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1. Introduction

Control problem of a spacecraft is an important topic in automatic control engineering. A
body orbiting the Earth in geosynchronous orbit has instabilities in attitude dynamics and
disturbances caused by the Earth, the Moon, the Sun and other bodies in space. These effects
force the body to lose initial orbit and attitude. Here the control system takes important part
of spacecraft missions where it keeps the body in designed orbit and desired attitude. The
control system consists of control elements and control algorithms which are developed for
the mission by a control engineer [1]. The commonly used control elements for a spacecraft
in geosynchronous orbit are thrusters, reaction or momentum wheels, etc.

The sliding mode theory has an attention in the aerospace field. The technique permits the
use of a lower order system model for generating control commands. On the other hand, the
system is robust to the external disturbances and includes unmodelled dynamics, as well.
The theory and methods of sliding mode control design principles are investigated [1]-[3],
etc. Variable structure systems with nonlinear control techniques and dead-band on
switching function for sliding mode controllers are introduced [4].

A variable structure control design for rigid body spacecraft attitude dynamics with
quaternion representation for optimal sliding mode control which consists of three parts:
equivalent control, sliding variable, and relay control where simulation results illustrate that
the motion along the sliding mode is insensitive to parameter variations and unmodeled
effects is given [5]. An automatic controller for active nutation damping in momentum
biased stabilized spacecraft is introduced [6], where robust feedback stabilization of roll and
yaw angular dynamics are achieved with prescribed qualitative characteristics for a
spinning satellite. A smooth sliding mode control which requires well-estimated initial
condition for quaternion based spacecraft attitude tracking maneuver is studied [7] where
the chattering is eliminated by replacing saturation instead of signum function. A class of
uncertain nonlinear systems decoupled by state variable feedback with sliding mode
approach for attitude control of an orbiting spacecraft is considered [8] where simulation
results show that precise attitude control is accomplished in spite of the uncertainty in the
system. As seen from simulations spacecraft is stabilized approximately in 10 seconds.
However there is a chattering in control action and thrusters are operating after stabilization
of the spacecraft attitude dynamics. A reference book for various spacecraft attitude and
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orbit dynamics, orbit transfer methods, and different control strategies such as PID and
robust control, pulse modulation of thruster control etc. is covered [9]. An attitude control
with reaction wheels is evaluated in [10].

There are many papers concerning control of flexible spacecraft. A maneuvering of a flexible
spinning spacecraft is treated with variable structure control [11] where system is stabilized
between 60-100 seconds for small and large angle maneuvers. An application with one sided
dead-band for robust closed-loop control design for a flexible spacecraft slew maneuver using
on-off thrusters is studied [12] where analytical simulations and experimental results
demonstrate that the proposed switching function provides significant improvement in slew
maneuver performance. The size of single-sided dead-band in switching function provides the
capability of a tradeoff between maneuver time and fuel expenditure. Rotational maneuver
and vibration suppression of an elastic spacecraft is considered [13] where pitch angle
trajectories are asymptotically tracked by an adaptive controller. Variable structure control and
active suspension of flexible spacecraft during attitude maneuver is studied [14] where
positive position feedback technique is used to suspend vibration and variable sliding mode
with pulse-width pulse-frequency modulation to eliminate chattering. An adaptive variable
structure control of spacecraft dynamics with command input shaping which eliminate
residual vibration is studied [15] where PD, conventional and adaptive variable structure
output feedback controllers with and without input shaping are compared and simulated.
Vibration suspension of flexible spacecraft during attitude maneuvers is considered [16] where
PD controller with pulse-with pulse-frequency modulation with positive position feedback is
considered for vibration reduction during on-off operation of thrusters. However, as seen from
simulation results chattering occurs in control action. A comparison between linear and sliding
mode controllers with reaction wheels is studied [17] where only small angle orientations are
considered. Designed sliding mode controller stabilizes spacecraft attitude dynamics 30 times
faster than output feedback controller with reaction wheels. Station keeping chattering free
sliding mode controller design is designed in [18].

