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Based on double-line-of-sight measuring relative navigationmethod, an approach guidance lawwith the triangle-

measuring constraint is presented for autonomous rendezvous. The observability of double-line-of-sight measuring

relative navigation system is analyzed using the state estimation error covariance matrix. The triangle-measuring

navigation constraint is described as a keep-out cone. The approach guidance law is designed via artificial potential

function method. It is ensured that there is a high region of potential in the keep-out cone and the potential still has a

unique minimum at the goal position. Numerical simulations are undertaken to verify the guidance method

proposed. The results indicate that the control impulses of the potential function guidance ensure convergence of the

chase spacecraft to reach the goal position without violating the navigation keep-out zone.

I. Introduction

TODATE, there are more andmoremissions and plans including
on-orbit servicing [1–4], asteroid exploration [5], Mars sample

return exploration [6], and so on, to address the necessary of space
autonomous rendezvous technology. Different from the past space
rendezvous operations that often required cooperation between
spacecraft and a man-in-the-loop, the notion of performing autono-
mous rendezvous should satisfy the demand of a variety of rendez-
vous targets thatmay be cooperative or uncooperative, functioning or
malfunctioning, and passive or active [7,8]. Meanwhile, the complex
navigation sensors and guidance instrumentation used for the past
rendezvous operations are gradually developed to be with incor-
porating light weight, low power, and compact configuration.
Therefore, the navigation and guidance methods for autonomous
rendezvous also face the new challenges to adapt these new
characteristics of space autonomous rendezvous. The purpose of this
paper is to present an approach guidance method with only line-of-
sight (LOS)-angle measurements for autonomous rendezvous.

The angles-only navigation and guidance, sometimes called the
stereovision navigation and guidance, is not a new technology and
has been exploited in the areas of aeronautic, naval, or other
applications [9–11] because of the advantages of requiring only
simple vision measuring sensors and LOS-angle measurements.
Some researchworks [12–15] have illuminated that when the relative
range between spacecraft is very close (tens of meters) in the final
phase of rendezvous and docking, the angles-only navigation is
feasible via multi-LOS-vector measurements of several observation
beacons mounted on the target spacecraft. However, in the far or
medium range (tens of kilometers to several kilometers), operation
phase of autonomous rendezvous, the target ismerely taken as a point
source so that only single-LOS-vector measurements are obtained.
Thus many research works have been focused on the navigation
problem with only single-LOS measurements available. Chari [16]
studied observability of the angles-only navigation system in
different orbital rendezvous trajectories both analytically and
through linear covariance modeling. Yim et al. [17] investigated the
possibility of autonomous orbit navigation using LOSmeasurements

between two orbiting spacecraft with several thousands kilometers
distance and determined observability of the navigation system using
the condition number of the observability matrix. Woffinden and
Geller [18] presented an analytical expression that clearly defines the
conditions that ensure observability for a linear navigation system of
orbital rendezvous when only LOS-angle measurements are used.
Hablani et al. [19–21] also analyzed observability of the relative
position from LOS-angle measurements. Chen et al. [22] presented
an iterative algorithm to estimate the along-track relative motion
using only azimuth angle. Schmidt and Lovell [23] described a
method to calculate the geometric aspects of relative satellite motion
using angles-only measurements. They all drew the same conclusion
that the relative navigation system is weakly observable or even
unobservable using only single-LOS-angle measurements in the
phases of far- and medium-range rendezvous operations, and the
estimation of relative position of the target is gross. For the above
reasons, an angles-only relative navigation method—double-LOS-
measuring relative navigation has been put forwarded for
autonomous rendezvous [24]. It is supposed that two-formation
chase spacecraft form a triangle-measuring configuration relative to
the target in space so as the observability of the relative navigation
system is improved and the relative motion of the target can be
estimated precisely. However, the relative navigation system is near
unobservable as soon as three spacecraft are in one line. The same
conclusion has been obtained by Linares et al. [25]. They determine
the relative attitudes of formation vehicles within the close range
using the triangle multi-LOS-measuring method.

