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Abstract: On-orbit servicing, such as spacecraft maintenance, on-orbit assembly, refueling,
and de-orbiting, can reduce the cost of space missions, improve the performance of spacecraft,
and extend its life span. The relative state between the servicing and target spacecraft is vital
for on-orbit servicing missions, especially the final approaching stage. The major challenge of
this stage is that the observed features of the target are incomplete or are constantly changing
due to the short distance and limited Field of View (FOV) of camera. Different from
cooperative spacecraft, non-cooperative target does not have artificial feature markers.
Therefore, contour features, including triangle supports of solar array, docking ring, and
corner points of the spacecraft body, are used as the measuring features. To overcome the
drawback of FOV limitation and imaging ambiguity of the camera, a “selfie stick” structure
and a self-calibration strategy were implemented, ensuring that part of the contour features
could be observed precisely when the two spacecraft approached each other. The observed
features were constantly changing as the relative distance shortened. It was difficult to build a
unified measurement model for different types of features, including points, line segments,
and circle. Therefore, dual quaternion was implemented to model the relative dynamics and
measuring features. With the consideration of state uncertainty of the target, a fuzzy adaptive
strong tracking filter (FASTF) combining fuzzy logic adaptive controller (FLAC) with strong
tracking filter (STF) was designed to robustly estimate the relative states between the
servicing spacecraft and the target. Finally, the effectiveness of the strategy was verified by
mathematical simulation. The achievement of this research provides a theoretical and
technical foundation for future on-orbit servicing missions.
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1. Introduction spacecraft such as International Space Station (ISS)

. . . and Hubble Telescope. Spacecraft on-orbit servicing
On-orbit spacecraft face with failures and faults ) ] ] )
. [ (O0S) including spacecraft maintenance, on-orbit
due to severe space environment'. On average ) N

assembly, refueling, and de-orbiting can reduce the
dozens of spacecraft are destroyed every year, and o )

. o . cost of space missions, improve the performance of
on-orbit servicing can be carried out to these

Received 2019-06-28.
Sponsored by the National Natural Science Foundation of China (Grant No. 61973153).
* Corresponding author. E-mail: Yunhuawu@nuaa.edu.cn.



Journal of Harbin Institute of Technology (New Series)

spacecraft, and extend its life span[l]. Therefore, this is
of great interest for many countries!. For example,
the Orbital Express program® was an 0OS
demonstration program to verify the technical

feasibility of on-board robots maintaining on-orbit

satellites and demonstrate on-orbit interactive docking.

ROKVISS was part of German space robot research
project to verify various teleoperation control modes
of space robots and accumulate experience for future
design and operation of space robots for on-orbit
servicel.

The position and attitude of the target relative to
the servicing spacecraft is vitally important for OOS
missions, which can be divided into remote guiding
stage, approaching stage, final translation, and contact
stage. Several measure methods can be used for
different stages, such as GPS for the remote guiding
stage, laser radar for approaching stage, and visual
navigation for the final stage. This paper focuses on
the final approaching stage as mentioned above, and a
low-cost monocular vision system is implemented to
supply the relative translation and rotation. It is a
tough problem for the relative pose estimation of the
final approaching stage to a non-cooperative
spacecraft, as no artificial markers on the target
spacecraft are available.

Non-cooperative  spacecraft cannot provide
cooperative markers for auxiliary measurement, and it
has no information exchange with the servicing

spacecraft. Even its state is uncontrollable!®*®.
Therefore, the relative navigation of non-cooperative

spacecraft relies entirely on the external observation to

autonomously achieve real-time high-precision
measurement of the relative motion without
cooperative identity and inter-spacecraft data

exchange. As a key technology of on-orbit servicing,
relative states measuring for the non-cooperative
spacecraft has become a research hotspot and received

wide attention from various countries in recent years.

