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An adaptive saturated neural network (NN) controller is developed for 6 degree-of-freedom (6DOF) spacecraft tracking, and its
hardware-in-the-loop experimental validation is tested on the ground-based test facility. To overcome the dynamics
uncertainties and prevent the large control saturation caused by the large tracking error at the beginning operation, a saturated
radial basis function neural network (RBFNN) is introduced in the controller design, where the approximate error is
counteracted by an adaptive continuous robust term. In addition, an auxiliary dynamical system is employed to compensate for
the control saturation. It is proved that the ultimate boundedness of the closed-loop system is achieved. Besides, the proposed
controller is implemented into a testbed facility to show the final operational reliability via hardware-in-the-loop experiments,
where the experimental scenario describes that the simulator is tracking a planar trajectory while synchronizing its attitude with
the desired angle. Experimental results illustrate that the proposed controller ensures that the simulator can track a preassigned

trajectory with robustness to unknown inertial parameters and disturbances.

1. Introduction

In recent few decades, spacecraft control has been attracting
widespread interest because of its typical orbit applications,
such as formation flying, construction of space station, and
space surveillance and capturing, rendezvous, and docking.
Since the highly nonlinear character arising from 6DOF
dynamics in the presence of disturbance and parametric
uncertainty would bring more difficulties, it is still challeng-
ing to design high-performance controllers for spacecraft.
However, most previous work has only focused on the con-
troller design without perhaps the most critical experimental
validations [1].

In previous studies, different controllers have been found
to be related to 6DOF spacecraft control problems, such as
PD+ controller [2], sliding surface controller [3], and distur-
bance observer-based controller [4, 5]. However, controllers
in [2-5] have only been carried out in the presence of exact
inertial parameters or disturbances (or their bounds). A

number of techniques have been developed to solve the con-
trol problems of 6DOF spacecraft with unavailable uncer-
tainties [6-13]. For 6DOF spacecraft operations subject to
unknown parameters and disturbances, adaptive controllers
[6, 14, 15] are synthesized. In addition, adaptive saturated
controllers [7, 8] are designed by using different saturation
compensating methods. To achieve 6DOF spacecraft maneu-
vers in the presence of control saturations and dynamics
uncertainties, disturbance observer-based saturated control-
lers are studied in [9, 10].

The neural network, which is an alternative solution
with highly approximate capacity [11], also draws atten-
tion to 6DOF spacecraft controls. For formation flying
control problems with parametric uncertainties and distur-
bances, a NN-based adaptive sliding mode controller is pro-
posed in [12]. For cooperative rendezvous and docking
maneuvers, a NN-based switching saturated control is inves-
tigated in [13]. Besides, adaptive NN controllers are also
studied in helicopter [16] and marine surface vessel [17].
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Nevertheless, the abovementioned studies have failed to
demonstrate the designed controllers by hardware-in-the-
loop experimental validations.

To realize the theoretical results in practical applications,
the air-bearing ground test facilities have been developed
[18, 19] and some controllers have been validated by hard-
ware-in-the-loop experiments [20-26]. For spacecraft opera-
tions subject to parametric uncertainties, adaptive controllers
are designed and the related experimental validations are con-
ducted on the ground test facilities [20, 21]. For spacecraft
operations, PID [22] and LQR [23] controllers are designed
and experimentally tested, respectively. In addition, several
controllers [24-26] are developed and validated on the testbed
facility. Despite the fact that experimental results can be found
in [20-26], the NN-based controllers are rarely validated by
hardware-in-the-loop experiments in previous results.

This paper seeks to address the controller design for
6DOF spacecraft tracking operations subject to unknown
inertial parameters and disturbances. A saturated NN is
designed to approximate the unknown dynamics, and the
approximate error is counteracted by an adaptive robust
compensating term. An auxiliary dynamical system is intro-
duced to ensure the designed controller satisfying the magni-
tude constraints. The most remarkable result in this work is
that the proposed NN saturated controller is validated by
hardware-in-the-loop experiments which are conducted on
the ASTERIX facility. Compared with the aforementioned
works, the main contributions of this paper are threefold.
First, in contrast to the NN employed in [12, 13, 16, 17],
a saturated NN is developed to approximate the dynamics
uncertainties while avoiding the long time saturation aris-
ing from the large tracking errors at the beginning of the
operation. Second, to satisfy the magnitude constraints of
the actuators installed in spacecraft, an auxiliary variable
generated by a dynamical system is introduced in the con-
trol design. Compared with the dynamical system designed
n [17], the proposed one gives a simpler structure which
makes it easier to be realized in practical engineering appli-
cations. Finally, different from the numerical simulation
validation of NN controllers in [12, 13], the proposed con-
troller is experimentally validated on the ASTERIX facility,
where the practical impacts including parametric uncer-
tainties, disturbances, and measurement errors are affecting.
The experimental results demonstrate that the proposed
controller works and that the results meet theoretical pre-
dictions, within a margin of error.

