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Abstract: Based on the characteristics of near-circular
orbits and close-range leader–follower flights, the rela-
tive dynamics equations of the eccentricity/inclination
(e/i) vector method are introduced herein. Additionally,
the constraint terms in the design of the leader–follower
flight formation are found to satisfy the conditions of the
line-of-sight angle and inter-satellite distance. The con-
trol box algorithm is proposed under the flying task’s
constraints, such as the line-of-sight angle and distance
between the satellites according to the e/i vector and
Gauss perturbation equations. The algorithm comprehen-
sively takes into account the relationship between the
relative motion variations in the satellite formation in
near-circular orbits as well as their relationship with the
velocity increment applied to the satellites. The example
simulated in this study not only illustrates the existence
of a coupling relationship between the flight-following
distance and flight-following line-of-sight angle but also
verifies the influence of the relative eccentricity of the
two satellites on the leader–follower flight stability. The
simulation results show that when the control box algo-
rithm was used to maintain the leader–follower flight,
this method was simple, intuitive, and may be feasibly
introduced as a flight-following control strategy.

Keywords: near-circular low-orbit, flight-following con-
figuration, relative movement

1 Introduction

In a leader–follower flight formation, the target and
tracking satellites fly along a flight path, one after the
other. This is an accompanied mode of flight often used
in applications such as space rendezvousing and docking,
on-orbit services, and space operations. Using on-board
measurement equipment, the tracking satellite performs
close-range observations and monitoring of a target satel-
lite. However, due to the presence of various perturbing
forces in the low-orbit environment, the state of relative
motion of the flight formation tends to diverge in a free
flight. This can easily cause the configuration to drift and
the target satellite to fly out of the observation range of the
tracking satellite, leading to mission failure. Maintaining
the flight configuration in various space environments is,
therefore, the key to leader–follower flight control.

Presently, there are two main methods for describing
the relative motion relationship of the satellite forma-
tions: orbital elements and dynamic equations (Zhao
et al. 2022; Bai et al. 2021). Baranov et al. (2019) considered
the maintenance of a given configuration of a satellite
formation of the “TerraSAR-X-TanDEM-X” type using
orbital elements for maintaining a large semi-axis, ecc-
entricity, inclination, and their various combinations to
achieve an adequate maintenance measurement accu-
racy. Chen and Dimarogonas (2020) addressed the pro-
blem of achieving relative position-based formation
control for leader–follower systems using dynamic equa-
tions for a group of leaders to steer the entire system and
achieve the target formation. The orbital element method
is convenient for engineers to design the desired config-
uration, but it is not conducive for the analysis of the
control strategy (Hwang et al. 2022). Dynamic equations
are more convenient for the direct implementation and
analysis of the control method, but it is challenging to
change the formation configuration (Liu et al. 2022). Based
on the Hill and linearized Lawden equations (the T–H
equation), Parsay et al. (2021) converted the formation
flying problem into a planning problem. The conversion
between the relative state and orbital elements is achieved
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according to the orbital rendezvous task; however, the
solution process is complicated. Eckstein et al. (1989)
were the first to use an e/i vector relative motion state
algorithm for the co-location problem of geostationary
satellites. Because it is simpler to describe the relative
motion of satellites based on the e/i vector equations
and it is easier to conduct a dynamic analysis of this
system, such an algorithm can be used in the close-
range control of some low-orbit satellites. Lim et al.
(2018) studied the InSAR satellite formation configura-
tion design algorithm based on the e/i vector. Sharifi
and Damaren et al. (2021) studied the satellite formation
reconfiguration control algorithm based on the relative
orbital elements. Liu et al. (2019) studied an e/i vector
control method for the relative inclination configuration
of formation flights.

On the basis of the above research results, we intro-
duce an e/i-vector-based algorithm for describing the
relative motion state of low-orbit satellites to satisfy the
specified short-range flight-following distance, line-of-
sight angle, and deviation angle conditions. We imple-
ment a flight-following configuration control algorithm
by combining a formation control model design with a
Gaussian perturbation equation. The algorithm described
in this study is simple and reliable, and provides a
method for achieving the short-range flight-following
control of low-orbit satellites.