The spacecraft motion can be divided into orbital
and attitude motion. Traditional dynamic model
usually describes the two motions separately, ignoring
the coupling effects of orbit and attitude. To deal with
this problem, Refs. [7-9] considered the coupling
effect of orbit and attitude to establish a
six-degree-of-freedom spacecraft motion dynamics
model, but used different mathematical tools to
describe the orbit and attitude parameters. It is
difficult to achieve a truly integrated coupled
dynamics modeling. Dual quaternion can represent the
general motion of a rigid body simply and effectively.
Therefore, it was used to model the spacecraft coupled
dynamics. The dual quaternion can not only represent
the attitude, but also the position of the rigid body.
Compared with other representation methods of rigid
bodies in three-dimensional space, dual quaternion
method has a simple concept and clear geometric
meaning, and has no singularity™.

Kalman filter (KF) is a recursive linear minimum
variance estimation. It not only strongly depends on
the system model, but also loses the ability to track the
abrupt state when the system reaches the stationary
state. Therefore, the tracking ability of this method is
limited with poor robustness. Extended Kalman filter
(EKF) is the most widely used state estimation
method at present. Nevertheless, the established
system model has many uncertainties when the target
is non-cooperative. The stability of extended Kalman
filter is poor. To handle this problem, Ref. [11]
adjusted the extended filter gain matrix and the state
error variance matrix to force the filter to meet the
principle of orthogonality, so that the estimated state
of the filter can keep track of the system’s actual state.
The filter has strong tracking ability because it
reduces the impact of previous data on the current
estimation and makes more use of current
measurement data. Thus, it is called strong tracking

filter (STF).
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Compared with EKF, STF has

convergence and dynamic performance as well. Its

improved

advantages include 1) strong ability to track mutation
states, 2) strong robustness about model uncertainty, 3)
statistical

lower sensitivity to noise and initial

properties, and 4) moderate  computational
complexity™™?. However, the tracking function of the
STF is still not ideal when the state transition is small,
because the fading factor is too small when the state is
abrupt. An improved strong tracking filter is proposed
in Ref. [13]. The probability of misjudging filter
divergence is reduced by properly increasing the
threshold of judging filter divergence. Different
weakening factors can be determined according to
different dimensional quantitative equation, thus
avoiding the defect of adding weakening factors based
on experience. Ref. [14] proposes a strong tracking
finite-difference Kalman filter (STFDEKF). The
strong tracking filter factor is introduced to adjust the
state pre-covariance matrix of the filter so that the
filtering precision is improved.

Based on dual quaternion, an integrated
spacecraft relative dynamics model is established.
Aiming at the problem of selecting weakening factor
and calculating multi-suboptimal fading matrix in STF,
a fuzzy strong tracking filter with fuzzy adaptive
characteristics is proposed. The method uses a fuzzy
logic adaptive controller (FLAC) to dynamically
modify the weakening factor, thereby adaptively
adjusting the multiple sub-optimal fading matrices
online, and further improving the filter tracking
accuracy. The effectiveness of the method is verified

by numerical simulations.
2. Scenario Analysis

The relative distance is quite short in the final
approaching stage, so the measurement accuracy,
which directly affects the success of on-orbit service

tasks, is required to be extremely high. With the two

spacecraft getting closer and closer, the camera FOV
of the servicing spacecraft becomes smaller and
smaller, thus fewer features can be observed. This
makes it more difficult to calculate the relative
position and attitude. From the perspective of
servicing spacecraft, Fig.1 presents four snaps of the
target spacecraft from different distance during the
approaching stage, showing that some features are

missing.

Fig.1 Distance-induced feature changes

The measurement strategy in Ref. [15] is used to
overcome the above issues. As shown in Fig.2, a
“selfie stick” structure and a self-calibration strategy
are implemented, ensuring that part of the contour
features can be observed precisely before the two
spacecraft contact and part of the target spacecraft
structure is within the field of view of the visual
camera. The installation structure can effectively
increase the distance between the camera and the
target. Even if the relative distance between serving
spacecraft and target is almost zero, the observation
distance between the camera and the target is still

about 2 m.

The target

The service spacecraft

Fig.2 Vision measurement scheme
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3. Mathematic Modeling

3.1 Coordinate Frames

Five coordinate frames (as shown in Fig.3) are
defined as follows:

1) Servicing Spacecraft Coordinate Frame
O X;Y;Z;: The origin is located at the center of mass
of the servicing spacecraft, and the three axes are
parallel to the corresponding inertia axes.

