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Abstract: Orbit accuracy of the transfer orbit and the mission orbit is the basis for the orbit control
of all-electric-propulsion Geostationary Orbit (GEO) satellites. Global Navigation Satellite System
(GNSS) simulation data are used to analyze the main factors affecting GEO satellite orbit prediction
accuracy under the no-thrust condition, and an electric propulsion calibration algorithm is designed
to analyze the orbit determination and prediction accuracy under the thrust condition. The calculation
results show that the orbit determination accuracy of mission orbit and transfer orbit without thrust
is better than 10 m using onboard GNSS technology. The calibration accuracy of electric thrust
is about 1072 m/s? and 10~7 m/s? with 40 h and 16 h arc length, respectively, using the satellite
self-positioning data of 100 m accuracy to calibrate the electric thrust. If satellite self-positioning data
accuracy is at the 10 m level, the electric thrust calibration accuracy can be improved by about one
order of magnitude, and the 14-day prediction accuracy of the transfer orbit with thrust is better than
1 km.

Keywords: all-electric propulsion GEO satellite; transfer orbit; onboard GNSS; electric propulsion
calibration; precise orbit determination (POD)

1. Introduction

GEO all-electric propulsion satellites completely rely on the electric propulsion system
to change their orbits into the mission orbit after separation of the satellite and the rocket;
they also use their electric propulsion system to maintain position after entering mission
orbit [1,2]. Compared with traditional chemical propulsion control, electric propulsion
technology has the advantages of long life, high specific impulse, widely adjustable range,
simple structure, and high reliability, which can significantly reduce the mass of propellant
carried by spacecraft, providing more capacity for payload and significantly enhancing
economic benefits [3-6]. Early electric propulsion technology research and product develop-
ment mainly targeted Low Earth Orbit (LEO) satellites and the north-south station-keeping
of GEO satellites [7-14]. Due to the significant advantages of electric propulsion systems, re-
search and practice of transfer orbit of GEO satellites and deep space exploration and other
missions have been carried out successively [15-24]. A U.S. space exploration company
realized the world’s first application of all-electric-propulsion GEO satellite on 1 March
2015; it carried four XIPS-25 ion electric thrusters on board and delivered the satellite into
geostationary orbit after about 8 months of orbital transfer [25,26]. Due to the use of an
electric propulsion system for orbital transfer, the weight of the satellite was reduced from
4 tons to 2 tons, and the launch cost was directly reduced by USD 50 million. Subsequently,
many countries have successively achieved the practical application of electric propul-
sion platforms, and electric propulsion satellites have become an important direction for
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the development of geostationary satellites [27]. The SJ-9A satellite launched by China
in 2012 is equipped with an LIPS-200 ion thruster and HET-40 hall thruster for on-orbit
experiments to undertake the mission of maintaining north-south station keeping during
the full life cycle of the satellite, which is the first space application of Chinese electric
propulsion products [28-30]. In 2020, the LIPS-200 ion thruster electric propulsion system
of the Asia—Pacific 6D satellite was used for north-south station keeping, which is the first
commercial application of electric propulsion technology in China [31]. Chinese all-electric
satellites will also be launched soon [32].

With the characteristics of real-time, high accuracy, and low cost, onboard GNSS orbit
determination technology is currently the main technique for spacecraft autonomous orbit
determination internationally [33-35]. In the past decades, GNSS-based orbit determination
technology has been commonly used in LEO spacecraft, such as TOPEX, GRACE, NOAA,
METOP, FY, HY, ZY, and GF, to provide real-time position or final precision orbit with an
accuracy within 10 cm [36—41],which is largely attributed to the fact that LEO satellites
provide continuous tracking and multi-directional observation geometry. In the field of
high orbit spacecraft, GNSS receiving antennas pointing to the center of the Earth receive
primary and secondary signals from navigation satellites on the other side of the Earth
for orbit determination. Europe and the United States started earlier in this field and
achieved operational applications on GOES-R meteorological satellites. In recent years,
China has used CE-5T1 and GEO satellites such as SJ-17 and TJS-2 to validate GNSS orbit
determination technology, and improved the accuracy of real-time orbit determination by
30 m [42-52].