The remaining sections are arranged as follows. Mathe-
matical preliminaries are formulated in Section 2. The con-
trol problem to be solved is stated in Section 3. The main
results including the controller design and stability proof
are given in Section 4. Basic hardware characteristics of
the ASTERIX facility and experimental results are presented
in Section 5. Finally, the conclusions are summarized in
Section 6.

2. Preliminaries

2.1. Notations. In what follows, ||x|| denotes the Euclidean
norm of a vector xe R”, A . (X) and A, (X) denote the

min
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minimum and maximum eigenvalues of a square matrix
X € R™", respectively. For x = [x,, X,, ;] € R?, superscript
x represents the matrix form of the cross product satisty-
ing x* = [0,—x3, x, ; X3 0,—x3—X,, x, 0]. For x € R and posi-
tive constants a and b, the saturation function is defined
as follows:

a, ifx>a,
sat,,(x) =4 x, if-b<x<a, (1)

-b, if x<-b.

If no confusion arises, sat(x) always presents sat,;(x)

throughout this paper. For x =[x, %,, --,x,]” € R”, define
the saturation function vector sat(x) = [sat(x, ), sat(x,), -+,

sat(xy)]".

2.2. RBFNN Approximation. Let f(x): R* >R be an
unknown smooth function. According to [11], we can
approximate f(x) on a compact set Q) CRR" by employing
the following RBFNN:

fx)=w'o(x) +e, (2)

where e is the bounded approximation error, w R/ is the
weight vector, and / is the node number. w is defined by

w =arg n’%,in{ilelg |f(x) _WT@(X);}, (3)

where W is the estimate of w, ®(x)=[¢,(x),d,(x), -,
¢,(x)]" : @ = R! is the RBF vector, and ¢, (x) is the Gaussian
function satisfying

s=ep (D), e @
i

with its center y; € R" and its spread #, > 0.

3. Problem Formulation

3.1. Reference Coordinate Frames. Assume that the spacecraft
and simulator are rigid bodies, respectively. To formulate
their dynamics, the following coordinate frames are defined.
The Earth inertial frame (% ; = {O, x;,y,,z;}): its origin O is
located at the Earth center, axes x; and z; point to the direc-
tion of the vernal equinox and toward the north pole, respec-
tively, and three axes satisfy the Right-Hand-Rule (RHR)
frame. The spacecraft (desired) body fixed frame 4 = {B,
Xp> Yo Zg} (F 30 = {Bo> Xpo> Yio» Zgo }): its origin B (B,) coin-
cides with its center of mass (c.m.), and three axes coincide
with its three inertial principal axes, respectively. The desired
orbit frame (local vertical local horizontal (LVLH) frame)
F o ={L,x,,y;,2, }: its origin L is the center of the desired
target, x; axis points from the earth center to L, z; axis is per-
pendicular to the orbit plane, and y; axis is in the orbit plane
complying with the RHR. The testbed centred frame F =
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{T,x7,yr}: its origin is the geometric center of the testbed
surface, two axes are along the edges of the bed forming an
orthogonal plane coordinate frame.

3.2. 6DOF Dynamics Model

3.2.1. Attitude Error Dynamics. The attitude of spacecraft is
represented by using Modified Rodrigues Parameters
(MRPs) o€ {o € R®|o=n tan (/4)}, where AR is the
principal rotation axis and # € (—2m,2m) is the principal
rotating angle. According to [27], by introducing a switching
condition at the surface ||o|| = 1, the unique and nonsingular
description can be guaranteed. This further ensures that
0<o’o<1. Let o and o, be the MRPs of the spacecraft
and the desired, respectively. The error MRPs are given by

e o4(c"o-1)+0(1-0lo,) - 2050 (%)
1+olo,070 + 200 )

According to [27], the attitude error kinematics satisfies

0 =G(6)w, (6)

where G(6) = 1/4[(1 - 676)1, + 26" + 266" ], @ = w — Rw,, is
the error angular velocity expressed in frame %, w and w,,

respectively, represent the angular velocities of the spacecraft
and the desired, and R is the rotation matrix defined as

(7)

ReR@)-1, - 4(1—5 5) . 8(6°)?

