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ABSTRACT Rendezvous and docking with noncooperative targets is one of the key technologies for on-orbit
service such as satellite maintenance, space supply and space debris cleaning, etc. For the rendezvous and
docking with maneuvering noncooperative targets, a relative measurement scheme based on one monocular
camera and one distance sensor is designed. A dynamic compensation filter (DCF) is also proposed to
estimate the relative state and the unknow maneuver of the noncooperative target. Meanwhile, the control
scheme to fulfill the rendezvous and docking mission is given. Compared with the extended Kalman
filter (EKF) and variable state dimension estimator (VSDE), the numerical simulation results demonstrate
that the proposed estimator has better performance in estimating the relative state and target maneuver. The
control scheme based on DCF can accomplish the rendezvous and docking task when the noncooperative
target performs time-varying maneuvers.

INDEX TERMS Noncooperative target, unknown maneuver, space rendezvous and docking, navigation,

control.

I. INTRODUCTION

In recent decades, the number of space satellites has increased
dramatically. Noncooperative targets such as disabled satel-
lites and space debris threaten the safety of satellites in
normal service [1] [2]. On-orbit service including satellite
maintenance, space supply and space debris cleaning has
become a new concept in the field of space technology. While
rendezvous and docking with noncooperative target is one
of the key technologies for on-orbit service [3]- [5]. The
rendezvous and docking mainly involves the relative mea-
surement and state estimation to the noncooperative target.
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Due to the limitations of power consumption and quality
of satellite, and the lightweight and low-cost characteristics
of optical cameras [6] [7], the angles-only relative navigation
system based on only an optical camera has developed and
been successfully applied to the rendezvous and docking
tasks with noncooperative target in recent years. For example,
Luo et al. [8] proposed an angles-only relative navigation
and closed-loop guidance system for spacecraft proximity
operations. Zhang et al. [9] combined angles-only relative
navigation and offline trajectory planning to provide a prac-
tical framework for rendezvous operations. However, most
of these studies assume that the noncooperative target has
no self-maneuver and the state transformation can be accu-
rately modeled. The condition may not be satisfied to the
noncooperative targets [10]-[12]. In addition, the angles-only

VOLUME 8, 2020


https://orcid.org/0000-0001-9577-2684
https://orcid.org/0000-0001-9463-4327
https://orcid.org/0000-0002-6954-9558
https://orcid.org/0000-0002-4753-1998

D. Lyu et al.: Navigation and Control Scheme for Space Rendezvous and Docking With Maneuvering Noncooperative Target

IEEE Access

navigation has a well-known problem of range observability,
which needs to be overcomed by the appropriate maneuver
of the spacecraft itself [13]-[15]. However, when the target
has unknown maneuvering, the observability condition may
not be satisfied. Therefore, in order to accomplish the space
rendezvous and docking task with maneuvering noncooper-
ative target, a relative measurement scheme based on one
monocular camera and one distance sensor is designed. The
scheme can not only meet the quality and energy consumption
requirements of on-orbit satellites, but also overcome the
range observability problem [16].

When the noncooperative targets maneuver, the diffi-
culties of state estimation lie in the inability to establish
the accurate dynamic model. The traditional Kalman fil-
ter (KF) and extended Kalman filter (EKF) may diverge if
the state transition equation is inaccurate [17] [18]. In order
to demolish the existing obstacle, some methods have been
proposed. The covariance inflation method greatly expands
the covariance matrix to increase the weight of current
observation [19]-[21]. The filter divergence can be prevented
when the target maneuvers. However, the method cannot
deal with long-term target maneuvering effectively because it
pulls the expanded observation uncertainty into the state esti-
mation. The augmented Kalman filter (AKF) [22] takes the
unknown maneuver as a part of the system state and models
it as a first-order stationary Markov process driven by white
noise. When the target maneuver is constant, AKF performs
excellently. But if the maneuver is time-varying, the AKF per-
formance will decline dramatically. Input estimation (IE) [23]
[24] algorithm detects and directly estimates the unknown
maneuvers. The interacting multiple model (IMM) [25] is
widely applied to the state estimation of maneuvering targets
[26] [27]. Both IE and IMM can effectively estimate the con-
stant unknown maneuvering, but their performance will drop
sharply for the time-varying unknown maneuvering. Guang
et.al. proposed a variable structure estimator (VSE) [11]
and observation enhanced Kalman filter (OEKF) [28] based
on input compensation. These two methods can dynami-
cally estimate constant and time-varying unknown maneuvers
when each component of the system state can be observed or
can be solved from the observation. However, the condition
may not be satisfied in the case of limited observation.