Since satellites usually spend several months in transfer orbit before entering geo-
stationary orbit by electric propulsion, during which frequent maneuvers are required
according to the orbit design [53-57], this poses a new challenge for satellite precision orbit
determination. However, previous studies on precision orbit determination have generally
focused only on LEO and GEO satellites, and few papers have studied GNSS precision orbit
determination for transfer orbits. In this paper, we study the ground orbit determination
algorithm for an all-electric propulsion GEO satellite in transfer orbit and mission orbit
by analyzing different conditions, and design an electric propulsion calibration algorithm
to analyze its orbit prediction accuracy, which provides important support for the orbit
control of all-electric-propulsion GEO satellite in transfer orbit and mission orbit.

2. Materials and Methods
2.1. Satellite Electric Propulsion and Orbit Measurement System

Satellite use the electric propulsion system to realize orbit transfer and finally enter
mission orbit. During the satellite orbit transfer process, the satellite goes through the
initial orbit, the first stage of transfer orbit, the second stage of transfer orbit, and the final
mission orbit. The changes in satellite height are shown in Figure 1. Firstly, the perigee and
apogee of the satellite are all raised, and the apogee can reach up to 70,000 km in the first
stage of the transfer orbit, while the optimal control strategy is adopted to finally transfer
to the mission orbit in the second stage of the transfer orbit.

Four HET300 Hall electric thrusters are used in the electric propulsion system to
realize the orbit control of the satellite. These are installed on the —Z side of the satellite,
and the thrust direction of each thruster is through the center of mass of the satellite. The
installation layout is shown in Figure 2.
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Figure 1. Time-dependent graph of satellite height.
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Figure 2. Installation diagram of thruster and GNSS antennas.

The satellite adopts an all-electric-thrust orbit control strategy with a control period of
14 days. No thrust control is applied to the satellite during the satellite orbit determination
period (the first day), and then satellite orbit control takes place over the next 13 days.

e In the transfer orbit, the satellite adopts the orbit transfer control strategy, the perigee
altitude is raised as soon as possible to cross the core region of the inner radiation belt
in the first stage; the satellite is transferred to the mission orbit in the optimal transfer
time in the second stage. The satellite thrusters are in mission state except for the
ground shadow region during the satellite orbit control period.

e In the mission orbit, the satellite adopts an orbit-holding control strategy. The satellite
orbit is maintained at the target geographic longitude by applying thrust control at a
specific orbital phase. The satellite thrusters are operated for no more than two hours
per day during the satellite orbit control period.

The satellite carries only three GNSS antennas for orbit determination, and the instal-
lation layout is shown in Figure 2. Antenna 1 and antenna 2 are both high-gain antennas
located in the +Z and —X direction of the satellite body-fixed system, receiving GNSS
signals on the opposite side of the Earth. Antenna 3 is a low-gain antenna located in the
—Z direction of the satellite body-fixed system, receiving GNSS signals overhead, which
ensures that the satellite receives GNSS signals all the time in the transfer orbit and the
mission orbit. GNSS receiver technical indicators are shown in Table 1.
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Table 1. GNSS receiver indicators.

Type Indicators
Operating frequency GPS L1/GLONASS L1/BDS Bl
Time accuracy <5us

<1 m (height < 1000 km),

Pseudo-Range Measurement Accuracy (RMS) <10 m (height < 36,000 km)

. <5 mm (height < 1000 km),
Carrier Phase Accuracy (RMS) <3 em (height < 36,000 km)
Measurement extraction interval 5 min

2.2. Orbit Determination Principle

According to the theory of artificial satellite orbit [58], the motion equation of the
satellite in the inertial coordinate system is as follows:

r:f0+fe+fThrust )

where r is the position vector of the satellite in the inertial coordinate system, and the right
end of the equation is the force acting on the satellite per unit mass; f , is the two-body

force; f , is the sum of the natural regenerative forces on the satellite, including the N-body
regenerative force, the Earth’s non-spherical gravity, atmospheric drag, solar radiation

pressure, etc.; f Thrust 1S the electric thrust force on the satellite.
The motion states 7 and 7 of the satellite at any moment ¢ > f( can be obtained from

