planetary equations regarding the eccentricity vector and
the mean ground longitude.
[0124] The distributor 5 determines the eastward firing amount fE and the westward firing amount fW from the new
control amount of the mean eccentricity vector and the new target value of the mean mean ground longitude. For
determining the firing amounts corresponding to the control amount of the mean eccentricity vector and the target value
of the mean mean ground longitude, the eastward firing amount fE and the westward firing amount fW for a total of two
times are necessary.
[0125] In other words, a solution to give an eastward firing amount fE or a westward firing amount fW at a longitude
and give an eastward firing amount fE or a westward firing amount fW at a different longitude is obtained. Consequently,
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one of the solutions, fE and fW each at one time, fE at two times, and fW at two times, in the firing in the east-west direction
is obtained. With this total of two times of firing and one time of firing with fN or fS, a series of control operation ends.
Thus, a total of three times of firing is performed in a series of control operation.
[0126] Next, the distributor 5 determines which to use, the northward firing amount fN or the southward firing amount
fS, as follows. The distributor 5 compares the total value of the firing amounts combining the east-west firing amount
when fN is used and the total value of the firing amounts combining the east-west firing amount when fS is used, and
adopts the one yielding a smaller total value as the finalized firing. Using the one with a lower firing amount as just stated,
the longitudes at the times of implementing one south-north firing with fN or fS and two east-west firings are apart. Thus,
the effect of not overlapping these firing timings is also obtained.
[0127] Using a combination of two thrusters in the south-north firing and in the east-west firing as described above,
the mean inclination, the mean eccentricity, and the mean mean ground longitude can be controlled at desirable values
with one south-north and two east-west thruster firings in a series of control operation.
[0128] Moreover, instead of simultaneous firing of two thrusters yielding a force eastward or westward in the two east-
west thruster firings, the mean inclination can be affected by replacing some or all with firing of only one thruster based
on the above-described calculation of the thruster firing amounts. In such a case, since the mean inclination is affected
by the east-west thruster firing, the south-north thruster firing amount cannot simply be calculated. However, both or
one of the two east-west thruster firings can be planned with firing of only one thruster by performing numeric search
for, for example, replacing all with firing of only one thruster based on the solution to simultaneous firing of two thrusters.
Such a plan results in controlling the mean inclination in part with the east-west direction thruster firing, whereby the
effect of keeping the total value of firing amounts low is obtained.
[0129] FIG. 6 is a flowchart illustrating an operation of the distributor 5 according to Embodiment 3. The distributor 5
first receives the control amounts of the mean eccentricity vector and the mean inclination vector, the target value of the
mean mean ground longitude, and the like (Step S31). Then, the distributor 5 determines the northward firing amount
fN or the southward firing amount fS (a south-north firing amount fN or fS) from the control amount of the mean inclination
vector (Step S32).
[0130] The distributor 5 reads from the memory the control amounts of the mean eccentricity vector and the mean
inclination vector, the target value of the mean mean ground longitude, and the like, and stores in the memory the
northward firing amount fN or the southward firing amount fS (the south-north firing amount fN or fS).
[0131] Next, the distributor 5 corrects the new control amount of the mean eccentricity and the new target value of the
mean mean ground longitude from the determined south-north firing amount fN or fS (Step S33). Then, the distributor 5
determines the eastward firing amount fE and the westward firing amount fW (east-west firing amounts fE and fW) from
the new control amount of the mean eccentricity and the new target value of the mean mean ground longitude (Step S34).
[0132] The distributor 5 reads from the memory the south-north firing amount fN or fS, and stores in the memory the
new control amount of the mean eccentricity, the new target value of the mean mean ground longitude, and the eastward
firing amount fE and the westward firing amount fW (the east-west firing amounts fE and fW).
[0133] The distributor 5 adopts either one, the south-north firing amount fN or fS, that yields a lower total firing amount
with the addition of the east-west firing amounts (Step S35). Furthermore, the distributor 5 executes recalculation to
replace some or all of simultaneous firing of two thrusters yielding a force eastward or westward with firing of only one
thruster in the two east-west thruster firings based on the calculation of the thruster firing amounts (Step S36). Then,
the distributor 5 sends the calculated thruster firing amounts to the thruster controller 6 (Step S37). The distributor 5
stores the calculated thruster firing amounts in the memory.
[0134] With the above configuration of Embodiment 3, the mean inclination, the mean eccentricity, and the mean mean
ground longitude can be controlled at desired values with one south-north firing and two east-west firings through simple
calculation on the premise of firing of a combination of two thrusters.
[0135] Moreover, with the configuration of Embodiment 3, the effect of keeping the total value of firing amounts low
is obtained besides controlling the mean inclination, the mean eccentricity, and the mean mean ground longitude for
desired values by obtaining a solution to numeric search for replacing at least one of the two east-west thruster firings
with firing of only one thruster based on the solution on the premise of firing of a combination of two thrusters.
[0136] The embodiments are described on the premise of a geostationary satellite. The orbit control device 9 of the
embodiments is not exclusively applicable to geostationary satellite. The orbit control device 9 is applicable to, for
example, quasi-zenith satellites. A quasi-zenith satellite seems to have an orbit in the shape of a figure eight elongated
in the south-north direction when observed from a ground point; however, its period and altitude are the same as a
geostationary satellite and its orbit plane is inclined with respect to the equatorial plane. Therefore, with proper coordinate
conversions, the above-described expressions are applicable as they are.
[0137] The foregoing describes some example embodiments for explanatory purposes. Although the foregoing dis-
cussion has presented specific embodiments, persons skilled in the art will recognize that changes may be made in
form and detail without departing from the scope of the invention. Accordingly, the specification and drawings are to be
regarded in an illustrative rather than a restrictive sense. This detailed description, therefore, is not to be taken in a
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limiting sense, and the scope of the invention is defined only by the included claims.
[0138] This application claims the priority based on Japanese Patent Application No. 2015-002864.

