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Abstract: A nonlinear sliding mode adaptive controller for a thin-film diffractive imaging system is designed to achieve
accurate pointing direction over the attitude of subarrays in large-diameter mirror arrays. The kinematics and dynamics
equations based on error quaternion and angular velocity are derived, and a diffractive thin-film sub-mirror array
controller is designed to point precisely. Moreover, the global stability of the controller is proved by the Lyapunov
method. Since the controller can adaptively identify the inertia matrix of each sub-mirror system, it is robust to
bounded disturbances and changes in inertia parameters. At the same time, the continuous arctangent function is
introduced, which is effectively anti-chattering. The simulation results show that the designed controller can ensure
the accurate tracking of the diffractive film in each sub-mirror in the presence of rotational inertia matrix uncertainty
and various disturbances.
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0 Introduction

The increasing focus length and payload lens di-
ameter caused by the demands of ever-increasing
Earth observation resolution have exceeded the

launching ability of rockets'"

. As a new type of im-
aging technology, the diffractive thin-film imaging
technology has the advantages of lighter weight,
variable surface shape, easier to be folded and un-
folded, lower surface density, and lower cost com-
pared with traditional optical imaging payloads'”®.
The diffractive thin film is one of the most promis-
ing practical approaches for imaging systems to
solve the problem of ultra-large aperture and ultra-
light load imaging systems in space.

In 1998, the Eyeglass project, whose tele-
scope system consists of an objective lens satellite
and an eyepiece satellite, was proposed by the Law-
rence Livermore National Laboratory (LLNL) in

the United States. And the feasibility of diffraction

*Corresponding author, E-mail address: sxs@hrbeu.edu.cn.

imaging technology was proved by the ground proto-
type'**’. In 2010, the membrane optical imager real-
time exploitation (MORIE) satellite research pro-
gram, which is greatly improved based on the “Eye-
glass Program”, was announced by the Defense Ad-
vanced Research Projects Agency (DARPA)" ™.
The diffraction imaging system consists of an
imaging satellite and a diffraction film satellite. The
diffractive film satellite is equipped with a film pri-
mary mirror which is covered with small nanoscale
etched holes for imaging based on the diffraction
principle. The rest of the imaging system is built on
the imaging satellite. On the one hand, due to differ-
ent orbital altitudes of binary satellites, the diffrac-
tive film sub-mirrors need to adjust its pointing in re-
al-time to ensure the quality of images. On the other
hand, the diffraction imaging system is in a complex
space environment, where disturbing factors such as
solar light pressure, non-spherical perturbation of

the Earth, and atmospheric drag also have impact
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on the pointing accuracy. Therefore, high accuracy
tracking and pointing control of diffraction films is
essential.

The control of the separate diffractive imaging
system is the key to ensuring the relative attitude
pointing, so it has gained extensive interest in re-
cent years. The representative one is a set of orbital
parameters of the co-located diffraction imaging sys-
tem designed by Sun et al."*’, which also showed
the feasibility of post-disaster remote sensing. The
designed co-located diffractive satellite system can
simultaneously provide an essential reference for
post-disaster emergency response. Presently, the
relative control of diffraction imaging satellites
mainly draws on the relative attitude control of the
binary satellite formation. Considering the uncertain-
ty of angular velocity, the impulse variance control
method for the binary satellite based on the observ-
er-based was proposed, which solved the stability
problems with parameter uncertainty, pole con-
straint, variance constraint, and limited thrust'*'".
An adaptive sliding mode control scheme is de-
signed to solve the high-precision tracking control
of the formation spacecraft'""'*’. Combined with the
characteristics of the integral sliding mode seg-
ment, an adaptive integral sliding mode control law
was proposed, which solved the problem of exces-
sive adaptation of switching gain in the attitude
tracking control of spacecraft'™’. Sun et al."™*' de-
signed a robust adaptive feedback-limited control-
ler, where the modified Rodrigues parameters were
used to describe the attitude tracking dynamics mod-
el. Xu et al."* used the square root volumetric Kal-
man filter to estimate the relative position and calcu-
late the desired attitude. Correspondingly the error
attitude dynamics equation was described based on
the modified Rodrigues parameter, and the back-
stepping adaptive control law was used to control
the pointing and tracking of the spacecraft. Yin'"*’
proposed a multi-loop recursive tracking attitude
control strategy, and the integral term of attitude
tracking error was introduced into the attitude track-
ing dynamic system so that the structure of the atti-

tude tracking system was changed.