2 Description of a leader–follower
flight problem

The leader–follower flight state is a state of flight in
which the follower satellite SF follows the target satellite
ST and maintains a certain distance. While satisfying the
operating conditions of the observation equipment, such
as the following distance, line-of-sight angle, and devia-
tion angle, the follower satellite must form a specific fol-
lowing configuration and perform an actively controlled
flight to achieve a real-time observation and monitoring
of the target satellite ST.

As shown in Figure 1, a relative motion coordinate
system is established at the center of mass of the follower
satellite. The axis of the target satellite is ST, and ST0 is the
projection of ST onto the orbital plane of the follower
satellite SF. The relative distance between the target satel-
lite ST and follower satellite SF is Δr. The relative position

of the two satellites is
⎯→⎯

=r S SΔ F T, where S SF T0 is the pro-
jected line of SFST onto the orbital plane of the follower
satellite. The deviation angle ε is the angle between SFST

and S SF T0. The direction of the velocity of SF is along the
y-axis. The line-of-sight angle α is the angle between the
y-axis and SFST.

This study mainly considers short-range flight-fol-
lowing missions in near-circular orbits, and the consid-
ered flight formation is defined as follows: (i) both the
target satellite ST and follower satellite SF in the flight
formation are in near-circular orbits such that the eccen-
tricity of the two satellites is much less than 1; (ii) the
follower satellite SF follows the target satellite in a close
range such that the dimensionless Kepler element number
of the two satellites is much less than 1.

3 Proposed relative orbital
dynamics model based on the e/i
vector

To address the control of near-circular short-range orbits,
we introduce an e/i vector approximation to express the
orbital dynamics equation. The relative eccentricity vector
Δe and relative inclination vector Δi are defined by the fol-
lowing equations (D’Amico and Montenbruck et al. 2006):
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where ei, ii, and Ωi(i = T, F) represent the eccentricity,
orbital inclination, and right ascension of the ascending
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Figure 1: Relationship between the line-of-sight angles in a relative
motion coordinate system.
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node of the target or follower satellite, respectively; θ and
φ are the vector directions of Δe and Δi, respectively.

Following an approximate derivation, we obtain the
e/i-based relative motion dynamics equations of the satel-
lite as follows (Liu 2019):
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where aF is the semi-major axis of the follower satellite;
Δa = aL − aF; u is the angular amplitude; Δu = uL − uF; u0 is
the initial value of the angular amplitude. The relative
motion in the orbital plane is decoupled from the relative
motion in the normal direction of the orbital plane. The
heading drift ellipse in the orbital plane has a semi-major
axis that is twice the semi-minor axis. The difference in
the eccentricities of the two satellites determines the size
of the follower ellipse, and the difference in the semi-
major axes of the two satellites determines the heading
drift rate of the follower ellipse. This shows that by using
the e/i vector, the geometric relationship of the relative
motion can be described more clearly with fewer orbital
elements, which is beneficial for the analysis of the
orbital control of the follower formation.

4 Analysis of follower constraints
and perturbation effects

Figure 1 provides a definition for the line-of-sight angle α
and the deviation angle ε of the relative motion coordi-
nate system. The constraints on the relative distance Δr,
line-of-sight angle α, and deviation angle ε are as follows:
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When the leader–follower satellite formation flies in
low earth orbits, it is affected mainly by the aspheric J2
perturbation of the earth and atmospheric perturbations,
which prevent the constraints of the flight-following con-
figuration from being satisfied. It is, therefore, critical to
analyze these perturbations and their effects on flight-
following control.

4.1 Effects of J2 perturbations on the relative
motion configuration

We shall only consider the long-term effects of a J2 pertur-
bation (Casalino and Forestieri 2022; Zgang and Ge 2021).
According to the Gaussian perturbation equation, the rate
of change in orbital elements can be expressed as follows
(Yu and Jin 2010):
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where Re is the radius of earth, and n is the average
orbital speed. By converting Eq. (5) to the relative coor-
dinate system shown in Figure 1 and retaining only the
first-order terms in the linearization process, we obtain:
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From the definition of the relative vector e/i, we
obtain:
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≈ +u M ωΔ ̇ Δ ̇ Δ ̇ . (8)

Under the influence of a J2 perturbation, vectors Δe
and Δi undergo the following changes:
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By substituting Eqs. (8), (9), and (10) in Eq. (3), we
find that the origin of the flight-following configuration
changes on the y-axis, and the angle between the vectors
Δe and Δi changes accordingly.