2 2°
(1 +&T5) (1 +&Ta)

In addition, according to [27] and I~{ = R&*, we have the
following attitude error dynamics:

Jo=-wJo+1+T,+ I((Z)Xf{a)d —Rwd), (8)

c(£2)c(65) — 5(€2)s(p)c (i)
—c(Q9)s(0g) — s(Q) (B )< (io)
s()s(io)

R; =

with the true anomaly v, the radial distance between the
desired target and the Earth r, the right ascension of ascend-

ing node €, the argument of latitude 6, = w, + v, the argu-

ment of perigee w,, and the orbit inclination i, f € R? is

the control force in frame F;, and f; € R? is the disturbance
force. ¢ and s stand for cosine and sine, respectively.

3.2.3. Actuator Distribution. Consider that there are N pairs
of thrusters installed in the spacecraft controlling of attitude

where J € R¥? is the inertia matrix, 7 € R* and 7, € R? are
the control torque and disturbance torque, respectively.

3.2.2. Orbit Error Dynamics. Let t=r — & and v = v — & be the
position and velocity tracking errors, where r=[r,, 7, rz]T is
the position vector error between the spacecraft and desired
target, v is the velocity error, and & is the desired trajectory
referenced in frame . In terms of [28], the orbit error
kinematics and dynamics satisfy

v )

=1
I
=

m{l = —mCtV - mnt + Rff‘l' fd - m(§, (10)

where m is the mass of the spacecraft,

0o 0 O
o ulro+ 1) n
—Vr, =V + s . o
((i’0+7’x) +ry+rz> 0 (11)
. s ur
n, = Vr =V, + y 7
((rO + rx)2 + r§ + rﬁ)

Ur,

((r +r) i+ r2)3/2
0 X ¥y z

R =R, R (0) is the rotation matrix from frame % to
frame &, R is the rotation matrix between frames % ,
and F, satisfying

$(Q)e(Bo) +c()s(Bo)c(io)  $(80)s(io)
=5(Q0)s(0p) +c(Q)c(6)c(io)  c(Bg)s(iy) | (12)
—(Qg)s(io) c(ip)

and orbit simultaneously. Each thruster in one pair is assem-
bled symmetrically with respect to the rotation center for the
dynamics. The control torque direction and the spin axis sat-
isfy the right-hand principle. In particular, each pair of
thrusters consists of thrusters T; and P;, where T provides
control force along one axis and control torque around
another spin axis of frame g, simultaneously and P; pro-
vides the opposite control force and torque generated by
T; Let pe RY be the outputs of all the pairs of thrusters



and A € R® be the distribution matrix. To ensure the con-
trol system non-under-actuated case, the distribution matrix
should satisfy rank (A) =6.

Due to the fact that the thrusters are generally con-
strained by power supply in practice, we further consider
saturations in the command controls. Generally, the saturated
control is expressed by using the saturation function sat(-). In
the studied case, we have that p =sat(&) = [sat(§,), sat(&,),

-, sat(£y)]" with
&, ifE>E,
sat(§) =4 &, if-& <& <&, (13)

where £ € RY is the command control, E;r >0 and EJ_ >0,

j: 1323 "')Na
T

[rT, (Rff)T] and define A& = sat(&) — &. Then, we have

are the magnitude constraints. Let u=

u=DAsat(§) = DA(E + AZ), (14)

where D =diag (I;,R?). In addition, to ensure that the
command control of each thrust should be nonnegative, i.e.,
T;P;>0,j=1,2,---,N, the command control signals are

arranged as follows:

{ T; =sat(Ej),Pj =0,

P;= —sat(ij), T;=0, iij <0.

if«szo,
(15)