For diffraction imaging control of the diffrac-
tive film, there are few archives introducing concep-
tion and design. Hence, we take the satellite atti-
tude control method as a reference to implement
film-pointing control. In order to improve the con-
vergence rate and system life, a variable structure
sliding mode control method for satellite attitude
maneuver was proposed, where the constraint rela-
tionship between the control parameters and the sys-
tem performance was given to prevent the system
state from exceeding its upper bound'”". A method
of finite time adaptive integral sliding mode control-
ler was proposed to guarantee the spacecraft atti-

tude tracking target attitude'"™

. In the presence of
uncertain parameters and unknown inputs, a robust
control method was proposed for rigid spacecraft at-
titude stabilization using the state-dependent indi-
rect Chebyshev pseudospectral method'', and the
design of a passivity-based adaptive robust control
for attitude tracking of a three-axis satellite was in-
vestigated . Although these methods can well
solve the relative attitude control problem of the
double-satellite formation, the controller of thin-
film mirror array satellites with limited motion of
thin-film mirrors for diffraction imaging has not
been studied.

In this paper, we will analyze the desired point-
ing angle for high-precision attitude tracking control
of the diffractive film sub-mirror, build an attitude
tracking error model, and following this, the diffrac-
tive thin-film sub-mirror array control schemes will
be designed. This paper is organized as follows. Sec-
tion 1 states the model establishment of the diffrac-
tion imaging system. The primary research is devel-
oped in Section 2, in which the adaptive controller
of a diffractive thin-film sub-mirror array is proposed
to achieve highly accurate tracking in finite time.
And the stability of the proposed controller is prov-
en using the Lyapunov stable theory. Then, the nu-
merical results are simulated and the PD controller
is introduced for comparison tests with the control-
ler proposed in Section 3. Finally, conclusions are

given in Section 4.
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1 Diffraction Imaging System Model

1.1 Diffraction imaging system description

The diffraction imaging system consists of the
thin-film diffraction mirror array satellite and imag-
ing satellite, which maintains a formation configura-
tion to realize the high-precision imaging function of
a heterogeneous binary satellite. The imaging satel-
lite is treated as a particle to simplify the model.
Each diffractive thin-film sub-mirror rotates around
its pitch axis so that the plane of each thin-film sub-
mirror is perpendicular to the optical imaging path,
thereby realizing real-time tracking and orientation
of the imaging satellite. The imaging position rela-

tionship is shown in Fig.1.

Imaging satellite

Thin-film diffraction
mirror array satellite

Fig.1 Binary satellite thin film diffraction imaging system

1.2 Diffraction mirror array satellite model

In this paper, the research object is the thin-
film diffractive mirror array satellite for diffraction
imaging of nano-scale etched pinholes. It is mainly
composed of three parts: Central body structure,
diffractive film sub-mirror array, and truss. The dif-
fractive film sub-mirror, which is unfolded and flat-
tened by the truss, can be twisted and adjusted inde-

[21-22]

pendently . The sub-mirrors orient to the imag-
ing satellite by rotating around their pitch axis. As
shown in Fig.1, the earth-centered inertial (ECI)
frame O-XYZ is a coordinate system, in which the
origin is the center of mass of the Earth, the XY
plane is the Earth’ s equatorial plane at the moment

of J2000, and the X-axis points to the equinox at the

moment of J2000. The spatial configuration of the
thin-film diffraction mirror array satellite and diffrac-
tive film sub-mirror system are shown in Fig.2. The
thin-film diffractive mirror array satellite consists of
24 diffractive thin-film sub-mirrors in the inner and
outer circles. To facilitate controller design, the out-
ermost mirror pointed by the X-axis of the thin-film
diffractive mirror array satellite body coordinate sys-
tem 1s numbered as «, , and other mirrors are num-
bered counterclockwise, as shown in Fig.2. ro(i=
1,2, ---,n) is the distance vector of the sub-mirror
from its centroid in the thin-film diffraction satellite
body coordinate system, where the subscript mi is
ith diffractive thin-film sub-mirror and 7 is the total
number of mirrors in the thin-film diffraction mirror

array satellite.

