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Abstract: A switching neural network control scheme, consisting of the adaptive neural network
controller and sliding mode controller, is proposed for underactuated formation reconfiguration in
elliptic orbits with the loss of either the radial or in-track thrust. By using the inherent coupling of
system states, the switching neural network technique is then adopted to estimate the unmatched
disturbances and design the underactuated controller to achieve underactuated formation recon-
figuration with high precision. The adaptive neural network controller works in the active region,
and the disturbances composed of linearization errors and external perturbations are approximated
by radial basis function neural networks. The adaptive sliding mode controller works outside the
active region, and the upper bound of the approximation errors is estimated by the adaptation law.
The stability of the closed-loop control system is proved via the Lyapunov-based approach. The
numerical simulation results have demonstrated the rapid, high-precision and robust performance of
the proposed controller compared with the linear sliding mode controller.

Keywords: spacecraft formation; formation reconfiguration; underactuated spacecraft; switching
neural network

1. Introduction

Spacecraft formation flight is rapidly becoming a hot topic of research in space with
its great potential for Earth observation, in-orbit services, deep space imaging and explo-
ration [1-3]. It decentralizes the functions of a single spacecraft into a group of smaller
ones, thereby reducing risk and cost and improving reliability and adaptability [4]. The
ability of these spacecrafts to reshape or retarget from one formation to another completes
the formation reconfiguration, greatly increasing the flexibility of formation missions. The
methods of formation reconfiguration using continuous thrust can generally be divided
into two categories: fully actuated and underactuated. Fully actuated means that there are
independent control channels in the radial, in-track and normal directions. The current
research on consensus with formation reconfiguration focuses on fully-actuated systems, a
series of control methods have been proposed for the full-actuated formation reconfigura-
tion mission such as sliding mode control, state Riccati equations, adaptive control, and
neural network control [5-7]. If the thrusters break down in one direction, the number
of independent controls of the system is less than the degrees of freedom, it becomes an
underactuated system, which cannot complete the reconfiguration mission, and the above
control schemes are then not applicable anymore. Although the installation of backup
thrusters can solve this problem, considering the need for light weight and miniaturization
of spacecraft in the future, it is more economical and effective to design an underactuated
control scheme.

Focusing on the fully actuated reconfiguration problems, scholars at home and abroad
have conducted much research, but seldom have works that deal with the underactuated
reconfiguration been reported in the literature. Leonard et al. examined the feasibility of
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formation control using only in-track differential atmospheric drag [8] and a linear feedback
controller for underactuated formation reconfiguration was designed by Kumar et al. [9].
Godard et al. designed a nonlinear controller for formation reconfiguration without in-track
thrust [10]. Yin et al. designed an impulsive control strategy for the elliptical relative mo-
tion based on the relative orbit elements [11]. Huang et al. derived the optimal analytical
solution for an underactuated formation reconfiguration in circular orbits and proposed
an underactuated controller for formation reconfiguration in elliptical orbits [12,13]. Ya-
suhiro proposed the control scheme to achieve the optimal formation reconfiguration with
bounded and small attitude changes using only a few thrusters [14]. The traditional forma-
tion reconfiguration control adopts the linearized CW equations [15] or Tschauner-Hempel
equations [16] to model the relative motion of the satellites within the formation and ig-
nores the external perturbation [17,18]. To overcome this requirement, neural networks are
capable of approximating arbitrary smooth functions on tight sets with arbitrary accuracy
and are therefore widely used to estimate nonlinear uncertainties in system dynamics.
Despite the ability to approximate with high accuracy, approximation errors still exist. As
a result, in most previous work [19-21], it was only possible to guarantee that the state
error was consistently and eventually bounded, or that it was arbitrarily small if the feed-
back gain [22] was sufficiently large. Neural network-based controllers need to add more
nodes when the application range increases in order to meet the higher accuracy, which
leads to a complex structure and too much computation for real-time in-orbit calculations.
Inaccurate estimation of the neural network will also affect the performance of the whole
controller and even cause the system to diverge. To address such issues, Xia et al. [23]
designed a spacecraft rendezvous and docking controller based on a coupled orbit-attitude
dynamic model by combining adaptive methods with the backstepping method using
switching functions. With similar methods, Sun et al. [24] proposed a neural networks
controller for spacecraft formation using only aerodynamic forces. Given that linearization
errors and external disturbances do exist in the dynamics of underactuated formation
reconfiguration in elliptic orbits, a switching neural network controller (SNNC) for the
underactuated spacecraft formation reconfiguration problem is proposed, using adaptive
neural network controllers to approximate the uncertainties in the neural active region and
using adaptive sliding mode controllers to approximate uncertainties outside the active
region. The proposed SNNC enhances the steady-state control accuracy and does not rely
on the upper bound of the uncertainties, thus, could improve the robustness of the system
against uncertainties. Compared with the existing related research, the main contributions
of this article can be summarized as follows.

