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In order to grasp the timing of sun calibration in advance, this paper introduces a high-precision method to predict the solar angle
by using the current broadcast time and orbital instantaneous root of the satellite platform. By calculating the sun’s apparent right
ascension and apparent declination, the conversion matrix from the geocentric inertial coordinate system to the orbital coordinate
system, and the satellite attitude correction matrix, the sun vector in the satellite body coordinate system is obtained. This method
is used to predict the sun angle of a sun synchronous orbit in the satellite coordinate system, and the prediction results are
compared with the STK simulation results. The results show that the sun angle prediction error of this method is less than
±0.003°. It can meet the requirements of on-orbit solar calibration. The main error sources in the prediction method are analysed.

1. Introduction

With the further development of space remote sensing
instruments and the continuous improvement of quantita-
tive application requirements of remote sensing products,
the high-precision calibration of space remote sensing
instruments has become increasingly important and neces-
sary. Among the proposed calibration methods [1], compared
with laboratory calibration before launch and on-orbit alter-
native calibration, onboard calibration can directly reflect the
actual situation of the remote sensing instrument after enter-
ing orbit. It is an important means to monitor the long-term
performance changes of remote sensing instruments, and it
is also the basis for quantitatively obtaining on orbit perfor-
mance information of remote sensing instruments and cor-
recting on orbit telemetric data [2].

In-orbit calibration system is usually divided into in-
orbit internal calibration system and in-orbit external cali-
bration system. The in-orbit calibration system can only
monitor part of the optical system and increase the com-
bined uncertainty of the final results [3, 4]. The sun is a sta-
ble radiation source. The method of using the sun as the
standard light source for onboard calibration has high cali-
bration accuracy and can make up for the shortcomings of

the built-in standard light source which is easy to decay for
a long time [5–8].

Because the incident angle of the sun changes with the
seasons and the orbit parameters of the satellite, and the sat-
ellite attitude adjustment may also be needed during the cal-
ibration, it is necessary to grasp the timing of the sun
calibration in advance, that is, the angle prediction of the
sun. Usually, space remote sensing instruments use the time
of the Julian day and orbit parameters to calculate the angle
of the sun [9, 10]. Due to the limited computing resources of
space remote sensing instruments, orbit parameters cannot
be predicted or can only be predicted in a short time [11].
On the premise of considering both accuracy and simplifica-
tion, this paper presents a high-precision solar angle predic-
tion method for space remote sensing instruments.

2. Materials and Methods

The flow chart of the method for the angle prediction of the
sun proposed in this paper is shown in Figure 1. The specific
steps are as follows. (1) According to the current time broad-
cast by the current satellite platform (t0) and the predicted
time interval (Δt), the apparent right ascension and apparent
declination of the sun at (t0 + n ∗ Δt) are calculated. The

Hindawi
International Journal of Aerospace Engineering
Volume 2021, Article ID 8733478, 9 pages
https://doi.org/10.1155/2021/8733478

https://orcid.org/0000-0001-8884-4352
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2021/8733478


time interval (Δt) represents the time difference between the
previous and the next solar angle prediction, which can
range from a few seconds to a few days according to the spe-
cific application. n intervals mean that the current forecast
time (t0 + n ∗ Δt) has increased by n time intervals com-
pared with the start time (t0). n starts from 0. After the solar
angle prediction at the current time, n increases by 1 for the
solar angle prediction at the next prediction time. (2)
According to the instantaneous root of the satellite orbit at
t0 time broadcast by the satellite platform, the instantaneous
root of the satellite orbit at t0 + n ∗ Δt is calculated, and
then, the transformation matrix from the geocentric inertial
coordinate system to the satellite local coordinate system is
calculated. (3) According to the satellite attitude angle at t0
, the attitude correction matrix is calculated. (4) Using the
results of the above steps, the solar angle at (t0 + n ∗ Δt) time
in the satellite body coordinate system is calculated until it
reaches the end time of prediction (t1).