%
the motion states r o and 70 of the satellite at initial moment ¢y. The solution of the motion
equation is generally obtained numerically, and its initial conditions are:

0 (2)

0 3)

Assuming that the electric thrust f ;. has three directional components in the
satellite body coordinate system: fy, f,, and f,. A thrust model is built in the satellite body
coordinate system since the satellite thrust has a fixed direction (+Z), and the electric thrust
is converted to the inertial system by attitude information and other force models (solar
radiation pressure, gravity field, N-body). The M matrix is the conversion matrix from the
satellite body coordinate system to the inertial coordinate system. Then

fOx fx
ny = M- fy (4)
fOz fz

Let the thrust parameter to be solved ? = [fox, foy, foz]- Because ? is a constant,

p =0 Let

Q)

>
|
ST N
T
|
o =l =]

Then the kinetic equation can be written as

X = F(X,1)
{X (to) = Xo ©
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where X is the state vector of the satellite at time t, and the partial derivative X of the
satellite state quantity with respect to time is a function of the satellite state X at time ¢,
called the state function, denoted as F (X, t). The state quantity X (o) of the satellite at
time t( is recorded as Xj. Linearize it:

{x (0= (%) = (7)

where x (f) = X (t) — X*(t).
The observation equation can be written as:

Y =G (Xt)+e ®)

where G (X, t) is the true value corresponding to the observed data Y, and ¢ is the random
noise of Y. After linearizing the above equation, it can be written as:

y=Hx+e 9)

where H = (g—G) ‘o (t,tg), @ (t,tp) is the solution of the following matrix differential
equation:
® (t,t0) = (%) @ (o) (10)
D (i) =1

The observed data are used to solve the optimal valuation of parameter Xj to solve
the thrust parameter according to the motion equation. Assuming that a series of unequal
precision observations (1, 2, - - -, Yn) are obtained from time #; to ¢y with a covariance
matrix R,

Ry
Ry
R = : (11)

ISN;

It is known that the prior value of the state deviation x( at the initial moment is X,
and the prior covariance matrix is Py. Then

y=Hxp+e
z 12
{x0=x0+770 12)

The following statistical characteristics are met:

E (e;) = E(10) =0

E (eigjT) = Ridij, 5y =00 £ ] (13)
E (nom0”) = Po
E (0e;") =0

Under the above conditions, the linear unbiased minimum variance is estimated as
_ -1 _
20 = (HTR*H + Pofl) (HTR’ly + Poflyo) (14)

3. Results

The orbit prediction accuracy of an all-electric GEO satellite in the mission and transfer
orbit are analyzed using simulation data. Firstly, the “real orbit” is obtained based on the
integration of the dynamics model, and then the simulated GNSS pseudorange and phase
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observation data with certain noise are obtained based on the GNSS navigation satellite
precision ephemeris and clock difference products (from the Wu Han University (WHU)
products of Multi-GNSS Experiment (MGEX), including GPS, BDS, and GLONASS, as
shown in Table 2). The orbit of an all-electric GEO satellite determined from the simulated
GNSS observation is compared with the “real orbit” to obtain the determination and
forecasting accuracy.

Table 2. GNSS satellites used in the simulation.

Type PRN NUM

GPS G01~G32 (except G04/G19) 30
GLONASS RO1~R24 (except R06/R12) 22

BDS C01~C37 (except C15/C16/C17/C18/C20/C28/C30/C31) 29

GNSS signal visibility means the line of sight between the GNSS satellite and the
receiver is not blocked by the Earth and the signal’s power at the receiver satisfies the
signal capture tracking threshold when generating simulated observations. Thus, visibility
analysis mainly considers two aspects: the geometric relationship among GNSS satellites,
GNSS receiver antennas of the user satellite and the Earth, and whether the received signal
power level meets the threshold. The angle of the main beam is different for the frequency
and the generation (e.g., block III) of the satellite. For example, L-band antennas of GPS
satellites can transmit L1, L2, and L5 with a three-frequency carrier antenna array, and the
center of the antenna direction is aligned with the center of the earth, with main beam half-
angle of 21.3° and half-cone angle of the earth blocking the GPS signal of 13.9°. Therefore,
receivers with orbit height higher than the GNSS constellation can only receive the signal
within a circular cone of about 8° at the edge of the main beam of the transmitting antenna,
or use the bypass beam signal, as shown in Figure 3.