Aiming at the above challenges, i.e. the limitations of
observation and difficulties of estimation when the nonco-
operative target carries out the unknown maneuver(constant
or time-varying), this paper has done the following innova-
tive works to complete the navigation and control related to
the space rendezvous and docking with maneuvering non-
cooperative target. Firstly, a noncooperative target relative
measurement scheme based on only one monocular camera
and one distance sensor is designed. The monocular camera
is used to observe the direction of the target’s line-of-sight
and the distance sensor to measure the relative distance.
This scheme not only meets the requirements of observation,
but also satisfies the restrictions of satellite on the quality
and energy consumption of observation equipment. Besides,
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a maneuvering detector is constructed to detect the exis-
tence of noncooperative target maneuver. Meanwhile a state
filtering algorithm based on dynamic compensation named
dynamic compensation filter (DCF) is proposed to realize the
effective estimation of relative state and target maneuver. The
main improvement of DCF lies in the high accuracy estima-
tion under the condition of limited observation. In particular,
it accomplishes the estimation of relative state and target
maneuver when the maneuver is time—varying, which has not
been not well solved. Moreover, DCF is combined with the
multi-pulse maneuver strategy in [29] to establish the control
scheme for the space rendezvous and docking mission with
maneuvering noncooperative target. Finally, the simulation
results verify the effectiveness of the proposed filter and the
control scheme.

This paper will be organized in the following order.
Section II describes the scenario of space rendezvous and
docking with noncooperative target. The relative motion
equation and measurement model are also given. DCF based
on a target maneuvering detector is constructed in Section III.
Section IV derives the control scheme for the space ren-
dezvous and docking mission and Section V carries out
the numerical simulations for different maneuvering modes.
Finally, Section VI draw the conclusions.

Il. SCENARIO DESCRIPTION

Space rendezvous and docking mission refers to the technol-
ogy making the chasing spacecraft (named chaser) approach
and then couple with another target object, which is one of
the preconditions and key technologies for on-orbit service.

Suppose the following space rendezvous and docking sce-
narios: Chaser has arrived at a specific position in space
under the guidance of the ground station. The rendezvous
and docking task takes place in a circular orbit [30] as shown
in Fig. 1, in which the blue curve represents the orbit and the
object in front of Chaser is the noncooperative target.

In order to analyze the relative motion between Chaser and
the noncooperative target, the coordinate system 7T is estab-
lished firstly and its origin is located at the noncooperative
target centroid. x-axis of 7 is along the tangent direction of
the target orbit, z-axis points to the earth center and y-axis
completes the right-handed cartesian coordinate system. The
positive direction of x-axis is consistent with the moving
direction of the targets.

In the two-body problem, the distance between the chaser
and the noncooperative target is much smaller than that
between the target and the earth center. So, it can be con-
sidered that the chaser and the noncooperative target are in
the same circular orbit. The relative motion dynamics can be
given by Clohessy-Wiltshire (CW) equation [31] as shown
in (1)

X —2wz
jl=| -o¥ |+uta+w. M
Z 2wx + 3w’z
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FIGURE 1. Schematic diagram of docking with noncooperative targets.

Where w denotes the angular velocity of the circular orbit,
x=|[xy z]T is the position vector of chaser relative to nonco-
operative target in 7 coordinate. u and a represent the relative
motion acceleration caused by Chaser’s own maneuver and
the noncooperative target’s unknown maneuver respectively.
w € R3 is the Gaussian white noise with zero mean.

Define the system vector X = [xT J'cT]T where x =

[xy Z]T is the relative velocity. Without considering the sys-
tem noise, (1) can be rephrased as

X = AX + Bu + Ba, )
where
00 0 100 000
00 0 01 0 000
00 0 00 1 000
A=10 0 0 00-20B=|100]" @
0—w?> 0 00 O 010

0 0 30*200 0 001
The transition equation of the system as shown in (4) can
be derived by discretizing (2).

Tk+

1
Xio1 = (D)X + / Bt 41 — DBu()dr

Tk
Tk41

+ / O(ty 11 — t)Ba(t)dt, (4)
Ik

where k and t denote the time and time step respectively.

_[®n®) @00
O =1 g,,0) b0()]° ©)
1 0  6sin(wt) — 6wt
®,,.(t) = |0 cos(wt) 0 , (6)
10 0 4 — 3 cos(wt)
r —3wt+4 sin(wt) 0 2(cos(wt)—1)
w . w
(1) = 0 sintet) 0 , (7
—2 cos(wt)+2 0 sin(wt)
— w w
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[0 0 6w(cos(wt) — 1)
®,.(t) = | 0 —wsin(wt) 0 , ®)
| 0 0 3w sin(wt)
[—3 +4cos(wt) 0O  —2sin(wt)
®,,() = 0 cos(wt) 0 )
2 sin(wt) 0 cos(wt)

For the specific u(¢) and a(¢), their integral from #; to #441,
ftjf“ ®(1141 — H)Bu(t)dt and f,ik“ (141 — 1)Ba(r)dt, are
equivalent to Gyuy and Gray. Where u; and a; are the
impulse maneuver of the chaser and the noncooperative target
at 75 respectively, and

®,,(7)
Ge=|." . 10
E [%(r)} (10)
So (4) can be rephrased as
Xi+1 = ©(0)Xy + Gruy + Gray,. (11D

Generally, the impulse maneuver of the chaser, i.e. uy is
the system input, and is known. While some measurement
information is needed to estimate the relative state X; and
the unknown target maneuver a;. In order to enhance the
system observability for the space rendezvous and docking
task, this paper designs a relative measurement scheme based
on a monocular camera and a distance sensor to measure the
line-of-sight direction and the relative distance.