Based on the previous research work, this paper is focused on the
approach guidance law with the triangle-measuring navigation
constraint. The purpose of guidance maneuver of the chase
spacecraft is not only to approach the target, but also to guarantee the
advantage relativemotion for the observability of navigation system.
Many rendezvous guidance methods have been presented, such as
Clohessy–Wiltshire (C-W) two-impulse guidance [26,27], optimal
multi-impulse guidance [28,29], impulsive feedback control using
classical orbit element differences [30], and so on. However,
considering autonomous implementing and navigation constraint,
artificial potential function guidance, which was first presented for
terminal rendezvous in the presence of path constraints and multiple
obstructions by Lopez and McInnes [31], is the most effective
method. Thereby, the rendezvous guidance law with navigation
constraint will be designed using the artificial potential function
method in this paper.

This paper is organized as follows. First, a double-LOS-measuring
relative navigation constraint is described. Second, the approach
guidance law with navigation constraint is presented. Then two
numerical simulation scenarios are undertaken to illustrate the
presented guidance method. At last, the conclusion is given.
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II. Double-LOS-Measuring Relative
Navigation Constraint

For noncooperative autonomous rendezvous, double-LOS-
measuring relative navigation method has been presented via the
notion of human binocular vision [24]. As portrayed in Fig. 1, the
architecture of double-LOS-measuring relative navigation com-
prises a chief chase spacecraft (CCS) that performs maneuver
operations to rendezvous with a target spacecraft (TS) and an
auxiliary chase spacecraft (ACS). TS is supposed to be passive,
disable or noncooperative. CCS and ACS form a measuring baseline
relative to the target in space and can transfer the measurement
information to each other via the interspacecraft crosslink. CCS and
ACS measure relative LOS angles (respectively, azimuth �i and
elevation�i, i� 1; 2) of TS using the optical sensor and acquire their
own inertial position/attitude using the inertial measurement
instrument, star tracker, and gyro. Meanwhile, the bearing of the
measuring baseline (namely, relative LOS angles, azimuth �b and
elevation�b, of CCSwith respect toACS and the length k�rbk of the
measuring baseline between CCS and ACS) are obtained using
interspacecraft measuring. Obviously, if the measuring triangle
exists, the range from CCS to TS (j�r1j in Fig. 1) and the range from
ACS to TS (j�r2j in Fig. 1) as well as the relative position of TS can
be determined using the above measurements.

The relative navigation model is set up to estimate the relative
position and velocity using the filter method. The position vector of
TS relative to CCS �r1 and the position vector of ACS relative to
CCS �rb are defined as

�r1 � rt � rc1 (1)

�rb � rc2 � rc1 (2)

where rt is the position vector of TS, and rc1 and rc2 are the position
vectors of CCS and ACS, respectively.

When the relative distance between two spacecraft is small in
comparison with the absolute orbit radius, the gravity difference can
be linearized [32]. The approximate relative-motion equations of TS
with respect toCCS and that ofACSwith respect toCCS are obtained
as

��r1 ��
�
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�
rTc1�r1
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(4)

where p��� is the perturbation acceleration function of the
spacecraft.Uc1 is the acceleration of CCS caused by the thrusters for
guidance maneuvers. It is supposed that ACS do not perform the

rendezvous maneuver and TS is passive. Thereby, they have no
orbital control accelerations.

The process noise model is obtained according to the relative-
motion equations described in the inertial frame:
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andwhere ���i represents the columnmatrix of components of vector
in the inertial frame, and&1 and&b are assumed to bewhite Gaussian
process noises that are caused by the differences of the perturbation
accelerations of the spacecraft p�rt� � p�rc1� and p�rc2� � p�rc1�.
We define the spectral density matrix of process noise q as follows:

E�&�t�&���T � � q��t � ��;
q� diag���21x; �21y; �21z; �2bx; �2by; �2bz��

(6)

where �1x, �1y, �1z, �bx, �by, and �bz are the standard deviations of
process noises.

The measurement vector Z includes LOS angles of TS with
respect to CCS �1 and �1, LOS angles of TS with respect to ACS �2
and �2, LOS angles of CCS with respect to ACS �b and �b, and the
range between CCS and ACS k�rbk. The measurement model is
given as follows:

Z � h�X� � � (7)

where the column matrix of measurement function vector h�X� is
written by

h �X� �
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(8)

and � is the measurement noise vector. All measurement noises are
assumed to be white Gaussian noises. We define the covariance
matrix of measurement uncertainty R as

E���t���t�T � �R��t � ��;
R� diag���2�1; �2�1; �2�2; �2�2; �2�b; �2�b; �2�r��

(9)

where ��1, ��1, ��2, ��2, ��b, ��b, and ��r are standard deviations of
measurement noises. The covariance matrix of measurement
uncertainty R is a 7 
 7 constant main diagonal matrix.