2.1. Calculation of Solar Apparent Right Ascension and
Apparent Declination. At present, the calculation methods
of the sun’s right ascension and declination mainly include
the vsop87 theory of France, Michalsky’s theory expansion
method recommended by WMO, and the precise planetary
ephemeris method of NASA [12, 13]. On the premise of
consideration on both accuracy and onboard computing
resources, this paper uses the simplified vsop87 theory pro-
posed by Meeus [14] to calculate, and the accuracy of this

method can reach 1′. The result calculated by the simplified
vsop87 theory proposed by Meeus is the position of the
planet in the heliocentric coordinate system. On this basis,
this paper converts the position of sun in the heliocentric
coordinate system into the position in the geocentric
coordinate system. The solar position calculated by vsop87
theory is the theoretical value. In order to obtain the high-
precision solar angle, this paper modifies the calculated
solar angle, including nutation correction and aberration
correction. At the same time, the diurnal aberration is
ignored in the aberration correction, and only the annual
aberration with large influencing factors is considered. At
the same time, according to the application scenario of
the method in this paper, the apparent right ascension of
the sun is further corrected. The specific process is shown
in Figure 2.

The vsop87 planetary theory consists of six tables of
periodic coefficients. The vsop87D table can directly calcu-
late the ecliptic longitude (L) and the ecliptic latitude (B)
of the planets in the heliocentric coordinate system and the
distance from the planet to the sun (R). The vsop87D table
contains three parts of data, namely, the periodic term coef-
ficient table for calculating the ecliptic longitude of planets
in the heliocentric coordinate system (L table), the periodic
term coefficient table for calculating the ecliptic latitude of
planets in the heliocentric coordinate system (B table), and
the periodic term coefficient table for calculating the dis-
tance between planets and the sun (R table).
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Figure 1: In-orbit forecasting flow chart of solar vector.
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We use the date broadcast on the satellite platform to
calculate the Julian day JD. The formula for calculating
Julian century T is as follows.

T = JD − 2451545:0ð Þ
365250 : ð1Þ

Suppose that the three coefficients A, B, and C are used
to calculate the earth’s ecliptic longitude in the heliocentric
coordinate system, then the expression of each periodic term
X is as follows.

X = A × cos B + C × Tð Þ: ð2Þ

L0 is calculated by adding the items in L0 table, L1 is cal-
culated by adding the items in L1 table, and so on. The final
ecliptic longitude in the heliocentric coordinate system is
calculated according to Formula (3).

L = L0 + L1 × T + L2 × T2 + L3 × T3 + L4 × T4 + L5 × T5� �
108 :

ð3Þ

Using the same method to calculate the periodic coeffi-
cient table of the earth’s ecliptic latitude in the heliocentric
coordinate system and the periodic coefficient table of the
distance between the earth and the sun, the earth’s ecliptic

latitude in the heliocentric coordinate system (B) and the
distance between the sun and the earth (R) are obtained,
and the results are corrected to the heliocentric ecliptic lon-
gitude L and the heliocentric ecliptic latitude B in the stan-
dard FK5 system.

The calculation method of ecliptic longitude in geocen-
tric coordinate system (Θ) is as follows.

Θ = L + 180°: ð4Þ

The calculation method of ecliptic latitude in the geocen-
tric coordinate system (β) is as follows.

β = −B: ð5Þ

Nutation correction is first used to calculate the apparent
longitude and latitude. Nutation can be divided into nuta-
tion in longitude (Δψ) and nutation in obliquity (Δε). Nuta-
tion can be described as the sum of some periodic terms.
Each periodic term includes calculating the sine coefficient
of the nutation in longitude, the cosine coefficient of nuta-
tion in obliquity, and the linear combination coefficient of
the five basic angular distances (M, M ′, D, F, and Ω) of
the amplitude (θ).

The formulas for calculating the five basic angular dis-
tances are as follows.

Mean elongation of the Moon from the Sun

D = 297:85036 + 455267:111480 × T − 0:0019142 × T2 + T3

189474 :

ð6Þ

Mean anomaly of the Sun (Earth)

M = 357:52772 + 35999:050340 × T − 0:0001603 × T2 − T3

300000 :

ð7Þ

Mean anomaly of the Moon

M ′ = 134:96298 + 477198:867398 × T + 0:0086972 × T2 + T3

56250 :

ð8Þ

Moon’s argument of latitude

F = 93:27191 + 483202:017538 × T − 0:0036825 × T2 + T3

327270 :

ð9Þ

Longitude of the ascending node of the Moon’s mean
orbit on the ecliptic, measured from the mean equinox of
the date

Ω = 125:04452 − 1934:136261 × T + 0:0020708 × T2 + T3

450000 :