Earth occlusion

Figure 3. GNSS satellite geometry visible schematic.

3.1. Analysis of Orbit Determination Accuracy of Mission Orbit

The simulation time is from 15 June 2019 00:00:00 to 16 June 2019 00:00:00. the noise
level of simulated onboard GNSS pseudorange and phase data is given according to the
receiver design indicators in Table 1, and the simulation strategy is shown in Table 3.
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Table 3. GNSS observation data simulation strategy.

Type Value
Arc length 24 h
Measurement extraction interval 5 min
Pseudorange noise (RMS) 10 m
Phase noise (RMS) 0.03 m
GNSS satellite ephemeris MGEX-WHU
GNISS satellite clock difference MGEX-WHU
Earth gravity field EIGEN_GL04C (100 x 100)
N body DE421
Solid tide IERS 2003
Sea tide FES2004
Solar radiation pressure Fixed surface-to-mass ratio model

Only antenna 1 located in +Z direction of the satellite’s body system can receive GNSS
signals when the satellite is in GEO mission orbit, and at least 24 GNSS satellites can be
observed in the full arc, among which there are about 8-12 GPS, and Geometric Dilution of
Precision (GDOP) is around 13, as shown in Figure 4.

x10* x 104
_ 50 —_— 30
] ° ~ ~_~
3 GPS GLONASS . =
g 40 « BDS + GNSS g =
Z £ =
[}
2300 358 5 3.58 3
3 T =
2 £ £
2 5 2
,-; 10 X - =
ot (la 7)) wnn
> ] 3.578 3.578
20 24 0 4 8 12 16 20 24
Time/h Time/h
(a) (b)

Figure 4. Visible GNSS number and GDOP of antenna 1. (a) Visible GNSS number of antenna 1.
(b) GDOP of antenna 1.

The weighted least squares method is adapted using the pseudorange and carrier
phase, and the precise orbit determination processing strategy is shown in Table 4. Using
all GNSS satellites, the position accuracy is about 0.23 m with only measurement noise and
0.1 m GNSS satellite ephemeris error.

Observation accuracy and dynamics model error are important factors affecting POD
accuracy. POD accuracy is anlyzed by selecting different observation noise levels, observa-
tion arc lengths, ephemeris errors, and dynamic model errors, separately. The results are
shown in Table 5.

The analysis results show that the arc length and noise of the observation data have a
great influence on the orbit determination accuracy. The orbit determination accuracy of
using GPS satellites alone is 0.27 m, which is close to the accuracy when using multiple
navigation satellites. The orbit determination accuracy drops to 1.34 m when precision
ephemeris error increases to 1 m. For gravity field model, degree, and order, five is enough
for POD accuracy. For solar radiation pressure, a 5% error will impact the accuracy of
orbit determination.



Remote Sens. 2022, 14, 2627 8 of 16

Table 4. Processing strategy for POD.

Model Describe
Arc length 24h
Measurement extraction interval 5 min
Pseudorange noise (RMS) 10 m
Phase noise (RMS) 0.03m
Earth gravity field EIGEN_GL04C (100 x 100)
N body DE421
Solid tide IERS 2003
Sea tide FES2004
Solar radiation pressure Fixed surface-to-mass ratio model
Estimated parameters Satellite initial state (position, velocity) receiver clock error, phase ambiguity
Observation data weights The weight ratio of code observation to phase observation is 1/100

Precision ephemeris

GNSS navigation satellite ephemeris (add 0.1 m position error)

Table 5. POD accuracy with different model errors (RMS).

