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Abstract

In order for a satellite to achieve a sun-synchronous orbit (SSO), it must have a
nodal precession rate equal to the revolution rate of the Earth around the Sun. However,
sun-synchronous satellites generally encounter significant perturbations, which lead the
local time of the satellite to drift gradually. In this research, the author analyzed poten-
tial maneuvers to maintain the local time of an SSO satellite for 5 years of operation of
LAPAN-A4 satellite. The analysis was conducted by simulation using GMAT (General Mis-
sion & Analysis Tools) software with the LAPAN-A4 satellite as a case study. Furthermore,
this research also attempted to find the optimum maneuvering period for each potential
maneuver. The results showed that the RAAN correction maneuver is ineffective. It was
also found that the most optimum maneuvering plan obtained from this research was a
semi-major axis correction maneuver with 4 month maneuvering period with a particular
correction targeting strategy.
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1. Introduction

Sun-synchronous orbit (SSO) is an orbit that allows a satellite to pass over a region on
the Earth’s surface at the same local time (LT) every day (Zuhri & Poetro, 2021). It gives sev-
eral advantages for the operation of an SSO satellite. In terms of schedule, the operator can
have a fixed schedule to track the satellite. SSO satellites can also give an advantage for im-
aging satellites since they will be exposed to roughly the same sunlight proportion every day.
Figure 1-1 illustrates the SSO satellites at 3 p.m. local time.

Figure 1-1: SSO satellite illustration.

In order for a satellite to achieve a sun-synchronous orbit (SSO), it must have a nodal
precession rate equal to the revolution rate of the Earth towards the Sun, which is 360°/year
(Llop et al., 2015). The nodal precession rate, with the J, perturbation approach, depends on
the semi-major axis, eccentricity, and inclination (Mortari et al., 2004). A combination of these
three orbital elements needs to produce, or at least approximate, a nodal precession value of
360°/year continuously. Eq. 1-1 shows the relation of the mean nodal precession rate (Liu et
al., 2010) to the three orbital elements by means of J, perturbation.

R - (1-1)
mnjz COSs1

3
2
Almost all of the SSO satellites currently in orbit have a low orbit altitude (Li & Xu,
2020). As a consequence, the perturbation caused by atmospheric drag and the oblateness of
the Earth become significant (Llop et al., 2015). This perturbation gradually leads the orbital
element values, including the three aforementioned orbital elements, to change. Hence, the
local time of the satellite would change as well. As an example, Figure 1-2 provides a plot of
local time drift that occurred to the LAPAN-TUBSAT/A1 satellite, an SSO satellite owned by
LAPAN.
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Figure 1-2: LAPAN-TUBSAT/A1 local time drift. (Utama et al., 2018)

If an SSO satellite is left without orbit correction for a long time, the local time drift will
be large enough to disrupt the operation and function of the satellite. Therefore, a correction
maneuver should be conducted periodically to maintain the local time value to the desired
value of 360°/year. KOMPSAT-5, a Korean SSO satellite, performed altitude maneuvers to
correct its local time (Lee et al., 2011). GOKTURK satellite from Turkey also adopted the same
correction means (Ayan & Akyol, 2019), while China conducted some periodical altitude and/
or inclination maneuvers to the FORMOSAT-2 satellite to maintain its sun-synchronous orbit
(Chern et al., 2011).

Indonesian National Institute of Aeronautics and Space (LAPAN) previously planned to
launch an SSO satellite in the first quarter of 2020 (Utama et al., 2018). Unfortunately, be-
cause of COVID-19, the launch was postponed until 2021 (Jemadu, 2020). The satellite,
named LAPAN-A4, is an SSO satellite designed to have a propulsion system to perform an
orbital maneuver, including the maneuver to maintain the satellite’s local time.

In this paper, the authors analyzed correction maneuvers to maintain the local time of
the SSO satellite, LAPAN-A4 in this case. Besides analyzing the common SSO maneuvers (i.e.,
inclination and altitude/semi-major axis maneuvers), the study also evaluated the possibil-
ity of a RAAN correction maneuver to maintain the local time of an SSO satellite. The RAAN
changes correlate directly with the changes of the satellite’s ground-track and hence also
correlate with the local time of an SSO satellite.