In Eq. (8), xm1, ym1, and zm1 are components of the vector �r1 in
the measurement frame of CCS; xm2, ym2, and zm2 are components of
the vector�r2 in the measurement frame of ACS; and xmb, ymb, and
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Fig. 1 Relative geometry of double-LOS measurements.
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�zmb are components of the vector��rb in the measurement frame
of ACS. They are written by

� xm1 ym1 zm1 �T � Lm1i 	 ��r1�i (10)

� xm2 ym2 zm2 �T � Lm2i 	 ���r1�i � ��rb�i� (11)

� xmb ymb zmb �T � Lm2i 	 ���rb�i (12)

where Lm1i is the transformation matrix from the inertial frame to the
measurement frame of CCS, and Lm2i is the transformation matrix
from the inertial frame to the measurement frame of ACS. They are
the functions of inertial states and attitudes of spacecraft.

From the nonlinear process noise equation (5) and measurement
equation (7), the discrete-time linearized equations about estimated
values are obtained:

�Xk ��k;k�1�Xk�1 � BU�tk�1� �Wk�1 (13)

�Zk �Hk�Xk � Vk�1 (14)

where

�k;k�1 � I��t 	 @f�X�
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����
X�X̂k�1

; Hk �
@h�X�
@X

����
X�X̂k���

Wk�1 �
Z
tk

tk�1

�tk;�
D&���D�

Then the relative position and velocity of TS can be estimated
precisely using discrete-time extended Kalman filter. The state
estimation error covariance matrix is obtained as follows to analyze
the observability of the navigation system:

K k � Pk=k�1H
T
k �HkPk=k�1H

T
k �Rk��1 (15)

P k=k�1 ��k:k�1Pk�1�
T
k;k�1 �Qk�1 (16)

P k � �I �KkHk�Pk=k�1�I �KkHk�T �KkRkK
T
k (17)

where Q is the covariance matrix of discrete-time process noise:

Q k�1 �
Z
tk

tk�1

�tk;�
DqDT�T

tk;�
D� (18)

The linearizedmatrices� andH are evaluatedwith respect to the true
nominal state values that are propagated using the nonlinear orbit
models (Cowell’s method [33]).

However, whether to determine the relative position of TS using
geometry method or to estimate accurately the relative-motion states
of TS via filter method, the triangle-measuring configuration is the
necessary condition. As along as the separation angle between the
LOS vector fromCCS to TS and the LOS vector fromACS to TS � is
equal to zero or�, the triangle-measuring configuration disappears so
that the double-LOS-measurement system degenerates into the
single-LOS-measurement system. The results of analyzing the
condition number of the observability matrix about the deterministic
navigation system has also proved that the observability of the
double-LOS-measuring relative navigation system becomes weak

with the separation angle � close to zero or � gradually [24].
Therefore, a path constraint (which is a keep-out cone with TS as the
vertex and the connection line betweenTS andACS as the centerline)
must be taken into account in the course of rendezvous so as to
prevent the separation angle being close to zero or � and to ensure a
good observability of the relative navigation system (see Fig. 2). The
path constraint is also expressed as follows:

1 � j cos �j> " (19)

where " is a positive real number. The approach guidance maneuver
of CCS for rendezvouswith the targetwill be implemented under this
path constraint.

III. Approach Guidance with Navigation Constraint

Although double-LOS-measuring relative navigation method is
useful to estimate the relative position and velocity of the target for
noncooperative autonomous rendezvous, a path constraint arises
from the observability of the navigation system. Therefore, the
purpose of guidance is not only to direct CCS to the target with a
controlled relative velocity, but to avoid CCS violating the path
constraint. The use of artificial potential function guidance is useful
in dealing with the problem of path-constrained rendezvous.