Assume that the optical center of monocular camera coin-
cides with the mass center of the chaser. The main optical axis
is parallel to the x-axis of coordinate 7 and the camera lens
points to the positive direction of x-axis. According to the
standard pinhole camera model [31], the system observation
equation can be obtained as follows

@ Vi
Ziyi Eh X)) = |V | = /3 + Vitts
d VX2 4yr+ 22
(12)
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where f is the focal length of the camera, [¢, ¥] is the
coordinate of the noncooperative target centroid in the camera
imaging plane and d is the relative distance. v 41 € R is
uncorrelated measurement noise. Assume that v obeys the
zero mean Gaussian distribution and its covariance matrix
iS R41.

Ry = diag (o2, 03,07 (13)

Remarkl: The relative attitude motion is ignored in the
docking phases for several reasons. First, the relative attitude
motion control is standard and it is not the contribution of this
paper. Second, in order to consider attitude motion, CW equa-
tion and observation equation can be easily upgraded by intro-
ducing coefficient matrices with attitude angles. However,
these differences can be fully resolved through simple force
or coordinate transformations. So, the simplification indeed
does not damage the theoretical contribution of this paper.

Remark2: In addition to CW equations as shown in (1),
other relative orbital models such as Tschauner—Hempel (TH)
dynamics can also describe the two-body relative motion.
Similar to (11), the discrete propagating equation based on
TH dynamics can be derived, but with different ® (t) and Gy.
However, the differences will not bring fundamental diffi-
culties to the subsequent derivations. After the simple sub-
stitution of @ (t) and Gy, DCF and the control framework
proposed in this paper can also be applied to the new dynamic
models.

Remark3: The challenges faced by this research lie in
the following aspects. Firstly, the observation is limited and
whether the target has made unknown maneuver needs to
be judged. Secondly, it is difficult to estimate the relative
state when the state propagating equation has the unknown
term, the target maneuver, especially the time-varying one.
In the past studies, the state transition model is usually
constructed on the assumption that the target maneuver is
constant. However, the assumption may be not in line with
the reality. Although some studies have studied the estimation
of time-varying target maneuvers, the strong observability
conditions they require may not be satisfied on the satellite.
Therefore, the main improvement of DCF is to estimate the
relative state and target maneuver under the condition of lim-
ited observation and any possible target maneuver. Thirdly,
within the authors’ knowledge, the control scheme for ren-
dezvous and docking with maneuvering noncooperative tar-
gets has not been proposed.

Remark4: ft:‘“ ® (t — 1) Ba (t)dt, the impact on the rela-
tive state resulted from target maneuver, is equivalent to Gyay
and Gy, is known. For the sake of simplicity, the estimation of
unknown maneuvers a (¢) refers to the estimation of @; which
has the same effect on the relative state asa (¢) from #; to f541.

Ill. STATE ESTIMATION AND DYNAMIC COMPENSATION
OF UNKNOWN MANEUVERS

A. EXTENDED KALMAN FILTER

To estimate the relative states and target maneuvers,
the extended Kalman filter (EKF) is introduced firstly.
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Assume that there is no maneuver of the target from #

to fx+1, i.. @y = 0 in (11) and then the state transition
equation can be given as follows
Xir1 2 Xp,wi) = @ (1) Xi + Gruy. (14)

If the state estimation at f; is X and the corresponding
estimation error covariance matrix is Py, EKF gives the state
estimation X441 and Py through (15) to (20).

Ko =f (Reow)., (1)
Pii1x = FyPyFl + GQ, G, (16)
T
Kit1 = Pk—&-l,kHzH(Hk+1Pk+l,kHz+1 +Rk+1) ,
(17
Xis1 = Xpy1x + Kt 1Mp41» (18)
Ner1 = Zx+1—h (ffk+1,k> , (19)
Pii1 = (e — Kk 1Hi1) Prsr k(I — Kiy 1 Hi41) T
+K 1R KL (20)

Where Q) € R3*3 is a positive definite system noise covari-
ance matrix. Similar to [32], the @, here is actually a perfor-
mance tuning parameter of EKF. X k+1.k is one-step predicted
state estimation. Py is one-step predicted covariance
matrix estimation. K 11 denotes the filter gain matrix. ., | is
the innovation and 7 ¢ is the unit matrix with dimension 6 x 6.