The study involved a simulation with the LAPAN-A4 satellite as a case study using
GMAT (General Mission & Analysis Tools), a spacecraft mission analysis and simulation soft-
ware developed by NASA. The maneuvering period, the time interval between maneuvers, was
also optimized to recommend a maneuvering plan for the five-year operation of the LAPAN-A4
satellite.

2. Methodology

Before conducting a full 5-year-operation simulation of the correction maneuvers, a pre-
liminary calculation was conducted for each maneuvering means (i.e. inclination, semi-major
axis, and RAAN correction) to evaluate the effectivity of the maneuvering mean for maintain-
ing the local time of LAPAN-A4 satellite. Only maneuvering means that need fuel consumption
below the fuel tank capacity of the LAPAN-A4 satellite were selected to be simulated in a full
S-year operation simulation.

After the evaluation of the maneuvering means effectivity, the selected maneuvering
means were simulated in a full 5-year operation simulation in GMAT with a variation of the
maneuvering periods, i.e., the time interval between maneuvers. Each maneuvering means
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was optimized by analyzing an optimum maneuvering period considering the fuel consump-
tion and the local time drift that occurred as the objective function. The optimization was
conducted using a surrogate-based optimization technique via R software. Each optimized
maneuvering mean was then compared to give a maneuvering plan recommendation for 5
years operation of the LAPAN-A4 satellite.

This research used the proposed design of the LAPAN-A4 satellite as a case study. Table
2-1 shows the main characteristics of the LAPAN-A4 satellite. LAPAN-A4 satellite has a pro-
pulsion system to support correction maneuvers in orbit. The thruster used in this satellite
is the 1 N HPGP (High-Performance Green Propulsion) (Utama et al., 2018), a thruster fueled
by LMP-103S with a blow-down operation mode developed by ECAPS. Table 2-2 provides the
performance of this thruster. For the simplicity of the simulation, the satellite was assumed
to bring maximum fuel onboard. It was also assumed that the thrust would be constant
throughout the simulation.

Table 2-1. LAPAN-A4 Main Characteristics (Data taken from Ref. (Saifudin et al., 2018)).

Data Value
Satellite dry mass (kg) 150
Satellite dimension (mmxmm>x»mm) 744x700%x520
Orbit altitude (km) 500
Orbit inclination (deg) 97.38*

. . dn
aDecimal values are assumed to provide == 360°/year

Table 2-2. Thruster Specifications (Data taken from Ref.(Anflo & Moéllerberg, 2009;
Thomas et al., 2023)).

Data Value
Tank capacity 45L
Fuel density 1.25 kg/L
Thrust produced 1N
Feed pressure 2.2 MPa
Blow-down ratio 4:1

2.1. Simulation Scenario

A simulation model to study further the selected maneuvering means was built in GMAT,
an open-source trajectory design and optimization software developed by NASA and private
industries. GMAT was selected since it is one of the best-tested NASA’s open-source software
for space mission analysis (Hughes et al., 2014). The built models simulated the operation of
the LAPAN-A4 satellite for 5 years, accommodating the correction maneuvers in GMAT with
a variation of maneuvering periods. The propagator model for this simulation is JGM-3 with
perturbation from the Moon and Sun as point masses.

Maneuvering periods were defined as the time interval between maneuvers. For instance,
a 2-months maneuvering period means that the maneuver correction would be performed ev-
ery 2 months for 5 years of satellite operation. The initial maneuvering periods sampling for
this research were chosen to be 1, 2, 3, 4, 5, 6, 10, and 12 months maneuvering period.

(Ruggiero et al., 2011) provided an optimum thrust direction in a function of true anom-
aly (8), eccentricity (e), and argument of perigee (w) for each maneuver. Since the orbit to be
simulated is nearly circular, hence the eccentricity was assumed to be zero. Consequently,
the optimum thrust direction would be in a direction normal to the orbital plane for inclina-
tion and RAAN maneuver. Meanwhile, the optimum thrust direction for semi-major axis ma-
neuver is tangential with the orbit. These optimum thrust directions would then be used for
the entire simulation of this paper.