Fig.2 Thinfilm diffraction mirror array satellite sub-array

system

1.3 Desired attitude angle model of diffractive
film

The desired attitude of the diffractive film
should be perpendicular to the optical path of the im-
aging satellite. In the process of high-precision imag-
ing, the model is simplified for specific problems un-
der certain assumptions to derive the desired attitude
angle. The basic assumptions are given as follows.

(1) In the process of maintaining the formation
configuration, the imaging satellites and the thin-
film diffraction mirror array satellites are oriented to
the ground, whose body coordinate system coin-
cides with the orbital system.

(2) The imaging satellite can be regarded as a
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particle whose center of mass coincides with the geo-
metric center.

(3) The centroid displacement of the thin-film
diffractive mirror array satellite caused by the rota-
tion of the diffractive thin-film sub-mirror is a negli-
gibly small amount.

The desired attitude information of each diffrac-
tive thin-film sub-mirror system is related to the rela-
tive distance vector of the thin-film diffractive mirror
array satellite and the imaging satellite.

The relative distance vector of the binary satel-
lite in the ECI frame O-XYZ can be expressed as

rey—rnr —r; (1)
where r, and r, represent the vectors from the imag-
ing satellite and the thin film diffraction mirror array
satellite to the center of the earth in the ECI frame

O-XYZ, respectively.

¥y

Fig.3 Desired pointing angle of diffractive film sub-mirror

system

The distance vector r from the imaging satel-
lite to the centroid of the diffractive film sub-mirror
can be expressed as
—Lyery, i=1,2,---,n (2)

where L., 1s the coordinate transformation from the

[23

ri—T"q

orbit reference frame to the ECI frame!®. It can be

written as

LCOZL:(—Q)L_,(;— i)Ly(g+ u)z

—cdsu — sfcicu  —ssi sfcisu — cldcu (3)
ccicu — ssu csi  —sfcu — ccisu
cust —cl —sisu

where ¢ and s denote cos (+) and sin (+), respectively;

0 is the right ascension of the ascending node of the

orbit, 7 the inclination of the orbit, u=f+ w a lati-
tude parameter representing the position of the
spacecraft relative to the ascending node, fthe true
anomaly, and o the argument of perigee. The ex-
pected pointing angle of each diffractive thin-film
sub-mirror @, in the high-precision imaging configu-
ration maintaining mode is shown in Fig.3, which

can be expressed as

rs‘['rmi
0,= arccos(‘) (4)

|rs[ '|rmi‘

1.4 Attitude tracking error model of diffractive
film

The relative attitude error kinematics and dy-

namics models of diffractive thin-film sub-mirrors

represented by quaternions can be established as'**’

Jz(i)ez - 7((1)¢.,-+ Ciwlz)xji( wei+ Ciwlz) +

J o, Cw,+ Cw,)+ T,+ Td, (5)
1
QeiO: 7Eq:’ww’
(6)

1
‘?w’ZE(flﬂo’a g, ).

where i=1, 2, -+, n represents the ith diffractive
thin-film sub-mirror, J,€ R**? the moment of inertia
matrix, and w, desired attitude angular velocity;
w.,— w, — C,w, denotes the angular velocity error
between the actual attitude and the desired attitude,
where w, represents the attitude angular velocity,
and the specific expression of the attitude transfor-
mation matrix C;is C;=(q% — q5q.) I+ 2q.qL —
=1,C"C=1,C=—w.C, ()

denotes a 3 X 3 skew-symmetric matrix, q.,=

2q.0q. with || C;

[ Geit> Geis Qus 1™ is the vector part of the quaternion
for the attitude error.T; and T'd, are the control mo-
ment and bounded disturbance, respectively. I, is
the identity matrix. The attitude tracking error Q., =
[ guo» g 1" denotes the relative attitude error from
the actual attitude to the desired attitude, which can
be obtained as
qo 41 3%) G1is dbio
Q.= Q,'®Q,= R
“Guiz ~qGus Guo Gur || Qo
“quz 9wz —qur Guo || Gois
(7)

where Q,; and Q, represent the actual and desired at-
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titude quaternion, respectively. & represents the

quaternion multiplication.