2) Target Coordinate Frame O, X,Y,Z, : The
origin is located at the center of mass of the target
with its three axes parallel to the inertia axes of the
target.

3) Pixel Coordinate System OUV : The origin is
in the upper left corner of the image, and the
horizontal axis OU and the vertical axis OV are
parallel to the image plane coordinate system,
respectively. The abscissa U and the ordinate V are
the number of columns and rows in their image arrays,
respectively.

4) Image Plane Coordinate Frame O;X;Y;: The

origin of this frame at the intersection of the image

plane and the optical axis, the X; and Y, axes are
parallel to the horizontal and vertical directions.

5) Camera Coordinate Frame O,X.Y.Z.: The
origin is at the center of the camera. X. and Y,
axes are parallel to the X; and Y; axes of the

Image Plane Coordinate Frame, Z. axis is vertical

to the image plane.

3.2 Dual Quaternion
The concept of dual number is defined as:
d=a+ead (D)
where a,a’eR, and a is the real part while a' is

the dual part of the dual number. ¢ is a new element

with the property & =0.
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Fig.3 Definition of coordinate frames

Dual quaternion can be regarded as a quaternion,
whose element is dual number, or can be written as a
dual number whose element is quaternion, such as

q=[1.¢1=a+¢p )
where gis dual number,é is dual vector, and q, p

are all quaternion.

The basic operation rules for dual quaternion are

as follows:
Gy + G, = [+ 71, €, +&,] (3a)
A0 =44, €] (3b)
Gy -G, =i, — &, & &, + e+, 6] (30)
G =[4.-¢] (3d)
lal =6-6" (3e)
q* =[a" - (3)

where A is a constant,§” is the conjugate of ¢, “-”
represents multiplication of the dual quaternion, and

|| is the modulus of dual quaternion.

3.3 Relative Orbit and Attitude Dynamics
The dual quaternion were used to realize the

transformation from the target coordinate frame to the

servicing spacecraft coordinate frame. The attitude of

the target relative to the servicing spacecraft is

assumed to be gy . The position of O, relative to

O, described in the servicing spacecraft coordinate
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frame is set as r; . Then dual quaternion can be
written as

o =G, =0y +eG ) @
where the dual quaternion of the target and the
servicing spacecraft in the inertial coordinate system

is expressed as ¢, and ¢, . q, is the attitude

quaternion of the servicing spacecraft relative to the

fo_ L f f
M =re =1

target. is the servicing spacecraft’s
position vector relative to the center of mass of the
targetin O; X;Y;Z;.

Then the relative dynamics equation is

A 1 ~ A f
Uy =504 @y )
2
where  @! =o! +&(r! +o! xr!) is the relative

velocity curl in O;X,Y;Z;. ] is relative angular
velocity in O; X;Y;Z;. The dual inertia matrix of a

rigid body spacecraft is expressed as

M =L i+ 2 (6)
de

where m and J are the mass and inertia matrix of
the spacecraft, 1 is identity matrix. Then the relative
dynamics equation can also be described by
by =wy -G, -@ -q, (7)

Derivation on both sides of the above equation
can obtain

tbffl :“A)ff _Qﬂ "‘A’lI 'quI _q*ﬂ 'é)ll 'Qﬂ -

Cﬂ "‘A’: -Gy :_Mfil(‘?’ff X Mf‘?)ff _[fff )-

Al o oAl Lo
fl'wl‘qﬂ_qﬂ'wl'Eqﬂ'wﬂ*'

*

O

(®)

Af o Al A
g (-0 -Qq =

N |-

-M (6 xM6{ -F/)-
q*ﬂ "A’): -Gy +“3ff| ><(q*ﬂ "A”lI Gy )
where, Ifff is the dual force curl on the servicing

spacecraft centroid. M, is the dual inertia matrix for

the servicing spacecraft, and M;* is the inverse of

the dual inertia matrix. @/ is the velocity curl of the
servicing spacecraft in O;XY;Z;, and @ is the
velocity curl of the targetin O, X,Y,Z,.