Model Errors POD Accuracy (m)

Pseudorange noise (6 m) 0.15

Observation data 5 h arc length 1.19

Pseudorange only 12

GNSS navigation Preci (.;PS only . 0.27

tellite ephemeris recision epl}emens 1.34
sa P (add 1 m position error)

5x5 0.24

Earth gravity field 3x3 0.44

Dynamics model 2x2 5.66

Solar radiation 5% error 0.66

pressure 10% error 1.32

Since the real-time POD uses the broadcast ephemeris, which has a position error of
several meters, the orbit is determined based on the GPS broadcast ephemeris. Figure 5
shows that the accuracy of the position and velocity is 3.96 m and 0.03 mm/s, respectively,
in the RTN coordinate system, which is similar to the results of Wu and Fan [59,60]. They
analyzed the orbit determination accuracy of the XY-2 satellite and the SJ-17 satellite using

onboard GNSS data.
8 T T T
R
g ff —--t :
= 4p _ TN o _____ -
2
= 2 r a
w
o I N IS
8 0EImmee e 3
_2 1 1 1
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x 107
T T T
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L Ry A
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2 2r ]
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Figure 5. Orbit overlap difference using GPS broadcast ephemeris.



Remote Sens. 2022, 14, 2627

9o0f 16

3.2. Accuracy Analysis of Non-Thrust Orbit Determination for Transfer Orbit

The all-electric-propulsion GEO satellite will fly for several months in the transfer
orbit due to the small thrust before entering the mission orbit, as shown in Figure 1. The
typical arc of the all-electric-propulsion GEO satellite transfer orbit is selected from 00:00:00
on 1 July to 00:00:00 on 2 July 2019. The simulation strategy is the same as the mission
orbit, and the POD accuracy and the orbit prediction accuracy for 14 days are analyzed
with non-thrust mode.

As shown in Figure 6, satellite height varied from 2030 km to 49,422 km, with an
orbit period of about 16 h. In arcs above 8000 km, antennas 1 and 2 can receive GNSS
signals opposite the earth, the visible GNSS number of antenna 1 is stable at 16~34, and the
GDOP of antenna 1 is around 20. In the arc below 8000 km, only antenna 3 can receive the
overhead GNSS signal, the visible GNSS number of antenna 3 is stable at 12-18, and the
GDOP of antenna 3 is around 1.5.

The simulation data of the transfer orbit are used to analyze the influence of the
observation data arc length, dynamic model errors, and other factors on the orbit determi-
nation accuracy. Solar-pressure model error is fixed at 10%, and the pseudorange noise,
phase noise, and measurement extraction interval are 10 m, 0.03 m, and 5 min, respectively.
The orbit determination accuracy and the 14-day prediction accuracy are analyzed. The
calculation results are shown in Table 6. The factors considered include:

(1) GNSS (GPS + BDS + GLONASS), single GPS, single BDS;

(2) Final precision ephemeris (0.1 m), broadcast ephemeris;

(3) Arclength24h/10h/5h;

(4) For the arc length of 24 h, consideration that GNSS data are not continuous

It can be seen from Table 6 that whether the observation data are continuous or not
has little effect on the accuracy of orbit determination prediction, but the arc length of the
observation data has a greater impact on the accuracy of orbit determination. In terms of
ephemeris products, the accuracy of orbit determination and prediction of using the GPS
alone is comparable to that of multi-navigation satellite ephemeris products, while the use of
broadcast ephemeris has a greater impact on the accuracy of orbit determination prediction.
In order to meet the prediction accuracy of 1 km for 14 days, the orbit determination arc
length needs at least 5 h (if using the precise ephemeris).

Table 6. Orbit determination and prediction of different conditions.

L . Orbit Determination 14-Day Prediction
Navigation System Ephemeris Arc Length Accuracy (m) Accuracy (m)
Final precision 24 h continuous 1.56 272.29
ea h};nelcersi N 24 h discontinuity 1.94 628.6
P ° 10h 0.97 552.75
GNSS (0-1 m error) 5h 14 858.84
(GPS + BDS + -
GLONASS) 24 h continuous 5.03 396.87
Broadcast ephemeris 24 h discontinuity 6.19 928.49
P 10h 5.02 1213.25
5h 5.43 3147.11
24 h continuous 1.89 411.81
Final precision 24 h discontinuity 1 561.61
ephemeris (0.1 m error) 10h 0.59 667.52
5h 0.85 743.44
GPS .
24 h continuous 4.86 477.74
24 h discontinuity 4.61 685.85
Broadcast ephemeris 10h 435 1369.57

5h 523 2061.98
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Table 6. Cont.