of X, u
Fo= TXED g, 1)
0X X=X,
ok (X)
Hiy = X
2. X=Xp+1.k
. | _
_M _ 0 000
X+t  Xislk
7 1
| ¥k 5 s 600 @2
Xk+1,k Xk+1,k
Btk kblk o Lk o0
L divik dirike devik |
where
. Vi+1,k
Or+1.k = f > LR
Xk+1,k
- Tkt 1,k
Y1k = f3 ,
Xe+1,k
A1k = 3T x Vs T R (23)

. . . T. ) .
[£c+1.k Fx+1.k Zk+1,k] is the one-step relative position pre-
diction, i.e. the first three components of X1 .

B. TARGET MANEUVER COMPENSATION FLOW

AND DESIGN OF MANEUVER DETECTOR

When the noncooperative target has no maneuver, EKF can
get the approximately optimal estimation. But when the non-
cooperative target maneuvers, the conclusion will not hold.

30177



IEEE Access

D. Lyu et al.: Navigation and Control Scheme for Space Rendezvous and Docking With Maneuvering Noncooperative Target

al [
PE—
k=k+1
L
g
state transition
i Z, extended
equation K+l
without target - Kalman
filter
maneuver
L
XAHJ(
Y ) :
state transition
extended z, !
i equation
K T with target
filter g
maneuver
L
L= a,
//\\\
/// target Target
~
< maneuver > VES > maneuver
~_dector estimator NO
~

FIGURE 2. Schematic diagram of DCF.

Therefore, DCF for target maneuvering and the relative state
estimation is constructed. The structure flow of DCF is shown
in Fig. 2

As shown in Fig. 2, DCF takes it for granted that the
noncooperative target has no maneuver initially and detects
the maneuver through the innovation ;. If the detecting
result is positive, the estimation of maneuver, @i, will be
given by a target maneuver estimator. Next, ay is fed back
to the state transition equation and then the modified state
estimation is obtained.

The principle of constructing the noncooperative target
maneuver detector is as follows. Based on the hypothesis
test theory, the statistics, 611 = "z+1(Hk+1Pk+l,kHZ+1 +
Ry 1)n; . is established. For the following hypothesis
testing problems:

Zero hypothesis yp: the noncooperative target has no
maneuver

Alternative hypothesis y;: the noncooperative target has
unknown maneuver

It can be proved that 6y4; approximately obeys the
chi—square distribution with the freedom degree of 3,
ie. Ogy ~ X2 (3). The proof method can be referred to [33].

For the selected confidence level «, it is considered that
when 041 > X§’3, the zero hypothesis is rejected and the
target is considered to be maneuvering; otherwise, the zero
hypothesis is accepted and the target has no maneuvering.
X§,3 is the a-quantile of x2 (3).

C. TARGET MANEUVER ESTIMATOR

1) CURRENT RELATIVE POSITION ESTIMATION

Next, the derivation process of the relative position estimator
from current observations as well as the corresponding esti-
mation accuracy are given.

30178

The observation without considering the observation noise
attime k + 1 is

y
) X
Z
Zipi= |V | = £ (24)
d X

VX2 Y422

When the observation noise is not considered, two groups
of solutions of the current relative position can be
obtained according to the current observation, as shown
in (25)

T
fd dg dy
N R N
T (25
_ 1 dy dy
[«/f2+<p2+¢2’ N R

This paper assumes that the chaser does not rotate as shown
in Fig. 1. To ensure the observability of the system, the first
component of the relative position should be always positive
or negative in the whole process of rendezvous and docking.
Therefore, according to the relative position of the system
at the initial time, we can judge which group of solutions
is correct. Without losing generality, it is assumed that the
correct solution is the first one in (25). That is, the current
relative position estimation obtained from observation, X,
is as follows

B 28 (Zig)
fd dy dy

- V202192 P2+ 2 +y2 242 +y?
(26)

Due to the existence of the observation noise, the observation
error will be transferred to the relative position estimation,
x, through the nonlinear function about the observation, g.
Under the current measurement conditions, it can be consid-
ered that the observation noise vy is small relative to the
observation data. Note that the estimation error caused by the
observation noise is §; ;| = [éx &y 52], then

§ip1 =Jg (0, ¥, d) Vi1 + 0 (V1) - (27)

Where o (vg41) is the higher-order small quantity of
Vig1. Jg (@, ¥, d) is the Jacobi matrix of g to [¢, ¥, d],
and

Jg (9, ¥, d)
_ fdo _ Jdy
PreD)E (P VI
dif*+y?)  _ dew ¢
T VIO (Pagray?) VO
____dey d(f*+¢) v
(P42 +y2)s NPT e y?