List of Reference Signs

[0139]

1 Target value setter
2 Control amount calculator
3 Feedforward control amount calculator
4 Feedback control amount calculator
5 Distributor
6 Thruster controller
7 Satellite
8 Orbit determiner
9 Orbit control device
91 Thruster
92 Thruster
93 Thruster
94 Thruster

Claims

1. An orbit control device (9) for a satellite (7) provided with four thrusters (91, 92, 93, 94) disposed on the satellite (7)
with firing directions each facing away from a mass center of the satellite (7) and different from each other, the orbit
control device (9) comprising:

- an orbit determiner (8) to determine mean orbital elements of the satellite (7) and temporal change rates of
the mean orbital elements;
- a target value setter (1) to set target values of the mean orbital elements;
- a control amount calculator (2) to calculate control amounts of the mean orbital elements from the mean orbital
elements, the temporal change rates of the mean orbital elements, and the target values;
- a distributor (5) to calculate firing timings and firing amounts of the thrusters (91, 92, 93, 94) for realizing the
control amounts of the mean orbital elements calculated by the control amount calculator (2) by expressing a
motion of the satellite (7) with orbital elements, solving an equation taking into account coupling of an out-of-
the-orbit-plane motion and an in-the-orbit-plane motion due to thruster disposition angles and thruster firing
amounts at multiple times, and combining one or more thruster firings controlling mainly an out-of-the-orbit-
plane direction and one or more thruster firings controlling mainly an in-the-orbit-plane direction; and
- a thruster controller (6) to control the thrusters (91, 92, 93, 94) based on the firing timings and the firing amounts
calculated by the distributor (5).

2. The orbit control device (9) according to claim 1,
characterized in that the control amount calculator (2) comprises:

- a feedback control amount calculator (4) to calculate feedback control amounts of the mean orbital elements
based on the mean orbital elements calculated by the orbit determiner (8) and the target values of the mean
orbital elements set by the target value setter (1); and
- a feedforward control amount calculator (3) to calculate feedforward control amounts of the mean orbital
elements based on the temporal change rates of the mean orbital elements.

3. The orbit control device (9) according to claim 1,
characterized in that the distributor (5) is adapted to calculate the firing timings and the firing amounts of the
thrusters (91, 92, 93, 94) so that the number of thrusters (91, 92, 93, 94) simultaneously used is two or less.