ð10Þ

Forecast time

The heliocentric longitude L, the
heliocentric latitude B and the distance

between the sun and the earth R

The geocentric longitude Θ and latitude
β of the sun

The apparent longitude λ and latitude
β of the sun in the ecliptic coordinate

system

End

The apparent right ascension α and
apparent declination δ of the sun in the

equatorial coordinate system

Figure 2: Flow chart of calculated apparent right ascension and
apparent declination of the sun.
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The method of calculating the angle θ is to combine
the values calculated from Formulas (6) to (10) with the
corresponding five basic angle distance coefficients.
According to the amplitude θ, the formula for calculat-
ing the periodic terms of the nutation in longitude is
as follows.

S = S1 + S2 × Tð Þ × sin θð Þ: ð11Þ

The nutation in longitude can be obtained by accu-
mulating the value S of each term, and the unit is
0:0001′.

The method of calculating the nutation in obliquity
according to the amplitude θ is similar to that of the nuta-
tion in longitude. The formula of periodic term value is as
follows.

C = C1 + C2 × Tð Þ × cos θð Þ: ð12Þ

In addition to nutation correction, aberration correction
is also needed, and the formula is as follows.

AC = −20′4898
R

: ð13Þ

The apparent longitude λ of the sun in the ecliptic coor-
dinate system is as follows.

λ =Θ + ΔΨ + AC: ð14Þ

The formula for calculating the apparent right ascension
and apparent declination of the sun is as follows.

tan ω = sin λ × cos ε − tan β × sin ε

cos λ ,

sin δ = sin β × cos ε + cos β × sin ε × sin λ:

8<
: ð15Þ

In Formula (15), ε is the true obliquity of the ecliptic,
which is the sum of the mean obliquity of the ecliptic ε0
and the nutation in obliquity Δε. The mean obliquity of
the ecliptic ε0 is given by the following formula.

ε0 = 23:43929111 − 0:013004167 × T −
0:00059
3600 × T2 + 0:00181

3600 × T3:

ð16Þ

According to the application scenario of the method in
this paper, the apparent right ascension of the sun is further
corrected in order to improve the accuracy, and the correc-
tion method is as follows.

tan α = tan ω − 0:005
1 + 0:005 × tan ω

: ð17Þ

The calculated α and Θ should be kept in the same quad-

rant. According to Formulas (1)–(17), given any Julian day
JD, the apparent right ascension and apparent declination
of the sun in the geocentric inertial coordinate system can
be calculated. Then, the sun vector in the geocentric inertial
coordinate system is obtained.

S1 =
cos δ × cos α
cos δ × sin α

  sin δ

2
664

3
775: ð18Þ

2.2. Instantaneous Root Prediction of Satellite Orbit and
Coordinate System Transformation. At present, the predic-
tion methods of instantaneous root of earth satellite orbit
are mainly divided into numerical method and analytical
method. These methods need too much resources for a sin-
gle remote sensing instrument on the satellite. Therefore, on
the premise of considering both accuracy and simplification,
this paper proposes a simple orbital instantaneous root pre-
diction method.

In the case of two-body problem, the satellite in orbit is
only affected by the gravity of the central celestial body. In
the orbital instantaneous root, except that the true anomaly
f changes with time, the other five parameters are semiaxis
a, eccentricity e, inclination I, right ascension of ascending
node Ω, and the argument of perigee w are constant.
However, the satellite in the orbit is subject to various per-
turbations, and the instantaneous root of the orbit also
changes. Two auxiliary quantities, the eccentric anomaly
E and the mean anomaly M, are introduced. The relation-
ship between the eccentric anomaly E and the true anom-
aly f is shown in Figure 3.

It can be seen from Figure 3 that the relationship
between the eccentric anomaly E and the true anomaly f is
as follows.

tan f
2 =

ffiffiffiffiffiffiffiffiffi
1 + e
1 − e

r
× tan E

2 : ð19Þ

The relationship between the mean anomaly M and the
eccentric anomaly E is as follows.