2.1.1. 2 sampling strategy

Due to its oscillation, a strategy for  sampling should be established. One way to evalu-
ate the value of Q1 is by inspecting the RAAN graph (see Figure 2-1), by assuming that the value
of RAAN starts from zero. The RAAN graph is almost linear in the long-term time interval for
the LAPAN-A4 case, although still oscillating if we look closely. Therefore, the value of Q could
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be po Q= Aypproximated linearly:
At
However, the trick was the selection of At to produce a fine model of Q. If At is too large,
it would limit the simulation since the Q value could only be obtained for every At interval. If
At is too small, it is likely to capture the oscillation of the actual Q which is not favored.
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Figure 2-1. RAAN for LAPAN-A4 5-year operation simulation

Some At values were evaluated to see the resulting model (see Figure 2-2 — 2-5). The
linear model shown as the red line was still capturing the oscillation for small At values, such
as 7 and 14 days. Along with the increase of the At, the oscillation decreased until At = 30
days, the linear model gave a result with low oscillation. Hence, this linear sampling method
at At = 30 days would be used for the complete simulation of inclination and semi-major axis
correction maneuvers in the next section.
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2.1.2. Targeting strategy

The maneuvering target could be obtained by modifying Eq. 1-1, by first isolating the
term desired to be corrected. For inclination and SMA (semi-major axis) maneuvers, Eq. 1-1
were modified to be, respectively:

2 2 1— 232 .
i = arccos __(1(273)x 0 (2-1)
3  Rin

|31, 1 2-2
a= (—EER,%#ZJZ COSL) (2-2)

By defining subscript ‘O’ to be the initial value and € to be the final value, the maneu-
vering target for inclination (AiAi) and SMA (AalAa) maneuvers are, respectively:

2
2a%(1 —e? . 2a2(1 —e2)? .
Ai = arccos ___10(27}0) * ‘O‘f — arccos __Q x QO (2-3)
3 Rgngl; 3 REng);
1 2 1 2
! 3 1 Riu2), cosiy 7 31R2uzJ, cosiy (2-4)
Aa = 20, (1_.2) | T2 2
20, (1-¢?) 20 (A —-ep)

Because the maneuvers usually take a short-period of time, it was assumed that a; = ag
ar = Qg, & = ege; = €y, Ny = NNy = Ng for Eq. 2-3 and i = ipi; = Iy, e = g€ = gg for Eq. 2-4, the
maneuvering target would be:

2a3(1—ed)?* . 2a2(1 —e3)? .
Al = arccos ——Mx 1| — arccos ——Mx Qg (2-5)
3 Rgngh 3  Ring/,
1 2
7 3RZu2],cosi 1 1 -
rae I3 E#}zz o) [ L1 (2-6)
2 (1-e; .z
sz Qoz

The magnitude of the maneuvering targets for SMA and inclination maneuvers purely
depends on the desired final value of the nodal precession rate (). On the other hand, the
maneuvering target for the RAAN maneuver is simple since RAAN correlates directly to the
local time of the satellite. The maneuvering target for the RAAN maneuver is:

A0 = (1) — O (2-7)

Where Q(t) is the desired value of RAAN for an SSO satellite at a particular time approx-
imated by Q = 360°/year.

In the previous work, (Zuhri & Poetro, 2021), the authors set the Q; to be 360°/year. The
idea was to maintain the value of the nodal precession rate as close as possible to that value
so that the local time drift could be damped. Despite being able to lower the maximum local
time drift successfully, this strategy had a limitation. This strategy could not lower further the
time-history of local time drift because this strategy could only make the slope to be zero (Q =
360°/year caused the slope of LT drift time-history to be zero).