3.24. 6DOF Error Dynamics. Let x; = [6T,fT]T

@, v’

and x, =

. In view of equation (6) and equation (9), we have

x; = AX,, (16)
where A = diag (G(6),1). In terms of equation (8), equation
(10), and equation (14), the integrated 6DOF error dynamics
is derived as follows:

Mx, =¢+B(§ + Af) +d, (17)

where

>

[—wxlw +J(@*Rw, - Ray)
C =

-mC,v —mn, — md (18)
M = diag (], mlI),

B=DA,
T
d- {Tg,ftﬂ . (19)
3.3. Control Objective. Consider the 6DOF tracking error

dynamics consisting of equation (16) and equation (17).
Suppose that the full motion information of the desired
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and the spacecraft is available to the spacecraft. The control
objective is to design controller & for each thruster assembled
in the spacecraft such that x; and x, converge to small sets
around zero.

Assumption 1. The desired angular velocity w; and its deriv-
ative w, are bounded. The desired position § and its deriva-

tives & and & are bounded, respectively.

Assumption 2. J and m are unknown constant parameters
with known nominal values ], and m,, respectively.

4. Main Results

In this section, the main results are presented. An adaptive
controller is first proposed such that the 6DOF tracking
objective is realized. Then, the closed-loop stability analysis
is undertaken.

4.1. Controller Development. In the following, an adaptive
controller is synthesized by introducing a saturated RBFNN
and a feasible auxiliary dynamical system, which results in
the high accuracy tracking.

Define a variable

s=x, +Kx,, (20)

where K, = diag («,1;, a,1;) with &; >0 and «, > 0. In terms
of equation (16) and equation (17), the derivative of equation
(20) satisfies

Ms=¢+B({+Af) +d + MK Ax, = p + BE + BAL +d,
(21)

where p = ¢ + MK, Ax,.

Since the exact knowledge of inertial parameters cannot
be obtained easily, we use their nominal values J, and m
to calculate the value of p. Define p, as the value of p when
J=]J, and m=m,. Let Ap = p, — p. It follows that

Ms = p, + B¢+ BAE +d7, (22)

where d* = d - Ag. It can be easily known that d* consists of

the variables X,, X,, @, 8, ¥, and ¥. To approximate d*, we
introduce the following RBFENN

" =WTo®y) +e (23)

where W € R™® is the constant weight matrix,  is the number
of nodes, ®(y) € R is the RBF vector, y =[x/, x}, &7, 5w,
]" is the input of the RBENN, and € € R is the approxima-
tion error. During the overshoot and transient at the begin-
ning of the control process, large tracking errors may lead
to large output of the RBFNN, which would increase the bur-

den of the actuators. To overcome this disadvantage, we use a
saturated RBFNN instead of the direct output from RBFNN.

Let W be the estimate of W. Define Ae= sat(WTGD(y)) -
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WT(D(y) and the estimate error W =W — W, respectively.
Then, we rewrite equation (23) as

d* =sat (WT(I)(y)) - WT<I)(y) +€", (24)

where €* = € — Ae.

Assumption 3. €* is bounded by an unknown constant g, i.e.,
le*| <e.

Let W and € be the estimates of W and &, respectively.
Design the following controller

£=B"(BB") " (—ATX1 ~K,s-p,

~ (25)
- sat(WTQ(y)) - Hs||€-s|- i KlB)(),
and the adaptation laws
W=9,(®(y)s” - 9,W),

A (26)
=8 (15 -8

where K, = diag (515, a,15) with a; >0 and a, > 0, 6, >0, @
is a small positive constant, 9,,i=1,2, 3,4, is a positive con-
stant, €, is the initial value of €, and y € RV is an auxiliary
signal generated from the following dynamical system

X =1+ A8 (27)

where «, > 0.

By substituting equation (20) into equation (16), and
equation (24) and (25) into equation (22), a 6DOF closed-
loop system is derived as follows

%, =A(s-Kx)), (28)
Ms =-A"x, - K,s + BAE + By
T €s (29)
-W oy -— +¢€
sl + @

4.2. Stability Analysis. Since the controller for the 6DOF
tracking error dynamics has been developed, we next focus
on the closed-loop stability analysis. In particular, the follow-
ing theorem summarizes the accomplishment of the 6DOF
tracking objective.