The model based on dual quaternion is different
from modeling methods. It does not simply overlap
the two independent models of position and attitude,
but the two parts should be coupled. The final
model can interaction

dynamic express the

relationship.
4. Measurement Equation

Spacecraft has obvious external features, such as
corners of main body, edges of the solar sail bracket,
and central docking ring. Extracting single feature
may not only result in less information, but also
reduce the accuracy of estimation results. These
problems can be solved by extracting multiple features
and implementing data fusion. It is necessary to
consider how to represent different measurements of
points, lines, and circles with one model. Therefore,

the measurement model in Ref. [16] is cited.

4.1 Point
The dual quaternion of any point P in the target
coordinate frame is expressed as D" =1-¢d"™ , where
the dual part d'" is the component of P in the
coordinate frame. Then the point in the servicing
spacecraft coordinate frame is written as
D* =¢;-D" -4, ©)
where G, is the dual quaternion from O; X;Y;Z;
to OX\YZ .

Gn =qn —py is the corresponding

conjugate dual quaternion. (y is defined as the dual
quaternion from O;X;Y;Z; to O.X.Y.Z. . Then

point P can be expressed in the camera coordinate

frame as

DCP =0 - DfP '(jcf (10)
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where De =1-2d® d* =[d¥ d¥ dT, If f is the
focal length of the camera, the coordinates of point P
on the image plane 4 =[d{ dyT" js
dCP
y

cP
dZ

cP
dx

df = f 4

iP
» dy = f (11)
4.2 Line
Any line in the target spacecraft is defined as
L=1"+em', where ' is the unit direction vector of
the line, and m' is the moment from the origin to the
line, then the line in the camera coordinate frame is
|:C=|C+8mc=q:f’q;'lj'qﬂ'qcf (12)
The conjugate dual quaternion of the line is
6y =dy +epy - The projection of the feature line in the

target on the camera image plane is shown in Fig. 4.

Fig.4 Feature line in the target

The normal vector of the plane formed by the

feature line and the origin of the camera coordinate
system is m°=[mX¥ m! m]", and image plane
equation is z——¢ . The intersection of the image

plane and the plane formed by the feature line and the
camera’s origin is the projection of the feature line in
the image plane, i.e.
mex+miy+m;f =0 13)
It can be obtained that the pedal coordinate from
the origin of the image plane coordinate system to the
projection line is
mm<
X, =f m (14a)
mym;

f 14b
(m;)* +(mj)* o

YiL =

4.3 Circle
Any circle C on the target spacecraft can be

defined by the rotation characteristics of the circle

C,, . The start point of the circle is C,, the axis of

rotation is L, and the feature circle is obtained by
rotating the start point along the rotation axis. The
feature circle can be determined by three end points
C,, which are obtained by rotating the start point with

three different angles @, as shown in Fig. 5.

Fig.5 Feature circle description
Define the start point of the feature circle as
(f(',:l—sdco, the dual quaternion of the rotational

motion is described as
o~ D

4, =| cos—, L. sin— 15
o [ L 2} (15)

In the frame O, X,Y,Z,, C. isexpressed as
Cy =1-ed;, =6, -Cy, -0, (16)
The above equation represents the transformation
of different points in the same coordinate frame,
which is opposite to the conversion of the same points
in different coordinate frames. The conjugate form of
the dual quaternion is consistent with the conjugate

form of feature point transformation. The end point is
expressed in the Camera Coordinate Frame as
é; =1-ed;, =G -6, é<|1> Gy - Gy 17)
where dg =[ds, dg, ds, ]T , and the projection
coordinates of the end point in the image plane are
qc

dp, = f -2 18
=g (182)

) d¢c
di o= f-2 (18b)

oy dc
Dz
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5. Relative Pose Estimation Method

EKF is usually used to estimate the states of the
system with poor tracking performance. STF has been
improved on the basis of EKF. The tracking speed is
relatively improved, but the fixed weakening factor
reduces the accuracy of the algorithm. Based on Refs.
[12-14], an improved strong tracking Kalman filter
with fuzzy adaptive characteristics is proposed
considering both positive and negative observation

residuals.