M = E − e × sin E: ð20Þ

The relationship between the true anomaly f and the
mean anomaly M is as follows.

f =M + 2e − e3

4

� �
sinM + 5

4 e
2 sin 2M + 13

12 e
3 sin 3M + •••:

ð21Þ

Among the perturbations of LEO satellites, the earth per-
turbation J2 term has a significant effect. From the Lagrange
type perturbation equation of motion, the perturbation
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equation of motion of the satellite only with J2 perturbation
is obtained.

da
dt

= de
dt

= di
dt

= 0,

dΩ
dt

= −
3
2 nJ2

Re

a

� �2 cos i
1 − e2ð Þ2

,

dw
dt

= 3
2 nJ2

Re

a

� �2 2 − 2:5 sin2i
1 − e2ð Þ2

,

dM
dt

= n + 3
2 nJ2

Re

a

� �2 1 − 1:5 sin2i
1 − e2ð Þ1:5

:

8>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>:

ð22Þ

In Formula (22), J2 is the band harmonic coefficient,
which is a constant. Re is the mean radius of the earth’s
equator, which is a constant. In Formula (22), n is the aver-
age angular velocity of the satellite. The calculation method
of n is as follows.

n =
ffiffiffiffiffiffiffiffiffiffiffiffi
GMe

a3
:

r
ð23Þ

In Formula (23), G is the gravitational constant and Me
is the mass of the earth.

Formulas (19)–(23) can be used to predict the instanta-
neous root of the orbit at any time according to the instan-
taneous root of the orbit at the starting time. Then, the
transformation matrix from the geocentric inertial coordi-
nate system to the orbital coordinate system at the predic-
tion time is obtained as follows.

In Formula (24), u = ð f +wÞ is the angle of orbit.
2.3. Calculation of Satellite Correction Matrix. The X axis
rotates the roll angle φ, the Y axis rotates the pitch angle θ,

and the Z axis rotates the yaw angle ψ in the orbital coordi-
nate system at time t, and the satellite attitude correction
matrix can be obtained as follows.

When the satellite is in orbit, it faces the problems of
space environment interference, flexible accessory jitter,
and slow time-varying moment of inertia, so the attitude
angle of the satellite is unpredictable. The existing methods
of satellite attitude determination can accurately estimate
the satellite direction relative to the reference system with
the help of the measurement information of the attitude sen-

sor. The methods of satellite attitude control, such as active
three-axis stability, gravity gradient stability, and spin stabil-
ity, can ensure high control accuracy and keep the satellite
attitude in a stable state. For the application scenario of the
method proposed in this paper, the attitude stability mode
of the satellite is three-axis stability, and the three-axis point-
ing accuracy is not greater than 0.15° (3σ), inertial attitude

b

a

O OE

fE
ɷ

Geocentric

Ascending 
node

Perigee

Satellite

Figure 3: Relationship between eccentric anomaly (E) and true
anomaly (f ).

T1 =
−sin uð Þ cos Ω − cos uð Þ cos ið Þ sin Ω −sin uð Þ sin Ω + cos uð Þ cos ið Þ cos Ω cos uð Þ sin ið Þ
−sin ið Þ sin Ω sin ið Þ cos Ω −cos ið Þ
−cos uð Þ cos Ω + sin uð Þ cos ið Þ sin Ω −cos uð Þ sin Ω − sin uð Þ cos ið Þ cos Ω −sin uð Þ sin ið Þ

2
664

3
775: ð24Þ

T2 =
cos ψ cos θ − sin ψ sin θ sin φ sin ψ sin θ + cos ψ sin θ sin φ −sin θ cos φ
−sin ψ cos φ cos ψ cos φ sin φ

cos ψ sin θ + sin ψ cos θ sin φ sin ψ sin θ − cos ψ cos θ sin φ cos θ cos φ

2
664

3
775: ð25Þ
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three-axis measurement accuracy is not greater than 0.006°

(3σ), and three-axis attitude stability is not greater than
0.006°/s (3σ). According to Formula (25), the error caused
by attitude stability is the order of magnitude of 10-4, so it
can be considered that the satellite attitude will not change
in the predicted time (unless the change command is
injected). Therefore, the satellite attitude correction matrix
at the current time is used as the satellite attitude correction
matrix at the prediction time.

2.4. Angle Prediction of the Sun in the Coordinate System of
the Instrument Body. From Sections 2.1 to 2.3, the sun vector
S1 in the geocentric inertial coordinate system, the transfor-
mation matrix T1 from Earth inertial coordinate system to

the satellite orbit coordinate system, satellite attitude correc-
tion matrix T2, and the transformation matrix T3 between
the instrument body coordinate system and satellite body
coordinate system obtained from the calibration of launch
site at the forecast time are obtained. The solar vector S2 in
the coordinate system of the instrument body can be
obtained by matrix calculation.

