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Abstract

Satellite formation flying requires precise control of relative positioning under external disturbances and parameter uncertainties.
Since thrust magnitude error and misalignment are not negligible in the electric propulsion system, they should be considered in
satellite formation flying to meet mission requirements. In this paper, an adaptive control approach combined with backstepping
technique is developed by using Lyapunov control design approach for the relative position tracking problem of satellite formation
flying in the presence of thrust misalignment uncertainty and disturbances. The proposed controller guarantees global asymptotic
convergence for position and velocity tracking error to ensure desired performance during the satellite formation flying mission.
© 2009 Elsevier Ltd. All rights reserved.
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1. Introduction

Recently, satellite formation flying (SFF) has been a
topic of significant research interest in aerospace soci-
ety because it provides potential benefits compared to
a single large spacecraft: low cost for launch and mass
production, larger aperture size, greater launch flexi-
bility, higher system reliability and easier expandabil-
ity. The current literature related to SFF largely focus
on the control problem of relative position based on
linear and nonlinear dynamic models. Control designs
based on the linearized dynamics known as Hill’s equa-
tions [1] require extra fuel consumption and may not
guarantee successful formation flying performance with
long duration and large separation between satellites. So
some nonlinear control laws have been presented for the
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tracking problem of SFF, which include full-nonlinear
dynamics, external disturbances and parameter uncer-
tainty. Queiroz [2] developed a nonlinear adaptive con-
trol law for the relative position tracking of multiple
satellites. Gurfil [3] studied a nonlinear adaptive neural
control methodology for deep-space SFF. Pongvthithum
[4] designed a tracking control law using the universal
adaptive control technique. Majority of nonlinear con-
trol approaches for SFF missions are based on full state
feedback controllers which assume that both position
and velocity sensors are available. On the other hand,
Wong [5] designed an adaptive output feedback track-
ing control in the absence of velocity measurement.
Some unknown parameters may appear in the rela-

tive dynamics of SFF, which include mass, thrust mag-
nitude error, and misalignment. Satellite mass has been
handled as a constant uncertainty in the control problem
of SFF using an adaptive control scheme, even though
the mass can change slightly due to fuel consumption.

http://www.elsevier.com/locate/actaastro
mailto:hclim@kasi.re.kr


H.-C. Lim, H. Bang / Acta Astronautica 65 (2009) 112–122 113

Lim [6] developed an adaptive backstepping control
law considering the ratio of thrust magnitude error
as an unknown parameter under the assumption that
thrust magnitude error is proportional to its magnitude.
Adaptive backstepping technique has been considered
as a powerful tool for stabilizing nonlinear systems
under parameter uncertainties both for tracking and
regulation problems. This technique introduced by
Kanellakopoulos [7] for feedback linearizable systems
has been extended to a wide class of nonlinear systems
by many researchers. In addition, some methods have
been proposed to improve the robustness of adaptive
controllers by adding a leakage term such as switching
�-modification [8] and e1-modification [9] to the para-
meter update law or using the projection operator [10].
The practical implementation of SFF depends on ac-

curate control of the relative position and orientation
among satellites, which requires low thrust and long
lifetime for the propulsion system. The electric propul-
sion system provides high control accuracy and long
lifetime so that it is a suitable candidate for precise rel-
ative positioning tasks such as SSF. Qingsong [11] and
Hui [12] used low thrust for formation keeping by ap-
plying fuzzy control and formation maneuvering with
sliding mode control approach. For an ion thruster be-
longing to an electric propulsion system, thrust magni-
tude error and misalignment are not negligible during
orbit maneuver. It has been found, in calibration simu-
lations for an ion thruster, that thrust magnitude error
can be reduced to an accuracy of 1.2% with a maxi-
mum absolute error of 0.5mN and misalignment from
0.5◦ to 5◦ [13]. Thus, thrust error including misalign-
ment can be a serious problem in orbit control missions
with high accuracy requirement, even though thrust er-
ror is calibrated through the process of orbit and attitude
maneuvers prior to carrying out designed missions.
In comparison to the previous works, the contribu-

tions of this paper can be summarized as follows: a
thrust error model is developed for a single thruster with
misalignment, and an adaptive backstepping control law
is also developed by using the Lyapunov-based control
design approach to solve the relative position tracking
problem of SFF under the presence of thrust misalign-
ment and disturbances. Thrust misalignment is consid-
ered as an unknown parameter and updated through a
parameter update law in the proposed control law. In
addition, an approach for computing the control input
is addressed because the control input cannot be eval-
uated explicitly from the control law developed. The
proposed control law guarantees global asymptotic con-
vergence for the position and velocity tracking error to
ensure desired performance during the SSF mission.