1.  The nonlinear terms and perturbations in the dynamics model of underactuated SFF
are estimated in real-time by a neural network to obtain higher control accuracy.

2. The adaptation laws of the radial-based neural networks derived by using Lyapunov’s
method are provided to estimate the unknown parameters of the system so that it is
not necessary to know the upper bound of the perturbation in advance.

3. The control scheme is able to complete the underactuated formation reconfiguration
task in elliptic orbits with the loss of radial or in-track thrust, improving the reliability
of the task completion.

The paper is structured as follows: Section 2 develops a model for the dynamics of
underactuated spacecraft formations in elliptical orbits; Section 3 details the closed-loop
state feedback controller design method, and numerical simulations are given in Section 4
to verify the performance of the proposed controllers. Finally, Section 5 concludes the
full text.

2. Dynamic Model of Underactuated SFF

Consider the chief spacecraft in the formation flying in elliptical orbits. As depicted in
Figure 1, two reference frames are used to describe the relative motion between the chief
and deputy, Or X Y] Z is the Earth-centered inertial (ECI) frame with O being the center
of Earth, and Oc¢xyz is the local-vertical local-horizontal (LVLH) frame fixed at the center
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of the chief O¢, where the x axis is pointing in the radial direction of the chief, the z axis is
normal to the orbital plane, and the y axis completes the right-handed frame.

deputy &
spacecraft

chief
spacecraft

O¢

Figure 1. Definition of coordinate frames.

Therefore, the orbital equations of underactuated SFF can be written in the state space
form as [10].

X =AX+m;'(BU; + DF), i =1,2, 1)
with
0 0 0 1 0 0
0 0 0 0 1 0
A 0 0 0 0 0 1|, 032
w2 + 2n2 ac 0 0 2wec O0|"7"7 | Bp |
—ac w%—nz 0 —2we 0 0
0 0 -nk 0 0 0
00 0 @
0 0 10 8 8 8
Bp=|10|Bp=|00|D=|, o .|
0 1 01 01 0
001

T
Denote the relative state vector of the deputy as X = {pT pT} ,wherep =[x y Zz] !

andp = [x ¥ Z]T are the relative position vector and relative velocity vector, respec-
tively, we = ncy/(1 + ecos0) is the angular velocity of the chief and ac = —2nZesin6 is
the angular acceleration of the chief, nc = |/ /R%, y is the Earth’s gravitational constant,
R is the radius of the deputy e and 0 are, respectively, the eccentricity and true anomaly,
mp is the mass of the deputy spacecraft, F € R® = [d, d, d.] T denotes the vector of total
disturbances including the nonlinear terms and perturbations. For the case without radial

T
control, the control input is denoted as U; = [Uy UZ] . For the case without in-track

control, the control input is denoted as U, = [U, U] .
The controllability of the underactuated systems and the feasibility of reconfiguration
have been well investigated in the literature [13] and lead to the following lemma:
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Lemma 1. For the case without radial control, formation reconfiguration in elliptical orbit is
still feasible without any supplementary conditions. For the case without in-track control, it is
conditionally feasible provided that the condition x1(0) = X11(0) holds, where X1(0) and Xy (0) are
the coordinate transformations of the relative radial positions of the chief and deputy spacecraft in
configuration I and configuration II respectively at the initial moment, and can be expressed as:

{ X1(0) = (14 ecos0)x;(0), 3)
J?H(O) = (1 + ecos Q)XH(O).

Since the uncontrollable state of the system x7(0) = (1 + ec cos0¢c)x;(0) keeps its
initial value constant during the reconfiguration process, the preconditions for achiev-
ing configuration II are naturally satisfied when the above conditions are met, so the
reconfiguration is still feasible in the case of in-track underactuated.