Orbit Determination

Navigation System

Ephemeris

Arc Length

Accuracy (m)

14-Day Prediction
Accuracy (m)

Final precision 24 h continuous 1.94 253.21
ephzmeris 24 h discontinuity 2.96 469.1
(0.1 m error) 10h 1.37 834.45
BDS 5h 1.96 997.81
24 h continuous 5.3 303.39
. 24 h discontinuity 5.92 747.34
Broadcast ephemeris 10h 707 692.47
5h 5.23 2521.03
x 104 x10* x 104
o 50 T T T 7 -~ 50 T T T 7 Ny 50 7
g . GPS GLONASS 6 ’E _g . GPS GLONASS 6 ’é g o GPS GLONASS 6 ’g
£ 40 « BDS o E E40 « BDS + GNSS g E4 « BDS + GNSS g
2 5Tz s 2 5%
I = ) <= o =
= 4 2 S 4 & = 4 X
= : = s s 2
Y Y
§ 3 P E 3 P E 3 °
[ 2 = ) 22 o 2 =
= & = S = 2
z 13 2 13 3 13
S 2 g M- s
0 : e 0 : : 0
24 0 4 8 12 16 20 24 (1] 4 8 12 16 20 24
Time/h Time/h Time/h
(a) (b) (0
x 104 x 104 x 104
60 - 6 60 6 60 6
= = 40 4 =
) T A S0
c s O 30 33
= = A =n
%} D U D
£ £ T 2 £
2 2 e
< < 10 1 =
175} 175} 75}
0 0
0 4 8 12 16 20 24 0 4 8 12 16 20 24
Time/h Time/h
(e) (f)

Figure 6. Visible GNSS number and GDOPs of antennas 1, 2, and 3. (a) Visible GNSS number of
antenna 1. (b) Visible GNSS number of antenna 2. (c) Visible GNSS number of antenna 3. (d) GDOP
of antenna 1. (e) GDOP of antenna 2. (f) GDOP of antenna 3.

3.3. Accuracy Analysis of Thrust Orbit Determination for Transfer Orbit

The typical arcs with thrust in the transfer orbit of the all-electric-propulsion GEO
satellite from 00:00:00 on 25 July 2019 to 00:00:00 on 26 July 2019 are selected, and the
real orbit is determined by integration based on the initial orbit + electric thrust + other
dynamics. Then, the GNSS pseudorange and phase data are generated by simulation
using the noise level according to the indications of the GNSS receiver in Table 2 and the
simulation strategy shown in Table 3. The orbit determination accuracy under thrust in the
transfer section is analyzed.

Analysis of the observation data generated by the simulation shows that the highest
satellite altitude is 53,721 km and the lowest is 5649 k. The GNSS data of the three inte-
grated antennas are obtained, and the arcs with at least four GPS satellites are 02:16-06:17



Remote Sens. 2022, 14, 2627

11 of 16

and 20:45-24:00. The arcs with at least four BDS satellites are 02:13-12:11 and 21:43-24:00.
The arcs with at least four GLONASS satellites are 02:02-04:46 and 21:17-23:44. The arcs
with at least four GNSS satellites are 00:30-12:30, 14:30-14:47, and 20:23-24:00.