Theorem 1. Consider the 6DOF closed-loop dynamics (28)
and (29). Suppose that Assumptions 1-3 hold. If the control
parameters are selected as

. Ky
min (a3, ;) > — +6,,

K, > f0,x, + 0,

where 0,,i=1,2,3, is an arbitrary positive constant, and
B=sup (||B|®), the proposed controller (25) and adaptation
laws (26) ensure that the 6DOF tracking objective is achieved,
i.e., X; and x, converge to small sets around zero, resectively.

Proof. Define the estimate error € = € — €. Choose the follow-
ing Lyapunov function candidate

1 1 1 1 ~ T~ -
V=_xI +—TM+—T+—t(WW>+—2.
PR A YA T A 29, ¢

(31)

Its time derivative along equation (27), (28), and (29)
satisfies

. 1 ~ T 2 1
V=xlx +s"Ms+x i+ —tr(WTW) + —€€
9 95
= —xlTAle1 ~s"K,s - KZXTX +1,8' By
o7 32)
T T o T €s’s (
+8s BAL+ y AL—s W D(y) - ————
sl + @
1 ~ . 1 Py
+sTe” + —tr(WTW) + —€E€.
9 95
In view of 0<G'6<1 and 67G(6)=(1+5"5)5"/4,
we have
1+6'6
x AKX, =X %' X 2axlx,  (33)
0 a1,
where ¢, =min («,/4,a,). Note that x;s"By < (x,/40,)s”
s+ 0,k X"y, sTBAE<0,sTs+ Bl40,AET AE, xTAE<0,4"

x +1/40, A8 AE. Tt follows that

. K _
V<—cx/x, - ()Lz - ﬁ - 92) s's— (1, - PO,x,05) x" x
1

(s, * 5o, ) 180 - )

1 T~ esls 1 -
+ —tr(W W) +¢€|s| - + —€€
g, (VW) velsl - e
T T B
< ey sy + (@ ;1421
~ 1 - 1 2
rte[ WS W- - L
9 9, ||s|| + @
(34)
where A, = min (a3, @), ¢, =A, — ,/40, = 0,, ¢; =K, — 6,

— 0,. Substituting adaptation laws equation (26) gives

Vg—clxlTx1 czs S—C3X X+ (4§ >||AE|| 55)

—9tr (WTW> ~9,6(2 - &).



Note that —92tr(W W) < —9,/2tr(W
W) and -9,&(€ - €)) < —9,/2&* + 9,/2(e -
|| AE||*. Then, we have

W) + 9,/2tr(WT
€,)’. Let A=sup

. 9 ~ TN O,
V<—oxIx, —c,8"s—c;x x - Eztr(WTW) - 7 +k7,
(36)

where k* = (B/40, + 1/40,)A + 9,/2tr(WTW) + 9,/2(¢ — €,
> 0. In view of equation (31) and equation (36), then

V<—c'V+k', (37)

where ¢* =x/@ >0, y=min {c,, c,, ¢35, 9,/2,9,/2}, and ¢ =
1/2 max {1, A, (M), 1/9;, 1/9;}. It follows that

V(t) < <V(O) - E) et Iz— (38)

So V eventually converges to Q, ={V |V <vk*/c*}. It
follows that x;,X,, y, W, € are bounded. In particular, let
A=A (M) and k,, = max (a;, a,). With equation (20)
and Q,,, we can obtain that x; and x, eventually converge to

Q= {x; | [|x,]| £ V2k*/c*} and Q,={x,||x,| < (1/1/A,,
+k,,)V2k"/c*}, respectively. This completes the proof.

Remark 1. Different from the conventional NN used in [12,
13, 16, 17], a saturated NN output is designed to reduce the
large values caused by the large tracking errors during the
overshoot and transient at the beginning of the control
operation. An adaptive robust term is employed in the con-
troller to compensate for the nonlinear term arising from
the NN approximation error. The saturated NN and robust
compensating term work together not only to counteract
the dynamics uncertainties efficiently but also to improve
the control accuracy.

Remark 2. In this paper, we can easily determine the control-
ler parameters according to equation (30). Careful analysis
implies that increasing a;(j=1,2,3,4) would result in a
smaller set Q; which illustrates that the ultimate convergent
sets of & and F can be tuned by choosing appropriate control
parameters. Moreover, larger control parameters could con-
tribute to faster convergence rate but longer control satura-
tion times which would bring the burden of thrusters. To
this end, a reasonable compromise among practical control
objectives is necessary.