An alternative targeting strategy to implement and could further lower the local time
drift time-history is by setting Q to be lower than 360°/year. The strategy set the final nodal
precession rate value to be:

. d0, — 0
0y =360 - —=— (2-8)

Where dQy,d(), is the RAAN deviation before the maneuver is applied, and X is the ma-
neuvering period in years. The term 2220 means that the deviation dQ, that is to be corrected
to zero during X period of time. In the next discussions, a targeting strategy expressed by Eq.
2-8 would be denoted as strategy 2. On the other hand, the previous targeting strategy, a
targeting strategy that intends the final () to equal 360°/year, would be denoted as strategy
1. Figure 2-6 illustrates both maneuvering target strategies to be employed, while dQ is the
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deviation of RAAN to the desired value.
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Figure 2-6. Alternative strategy of the maneuvering target illustration

2.2. Surrogate-based Optimization

The maneuvering period optimization was conducted using surrogate-based optimiza-
tion, also known as metamodel, surrogate, and response surfaces. By definition, this optimi-
zation technique approximates the input/output (I/O) function implied by the simulation or
experimental model (Kleijnen, 2009). This optimization could be applied either to a determin-
istic or stochastic model. As implied by (Kleijnen, 2009), examples of deterministic models are
given by (Booker et al., 1998) about a helicopter test and by (Gu, 2001) about vehicle safety,
while the stochastic model examples are logistic and telecommunication systems modeling.

2.2.1. Surrogate model

There are several models usually used in surrogate-assisted optimization. One of the
most promising models is the Kriging model. This model has advantages that it could provide
the uncertainty of the prediction model, and it is also very suitable for a complex function
(Bartz-Beielstein et al., 2016). Kriging model is also global rather than local (Kleijnen, 2009),
so it was used for the model of this optimization.

The Kriging model can be viewed as a global model that combines a local variation (Zhao
et al., 2016):

v(x)=6x)+Z(x) (2-9)
With x is the input of Kriging Model; y(x) is the output of Kriging model; G(x) represents
the global model of the original function; Z(x) stands for the Gaussian random function with
zero mean, variance o2, and non-zero covariance (Simpson et al., 2001).

The global model is a product of two vectors (Raul & Leifsson, 2021) as follow:

Gx) =gT(x)B (2-10)

where
97 (x) = [go(x), g1(%), g2 (%), .., gn—1 (X)] (2-11)
B= [160-)81-:82- ----ﬁn—1]T (2‘12)

Are the independent regression basis functions and the regression coefficients respec-
tively, with nn is the number of design variables.
The covariance of Z(x)Z(x) can be calculated as:

Cov[Z(x;), Z(xp)] = JZR[r(xj-,xk)] (2-13)
Where j,k=1,2,3,..,n, with n;, the number of samples, R represents the correlation
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function, and r(x}-. x;) is the symmetric correlation matrix given as:

r(x ,xk = exp l—29k|xk—xk| ] (2-14)

Where xi and x) represent the k™ components of x' and x/, and 6, is the k" component
of the unknown correlation parameter consisting 6 = [6y, 61,05, .., 6,]".

As mentioned in (Raul & Leifsson, 2021) by (Simpson et al., 2001), Kriging can also be
used to predict the function value at unsampled location x,, named the Kriging predictor
y(x,), given as:

y(x,) = g"p+r"(x )R (y - GB) (2-15)

Where y represents a column vector with length of n, consisting of the responses of
the sample points, r7(x,) = [R(xwxl),R(xu. X3), ....R(xu.xns)] stands for the correlation vector
between the sample points and the unsampled point of interest, and £, as represented in
(Raul & Leifsson, 2021) by (Butterfield, 1988), is a maximum likelihood estimation (MLE) of
[ expressed as:

- GRYy (2-16)
GTR™1G

2.2.2. Infill criteria

The surrogate model built using the Kriging model or prediction is only an approxima-
tion of the original function desired to be optimized. The model has a certain accuracy, and it
needs to be enhanced to give better optimization results. One way to improve the accuracy of
the surrogate model is by adding more points (infill points) in addition to the initial samples.

One kind of infill criterion is the expected improvement (EI). It balances global explora-
tion and local exploitation of the objective function and is proven to be the best route to find
the global optimum of a function (Forrester et al., 2008). The typical expression of expected
improvement, as provided in (Bhosekar & lerapetritou, 2018) by (Jones et al., 1998) is:

El(x) = (fmm_f*(x))cp(w)ﬂ(ﬁ (@) (2-17)

Where @(.) is the cumulative distribution function; ¢(.) is the probability density func-
tion; s is the standard of deviation; fyx is the current minimum function value; f the predic-
tion of the surrogate model.