2. System model

2.1. Relative dynamics

A rotating local–vertical–local–horizontal (LVLH)
coordinate frame is used to describe the relative motion
dynamics with respect to a leader satellite. As shown in
Fig. 1 (left), y-axis points to the radial direction, z-axis
is perpendicular to the orbital plane and points to the
direction of orbital angular momentum vector. Finally,
x-axis points to the opposite along-track direction. In
general, the Clohessy–Wiltshire equation defined in the
LVLH frame is utilized to describe the relative motion
and control strategies between neighboring satellites
under some assumptions, and usually called Hill’s
equations. However, non-linear relative dynamics is
employed to design an adaptive backstepping controller
in this study.
The relative motion dynamics of the follower satellite

in the LVLH frame is described as the following set of
nonlinear differential equations [14]:

ẍ − 2�ẏ − �̇y − �2x + �x

‖R + x1‖3
− Flx

ml
− dx = Fx

m f

ÿ + 2�ẋ + �̇x − �2y + �(y + r )

‖R + x1‖3
− �r

‖R‖3 − Fly
ml

− dy = Fy

m f

z̈ + �z

‖R + x1‖3 − Flz
ml

− dz = Fz
m f

(1)

where R = [0, r, 0]Tdenotes the position vector of
the leader satellite in the inertial coordinate sys-
tem which is attached to the center of the Earth;
x1 = [x, y, z]Trepresents the relative position vector of
the follower satellite in the LVLH frame whose origin is
at the center of the leader satellite; Fl = [Flx , Fly, Flz]T

and F = [Fx , Fy, Fz]T are thrust forces of the leader
and the follower satellites, respectively; ml and m f

refer to the masses of the leader and the follower satel-
lites, respectively; d=[dx , dy, dz]T represents unknown
time-varying disturbance caused by the Earth’s oblate-
ness including J2 perturbation of the second spherical
harmonic in the Earth’s gravity field, solar radiation
pressure, atmospheric drag, third body gravity and
electromagnetic force; � is the Earth’s gravitational
constant; � denotes the orbital angular velocity of the
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Fig. 1. Schematic representation of the SFF system (left) and thruster error (right).

leader satellite, whose time derivative is zero for a
circular orbit and nonzero for an eccentric orbit.
If the leader is free of thrust maneuver as a virtual

reference, then Eq. (1) can be simplified into the fol-
lowing equations:

ẋ1 = x2

ẋ2 = f (x1, x2) + d + F
m f

(2)

where

f (x1, x2)=

⎡
⎢⎢⎢⎢⎣

2�ẏ+�̇y+�2x− �x

‖R+x1‖3
−2�ẋ−�̇x+�2y− �(y+r )

‖R+x1‖3+ �r

‖R‖3
− �z

‖R+x1‖3

⎤
⎥⎥⎥⎥⎦

and x2 ∈ R3 denotes the velocity of the follower satellite
in the LVLH frame.