4.2 Effects of atmospheric drag perturbation
on the relative motion configuration

Atmospheric drag is a non-conservative force. For satel-
lite formations operating in low earth orbits, in the upper
atmosphere, for extended periods of time, the micro-atmo-
spheric drag caused by slight differences in the surface-to-
mass ratio between the formations or slight differences
in the satellite orbital elements under the same surface-
to-mass ratio eventually accumulate (Izzo et al. 2019;
Ben-Larbi et al. 2021) and cause significant effects that
lead to the drift decay of the system configuration.

To analyze the effects of atmospheric drag perturbations
on the system configuration, we introduced a first-order
analytical solution for the atmospheric drag perturba-
tion after introducing the average orbital elements. The
average rate of change in each orbital element under
the influence of atmospheric drag can then be expressed
as follows (Schettino et al. 2019):
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where CD is the drag coefficient, which depends on the
geometry of the satellite, variation in the altitude, and
variation in the angle of attack, and it is generally
set to a value of 2.2 in the calculations (Lorenzo and
Andrea 2022). Additionally, KS is the surface-to-mass
ratio of the satellite, ρp0

is the local atmospheric density,
and Hp0 is the elevation of the upper atmosphere. The
above equations show that the atmospheric perturbation
has a long period and mainly causes perturbations of the
semi-major axis and eccentricity of the satellite orbit.
Combined with Eq. (3), this implies that the greatest effect
of atmospheric perturbations occurs in the tangential
direction of the relative motion configuration of the satel-
lites, followed by the radial direction, and the smallest
effect is observed in the normal direction.

5 Flight-following control model
based on the Gaussian
perturbation equation

When addressing the problem of flight-following in near-
circular orbits, only the orbit of the follower satellite is
controlled because the target satellite is executing a
stable orbital flight without maneuvering (Sun et al.
2022). Based on the Gaussian perturbation equation, the
equation of the formation control model may be rewritten
as follows (Wang et al. 2021):
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In this equation, Da = Δat − Δa, where Δat is the
difference between the semi-major axes of the satellites
following the implementation of the control method, and
Δa is the difference between the semi-major axes of the
satellites before implementing the control method. The
parameters De, Di, and Du are similarly defined. ΔvR,
ΔvT, and ΔvN are the increments of the radial, tangential,
and normal velocities, respectively. This simplifies the
relationship between the orbital correction of the satellite
in the near-circular orbit and velocity increment applied
to the satellite. The above equation implies that the in-
plane motion amplitude, initial phase, and drift distance
along the trajectory can be varied by applying the control
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method in the direction of the trajectory. By applying the
control method in the radial direction, the amplitude of
the in-plane motion can be varied by changing the eccen-
tricity. When the control method is applied in the direc-
tion perpendicular to the trajectory plane, the amplitude
of the lateral movement can be controlled.

5.1 Control method for flight-following

5.1.1 Coarse adjustment control

Before executing the flight-following capture control tech-
nique, it is generally necessary to implement remote gui-
dance control on the ground. The remote guidance and
control terminal must maintain the follower satellite in a
stable flight pattern following behind the target satellite,
and the ellipse on the flight-following XY-planemust be as
small as possible.

When the engine only provides a tangential thrust, it
affects a, ex, and ey. For near-circular orbits, the control
increments are as follows:
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In this case, the satellite may drift to reduce the dis-
tance between the two satellites.

When the engine only provides a normal thrust N,
there will be changes in i and Ω, but a, ex, and ey will
not be affected. The control increments will therefore be:
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Adjustments can be made to equalize the inclination
angles of the two satellites and to approach the right ascen-
sion of the ascending node. If the two satellites are close to
the right ascension of the ascending node, then in order to
save fuel and to keep the ascending node’s right ascension
unchanged, the pulse velocity increment should be applied
over the equator to change the orbital inclination.

