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A B S T R A C T   

Small-scale magNetosphere and Ionosphere Plasma Experiment (SNIPE) mission is aimed to observe a small-scale 
structure of the physical phenomena in a near-Earth environment. SNIPE mission comprises four 6U size nanosats 
that perform formation flying to meet the scientific objectives of the mission. In this study, we designed a for-
mation flying system and validated it using numerical simulations to collect temporal and spatial differences of 
the physical phenomena for the SNIPE mission. The requirements for spacecraft formation flying are to pass the 
same point at different times and be located at different longitude points on the same latitude. Two types of 
formations which are an along-track formation for temporal observations and a cross-track formation for spatial 
observations are devised. The size of the formation decreases during the along-track formation phase and in-
creases during the cross-track formation phase. Four types of orbit control were introduced to implement these 
formations and adjust the relative distances between the nanosats. Changing the shape and size of the formation 
exploits the effects of perturbations through orbit controls. The simulations were considered with several con-
straints to replicate the intended environments. The simulations also reflect the time differences between the 
orbit determination epoch and orbit control epoch, conditions in attitude control of nanosats, limitations of orbit 
control operation time to secure power stability, and errors in the thrust module. The numerical simulations 
demonstrated that each nanosat satisfied the mission requirements in a ΔV budget of 50 m/s. These results 
verified that the designed formation flying system meets the scientific objectives of SNIPE mission by changing 
the shape and size of the formation.   

1. Introduction 

Small-scale magNetosphere and Ionosphere Plasma Experiment 
(SNIPE) mission is an Earth science mission developed by Korea As-
tronomy and Space Science Institute, Korea Aerospace Research Insti-
tute, and Yonsei University. The mission aims to study the geomagnetic 
field by observing physical phenomena that occur in the near-Earth 
environment. The target phenomena by the SNIPE mission includes 
electron microbursts, plasma trough, electron density and temperature, 
length of coherence for bubbles/blobs, and electromagnetic ion cyclo-
tron (EMIC) waves as shown in Fig. 1 [1,2]. In particular, EMIC waves 
should be detected at the equator and near the aurora region at latitudes 
over 70◦. Various small-scale structures from 10 km to thousands of 
kilometers are observed by the mission to study the physical phenom-
ena. The SNIPE mission comprises four 6U Nanosats that perform the 
formation flying to observe small scale structure of the physical 

phenomena. 1U (100 × 100 × 100 mm) is a standard that represents the 
size of a CubeSat. 

Currently, various space missions using nanosats and CubeSats have 
been increasing [3]. As missions using nanosats become a general trend, 
miniaturization of their components is necessary [4,5]. The orbit of the 
nanosat can be controlled owing to the miniaturization of propulsion 
systems, and, thus, a mission that uses the formation flying of nanosats 
could be conducted [6]. Further, research has been conducted on 
inter-satellite communication and relative navigation utilizing global 
positioning system (GPS) signals to use multiple nanosats and CubeSats 
[7–9]. Most of the multiple nanosat missions using formation flying are 
technology demonstration missions [10]. For example, CanX-4 and 
CanX-5 mission, which consists of two 8U nanosats, have performed 
formation flying to demonstrate control algorithms for autonomous 
formation maintenance and reconfiguration using an inter-satellite link 
[11]. The CANYVAL-X mission was to demonstrate an inertial alignment 
that is a key technology for virtual telescopes [12]. The mission used 1U 
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and 2U nanosats for formation flying. The GomX-4 mission have 
demonstrated propulsion module, inter-satellite link, chimera board, 
camera, and star tracker to handle satellite formations using 6U nanosats 
[13]. The CPOD mission will be launched in 2020 to test rendezvous, 
proximity operations, and docking with miniaturized components and 
sensors using 3U nanosats [14]. The CANYVAL-C mission will demon-
strate a coronagraph using two CubeSats that perform formation flying 
using an inter-satellite link [15]. 

The SNIPE mission utilizes formation flying to observe the temporal 
and spatial differences in the physical phenomena that exist in the near- 

Earth space environment. The mission is not a demonstration mission 
but an earth science mission using formation flying of four 6U nanosats. 
It requires four nanosats to observe the same region over time and to 
observe different regions simultaneously. Kang et al. [2] introduced the 
candidates for formation flying that fit the SNIPE mission and decided to 
use along-track and cross-track formations. The formation flying was 
simulated without constraints and using impulsive burns. Furthermore, 
they suggested the feasibility of various conceptual formations that 
satisfy scientific objectives. Otherwise, this study considers nanosat 
operation and confirms that the proposed formation flying algorithm 
can effectively control the SNIPE mission orbit. Moreover, specific al-
gorithms for the along- and cross-track formation to be used in actual 
mission operation were implemented by development and validation. 
The formation flying scenario presented in Section 2 includes parts that 
decrease the relative distance between satellites, such as CanX-4 and 
CanX-5 [16] and GomX-4 missions [17]. The realization of this relative 
orbit control is necessary for formation flying. Ran et al. [18] studied the 
relative position coordinated control problem by considering the 
communication delays between satellites using finite control. Ivanov 
et al. [19] performed formation flying in the low-Earth orbit using the 
aerodynamic force. Moreover, the development of a controller that used 
a nonlinear disturbance observer and asymptotic tracking control for 
spacecraft-formation flying under unknown external disturbances were 
reported [20]. In this paper, the formation flying system was designed 
using the general perturbation theory because the size and shape of 
formation flying need to be changed over a long time, while considering 
the delays in communication between the nanosats and the ground 
station. The proposed design was verified via numerical simulations 
considering uncertainties. 

Unlike these previous missions, the SNIPE mission intends not only 
to reduce the distance simply by decelerating or accelerating but to 
gradually approach the minimum distance for a certain duration. 
Moreover, the SNIPE mission cannot utilize the inter-satellite link that 
other missions used for the relative navigation to perform autonomous 
orbit control. Therefore, the orbit control parameters should be derived 

Nomenclature 

CanX Canadian Advanced Nanosatellite eXperiment 
CANYVAL-C CubeSat Astronomy by NASA and Yonsei using Virtual 

Telescope Alignment Coronagraph 
CANYVAL-X CubeSat Astronomy by NASA and Yonsei using Virtual 

Telescope Alignment eXperiment 
COE Classical Orbital Element 
CPOD CubeSat Proximity Operations Demonstration 
EMIC ElectroMagnetic Ion Cyclotron 
GMAT General Mission Analysis Tool 
GomX GomSpace Express 
GPS Global Positioning System 
GVE Gauss’s variational equation 
LEOP Launch and Early Orbit Phase 
LVLH Local Vertical and Local Horizontal 
MiPS Micro Propulsion System 
MOE Mean Orbital Element 
RAAN Right Ascension of Ascending Node 
SNIPE Small-scale magNetosphere and Ionosphere Plasma 

Experiment 

List of Acronyms 
a semi-major axis 
e eccentricity 
i inclination 
Ω RAAN 

ω argument of perigee 
ν true anomaly 
M0 mean anomaly at epoch 
n mean motion 
p semi-parameter 
J2 gravity coefficient of the J2 perturbation 
RE Earth’s radius 
λ̇ drift rate 
λ argument of latitude 
δλ̇d desired change in the drift rate 
δλ̇imp drift rate changed by the impulse bit 
dLVLH orbit control direction 
k number of remaining commands for station keeping 

control 
TATC along-track correction control time 
Tcmd time interval between the control commands 
Tcont desired orbit control operation time 
Tmax maximum control operation time 
tc orbit control epoch 
tmin epoch at which the relative distance becomes a minimum 
tOD orbit determination epoch 
tSK1 epoch of the initial station keeping control 
y(t) estimated position in the along-track direction 
ymax maximum distance criteria in the along-track direction 
ẏsec(t) secular velocity in the along-track direction 
Δẏburn the effect of the thrust  

Fig. 1. Observation targets of the SNIPE mission. The targets are located on the 
equator and latitude of 70◦ [2]. 
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based on past orbital information and be applied in the future. The main 
contribution of this paper is designing the formation flying that satisfies 
the scientific mission objective, despite the thrust profile being calcu-
lated from the ground and transmitted to the nanosat to perform orbit 
control. In addition, numerical simulations are conducted to verify the 
formation flying design considering the constraints to implement the 
intended environment. This study analyzes the constraints and develops 
orbit control methods. The intended environment should contain the 
time interval between the orbit determination epoch and the orbit 
control epoch that arises from ground-based orbit control. In addition, 
the designed formation flying system should perform the desired orbit 
control under several constraints. The direction of the orbit control de-
pends on the attitude of the nanosat to ensure that the direction should 
be fixed during orbit control because attitude control is not possible. 
Moreover, orbit control should be executed near the equator to secure 
power stability, and the deployable solar panel should face the Sun 
during the orbit control. The magnitude of thrust and activating thrust 
module duration is limited owing to the power consumption. Therefore, 
we designed and verified a formation flying system that continuously 
changes shape and size over time to meet the purpose of the scientific 
mission under several severe constraints. 