S2 = T3T2T1S1: ð26Þ

3. Results and Discussion

3.1. Results. In order to verify the accuracy of this method,
the solar incident angles calculated by this method are
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Figure 4: Prediction error of X component in solar vector.

0 50000 100000 150000 200000
–0.003

–0.002

 –0.001 

0.000

0.001

0.002

Time/min

Pr
ed

ic
tio

n 
er

ro
r o

f Y
 co

m
po

ne
nt

 in
 so

la
r v

ec
to

r

Figure 5: Prediction error of Y component in solar vector.
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compared with those calculated by STK (Satellite Tool Kit).
The error of STK in short-time prediction is the order of
magnitude of 10-5, and its prediction error will increase
with the increase of prediction time. However, as a mature
orbit prediction tool, STK has been widely used, and the
error of STK simulation is small, which has little impact
on the error between the results of this method and STK
simulation results. Therefore, STK simulation results are
still used to verify the correctness of the method proposed
in this paper.

The applicable scenario of the method proposed in this
paper is the satellite carried by the remote sensing instru-

ment under development, so the selected orbit is the orbit
of the satellite. The sun synchronous orbit with 836 km orbit
height and 9 : 30 : 00 descent intersection time is simulated.
The starting time of solar angle forecast is summer solstice,
that is, UTCG 2020/06/22 00 : 00 : 00, and the forecast dura-
tion is 125 days. Since the period of solar calibration is not
fixed, when verifying the results of this method, try to
increase the duration of prediction. Therefore, the prediction
time is selected as 125 days, which includes the accuracy of
different times of short period and long period, so as to ver-
ify the error of the method proposed in this paper in differ-
ent durations.
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Without considering the satellite attitude, the method
described in Section 2 is used to calculate the X, Y , and
Z components of the sun vector in the satellite body
coordinate system. The differences between the results
and the STK simulation results are shown in Figures 4–6,
respectively.

As shown in Figures 4–6, the errors of X, Y , and Z com-
ponents of the solar vector calculated by this method are all
within ±0.003°. It can meet the requirements of solar angle
for on-orbit sun calibration. With the increase of prediction
time, the error of solar angle predicted by the method pro-
posed in this paper will become larger. Therefore, in order
to ensure the accuracy of the prediction, it is suggested that
the prediction duration should not be too long.

4. Discussion

The error of this method in calculating the solar right ascen-
sion and declination and variation of the satellite coordinate
system is very small, and the main error comes from the pre-
diction of the orbital instantaneous root. In this paper, only
J2 perturbation is considered, so the semiaxis, eccentricity,
and inclination do not change with time. When a real satel-
lite moves in orbit, it is affected not only by terrestrial grav-
ity, but also by the earth’s nonspherical gravity, solar gravity,
lunar gravity, solar light pressure, atmospheric resistance,
and other perturbations, so the orbital instantaneous root
changes with time. Taking STK simulation data as the true
value, the error of right ascension of ascending node
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predicted by this method is shown in Figure 7, the error of
argument of perigee is shown in Figure 8, and the error of
true anomaly is shown in Figure 9. In order to better display
the error law of true anomaly, Figure 9 shows the error in
seconds within the time range of one day. It can be seen
from Figure 7 that the error of the right ascension of ascend-
ing node increases with the increase of forecast time, and it
can be seen from Figure 8 that the error of the argument
of perigee increases with the increase of forecast time. As
shown in Figure 9, the error of true anomaly shows an oscil-
latory change within -0.1°~0.2°, which does not become
larger and larger with the increase of forecast time, and the
error is always concentrated in a range. The law of true
anomaly error at other times is the same.

5. Conclusions

In order to grasp the timing of solar calibration in advance, a
simple method of high-precision solar angle prediction for
space remote sensing instruments is proposed in this paper.
This method considers both accuracy and simplification.
This method is used to predict the solar angle of sun syn-
chronous orbit in the satellite body coordinate system and
compared with the STK simulation results. The results show
that the prediction error of the solar vector is less than
±0.003° in 125 days. It can meet the requirements of solar
angle accuracy for on-orbit sun calibration. At the same
time, it provides a reference for other space remote sensing
instruments on-orbit solar angle prediction.
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