2.2. Thrust error model

In this section, the thrust error of the propulsion sys-
tem such as ion thruster is mathematically modeled for
a satellite with a single thruster, which includes thrust
magnitude error and misalignment. Referring to Fig. 1
(right), it is assumed that the thruster is tilted over nom-
inal thrust direction with small constant angles, �� and
��, and the thrust is always acting at the center of the
mass of the satellite. The real thrust force with magni-
tude error and misalignment is expressed as the sum of
nominal and thrust error terms in the body frame

Fb = F∗
b + �Fb

= (Tm + �Tm)

[cos(� + ��) cos(� + ��)
cos(� + ��) sin(� + ��)

sin(� + ��)

]
(3)

where F∗
b ∈ R3 and �Fb ∈ R3 denote nominal force

and thrust error caused by magnitude error and mis-
alignment of thruster, respectively; Tm and �Tm rep-
resent the nominal and error of thrust magnitude,
respectively. Thrust magnitude error can be assumed as
�Tm = �(t) · Tm by introducing a small time-varying
function, �(t) which is a small random variable in prac-
tical problems. In addition, the following relationships
are adopted to approximate Eq. (3):

cos �� ≈ cos �� ≈ 1

sin �� ≈ ��, sin �� ≈ ��

�� · �� ≈ �� · �(t) ≈ �� · �(t) ≈ 0 (4)

By some algebraic manipulation with Eq. (4), Eq. (3)
can be rewritten as

Fb ≈ (Tm + �Tm)

[c� · c�
c� · s�
s�

]

+ ��(Tm + �Tm)

[−s� · c�
−s� · s�

c�

]

+ ��(Tm + �Tm)

[−c� · s�
c� · c�

0

]

≈ Tm

[c� · c�
c� · s�
s�

]
+ Tm

[−c� · s� −s� · c�
c� · c� −s� · s�

0 c�

][
��
��

]

+ �(t)Tm

[c� · c�
c� · s�
s�

]
(5)

where c(·) and s(·) represent cosine and sine functions,
respectively. In the second equation of Eq. (5), the first
term corresponds to the nominal thrust force, and the
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second one to the thrust error caused by misalignment,
and the third one to thrust magnitude error.
Two rotation matrices are introduced to describe the

desired thrust force in the LVLH frame, CL
B ∈ R3×3

and CR ∈ R3×3. CL
B represents the matrix to transform

the thrust vector in the body frame to the LVLH frame,
whereas CR denotes the matrix to rotate a thruster to the
desired direction in the LVLH frame and is realized by
attitude control in practical implementation. Then the
thrust dynamics in the LVLH frame can be rewritten as

F = CR · CL
B · Fb = CR

LB · (F∗
b + �Fb)

= u + Tm · CR
LB · G · � + �(t)Tm · CR

LB · n̂ (6)

where

u = Tm · CR
LB · n̂, CR

LB = CR · CL
B

n̂=
[c� · c�
c� · s�
s�

]
, � =

[
��
��

]
,

G =
[−c� · s� −s� · c�

c� · c� −s� · s�
0 c�

]

n̂ ∈ R3 is a constant unit vector of direction cosines rep-
resenting thrust direction in the body frame, the nomi-
nal thrust force, u=[ux , uy, uz]T in Eq. (6) is computed
from an adaptive backstepping control law, and the un-
known parameter � ∈ R2 is estimated from a parame-
ter update law in this study. According to the definition
of Eq. (6), the nominal thrust force can be calculated
directly from the thrust magnitude Tm and the rotation
matrix of thrust CR

LB in the LVLH frame. Note that the
thrust force F is applied to nonlinear relative dynamics
of Eq. (2) because it contains the nominal thrust force
and also thrust error including thrust magnitude error
and misalignment, but the actual control input through
the control law is the nominal thrust force u, not the
thrust force F. This topic will be elaborated in the next
section. If thrust magnitude error �Tm is proportional
to thrust magnitude, i.e., �Tm = � · Tm for which � is
a constant, then the thrust dynamics of Eq. (6) can be
expressed as

F = u + Tm · CR
LB · G ′ · �′ (7)

where

�′ =
[ �

��
��

]
, G ′ =

[c� · c� −c� · s� −s� · c�
c� · s� c� · c� −s� · s�
s� 0 c�

]

3. Adaptive backstepping controller design

3.1. Control and parameter update law design

In this section, control and parameter update laws
are designed for the tracking problem of SFF with
thrust misalignment using an adaptive backstepping
technique. We make two assumptions on the nonlinear
relative dynamics; disturbance applied to the follower
satellite is bounded such that |Di |�D̄ in which thrust
magnitude error is also included, and the misalignment
vector � = [��, ��]T is unknown, but lies within a
known sphere, i.e., ‖�‖�M�. After substituting the
thrust error model of Eq. (6) into the relative dynam-
ics of Eq. (2), the nonlinear relative dynamics can be
expressed as

