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ABSTRACT

Future space missions such as virtual telescopes and interferometers require precision formation flying,
i.e., a highly precise control of the relative positions of spacecrafts. This paper discusses a strategy to
suppress the relative position variation during one orbit. It proposes a new approach to design a state
feedback impulsive controller. By estimating the disturbance from the result of the previous control
cycle and compensating for the estimated disturbance in a feed-forward manner, stable control can be
achieved under uncertainties of natural disturbances. An along-track formation control in a low earth
orbit is taken as an example, where the J2 term and air drag are considered as representative natural
disturbances. Numerical simulations are performed to validate the proposed controller.

NOMENCLATURE

μe : gravity constant of the Earth
Re : equatorial radius of the Earth
J2 : second-order zonal harmonic coefficient of the Earth’s gravitational potential (J2 = 1.0826× 10−3)
r : position vector of spacecraft in an inertia frame
a : semimajor axis of orbit
e : eccentricity of orbit
i : inclination of orbit
ω : argument of perigee of orbit
Ω : right ascension of orbit
ν : true anomaly of spacecraft
θ : argument of latitude of spacecraft (θ = ω + ν)
T : spacecraft orbital period

Im : m-dimensional unit matrix
Om : m-dimensional zero matrix

Subscripts c and d denote the variables of a chief spacecraft and deputy spacecraft, respectively.

1. INTRODUCTION

Space science missions such as space telescopes and interferometers require a long baseline or a long
focal length. Precision formation flying, in which mission components are distributed among multiple
spacecrafts and the relative positions and attitudes of spacecrafts are measured and controlled with high



precision, is a promising technique to satisfy this requirement[1], The achievement of precision formation
flying poses many technical challenges[2]. A formation flying demonstration mission in a low earth orbit
(LEO) has been proposed by several agencies as a precursor to an operational mission[3],[4],[5].

Many studies have been conducted for designing formation geometry or a relative orbit so that secular
drifts due to natural disturbances are minimized[6],[7],[8],[9]. However, particularly in a LEO, the relative
position variation due to the Earth’s oblateness (J2 term) is not negligible when centimeter-scale or
subcentimeter-scale positional accuracy is required[10]. This paper discusses a strategy to suppress the
relative position variation during one orbit under two representative natural disturbances in a LEO—J2

disturbance and air drag. To suppress the relative position variation during one orbit, we require four
key elements: 1) a highly accurate sensor, 2) highly accurate actuator, 3) suitable initial position and
velocity setting, and 4) precise relative position control. This paper focuses on the fourth element using
impulsive control under the J2 disturbance and air drag.

For the suppression of the relative position variation during one orbit, initial conditions and a continuous
control strategy using low thrust have been proposed by Yamada[11]. In this paper, a discrete control
strategy using impulsive thrusters is proposed. A feedback control law using impulsive thrusters has
already been proposed by Yamada et al.[12]. The method proposed in this study is an extension of the
previous control law. It estimates the disturbance caused in a spacecraft by evaluating the result of the
previous control cycle and compensates for the estimated disturbance in a feed-forward manner.

The rest of this paper is organized as follows. In section 2, the relative state transition in a Hill frame
under the J2 disturbance is discussed. The state transition matrix (STM) can be analytically obtained
by the sum of two terms—the Clohessy-Wiltshire (CW) solution and a perturbation term resulting from
the J2 disturbance. In section 3, a feedback control law using impulsive thrusters is proposed. In the
proposed control law, impulsive control force is calculated using a perturbed STM. The stability of the
closed-loop system is shown by analyzing the eigenvalues of the system. In section 4, numerical examples
of along-track formation flying in a LEO are presented. Section 5 concludes the paper.