4. The orbit control device (9) according to claim 1,
characterized in that the control amount calculator (2) is adapted to calculate a control amount of a mean inclination
vector, and
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the distributor (5) is adapted to calculate an argument of the control amount of the mean inclination vector, to
determine a south-north control firing timing from the argument of the control amount of the mean inclination vector,
and to calculate the firing timings and the firing amounts of the thrusters (91, 92, 93, 94) so as to implement a second
south-north control a 1/2 orbit period after a first one of the south-north control firing timing, and to control a mean
eccentricity vector a 1/4 orbit period or a 3/4 orbit period after the first one of the south-north control firing timing.

5. The orbit control device (9) according to claim 1,
characterized in that the distributor (5) is adapted to calculate the firing timings and the firing amounts of the
thrusters (91, 92, 93, 94) so as to perform south-north control one time in one orbit period using a combination of
two of the four thrusters (91, 92, 93, 94) and to perform east-west control two times in one orbit period using a
combination of two of the thrusters (91, 92, 93, 94).

6. The orbit control device (9) according to claim 5,
characterized in that
the distributor (5) is adapted to execute numeric search using the firing timings and the firing amounts of the thrusters
(91, 92, 93, 94) calculated by the distributor (5) as an initial solution, and to calculate the firing timings and the firing
amounts of the thrusters (91, 92, 93, 94) that eliminate use of one of the thrusters (91, 92, 93, 94) in at least one of
the two east-west thruster firings.

7. The orbit control device (9) according to claim 1,
characterized in that the control amount calculator (2) is adapted to calculate control amounts of a mean eccentric
vector and a mean inclination vector, and
the distributor (5) is adapted to preset a feasible timing of firing the thrusters (91, 92, 93, 94) in one orbit period, and
to determine the firing amounts of the thrusters (91, 92, 93, 94) for second to fourth times and whether the firing is
possible based on the control amounts of the mean eccentricity vector and the mean inclination vector calculated
for each timing by the control amount calculator (2).

8. A satellite (7), characterized by comprising:

- four thrusters (91, 92, 93, 94) disposed on the satellite (7) with firing directions each facing away from a mass
center of the satellite (7) and different from each other; and
- an orbit control device (9) according to any one of claims 1 to 7.

9. An orbit control method for a satellite (7) comprising four thrusters (91, 92, 93, 94) disposed on the satellite (7) with
firing directions each facing away from a mass center of the satellite (7) and different from each other,
the orbit control method comprising:

- an orbit determination step of determining mean orbital elements of the satellite (7) and temporal change rates
of the mean orbital elements;
- a target value setting step of setting target values of the mean orbital elements;
- a control amount calculation step of calculating control amounts of the mean orbital elements from the mean
orbital elements, the temporal change rates of the mean orbital elements, and the target values;
- a distribution step of calculating firing timings and firing amounts of the thrusters (91, 92, 93, 94) for realizing
the control amounts of the mean orbital elements calculated in the control amount calculation step by expressing
a motion of the satellite (7) with orbital elements, solving an equation taking into account coupling of an out-of-
the-orbit-plane motion and an in-the-orbit-plane motion due to thruster disposition angles and thruster firing
amounts at multiple times, and combining one or more thruster firings controlling mainly an out-of-the-orbit-
plane direction and one or more thruster firings controlling mainly an in-the-orbit-plane direction; and
- a thruster control step of controlling the thrusters (91, 92, 93, 94) according to the firing timings and the firing
amounts calculated in the distribution step.