3. Controller Design
3.1. RBFNN

The radial basis function neural network (RBFNN) has been extensively used in
control system design because it can approximate any continuous nonlinear function with a
compact set and arbitrary accuracy [24,25], and can adapt and learn the dynamic properties
of uncertain systems. For a continuous nonlinear function f(X) € R”, a RBFNN can
approximate it on a compact as:

f(X) =WTh(X) + ¢, @

where X is the input vector, € is the approximation error of the unknown upper bound, W*
is the ideal weight value of the network output, and h = [hy hy... hn]T is the radial basis
function vector denoted as:

hi(X) = exp(—||x— cj||2/(zb]2)), i=12...,n ®)
where 1;(X) is the output of the jth neuron in the hidden layer, C; and bj is the center and

width of the Gaussian basis function of the jth neuron, and 7 is the number of nodes of the
neural network.

3.2. Controller for the Case without Radial Control
. : . . 11T T
Define the desired relative state of motion as X;; = [p?; PH ,where p; = [xd Ya zd]
and p,; =[x ¥, z4 " are the desired relative position vector and relative velocity vector,
respectively, and the desired dynamics equation for the elliptical orbital underactuated

formation can be formulated as follows:

Xig = AXjq,i=1, 2. (6)

The error dynamics system obtained by making the difference between
Equations (1) and (6) is given by:

where e; = X; — Xj; is the error state vector. Then the error dynamics equation in the
absence of radial control can be rewritten as [13].
{ ey = Aqieyy +Apper, +mdy, ®)
é1q = Azer, + Agerg +m Uy + dyg),
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with )
0 0 0 1 0 O
0 0 00 1 0
A = 0 0 o0 0| Ar= o 11 o
__w%+2nz¢ ac 00 2wc 0
_ | —ac we—ng 0 —2we _ 0 0
A= ¢ 0 VI As=19 o |
T T T T
where ey, = [ex ey e; ex] , el = [ey €] ,dy = [01x3 dy] and dy, = [d, d.]

Note that e1,, € R* and e, € R?, we make a linear transformation of ej,, to obtain a new
variable 1, = Cy1e1, € R?, where C;; € R¥*4 is the design parameter matrix denoting the
linear transformation for eq,, from four dimensions to two dimensions,

_|kin k2 0 ki3
C“_[o 0 1 0 (19
where ki1, k12 and ki3 are the controller design parameters. Then the dynamics of ey, is
given by:

e = (Cia+ Ci1)ery + Cizerg +m ™' Crydyy (11)
with
k1o +2wckiz 0
Ci2 = CnAn, Ciz=CpAp = [ 2 0 e 1}- (12)
The sliding surface is then chosen as:
T — ; — =~

s1=[su s12] = e+ [(Ciz + Ci1)ew + Cizera] = miery + 2y, (13)

where 1 > 0 is a positive constant, the control law is designed as:
u, = Uleq 1 Uis, (14)

where 11, is the equivalent control and u;5 is the reaching law, respectively designed as:

Uleq = —1itAy — 61, (15)
Uy =81 = —n%Cl_; [K1S1 + 771Sig(71 (51)},
with
A=y [(C12 + C1)er, + Cizerq + (Cia + Ci1) (Anery + Anger) + ClBela)}
+(A1ze1, + Agern) + 11 C1_31 [(Clz + Cr1)ew, + Clgelu} , (16)

‘51 = Cf:’,l [<C12 + Cll)dlu] + dla + “1C;31C11d1u,
i T
sig”(s1) = [ [s11]/7'sgn(s11) [s12|7'sgn(s12) |,

where 771 is the estimated value of the mass, and 4, is the total disturbance. The total distur-
bance 4; can be approximated by RBENN in the active region. Substituting Equation (4)
into Equation (14) yields.

U, = —mA; — WiTh(X) — &1 + uys, (17)

where X = [ xyzxyz }T is the input vector. Although the RBFNN has the ability to
approximate the disturbance with high accuracy, the approximation error still exists. In
order to reduce the approximation error, the upper bound of the error needs to be updated
and estimated by the adaptive law. Defining ¢; as the upper bound of the estimation error
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e;, denote ¢; = [¢;1, Pin]" as the estimate of ¢;, and W as the estimate of the neural network
weights, Equation (17) can be rewritten as:

U, = *1’?[21 — WlTh(X) — diag((f)ll,gﬁu)sgn(sl) + uq,. (18)

The adaptive sliding mode control method is used to automatically adjust the control
gain to compensate for the uncertainty in the upper bound outside the active region, and
the control law is designed as:

U, = —mA, — 61 + uys, (19)

where & is an estimate of the unknown upper bound of perturbations. A nonlinear function
fiz 1, (ep) is chosen to construct the switching function [26].