2. STATE TRANSITION IN ALONG-TRACK FORMATION

A spacecraft that moves in a reference orbit is termed a chief spacecraft, and a spacecraft that makes
a formation flight with respect to the chief spacecraft is termed a deputy spacecraft. Local orthogonal
coordinates with the origin at the center of mass of the chief spacecraft are selected such that the x-axis
is aligned in the direction from the Earth’s center of mass to the chief spacecraft and the z-axis is aligned
with the normal (rotation vector) of the orbital plane of the chief spacecraft. This local coordinate frame
is termed the Hill frame.

We denote the position vector of the chief spacecraft in the inertial frame as rc and its second derivative
of time in the inertial coordinates as r̈c. The equations of motion of the chief spacecraft become as follows:

r̈c = −μe

r3
c

rc + fnd (1)

where fnd is the natural disturbance force exerted on the chief spacecraft. As we consider the formation
flight in a LEO, the main natural disturbance forces are given by the J2 disturbance due to the Earth’s
oblateness and by air drag.

fnd = fJ + fA (2)

where the acceleration due to the J2 disturbance is expressed in the Hill frame as follows:

fJ =
3μeJ2R

2
e

2r4
c

⎡
⎢⎣

3 sin2 ic sin2 θc − 1
− sin2 ic sin 2θc

− sin 2ic sin θc

⎤
⎥⎦ (3)



Acceleration due to air drag is given by

fA = −1
2
ρCD

Ac

mc
‖ṙc‖ṙc (4)

The relative position and velocity of the deputy spacecraft with respect to the chief spacecraft are
expressed in the Hill frame as

x = rd − rc (5)

ẋ = ṙd − ṙc (6)

The state vector xa is composed of the relative position and velocity as follows:

xa =
[

xT ẋT
]T

(7)

The time evolution of the state vector xa is expressed using the STM as follows:

xa(t) = Φ(t)xa(0) (8)

where Φ(t) is the STM from time zero to time t.
Consider the case in which the chief orbit is near-circular. If we consider only the J2 disturbance as

the natural disturbance, the STM can be obtained by the sum of two terms—the CW solution and the
perturbation term resulting from the J2 disturbance.[

x(t)
ẋ(t)

]
=

[
Φrr(t) Φrv(t)
Φvr(t) Φvv(t)

] [
x(0)
ẋ(0)

]
(9)

Φrr = ΦCW
rr + ΦJ

rr, Φrv = ΦCW
rv + ΦJ

rv

Φvr = ΦCW
vr + ΦJ

vr, Φvv = ΦCW
vv + ΦJ

vv

ΦCW
rr =

⎡
⎢⎣

4 − 3 cos(nct) 0 0
6(sin(nct) − nct) 1 0

0 0 cos(nct)

⎤
⎥⎦

ΦCW
rv =

⎡
⎢⎢⎢⎢⎢⎣

sin(nct)
nc

2(1 − cos(nct))
nc

0

−2(1 − cos(nct))
nc

−3nct − 4 sin(nct)
nc

0

0 0
sin(nct)

nc

⎤
⎥⎥⎥⎥⎥⎦

ΦCW
vr =

⎡
⎢⎣

3nc sin(nct) 0 0
−6nc(1 − cos(nct)) 0 0

0 0 −nc sin(nct)

⎤
⎥⎦

ΦCW
vv =

⎡
⎢⎣

cos(nct) 2 sin(nct) 0
−2 sin(nct) −3 + 4 cos(nct) 0

0 0 cos(nct)

⎤
⎥⎦

where nc is the orbital angular rate of the chief spacecraft. The nonzero components of the perturbation
matrix resulting from the J2 disturbance can be analytically obtained as follows[11]:

ΦJ
rr(1, 1) = 2ec0 {5(1 − cos νc) − 3νc sin νc}

ΦJ
rr(1, 2) = α(1 − cos νc)

{
cos 2ωc0 sin νc +

1
2
(2 cos νc + 7) sin 2ωc0

}
sin2 ic0

ΦJ
rr(2, 1) = −3ec0(5νc + 2νc cos νc + sin νc cos νc − 4 sin νc)