In this study, we design the shape of the formation, establish the orbit 
control scenario, analyze the constraints, and validate the system for the 
SNIPE mission. The remainder of this paper is organized as follows. In 
section 2, the design of the formation flying system for the SNIPE 
mission is presented. Two types of formations are devised to collect 
temporal and spatial data. This section also describes the orbit control 
scenario to organize the required formation using four nanosats and 
constraints to reflect the intended environment of the orbit control. 
Section 3 introduces orbit control methods to overcome the constraints 
and to operate the required formation flying. Four orbit controls are 
devised to conduct two types of formations. The nanosats adjust their 
orbital elements to alter the shape and size of the formations. The atti-
tude of the nanosat at orbit control is discussed in Section 4. Section 5 
presents the simulation results to validate the design. It describes from 
the separation owing to the ejection of four nanosats from the launch 
vehicle to the end of the mission lifetime. Section 6 contains the con-
clusions and plans to operate the mission. 

2. Design formation flying system for the SNIPE mission 

2.1. Coordinate system 

We derived local vertical and local horizontal (LVLH) frames as a 
relative coordinate system to design the formation flying system as 
shown in Fig. 2 (a). The origin of the frame is located at the center of 
mass of the satellite, the fundamental plane is the satellite orbital plane, 

and the radial direction (R) is from the Earth to the satellite [21]. The 
along-track direction (S) is perpendicular to the radial vector and points 
along the direction of the satellite velocity. The cross-track direction (W)

is a direction normal to the orbital plane. 
The Earth center inertial coordinate system is expressed as X, Y, Z in 

Fig. 2 (a) and is used to express an orbit control direction. The origin of 
the inertial frame is at the center of the Earth, and the fundamental plane 
is the equatorial plane. X axis points to the vernal equinox, and Y axis is 
perpendicular with X axis and points to the counter-clockwise direction 
on the equatorial plane. Z axis points to the North pole [21]. 

The axes of body-fixed frame of nanosat are bX, bY , bZ in Fig. 2 (b) 
and the origin of the frame is the geometric center of nanosat. bZ axis is 
the opposite direction of deployable solar panel, and bY axis is the 
opposite direction of thrust module which is the blue box in Fig. 2 (b). 
The body-fixed frame is used to calculate the attitude of nanosat desired 
for orbit control. 

2.2. Top-level requirements of formation flying 

There are four major requirements for the formation flying system of 
the SNIPE mission by allocating the mission requirements. First, four 
nanosats shall observe the temporal and spatial physical phenomena in 
space. Second, the system shall gather the four nanosats during the 
temporal observation phase. Third, the system shall increase the spatial 
distance between each nanosat during spatial observation. Finally, the 
system shall generate thrust profile in the ground station. Various sizes 
and shapes of formations are required to study the mechanism of change 
on the micro-scale of the Earth’s magnetic field. We devised an along- 
track formation and a cross-track formation to observe temporal and 
spatial differences, respectively. The along-track formation implies that 
the nanosats are lined up on the orbital direction of moving of the 
reference orbit, while the cross-track formation indicates that the 
nanosats are positioned in the normal direction of the reference orbit. 
The along- and cross-track directions are defined as the S and W axes in 
the LVLH frame, respectively, as shown in Fig. 2. When four nanosats are 
placed on the along-track axis, as shown in Fig. 3 (a), each nanosat 
passes the same region at different times. Thus, nanosats in this for-
mation can gather the time variation data of the physical phenomena 
occurring in the same region. The relative distance between nanosats 
can be modified via orbit controls, thereby facilitating the attainment of 
different sizes of temporal data. Conversely, when four nanosats are 
placed on the cross-track axis, as shown in Fig. 3 (b), each nanosat passes 
a different region on the same latitude simultaneously. Thus, nanosats in 
the cross-track formation can gather data with regional differences of 

Fig. 2. Definition of local vertical and local horizontal frame, inertial frame 
(left) and body-fixed frame (right). 

Fig. 3. Concept of the formation flying for SNIPE mission, showing the 
placement of nanosats in (a) the along-track formation to collect temporal data 
and (b) in cross-track formation to collect spatial data. The solid line represents 
the reference orbit, and the dashed lines represent the orbit of nanosats. The 
orbit of nanosats is similar to the reference orbit in the along-track formation 
phase. The reference orbit for the cross-track formation represents a propaga-
tion of the state vector of reference nanosat at the along-track formation phase. 
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the same physical phenomena. The formation size can be modified via 
orbit controls, thereby facilitating the collection of different spatial in-
formation. The reference orbit for formation flying corresponds to the 
Sun synchronous orbit to facilitate the observation of physical phe-
nomena occurring at high latitudes. Since the SNIPE scientific mission 
does not require a dedicated formation flying, the shapes need not be 
precisely parallel to the along-track direction or perpendicular to the 
orbital plane. Even if the shapes are disturbed due to various factors, the 
purpose of research on the near-Earth space environment can be ach-
ieved if the position information of the nanosats that constitute the 
formation is provided accurately. Thus, the nanosats that make up the 
formation are located within 40 km in a direction different from that to 
be aligned with the reference. 

2.3. Orbit control scenarios 

To alter the sizes and shapes of the formations, nanosats should 
control their orbit using thrust during the mission lifetime. Fig. 4 de-
scribes the changes in the location of the nanosats. Four nanosats 
separate during the launch and early orbit phase (LEOP), while the 
nanosats perform nanosat initialization, stabilization, and commis-
sioning the sensors, actuators, and payloads. During the LEOP, the 
relative distances between nanosats increase by thousands of kilometers. 
Then, the orbit control scenario for the SNIPE mission consists of four 
types of orbit control, as shown in Fig. 4. Fig. 4 (a) shows that the 
relative distances between the nanosats decrease by the maneuvers 
called drift recovery controls. Four nanosats are brought closer during 
the along-track formation phase through several finite burns. When the 
nanosats become close enough to each other, they perform the station 
keeping controls indicated in Fig. 4 (b) and maintain the relative dis-
tance through multiple controls. After finishing the along-track forma-
tion phase, the shape of the formation should be switched to enter the 
cross-track formation phase that collects the spatial information. To 
transpose the shape, initial configuration controls, corresponding to 
Fig. 4 (c), are performed. Then, the reconfiguration controls (Fig. 4 (d)) 
are repeated to increase the size of the cross-track formation at the target 
regions. The size of the cross-track formation implies the distance be-
tween the rightmost and leftmost nanosats along the cross-track direc-
tion. Thus, we derived four types of orbit controls, namely, drift 
recovery, station keeping, initial configuration, and reconfiguration, 
during the orbit control scenario to operate the two types of formations. 

2.3.1. Along-track formation phase 
The four nanosats that make up the SNIPE mission will sequentially 

eject from a single launch vehicle. They move away from each other 
because of the differences in orbital perturbations for LEOP in which 
orbit controls are deactivated as described in the flowchart in Fig. 5. For 
scientific objectives, the relative distance between each nanosat should 
increase by several thousand kilometers during this phase. Because the 
direction of ejection could be set from the launch vehicle, the same can 
be used to increase the size of the along-track formation to several 
thousand kilometers. According to the concept of operations, the period 
is expected to be one month. Nanosats move along similar orbital planes 
and drift apart owing to the differences in orbital drift rate, which is the 
time variation of the argument of latitude. The distance between 
nanosats could be thousands of kilometers. After orbit control becomes 
available, the along-track formation begins by performing drift recovery 
control that reduces the relative distance between the nanosats. The 
control could be performed several times because of thrust limitations 
and control errors. During the data collection phase of temporal differ-
ences, the relative distance between each nanosat is reduced from 
thousands of kilometers to less than tens of kilometers. Thus, these 
nanosats can be made to come closer steadily for 3 months during the 
along-track formation phase. Several temporal data can be obtained 
owing to this change in the relative distance. The formation flying sys-
tem shall maintain the relative distance to prevent the nanosats from 

Fig. 4. Change in the shape and size of the formation conducted by the four 
nanosats. Nanosats initially form the along-track formation and transpose to the 
cross-track formation. The relative distances between nanosats can be 
decreased and increased during along-track and cross-track formations, 
respectively, via orbit controls in the desired duration. 
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passing through each other. The station keeping control is started 
considering the relative speed and distance. The control is conducted to 
regulate the drift rate to maintain small relative distances between the 
nanosats. The control also adjusts the relative velocity through multiple 
attempts to reduce the change in relative distance owing to control er-
rors. The along-track formation phase lasts 3 months to observe the 
temporal data of physical phenomena as shown in Fig. 5, and the relative 
distance decreases to tens of kilometers at the end of this phase. 