2 Thin-Film Diffraction Sub-Array

Mirror Controller Design

In this section, we propose a novel nonlinear
synovial surface with the inverse tangent signum
function. Then, we design the adaptive attitude
tracking control schemes for the thin-film diffraction
sub-array mirror system in the presence of inertia un-
certainties and external disturbances™®’. The algo-
rithm is based on a nonlinear sliding mode and has
the advantages of finite time tracking, fast, accu-
rate, anti-chattering, suppressing inertial uncertain-
ty, and adaptively identifying the upper bound of in-
terference. The traditional symbolic sliding mode
variable structure control system suffers from severe
jitter and vibration. The introduction of an arctan-
gent function eliminates the jitter caused by the sign
function and ensures fast global convergence of the
system state on the sliding mode plane.

For each sub-mirror in the thin-film diffractive
mirror array satellite, the nonlinear synovial surface

can be defined as
2
szwﬂJrK(arctanqe,) (8)
T

where K is the positive definite diagonal matrix, and
arctan g~ [ arctan g, arctan q., arctan ¢.;]"'. The

attitude error quaternion has the property of g%, +

qi+q.=1, wehave V1 =0,/¢,|<1,/=1,2,3.

g arctang,, > 0,q, 70 arctan0=0 (9)

For VéER and Ya €R, the arctangent function
arctan £ yields

Earctanef:‘{‘arctan‘{f‘ (10)

5arctan(]a\$>>0,$¢0 arctan0=0 (11)

£ (12)

—arctan & —
dz ¢

14 ¢7
Assuming that the moment of inertia J; of the
diffractive film sub-mirror a; is an unknown positive
definite symmetric constant matrix *'. The distur-
bance torque Td; is bounded. The estimated error of
the inertia parameter can be defined as
J=j—J (13)
where j,=[Ju Ju Jus Jaz Jas Jus |' repre-
sents the inertia parameter of the diffractive film sub-
mirror numbered @, , whose estimated inertia param-
eter 15]71 :[ j;n j;zz j«ss j«lz j«lS j«zs JT-
It is known from the assumption that the inertia
parameter of the diffractive film sub-mirror is an un-

known constant, then there is j,= —j..

The linear operator is defined as

& 0 0 & & O
L(g)=|0 & 0 & 0 & (8
0 0 & 0 & &
For Vé=[¢& & & |"€R’, there is JE=

L(§)j.
Multiplying the derivative of Eq.(8) to the left
by J; and substituting Eqs.(5) and (6) into it obtains

Js=T,+7Td— (w,+ C,-wl,»)x.lz-( w,+ Cw,;)+

JZ-( (l)j,-c[(l)“- - Ci(l)u‘) + JIK

1 1 1
where —=diag > T B
1 + q; 1 + (Ieil 1 + QezZ 1 + qeiS

Applying the linear operator L:R*—R*"°,

Fi = _( (] + Cz'a)u)XLf( W + Ciwlf) + Ll( wzi'clwti - Ci(i)u’) + LzK

Considering the attitude tracking system de-
scribed with an unknown inertia matrix and distur-
bance moment, if Eq.(18) is satisfied, the robust
adaptive control law expressed in Eq.(19) and the

parameter adaptive adjustment law expressed in

1
n(l + qf,-)

(Qeiolii+q§')wel (15)

Eq.(15) is simplified as

J§,=F,j,+ T, + Td, (16)
where
m(qmlﬂrqé)wd (17)
Eq.(20) can ensure that j, and Td, are uniformly
ultimately bounded (UUB). That is /lim q.(2)=20

and lim w. ()= 0, the error angular velocity w.