5. Experimental Results

In this section, the hardware-in-the-loop experiments are
tested to evaluate the proposed controller. The experiment
scenario shows that a 3DOF simulator tracks a desired trajec-
tory on the testbed surface while synchronizing its rotation
angle with the desired attitude. First, basic hardware charac-
teristics of the test facility are presented. Then, experimental
results are illustrated by using the proposed controller.
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FIGURE 1: The testbed facility: ASTERIX.

5.1. ASTERIX Facility Description. The hardware experimen-
tal validation of the proposed control strategy is conducted in
the ASTERIX facility [19]. The test facility has three main
elements including an operational arena, two 5DOF space-
flight simulators, and tracking (measurement) systems. An
overview of this test facility is presented in Figure 1.

Some basic and important characteristics of the facility
are listed as follows. A 6320 mm X 3060 mm operational
arena consists of four 3060 mm x 1580 mm aluminum plates
organized side by side. Due to the limitation of the
manufacturing process, the inclination is inevitable. From
the measurement by an SPI TRONIC PRO 3600, the maxi-
mum local inclination turned out to be —0.07° and the max-
imum local displacement with respect to the lowest point of
the arena is 0.863 mm. The 5DOF spaceflight simulator con-
sists of a 2DOF translation stage and a 3DOF attitude stage.
The mass of each simulator is 147.22kg, and the moment
of inertia of the attitude stage presented in frame F, is

7.2002 —0.0882 —0.1230
J=|-0.0882 7.0141 0.0493 | kg-m>. (39)
—0.1230  0.0493  11.8319

In addition, the spaceflight simulator is equipped with 3
reaction wheels and 16 thrusters. Each reaction wheel is set
to provide torque around each axis of frame F,. The 16
thruster assemblies are symmetrically arranged with respect
to the CR. Each set of four thrusters is set to expel exhaust
gas in a fixed direction of the body frame, +xp and +yg,.
The attitude of the simulator is obtained by an attitude and
heading reference system (AHRS). The attitude measure-
ment noise satisfies a random normal distribution

N
e{‘l:f(v{z):;exp —M

2(0{;)2
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TaBLE 1: Desired trajectory.

Phase Time (s) x-axis r4 (m)

st te |0 0.6 cos 4ﬂt
! °2 ' T

nd re|Eor] 045c0s (P74 + 015
2 5, . T .

y-axis 1y, (m)

. 4
0.4 sin (T t)

. 4
0.3 sin (T t)

TaBLE 2: Thruster distribution.

Control direction Number of each pair

1 2 3 4
tXp Fy Fig
—Xp Fy Fis
Y Fs Fiy
Y Fy Fy

where v, is a random scalar, o, = [0, aﬁ,aﬁ]T =1[0.0175,
0.0170,0.0347)" deg, , = [, ), pz]" =10.3,0.3,0.7]" deg.
The position of the simulator is measured by the tracking
system. Similarly, the measurement error also satisfies the
following random normal distribution

! (to=t)
€ :f(vp):\/ﬁap exp _T‘IZJ o (41)

where v, is a random scalar, o, = 0.2950 x 10 °m, and H, =

—19.7499 x 10~°m.

5.2. Experimental Results. In this subsection, we show the
experimental results.
The desired rotation angle is governed as

va=v(0) - " i(aeg) (12)

where y/(0) is the initial angle of the simulator and T is the
time of the experiment. The desired trajectory in each phase
is given in Table 1.

In this experiment, we use 4 pairs of thrusters generating
the control efforts. The distribution of thrusters are shown
in Table 2 and Figure 2. The distribution matrix is given by
A=[,1-1,-1;1,0,0,1;0,1, 1, 0], where  is the arm of force
of each pair of thrusters. The model parameters of the simu-
lator are listed in Table 3, respectively.

The saturation constraints of the NN with /=80 nodes
are chosen as a=b = [0.2,0.8,0.8]". The parameter estimates
are initialized as W(0) = 0 and €(0) = 1. The parameters of
the controller and adaptation laws are chosen as x, =«, =
0.1, 9, =0.025, 9, =0.01, 9; =0.03, 9, =0.01, and @ =0.01.
The experiment time is T =270(s). Four groups of experi-
ments are performed by using different control parameters
and nominal values of inertial parameters which are summa-

FiGure 2: Distribution of the thrusters.