A. Attractive Potential and Repulsive Potential

To ensure convergence, the artificial potential guidance will be
obtained according to Lyapunov’s second method, which has the
following conditions:

V�X�> 0; 8 X ≠ 0 (20)

V�X� � 0; as X� 0; and V�X� ! 1; as kXk ! 1
(21)

_V�X�< 0; 8 X ≠ 0 (22)

The potential function developedmust have the property that there is
aminimum at the goal position (attractive potential) and high regions
of potential in the keep-out zone (repulsive potential). In this paper,
we suppose that only CCS rendezvous with TS. Therefore, only the
relative position variables of TSwith respect to CCS are contained in
the attractive potential. However, the keep-out cone caused by
navigation constraint is related to the connection line betweenTS and
ACS so that the repulsive potential includes the relative position
variables of TS with respect to ACS. We define the relative position
vector of TS with respect to CCS and ACS as

X 1 � ��r1�i � � x1 y1 z1 �T

X 2 � ��r2�i � ��r1�i � ��rb�i � � x2 y2 z2 �T

And the goal relative position of TSwith respect to CCS is defined as

X g
1 � ��rg1�i � � x

g
1 yg1 zg1 �T

Then the attractive potential and the repulsive potential are given by

Vatt�X1� � �X1 �Xg
1�TP�X1 �Xg

1� (23)

Vrep�X1;X2� � 	�X1 �Xg
1�TP�X1 �Xg

1� exp
�
�cos ��2
�

�

� 	�X1 �Xg
1�TP�X1 �Xg

1� exp
�
�XT

1X2�2
�kX1k2kX2k2

�
(24)

where P is a positive definite matrix that is used with the attractive
potential to give an ellipsoidal projection of the potential in the
configuration space:

ACS

CCS

Keep-out cone TS

Approach trajectory 

Fig. 2 Keep-out cone in the course of approach.
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P� diag��p1; p2; p3�� (25)

Parameters 	 and �, which are positive real numbers, determine the
opening angle of the keep-out cone.

Obviously, the repulsive potential defined as Eq. (20) increases
with the separation angle � close to zero or� gradually and reaches a
maximum as � is equal to zero or �. It ensures that there is a high
region of potential in the keep-out cone and the potential still has a
unique minimum at X1 �Xg

1 . However, the relative position of TS
with respect to ACSX2 is variable so that the keep-out cone defined
by the repulsive-potential equation (24) is dynamic. The orientation
of the keep-out cone in space changes with the direction of the
relative position vector of TS with respect to ACS.

The total potential function is defined as the sum of the attractive
and the repulsive potentials:

V�X1;X2� � Vatt�X1� � Vrep�X1;X2�

� �X1 �Xg
1�TP�X1 �Xg

1�
�
1� 	 exp

�
�XT

1X2�2
�kX1k2kX2k2

��
(26)

In this paper, only the convergence of the relative position of TSwith
respect to CCS X1 needs to be ensured. Therefore, the relative
positionX1 is taken as the state vector, but the relative position of TS
with respect to ACSX2 is taken as the time-variable parameter in the
potential function (26). Obviously, the following condition is
guaranteed:

	 exp��XT
1X2�2=��kX1k2kX2k2��> 0; 8 X1;X2

Therefore, the potential function (26) satisfies thefirst two conditions
of Lyapunov’s second method, Eqs. (20) and (21) for the relative
position X1. Figure 3 shows a two-dimensional potential function
with a keep-out cone under the assumption that X2 is constant
[70 km, 0] and the goal relative positionXg

1 is equal to zero. There are
no singularities in the potential function.

B. Approach Guidance with Dynamic Keep-Out Cone

The approach guidance is designed according to the third
condition of Lyapunov’s secondmethod.When the total derivative of

the potential function is less than zero _V < 0, themotion of the chaser

spacecraft is freely propagated. But, as long as _V � 0, an control

impulse will be provided such that the relative velocity _X1

immediately is directly opposite to the partial derivative of the

potential with respect to the state vectorX1 after the impulse � _X1:

_X �1 � _X1 �� _X1 ��K
@V�X1;X2�

@X1

(27)

where _X�1 is the relative velocity after the control impulse. AndK is a
positive definite matrix:

K � diag��k1; k2; k3�� (28)