2.3.2. Cross-track formation phase 
After the four nanosats finish the station keeping controls, the shape 

of the formation is transposed to observe the spatial differences in the 
cross-track formation using the initial configuration controls. Two 
nanosats change their inclinations to obtain the relative distance at high 
latitudes, and others change their right ascension of ascending nodes 
(RAANs) to obtain the size of the formation at the equator. Since a single 
finite burn cannot change the shape of the formation due to the limi-
tation in time to generate enough thrust, the alternation of the formation 
is completed through repeated initial configuration controls for several 

days. After switching the shape of formation, four nanosats control their 
orbit to extend the size of the cross-track formation. The cross-track 
formation shall progressively expand by over 100 km at the equator 
and cover a latitude of 70◦ over 3 months. The size of the cross-track 
formation expands by moving the relative distances away in the cross- 
track direction through repeated inclination changes using the reconfi-
guration controls. The reconfiguration control increases the formation 
size by rearranging the nanosat positions. The size gradually increases to 
more than 100 km at the equator and a latitude of 70◦ in three months. 
During this cross-track formation, the SNIPE mission collects spatial 
data of the targeted physical phenomena as shown in Fig. 5. 

2.4. Constraints on formation flying 

There are several constraints on orbit controls, such as the time in-
terval between orbital knowledge data and orbit control commands, 
limitation in attitude control, power safety of nanosat, and errors caused 
by the specifications of the thrust module. Therefore, the constraints and 
devised control methods that allow for the desired orbit controls even 
with these constraints should be analyzed. In addition, simulations for 
the orbit controls should consider these constraints, which implement 
the intended environment of the orbit control, to validate the formation 
flying system design. The intended environment corresponds to the 
actual nanosat operating conditions. 

2.4.1. Time difference between orbit determination data and orbit control 
epoch 

The communication between the user and each nanosat is performed 
once per day owing to the limitation of the ground station. The SNIPE 
team could only construct a single ground station at a latitude of 37◦ in 
South Korea; therefore, the communication duration is expected to be 
less than 15 min per contact. The orbit control parameters must be 
derived in the ground station based on the orbital information received 
from the nanosats because the nanosats cannot use the inter-satellite 
link. Fig. 6 illustrates the time interval between the orbital informa-
tion and the orbit control command. In the first communication, the 
operation team receives telemetry with GPS data of the nanosat and 
performs precise orbit determination to check the results of previous 
orbit control. In the second communication, the team calculates the 
orbit control parameters based on precise orbit determination results 
that are derived based on the GPS data from this communication. Since 
the nanosat has already passed over the coverage of the ground station 
during the calculation and examination stages, the team should transmit 
the orbit control command on the third communication. Consequently, 
the orbit control parameters that are executed in the future should be 
calculated based on past orbital information. The time interval between 
orbit control commands is more than three days. 

2.4.2. Limitation in the thrust direction for orbit controls 
The orbit control direction depends on the attitude of the nanosat. All 

four nozzles in the thrust module are in the same direction ( − bY) as 
described in Fig. 7; hence, the thrust module can only generate control 
acceleration in one direction. However, the attitude cannot be changed 
during orbit control because the torque generated by the misalignment 
in the thrust module and the torque from the reaction wheel are coupled. 
To facilitate attitude changes, the reaction wheel must generate the 
desired torque; however, it is impossible to change the attitude in a 
desired direction due to the disturbance torque generated by the thrust 
misalignment, which exceeds the capacity of the reaction wheel. 
Because the orbit-control direction depends on the nanosat attitude and 
the attitude cannot be changed during thruster firing, the thrust direc-
tion for orbit control remains fixed in the inertial frame as described in 
Fig. 8. The pointing accuracy affects the direction error of ΔV, which is 
predicted to be 10◦ (3σ) in the simulations. In addition, the imbalance 
between the magnitude of thrust, which is generated from each nozzle, 
causes torque, and varies in the attitude of the nanosat. Therefore, the 

Fig. 5. Sequence of changes in formation shape and size. Orbit controls 
decrease and increase the along-track and cross-track formation sizes to collect 
temporal and spatial data, respectively. 
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thrust modulation algorithm, which turn each nozzle on and off based 
on the direction error, is required to reduce the direction error while 
activating the thruster module. 

2.4.3. Power safety of the nanosat for orbit controls 
Three constraints are considered to secure the power stability of a 

nanosat because the heater which is mounted on the thrust module to 
vaporize fuel consumes a significant amount of power in a short time. 
First, there is a limitation in the time required to activate the thrust 
module. Therefore, orbit control should be performed for a certain 
duration and several times for each type of orbit control. Second, the 

orbit controls should be preferred to be executed on the equator on the 
dayside. The deployable solar panel is attached on the top of the nanosat 
on the − bZ axis, and the nanosat is pointing to the Sun to charge the 
battery before the orbit controls. Nanosat should control its attitude to 
generate acceleration in the desired direction before activating the 
thrust module. Therefore, maneuvers shall be performed near the 
equator to minimize the change in attitude for the orbit control when the 
fuel consumption does not increase significantly. Third, the deployable 
solar panel should face the Sun to the extent possible during orbit con-
trols. 

2.4.4. Specification of the thrust module 
Nanosats mount a customized micro propulsion system (MiPS) pro-

duced by VACCO Industries, USA. The specifications of the thrust 
module are listed in Table 1. The SNIPE team expanded the propellant 
tank to get more total ΔV; thus, the total size of the thrust module for the 
SNIPE mission became 1.5U as shown in Fig. 7. Because of the specifi-
cation of the thrust module, the magnitude of the impulse bit is fixed at 
25 mNs per thrust nozzle. The thrust magnitude error could be 20% 
(Table 1); hence, it causes an error in the orbit controls. The magnitude 
of ΔV per second generated from the thrust module is constant at 0.01 
m/s when the mass of the nanosat is 10 kg. The ΔV budget of each 
nanosat is shown in Table 2, and the total ΔV of the thrust module is 50 
m/s with a margin of 20%. Since the drift recovery and the station 
keeping are the controls on the orbital plane, the ΔV consumption is 
small. Otherwise, the initial configuration and reconfiguration change 
the orbital plane, so they require more ΔV than the controls on the 
orbital plane. 

3. Orbit control methods for formation flying 

In this paper, analytical control methods using general perturbation 
theory were presented. The perturbations considered during simulations 
performed in this study were not considered at the design stage because 
their effect was insignificant compared to the J2 perturbations consid-
ered during design. Moreover, the integrated effect of the air drag was 
found to be similar because nanosats of the same shape move in nearly 
similar orbits. So, the orbit control methods only consider J2 perturba-
tion in the design stage. Fig. 9 depicts a comprehensive flowchart of the 
orbit control methods. The nanosats modulate the drift rate during the 
along-track formation to decrease and maintain their relative distance. 
They change their inclination or RAAN for increasing the size of the 
cross-track formation while maintaining the along-track size via the 

Fig. 6. Timeline in orbit control command. A single orbit control command requires at least three communications (i.e., 3 days) between the user and each nanosat.  

Fig. 7. Location and shape of the thrust module. The blue box in the middle of 
nanosat is the thrust module. The module is mounted in the middle of nanosat 
and the thrust direction is in − bY axis of body frame. The four black dots in the 
middle of the thrust module on the side view image are thrust nozzles. The 
deployable solar panel faces in the − bZ direction. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web 
version of this article.) 

Fig. 8. Conceptual image illustrating thrust generation along a fixed direction 
in the inertial frame during orbit control operation time. 

Table 1 
Specification of MiPS thrust module.  