ẋ1 = x2

ẋ2 = f (x1, x2) + u
m f

+ Tm
m f

· CR
LB · G · � + d(t)

+ Tm
m f

�(t) · CR
LB · n̂

= f (x1, x2) + u
m f

+ H (t)� + D(t) (8)

where

H (t) = Tm
m f

· CR
LB · G,

D(t) = d(t) + Tm
m f

�(t) · CR
LB · n̂

Note that H (t) ∈ R3×2 is a time-varying matrix includ-
ing thrust magnitude Tm and the rotation matrix CR

LB .
Given a desired trajectory xd ∈ R3 for the follower

satellite with respect to the leader, the primary objective
is to design a control law such that the follower satel-
lite tracks the desired trajectory well under thrust mis-
alignment and disturbances. It is assumed that x1 and
x2 are measurable, and xd is a known bounded signal
such that ẋd and ẍd are bounded and differentiable. The
design procedure of an adaptive backstepping control is
described in the following three steps.
Step 1: For the position tracking problem, a tracking

error is defined as z1 = x1 − xd , and the first Lyapunov
function candidate is proposed as

V1(z1) = 1
2z

T
1	1z1 (9)

According to the typical backstepping design technique
[10], a corresponding stabilizing function is defined as
a1 = −C1z1. 	1 ∈ R3×3 and C1 ∈ R3×3 are constant,
diagonal and positive-definite design matrices. With the
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new error variable introduced as z2 = x2 − ẋd − a1, the
time derivative of V1 is given by

V̇1 = −zT1	1C1z1 + zT1	1z2 (10)

Step 2: By using these new variables, the nonlinear
system Eq. (8) can be rewritten as

ż1 = z2 − C1z1

ż2 = f + D + u
m f

+ H� − ẍd

+ C1(z2 − C1z1) (11)

The second Lyapunov function candidate is chosen as

V2(z1, z1) = V1(z1) + 1
2z

T
2	2z2 (12)

where 	2 ∈ R3×3 is also a constant, diagonal and
positive-definite design matrix. The derivative of V2 can
be derived as

V̇2 = − zT1	1C1z1 + zT2	2

[
f + D + u

m f
+ H� − ẍd

+C1(z2 − C1z1) + 	−1
2 	1z1

]
(13)

Step 3: Since the thrust misalignment vector � is un-
known in the square bracket of Eq. (13), an adaptive law
is proposed to accommodate the uncertainty of thrust
misalignment. The estimate error of thrust misalignment
is defined as �̃ = � − �̂ in which the estimate vector
�̂ is updated using an adaptation algorithm. The third
Lyapunov function candidate is chosen as

V3(z1, z2, �̃) = V2(z1, z2) + 1
2 �̃

T

−1�̃ (14)

where 
 ∈ R2×2 is a constant, diagonal and positive-
definite design matrix. The time derivative of V3 is
given by

V̇3 = − zT1	1C1z1 + zT2	2

×
[
f + D + u

m f
+ H �̂ − ẍd + C1(z2 − C1z1)

+	−1
2 	1z1

]
+ (zT2	2H − ˙̂

�
T

−1)�̃ (15)

According to Eq. (15), an adaptive backstepping con-
trol law and a parameter update law are proposed as
Eqs. (16) and (17) such that the time derivative of V3
becomes non-positive

u = m f (−C2z2 − f − D̄ Sgn(z2) + ẍd

− C1(z2 − C1z1) − 	−1
2 	1z1) − m f H �̂ (16)

˙̂� = 
HT	2z2 + 
��(�̂)�̂ (17)

where C2 ∈ R3×3 is a constant, diagonal and positive-
definite design matrix, and Sgn(f) represents a signum
function defined as

Sgn(f) = [sgn(�1), sgn(�2), . . . , sgn(�m)]
T,

∀f= [�1, �2, . . . , �m]
T (18)