In this study, the Kriging model and the expected improvement were used for the surro-
gate model and the infill criteria, respectively. The surrogate-based optimization conducted in
this research flows as follows:

1. Initial data sampling

2. Created the surrogate model based on the initial data sampling

3. Evaluated the infill point from the maximum expected improvement

4. Simulated the infill point in GMAT and extracted the result

5. Updated the current data with the infill point result

6. Repeated from step 2 until the global optimum is found.

3

. Preliminary Calculation and Maneuver Potential Evaluation

The preliminary calculation aimed to investigate the effectivity of each correction ma-
neuver to be performed for the LAPAN-A4 satellite. The preliminary calculation involved a
rough calculation with certain assumptions and a simulation using GMAT to extract the esti-
mated fuel required for a particular correction maneuver. If the estimation of fuel requirement
was lower than the fuel tank capacity of the LAPAN-A4 satellite, that particular correction
maneuver would be studied further for simulation of 5 years of operation. Otherwise, if the
estimated fuel requirement was far above the fuel tank capacity, that particular correction
maneuver would not be studied further.
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3.1. Inclination Maneuver Preliminary Calculation

The authors have previously performed a study regarding a maneuvering plan for the
LAPAN-A4 satellite using inclination correction maneuvers in (Zuhri & Poetro, 2021) and
(Zuhri & Utama, 2021). The research evaluated some maneuvering periods: 2 months, 4
months, 6 months, 12 months, and 24 months. The results showed that the required fuel
consumption was still below the maximum fuel capacity of the LAPAN-A4 satellite of 5.6 kg
(see Table 3-1). However, that research still has a flaw since it is assumed that the correction
target was constant throughout the simulation, as explained previously in section 2.1.1. In
fact, the perturbation experienced by the satellite would be different depending on its orbital
state, so the correction target for each maneuver should be different. Therefore, further study
is required to analyze the inclination maneuver plan for S years of operation accommodating
a variable correction target by using the sampling strategy provided in section 2.1.1.

Table 3-1. Inclination Maneuver Fuel Consumption from Reference (Zuhri, 2020)

. . Fuel Consumption
Maneuvering Period

[kg]
2 Months 1.889
4 Months 1.902
6 Months 1.944
12 Months 2.090
24 Months 2.521

3.2. Semi-Major Axis Maneuver Preliminary Calculation

The required SMA correction could be obtained by introducing Q, = (), + AQ to Eq. 3-1,
where AQ is the required change of nodal precession rate, so that:

; 2
Aa = J(—;R%H%jz cosi) X %—% (3-1)
(o + AQ)7 Q’
The author’s previous study (Zuhri & Poetro, 202 1) provided data on the required change
of nodal precession rate for several maneuvering periods so that the required semi-major axis
correction could be calculated using Eq. 3-1 (see Table 3-2). Next, a simulation of SMA ma-
neuver correction was conducted using GMAT to evaluate the required fuel consumption for
each maneuvering period. The total required fuel consumption for 5 years of operation was
assumed to be only the multiplication of the fuel consumption for one maneuver times the
frequency of the maneuver for S years of operation. Table 3-3 provides the estimation of the
total required fuel for the SMA maneuver for 5 years of operation. The estimation indicated
that the required fuel was still below the maximum fuel tank capacity and not too far from the
results obtained from the inclination maneuver. Hence, further study is needed to analyze the
SMA maneuver to maintain the local time of the LAPAN-A4 satellite.