Contents Specification 

Propellant (cold gas) R-236fa 
Thruster 4 RCS 
Nozzle alignment ≤ ±1 degree  
Thrust 25 mN ± 5 mN  
Total impulse 503 Ns 
Dry mass 963 g 
Propellant mass 1314 g  
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along-track correction control. The general perturbation theory was 
used to derive the orbit control algorithms for the formations. The along- 
track formation was operated based on the drift rate equation, and the 
secular change in the argument of latitude occurred due to the J2 
perturbation. The cross-track formation was operated based on the 
secular change of RAAN by J2 perturbation. Since the effect of the J2 
perturbation varies according to the orbital elements, Gauss’s varia-
tional equations (GVEs) were introduced to control the orbital elements. 
Nanosats cannot use inter-satellite communication, so the orbit control 
parameters must be calculated from the ground. Because the attitude 
cannot be changed while performing orbit control, the thrust must be 
generated in a fixed direction. In addition, the magnitude of the thrust 
that the thrust module can generate is fixed; in other words, ΔV that can 
be generated in 1 s is fixed. Therefore, the magnitude of the control is 
expressed in time. Orbit control parameters to be calculated from the 
ground and transmitted to the nanosats are the orbit control direction, 
orbit control operation time, and orbit control epoch. The direction is 
determined as the most efficient direction, and the time is determined in 
consideration of the thrust operation period according to the power. The 
epoch is determined to ensure that the nanosat is located at the reference 
latitude in the middle of the orbit control operation time. This allows the 
nanosats to generate a fixed thrust along the determined orbit control 

direction during the derived orbit control operation time from the 
calculated orbit control epoch. 

3.1. Drift recovery control for the along-track formation 

The drift recovery control is used to decrease the size of the forma-
tion to observe different scales of temporal data during the along-track 
formation phase. The maneuvers change the orbital drift rate to adjust 
the relative velocity, which decreases the relative distance between the 
nanosats. The drift rate (λ̇) donates the change in the argument of lati-
tude. It is the sum of the mean motion (n), the change in argument of 
perigee (ω), and mean anomaly at epoch (M0) caused by the J2 orbital 
perturbation. This implies that, at an orbital angular rate, the satellite 
moves on the orbital plane. It is a function of the semi-major axis (a), 
eccentricity (e), and inclination (i), as expressed in Eq. (1) [22]. The 
equation for the drift rate is expressed as follows: 

λ̇(a, e, i)= ω̇+ Ṁ0 + n =
3n J2R2

E

4p 2

(
4 − 5sin 2 i

)

+
3n J2R2

E

̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1 − e 2

√

4p 2

(
2 − 3sin 2 i

)
+

̅̅̅̅̅
μ
a3

√

,

(1)  

where λ is the argument of latitude, J2 is the gravity coefficient of the J2 
perturbation, RE is the Earth’s radius, μ is the gravitational parameter for 
Earth, and p = a(1 − e2) is a semi-parameter. The drift rate was calcu-
lated based on the Brouwer long mean orbital elements (MOEs) to 
reduce the standard deviation of the drift rate caused by the orbital 
motion. The standard deviation was larger than the desired change in 
the drift rate when the drift rate of the nanosat was derived based on the 
classical orbital elements (COEs). The use of MOEs can ignore periodic 
oscillations that do not affect the mission [23]. The desired change in the 
drift rate (δλ̇d) of the deputy nanosat was 

Table 2 
ΔV budget of each nanosat in the SNIPE mission.  

Formation type Control type ΔV budget (m/s)  

Along-track formation Drift recovery 3 
Station keeping 2 

Cross-track formation Initial configuration 12 
Reconfiguration 23 

Margin 10 
Total 50  

Fig. 9. Comprehensive flow-chart of the orbit control strategy. (a) Is for the along-track formation that changes the drift rate, and (b) is for the cross-track formation 
that changes inclination or RAAN. 
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δλ̇d =

⎧
⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

−
2π + Δλ

TDR
, − 2π ≤ Δλ < − π

−
Δλ
TDR

, − π ≤ Δλ ≤ π

2π + Δλ
TDR

, π < Δλ < 2π

, (2)  

where Δλ = λdep − λref is the difference in the argument of latitude be-
tween the reference nanosat (0≤ λref < 2π) and deputy nanosat 
(0≤ λdep < 2π) and TDR is the remaining time of the along-track forma-
tion phase. To minimize the change in the drift rate, it was calculated by 
dividing the range, as in Eq. (2). Based on the difference in the argument 
of latitude between the two nanosats, the increase or decrease in the 
drift rate of the deputy nanosat can be determined to minimize the 
desired change in drift rate. The desired change in the drift rate was 
calculated to reduce the relative distance in the desired duration for the 
temporal observations. This duration corresponds to two to three 

months in accordance with the concept of operations. 
The orbit control operation time was calculated by estimating the 

drift rate that is changed by ΔV. When the drift rate equation is line-
arized by the semi-major axis, eccentricity, and inclination, it is shown 
in Eq. (1) that the change in the drift rate described in Eq. (3) depends on 
the change in the orbital elements. 

δλ̇=
∂λ̇
∂a

δa +
∂λ̇
∂e

δe +
∂λ̇
∂i

δi.

with 

∂λ̇
∂a

=
21J2R2

E
̅̅̅μ√

8(1 − e2)
2a9/2

(
4 − 5sin 2 i

)
+

21J2R2
E

̅̅̅μ√

8(1 − e2)
3/2a9/2

(
2 − 3sin 2 i

)
+

3 ̅̅̅μ√

2a5/2 ,

(3)  

∂λ̇
∂e

=
3J2R2

Ee ̅̅̅μ√

a7/2(1 − e2)
3

(
4 − 5sin 2 i

)
+

9J2R2
Ee ̅̅̅μ√

4a7/2(1 − e2)
5/2

(
2 − 3sin 2 i

)
,

∂λ̇
∂i

=
3J2R2

E
̅̅̅μ√

4a7/2(1 − e2)
2

(
− 5 − 3

̅̅̅̅̅̅̅̅̅̅̅̅̅
1 − e2

√ )
sin 2 i.

In this study, we used Gauss’s variational equations (GVEs) to 
represent the variation in orbital elements due to an external force to 
confirm the change in the orbital element due to the fixed thrust. The 
change in drift rate due to ΔV can be calculated using the time dis-
cretized GVEs and Eq. (3). The discretized GVEs can be expressed as 
[24]: 

δa=
2

n
̅̅̅̅̅̅̅̅̅̅̅̅̅
1 − e2

√ {e sin νΔVR +(1+ e cos ν)ΔVS},
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√

na

{
sin νΔVR +
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cos ν+ e + cos ν

1 + e cos ν

)
ΔVS

}
,

δi=
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1 − e2

√
cos λ

na(1 + e cos ν)ΔVW , (4)  

δΩ=

̅̅̅̅̅̅̅̅̅̅̅̅̅
1 − e2

√
sin λ

na(1 + e cos ν)sin i
ΔVW ,
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√
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− cos νΔVR +
sin ν(2 + e cos ν)

1 + e cos ν ΔVS
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δM0 =
1 − e2

nae
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cos ν − 2e
1 + e cos ν

)

ΔVR +
2 + e cos ν
1 + e cos ν sin νΔVS

}

,

where ν is the true anomaly; ΔVR, ΔVS, and ΔVW are components of ΔV 
in the radial, along-, and cross-track directions, respectively; and Ω is the 
RAAN. Therefore, the drift rate changed by the impulse bit (δλ̇imp) was 
derived by combining Eqs. (3) and (4).   

As discussed in the previous section, the orbit controls shall be 
executed near the equator to minimize the alteration in attitude. 
Therefore, the orbit control direction was determined to be the direction 
that has the maximum effect on the drift rate among the three axes of the 
LVLH frame. In addition, the direction must be fixed on the inertial 
frame because the direction depends on the attitude of the nanosat and 
the attitude cannot be controlled during thrust generation. Therefore, 
the orbit control direction calculated from the LVLH frame based on the 
equator was converted into an inertial frame. The direction expressed in 
the inertial frame is used to calculate the desired attitude of the nanosat 
for orbit control. Because ΔV was fixed by the specification of thrust 
module, a drift rate that was changed by the thrust generated for a 
second (δλ̇imp) can be calculated when thrust was generated in the most 
efficient direction. Further, the desired orbit control operation time 
(Tcont,DR) was calculated by dividing the desired change in drift rate (δλ̇d) 
by the change in the drift rate by the impulse bit (δλ̇imp). 

Tcont,DR =
δλ̇d

δλ̇imp
(6) 

If the calculated orbit control operation time exceeds the maximum 
orbit control operation time, which was set to 30 s in the simulation, the 
orbit control was performed only for the maximum time, and then the 
same type of orbit control was executed in the next chance. 