Since we suppose that CCS rendezvous with TS but ACS not, only
CCS have control impulses. Using Eq. (27), three axes control
impulses of CCS can be calculated as follows:

�_x1 �� _x1 � k1
@V

@x1
(29)

�_y1 �� _y1 � k2
@V

@y1
(30)

�_z1 �� _z1 � k2
@V

@z1
(31)

where
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� 2p1�x1 � xg1�
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1X2�2
�kX1k2kX2k2

��
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�
2	

�

�
x2kX1k2�XT

1X2� � x1�XT
1X2�2

kX1k4kX2k2
�


 exp

�
�XT

1X2�2
�kX1k2kX2k2

��
(32)
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Fig. 3 Two-dimensional potential function with keep-out zone.

Table 1 Initial orbit elements of spacecraft

Orbit elements TS CCS ACS

Semimajor axis a, M 7000000 6999700 6999900
Eccentricity e 0.002 0.0021 0.002
Orbit inclination i, deg 50.00 50.002 50.002
Right ascension node �, deg 10.00 10.002 10.002
Argument of perigee !, deg 30.00 29.85 29.85
Mean anomalyM, deg 30.00 29.85 29.85

Table 2 Relative navigation parameters

Parameters Value

Standard deviations of process acceleration noises
�1x, �1y, �1z 0.01, m=s2

�bx, �by, �bz 0.001, m=s2

Standard deviations of measurement noises
��1, ��1, deg 0.01, deg
��2, ��2, deg 0.01, deg
��b, ��b, deg 0.01, deg

��rm 5.0,
Standard deviations of inertial navigation errors

Position, per axis 200, m
Velocity, per axis 1.0, m=s

Standard deviations of attitude determination errors
Per axis 0.01, deg

Table 3 Approach guidance parameters

Parameters Value

Goal relative position [�200; 200; 200], m
Attractive potential

p1 0.022
p2 0.022
p3 0.022

Repulsive potential
� 0.05
	 2:4e � 9

Control gain
k1 0.0083
k2 0.0022
k3 0.0002

CHEN AND XU 681



@V

@y1
� 2p2�y1 � yg1�

�
1� 	 exp

�
�XT

1X2�2
�kX1k2kX2k2

��
� �X1 �Xg

1�TP�X1 �Xg
1�



�
2	

�

�
y2kX1k2�XT

1X2� � y1�XT
1X2�2

kX1k4kX2k2
�


 exp

�
�XT

1X2�2
�kX1k2kX2k2

��
(33)

@V

@z1
� 2p3�z1 � zg1�

�
1� 	 exp

�
�XT

1X2�2
�kX1k2kX2k2

��
� �X1 �Xg

1�TP�X1 �Xg
1�



�
2	

�

�
z2kX1k2�XT

1X2� � z1�XT
1X2�2

kX1k4kX2k2
�


 exp

�
�XT

1X2�2
�jX1j2kX2k2

��
(34)

The conditions given by Eqs. (29–31) define the control impulse
magnitude and direction. After the impulse, the total derivative of the
potential immediately is found to be

_V � @V

@XT
1

_X�1 �
@V

@XT
2
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In Eq. (27), the total derivative of the potential contains the partial
derivative of the potential with respect to the relative position X2

because the keep-out cone defined by the repulsive potential (24) is

dynamic. Therefore, it is difficult to ensure _V < 0 in any case. But in
this paper, we suppose that ACS and TS have not orbital control such

that the relative position X2 and relative velocity _X2 of TS with
respect toACS are all bounded.Meanwhile, the following conditions
are established in the course of approach:
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Therefore, there exists a positive number 
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Fig. 7 Estimation errors of the relative motion of TS with respect to CCS in the inertial frame and corresponding 3� bounds (without guidance).
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Furthermore, we define the minimum of the elements of control gain
matrix as km �min�k1; k2; k3�. As long as choosing km > 
, the total
derivative of the potential is then found to be
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Since the total derivative of the potential is now negative definite,
global asymptotic convergence is ensured. Meanwhile, according to
Eqs. (32–34), the partial derivatives of the potential with respect to
the state vectorX1 converge to zero as long as the convergence of the
state vector X1 is ensured:
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1k ! 0

Therefore, the convergence of the relative velocity _X1 is also ensured
by Eq. (27):
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(44)

The control impulses for approach guidance can be summarized as
follows:

U c1 �
(
0; if _V < 0;�
� _X1 � K @V

@X1

�
��t�; if _V � 0

(45)

where � denotes the Dirac delta operator. The times and total number
of control impulses are determined by the total derivative of the

potential _V autonomously. And the magnitudes and directions of
control impulses are determined by the relative velocity of TS with
respect to CCS and the partial derivative of the potential with respect
to the state vectorX1.