In the parameter update law (Eq. (17)), a switching �-
modification [8] strategy is added to prevent parameter
drift with the following definition:

��(�̂) =

⎧⎪⎪⎨
⎪⎪⎩
0 if ‖�̂‖�M�

�̄�

(
‖�̂‖
M�

− 1

)
if M� �‖�̂‖�2M�

�̄� if ‖�̂‖�2M�

(19)

where �̄� is a positive constant and scalar design param-
eter. If ‖�̂‖�M�, then �(�̂) = 0 from its definition. On
the contrary, if ‖�̂‖ > M�, then (‖�‖ ‖�̂‖ − ‖�̂‖2)< 0.
By using such properties, the second term of Eq. (17)
is derived, which is useful in the closed-loop system
stability analysis

�(�̂)�̃
T
�̂ = �(�̂)(� − �̂)T�̂ = �(�̂)(�T�̂ − ‖�̂‖2)
� �̄(‖�‖ ‖�̂‖ − ‖�̂‖2)
� 0 (20)

3.2. Stability analysis

The proposed adaptive control laws described by
Eqs. (16) and (17) guarantee global asymptotic con-
vergence for the position and velocity tracking errors.
After substituting the control law of Eq. (16) and the
parameter update law of Eq. (17) into Eq. (15), and then
applying the property of the switching �-modification
in Eq. (20), we arrive at

V̇3 = − zT1	1C1z1 − zT2	2C2z2

+ zT2	2[D − D̄Sgn(z2)] + (��(�̂)�̂
T
)�̃

� − zT1	1C1z1 − zT2	2C2z2

� − �min(C1	1)‖z1‖2 − �min(C2	2)‖z2‖2

� 0 (21)

where �min(·) denotes the minimum eigenvalue of a ma-
trix. Since V3 is a non-negative function and its time
derivative is negative semi-definite, V3 is ensured to
be bounded. In addition, we conclude by applying the
LaSalle–Yoshizawa theorem [10] to Eq. (21) that z1(t),
z2(t) → 0 as t → ∞. Thus, the position and ve-
locity errors are proven to be globally asymptotically



H.-C. Lim, H. Bang / Acta Astronautica 65 (2009) 112–122 117

un = mf (– C2z2 – f – D Sgn(z2) + xd  – C1(z2 – C1z1) – Λ2 Λ1z1)

ua = u + Δu�

u = un + Δu

= Tm·CLB·ξ

Δua = mfH�

Δu = -mf H� for � ≠ �

Δu = -mf H� for � = �

actual control input

R ^

^^

^^

·· -1

Fig. 2. Schematic illustration of the actual control input and actual thrust force applied to the follower satellite by thrust misalignment.

convergent such that

lim
t→∞ z1(t) = 0 → lim

t→∞ x1(t) − xd (t) = 0

lim
t→∞ z2(t) = 0 → lim

t→∞ x2(t) − ẋd (t) − C1z1(t) = 0

→ lim
t→∞ x2(t) − ẋd (t) = 0 (22)

The boundedness of V3 implies that �̃(t) is bounded.
From the definition of �̃= �− �̂, �̂(t) is surely bounded
because the unknown parameter � is a constant.
These properties including Eq. (22), along with the
assumption of boundedness of ẍd (t), imply that the
control input u(t) is also bounded. Even though the
tracking error converges to zero, the estimated mis-
alignment parameter may not converge to its true value.
As usual in an adaptive control, persistent excitation
(PE) condition should be satisfied in order to attain
convergence of the estimated parameter to its true value
[15]. However, the above stability and convergence
properties can be guaranteed without PE condition.