Patentansprüche

1. Bahnsteuerungsvorrichtung (9) für einen Satelliten (7), der mit vier Triebwerken (91, 92, 93, 94) ausgerüstet ist, die
an dem Satelliten (7) mit Zündrichtungen angebracht sind, die jeweils von dem Massenzentrum des Satelliten (7)
weg weisen und voneinander verschieden sind,
wobei die Bahnsteuerungsvorrichtung (9) Folgendes aufweist:
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- einen Bahnbestimmer (8) zum Bestimmen von mittleren Bahnelemente des Satelliten (7) und von zeitlichen
Änderungsraten der mittleren Bahnelemente;
- eine Sollwertvorgabeeinrichtung (1) zum Vorgeben von Sollwerten der mittleren Bahnelemente;
- einen Steuerungsbetragsrechner (2) zum Berechnen von Steuerungsbeträgen der mittleren Bahnelemente
aus den mittleren Bahnelementen, den zeitlichen Änderungsraten der mittleren Bahnelemente und den Soll-
werten;
- einen Verteiler (5) zum Berechnen von Zündzeitpunkten und Zündbeträgen der Triebwerke (91, 92, 93, 94)
zum Realisieren der durch den Steuerungsbetragsrechner (2) berechneten Steuerungsbeträge der mittleren
Bahnelemente, indem eine Bewegung des Satelliten (7) mit Bahnelementen ausgedrückt wird, Lösen einer
Gleichung unter Berücksichtigung der Kopplung zwischen einer Bewegung außerhalb der Bahnebene und einer
Bewegung innerhalb der Bahnebene aufgrund von Triebwerksanordnungswinkeln und Triebwerkszündbeträgen
zu mehreren Zeitpunkten und Kombinieren von einer oder mehreren Triebwerkszündungen, die hauptsächlich
eine Richtung außerhalb der Bahnebene steuern, und von einer oder mehreren Triebwerkszündungen, die
hauptsächlich eine Richtung innerhalb der Bahnebene steuern; und
- eine Triebwerkssteuerung (6) zum Steuern der Triebwerke (91, 92, 93, 94) auf der Grundlage der Zündzeit-
punkte und der vom Verteiler (5) berechneten Zündbeträge.

2. Bahnsteuerungsvorrichtung (9) nach Anspruch 1,
dadurch gekennzeichnet,
dass der Steuerungsbetragsrechner (2) Folgendes aufweist:

- einen Steuerungsbetragsrechner (4) zum Berechnen von Steuerungsbeträgen der mittleren Bahnelemente
auf der Grundlage der durch den Bahnbestimmer (8) berechneten mittleren Bahnelemente und der durch die
Sollwertvorgabeeinrichtung (1) vorgegebenen Sollwerte der mittleren Bahnelemente; und
- einen Rechner (3) für die Vorwärtssteuerung, um die Vorwärtssteuerungsbeträge der mittleren Bahnelemente
auf der Grundlage der zeitlichen Änderungsraten der mittleren Bahnelemente zu berechnen.

3. Bahnsteuerungsvorrichtung (9) nach Anspruch 1,
dadurch gekennzeichnet,
dass der Verteiler (5) dazu ausgebildet ist, die Zündzeitpunkte und die Zündbeträge der Triebwerke (91, 92, 93,
94) zu berechnen, so dass die Anzahl der gleichzeitig verwendeten Triebwerke (91, 92, 93, 94) zwei oder weniger
beträgt.

4. Bahnsteuerungsvorrichtung (9) nach Anspruch 1,
dadurch gekennzeichnet,
dass der Steuerungsbetragsrechner (2) dazu ausgebildet ist, einen Steuerungsbetrag eines mittleren Neigungs-
vektors zu berechnen, und dass der Verteiler (5) dazu ausgebildet ist, ein Argument des Steuerungsbetrags des
mittleren Neigungsvektors zu berechnen, um einen Süd-Nord-Steuer-Zündzeitpunkt aus dem Argument des Steu-
erungsbetrags des mittleren Neigungsvektors zu bestimmen und um die Zündzeitpunkte und die Zündbeträge der
Triebwerke (91, 92, 93, 94) zu berechnen, um eine zweite Süd-Nord-Steuerung eine 1/2 Bahnperiode nach dem
ersten der Süd-Nord-Steuerungszündzeite zu implementieren und um einen mittleren Exzentrizitätsvektor eine 1/4
Bahnperiode oder eine 3/4 Bahnperiode nach dem ersten der Süd-Nord-Steuerungszündzeitpunkte zu steuern.