Table 3-2. Required AQ) from Reference (Zuhri & Poetro, 2021) and Resulting Aa

Maneuvering Period Required Af Required Aa
(Months) (°/year) (km)
2 0.34126 3.199
4 0.68873 6.474
6 1.04241 9.994
12 2.14066 20.517
24 4.50472 43.104
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Table 3-3. Total Required Fuel Estimation for SMA Maneuver
Total Estimated Required

Maneuvering Period Required Fuel per Maneuver

Fuel
Months kg/maneuver
( ) (kg ) (k)
2 0.120 3.600
4 0.244 3.662
6 0.375 3.749
12 0.764 3.819
24 1.591 3.181

3.3. RAAN Maneuver Preliminary Calculation

The required RAAN correction was obtained by calculating the difference between the
actual RAAN value and the desired RAAN value for the SSO satellite at a particular moment.
The previous study provided some required RAAN correction correlated with appropriate drift
after a specific elapsed time, as provided by Table 3-4. By performing a simulation in GMAT,
we obtained the required fuel consumption for one maneuver. Furthermore, by assuming that
the total fuel consumption is only the multiplication of the fuel consumption for one maneu-
ver times the frequency of the maneuver for 5 years of operation, the total fuel consumption
was obtained (see also Table 3-4).

From the results, it is concluded that RAAN correction is not effective for maintaining
the local time of the LAPAN-A4 satellite since the total fuel consumption is far from the fuel
tank capacity. Since the RAAN correction maneuver directly affects the local time, contrary
to the inclination or SMA correction maneuver, which affects the local time indirectly via the
nodal precession rate, the correction target for the RAAN correction maneuver is quite large.
For comparison, the range of the inclination correction target is between 0.005° - 0.1°, about
ten times smaller than the correction target for the RAAN maneuver which is in the range
of 0.05° - 1°. This leads the RAAN correction maneuver to be less effective and considerably
consume more fuel. Hence, the RAAN correction maneuver was not simulated further in the
next section of this paper.

Table 3-4. Total Required Fuel Estimation for RAAN Maneuver

Required RAAN Correlated with Fuel consumption/ Total fuel
correction (deg) RAAN drift of (days) maneuver (kg/ consumption (kg)
maneuver)
0.05 50 0.259 9.324
0.10 79 0.504 12.096
0.50 273 2.650 15.900
1.00 397 5.350 21.400

3.4. Maneuvering Effectivity Evaluation

From the preliminary calculations above, it was obtained that the only maneuvering
means feasible to maintain the local time of the LAPAN-A4 satellite are the semi-major axis
correction maneuver and inclination correction maneuver since the total fuel consumption
estimations were within the maximum capacity of the fuel tank. On the other hand, the RAAN
correction maneuver is not effective to be performed since the total fuel consumption was far
beyond the fuel tank capacity and far more consumptive compared to the inclination or SMA
correction maneuver. Therefore, in the next phase of this research, the semi-major axis and
inclination correction maneuver will be studied further. The study involved a simulation with
a variation of the maneuvering period (the time interval between maneuvers) for 5 years of
operation. The optimum maneuvering means and maneuvering period were inspected for this
LAPAN-A4 satellite case.
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4. Simulation Results

4.1. Inclination Correction Maneuver Using Strategy 1

Figures 4-1 and 4-2 respectively show the results of the fuel consumption and the local
time drift for various maneuvering periods of inclination maneuver using strategy 1. The re-
sults indicated that the simulation has successfully lowered the local time drift which would
be around 110 minutes drift if no correction maneuver is performed, as depicted in Figure
4-4. Furthermore, the characteristic of the results is that the shorter the maneuvering period,
the less the fuel consumption and the local time drift occurred in general. This phenomenon
could happen because the more often the maneuver is performed (i.e. long maneuvering pe-
riod), the larger the perturbation effects accumulated. Consequently, the maneuvering target
would be larger, hence the fuel consumption would be larger, too. A longer maneuvering peri-
od also leads the local time to be left rising in a longer time (see Figure 4-2), so the maximum
local time drift for a longer maneuvering period would be larger.