As shown in Figure 7, in the arcs below 8000 km, the visible GNSS number of antenna
1is 0. From 8000 km to 20,000 km, the visible GNSS number of antenna 1 increases rapidly
from 4 to 14, and the GDOP of antenna 1 gradually increases from 2 to 50 as the altitude
increases. In arcs above 20,000 km, the visible GNSS number of antenna 1 rapidly decreases
to 4 with the increase in altitude. In arcs within 8000 km, the visible GNSS number of
antenna 2 is 0. From 8000 km to 20,000 km, the visible GNSS number of antenna 2 also
increases rapidly from 4 to 50, and the GDOP of antenna 2 gradually increases from 1 to
8 as the altitude increases. In the 20,000 km-30,000 km arcs, the visible GNSS number of
antenna 2 rapidly decreases to less than 10, and the GDOP decreases to 25 with the increase
of altitude. In arcs above 30,000 ki, the visible GNSS number of antenna 2 is 0. In arcs
within 8000 km, the visible GNSS number of antenna 3 is stable at 14-34, and the GDOP is
stable at around 2. In arcs above 8000 km, the visible GNSS number of antenna 3 is 0.

Simulation data of transfer orbit with thrust are used to analyze the orbit determination
accuracy. The initial value is taken from the ephemeris on 25 July 2019, and the error of
the solar pressure model is fixed at 10%, pseudorange noise is 10 m, phase noise is 0.03 m,
and the measurement extraction interval is 5 min. The orbit determination and forecast
accuracy are analyzed for 10 h by solving for and fixing the empirical force [61,62].

The observation data from 00:30-12:30 is used to determine the orbit and to solve
for empirical force, the orbit determination accuracy is 712 m, with a maximum error of
300 km for the 10 h forecast accuracy. A set of empirical forces to be solved are fixed as a
priori values, and the orbit determination is carried out using the observation data from
00:30-12:30. Orbit determination accuracy is 709 m, with a maximum error of 20 km for the
10 h forecast accuracy, as shown in Table 7.

Visible satellite number

200
’
150

100

GDOP

50

(d)

x10% x10* 10

7 _ 60 760 7
GLONASS ~ g . GPS GLONASS ~ 3 GPS GLONASS -~

6 £ 6 = 6
é g 50 4 BDS - _ GNSS g g 50 « BDS __ GNSS é
2 E40 £ F 40 =
i~ 4 2 2 4 2
2 =30 2 E 30 )
3 3 3 3 =
£ 3 £ %2 £
3 2 23 3 23
5 210 AU 13

0 L 0 0 0

0 4 8 12 16 20 24 0 4 8 12 16 20 24

Time/h Time/h
(b) (c)

x10* x10* x10*

7 200 7 200 7
6 g 6 E 6
5 = 150 5 < 150 5 &
45 = ) ) 4 5
2 210 2 2100 =
e © e © Se
23 50 23 50 25
13 . 13 13

12 16 20 24 0 4 8 12 16 20 24 0 4 8 12 16 20 24

Time/h Time/h Time/h

(e) (f)

Figure 7. Visible GNSS number and GDOP of antennas 1, 2, and 3 (a) Visible GNSS number of
antenna 1. (b) Visible GNSS number of antenna 2. (¢) Visible GNSS number of antenna 3. (d) GDOP
of antenna 1. (e) GDOP of antenna 2. (f) GDOP of antenna 3.
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Table 7. Analysis of orbit determination and prediction accuracy.

Empirical Force Processing Strategy Orbit Determination Accuracy (m) 10 h Prediction Accuracy (km)

Solve
Fix after solving

712 300
709 20

Compared with the direct calculation of the empirical force during orbit determination,
the fixed use of the solved empirical force for orbit determination has little effect on the
orbit determination accuracy but can significantly improve the prediction accuracy.

4. Discussion
4.1. Influence Analysis of Electric Thrust

Electric thrust, like other perturbation forces (such as solar radiation pressure, N-body
perturbation, and nonspherical gravitational perturbation), will impact the satellite’s orbit,
and the cumulative impact increases over time. Thus, it needs to be considered when
determining the orbit in order to avoid it affecting the orbit determination accuracy. If the
electric thrust can be accurately modeled, it will not affect the POD accuracy. However, due
to the influence of various errors, such as control and installation, there is a big difference
between the actual force and the theoretical model, resulting in a systematic deviation of
the thrust model to affect orbit accuracy.