TABLE 3: Model parameters.

Parameter Value Unit
Mass m 147.22 kg
Moment of inertia j, 11.8319 kg-m?
Gravitational acceleration g 9.8 m/s’
Arm of force [ 0.4875 M
Magnitude constraint Er(z =1,5,12,16) 1,1,1,1 N
Magnitude constraint E; (j=4,8,9,13) L1, 1,1 N

TaBLE 4: Control parameters and nominal values.

Case Control parameter Nominal value
1 a =4 0,=11,0;=4,a,=6 0.65M
2 a =4, 0,=10,03=4, 0, =6 0.9M
3 a =4 0,=2,0;=4,a,=4 1.3M
4 o =4,0,=2,a;=4,a,=4 1.75M

rized in Table 4, where M = diag (j,, m, m). Experimental
results are presented in Figures 3-10.

Figure 3 collects the rotation angle error of each case.
Figure 4 presents the trajectory of each case versus the
desired. Figures 5 and 6 show the position tracking errors
in x-axis and y-axis of each case, respectively. Table 5 sum-
marizes all the standard derivations of tracking errors in dif-
ferent cases. From the experimental results, it can be seen
that the simulator tracks the desired trajectory while syn-
chronizing its rotation angle with a good performance in
spite of measurement errors and a large range of parameter
uncertainty. During the first phase of the experiment, the
transient behavior arises because the initial position of the
simulator does not coincide with the initial value of the
desired trajectory. After that, the simulator tracks the desired
trajectory fairly well. Apart from the slight discrepancy of the
tracking errors, the high control accuracy is confirmed by the
experimental results in spite of the parameter uncertainty
from —35% and +75%.
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We next show the detailed experimental result of Case 2
to evaluate the proposed controller. Figure 7 illustrates the
top view of the experiment result, where the orange line is
the initial position with an x-axis in frame %, representing
initial angle of the simulator and the blue line is the final
position of the simulator. From this result, we can see that
the simulator tracks the desired trajectory with a good perfor-
mance. In particular, there is no obvious tracking error after
the simulator enters the second phase. In addition, the com-
mand control of each thruster is collected in Figure 8. It can
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be seen that all the control signals are within their magni-
tude constraints, respectively. Besides, Figure 9 describes
the output of the NN versus time, and Figure 10 presents
the estimate € and norm of the auxiliary signal y versus
time, respectively. At the beginning of the experiment, it
can be seen that the output of the NN is much larger than
the magnitude constraint of the thruster. Instead, the sat-
urated value is applied in the controller which contributes
to reduce the burden of the thrusters. It is also evidenced
that the estimate € and auxiliary signal y remain bounded
during the experiment.
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6. Conclusions

We develop an NN-based saturated adaptive controller for
6DOF spacecraft tracking operations in this paper. To esti-
mate the dynamics uncertainties with high accuracy while
avoiding the long time control saturation during the initial
operation, an adaptive saturated NN is designed with its
approximate error being compensated by a continuous
robust term. An auxiliary dynamical system is introduced

NN approximation
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FIGURE 9: Experimental result: output of NN in Case 2.
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FIGURE 10: Experimental result: estimate value and auxiliary signal
in Case 2.

TaBLE 5: Standard derivations of tracking errors.

Case 1~—2 phases i %”d phase i

y (deg) 7, (mm) 7, (mm) y(deg) 7, (mm) 7, (mm)
1 1.7275 16.8991 23.5340 0.4100 1.5233  1.2869
2 0.3983 57777  7.6600 02551  3.4071 1.7211
3 0.1810  7.1407 19.7165 0.1657  3.8055  2.7741
4 0.2636  9.3525 17.0123 0.2183  7.2070  3.7914

to overcome the effects caused by control saturation. The
ultimate boundedness of the closed-loop dynamics has been
proved. Hardware-in-the-loop experimental validation is
conducted on the test facility ASTERIX, where a 3DOF
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tracking scenario of the planar and rotational maneuver is
performed in the presence of unknown inertial parameters,
disturbances, and measurement errors. Experimental results
demonstrate that the proposed controller ensures the simula-
tor tracking a desired trajectory with a good performance and
that the rotation angle and position tracking errors are within
0.5 degree and 8 millimeter during the final phase.
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