ΦJ
rr(2, 2) = α

{
3
4
(1 − cos νc)(1 − 3 cos2 ic0) − 1

4
(1 − cos νc)(4 cos νc + 17) sin2 ic0 cos 2ωc0



−1
2
(9νc + 2 sin νc cos νc − 11 sin νc) sin2 ic0 sin 2ωc0

}
+ ec0(1 − cos νc)

ΦJ
rr(3, 3) = ec0(1 − cos νc) cos νc

ΦJ
rv(1, 1) = −ec0

2 sin νc

nc0

ΦJ
rv(1, 2) = −ec0

3νc sin νc − 2(1 − cos νc)
nc0

ΦJ
rv(2, 1) = ec0

(cos νc + 3)(1 − cos νc)
nc0

ΦJ
rv(2, 2) = −ec0

3νc(1 + cos νc) + 2 sin νc cos νc

nc0

ΦJ
rv(3, 3) = −ec0

(1 + cos νc) sin νc

nc0

ΦJ
vr(1, 1) = 2ec0nc0 {2 sin νc − 3(νc − sin νc) cos νc}

ΦJ
vr(1, 2) = αnc0

{
(2 cos νc + 1)(1 − cos νc) sin2 ic0 cos 2ωc0 +

1
2
(4 cos νc + 5) sin νc sin2 ic0 sin 2ωc0

}
ΦJ

vr(2, 1) = 6ec0nc0(cos νc + νc sin νc + cos2 νc − 2)

ΦJ
vr(2, 2) = αnc0

{
3
4
(3 sin2 ic0 − 2) sin νc − 1

4
(13 + 8 cosνc) sin νc sin2 ic0 cos 2ωc0

+
1
2
(1 − cos νc)(4 cos νc − 7) sin2 ic0 sin 2ωc0

}
+ ec0nc0 sin νc

ΦJ
vr(3, 3) = −ec0nc0 sin νc

ΦJ
vv(1, 1) = −2ec0(1 − cos νc) cos νc

ΦJ
vv(1, 2) = ec0(−3νc cos νc − sin νc + 4 sin νc cos νc)

ΦJ
vv(2, 1) = 2ec0(1 − cos νc) sin νc

ΦJ
vv(2, 2) = ec0(−1 + 3νc sin νc − 3 cos νc + 4 cos2 νc)

ΦJ
vv(2, 3) = 3α(cos2 νc cosωc0 − cosωc0 − sin νc cos νc sin ωc0) sin ic0 cos ic0

ΦJ
vv(3, 1) = −6α(1 − cos νc)(sin ωc0 cos νc + cosωc0 sin νc) sin ic0 cos ic0

ΦJ
vv(3, 2) = −3α(3νc sin νc cosωc0 + 3νc cos νc sin ωc0 − 4 sin νc cos νc sin ωc0 − 4 cosωc0 sin2 νc) sin ic0 cos ic0

ΦJ
vv(3, 3) = ec0(1 − cos νc)

where the time variable is given by the true anomaly of the chief spacecraft and α is given by α =
J2(Re/ac0)2. This solution assumes that the initial position of the chief spacecraft at time zero is νc =
νc0 = 0.

The following block matrices that compose the STM are defined.

Φ(t) =
[

Φr(t) Φv(t)
]
, Φr(t) =

[
Φrr(t)
Φvr(t)

]
, Φv(t) =

[
Φrv(t)
Φvv(t)

]

3. IMPULSIVE STATE FEEDBACK CONTROL

3.1 Control Logic

The state transition from time zero to time t is expressed as

xa(t) = Φ(t)xa(0) +
∫ t

0

Φv(t − τ)f (τ) dτ (10)

Consider that the relative position x is moved to the desired position xdes by impulsive control using the
control cycle TC of the deputy spacecraft. Suppose that the estimate of the natural disturbance at time



zero is given by f̂
(0)

D . If the impulsive force f
(0)
C is fired at time zero, the estimate of the state at the next

firing time TC is given by

x̂a(TC) = Φ(TC)x̂a(0) + Φv(TC)f (0)
C +

(∫ TC

0

Φv(TC − τ) dτ

)
f̂

(0)