0, leill < a,
12— g2
hop(e) =<1 —c052<72T sin2<72T|eb’2lazﬂ>), a < |l <b, (20)
1/ Hel” 2 b’

where 0 < a < b are design parameters to determine the neural active region. The input to
the switching function is the error state e;. The switching control law combining the neural
network control law and the adaptive sliding mode control law is designed as:

Uy = —mAy 4 (1= hyp(ep) unt + hop(ep)us + uis, (21)
with R o
U, = *WlTh(X) — diag(q>11, (])12)Sg1’1(51),
. (22)
Us1 = *(51.
The adaptive laws of i, Wi, ¢1 and 5y in Equation (21) are designed as:
Th = ,Ylsﬂlrzll
Wi =(1- Hapep))E1h(X)s1", 23)

$1=(1—Tup(ep))l2ls1],
51 = ﬁa,b(ﬁ’p)§351,

where 71 > 0, §1, {2 and &3 are diagonal positive definite matrices. To demonstrate the
stability of the closed-loop control system, consider the Lyapunov candidate function.

Vi = (1/2)(sTmsy + 97 ' + tr(Wi T8 W) + 18 1 + 6185101) (24)
where 7t = 1 —m, Wy = Wy — Wy*, 51 = ¢ — ¢ and gl = 4, — &, are the estimation

errors of m, Wi *, ¢ and J1, respectively. Taking the time derivative of Equation (24) and
substituting Equation (23) into the derivative of Equation (24) yields.
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V1 = s?msl +97 Lt + tr

<

sim(Ay +m~

—S

T
1
T
1
T
51

_(1

(
(
(

2
—h) ,§1|51i|(4’1i -

€1W1)+¢¥§2 ¢1+‘5 &' ‘51

(U + 6 )+7{1ﬂ77ﬁ+f7(W1§1W1)+¢irCz é +~T§31‘51 ,

Kisy + msig? (s1)) + ] (1 = 1) (~Wih(x) + &1 — ding (@1)sgn(s1) + (1) (sTWah(x) + Galsil) s,

Kqsq + ﬂ]Slg(Tl( )

_(_

).§1|51i|(4’1i -

(W
)
—s] (K51 + m15ig71 (s1)) + s 61 — s1 6 + tV(W1§1W1) + 18y + 8181
)
)+

(1—1)(sfer — ¢r]s1])
enisgn(sy;)) — siKysy — s]asig” (sy)

op+1

eysgn(sy;)) — K lls1 ] = ||s1 <0.

Therefore, the underactuated closed-loop system is asymptotically stable.

3.3. Controller for the Case without In-Track Control

Similar to the approach in the case without radial control, for the case without in-track
control, the error dynamics system can be rewritten as:

{ ey = A€y + Apess + m~ld,,, (26)
é2q = Anzeyy + Angerg +m Uy + doy),
with _
0 0 0 0 1 0
0 0 01 0 0
Ay = 0 0 00| Ap = 0 11 -
—ac w% — nzc 0 0 | —2wc 0
2 2 r
_ | we +2nz  ac 0 2wc _ 0 0
Az [ 0 0 —n2 0 [ Az 0 0
T . T T T
where ey, = [ex ey e ey] , ey = [ex €] ,dy = [01x3 dy] and dy; = [dy d:] .

The control input is Up = [Uy UZ]T.
Similarly, note that ey, € R* and ey, € R?, a linear transformation &, = Cy1ep, € R?
is performed, and the matrix Cy; is given by,

{0 ky1 O ko
Czl{o 0o 1 ol (28)

The dynamic equations of e, can be expressed as:

e = (Co1 + Co)egy + Cozeng + m ™' Cordyy, (29)
with
—2wck 0
Cp = CnAy, Cp3=CuAxn= [ OC 2 1]- (30)
The sliding surface is then chosen as:
T _ - _ -
sp = [so1 Sx] = agepy + [(Po2 + Pai)exy + Pozeys] = azen, + €5y, (31)

where x; > 0is a positive constant. The control law is designed as:

Us = upeq + s, (32)
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where 1y, is the equivalent control and u; is the reaching law designed as:

g = —1i Ay — 5,
Ups = 53 = —1Cy [Kasa + masig™ (s2)], (33)
with
A =Gy {(sz + Co1)eau + Cozezq + (Cz + Co1) (An1eay + Axperg) + C2332u)}
+(Ansex, + Azsery) + 22Car [(sz + Ca)eau + C2332a] , (34)
8 =Gy [(sz + CZl)dZu} + dyy + 02Cy Coydday,

where Ky > 0,72 > 0 are the positive constants. Then the switching control law combining
the neural network control law and the adaptive sliding mode control law is designed as:

U = —1iAy + (1- P p (ep))un2 + hgp (ep)uSZ =+ us, (35)
with A o
uyy = —WaTh(X) — diag(¢a1, Pa2)sgn(sa),
5 (36)
Uy — *52.
The adaptive laws of i, Wy, ¢> and & in Equation (35) are designed as:
ﬁ? = ’stgzz,
Wa = (1= p(ep))51h(X)s2T, 7

432 = (1—hgp(ep))82ls2l,
62 = Ny p(ep) &390,

where 2 > 0, §1, 2 and {3 are positive definite diagonal matrices. Consider the Lyapunov
function V, designed as:

Vo = (1/2)(symsy + 75 ‘it + tr(Wo T8 Wa) + 3 & "o + 0385 102) (38)

where W, = W, — W,*, (;52 = ¢ — ¢, and gz = §, — &, are the estimation errors of
W3, ¢o and 6y, respectively. Similar to the method used in the stability proof of radial
underactuated, the same asymptotic stability of the closed-loop system can be proved for
the case without in-track control and will not be repeated.

4. Simulations

The performance of the proposed controllers will be demonstrated by simulating a
reconfiguration scenario and comparing the fuel consumption in two underactuated cases.
The chief satellite flies in elliptical orbits and the orbital elements for the chief are given in
Table 1.

Table 1. Initial orbital elements of the chief spacecraft.

Orbit Element Value

Apogee altitude/m 3 % 106

Perigee altitude/m 5 x 10°
Inclination/deg 40
Right ascension of ascending node/deg 60
Argument of perigee/deg 270

True anomaly/deg 0
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The initial mass of the deputy is m = 10kg, the deputy’s estimated mass is 17 = 8kg.
The matrix C € R'2*> in RBFNN is chosen as:

_[G
c- [CJ , (39)
with
—1000 —-500 0 500 1000 —250 —125 0 125 250
—600 —300 0 500 1000 —600 —300 0 500 1000
o —1000 —-500 O 500 1000 C — —500 —-250 0 250 500 (40)
| —05 —025 0 025 05 |2 | =03 —015 0 015 03
-1.0 -05 0 05 1.0 —-05 —-025 0 025 05
-1.0 -05 0 05 1.0 -05 —-025 0 025 05
4.1. Case without the Radial Control
The deputy’s initial state is X;(fp) = [0 1000 0 0.5 0 1]T, the terminal state
of the deputy is X(ts) = 0 500 0 03 0 O.S]T, given that J2 perturbation is the
main disturbance in LEO. A nonlinear dynamical model of J2-perturbed spacecraft relative
motion is introduced to evaluate the robustness of the system [27]. Meanwhile, another
periodic disturbance is also incorporated into the dynamical model expressed as:
sin(nct)
D = Dy, | sin(nct) |, 41)
cos(nct)
where Dy, is a constant. Furthermore, the linear sliding mode controller (LSMC) was
introduced for comparative analysis [10]. For the case without radial thrust, the LSMC is
designed as:
Uy = —mo((Aizer, + Argers) + Pra(Aviery + Arperg) + c1(Proeqy + e1q) + Kiispr + Kiosig™ (s11)) (42)

The sliding mode surface is designed as s;; = ej, + P1peq, + c1€3,, where ¢; > 0is
the controller parameter. Furthermore, ki1, k1o and ki3, are selected according to ideas
given in [13]. The other control parameters for SNNC and LSMC are shown in Table 2. To
facilitate comparison between the two types of controllers, the controller parameters are
selected on the principle that similar control energy is consumed to complete the formation
reconfiguration mission.

Table 2. Closed-loop controller parameters without radial control.