3.3. Computation of control input

From the definition of u(t) and H (t) in Eqs. (6) and
(8), they include the variables such as the thrust magni-
tude Tm and the rotation matrix CR

LB . Thus, the control
input of Eq. (16) obtained from adaptive backstepping
technique cannot be evaluated explicitly because it con-
tains matrix of H (t) including Tm and CR

LB even though
system states and design parameters are known except
for H (t). So it is necessary to compute the control in-
put by using an alternative approach. One feasible ap-
proach is to find the thrust magnitude Tm and matrix
CR
LB which satisfy Eq. (16), and then to compute the

control input directly from them. After substituting the
definition of u(t) in Eq. (6) and H (t) in Eq. (8) into

Eq. (16), we can rewrite Eq. (16) in a simple form

Tm · CR
LB · n̂= q − Tm · CR

LB · G · �̂

Tm · CR
LB · (n̂+ G · �̂) = q

Tm · CR
LB · p = q (23)

where

p = n̂+ G · �̂

q = m f (−C2z2 − f − D̄ Sgn(z2) + ẍd

− C1(z2 − C1z1) − 	−1
2 	1z1)

Note that n̂ ∈ R3 and G ∈ R3×2 are constant vec-
tor and matrix related to thrust orientation information,
respectively, and p ∈ R3, q ∈ R3 can be computed
directly because their variables are already known or
assigned. The thrust magnitude Tm can be obtained
simply by using Tm = (‖q‖/‖p‖), and the rotation ma-
trix CR

LB can also be constructed by applying the con-
ditions of minimal and optimal proper pointing which
produce a unique rotation matrix [16]. Thus, the ac-
tual control inputs can be constructed simply by using
u(t)=Tm ·CR

LB ·n̂. Note that the actual control input, i.e.,
the nominal thrust force u, is generated to point thruster
toward a proper direction considering compensation of
thrust misalignment so that the follower satellite tracks
a desired trajectory well. In other words, the last term
of the nominal thrust force in Eq. (16) is added to com-
pensate the third term (H (t)�) in the second equation of
Eq. (8). In actual maneuvers, the control input applied
to the follower satellite comprises the thrust magnitude
Tm and the attitude control for proper orientation by
CR
LB , but the actual force ua acting on follower satellite

is expressed as the sum of the actual control inputs u
and �ua due to the true thrust misalignment. Fig. 2 il-
lustrates the actual force ua , the actual control input u,
and the perturbed forces �u and �ua by the estimated
and true thrust misalignment. The nominal control in-
put un shown in Fig. 2 means the first term including
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Fig. 3. Overall block diagram of control scheme.

Table 1
Additional parameters for numerical simulations.

Initial conditions x1(0) = [50, −50, −30]T m, ẋ1(0) = [0, 0, 0]T m/s2

�̂(0) = [0, 0]T deg

Thruster information [�,�]T = [210, 210]T deg, [��,��]T = [−1.5, 1.5]T deg

Design parameters C1 = C2 = 1.0 × 10−3 × I3×3, 
 = 2.0 × 10−3 × I2×2

	1 = 1.0 × 10−2 × I3×3,	2 = 1.0 × 103 × I3×3

Others m f = 100kg, D̄ = 5 × 10−5 N
X1 = [−100, 100, 100]Tm, a = 0.01, Ts = 3600s

brackets in Eq. (16). It is also obvious that the actual
control input u is equivalent to the actual force ua when
the estimated parameters from an adaptive control law
converge to true values.
Since a single thruster is fixed to a satellite, it is

necessary to slew the satellite prior to each burn such
that the thruster is pointed toward desired direction by
the attitude maneuver. In practical implementation, the
proper attitude orientation for thruster burn can be ob-
tained from the rotation matrix CR

LB which is achieved
by attitude maneuver. In this study, it is assumed that
attitude maneuver is executed by an inner control loop
which makes a thruster point to the control direction
in real-time without much time delay. In the case of a
satellite with 10kgm2 of moment of inertia and 25Nm
of maximum torque, it is estimated to take 0.23s for 1◦
attitude maneuver and 0.52s for 5◦ [17]. As obtained
in the next simulation, the maximum angle of attitude
maneuver in the LVLH frame is smaller than 0.6◦ for
1Hz operational frequency and 0.04◦ for 10Hz. The
control schematic including the computational process
of the control input and parameter estimate is illustrated
in Fig. 3.