P

and the error quaternion ¢q.; of each diffractive thin-
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film sub-mirror asymptotically converge into ze-

rot?™,

Td, (0)>0 (18)
L 2k —
T.=—F,j — . Tdy, arctan((ez + 6)s,) (19)

ji=vF/s, :F‘Zx,- =| (20)

S;
Chxi

where e, ¢ and 7 are undetermined constants; k=

diag (b1, kos by)s b =>0(1=1,2,3); Tdy, is an esti-

mate of Tdy;; T_dx, 1s estimation error, which is de-
fined as Tdy, = Tdy, — :ITJX,-; :ITJX,-(O) is the esti-
mated initial value of }\a;x[; y €R°"° represents the
positive definite diagonal matrix.

Proof

The following Lyapunov candidate function is

selected as

1 1 - _ 1 —
V:*S,TJ,-SI+7j1'Ty71jz+7Tdii (21)
2 2 2t

. . 11— — B -~ B 1 i
Vi=slds =gy~ Td T =5 (Fjt Tt Td )+ iy (y Fls =) = Td Td <
. _ _ 01—
(P 1) s | (T Td ) 3y (yFis =)~ Ta Td, (22)

where;: *]NI and Td , = *ﬁxl.
Inserting Eqs.(10, 19) into Eq.(22) yields

Si/’>7

. 23
V,.< ( Ek”| sy|arctan (( el + o)
T

3 —_
>ilsal ) Tdy, Tdy>0 (23)
i=1
When | Sy | = ; arctani there
ett+o 2k,

sylarctan( ez + o) =0.

23
S| — > k;

In addition,

3
sl = s
=1
1 b1

when \sz-/\>rﬂarctan%
there is V,<<0. To sum up, when r—>co,s,—>0,
w,> 0, q,—> 0, for each diffractive thin-film sub-
mirror, V,- 1s semi—negative definite, V; is radially

unbounded, and s; ,]_ ,ﬁx,- are UUB.

3 Numerical Simulations

The diffractive thin-film sub-mirror is selected
to verify the effectiveness of the proposed method,

as shown in Fig.4. The distances from the centroid

of the diffractive film outer mirror O, and the in-
ner circle mirror O,,.. to the centroid of the diffrac-
tive film satellite Oy are set as 10 m and 5 m, re-

spectively.

Fig.4 Diffractive film sub-mirror layout position

3.1 Performances of the

method

proposed control

The position of the imaging satellite is 100 me-
ters in the direction of the film diffraction satellite
vector. The orbit of the binary satellite is shown in
Table 1.

Table 1 Detailed properties and characteristics of the binary satellite thin-film diffraction imaging system

) Semimajor axis
Satellite

Argument of  True anomaly

Eccentricity ¢ Inclination 7 /(°) RAAN Q /(°)

a/m perigee w /(°) 1/)
Imaging satellite 6 878 000 0 45 0 0 30
Thin-film diffraction
6 877 900 0 45 0 0 30

satellite

Four sub-mirrors are selected for numerical
simulations, and their position parameters are

shown in Table 2. The nominal inertia matrix of the

diffractive film sub-mirror a; is
J =
(100.010.01; 0.01 11 0.02; 0.010.0210) kg+m”
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The initial conditions of quaternion and angular ve-
locity of each sub-mirror of the diffractive film satel-
Q,(0)=[1 0 0 0] and w,(0)=
0 rad/s. The desired states of the tracking error qua-

lite are:

ternion and angular velocity are selected as Q.=
[1 0 0 07 and w,(z)=0rad/s, respectively.
In addition, the required maneuver angle is calculat-
ed by Eq.(4).