By comparing Figure 4-3 and Figure 4-4, it is indicated that the application of Q0 sam-
pling strategy elaborated in section 2.1.1 has successfully automated the maneuver for 5
years of operation. The local time drift time-history for this sampling strategy (Figure 4-3)
does not show any excessive graph, in contrary to the local time drift time-history obtained
from the previous study (see Figure 4-4) which has some excessive graphs (the local time drift
becomes below zero).
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inclination maneuver strategy 1 inclination maneuver strategy 1
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Figure 4-4. Time history of LT drift of
inclination maneuver from (Zuhri &
Poetro, 2021)

4.2. Semi Major Axis Correction Maneuver Using Strategy 1

Figure 4-3. Time history of LT drift of
inclination maneuver strategy 1

Figures 4-5 and 4-6 respectively show the results of fuel consumption and the local time
drift for various maneuvering periods of SMA maneuver using strategy 1. This maneuvering
mean has also successfully lowered the local time drift, even gives a generally better result
compared to inclination correction maneuver. Moreover, besides the maximum local time drift
being lower in general, the fuel consumption is also less. The potential reason for this finding
is the fact that the SMA maneuver is raising the altitude of the satellite’s orbit. Because the
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satellite orbit is raised, the dominant perturbation from 9atmospherio drag will also be less.
Thus, the maneuvering target for the next maneuver would also be less, resulting in a less fuel
consumption for 5 years of operation and a smaller maximum local time drift.
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Figure 4-5. Fuel consumption results Figure 4-6. Local time drift results of SMA
of SMA maneuver strategy 1 maneuver strategy 1

4.3. Inclination Correction Maneuver Using Strategy 2

Figures 4-7 and 4-8 show the fuel consumption and maximum local time drift results
of inclination correction maneuver using strategy 2 compared to the results using strategy
1. The use of strategy 2 has successfully lowered further the maximum local time drift for all
maneuvering periods as suggested in Figure 4-8. However, as a drawback, fuel consumption
is higher in general. It does make sense because strategy 2 yields a larger maneuvering target.
Moreover, the use of strategy 2 for maneuvering target also leads the fuel consumption and
maximum local time drift results to be more fluctuating towards maneuvering period, in con-
trary to strategy 1 which is more in order. This is caused by the presence of some excessive
maneuvers that lowered the local time drift excessively to negative value instead of lowering
the local time drift to be zero, especially for low maneuvering period (see Figure 4-9).
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4.4. Semi Major Axis Correction Maneuver Using Strategy 2

Figures 4-10 and 4-11 show the fuel consumption and maximum local time drift results
of SMA correction maneuver using strategy 2 compared to the results using strategy 1. The
same as the results of inclination maneuver using strategy 2, SMA maneuver using strategy 2
has successfully lowered the maximum local time drift for all maneuvering periods compared
to strategy 1 as shown in Figure 4-10. However, as a consequence, the fuel consumption
results are generally higher since the implementation of strategy 2 leads to a larger maneu-
vering target. Additionally, the use of strategy 2 for maneuvering target also yields the fuel
consumption and maximum local time drift results to be more fluctuating in respect to the
maneuvering periods, contrary to strategy 1. The reason for this is the presence of some ex-
cessive maneuvers that lowered the local time drift excessively. The local time drift which was
previously intended to be close to zero, quite the opposite became negative (see Figure 4-11).
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Figure 4-10. Fuel consumption results of Figure 4-11. Local time drift results of
SMA maneuver strategy 2 SMA maneuver strategy 2

5. Optimization Results

Figure 5-1 — 5-4 show the results of the optimization for 4 simulated maneuver types:
inclination and SMA correction maneuver with 2 variations of targeting strategy (strategy 1
and strategy 2). The white dots represent the initial data sampling; the black dots represent
the current optimum value of the surrogate model; and the red dots represent the minimum
of inverse of expected improvement. The initial data sampling was all the same: 1, 2, 3, 4, 5,
6, 10, and 12 months maneuvering period, whereas the number of infill points was different
depending on the iteration process. From the results, the optimization only succeeded to find
an optimum maneuvering period for inclination correction maneuver using strategy 2.
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Figure 5-3. Optimization result for SMA Figure 5-4. Optimization result for SMA
correction maneuver using strategy 1 correction maneuver using strategy 2

For the optimization result of the inclination correction maneuver using strategy 1, the
iteration process is stuck at the third iteration. The expected improvement became a plateau;
hence, the next infill point could not be decided. This result could happen as a result of the
presence of data that was very far from the model predicted by the kriging model, which was
the 2-month maneuvering period data. The Kriging model predicted that the 2-month ma-
neuvering period data should be at the lower value, but the actual data of the 2-month ma-
neuvering period were at the upper value. Consequently, the Kriging model could not give an
appropriate model and the optimum value could not be obtained.