5. Bahnsteuerungsvorrichtung (9) nach Anspruch 1,
dadurch gekennzeichnet,
dass der Verteiler (5) dazu ausgebildet ist, die Zündzeitpunkte und die Zündbeträge der Triebwerke (91, 92, 93,
94) zu berechnen, um eine Süd-Nord-Steuerung einmal in einer Bahnperiode unter Verwendung einer Kombination
von zwei der vier Triebwerke (91, 92, 93, 94) und eine Ost-West-Steuerung zweimal in einer Bahnperiode unter
Verwendung einer Kombination von zwei der Triebwerke (91, 92, 93, 94) durchzuführen.

6. Bahnsteuerungsvorrichtung (9) nach Anspruch 5,
dadurch gekennzeichnet,
dass der Verteiler (5) dazu ausgebildet ist, eine numerische Suche unter Verwendung der Zündzeitpunkte und der
Zündbeträge der Triebwerke (91, 92, 93, 94) auszuführen, die von dem Verteiler (5) als eine Anfangslösung berechnet
worden sind, und die Zündzeitpunkte und die Zündbeträge der Triebwerke (91, 92, 93, 94) zu berechnen, die die
Verwendung eines der Triebwerke (91, 92, 93, 94) in mindestens einer der beiden Ost-West-Triebwerkszündungen
ausschließen.
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7. Bahnsteuerungsvorrichtung (9) nach Anspruch 1,
dadurch gekennzeichnet,
dass der Steuerungsbetragsrechner (2) dazu ausgebildet ist, Steuerungsbeträge eines mittleren exzentrischen
Vektors und eines mittleren Neigungsvektors zu berechnen, und
dass der Verteiler (5) dazu ausgebildet ist, einen durchführbaren Zeitpunkt der Zündung der Triebwerke (91, 92,
93, 94) in einer Bahnperiode vorzugeben und die Zündbeträge der Triebwerke (91, 92, 93, 94) für das zweite bis
vierte Mal zu bestimmen und ferner zu bestimmen, ob die Zündung basierend auf den Steuerungsbeträgen des
mittleren Exzentrizitätsvektors und des mittleren Neigungsvektors, die für jeden Zeitpunkt durch den Steuerungs-
betragsrechner (2) berechnet sind, möglich ist.

8. Satellit (7),
dadurch gekennzeichnet,
dass er Folgendes aufweist:

- vier Triebwerke (91, 92, 93, 94), die an dem Satelliten (7) mit Zündrichtungen angebracht sind, die jeweils von
dem Massenzentrum des Satelliten (7) weg weisen und sich voneinander unterscheiden; und
- eine Bahnsteuerungsvorrichtung (9) nach einem der Ansprüche 1 bis 7.

9. Verfahren zur Bahnsteuerung eines Satelliten (7), der vier Triebwerke (91, 92, 93, 94) aufweist, die an dem Satelliten
(7) mit Zündrichtungen angebracht sind, die jeweils von dem Massenzentrum des Satelliten (7) weg weisen und
voneinander verschieden sind,
wobei das Verfahren zur Bahnsteuerung Folgendes umfasst:

- einen Bahnbestimmungsschritt zum Bestimmen von mittleren Bahnelemente des Satelliten (7) und von zeit-
lichen Änderungsraten der mittleren Bahnelemente;
- einen Sollwert-Vorgabeschritt zum Vorgeben von Sollwerten der mittleren Bahnelemente;
- einen Steuerungsbetrags-Berechnungsschritt zum Berechnen von Steuerungsbeträgen der mittleren Bahne-
lemente aus den mittleren Bahnelementen, den zeitlichen Änderungsraten der mittleren Bahnelemente und
den Sollwerten;
- einen Verteilungsschritt zum Berechnen von Zündzeitpunkten und Zündbeträgen der Triebwerke (91, 92, 93,
94) zum Realisieren der Steuerungsbeträge der mittleren Bahnelemente, die im Steuerungsbetrags-Berech-
nungsschritt berechnet worden sind, indem eine Bewegung des Satelliten (7) mit Bahnelementen ausgedrückt
wird, Lösen einer Gleichung unter Berücksichtigung der Kopplung zwischen einer Bewegung außerhalb der
Bahnebene und einer Bewegung innerhalb der Bahnebene aufgrund von Triebwerksanordnungswinkeln und
Triebwerkszündbeträgen zu mehreren Zeitpunkten und Kombinieren von einer oder mehreren Triebwerkszün-
dungen, die hauptsächlich eine Richtung außerhalb der Bahnebene steuern, und von einer oder mehreren
Triebwerkszündungen, die hauptsächlich eine Richtung innerhalb der Bahnebene steuern; und
- einen Steuerungsschritt zum Steuern der Triebwerke (91, 92, 93, 94) gemäß den Zündzeitpunkten und den
in dem Verteilungsschritt berechneten Zündbeträgen.