3.2. Station keeping control for the along-track formation 

Station keeping control aims to maintain the relative distance be-
tween nanosats to prevent the nanosats from passing through each other 
at the final stage of the along-track formation. It also aims to make 
render the drift rates of both nanosats equal. The maneuvers make the 
drift rate of the deputy equal to the drift rate of the reference. Therefore, 
the desired change in the drift rate of the deputy nanosat was 

δλ̇d = λ̇ref − λ̇dep, (7)  
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where λ̇dep is the drift rate of the deputy nanosat and λ̇ref is the drift rate 
of the reference nanosat calculated based on MOEs. The control should 
be performed by splitting it several times to reduce the change in rela-
tive distance after finishing the along-track formation phase caused by 
the magnitude error and direction error of the thrust. The epoch of the 
initial station keeping control (tSK1) was determined based on the 
remaining duration for the along-track formation phase and expected 
command times for the station keeping control. The epoch is 

tSK1 = tmin −
k − 1

2
Tcmd, (8)  

where tmin is the epoch at which the relative distance becomes a mini-
mum if orbit control is not performed, k is the number of remaining 
commands for station keeping control that are determined by the 
concept of operations, and Tcmd is the time interval between the control 
commands that was set to 5 days in the simulation. The orbit control 
direction was considered the most efficient axis in the LVLH frame, 
similar to the drift recovery control. The orbit control operation time 
(Tcont,SK) was calculated in the same manner as the drift recovery con-
trols. However, it was divided more by the number of remaining com-
mands for the station keeping control, as expressed in Eq. (9). 

Tcont,SK =
δλ̇d

kδλ̇imp
(9) 

After the final station maintains control, the distance between 
nanosats could be less than 10 km, and the corresponding relative speed 
will be less than 10 km/day. 

3.3. Initial configuration control for the cross-track formation 

The initial configuration controls switch the shape of the formation 
flying from the along-track formation to the cross-track formation to 
observe the spatial differences of the physical phenomena in the 
geomagnetic field. To switch from the along-track formation to the 
cross-track formation, two nanosats changed their inclinations and the 
other two changed their RAAN. The change in inclination and RAAN by 
ΔV is shown in GVEs, Eq. (4). Spatial difference data at latitude of 70◦

can be collected by two nanosats with different inclinations. As the 
difference in inclinations of two nanosats increases, the relative distance 
increases geometrically at the high latitudes as described in Fig. 10 (a). 
Otherwise, the data at the equator can be collected by the other two 
nanosats which have different RAANs. As the difference in RAANs of two 
nanosats increases, the relative distance increases geometrically at the 

equator as described in Fig. 10 (b). One nanosat increased its inclination, 
and the other nanosat decreased its inclination. Similarly, the other two 
nanosats changed the RAAN to switch the shape of the formation. After 
the initial configuration controls, four nanosats can be aligned in the 
normal direction of the orbital plane, as described in Fig. 10 (c), at a 
latitude of 70◦. This shape of formation, cross-track formation, can 
gather the science data in spatial differences around the latitude of 70◦. 

To minimize ΔV consumption, controls to change the inclination and 
RAAN should be conducted at the equator and poles, respectively. As 
expressed in Eq. (4), the change in inclination by ΔV is a function of cos λ 
such that the controls should be performed at the points where the 
argument of latitude is 0◦ or 180◦ to minimize ΔV consumption and 
maximize change in inclination. Similarly, the change in RAAN by ΔV is 
a function of sin λ such that the controls should be performed at the 
points where the argument of latitude is 90◦ or 270◦. Therefore, orbit 
controls to change the RAAN are performed near the pole to reduce fuel 
consumption. It was preferred to perform orbit control near the equator 
to minimize the variation in attitude for orbit control, but the control to 
change RAAN was performed at the pole to minimize ΔV consumption. 
In addition, the thrust should act in the cross-track direction to change 
the inclinations and RAANs. Changing orbital plane consumes a signif-
icant amount of fuel. This indicates that switching the shape of forma-
tion requires a long orbit control operation time. Therefore, the initial 
configuration controls were performed repeatedly several times until the 
size of the cross-track formation became more than 10 km and were 
executed for the maximum control operation time, which was set to 100 
s in the simulation at each command. 

According to the drift rate equation, Eq. (1), the difference in in-
clinations resulted in differences in the drift rate, which changes the 
relative distance in the along-track direction. In addition, the thrust 
should be activated in the cross-track direction, but the direction error of 
the thrust causes ΔV to act in an unintended direction. Therefore, the 
distance in the along-track direction was not maintained and should be 
corrected to maintain the cross-track formation. Therefore, the along- 
track correction control was needed to reduce the deformation of the 
cross-track formation in the along-track direction. The amount of con-
trol for the along-track correction control was expressed in time. The 
along-track correction control time (TATC) was obtained based on the 
estimated position in the along-track direction at the control epoch 
(y(tc)) and the effect of the thrust (Δẏburn) derived from the controls in 
the along-track formation phase. The along-track correction control time 
(TATC) was 

Fig. 10. Conceptual image illustrating how difference between inclination and RAAN ensures relative distance along spatial direction: Inclination change reserves 
the spatial distance at 70◦ latitude, whereas RAAN change reserves spatial distance at equator. 
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TATC =

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

ẏsec(tOD)

Δẏburn
, y(tc) < ymax

ẏsec(tOD) +
y(tc)

Tcmd

Δẏburn
, y(tc) ≥ ymax

, (10)  

where tc is the orbit control epoch, tOD is the orbit determination epoch, 
and ymax is the maximum distance criteria in the along-track direction, 
which is set to 10 km. When the estimated position at the control epoch 
(y(tc)) was less than ymax, the control succeeded to reduce the relative 
velocity in the along-track direction. However, if the position exceeded 
the maximum distance, the control operated to make the distance in the 
along-track direction zero at the next control epoch, as expressed in Eq. 
(10). Here, ẏsec(t) is the secular velocity in the along-track direction at 
the epoch. ẏsec(t) was derived at the orbit determination epoch based on 
the precise orbit determination data because the orbit control parame-
ters shall be calculated on the ground station based on the received data 
from the nanosats. When the relative coordinate system was constructed 
using orbit prediction data after a day or more, the errors in position and 
velocity were too large to correct the deformation in the along-track 
direction owing to orbit propagation errors. Therefore, the deforma-
tion at the orbit control epoch was predicted using a state vector on the 
relative coordinate system constructed using precise orbit determination 
data. If TATC is more than 10 s, it is judged that the relative speed is not 
sufficiently small; thus, the station keeping control should be conducted. 

The orbit control direction of the initial configuration control was 
determined by the combination of the inclination or RAAN change 
control and the along-track correction control. The direction should be 
fixed during the orbit control; thus, it was calculated at the equator 
when changing the inclination and at the pole when changing the RAAN. 
The along-track correction control should act in the along-track direc-
tion, and orbital elements change control should act in the cross-track 
direction. Because the required magnitude of control is expressed in 
time, the orbit control direction is calculated with the combination of 
along-track correction control time and orbital plane change control 
time. As thrust is generated during the maximum orbit control time, the 
direction is determined to ensure that the thrust acts in the along-track 
direction for along-track correction control. Therefore, the orbit control 
direction (dLVLH) was directly obtained from the along-track control time 
and maximum control operation time (Tmax) as 

dLVLH =

[

0
TATC

Tmax

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

T2
max − T2

ATC

√

Tmax

]

. (11) 

The maximum control operation time was set to 100 s according to 
the power stability. The direction implies that the amount of control 
required for the along-track correction acts in the along-track direction, 
and the remaining amount of control is used to change the inclination or 
RAAN. The direction should be fixed during the thrust firing; subse-
quently, the direction calculated from the LVLH frame based on the 
equator or poles was converted into an inertial frame. The input 
maximum control operation time was used as the orbit control operation 
time. Orbit control started to pass through a node or pole in the middle 
of the orbit control operation time on the dayside. Therefore, the di-
rection was derived on the inertial frame, the control operation time was 
the maximum control operation time, and the epoch was before the 
nanosat passed the node or pole. 