(28)
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Then, we have the following estimation accuracy

E (Ek+1) =0,
D (§41) = Jo (0. ¥, D RiiJg (0,0, d) . (29)

From the expression of D (&, , | ), we can know that the fea-
sible solutions to improve the calculation accuracy of current
relative position from current observation are improving the
observation accuracy and reducing the relative distance, et.al.
As the process of rendezvous and docking goes on, the rela-
tive distance is getting smaller and smaller. So according to
the (28), the accuracy of calculating the relative position will
be higher and higher.

2) ESTIMATION OF THE TARGET MANEUVER
Based on the current relative position estimation obtained
from the current observation, the target maneuver estimation
dy and its estimated accuracy are given as follows.

Suppose that the state at time k is estimated as X. Under
the assumption that the noncooperative target has no maneu-
ver, the one-step state prediction can be obtained,

Xis1k = ® (D) X + Gy (30)
According to (30), the one-step predicted relative position is
Rk =@ (1), ®p (DI Xk +®p (Du. G
If the error of state estimation X k1S eg, 1.e
X; =X; + e, (32)
then
X1k = [@r (7)), @r (D] X
+[Pr (7)., Pr (D)]€k + @ (Du.  (33)
When the target has maneuver, the real state transition is
Xiy1 = @ (v) Xi + Grui + Gray. (34)
So, the true relative position is

Xit1 =[P (1), @p (D) Xk + @y (T) ui + @1y (7) .
(35)

According to the current observation, the state is estimated to
be X;1 and the estimated error is &, . Then

Xit1 = [® (T), @p (T)] Xk
+®,, () ug + @y (v) ay + Ek+1' (36)
(37) can be obtained by (36) minus (33).
@, (T)ay =Xpy1 — it 1k
— &1 +[@r (1), @ (D] ek (37

It is obvious from (7) that @, is reversible. Then the target
maneuver estimation, di, and the estimated error, ¢ 11> can
be obtained from (37), as shown in (38) and (39) respectively.

a = @, (1) (1 — Rrrin) - (38)
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Lot = 5 @ + [0 @@ (). e 39)

It has been derived that E (E X +1) = 0. Further if the system
state estimation at time k given by EKF is unbiased, i.e.
E(ex) = 0, then E (I;k+1) = 0. That is to say, (38) gives
an unbiased estimation for the target maneuver. And we can
know

D (¢pv1) = @,,'D (§441) @1,

t[on @0, L]Pfer @@, @), 1]
(40)

Because of the maneuver estimation error of noncoopera-
tive target, the uncertainty will be introduced in the pro-
cess of compensating ay to state equation. In this case,
the error covariance matrix @, needs to be replaced with @/,
where

0 =0, +D(Ery1) (41)

D. ALGORITHM FLOW OF DYNAMIC

COMPENSATION FILTER

Next, the specific algorithm flow of DCF is given as follows:
STEP1: Calculate the alternative relative state estima-
tion Xj41, the corresponding estimation error covari-
ance matrix P;,; and the innovation n; 41 based on
the state estimation, X k» and the corresponding Py
through (42) to (47)

Xipik =f (X’k,uk>, 42)
Pii1k = FyPiF} 4+ GrQ, Gy, (43)

_ B} _ T
Kit1 = Pk+l,kH;<r+1(Hk+1Pk+1,kHz+1 +Rk+1,)

(44)

Xir1 = Xeatk + Kip1ms 1, (45)

M1 = Zks1 —h (Xiy1 1) (46)
Pis1 = (Ie — Kis1Hpt1 ) Prgrk (Ie — I_(k+1Hk+1)T

+Kk+le+1i(z+1~ (47)

STEP2: If (48) holds, set X;+1 = Xis1, Pis1 = Pis1,
k = k + 1 and go back to STEPI. Otherwise, go to
STEP3.

Mt (Hk+1pk+1,kHz+1 +Rk+1> N1 < X§,3~ (43)

STEP3: Obtain the estimation of target maneuver, @, and the
corresponding estimation error covariance matrix, D (£;41),
according to (49) to (54).

X1
~ fd dy dy !
V@0 P VP e
(49)
30179
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Jg (0, ¥, d)
. fg v f
P+P49)E (i) VI
df*4y?)  _ dey 2
T VPR (g2t VR
_ doyr d(f*+¢?) 4
(f2+(p2+,/,2)% N N
(50)
D (§41) = Jg (9. ¥, d) Riy1 g (9. ¥, d) (51)
Ripik = (@ (1), B (DXt + Bp (D) 1, (52)
a, = <I>;V1 (7) (ik+1 —£k+1,k) , (53)
D (f1n1) = @D (601) @7 + [0 @ @ (0, 1]
T
><Pk[<1>;v1 (1) @) (1), 13] : (54)

STEP4: Derive the state estimation, X k+1, and the corre-
sponding Py attime k+1 through (55) to (61). Setk = k+1
and go back to STEP1.