IV. Numerical Simulations and Analysis

To illustrate the presented approach guidance, we undertake two
numerical simulation scenarios. In the first scenario, three spacecraft
are freely propagated without any orbital control. But in the second
scenario, the approach guidance of CCS is performed.

The initial classical orbit elements of spacecraft are given in
Table 1. Using the initial orbit elements, we can calculate the initial
inertial positions and velocities of spacecraft, which are taken as the
initial values for numerical integration. And then, using a standard
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fourth-order Runge–Kutta method with a fixed step of 0.2 s, the
numerical simulations are performed by integrating the nonlinear
orbit equations (Cowell’s method). The orbital perturbation
accelerations include the gravitational zonal J2 through J4 effects.
All simulations are carried outwithMATLABversion 6.5Mfiles and
Simulink models.

The process acceleration noises,measurement noises and the other
interrelated errors are given in Table 2. The initial estimation of state
vector is given by

X̂ 0 � ��30 km; 10 km; 10 km; 0; 0; 0; 5 km; 2 km; 2 km; 0; 0; 0 �T

And the initial covariance matrix is given by

P 0

� diagf� �1 km�2; �1 km�2; �1 km�2; �5 m=s�2; �5 m=s�2; �5 m=s�2; �50 m�2; �50 m�2; �50 m�2; �1 m=s�2; �1 m=s�2; �1 m=s�2 �g

The approach guidance parameters are given in Table 3.

A. Scenario 1: Numerical Simulation Without Approach Guidance

According to initial orbit elements of spacecraft, CCS andACS lag
behind TSmore than 36 km in along-trackmotion at first (see Fig. 4).
Figure 5 shows that the separation angle between LOS vector from
CCS to TS and LOS vector fromACS to TS � is close to zero 3 times
in a 120min simulation. Figure 6 shows that the square roots of error
covariances of the relative position and velocity of TSwith respect to
CCS are convergent rapidly although there are large initial error
covariances. But the error covariances increase with the separation
angle � close to zero. Especially, the square root of error covariance
of the relative position reaches to nearly 70 m as the separation angle
� decreases to 0.0023 deg in the vicinity of the 60th minute. The
results indicate that the observability of double-LOS-measuring
relative navigation system becomesweakwith the separation angle �
close to zero gradually. Therefore, it is necessary for the relative
navigation to prevent three spacecraft being in one line.

The results of relative states estimation using double-LOS-
measuring relative navigation method without approach guidance
control are also shown in Figs. 7 and 8. The estimation error of the
relative position of TS with respect to CCS per axis can converge to
the accuracy of less than 20 m and the relative velocity estimation
error per axis can converge to the accuracy of less than 0:2 m=s (see
Fig. 7). Moreover, the estimation errors of the relative states of TS
also increase with the separation angle � close to zero because of the

poor observability of the navigation system in those situations. The
estimation error of the relative position of ACS with respect to CCS
per axis can converge to the accuracy of less than 2m and the relative
velocity estimation error per axis can converge to the accuracy of less
than 0:02 m=s (see Fig. 8). The estimation errors of the relative
motion of ACS with respect to CCS are one order of magnitude less
than those of TS with respect to CCS because there are the relative
range measurements between ACS and CCS via interspacecraft
crosslink, but not between TS and CCS.

B. Scenario 2: Numerical Simulation with Approach Guidance

In this simulation scenario, the approach guidance control is
started after a 5 min simulation and the simulation is stopped until
CCS reaches the goal position within 10 m.