3.4. Reconfiguration control for cross-track formation 

The reconfiguration control consistently extends the size of the cross- 
track formation to satisfy the scientific objective. In the cross-track 
formation phase, the nanosats slightly changed the orbital plane to in-
crease the observation interval of the spatial data. After the initial 

configuration control that changed from the along-track formation to 
the cross-track formation, all nanosats changed their inclinations to in-
crease the size of the formation. The two nanosats with a small RAAN 
decreased their inclinations, while the other two with a large RAAN 
increased their inclinations. The controls were executed near the 
equator. In addition, increasing the size utilized the secular change in 
RAAN owing to the J2 perturbation. The secular rate in RAAN by J2 
perturbation can be found in Ref. [21]. 

dΩ
dt

=
3J2R2

En cos i
2a2(1 − e2)

(12) 

Fig. 11 describes how to increase the size of the cross-track formation 
through reconfiguration control. When the inclination was more than 
90◦, increasing the inclination increased the magnitude of the secular 
rate of RAAN, and decreasing the inclination decreased it. This increased 
the relative distance on the equator, as shown in Fig. 11. The difference 
in RAAN naturally increased over time because of the secular variation 
of RAAN, which is caused by the J2 orbital perturbation. Therefore, at 
the equator, the size of the cross-track formation consistently expanded 
owing to the secular variation of RAAN with changing inclination. In 
addition, the size of the formation expanded as the difference in incli-
nation and RAAN increased at the latitude of 70◦, as shown in Fig. 11. 
The difference between inclinations also caused deformation in the 
along-track direction because of the difference in drift rates between 
nanosats. Therefore, the along-track correction control was also needed 
during the cross-track formation phase, similar to the initial configura-
tion controls. 

To perform ground-based orbit control, we must calculate when, in 
which direction, and how long the thrust to be activated. The control 
epoch was determined before the nanosat passed the ascending or 
descending node on the dayside. The control was initiated to ensure that 
the node came in the middle of the control operation time. The recon-
figuration control included cross-track direction control to increase the 
size of the cross-track formation and along-track correction control to 
maintain the shape of the formation. Therefore, the orbit control di-
rection for the reconfiguration control was determined with the com-
bination of the orbital element change control and the along-track 
correction control, which was similar to the initial configuration con-
trols. The control operation time was also set with the input maximum 
control operation time. 

Fig. 11. Concept of the reconfiguration control. Inclination is changed by the 
orbit control and RAAN is naturally changed by the J2 orbital perturbation. 
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4. Attitude of the nanosat for orbit controls 

4.1. Attitude calculation of the nanosat for orbit controls 

In this study, the TRIAD method is used to calculate the desired 
nanosat attitude on the ground for the solar panel to face the Sun to the 
extent possible to ensure power stability during the orbit controls. As the 
solar panel must face the Sun to the extent possible while the thrust 
direction of the nanosat is in the direction of orbit control, the attitude of 
the nanosats during orbit control is calculated using the TRIAD method. 
The TRIAD method is one of the simplest static attitude determination 
methods, requiring only two vector measurements [25]. The TRIAD 
method was used to generate the desired attitude that the nanosat 
should achieve during thrust generation. The attitude requirement for 
this situation was that the thrust direction was aligned exactly with the 
desired orbit control direction, while the angle between the Sun and 
solar panels was minimized to the extent possible for power generation. 
Owing to the aforementioned features of the TRIAD method, it can be 
used to calculate the attitude satisfying the requirement by aligning the 
desired thrust vector in the inertial frame with the thrust direction in the 
body-fixed frame and mapping the Sun vector in the inertial frame to the 
solar panel direction in the body-fixed frame. 

To inspect the adequacy of the TRIAD method for this situation, sets 
of sun vectors and desired thrust vectors in the inertial frame were 
generated, and the rotation matrix was calculated via the TRIAD method 
for each set of data. The thrust direction vector was [0− 1 0], and the 
solar panel direction vector was [0 0− 1] on the body-fixed frame, as 
shown in Fig. 7. We converted the two vectors on the body-fixed frame 
to the inertial frame using the rotation matrix calculated from the TRIAD 
method and compared them with the Sun vector and orbit control vector 
on the inertial frame. As shown in Fig. 12, the angles between the thrust 
direction vector and the desired orbit control vector were zero. How-
ever, the angles between the solar panel direction vector and the Sun 
vector were not zero for all datasets. The reason for these differences is 
the mutual perpendicularity of the thrust and solar panel direction 
vector frames, as shown in Fig. 7, but the orbit control vector and the sun 
vector described in the inertial frame were not. Using the TRIAD 
method, the attitude of the satellite with the smallest difference between 
the solar panel direction vector and the sun vector was calculated, while 

the thrust direction vector was matched with the orbit control vector. 
Therefore, the attitude calculated by the TRIAD method is the attitude in 
which the thrust direction is oriented toward the orbit control direction, 
and the solar panel is toward the Sun to the extent possible during orbit 
control. The attitude is calculated on the ground station and transmitted 
to the nanosats for the maneuvers. 

4.2. Attitude maintenance for orbit controls 

Because the attitude cannot be controlled using the reaction wheel 
while generating the thrust due to the disturbance torque from thrust 
misalignment, the four thrust nozzles, with their on and off, is used to 
maintain the orbit control direction [26]. The thrust modulation algo-
rithm is developed to maintain the control direction while the thrust 
module operates. So, the algorithm only activates during generating 
thrust to maintain the attitude of nanosat. The thrust module of the 
nanosat consists of four nozzles pointing to the same direction. The 
differences in the thrust magnitude between the nozzles and structural 
factors can produce a torque that changes the attitude of the nanosat 
while the orbit controls are in operation. The thrust modulation algo-
rithm generates torque by the on and off control of each nozzle to reduce 
the angular velocity and errors in the orbit control direction. As shown 
in Fig. 13, the algorithm determines the activation of each nozzle to 
maintain the desired control direction. 

To verify the algorithm, we conducted numerical simulations. The 
algorithm checks for the misalignment every 1 s and determines the on 
and off nozzles when the thrust direction error exceeds 0.5◦ or the rate 
exceeds 0.3◦/sec. The moment of inertia of nanosat in the simulation 
was set as Ixx = 0.127 kgm2, Iyy = 0.159 kgm2, Izz = 0.108 kgm2 and off- 
diagonal terms were zeros. The error of the thrust magnitude of each 
nozzle was 10% (1σ), and the center of mass was assumed to have an 
error of 1 cm (1σ) from the geometric center of the nanosat in each axis. 
The initial control direction error was 10◦ (3σ) and the angular velocity 
error was 0.1◦ (1σ) in the roll and yaw axes. As shown in Fig. 7, the 
thrust module can generate torque in the roll and yaw axes because all 
nozzles are on the same plane. The algorithm can compensate for the 
torque caused by an imbalance in the thrust magnitude between each 
nozzle to ensure that the nanosat can maintain the orbit control direc-
tion for 100 s. Fig. 14 (a) shows that the initial control direction error 
was over 3.5◦, but it decreased and remained within 1◦ after 20 s owing 
to the thrust modulation algorithm. Fig. 14 (b) shows the total magni-
tude generated by the thrust module, and Fig. 14 (c) shows the thrust 
magnitude of each nozzle. The thrust magnitudes of each nozzle are 
slightly different because the magnitude errors in each nozzle are 
different. When four nozzles were turned on, the magnitude was almost 
0.1 N. The magnitude varied according to the on and off state of the 
nozzles. Through the thrust modulation algorithm, the direction of the 
thrust can be maintained within 1◦, which is the requirement; thus, even 
if there is a difference in the thrust magnitude per nozzle, orbit control 

Fig. 12. Angle differences (○) between the real thrust direction and the desired 
orbit control direction, and the angle differences (●) between the solar panel 
direction and the Sun direction. The error in the orbit control is zero, but the 
Sun direction is not zero because the main purpose of attitude estimation for 
orbit controls is to match the orbit control direction vector and the 
thrust vector. 

Fig. 13. Conceptual image of thrust modulation algorithm.  
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can be conducted. Unfortunately, the thrust magnitude of each nozzle is 
unknown at the ground station during the control operation. Therefore, 
maintaining the thrust direction by means of a feedback control based 
on the attitude determination result using the thrust modulation algo-
rithm embedded in the nanosat is necessary. The resulting thrust di-
rection error is calculated using the thrust modulation algorithm and 
included in the telemetry received from the ground station. 

5. Numerical simulations 

The presented design of the formation flying system for the SNIPE 
mission was validated using numerical simulations. The General Mission 
Analysis Tool (GMAT) [27], a proven mission design tool, was used as a 
propagator, and the force model is presented in Table 3. Parameters for 
the orbit controls were set in consideration of the 6U-size nanosat. As the 
thrust magnitude of each nozzle was 25 mN, that generated by four 
nozzles was 100 mN. But the total thrust magnitude was 90 mN in the 
simulation because it was reduced by 10% because of thrust modulation 
algorithm. The maximum operating time of the thrust module was 30 s 
and 100 s in the along-track and cross-track formations, respectively. 