Controller Parameter

n1=2 X% 1073, y1=1kn= 0.99\6‘](12‘,
kip = —1.95\/wc, ki3 = 1/ Jwc, Ky = diag(2 x 1073,3 x 1073),
= diag(1072,1079), & = diag(8.4 x 1075,8.4 x 1075),
SNNC " s &= dia)g(il X 10_4g,(8 x 107°), )
&3 =diag(1.5x107%,1x 1077),a = 6,b = 50,0y = 0.5,
bj =12 x 10°
a1=2x 1073, k11 = 0.99v2|k12|, k1o = —1.95\/wc, ki3 = 1/ \/@c,
Ky = 1073 - diag(2,3), Kip = 1070 - diag(10,1), oy = 0.5

LSMC

A comparison of the relative position errors and velocity errors of the SNNC and
LSMC are shown in Figures 2 and 3. Details of the trajectories of relative position errors
and relative velocity errors since T is also enlarged in the right side of Figures 2 and 3,
respectively, from which it can be seen that the steady-state relative position error for both
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types of controllers is in the order of 10° m. The steady-state error is smaller and the control
accuracy is higher with the SNNC compared to the LSMC controller.

I
— 100
E
o™ 50
0 — =
0 0.5 1 1.5 2 2.5
400
E
- 'Y
e 200
0 =
0 0.5 1 1.5 2 25
60
£ 40
= i LSMC
- = = = SNNC
0
0 0.5 1 1.6 2 2.5 .
Time (orbit) Time (orbit)

Figure 2. Time histories of relative position errors for the case without radial control.

- 0.2F -
b ~
é 0.1 é
d--l>< _‘_‘K
3 <t
] 0 ‘\ /’ D
0 0.5 1 L5 2 2.5
g N G
£ / £
=021 e
o kst
(5 ]
-0.4 - -
0.5 1 1.5 2 2.5
% 0.4 .
/
N 0.2 LSMC '
2 = = = = SNNC /
=
o of_—
0 0.5 1 1.6 2 2.5 sk 2.5
Time (orbit) Time (orbit)

Figure 3. Time histories of relative velocity errors for the case without radial control.

Comparisons of the SNNC and LSMC control input are depicted in Figure 4, with a
magnitude of 103 m/s? and approximately 0.8 period to reach steady state. The reconfigu-
ration trajectory of the spacecraft is shown in Figure 5, which shows that the SNNC is able
to perform the formation reconfiguration mission and verifies the feasibility of formation
reconfiguration in the absence of radial thrust.
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stlo
10

o

@

B 5

-

o
0/\
-5

0 0.5 1 1.5 2 2.5
L, %1077
0 z
A\
001 o | N Nz
~ ~
£ g
N N
= =0,02 LSMC < 0
- === 5NN
-0.03 = = -1 =
0 0.5 1 1.5 2 2.5 1 1.5 2 2.5
Time (orbit) Time (orbit)

Figure 4. Time histories of control inputs for the case without radial control.

1

1
0.5 0.5
fé‘ —_
< 0 :\% 0
=) N
-0.5 -0.5
_l _]
-0.5 0 0.5 -1 -0.5 0 0.5 1
x (km) y (km)
1
0.5
) e
§, 0 =
N
N - = - - trajectory
0.5 {  start
Y end o
-1
-0.5 0 0.5 . -0.5
X (km) Yy (km) X (km)

Figure 5. Trajectories of relative transfer orbit and formation for the case without radial control.

To further compare the performance of the two types of controllers, the following
evaluation indicators are defined. Denote a = U/m as the control acceleration, then the

control energy consumption is defined as | = ftgf (aTa/2)dt, and the velocity incremental

consumption is defined as AV = ﬁgf |la||dt. ts is the settling time required for the relative
distance error ||e,(t)]| to converge and remain within 1% of its initial value ||e,(0)]|, that is
Vt > t5, [lep(t)]| < 1%]|ep(0)||. The average steady-state relative distance error is defined as

ds = mean { ||ey(t)]| . 43

s = mean {lep 1)} 3)

Quantitative comparisons on the performance indices of these two controllers are

summarized in Table 3, showing that the SNNC has faster convergence and a 20.7%

reduction in steady-state error compared to the LSMC controller for the same amount of
control energy consumed, providing higher control accuracy.
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Table 3. Performance indices.
Performance Index
Case
ts, Orbit ds, m AV, m/s J, m?/s3
SNNC 0.82 1.03 0.77 461 x 1074
LSMC 0.82 1.30 0.77 461 x 1074
4.2. Case without the In-Track Control
For the case without in-track control, the LSMC is designed as
Uy = —mo((Azer, + Apsers) + Por (A1, + Axeny) + c2(Poneay + €2q) + Kaispo + Kapsig™ (sr2)). (44)

The sliding mode surface is designed as s;» = ey, + Pxea, + cpés,, where ¢, > 0 is
the controller parameter. The other control parameters for SNNC and LSMC are shown
in Table 4. Similar to the case without the radial control, the controller parameters are

selected on the principle that similar control energy is consumed to complete the formation
reconfiguration mission.