5.1.2 Fine adjustment control

To achieve a short-distance flight for the two satellites over
a long period of time, the semi-major axes, eccentricities,

and arguments of perigee of the two satellites should be
as similar as possible, while satisfying the constraint con-
ditions noted in Eq. (4). This is usually accomplished
through the coordinated control of a, e, and ω. To save
fuel, two pulses with the same sign are generally used to
correct a, e, and ω. The position for applying the first
velocity increment u1 may be arbitrarily chosen. Once it
is chosen, the magnitude of the velocity increment and
the magnitude and position of the second velocity incre-
ment are fully determined as follows:
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5.1.3 Hold control

When the orbits of the two satellites are in free decay and
the distance between the two satellites reaches the flight-
following boundary, the system should wait for the fol-
lower satellite to enter the backup control point. Backup
control points are defined as the extremities, where the
displacement of the follower satellite in the Z-direction of
the follower coordinate system, relative to the target
satellite, crosses from a positive to a negative value or
from a negative to a positive value. According to Eq. (13),
the increment in the tangential velocity and the position
of backup control point can be maintained.

=v v
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The reason for using the backup control point during
orbital control is to suppress the relative value of the orbital
eccentricity of the follower satellite and prevent the orbital
eccentricity of the target satellite from increasing. By con-
trolling the orbit of the follower satellite to satisfy the fol-
lower distance requirements, the orbits of the two satellites
can re-enter free decay until their distance again reaches
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the boundary and the orbit of the follower is once again
placed under control, and the cycle is then repeated.

5.2 Stability analysis of flight-following

According to the above relative orbital dynamics model
and perturbation effect analysis, not only must the rela-
tive Da, Dex, Dey, Di, and D values between the formation
satellites be controlled, the drift Du of the center of the
followermust also be controlled. To address the pulse-type
when considering orbit variation problems, we assume
that the initial conditions of the follower satellite are t0,
r0, and v0, whereas the terminal conditions are td, rd, and
vd. To represent the time required for the orbit to change,
the general description of the multi-pulse orbit change
problem is considered as follows:
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where −vi is the velocity vector of the follower satellite
before the control is applied, +vi is the velocity vector after
implementing the control system, and Δvi is the orbit
change pulse vector. In general, six planning variables
are required to satisfy the full-rank requirement of the non-
linear equation system to control the four orbit changes. The
six variables are the normal pulse Δvn1, orbit change posi-
tion u1, tangential pulses Δvt2, Δvt3, and Δvt4, and position of
the fourth orbit change u4. The vector of these quantities is
defined as follows:

( )=X v u v v v uΔ , , Δ , Δ , Δ , .n t t t1 1 2 3 4 4 (22)

One out-of-plane control parameter Δvn1 is needed
to make Di and D reach their target values using u1.

Table 1: Initial orbits of the two satellites (instantaneous)

Satellite a (km) E i (°) Ω (°) w (°) M (°)

Leader 6860.832 0.001253 97.4866 270.8708 117.1055 167.3588
Follower 6859.633 0.001267 97.4961 270.8700 115.5678 166.3960

Table 2: Flight-following capture control strategy

Orbit change sequence Start control time (UTC) Direction Average control (m) Δv (m/s)

1 March 1, 2022, 04:29:57.448 +Y Da = 152 0.084
2 March 1, 2022, 11:18:57.551 +Y Da = 641 0.356
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Figure 2: Variation in the relative distance of two satellites caused
by the capture control method.
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Figure 3: Variation in the line-of-sight angle of two satellites caused
by the capture control method.
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This process requires three in-plane controls Δvt2, Δvt3,
and Δvt4 to ensure that Da, Dex, Dey, Di, D, and Du reach
their target values using u4. According to the actual situa-
tion, the orbit change task may be implemented using Da,
Dex, Dey, Di, D, and Du along with the flight-following
constraints.