Considering the power, the thrust module can be operated for 100 s. 
However, in the along-track formation phase, the maximum operating 
time is limited to 30 s to reduce the error by splitting the orbit controls. 
To simulate a finite burn, the time domain was discretized in 1-s in-
tervals during simulations. The time interval between orbit control 
commands was 5 days for the along-track formation, 3 days for the 
initial configuration, and 5 days for the reconfiguration. The desired 
along-track formation duration was set to 75 ± 10 days. The magnitude 
error of ΔV was 10% (1σ), and the direction error of ΔV was 13◦ (3σ), 
which comprised of attitude determination and control error (10◦, 3σ), 
and structural error (3◦, 3σ). The orbit determination error in the posi-
tion and velocity in each axis of inertial frame were 15 m (1σ) and 0.03 
m/s (1σ), respectively. We could determine the ejecting direction of the 
nanosat from a launch vehicle individually; thus, the nanosats were set 
such that they are ejected from a single launch vehicle at 10 s time in-
terval in a proper direction to drift away at equal distance intervals. The 
mission orbit was set to a sun-synchronous orbit with the perigee and 
apogee altitudes of the launch vehicle assumed to be 400 km and 600 
km, respectively, and the longitude of the ascending node was 11 h. In 
the simulation, to confirm the cases of nanosats with various relative 

Fig. 14. Simulation results pertaining to thrust-modulation algorithm. The worst case represents the case wherein thrust magnitudes of the two top nozzles equal 
27.5 mN, while those of the other two nozzles equal 22.5 mN. The angle error between the real thrust and desired orbit control direction is within 1◦. The magnitude 
of total thrust varies depending on whether each nozzle is operational and differs for each nozzle. 

Table 3 
Simulation setting of the dynamic model and parameters for orbit controls.   

Contents Specifications 

Dynamic model Gravity model JGM-3 30 by 30 
Third body perturbation Sun, Moon, Jupiter 
Air drag model MSISE90 
Solar radiation pressure Spherical model 

Parameters for orbit 
controls 

Drag area 0.045 m2 

Mass 10 kg 
Thrust magnitude 25 mN per nozzle 
Thrust module operation 
time 

Along-track formation phase 
– 30 s 
Cross-track formation phase 
– 100 s 

Total ΔV  50 m/s 
ΔV errors  ΔV magnitude – 10% (1σ) 

ΔV direction - 13◦ (3σ)  
Orbit determination 
error 

Position – 15 m (1σ) 
Velocity – 0.03 m/s (1σ)  

Command interval drift recovery – 5 days 
station keeping – 5 days 
initial configuration – 3 days 
reconfiguration – 5 days  

Fig. 15. Relative distances of each nanosats with respect to SAT A. The relative 
distance between the nanosats were modulated by the multiple finite burns. 
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distances, the reference nanosat was denoted by SAT A, which was the 
leading nanosat on the orbital plane among the four nanosats. 

5.1. Drift recovery control for the along-track formation 

The drift recovery control was used to gather the four nanosats to 
reduce the size of the along-track formation to observe various intervals 
of temporal data. The controls decreased the relative distances between 
the nanosats that have expanded in the LEOP. Fig. 15 shows the simu-
lation results of the along-track formation. This shows that the distances 
of SAT B, SAT C, and SAT D increased from SAT A after being ejected 
from a launch vehicle during the initialization, stabilization, and 
commissioning duration, expressed as the LEOP. In this phase, SAT A, B, 
C, and D were ejected at the ejection angles 0◦, 40◦, 55◦, and 70◦, 
respectively and relative to the along-track direction on the orbital plane 
of the launch vehicle. A 0◦ ejection angle implies that the nanosat is 
ejected in the along-track direction of the launch vehicle (i.e., the ve-
locity direction of launch vehicle). When a nanosat is ejected in the 
radial or cross-track direction, collision with a launch vehicle is possible, 
so the ejection velocity should have an along-track component. The 
LEOP will be 30 days according to the concept of operations. The 
maximum relative distance exceeded 6000 km, and the distances be-
tween nanosats were about 2000 km at the end of the LEOP as shown in 
Fig. 15. 

After commissioning the thrust module, the nanosats performed the 
drift recovery controls described in Section 3.1 to decrease the relative 
distance with respect to the reference nanosat SAT A. The control 
changed the drift rate to be closer to the reference nanosat for the along- 
track formation phase. The markers on the left side of the along-track 
formation phase in Fig. 15 represents the drift recovery controls. If the 
calculated control operation time, which is required to reduce the dis-
tance for the along-track formation phase, exceeded the maximum 
control operation time, drift recovery controls were repeated after 5 
days. Therefore, SAT B conducted the drift recovery controls twice to get 
closer to SAT A. Similarly, SAT C and D conducted three and four times 
of the controls, respectively. During the along-track formation phase, 
SAT B, C, and D moved on the cross-track and along-track plane of SAT A 
as described in Fig. 16. The relative distance shown in Fig. 15 exceeds 
the along-track position shown in Fig. 16 because the relative distance 
also considered the radial position. They approached the origin where 
the reference nanosat was located. It was confirmed in the control 
operation time of drift recovery control in Table 4 that all control 
operation time, except the last control, is the maximum control opera-
tion time. The largest ΔV consumption case was with SAT D, and the 

amount of ΔV was 1.26 m/s, which is less than 3 m/s than that of the ΔV 
budget for drift recovery controls, as shown in Table 2. 

5.2. Station keeping control for the along-track formation 

The station keeping control described in Section 3.2 was to maintain 
the relative distance between the nanosats to prevent the size of the 
along-track formation from increasing again. If station keeping controls 
are not performed, the difference in drift rate will be maintained and the 
relative distance between the nanosats will decrease and then increase 
again. The controls made the drift rate of the nanosat the same as the 
drift rate of the reference nanosat, SAT A. The markers on the right side 
of the along-track formation phase in Fig. 15 represents the station 
keeping controls. The number of commands for station keeping controls 
was set to three times to reduce the error, thereby ensuring that the 
variation in the relative distance caused by the errors in the orbit control 
was reduced after finishing the along-track formation phase. Nanosats 
started the station keeping control before the relative distance became 
too small to perform multiple times. The relative distances of SAT B, SAT 
C, and SAT D from SAT A were 5, 122, and 14 km, respectively, 10 days 
after the last station keeping control. The control operation time was 
obtained by dividing the control time required to make the same drift 
rate by the remaining number of commands for the station keeping 
control. Thus, it was confirmed in Table 4 that the control operation 
time used for each control in each nanosat was similar. The ΔV con-
sumption of each nanosat was less than 0.5 m/s, which meets the ΔV 
budget of station keeping controls in Table 2. The durations for the 

Fig. 16. Relative position of each nanosats with respect to SAT A at the ascending node in the along-track formation phase.  

Table 4 
Numerical results of the along-track formation. The maximum control operation 
time in one orbit control is set to 30 s.  

Parameters SAT B SAT C SAT D 

Drift recovery 
control 

# of finite burns 2 times 3 times 5 times 
Accumulated ΔV  0.3635 m/ 

s 
0.7835 m/ 
s 

1.3048 m/s 

Control operation 
times 

30 + 10 s 30 +
30+27 s 

30 + 30+30 +
30+25 s 

Station 
keeping 
control 

Control 
commands 

3 times 3 times 3 times 

Accumulated ΔV  0.1317 m/ 
s 

0.2880 m/ 
s 

0.5940 m/s 

Control operation 
times 

5 + 5+5 s 12 +
12+8 s 

22 + 22+22 s 

Duration for along-track formation 69.3358 
days 

66.4424 
days 

75.3891 days  

Y. Song et al.                                                                                                                                                                                                                                    



Acta Astronautica 186 (2021) 148–163

161

along-track formation phase of each nanosat, time intervals between the 
initial control for drift recovery, and final control for station keeping, 
were over two months; consequently, the SNIPE mission could collect 
temporal data in this phase. 

5.3. Initial configuration control for the cross-track formation 

After all the nanosats have finished the station keeping control, the 
mission changed the shape of the formation from the along-track for-
mation to the cross-track formation. The initial configuration control 
transposed the shape of the formation to observe the spatial data. SAT A 
and SAT D changed their inclination, whereas SAT B and SAT C changed 
their RAAN to alter the shape of formation from the along-track for-
mation to the cross-track formation. Fig. 15 shows the result of the 
numerical simulation of the initial configuration control. The reference 
of the simulations was a propagated orbit of SAT A without orbit control 
from the end of the along-track formation phase. Fig. 17 also shows the 
changes in the position of the four nanosats over time on the cross-track 
and along-track plane of the reference at the equator and a latitude of 
70◦. SAT A, which increased its inclination, moved toward the right side 
with respect to the reference at the equator and the left side with respect 
to the reference at a latitude of 70◦ because of the variation in inclina-
tion and RAAN. SAT D moved in the opposite direction of SAT A because 
it decreased its inclination. Meanwhile, SAT B moved toward the left 
side with respect to the reference at the equator owing to a decreasing 
RAAN. It hardly moved at the latitude of 70◦ because the variation in 
RAAN barely affected the change in position at high latitudes. SAT C 
moved in the opposite direction of SAT B because it increased the RAAN. 