4. Numerical simulations

The adaptive backstepping control law designed in
the previous section is simulated for a tracking prob-
lem with the following orbital parameters of a leader

satellite, p̂e = 600km, ê = 0.2, and n̂ = 7.75 × 10−4,
where p̂e is perigee altitude, ê is eccentricity of the el-
liptical orbit, n̂ denotes mean motion from which the
orbital period can be determined. The desired trajectory
and external disturbance are described by

xd (t)=a
∫ t

0
e−a(t−)Qd ()d

d(t)=[1.9106−1.906−1.517]T sin(2�n̂t)×10−5 m/s2

(24)

where

Qd (t) =
{ X1

2
+ X1

2
sin

(
�

(
t

Ts
− 1

2

))
, 0� t�Ts

X1, t�Ts

The setting time Ts indicates how fast the follower satel-
lite reaches the X1 position in the desired trajectory. The
orbital parameters, desired trajectory and external dis-
turbance are chosen as the same values in Pongvthithum
[4]. �(t) in Eq. (5) is given as a small positive random
variable within 5×10−4 such that it realizes thrust mag-
nitude error in practical maneuvers. Note that the total
disturbance is the sum of disturbance caused by thrust
magnitude error and external disturbance including the
Earth’s oblateness, solar radiation pressure, atmospheric
drag, third body gravity and electromagnetic force. Ad-
ditional parameters used for simulation are listed in
Table 1. The design parameters were tuned by trial and
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Fig. 4. Real (solid line) and desired (dash-dot line) trajectory of the follower satellite.
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Fig. 5. Actual control input of the follower satellite.
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Fig. 7. Total disturbance including external disturbance and thrust magnitude error.
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error until the controller and update law shows satisfac-
tory performance considering an admissible thrust mag-
nitude and convergence of the estimated parameters.
Other parameters such as initial conditions are selected
arbitrarily but the thrust misalignment angles, �� and
�� are chosen such that they correspond to the state-
ments of Wolff [13].
The simulation results depicted in Figs. 4, 5 and 6

show that the follower satellite tracks the desired trajec-
tory well, and the control inputs are kept small within
the range of electric thrusters, and the estimated mis-
alignment converges to an admissible level even though
it does not converge to the true value. As shown in
Eq. (17), the estimated parameters converge to any val-
ues without more update when z2 and Tm approach
zero. For the estimated parameters to converge to their
true values, PE condition should be satisfied [15]. The
total disturbance including thrust magnitude error is
shown in Fig. 7. To demonstrate how the proposed con-
troller is effective for the aspect of fuel consumption,
two simulation results are presented in Table 2. Case
A shows corresponding fuel cost in terms of �V for
the proposed adaptive controller considering thrust mis-
alignment as the estimated parameters, and Case B for
the backstepping controller regarding it as disturbance.
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Fig. 8. Thrust force caused by the estimated (solid line) and real (dash-dot line) misalignment.

Under the same simulation conditions,�V=1.2778m/s
of Case A is smaller than Case B with difference of
�V =0.0052m/s in 5000s because perturbation caused
by thrust misalignment is compensated by the proposed
controller. Fig. 8 shows the thrust forces, �u and �ua of
Fig. 2, caused by the estimated and real thrust misalign-
ment, respectively. Their forces approach zero because
thrust magnitude decreases as time passes as shown in
Fig. 5, and their difference also becomes smaller be-
cause the estimated parameters converge to the vicinity
of their true values.

5. Conclusions

In this paper, we developed the error model of thrust
misalignment, and designed an adaptive control law for

Table 2
Comparison of fuel cost during formation maneuver.

Time (s)

1000 2000 3000 4000 5000

Case A (m/s) 0.4661 0.6288 0.8832 1.0974 1.2778
Case B (m/s) 0.4675 0.6305 0.8899 1.1026 1.2830
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the tracking problem of SFF under uncertainty of thrust
misalignment and bounded disturbances. It was proven
by using Lyapunov stability analysis that the proposed
controller guarantees global asymptotic convergence for
the position and velocity tracking errors. Simulation re-
sults were provided to demonstrate the performance of
the proposed control law. Compared to a general con-
troller considering thrust misalignment as disturbance, it
was shown that the proposed adaptive controller is more
efficient in terms of fuel consumption during formation
maneuver in the presence of thrust misalignment.
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