D (11)

As the impulsive force f
(0)
C is calculated such that the relative position x̂(TC) moves to the desired

position xdes, the following relation holds.

xdes =
[

Φrr(TC) Φrv(TC)
]
x̂a(0) + Φrv(TC)f (0)

C + Φ̄rv(TC)f̂
(0)

D (12)

where

Φ̄rv(TC) =
∫ TC

0

Φrv(TC − τ) dτ

Therefore, the impulsive force f
(0)
C can be obtained as follows.

f
(0)
C = −

[
Φ−1

rv (TC) I3

] [ Φrr(TC)x̂(0) − xdes

˙̂x(0)

]
− Φ−1

rv (TC)Φ̄rv(TC)f̂
(0)

D (13)

The first term on the right-hand side of Eq. (13) is the feedback term and the second term is the feed-
forward term for disturbance compensation. From the block structure of the feedback gain matrix in
the control law (13), the gain matrix corresponding to the velocity errors becomes a unit matrix, which
implies that the velocity errors are directly compensated for by the impulsive forces.

The result of the impulsive control at time zero can be evaluated at the next control time TC . The
control error that expresses the relative position deviation from the desired value can be defined as follows:

δx(TC) = x(TC) − xdes (14)

where x(TC) obeys the following dynamics.

x(TC) =
[

Φrr(TC) Φrv(TC)
]
xa(0) + Φrv(TC)f (0)

C +
∫ TC

0

Φrv(TC − τ)f (τ) dτ (15)

Then, by subtracting Eq. (12) from Eq. (15), the control error at the next control time TC can be
evaluated as follows:

δx(TC) =
[

Φrr(TC) Φrv(TC)
]
(xa(0) − x̂a(0)) +

∫ TC

0

Φrv(TC − τ)(f (τ) − f̂
(0)

D ) dτ (16)

where the first term on the right-hand side represents the effect of the measurement error of the state
and the second term represents the effect of the estimation error of the disturbance. From the relation
in Eq. (16), the estimate of the disturbance at the next control time TC is updated as follows:

f̂
(TC)

D = f̂
(0)

D + βΦ̄−1
rv (TC)δx(TC) (17)

where β is the scalar gain for the estimation of the disturbance, and it satisfies 0 < β < 2.
We decompose the natural disturbance f(t) into two terms—a constant term fconst that does not

depend on time and a residual term fres that depends on time.

f(t) = f const + f res(t) (18)

Then, the estimation error of the disturbance f const obeys the following dynamics after Eq. (17) is
updated.

f̂
(TC)

D − fconst = (1 − β)(f̂
(0)

D − fconst)

+βΦ̄−1
rv (TC)

(∫ TC

0

Φrv(TC − τ)f res(τ) dτ +
[

Φrr(TC) Φrv(TC)
]
(xa(0) − x̂a(0))

)
(19)



This relation shows that the estimation error of the disturbance fconst decreases if the gain β satisfies
the condition that 0 < β < 2.

3.2 Stability of Closed-loop System

Consider that the stability of the closed-loop system under the control law expressed by Eqs. (13) and
(17). An error vector is composed of the deviation from the desired relative position, the relative velocity,
and the estimation error of the disturbance, as follows:

z(t) =

⎡
⎢⎢⎣

δx(t)
ẋ(t)

f̂
(t)

D − fconst

⎤
⎥⎥⎦ =

⎡
⎢⎢⎣

x(t) − xdes

ẋ(t)

f̂
(t)

D − f const

⎤
⎥⎥⎦ (20)

Then, the control error at time TC can be evaluated as follows:

δx(TC) = Φ̄rv(TC)(f const − f̂
(0)

D ) +
∫ TC

0

Φrv(TC − τ)f res(τ) dτ

+
[

Φrr(TC) Φrv(TC)
]
(xa(0) − x̂a(0)) (21)