Xit1k = @ (1) Xk + Gruy + Gray, (55)
Q' =0 +D(5141) (56)
Pii1 i = FyPyF] + Gy Q' GL, (57)
T
Kit1 = Pk+1,kHZ+1(HkHPkH,kHZH +Rk+1) ,
(58)
X1 = Xep1 k6 + K1 Mgy (59)
Mer1 = Zip1 —h ()?k+1,k) : (60)
Piy1 = (g — Ky 1Hy1) Pryrxo — K1 Hyi1)'
+K 1R 1 K. (61)

IV. CONTROL SCHEME FOR RENDEZVOUS AND DOCKING
This paper does not focus on the control algorithm in the
process of rendezvous and docking but adopts the multi pulse
sliding guidance algorithm given in literature [22]. Here,
we give the process description for the rendezvous and dock-
ing mission as well as propose the control scheme based on
the relative navigation algorithm.

Assuming that the initial relative position is xy, Chaser
expects to spend time T to reach the final relative position
xy through N pulses of equal time interval, Ar = 1% If the
chaser reaches the current position x,, with the velocity x,,
through m — 1 times of pulses and its next destination is X, 1,
then the pulse u,, needs to be applied at the current time m is
as follows

u, =0, (AD) @it — @ (A Xp) — K. (62)

In this paper, the initial relative state is assumed to be X =
[—100, —100, —100, 0, O, O]T, where the unit of the rela-
tive position is meter (m) and the unit of the relative velocity
is meter - second™! (m - s~!). The initial state estimation
Xo = [-90, —120, —90, 0, 0, 0]7. It is expected that
the final relative position will be reached through 50 pulses
and the total time cost 7 = 500 s. All target positions are
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FIGURE 3. Schematic diagram of docking with noncooperative targets.

recorded as xr; = xo + 5% (xf —xo) , i =1,---50. Then
the required pulses are u;,i = 1---50. Their value can be
calculated by (62) and the corresponding pulse application
timet; = ({— DAt, i=1,---50.

Remark5: Tt should be pointed out that the relative state
needs to be estimated. So the true maneuver & given by the
system may be different from the ideal maneuver, u, which
may lead to the deviation between the actual control trajectory
and the ideal control trajectory. However, once the self-pulse
is given, it is regarded as the known input and does not affect
the estimation performance of filters.

Remark6: When the noncooperative target has unknown
maneuver, the rendezvous and docking task cannot be com-
pleted only depending on the above guidance algorithm. The
scheme given in this paper is as follows. When the target
maneuver is detected, the chaser recalculates the required
pulse according to (62) to counteract the impact of the target
maneuver and ensures that the chaser reach the predetermined
relative state at the predetermined time. However, it should be
noted that when the observation interval is t, there is also a
time delay for the estimation of target maneuver. So, it also
takes a time delay for the chaser to offset the effect of target
maneuver through its own maneuver.

To sum up, the navigation and control scheme of ren-
dezvous and docking with the maneuvering noncooperative
target are shown in Fig. 3.

V. SIMULATIONS

In this section, the navigation and control scheme are verified
through numerical simulations. Firstly, in addition to those
have been given in Section 3, other simulation parameters are
listed in Table. 1.
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TABLE 1. Simulation parameters.

Qy. | op(mm) [ oy (mm) | og(mm) | f(mm) [7(s) | Po| a [w(rad/s)
I3 0.1 0.1 1 35 1 Is [0.99] 0.001

TABLE 2. Estimation results and final control errors comparision under
no target maneuver.

velocity estimation
RMSE (cm/s)

poisition estimation
RMSE (cm)

X y z X y z

EKF | 0.4749 | 1.4172 | 1.3969 | 0.8230 | 2.3592 | 2.2725 0.58

DCF | 0.5837 | 1.2876 | 1.4265 | 1.0456 | 1.9068 | 2.1327 0.98

final control
errors (cm)

True Trajectories
—=== Estimated Trajectories

N

o

R

V.

A

-50

-100
Y (m) -100 X (m)

(a) Real trajectory and estimated trajectory

Terminal control error

0.2 02

0.1
0 0
-0.1

y error (m) 02 -02 x error (m)

(b) Final control error

FIGURE 4. Estimation results by DCF under no target maneuver.

Consider the following three kinds of maneuvers for the
noncooperative target:
(1) The noncooperative target has no maneuver i.e.
ay=0m-s2.
(2) The noncooperative target has constant unknown maneu-
[-10, —10, 10] m-s~2 150 < k < 350

ver and 4. = {[0, 0, 0] m-s2 else

(3) The noncooperative target has time-varying unknown
maneuver and a; =

[10, — 50, —50]-sin(0.3k) m-s~2 150 < k < 350
{[O, 0, 0] m-s~2 else
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FIGURE 5. State estimation result comparsion under no target maneuver.