In order to improve the prediction accuracy of satellites that use electric thrust, it is
necessary to use on-orbit data to calibrate the electric thrust model and to use the calibrated
parameters in the subsequent orbit determination to improve the orbit determination
accuracy. The calibration method can be determined by adjusting the size of factors on
orbital experiments to determine the optimal factors, or some parameters can be solved
and compared with the prior parameter values. Calibration of the electric thrust model is
coupled with orbit determination, which uses external data to fit the relevant parameters
in the thrust model.

Two typical arcs of the transfer orbit of the all-electric GEO satellite are selected: the
initial orbit is 00:00:00 on 15 December 2019 and 00:00:00 on 24 February 2020. First, the
reference orbit is obtained by numerical integration, and then the electric thrust is added for
integration. As shown in Figure 8, the influence of the electric thrust on orbit determination
is as big as about 60,000 km, far exceeding other perturbations.
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Figure 8. Electrical thrust effect. (a) Electrical thrust effect of phase 1. (b) Electrical thrust effect of
phase 2.

4.2. Simulation Analysis of Electric Thrust Calibration

Satellite self-positioning data are obtained by using pseudorange data with single
point position (SPP), which is not affected by satellite dynamics model error, so it can be
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used for electric thrust calibration. Simulation data are used to analyze the calibration
accuracy of the electric thrust model; the simulation process is as follows:

(1) According to the initial orbit, electric thrust, and other dynamic models, the real orbit
of many days is obtained, and the real acceleration time series of electric thrust is
output at the same time.

(2) Simulate the self-positioning data of the spaceborne GNSS receiver, add a certain
random error (10/100 m) in each direction (XYZ in the Earth-fixed coordinate system),
and set the data measurement extraction interval as 5 min;

(3) Use the self-positioning data of a certain arc to determine the orbit and the elec-
tric thrust model parameters. The calculated electric thrust model parameters are
compared with the real thrust values to evaluate the calibration accuracy of the
electric thrust.

(4) The attitude error in the evaluation is considered to be 0.1 degrees.

Selecting the typical arcs used in the previous section, the simulation accuracy of
electric thrust calibration is analyzed using the self-positioning data of different accuracy
and arc length, and the results are shown in Table 8.

Table 8. Analysis of 14-day prediction and calibration accuracy.

Self-Positioning Data Error (m) Arc Length (hours) 14-Day Prediction Accuracy (km) Calibration Accuracy (m/s?)

10
10
100
100

16 20 1.2d-08
40 1 1.9d-10
16 200 1.2d-07
40 4 1.9d-9

The calibration results show that the satellite self-positioning data accuracy and data
arc length are the main factors affecting the calibration accuracy. Under the condition of
100 m accuracy of satellite self-positioning data and the arc length of 40 h orbit determi-
nation, the calibration accuracy of the electric thrust is about 102 m/s?, and for the arc
length of 16 h orbit determination, the calibration accuracy of the electric thrust is about
10~7 m/s?. If the accuracy of satellite self-positioning data can reach 10 m, the accuracy of
electric thrust calibration can also be improved by about one order of magnitude, and the
40 h orbit prediction can reach 1 km in 14 days.

5. Conclusions

The prediction accuracy of the transfer orbit and mission orbit of the all-electric
propulsion GEO satellite based on onboard GNSS is studied by simulating the GNSS
information of an all-electric propulsion GEO satellite. The main factors affecting the
prediction accuracy of GEO satellite orbit determination under the condition of no thrust
are also analyzed. An electric propulsion calibration algorithm is designed to analyze
the prediction accuracy of orbit determination under thrust. The calculation results show
that, using onboard GNSS technology, the orbit determination accuracy of all-electric GEO
satellites is better than 10 m, the orbit determination accuracy of transfer orbit is better than
10 m, and the 14-day forecast accuracy is better than 1 km, which can provide support for
transfer and mission orbit controls. The satellite self-positioning data are used to calibrate
the electric thrust during satellite self-positioning data to 10 m accuracy. Using the 40 h
orbit determination arc length data, the absolute calibration accuracy of the electric thrust
is about 10719 m/s? magnitude, and the 14-day orbit forecast predicted accuracy can reach
1 km.
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