Table 4. Closed-loop controller parameters without in-track control.

Controller Parameter

ap=1x10"3, 91 =1, kpy = —0.25, kpp = —500,
SNNC Ky = diag(1 x 1073,3 x 1073), i, = diag(1 x 107%,1 x 1079),
& = diag(8 x107%,8 x 107°),a = 6, b = 50, & = diag(1 x 1079,
1x107%), &3 = diag(1.3 x 107%,1 x 1078), b; = 1.2 x 10%, 01 = 0.5
LSMC ay=2x 1073, ky; = —0.25, kyp = —500, Koy = diag(1 x 1073,3 x 1073),
Koy = diag(1 x 107%,1 x 107¢), 0y = 0.5

Time histories of the relative position errors and velocity errors of the SNNC and
LSMC are shown in Figures 6 and 7, details of the trajectories since T are also enlarged in
the right side of Figures 6 and 7, respectively, from which it can be seen that the steady-state
relative position error for both types of controllers is in the order of 10° m. The steady-

state error is smaller and the control accuracy is higher with the SNNC compared to the
LSMC controller.
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Figure 6. Time histories of relative position errors for the case without in-track control.
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Figure 7. Time histories of relative velocity errors for the case without in-track control.

Figure 8 shows the comparison of the SNNC and LSMC control inputs, with a mag-
nitude of 1073 m/s? and a steady-state time of about 0.8 period. The reconfiguration
trajectory of the spacecraft is shown in Figure 9, which shows that the SNNC is capable
of managing the formation reconfiguration mission and demonstrating the feasibility of
formation reconfiguration with the loss of in-track thrust.
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Figure 8. Time histories of control inputs for the case without in-track control.

A comparison of the performance indices for the two controllers is shown in Table 5.
Similar to the case with the loss of radial thrust, for the same amount of control energy
consumed, the SNNC has faster convergence and a reduction in steady-state error of
approximately 33.2% compared to the LSMC controller, providing higher control accuracy.
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Figure 9. Trajectories of relative transfer orbit and formation for the case without in-track control.

Table 5. Performance indices.

Performance Index

C

ase ts, Orbit ds, m AV, m/s J, m?/s3
SNNC 1.35 1.45 0.74 414 x 1074
LSMC 1.46 2.17 0.74 414 x 1074

5. Conclusions

In this paper, the SNNC for underactuated formation reconfiguration in elliptical orbit
is designed. A linear time-varying dynamical model is used to describe the relative motion
of the deputy satellite with respect to the chief. To guarantee trajectory tracking in the
presence of thrust failures and unmatched disturbance, the SNNC consisting of the adaptive
neural network controller and sliding mode controller is proposed. RBFNN is used to
approximate the uncertainty term in the dynamical system and an adaptive law derived
via the Lyapunov-based method is used to estimate the upper bound on the approximation
error, which avoids the requirement for a priori knowledge of the upper bound on the
approximation error and ensures the overall stability of the system. The SNNC, combining
the adaptive neural network with adaptive sliding mode work cooperatively, not only
improves the control accuracy, but also prevents the adverse effects of inaccurate neural
network estimation on the system. The simulation results indicate that the proposed SNNC
can obtain higher control accuracy than the LSMC and improve disturbance rejection
performance, and the proposed controller could be directly applied to a series of formation
reconfiguration missions in the near future. Furthermore, the controller can be adopted in
other similar relative orbital control problems, such as spacecraft rendezvous and hovering.
The current research focuses on formation reconfiguration in elliptical orbits. In future,
we plan to extend our current work in two directions. First, we will extend our work to
output feedback control schemes for underactuated spacecraft reconfiguration with the
loss of velocity measurements and thrust simultaneously. Second, we will extend our work
to similar reconfiguration problems in elliptic orbits using relative orbit elements to reduce
the tracking error.
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