According to the above three kinds of target maneuvers,
100 Monte Carlo simulation experiments are carried out
respectively and the simulation results are given in the next
three subsections.

It should be noted that for different target maneuvers,
the computational performance of different estimators and
corresponding control schemes are evaluated through the fol-
lowing two aspects. First, the control performance is assessed
by the final control errors, i.e. the differences between the
final position reached by different control schemes and the
planned one. The second is the performance of relative
state estimation. When the target makes different maneuvers,
the control schemes based on different estimators will lead
to different real relative states. For example, if the control
scheme based on EKF results in xEKF and the state estimation
obtained by EKF is J?EKF then its estimation error ErrorEKF =
xEKF — chKF. Similarly, the relative state estimation error of
DCF ErrorP¢F = xPCF — T where xPCF and #PF are the
true relative state given by DCF-based control scheme and
state estimation obtained by DCF. The smaller the estimation
error means the higher the relative state estimation accuracy.

A. SIMULATIONS WITHOUT TARGET MANEUVER
In the case of no target maneuver, the real trajectory in a cer-
tain experiment and the estimated trajectory obtained by the
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FIGURE 6. Estimation results by DCF under constant target maneuver.

proposed algorithm are shown in Fig. 4 (a). Fig. 4 (b) shows
the final control errors of 100 times of Monte Carlo sim-
ulations. Fig. 5 shows the position and velocity estimation
errors of DCF and EKF. It is worth noting that the true
control trajectory obtained by EKF may be different that
given by DCF. The estimated errors here are the difference
between the respectively real trajectory and the estimated
one. Table. 2 shows the root mean square error (RMSE) of
the relative state estimation on three directions, X, y, z, and
the average final control errors obtained by EKF and DCF
through 100 Monte Carlo simulations. Here, the estimation
errors refer to those after the time k = 5, i.e. after the two
filters converge.

From Fig. 4 (b), it can be seen that the three components
of the final control errors are basically less than 0.2 m.
Fig. 4 (a) and Fig. 5 illustrate that DCF is broadly consistent
with EKF. As Table. 2 shows, the RMSE and the final control
errors given by EKF and DCF are equivalent, which means
that the proposed estimator is at least better than EKF.

B. SIMULATIONS WITH CONSTANT TARGET MANEUVER

In this paper, variable state dimension estimator
(VSDE) [17] [28] is applied to make a comparative test for
the case that the target has unknown maneuvers. When the
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FIGURE 7. Estimation results by VSDE under constant target maneuver.

noncooperative target maneuver is detected, the state vector
is augmented to X Zug,

x2¢ = [xT aT]". (63)

If the acceleration of the noncooperative target is assumed to
be constant, the corresponding state transfer equation is as
follows,

el i v | R el R
a, O3x6 I3 || a; 03x1

According to the new state transition equation, VSDE can
construct the corresponding filter which is omitted here.
Remarkably, when the noncooperative target maneuver is
detected, the initial target acceleration estimation should be

given and the estimation error covariance matrix need to be
reset by (65).

P, O¢x3
Pl =]k . 65

k 03x6 P} (65)
Here, the initial target maneuver estimation is set to

[—5 -5 S]T and the corresponding estimation error covari-

ance matrix is set to be I3.
Fig. 6 (a), Fig. 7 (a) and Fig. 8 (a) respectively show the real
trajectory and the estimated one given by the DCF, VSDE
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FIGURE 8. Estimation results by EKF under constant target maneuver.

and EKF based navigation control schemes when the target
has constant unknown maneuver. Fig. 6 (b), Fig. 7 (b) and
Fig. 8 (b) give the final control errors obtained by 100 times
of Monte Carlo simulations under three control schemes.
Fig. 9 draws the relative position and velocity estimation
errors obtained by three estimators. Fig. 10 presents the real
constant target maneuver and the estimated ones obtained by
DCF and VSDE. Table. 3 shows the relative state estimation
RMSE from time 5 to 350 of the three estimators and the
final control errors when the target has the unknown constant
maneuver.

As can be seen from Fig. 9, when the noncooperative
target is in constant maneuvering, the EKF performance
decreases. By contrast, VSDE and DCF can maintain higher
relative state estimation accuracy. However, at the end of
target maneuver, due to the reset of estimation error covari-
ance matrix, VSDE experienced a short period of turbulence.
On the contrary, the proposed estimator can pass the maneu-
ver transition period smoothly.

Due to the difference of relative state estimation, the real
control trajectories in the subgraphs (a) of Fig. 6 to
Fig. 8 differ. However, since the three estimators all con-
verge again after the end of target maneuver, the final con-
trol errors of the three control schemes are small and have
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FIGURE 9. State estimation result comparsion under constant target
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FIGURE 10. Target maneuver estimation and real constant target
maneuver.

no significant difference, as shown in the subgraphs (b) of
Fig. 6 to Fig. 8.