5.1 Strong Tracking Filter
Consider a linear constant system.
X =F X Wy (19a)
z, =H, % +V, (19b)

where k>0 and k is an integer. X, is a state

variable, F_,is the state transition matrix, Z, is the
observed variable, and H, is the observed matrix.

W, , and V, are respectively process noise and
measurement noise that can be regarded as Gaussian

white noise. Q, and R, are the process noise

variance matrix and the measurement noise variance
matrix, respectively.
The expression operation of the STF is as
follows:
X = X t+ Ky
Pk =[I- Kka|k—1]Pk|k—l

(20a)
(20b)

where

Xik-1 = f(xk—l' uk—l)

Pk\k—l =2y (Fk—l Pk-leT-l + Qk—l)

Kk = Pk\k—lHl;lik—l( H k|k—1Pk|k—lH l;lik—l + Rk )71
oh

klk-1 = 6XT |x:xk‘k,1

The fading factor 4, can be obtained by

Tr(N,)

2, =max(l, i)

) (21)

where

N, =Co — BR
M, = Hk\k—l[Fk—lPk—le-El +Qk—1]Hl;r|k—1
yl k=0
Cou =1 PCosia ¥ 1 | o4
1+p

Among them, 0.95<p<0.995is a forgetting

factor. It can be seen from the above formula that STF
is essentially a Kalman filter which has multiple
time-varying fading factors, and the role of which is

extremely important. When the system state changes
abruptly, an increase in the estimated error p, will
cause an increase in the error variance matrix C,, and

the filter tracking capability, thereby improving the

dynamic performance of the filter.

5.2 Fuzzy Adaptive Strong Tracking Filter

The above analysis shows that the existing STF
uses a fixed weakening factor, which needs to be
selected by experience or numerical simulations.
However, it is impossible to establish accurate
mathematical models. To solve this problem, a fuzzy
adaptive strong tracking filter (FASTF) is proposed by
combining fuzzy logic adaptive controller with STF.
The flow chart of the algorithm is shown in Fig. 6.

As is shown that the state estimation algorithm in
FASTF is the same as STF, but the difference is that

the “online” adaptive adjustment of the weakening

factor g and the multiple suboptimal fading factor

4, is realized by FLAC. It is an intelligent control

method, and it mimics human fuzzy reasoning and
decision-making process™"*®.  The method first
compiles the operator or expert experience into fuzzy
rules, then blurs the real-time signal, and uses the
fuzzified signal as the input of the fuzzy rule. The
input of FLAC is the statistical feature quantity of the
system (residual and variance). According to the fuzzy

inference rule, the nonlinear adjustment of g is

realized, thereby improving the filter estimation
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accuracy. The specific design of FLAC is as below:

1) Fuzzy set of input and output.
The inputs of FLAC are the residual y, and
variance p at the current moment:
7 =2z —h(Xg)
P =7
The state variable of the system X is
X= [qA-fI;,P’befIF,’;'¢T]T
where g, is the dual quaternion of relative motion,

@y, is the relative velocity curl, and

& =[®, &, ] is the unknown parameter related to
the observation of a certain circle. The geometric
feature on the spacecraft is observed, which includes
the feature point, feature line, and the feature circle.

The fuzzy sets of residual variance

yk’ p!

X B,

K, = I)A-\k-IHA{‘I;»}(Hk{kull)kikanL{‘k»-l +R, )A]

weakening factor g and their domains are defined in

Table 1.
2) Input and output membership functions.

After the fuzzy sets and the domains of the
residual p,, variance pand weakening factor g

are determined. It is necessary to determine the
membership function of fuzzy variables, that is, to
assign values to fuzzy variables, and to determine the
membership degree of elements in the domain to

fuzzy variables.

The inputs y, and p of FLAC are fuzzified
according to the membership functions shown in Figs.
7-8. The membership function of the output g of

FLAC is shown in Fig. 9.