ẋ(TC) = Φvr(TC)x(0) + Φvv(TC)Φ−1
rv (TC) [xdes − Φrr(TC)x(0)]

+
∫ TC

0

Φvv(TC − τ)f (τ) dτ − Φvv(TC)Φ−1
rv (TC)Φ̄rv(TC)f̂

(0)

D

+Φvv(TC)(ẋ(0) − ˙̂x(0)) + Φvv(TC)Φ−1
rv (TC)Φrr(TC)(x(0) − x̂(0)) (22)

By substituting the relation

x(0) = xdes + δx(0) (23)

into the right-hand side of Eq. (22) and using the relation

xdes − Φrr(TC)xdes ≈ O(J2) (24)

Φvr(TC)xdes ≈ O(J2) (25)

of along-track formation (xdes =
[

0 ∗ 0
]T

), the following error equation can be derived.

z(TC) = Az(0) + b (26)

A =

⎡
⎢⎣

O3 O3 −Φ̄rv(TC)

Φvr(TC) − Φvv(TC)Φ−1
rv (TC)Φrr(TC) O3 −Φvv(TC)Φ−1

rv (TC)Φ̄rv(TC)

O3 O3 (1 − β)I3

⎤
⎥⎦

b =
[

bT
p bT

v bT
f

]T
bp = Φ̄rv(TC)(f const − f̂

(0)

D ) +
∫ TC

0

Φrv(TC − τ)f res(τ) dτ

+
[

Φrr(TC) Φrv(TC)
]
(xa(0) − x̂a(0))

bv = Φ̄rv(TC)f const − Φvv(TC)Φ−1
rv (TC)Φ̄rv(TC)f̂

(0)

D

+
∫ TC

0

Φvv(TC − τ)f res(τ) dτ

+Φvv(TC)Φ−1
rv (TC)Φrr(TC)(x(0) − x̂(0)) + Φvv(TC)(ẋ(0) − ˙̂x(0)) + O(J2)

bf = βΦ̄−1
rv (TC)(∫ TC

0

Φrv(TC − τ)f res(τ) dτ +
[

Φrr(TC) Φrv(TC)
]
(xa(0) − x̂a(0))

)



where the vector b is composed of the residual vector of feed-forward compensation, the measurement
error of the relative position, and the relative velocity. Therefore, the stability of the closed-loop system
can be determined by calculating the eigenvalues of the matrix A. If all the eigenvalues of the matrix A

exist in a unit circle, the closed-loop system becomes stable. From the block structure of matrix A, it is
found that the matrix has six zero eigenvalues and three (1 − β) eigenvalues. Therefore, the closed-loop
system becomes stable by the impulsive control using the constant control cycle TC .

3.3 Effect of Thruster Error

The stability analysis in subsection 3.2 corresponds to the nominal case that the thruster error is not
considered. However, as large uncertainty exists in the thruster force, the range of the gain β in Eq. (17)
is limited. The effect of matrix A in the presence of the thruster error can be analyzed as follows.

Suppose that the thruster force is given by

f
(0)∗
C = (1 + γ)f (0)

C (27)

where γ represents the thruster error. In this situation, matrix A in the error equation is given by the
following matrix A∗.

A∗ = A + ΔA (28)

ΔA = −γ

⎡
⎢⎣

Φrr(TC) Φrv(TC) Φ̄rv(TC)

Φvv(TC)Φ−1
rv (TC)Φrr(TC) Φvv(TC) Φvv(TC)Φ−1

rv (TC)Φ̄rv(TC)

βΦ̄−1
rv (TC)Φrr(TC) βΦ̄−1

rv (TC)Φrv(TC) βI3

⎤
⎥⎦

Therefore, all the eigenvalues of matrix A∗ that exist in a unit circle are required for the gain β, which
depends on the uncertainty γ.

4. NUMERICAL EXAMPLES

Along-track formation control in a LEO is taken as an example. The parameters of the chief and
deputy spacecrafts in the numerical simulation are shown in Table 1.