In Fig. 17, the four nanosats were placed as the square markers at the 
initial position of the simulation, which is the same as the relative po-
sition at the end of the along-track formation phase. The blue square 
marker indicates that SAT D is located with a relative distance of more 
than 70 km in the along-track direction, 10 days after all nanosats have 
finished the station keeping control. Nevertheless, through the along- 
track correction control that reduced the along-track direction posi-
tion to maintain the shape of the cross-track formation in the initial 
configuration control, deformation of the formation in the along-track 
direction was maintained under 50 km. The circle markers in Fig. 17 
indicate the position of the nanosats at the end of the initial configura-
tion control phase. The shape of the formation changed from the along- 
track formation to the cross-track formation, and the size of the for-
mation was longer than 10 km at the equator and a latitude of 70◦. Each 
nanosat controlled its orbit every three days and a total of 6 times. The 
bottom two plots in Fig. 17 describe the time variation of the size of the 
cross-track formation. The repeated orbit control caused the cross-track 
and along-track formation sizes to increase and decrease, respectively. 
As shown in Table 5, all nanosats activated their thrust module for 100 s 
in every orbit control and consumed nearly 5.4 m/s of accumulated, ΔV 
which is less than the 12 m/s, ΔV budget for the initial configuration. 
Consequently, the initial configuration controls constructed the sizes of 
the cross-track formation to 10.0 and 12.3 km at the equator and at a 
latitude of 70◦, respectively. Consequently, the formation can have a 
shape for observing the spatial differences. 

5.4. Reconfiguration control for the cross-track formation 

The reconfiguration control increased the size of the cross-track 
formation to gather various scales of spatial data in three months. 
After converting to the cross-track formation, the nanosats should 
extend the size of the formation using the reconfiguration controls. To 
increase the size, all nanosats changed their inclination. SAT A and SAT 
C increased their inclinations, while SAT B and D decreased their in-
clinations to extend the cross-track formation. The size of the formation 
expanded at a latitude of 70◦ because of the increase in the difference 
between the inclinations of the nanosats. Furthermore, the size at the 
equator also expanded because of the increase in the difference between 
time variations of RAAN by J2 perturbation, caused by the change in 
inclinations. All nanosats generated thrust for 100 s in each control 

Fig. 17. Variation in position during the initial configuration at the equator (a) and at a latitude of 70◦ (b). The square and circle markers are the initial- and final 
position of each nanosat, respectively. The bottom two figures describe the time variation in the size of the cross-track formation. The size of the formation is the 
distance between the two farthest nanosats at the target latitudes in the along-track direction and cross-track direction. 

Table 5 
Numerical results of the simulation on the cross-track formation. With the same 
thrust performance, the four nanosats consume the same ΔV.  

Parameters SAT A/B/C/D 

Initial configuration control # of control commands 6 times 
Accumulated ΔV  ~6 m/s 
Control operation times 100 s per command 

Re-configuration control Control commands 18 times 
Accumulated ΔV  ~18 m/s 
Control operation times 100 s per command 

Duration for cross-track formation 90 days  

Y. Song et al.                                                                                                                                                                                                                                    



Acta Astronautica 186 (2021) 148–163

162

command, and the time interval between the commands was set to every 
5 days. The simulation was performed for a case in which the control 
was repeated 18 times for three months. Fig. 18 shows the time variation 
of the nanosat positions on the cross-track and along-track plane of a 
reference. Nanosats were placed at the points of the circle markers at the 
start of the reconfiguration control and moved to the square markers. 
The state vector of reference was calculated by the propagation of the 
uncontrolled SAT A at the end of the along-track phase, which is the 
same as the reference in the simulation for the initial configuration 
control. The size of the formation in the cross-track direction changed up 
to 100 km at the equator and a latitude of 70◦. 

The bottom two figures in Fig. 18 show that the rate of the size of the 
cross-track formation became faster with respect to time because of the 
difference in inclination that increased. The cross-track size is the rela-
tive distance between the rightmost and leftmost nanosat. In this 
simulation, the size of the cross-track formation was the relative dis-
tance between SAT A and SAT D. As presented in Table 5, each nanosat 
activated the thrust module for 100 s in every orbit control command 
and consumed approximately 18 m/s of the accumulated ΔV for 3 
months, which was less than the ΔV budget for the reconfiguration for 3 
months (23 m/s). The size in the along-track direction was maintained 
within 20 km on average. The requirement for the size of the formation 
in the cross-track direction from the scientific objectives is more than 
100 km at the target latitudes after 3 months. The size of the cross-track 
formation expanded from 10 km to 305 km at the equator, and from 12 
km to 125 km at a latitude of 70◦ for 3 months. 

6. Conclusions 

This paper presents the design of a nanosat formation flying system 
and validation of the design for the SNIPE mission. The formations 
should observe the temporal and spatial differences of physical phe-
nomena in the geomagnetic field. For these scientific objectives, the 
along-track and cross-track formations have been developed. The four 
nanosats that will perform the SNIPE mission planned to be ejected from 
a single launch vehicle and drifted apart during the LEOP. After the 
nanosats are ready to control their orbit, they decrease the relative 
distances during the along-track formation phase. The shape of the 
formation was transformed from the along-track to cross-track forma-
tion, and the size was extended by orbit control. To operate the two 

types of formations, four types of orbit controls, namely, drift recovery, 
station keeping, initial configuration, and reconfiguration control, were 
derived. The orbit control methods were devised considering the J2 
perturbation. The drift rate modulation was introduced to operate the 
along-track formation, and changes in the inclination and RAAN were 
considered during the cross-track formation. Orbit control scenarios 
were validated using numerical simulations that considered the con-
straints to implement the intended environment. The simulations re-
flected the limitation in terms of the time interval between the orbital 
information epoch and orbit control epoch, the inability to control the 
attitude during orbit control, constraints on power stability, and char-
acteristics of the thrust module. The along-track formation could collect 
temporal data from 5000 km to less than tens of kilometers during ~70 
days. Repeated maneuvers for the initial configuration switched the 
shape of formation from along-track to cross-track formation. Switching 
the shape of the formation took 18 days. Then, periodic maneuvers for 
the reconfiguration extended the size of cross-track formation from 10 
km to more than 100 km for 90 days to meet the scientific mission 
objective. The total accumulated ΔV for each nanosat was below the ΔV 
budget of 50 m/s, which comprises of the drift recovery, station keeping, 
initial configuration, reconfiguration control, and 20% margin. In the 
event where no uncertainties and constraints exist, an ideal environ-
ment, ΔV could be calculated using a simple inverse matrix. However, 
the desired orbit control cannot be achieved under the constraints and 
uncertainties by the solution for the ideal environment. Unfortunately, 
redundancy does not exist, and recovery is impossible when the desired 
orbit control is not preformed due to hardware malfunction. To guar-
antee the robustness of the design and control method, simulations were 
performed for about 20 different cases, and it was confirmed that two 
types of formation flying operations were possible in all cases. If the 
thrust module cannot be used owing to power constraints or the thrust- 
direction error exceeds 10◦ because the thrust modulation algorithm 
malfunctions or the attitude control is executed abnormally, the nano-
sats do not perform orbit control and await the next orbit-control 
command. If the accuracy of orbital information is improved by using 
inter-satellite link or by increasing the frequency of communication 
between nanosats and the ground, more sophisticated formations can be 
operated. For the SNIPE mission, the result of this study can be imple-
mented in formation flying dynamics software to integrate in the soft-
ware of the ground station and perform the operation test to prepare the 

Fig. 18. Top two figures describe the variation in position during the cross-track formation for 3 months at the equator (a) and latitude 70◦ (b). Square and circle 
markers are the initial and final position of each nanosat, respectively. The bottom two figures describe the time variation in the size of the cross-track formation. The 
size of the formation is the distance between the two farthest nanosats at the target latitudes in the along-track direction and cross-track direction. 
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acquisition phase. 
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