Filter estimation

}

7= —h(x, ) ‘
l

X, =xy, + Ky, ‘
]

P =[I-K.H, P,

}

FLAC algorithm

FLAC inputs 7, p calculation

]

FLAC inputs membership
function
.
FLAC inputs fuzzy
control rules

'

7,7{,k =i
Cox = PCo i +7k7[ k=1
1+ p
N, =C,; - PBR;
M, =H,, [F, P F +0, H},
Tr(N
4, =max(l, i A))
Ir(M,)
X = Fx,

P =;'L—FLPA—FA—T+Qk

FLAC outputs g
anti-fuzzification

Fig.6 Fuzzy adaptive strong tracking Kalman filter algorithm
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Table 1 Fuzzy sets and domains

Parameters Fuzzy set

Domain

Residual }, {NL, NM, ZO, PM, PL}
Variance p {ZO, PM, PL}
Weakening factor {PS, PL}

{-10%,-0.5x10%,0,0.5x10%,10"}

{10™,4.95x10°,10°}

£1.07,1.08}

NLR NMR R PMR PLR zP

Degree of membershiy
Degree of membership

Rowdlik

Fig.7 Membership function of p,

3) Fuzzy control rules.

The fuzzy control rule can be described in Table
2. There are 15 rules in the table. The relationship
between each fuzzy statement is “or”, and the control
rule determined by the first statement can calculate
B,. Similarly, B,, 5,,..., Bs can be obtained from the
remaining statements, and the weakening factor is the

fuzzy set S, which can be expressed as

B={B.. By Bis)

Table 2 Fuzzy control rules

ﬂ 7k
NB NM Z0 PM PB
Z0 BS BS BS BL BL
P PM BS BS BL BL BL
PB BS BL BL BL BL

It should be noted that the weakening factor g

can be expressed as a diagonal matrix with the same
dimension as R, and the diagonal elements are the
weakening factor components corresponding to the
The
components are adaptively adjusted by FLAC

observed components. weakening  factor

designed above.

4) Anti-fuzzification.

Variance p

Fig.8 Membership function of p

P BS BL

Degree of membership

1 1085 109 1095

The weakening factor

Fig.9 Membership function of g

The result obtained by fuzzy inference is a fuzzy
set. However, there must be a certain value to control
the object in actual fuzzy control. The process of
transforming fuzzy inference results into exact values
is called anti-fuzzification.

In order to obtain an accurate control amount, the
fuzzy method is required to express the calculation
result of the output membership function well. The
centroid method is to use the center of gravity of the
area surrounded by the membership function curve
and the abscissa as the final output value of the fuzzy
inference. For the discrete domain with m output

guantization series, there is

m

ka /uv (Vk )

v — k=1

[ m

Z luv (Vk )

The center of gravity method has smooth output
inference control. The output changes even if it

corresponds to a small change in the input signal.
6. Numerical Simulation and Analysis

Assuming that the target spacecraft is in GEO

orbit, the relative translation between the servicing
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and the target spacecraft can be regarded as a line
approaching motion because the relative distance and
maneuvering time are rather short compared with the
orbital period of the target. The servicing spacecraft is
approaching the target with a velocity of about 0.025
m/s, and the target rotates around the x axis with an
angular velocity of about 0.005 rad/s. The initial
states are

reference relative

g, =[0.9982,0.0336,0.0336,0.0336]" and [0,~5,0,0]" m,
[0,0.005,0,0]" rad/s, and [0,0.0250,0]" m/s. The

corresponding relative position and attitude are

presented in Figs. 10-11.

N

Relative Position (m)

0 20 40 60 80 100 120 140 160 180 200
t (sec)

Fig.10 Reference relative position

Relative Attitude (deg)

0 20 40 60 80 100 120 140 160 180 200

t (sec)
Fig.11 Reference relative attitude
The mass and moment of inertia of the servicing
spacecraft are
m, =100kg , J, =diag(4,4.23.8)kg-m’
The estimated initial relative states are set as
g, =[0.9995,0.0171,0.0178,0.0171]"
7, =[0,—-5.3,0.1,0.1]"m
The initial position of the camera is

Gy =[10,0,0]", r¢ =[0,1,1,—1.5]"m

Ci

Considering the robustness of the STF, the
following uncertainties are considered and introduced
into the model:

m, =@+5)m,, J, =1+, o =1+,

where §=0.1.