The results for the approach guidance with the keep-out zone
constraint are given in Figs. 9–14. Figure 9 shows that it takes CCS
about 102min to reach the goal position. Finally, the relative velocity
of TS with respect to CCS converges to less than 0:1 m=s. Figure 10
shows that the separation angle between two LOS vectors is small in
the beginning of simulation, and after the approach guidance starts, it
increases fast and is guaranteed to be a larger value all along.
Therefore, the good observability of the relative navigation system is
ensured and the estimations of the relative position and velocity
become more accurate. Figure 11 shows that the estimation error of
the relative position of TS with respect to CCS per axis can converge
to the accuracy of less than 5 m, and the relative velocity estimation
error per axis can converge to the accuracy of less than 0:1 m=s. The
three-dimensional relative motions of CCS and ACS are shown in
Fig. 12, where the frame origin is located at the center of mass of TS
and theX axis points ACS all along. The keep-out conewith a 10 deg
opening angle is also shown in Fig. 12. CCS is in the keep-out cone at
first and than moves out the keep-out cone under the effect of the
approach guidance control. Figure 13 shows the guidance control
impulses in three axes. Twenty-one time impulses and a total �v of
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111:62 m=s are required to bring CCS to within 10 m of the goal
position. Every impulse occurs as the total derivative of potential is
larger than zero (see Fig. 14).

In this simulation, the first impulse occurs at the 983.8th second
and requires 47:12 m=s �v. The second impulse occurs at the
2137.6th second and requires 56:94 m=s. The time interval between
the two impulses is only 1153.8 s, but CCS has been close to within
several hundreds meters of the target after the two impulses. C-W

two-impulse rendezvous guidance is also calculated to comparewith
the approach guidancemethod presented. The initial relative states in
local-vertical/local-horizontal (LVLH) frame are calculated accord-
ing to the initial classical orbit elements of spacecraft given in Table 1
and the final relative states in LVLH frame is given as [0;0;0;0;0;0].
The transfer time is set as 1150 s. The total�v required by C-W two-
impulse rendezvous guidance is 92:37 m=s. Obviously, C-W two-
impulse rendezvous guidance requires less �v than the approach
guidance method presented. However, C-W rendezvous guidance is
based on the linearized relative-motion equations with the
assumptions of small eccentricity and near relative distance and is
merely an open loop guidance method. Therefore, C-W two-impulse
rendezvous guidance will cause large guidance error in the real
nonlinear orbit model. It always requires additional midcourse
correction �v to rendezvous with the target accurately.

For comparing with the above results, the approach guidance
without the keep-out zone constraint is also simulated. In this
simulation, 	 is set as 0 to totally remove the repulsive potential, but
all the other guidance parameters in Table 3 are still used. Figure 15
shows that the separation angle between LOS vector fromCCS to TS
and LOS vector from ACS to TS � is close to � in the vicinity of the
80th minute because of removing the keep-out zone constraint.
Figure 16 shows that CCS flies ahead of TS and passes through the
keep-out cone under the effect of the approach guidance. Figure 17
shows that the estimation errors of the relative states of TS increase in
the vicinity of the 80th minute. The results illuminate that the
observability of the navigation system cannot be ensured if the keep-
out zone constraint is removed in the approach guidance.

V. Conclusions

Although double-LOS-measuring relative navigation is useful to
estimate the relative position and relative velocity of the autonomous
rendezvous target, the triangle-measuring constraint must be taken
into account in the course of approach and rendezvous. Via analyzing
the state estimation error covariance, it is proved again that the degree
of observability of double-LOS-measuring navigation system is
weak as the separation angle � between two LOS vector is close to
zero or �. Therefore, a relative-motion path constraint, which is a
keep-out cone with TS as the vertex and the connection line between
TS and ACS as the centerline, is set up. And then, an approach
guidance law with the navigation constraint for autonomous
rendezvous is designed using artificial potential function method. It
is ensured that there is a high region of potential in the keep-out cone
and the potential still has a uniqueminimum at the goal position. The
results of numerical simulations illustrate that the guidance law not
only ensures CCS to reach the goal position for rendezvous, but also
prevents CCS from entering the keep-out cone.
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The presented angles-only guidance method could be adopted in
some autonomous rendezvous mission comprising several chase
spacecraft, especially the far- or medium-range approach operation.
Because only LOS-anglemeasurements of the target are required, the
chase spacecraft need merely to equip the simple vision measuring
sensors. This is the prominent advantage of the presented guidance
method.
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