Table 1 Mass properties of spacecrafts

Item Chief Deputy Unit

Mass 400 350 [kg]
Cross section 5.0 5.0 [m2]

Initial orbital elements of the chief spacecraft at time zero are given by

ac0 = 6878 [km], ec0 = 0, ic0 = 45 [deg], Ωc0 = 0 [deg], ωc0 = 0 [deg], θc0 = 0 [deg]

In the initial state, the deputy spacecraft is at rest at a position 30 m ahead of the chief spacecraft. The
relative position and velocity of the deputy spacecraft are expressed in the Hill frame as follows:

x(0) =
[

0 30 0
]T

[m], ẋ(0) =
[

0 0 0
]T

[m/s]

The air density and coefficient of air drag are given by

ρ = 5 × 10−13 [kg/m3], CD = 2.0

Figure 1 shows the relative position variation (x and y components in the Hill frame) under free orbital
motion during one orbit. Figure 1 (left) shows the case in which only the J2 disturbance is considered as
the natural disturbance. Figure 1 (right) shows the case in which both the J2 disturbance and air drag
are considered as natural disturbances. From this figure, the following observations are made:



• Periodic variation due to the J2 disturbance, whose peak-to-peak amplitudes are approximately 2
cm (x-direction) and 11 cm (y-direction), is observed from the curves on the left-hand side of Figure
1.

• A secular drift in both the x-direction and y-direction due to air drag is observed from the curves
on the right-hand side of Figure 1.

In the case of a telescope mission, for example, where centimeter-scale or subcentimeter-scale accuracy
is required in formation flying, the relative position variation during one orbit is not negligible and it is
necessary to suppress the variation by a control strategy.
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Fig. 1 Relative position variation in free orbital motion during one orbit
(Left: J2 disturbance is considered: right: Both J2 and air drag are considered)
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Fig. 2 Comparison between results obtained with and without perturbed STM
(Left: Relative position error: right: Fuel consumption)
(Control cycle is TC = T/6 and gain is β = 0)
(Only the J2 disturbance is considered)

Figure 2 shows the simulation result obtained by the proposed control law when only the J2 disturbance
is considered. The left-hand side of the figure shows the relative position error and the right-hand side
of the figure shows the fuel consumption. The chain line shows the result of the impulsive control where
the nominal STM based on the CW solution is used. The solid line shows the result where the perturbed
STM resulting from the J2 disturbance is used. The control cycle TC is TC = T/6 where T is an orbital
period. The following observations are made:



• When the nominal STM is used, the relative position variation is approximately 5 cm. On the
other hand, when the perturbed STM is used, the relative position variation is suppressed to within
approximately 1 cm. Furthermore, the periodic nature of the relative motion is conserved after
the control is achieved. This is natural because the J2 disturbance is periodic. It is considered
that natural control is achieved by the proposed controller. This is also confirmed from the result
that the fuel consumption is suppressed more in the perturbed controller than it is in the nominal
controller.

Now, we consider the selection of the gain β in the case that both the J2 disturbance and air drag are
considered. Figure 3 shows the stability range of the gain β versus the thruster error γ. The dashed line
shows the case for TC = T/4. The solid line shows the case for TC = T/6. The chain line shows the case
for TC = T/8. It is observed that the stability range of the gain β depends on the thruster error and
control cycle.
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Fig. 3 Stability range of gain β vs. thruster error γ

We assume that the control cycle is TC = T/6 and the gain is β = 0.5. Figure 4 shows the result in the
nominal case in which the thruster error is given by γ = 0. The chain line shows the result for β = 0 where
the disturbance is not compensated for. The solid line shows the result for β = 0.5 where the disturbance
is compensated for in a feed-forward manner. The perturbed STM is used in both controllers. From this
figure, the following observations are made:

• If the gain β is given by β = 0, the residual bias error due to air drag exists in both the x-direction
and the y-direction in the Hill frame. On the other hand, if the gain β is given by β = 0.5, no
residual bias error is present.