6 Simulation examples

We conducted simulations in which the control goals of
the flight formation were as follows: a following distance of
R = 1 km to 3 km, line-of-sight angle of α = 0° to 45°, and
deviation angle of ε = −90° to 90°. The surface-to-mass ratio

Table 3: Flight-following hold control strategy

Orbit change sequence Start control time (UTC) Direction Average control (m) Δv (m/s)

Line-of-sight angle is critical March 6, 2022, 23:16:59.691 +Y Da = 17 0.009
Distance is critical March 8, 2022, 16:44:59.691 −Y Da = −17 −0.009
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Figure 4: Variation in the relative distance between two satellites
caused by (a) ascending orbit and (b) descending orbit during the
hold control system implementation.
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of the atmospheric drag of the leading satellite was 0.044m2/kg
and that of the following satellite was 0.036 m2/kg. The
initial orbit epoch Coordinated Universal Time (UTC)
was 2022-02-27 00:30:00.0, and the initial states of the
two satellites are shown in Table 1.

Based on the goal of achieving controlled flight-fol-
lowing, double pulses can be used to shorten the distance
between the two satellites, while reducing the differences
between the semi-major axes, eccentricities, and arguments
of perigee of the two satellites. The flight-following capture
control strategy of the tracking satellite is shown in Table 2.

Using double-pulse control, the distance between
the two satellites was approximately 17 km, eccentricity

discrepancy of the two satellites was Δe = −6.0 × 10−6,
right ascension of the ascending node was ΔΩ = 0.03579°,
and argument of perigee was Δw = −0.22°. Figure 2 shows
the variation in the relative distance between the two
satellites caused by the flight-following capture control
method, and Figure 3 shows the change in the line-of-sight
angle of the two satellites caused by the flight-following
capture control method.

According to the evolution behavior of the binary
satellites and flight-following constraints, when the two
satellites reached the critical line-of-sight angle, the backup
control point was calculated to raise the orbit. Afterward,
the orbits of the two satellites underwent free decay again
until the distance between the two satellites reached the
critical value, and the backup control point was then calcu-
lated to lower the orbits. Based on this strategy, a cyclic
design was carried out to form a flight-following control
box. Table 3 shows a set of control strategies for the tracking
satellite.

Figure 3 shows that the line-of-sight angle reached a
critical value at 0:5:0.00 on March 7, 2022, even though
the distance between the two satellites was approxi-
mately 2.5 km. Based on Eqs. (12) and (20), the backup
control point was calculated to be u = 270°, and the orbit
was raised. During the process of maintaining the lea-
der–follower relationship of the two satellites, when the
relative distance between the two satellites was close to
the critical value, a backup control point was calculated to
be u = 90° for lowering the orbit. Figure 4 shows the var-
iation in the relative distance of the two satellites during
the flight-following control. Figure 5 shows the variation in
the line-of-sight angle of the two satellites during the hold
control implementation, whereas Figure 6 shows the var-
iation in the relative in-plane distance between the two
satellites during the hold control implementation.

The analysis of the simulation process led to the fol-
lowing results:
1. When addressing a near-circular low-orbit flight-fol-

lowing problem, it is necessary to comprehensively
consider the short-range following distance, line-of-
sight angle, and deviation angle constraints. As shown
in Figures 2 and 3, when the distance between the two
satellites decreased, the line-of-sight angle increased.
Therefore, considering only the relative following dis-
tance can adversely affect the implementation of the
camera payload task.

2. To lower the risk of collision, the simulation step
size was reduced when the height difference between
the two satellites was large. This produced a more
accurate real-time relative distance between the two
satellites.

Figure 6: Variation in the in-plane relative distance of two satellites
caused by (a) ascending orbit and (b) descending orbit during the
hold control system implementation.
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3. The simulation results further verified the e/i relative
orbital dynamics model and Gaussian perturbation
control model. Figure 6 shows that there was a drift
ellipse in the XY-plane with a semi-major axis of 2aΔe.
Furthermore, the eccentricity of the two satellites had
the smallest relative value when the orbits were raised
at u = 270° and lowered at u = 90°.

7 Conclusion

In this study, by elaborating upon the flight-following
conditions of near-circular low-orbit satellites, we pro-
posed a flight-following hold control box algorithm based
on the e/i vector and Gaussian perturbation equation. We
analyzed the effects of J2 term and atmospheric perturba-
tions on the relative motion configuration of this system,
and we studied the flight-following hold control strategy
when applied to near-circular low-orbit satellites. The
simulation results showed that the algorithm of the flight-
following control box is simple, meets the required flight-
following conditions, and can conserve fuel.
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