Table 2 Position parameters of the selected diffractive film sub-mirror «;

Selected sub-mirrors a, ag ay; Qg
o /m (10 0 0) —10cos—~ 10sin—~ 0 (5 0 0) —5cos—  5sin— 0
6 6 6 6
The external disturbance of the diffractive film 10 a
_ 09} E——
sub-mirror a, is considered as < 09 oy
osr /o=
Td,=([—0.01 —0.1 —0.01 ] sin(w,))x : : : : : —
., 0 50 100 150 200 250 300 350
10°(Nem) Time / s
(a) g, variation curves
where w,= & is the average orbital angular ve- L 2;/\ Z‘
a’ S el e ——-a
~ BN - Q3
) L . S See o
locity, a represents the semimajor axis and p= 2 S~ sl . . T
0/ o . L. 0 50 100 150 200 250 300 350
398 600.44 km?/s” is the geocentric gravitational con- Time /s
stant. The controller parameters are selected as fol- 1 (b) g, variation curves -
lows. . _\:_’ .
j(0)=[ 10.4 10.6 10.5 0.01 0.01 0.01 ]' (kgem®) 4 :':':'::/ , , , , oy
. 0 50 100 150 200 250 300 350
Tdy,(0)=0,K=diag(0.15 0.5 0.15), Time /s
b—diag( 0.6 0.5 1.0 (c) g, variation curves
= diag( 0. s .0), oF o,
y =diag(0.5 0.05 0.5 0.01 0.01 0.01), S o — T
S 5 // _____ ®
0= 0:003.6=0.3,0=0.01 _2(; 5';\ 103 150 200 250 300 0;120
The control torque is limited to [—0.2,0.2]N+m. Time /s
o . . (d) g, variation curves
The performances of the thin-film diffraction . . . oy
Fig.5 Error quaternion variation curve
sub-array mirror controller are depicted in Figs.(5—
10), respectively, where the numbers i(i=1,6,13, 0.05

18) are selected for presentation. As can be seen
from Figs.5 and 6, the diffractive film sub-mirror
settles in approximately 200 s, and the tracking er-
ror quaternion and attitude angle approach the de-
sired value in a well-behaved manner i a finite
time. After 200 s, the upper bound of attitude angle
error is 0.001° even though external disturbances
induced by inertia uncertainties and variations affect
the sub-mirror system. These two figures show that
the controller can steer the diffractive film to the atti-
tudes that point to desired imaging target and imag-
ing satellite in a finite time.

Attitude angular velocity error and control
torque of a, are depicted in Figs.7 and 8, respective-

ly. Fig.7 shows that the attitude angular velocity er-

Yaw / (°)

g
o
3

4

ki

L M
|

I

1
2R

-0.05

0 50 100 150 200 250 300 350
Time /s

100
6 ’_\ a,
= Of = - =0
E __,-"7’ afs
= ::/ 2T s s
-100 : : : : : :
0 50 100 150 200 250 300 350

Time /s
(b) Pitch angle error change curves

0.02 PR
@ ’ t.z" \&\\\ a
I 0.00 &0 /“'"35——-——___ lll °
= o ——
2 -0.02} o
004k N, A4 . N

0 50 100 150 200 250 300 350
Time /
(c) Roll angle error change curves

Fig.6 Attitude angle error change curves
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ror of a; can reach the desired value in finite time.
The chattering can be avoided effectively, as shown

in Fig.8.

&/ (10°(°)
L =
—
<
’ S

N
{ i

w/

{]

|

|

|

|

1
£
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\ i //
_2 \ S y4 ) ) ) ) _I. T alB
0 50 100 150 200 250 300 350
Time /s
(a) x direction
0.02 7N ' ) " )
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=
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0 50 100 150 200 250 300 350

Time / s
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Fig.7 Attitude angular velocity error change curves
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Fig.8 Control torque curves

The nonlinear sliding mode adaptive controller
of the diffractive film sub-mirror array can realize
high-precision tracking and stable orientation of the
posture of each sub-mirror.

Fig.9 shows the comparison of actual attitude
angle of a; and the desired attitude pointing angle,
where a, pitch, and «, pitch, are actual and desired y-

axis attitude angles of «;, respectively.