• If the feed-forward compensation is used, the fuel consumption in the x-direction is suppressed to a
large extent. If the feed-forward compensation is not used, the error in both the x-direction and the
y-direction is compensated for by the feedback control, as a result of which more fuel is consumed.

Figure 5 shows the result for γ = −0.2. The trend of the relative motion is the same as that of the
relative motion shown in Figure 4: a stable behavior of the control is obtained by selecting a suitable
gain β.
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Fig. 4 Comparison between cases with and without feed-forward compensation (γ = 0)
(Left: Relative position error: right: Fuel consumption)
(J2 and air drag are considered. Control cycle is TC = T/6)
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Fig. 5 Comparison between cases with and without feed-forward compensation (γ = −0.2)
(Left: Relative position error: right: Fuel consumption)
(J2 and air drag are considered. Control cycle is TC = T/6)

5. CONCLUSION

In this paper, we have discussed a strategy for suppressing the relative position variation during one
orbit in along-track formation flying in a LEO. We have proposed the feedback control strategy using
impulsive thrusters. By using a perturbed STM in which the effect of the J2 disturbance is considered,
periodic impulsive control in which the fuel consumption is suppressed is achieved. By estimating the
disturbance from the result of the previous control cycle and compensating for the estimated disturbance
in a feed-forward manner, stable control with no bias error can be achieved under the uncertainties of
natural disturbances such as air drag. The effectiveness of the proposed control strategy has been verified
by numerical examples of along-track formation control.



REFERENCES

[1] Hong, J., and Hadaegh, F.Y., “Precision Formation Flying (PFF),” Earth Science Technology Con-
ference, June 27, 2006.

[2] Scharf, D.P., “Precision Formation Flying Missions and Technologies,” 9th Briefing for Industry,
JPL, 2008.

[3] “In Orbit Formation Flying Experiment for PROBA 2: Feasibility Study,” Surrey Satellite Tech-
nology Ltd.

[4] Leitner, J., et al., “A Concept for In-space, System-level Validation of Spacecraft Precision For-
mation Flying,” Proceedings of AIAA Guidance, Navigation and Control Conference and Exhibit,
Hilton Head, 2007.

[5] Tsunemi, H., et al., “Formation Flight All Sky Telescope (FFAST),” Proceedings of SPIE, Vol.
5900, 2005, pp. 184–194.

[6] Nakasuka, S., et al., “Study on the Relative Motion and Orbit Design for Clustered Satellite,” 4th
Workshop on Astrodynamics and Flight Mechanics, 1994, pp. 88–92.

[7] Inalhan, G., et al., “Relative Dynamics and Control of Spacecraft Formations in Eccentric Orbits,”
Journal of Guidance, Control and Dynamics, Vol. 25, No. 1, 2002, pp. 48–59.

[8] Gim, D.W., et al., “State Transition Matrix of Relative Motion for the Perturbed Noncircular
Reference Orbit,” Journal of Guidance, Control and Dynamics, Vol. 26, No. 6, 2003, pp. 956–971.

[9] Sabatini, M., et al., “Special Inclinations Allowing Minimal Drift Orbits for Formation Flying
Satellites,” Journal of Guidance, Control and Dynamics, Vol. 31, No. 1, 2008, pp. 94–100.

[10] Yoshikawa, S., Shima, T., and Yamada, K., “Suppression of Relative Position Variation during One
Orbit for Precise Formation Flying,” Proceedings of the 26th International Symposium on Space
Technology and Science, Hamamatsu, Japan, 2008.

[11] Yamada, K., “Analysis of Formation Flying with Low Thrust,” JAXA-SP-07-020, 2008, pp. 39–48
(in Japanese).

[12] Yamada, K., Yoshikawa, S., and Nishiyama, T., “On Relative Position Control between Two Space-
craft,” Transactions of the Japan Society of Mechanical Engineers, Vol. 70, No. 697, 2004, pp.
2638–2645 (in Japanese).



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