According to Fig. 10, both VSDE and DCF can estimate
the constant target maneuver with high accuracy. However,
because VSDE cannot provide accurate initial maneuver esti-
mation, it needs a short time to converge after the start of
target maneuver.

From Table 3, due to the correct model assumption, the rel-
ative state estimation accuracy of VSDE is equivalent to that
of DCF, and both are higher than that of EKF. However,
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TABLE 3. Estimation results and final control errors comparision under
constant target maneuver.

poisition estimation velocity estimation
RMSE (cm) RMSE (cm/s)

X y z X y z

EKF | 23.53 | 51.77 {106.56 | 16.12 | 29.87 | 85.98 1.26

VSDE | 1.2983 | 2.3763 | 4.7256 | 2.1419 | 3.8430 | 7.3880 1.96

DCF |1.4720(2.2313 [ 3.8523|2.5907 | 3.5303 | 7.4324 1.25

final control
errors (cm)
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FIGURE 11. Estimation results by DCF under time-varying target
maneuver.

it should be noted that, as shown in Figure 10, after time 350,
VSDE experiences a short period of turbulence due to the
reset of the estimation error covariance matrix, which may
reduce the accuracy of its relative state estimation.

C. SIMULATIONS WITH TIME-VARYING

TARGET MANEUVER

For the navigation and control in the case of time-varying tar-
get maneuver, this paper also makes comparative simulation
experiments with DCF, VSDE and EKF. Fig. 11 (a) shows the
real and the corresponding estimated trajectory given by DCF.
Fig. 11 (b) presents the final control errors of the DCF-based
scheme. Fig. 12 draws the estimation errors of three kinds of
estimators under the condition of time-varying maneuvering.

30184

€s ‘ ‘ ‘ ‘
S o
S gt ‘ ‘ ‘
< —o— EKF error
~—*— VSDE error

—_ — DCF error
Es ‘
§ 0§
o ¢ ‘

-5
> 400 500
£s ‘ ‘
<)
35t ‘ ‘

300 400 500

t(s)

(a) Relative position estimation error

—©S— EKF error
#— VSDE error
DCF error
]

o

o

&=

50 100 150 200 250 300 350 400 450 500
t(s)

o

dosbo

=)

50 100 150 200 250 300 350 400 450 500
t(s)

i 1 1 1 1 1 1
50 100 150 200 250 300 350 400 450 500
t(s)

dotz error (m- s") doty error (m- s") dotx error (m- s")

(b) Relative velocity estimation error

FIGURE 12. State estimation result comparsion under time-varying target
maneuver.

O true maneuver
#— VSDE estimation
—#— DCF estimation

x (m- s3)

100 150 200 » 250 300 ] 350 400

100 150 200 250 300 350 400
t(s)

100 150 200 250 300 350 400
t(s)

FIGURE 13. Maneuver estimation and real time-varying target maneuver.

Fig. 13 shows the real target maneuver and the estimated
obtained by DCF and VSDE.

It can be seen from Fig. 13 that when the noncooperative
target has time-varying maneuver, the maneuvering estima-
tion deviation of VSDE becomes larger and larger. As is
shown in Fig. 12, EKF and VSDE diverge rapidly with the
emergence of time-varying maneuver, which leads to great
control errors and failure of the rendezvous mission. In con-
trast, Fig. 11 to Fig. 13 show that DCF performs satisfactorily
in the estimation of the target maneuver and the relative state.
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The control scheme based on DCF still can complete the
rendezvous and docking task commendably.

Remark7: The simulation results demonstrate that the per-
formance of DCF is consistent with that of EKF in the
case of no target maneuver. When the noncooperative target
have unknown constant maneuver, the proposed algorithm
is more stable than EKF and VSDE. Both EKF and VSED
fail to estimate the time-varying target maneuver as well as
diverge when the time-varying maneuver occurs. The space
rendezvous and docking task cannot be completed by the con-
trol scheme based on VSDE and EKF. On the contrary, DCF
performs excellently although the target maneuver varies with
time.

VI. CONCLUSION

This paper discusses the navigation and control scheme used
for space rendezvous and docking with maneuvering non-
cooperative targets. A relative measurement scheme based
on only one monocular camera and one distance sensor is
designed firstly. Afterwards, DCF is proposed to estimate the
relative state and target maneuver. Based on DCEF, the control
scheme is derived for the space rendezvous and docking task
with the maneuvering target. The simulation results prove that
the performance of the proposed estimator is equivalent to
EKF in the case of no target maneuver. DCF outperforms
EKF and VSDE when the noncooperative target has constant
maneuver. When the target maneuvering changes with time,
the navigation and control scheme based on DCF can com-
plete the space rendezvous and docking task, while the task
cannot be accomplished by other two control schemes.
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