100
g
4’—
80 Yl
4
> q
< ot % T
g 4 z -
=] /, o -~ itch,
o 40k -~ Eesp s Pk
2 % / o, pitch,
[ = .
% 20k 2 % + ay; pitch,
B 100 :
= Time /s a, pitch,
S 0f i
= a, pitch,
° 80 ;
Eﬂ ok el = = = a, pitch,
) . .

g - W [ [P— a,, pitch,
% i 8 -85 s
g -40 F é ‘//"’n ————— Qg pltCht
g ; E hLT

-60 |- = 100 150

%) Time /s
80} /“(
1 1 L

_100 1 1 1
0 50 100 150 200 250 300 350
Time /s

Fig.9 Comparison of actual and expected attitude angles

of a;

By comparison, it is more significant to show
that within 150 s, the pitch angle converges to the
desired tracking pointing angle.

Fig.10 shows that the adaptive estimated val-
ues of the disturbance torque converge into constant
values over time. The uncertainty of the disturbance
torque of each sub-mirror system is considered so
that the control system can adapt to the parameters

of satellite inertia and has strong robustness.

0.00 L L L 0.00 L L L
0 100 200 300 0 100 200 300
Time / s Time / s
@ o (b) a

0.00 1 1 1 1 1 1
0 100 200 300 0 100 200 300

Time / s Time / s
© o (d) oy

Fig.10 Disturbance torque estimates for a;

3.2 Comparison with the PD control method

To show the performance advantages of the
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controller proposed in a better comparison, a PD
controller such as
T, =— ZKP Ing., — I%dwe,» —
f(*( w, 1 C,»w”.)XJ,»( w,+ Cw,)+
Jlw, Cw,+ Cl-a)‘,»)>
is introduced, where the parameters are chosen as
KI,:O.I, K,=5, and the control torque limit is
[—0.2, 0.2] Nem. One of the diffractive thin-film
sub-mirrors, a, , has been chosen as representative.
For comparison, the simulation results for both con-
trollers are shown in Fig.11. The subscript pb repre-
sents the PD controller, the subscript t the nonlin-
ear sliding mode controller and the subscript b the
expected value.
The diffraction film rotates around its pitch axis
( Y-axis) to complete the orientation of the imaging
satellite. Therefore, the pointing angle maximum

steady-state error in the Y-axis and the 2-Norm of
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54 Roll, ---- Roll, -----Roll,
E Yaw,, --—- Yaw, ------ Yaw, 10 &
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Fig.11 Controller performance comparison

the error in the three-axis attitude angle (RMS) of
the diffracted film are taken as evaluation indicators.
The results are shown in Table 3. As can be
seen from Table 3, the nonlinear sliding mode con-
troller can achieve significant improvements in accu-
racy and convergence time compared to the PD con-

troller.

Table 3 Performance comparison of two controllers

Pitch angular of the diffractive film maxi-

Controller Convergence time /s RMS

mum steady-state error /(°)
PD controller 350 0.04 0.05
Nonlinear sliding mode controller 150 0.01 0.01

It can be concluded from numerical results that
the designed sliding mode controller with the contin-
uous arctangent function can effectively suppress the
chattering of the system and ensures the smooth con-
vergence of the attitude angle. The control system
can meet the accuracy requirements of the precise
configuration for the heterogeneous binary satellite
diffraction imaging system and has a fast response

speed.

4 Conclusions

A nonlinear sliding mode adaptive controller is
designed for the control problem of thin-film diffrac-
tive sub-mirrors with high-precision attitude track-
ing and pointing requirements in the binary satellite
thin-film diffraction imaging system. In addition,

the global stability of the controller is proved mathe-

matically. The designed controller can adapt to the
parameters of satellite inertia and has strong robust-
ness to disturbance torque. Finally, through numeri-
cal simulation and comparative verification, the fol-
lowing conclusions are drawn.

(1) The controller can meet the requirements
of attitude control accuracy and stability in a hetero-
geneous binary satellite diffraction imaging system,
which is posture tracking and orientation of imaging
eyepieces by diffractive film sub-mirrors.

(2) The controller has strong robustness, which
can adapt to the uncertainty of the rotational inertia
and disturbance torque of each sub-mirror.

(3) The controller introduces a continuous arc-
tangent function, which effectively eliminates the
chattering of the system and further ensures the con-
trol accuracy of the pointing angle of the diffractive

film sub-mirror.
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