Revendications

1. Dispositif de commande d’orbite (9) pour un satellite (7) doté de quatre propulseurs (91, 92, 93, 94) disposés sur
le satellite (7) avec des directions d’action détournées chacune depuis un centre de masse du satellite (7) et
différentes les unes des autres, le dispositif de commande d’orbite (9) comprenant :

- un moyen de détermination d’orbite (8) pour déterminer des éléments orbitaux moyens du satellite (7) et des
taux de changement temporel des éléments orbitaux moyens ;
- un moyen de fixation de valeurs cibles (1) pour fixer des valeurs cibles des éléments orbitaux moyens ;
- un calculateur de quantités de commande (2) pour calculer des quantités de commande des éléments orbitaux
moyens à partir des éléments orbitaux moyens, des taux de changement temporel des éléments orbitaux
moyens, et des valeurs cibles ;
- un distributeur (5) pour calculer des temporisations de mise à feu et des quantités de mise à feu des propulseurs
(91, 92, 93, 94) pour réaliser les quantités de commande des éléments orbitaux moyens calculées par le
calculateur de quantités de commande (2) en exprimant un mouvement du satellite (7) avec des éléments
orbitaux, en résolvant une équation qui tient compte d’un mouvement hors du plan orbital et d’un mouvement
dans le plan orbital en raison des angles de disposition des propulseurs et des quantités de mise à feu des
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propulseurs à une multiplicité d’instants, et en combinant une ou plusieurs mises à feu des propulseurs en
commandant principalement une direction hors du plan orbital et une ou plusieurs mises à feu des propulseurs
en commandant principalement une direction dans le plan orbital ; et
- une unité de commande de propulseurs (6) pour commander les propulseurs (91, 92, 93, 94) sur la base des
temporisations de mise à feu et des quantités de mise à feu calculées par le distributeur (5).

2. Dispositif de commande d’orbite (9) selon la revendication 1,
caractérisé en ce que le calculateur de quantité de commande (2) comprend :

- un calculateur de quantité de commande à rétroaction (4) pour calculer des quantités de commande à ré-
troaction des éléments orbitaux moyens sur la base des éléments orbitaux moyens calculés par le moyen de
détermination d’orbite (8) et des valeurs cibles des éléments orbitaux moyens fixées par le moyen de fixation
de valeurs cibles (1) ; et
- un calculateur de quantité de commande à anticipation (3) pour calculer des quantités de commande à anti-
cipation des éléments orbitaux moyens sur la base des taux de changement temporel des éléments orbitaux
moyens.

3. Dispositif de commande d’orbite (9) selon la revendication 1,
caractérisé en ce que le distributeur (5) est adapté pour calculer les temporisations de mise à feu et les quantités
de mise à feu des propulseurs (91, 92, 93, 94) de sorte que le nombre de propulseurs (91, 92, 93, 94) simultanément
utilisés est égal à deux ou moins.

4. Dispositif de commande d’orbite (9) selon la revendication 1,
caractérisé en ce que le calculateur de quantité de commande (2) est adapté pour calculer une quantité de
commande d’un vecteur d’inclinaison moyenne, et le distributeur (5) est adapté pour calculer un argument de la
quantité de commande du vecteur d’inclinaison moyenne, pour déterminer une temporisation de mise à feu de
commande sud/nord à partir de l’argument de la quantité de commande du vecteur d’inclinaison moyenne, et pour
calculer les temporisations de mise à feu et les quantités de mise à feu des propulseurs (91, 92, 93, 94) de manière
à mettre en œuvre une seconde commande sud/nord à © période d’orbite après une première temporisation de
mise à feu de commande sud/nord, et pour commander un vecteur d’excentricité moyenne à ¨ période d’orbite ou
à ª période d’orbite après la première temporisation de mise à feu de commande sud/nord.