For the relative distance from 5 m to 3 m, points,
line, and circle on the target spacecraft can be
observed. The coordinates of the four feature points
are

d, =[0,1,0.4,05]", d;=[0,1,-0.4,0.5]"
dy =[0,0.7,0,05]", d, =[0,0.5,0.5,0]"

The  feature line is  described as
L =[0,0,1,0]" +£[0,0,0,05]" . The axis of the
characteristic circle and the starting point in the target
coordinate frame are given by

L, =[0,0,02]" +£[0,0,0,0]" , d!,=[0,-0.3,0,0]

The rotation angles corresponding to the three
feature points on the circle are ¢ =0, @ ==/2, and
@, = . For the relative distance between 3 mand 1 m,
points and lines on the target can be observed. While
the relative distance is less than 1 m, only four feature
points can be observed. Figs.12-13 show the changes
of FOV and features, respectively.

The sampling period, initial state error matrix,
measurement noise matrix, and process noise matrix
for EKF, and the STF and FASTF are set as follows:

T=01S, P, =diag(c? ls,62 14,02 14,02 14,02 1,)

R=0gly;, Q=diag(c2 1s,02 14,02 11,02 14,02, 1.)
where

Of, =03, =03 =04, =04, =04, =0k =0.00001°
op, =0.004%, o7 =0.042, o =0.0005%, o3 =0.025?

The forgetting factor p=0.98, the parameters set
by EKF and the STF are the same as those of FASTF,
and the fixed weakening factor of the STF g=1.

The final approaching time is about 200 s. The

simulation results for EKF and STEKF are presented
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in Figs. 14-21 for comparison. The estimation errors
for the FASTF are shown in Figs. 22-25. The state

0.1

0.08 f
0,06

0.04 -

0.02

Positon error (m)

0,06

0,08

Fig.14 Relative position estimation error (EKF)

Attitude angle error (deg)

Fig.16 Relative attitude estimation error (EKF)

0.02 |

0,04 |f

.

) 20 40 60 80 100 120 140 160 180 200
t(sec)

0 20 40 60 80 100 120 140 160 180 200
t (sec)

estimation errors are summarized in Table 3.

Point

Line
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Table 3 Comparison of the simulation results

Position (m) \elocity (m/s) Attitude (9 Angular Rate (7s)

Stable

Filter time (s)
X Y Z V. Vv v, @ 0 % o, o, o
EKF 30.0 0.007 0.007 0.015 0.030 0.030 0.050 0.100 0.100 0.100 0.010 0.010 0.010
STEKF 15 0.005 0.005 0.010 0.020 0.020 0.030 0.080 0.080 0.080 0.005 0.005 0.005
FASTEKF 15 0.004 0.004 0.005 0.015 0.010 0.010 0.030 0.030 0.030 0.002 0.002 0.002

The above comparison shows that the STF
Reference

converges to the reference states within 1.5 s, which is
much faster than EKF algorithm converging within 30
s. For the estimation accuracy, EKF converges to
0.015 m and 0.100<for the final 50 s, while the STF
converges to about 0.010 m and 0.080< The
convergence speed of the FASTF is approximately the
same as that of the STF, but the FASTF converges to
much higher values about 0.005 m and 0.030< The
overall performance of the FASTF has the best

performance among the three algorithms.
7. Conclusions

The quantity of spacecraft running on orbit is
increasing, so it is necessary to develop on-orbit
service technology. The accuracy requirement on the
relative states between two spacecraft of on-orbit
servicing mission is pretty high in the final
approaching stage. Considering the integration of
attitude and orbit of spacecraft, an accurate relative
dynamics model of spacecraft was established by dual
quaternion. An FASTF was proposed to overcome the
inherent shortcomings of the STF to improve the its
tracking performance. The method combined the
selection of the weakening factor in the STF with the
fuzzy adaptive controller, and realized the adaptive
adjustment of the weakening factor and the multiple
suboptimal fading matrix, thus improving the filter
estimation performance. In future, ground experiment
will be designed and carried out to validate the

practical precision of the proposed method.
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