Similar to the result from the inclination correction maneuver using strategy 1, the
optimization result from the SMA correction maneuver using both strategies stuck as the
expected improvement plot became a plateau. The result from the SMA correction maneuver
using strategy 1 was too fluctuating, while the result from the SMA correction maneuver using
strategy 2 had data that was far from the predicted model (4-month maneuvering period). As
a results, the Kriging model was not able to give proper models and the optimum values could
not be extracted from these maneuver types.

Although the optimization technique could not find the global optimum value of some
maneuver types, we were still able to inspect the local optimum value by simply comparing all
of the results as it is. Table 5-1 provides the optimum maneuvering period for each maneuver
type. From the results, the SMA correction maneuver using strategy 2 with 4-month maneu-
vering period was selected to be the optimum maneuvering plan since it gives the least fuel
consumption. The minimum fuel consumption would impact the launch cost of the LAPAN-A4
satellite. Besides the fuel price is considerably expensive, minimizing the fuel consumption
would also lead to the decrease in the satellite’s total mass. Since the launch cost of the LA-
PAN-A4 satellite depends on the mass of the satellite, the minimum fuel consumption would
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also lower the launch cost of the satellite.

Table 5-1. Optimum maneuvering period for each maneuver type

Optimum maneuvering

Maneuver type period (months)

Fuel Consumption (kg)

Inclination strategy 1 1.5 1.996 kg
Inclination strategy 2 5.2 2.123 kg
SMA strategy 1 1 1.399 kg
SMA strategy 2 4 1.398 kg

Besides the fact that the SMA correction maneuver using strategy 2 with a 4-months
maneuvering period leads to minimum fuel consumption, it also gives operational advantages
to the LAPAN-A4 satellite. The maximum local time drift of this maneuver is only 0.74 min-
utes, which is so low that the imaging function of the satellite will be optimum. Additionally,
the maneuvering period is large enough so that the maneuver scheduling will be easier be-
cause the maneuvers are only performed every 4 months.

There is still a possibility of the presence of the more optimum maneuvering period than
the results mentioned above. From the results, only one maneuver type had been success-
fully optimized. The rest maneuver types were not successfully optimized, so the optimum
maneuvering period for each of these maneuvers was only selected among the available data.
One way to improve the optimization result of these maneuvers is by inspecting a narrower
interval in which the expected optimum value stands. In this way, the possibility of finding the
optimum maneuvering period for each maneuver type will be higher.

The simulation limitation that emerged as a consequence of the At = 30 days selection
(see section 4.1) also leads to a possibility of a more optimum maneuvering period. The At
selection caused the maneuvering period to be 1 month at a minimum. However, if we see the
trend, the fuel consumption for each maneuver type tends to be less for the lower maneuver-
ing period.

6. Conclusion

From the preliminary evaluation of this research, it was concluded that the RAAN cor-
rection maneuver was not feasible since the fuel requirement exceeded the maximum fuel
tank capacity of the LAPAN-A4 satellite. In contrast, the inclination and SMA correction ma-
neuvers could still be performed to maintain the local time of the LAPAN-A4 satellite. Howev-
er, the SMA correction maneuver is generally better than the inclination correction maneuver
because it gave lower maximum local time drift results with less fuel consumption.

The most optimum maneuver obtained from this research is the SMA correction maneu-
ver using strategy 2 with a 4-months maneuvering period since it resulted in the lowest fuel
consumption of 1.398 kg. Moreover, it also has operational advantages because the maneuver
is only performed every 4 months, which is arguably not too frequent.

There is still a possibility to have a more optimum maneuvering period. From the re-
sults, 3 maneuver types were not successfully optimized, so the optimum maneuvering period
for each of these maneuvers was only selected among the available data. One way to improve
the optimization result of these maneuvers is by inspecting a narrower interval in which the
expected optimum value stands. In addition, the At selection caused the maneuvering period
to be 1 month at a minimum. Even though, if we see the trend, the fuel consumption for each
maneuver type tends to be less for the lower maneuvering period.
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