5. Dispositif de commande d’orbite (9) selon la revendication 1,
caractérisé en ce que le distributeur (5) est adapté pour calculer les temporisations de mise à feu et les quantités
de mise à feu des propulseurs (91, 92, 93, 94) de manière à effectuer une commande sud/nord une fois dans une
période d’orbite en utilisant une combinaison de deux des quatre propulseurs (91, 92, 93, 94) et à effectuer une
commande est/ouest deux fois dans une période d’orbite en utilisant combinaison de deux des propulseurs (91, 92,
93, 94).

6. Dispositif de commande d’orbite (9) selon la revendication 5,
caractérisé en ce que le distributeur (5) est adapté pour exécuter une recherche numérique en utilisant les tem-
porisations de mise à feu et les quantités de mise à feu des propulseurs (91, 92, 93, 94) calculées par le distributeur
(5) à titre de solution initiale, et pour calculer les temporisations de mise à feu et les quantités de mise à feu des
propulseurs (91, 92, 93, 94) qui éliminent l’utilisation de l’un des propulseurs (91, 92, 93, 94) dans l’une au moins
des deux mises à feu de propulseurs est/ouest.

7. Dispositif de commande d’orbite (9) selon la revendication 1,
caractérisé en ce que le calculateur de quantités de commande (2) est adapté pour calculer des quantités de
commande d’un vecteur excentrique moyen et d’un vecteur d’inclinaison moyenne, et
le distributeur (5) est adapté pour préfixer une temporisation faisable de mise à feu des propulseurs (91, 92, 93,
94) dans une période d’orbite, et pour déterminer les quantités de mise à feu des propulseurs (91, 92, 93, 94) pour
une seconde, une troisième et une quatrième fois et pour déterminer si la mise à feu est possible en se basant sur
les quantités de commande du vecteur d’excentricité moyenne et du vecteur d’inclinaison moyenne calculées pour
chaque temporisation par le calculateur de quantités de commande (2).

8. Satellite (7), caractérisé en ce qu’il comprend :

- quatre propulseurs (91, 92, 93, 94) disposés sur le satellite (7) avec des directions d’action détournées chacune
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depuis un centre de masse du satellite (7) et différentes les unes des autres ; et
- un dispositif de commande d’orbite (9) selon l’une quelconque des revendications 1 à 7.

9. Procédé de commande d’orbite pour un satellite (7) comprenant quatre propulseurs (91, 92, 93, 94) disposés sur
le satellite (7) avec des directions d’action détournées chacune depuis un centre de masse du satellite (7) et
différentes les unes des autres,
le procédé de commande d’orbite comprenant :

- une étape de détermination d’orbite pour déterminer des éléments orbitaux moyens du satellite (7) et des taux
de changement temporel des éléments orbitaux moyens ;
- une étape de fixation de valeurs cibles consistant à fixer des valeurs cibles des éléments orbitaux moyens ;
- une étape de calcul de quantités de commande consistant à calculer des quantités de commande des éléments
orbitaux moyens à partir des éléments orbitaux moyens, des taux de changement temporel des éléments
orbitaux moyens, et des valeurs cibles ;
- une étape de distribution consistant à calculer des temporisations de mise à feu et des quantités de mise à
feu des propulseurs (91, 92, 93, 94) pour réaliser les quantités de commande des éléments orbitaux moyens
calculées dans l’étape de calcul de quantités de commande en exprimant un mouvement du satellite (7) avec
des éléments orbitaux, en résolvant une équation prenant en compte un couplage d’un mouvement hors du
plan orbital et d’un mouvement dans le plan orbital en raison d’un angle de disposition des propulseurs et de
quantités de mise à feu des propulseurs à une multiplicité de fois, et en combinant une ou plusieurs mises à
feu de propulseurs en commandant principalement une direction hors du plan orbital et une ou plusieurs mises
à feu de propulseurs en commandant principalement une direction dans le plan orbital ; et
- une étape de commande de propulseurs consistant à commander les propulseurs (91, 92, 93, 94) en accord
avec les temporisations de mise à feu et les quantités de mise à feu calculées dans l’étape de distribution.
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