A body orbiting the Earth in geosynchronous orbit has instabilities in attitude dynamics and
disturbances caused by the Earth, the Moon, the Sun and other bodies in space. These effects
force the body to lose initial orbit and attitude. Here the control system takes important part
in spacecraft missions where it keeps the body in designed orbit and desired attitude. The
commonly used control elements for a spacecraft in geosynchronous orbit are thrusters,
reaction, and momentum wheels. Dynamic model of a spacecraft is nonlinear, includes the
rigid and flexible mode interaction, and the parameters of the spacecraft are not precisely
known. The performance criteria for a spacecraft are fuel expenditure and vibration of
flexible structures. The sliding mode technique permits usage of lower order system model
for generating control commands, which includes unmodeled dynamics or uncertainties,
and stabilizes the plant faster and robustly under bounded disturbance. The chattering at
high frequencies is not desired because it may cause vibration. Chattering may be
eliminated by replacing saturation instead of signum function. However, in that case non-
zero tracking errors exist, which can be made small by taking a tiny region for saturation
and also, saturation is limited with hardware capability and reduction of accuracy and
robustness as introduced [7] and [8]. On the other hand, chattering may be eliminated by
pulse modulation as done [14].

The chapter is organized as follows. Section 1 gives an introduction to sliding mode control
of a satellite. Section 2 gives the system description of rigid body nonlinear attitude
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dynamics. Section 3 evaluate rigid body in circular orbit with internal torquers and
introduces equation of motion for a flexible spacecraft. Section 4 includes design of variable
structure control systems for nonlinear attitude dynamics of a spacecraft and suspension of
vibration of flexible solar arrays. Also design examples and performances comparison are
studied. Section 5 concludes the chapter.

2. Rigid body dynamics

Consider a rigid-body with as body-fixed reference frame B with its origin at the center of
mass of the rigid body as shown in Figure 1. R is the position vector of the center of mass
from an inertial origin of N, and R is the position vector of dm from an inertial origin N.

—
]

Newtonian
Reference

Frﬂry —

Fig. 1. Body fixed reference frame B at the center of mass of a rigid body.

L J

Let @=@&""N be the angular velocity vector of the rigid body in an inertial reference frame

N. The angular momentum vector H of rigid body about its center of mass can be defined
as [9]:

A = [pxRdm=[ px(@xp)dm=1& (1)
The position vector p of very small mass element dm from the center of mass is defined as

P = piby + paby + p3by ()
and finally angular velocity vector @ = &'
can be writen as:

of a rigid body in an inertial reference frame N

The angular momentum vector (1) can be rewritten as:

where
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Hy =10, + 150, + 11304
H, =1y, + L))o, + 104 )
Hjy =150 + 50, + [3;04

and the matrix form of (5) is:
H, Iy Iy Iz || @

Hy =1y Ip Ip| o (6)
H, Iyy I3y Iy ||y

The rotational equation of motion of a rigid body in an inertial reference frame N about
center of mass is [9]:

jﬁxﬁdm=]\71 )

Form (1) and (7) we can write a relation between external moment acting on the body about
its mass center and angular momentum as [9]-[11]:

M=H 8)

The relation above with an angular momentum H and external moment M is the
rotational equation of motion of a rigid body in a circular orbit [9]-[10]:

m=f={HHl _JAHL e, g )
ar [ at |,

Substituting (1) into rotational equation of motion (9) we obtain:

M=1-o+adxI-& (10)

which is known as Euler’s rotational equation of motion.

3. Rigid body in circular orbit

Consider a rigid body orbiting the Earth with a constant radius. A local horizontal and local
vertical reference frame A at the center of the mass of an orbiting spacecraft with unit
vectors dy,d,,d; as given in Figure 2. 4, is along the orbital direction, 4, is perpendicular

to the orbital plane and d; is always pointing the Earth. The angular velocity of A with
respect to N is [10]:

&N = —nii, (11)

where 7 is the orbital rate defined as

n=1u/R (12)
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Spacecraft

¥

Earth
Orbital path

Fig. 2. Rigid body in circular orbit.

Note that, x is the gravitational constant of the Earth and R is the radius of the orbit. The
orbital rate for a spacecraft orbiting the Earth in a circular orbit with same angular velocity
for one real day can be calculated from relation:

. 2r
23h + 56m + 4.09054s

=7.2921x107°s™" (13)

The angular velocity of the body-fixed reference frame B with basis vectors b;,b,,b; is given
as [9]:

&*)B/N — —~B/A +(?)A/N

@ =& —na, (14)

B/A

where @ is the angular velocity of B relative to A. To describe orientation of the body-

fixed reference frame B with respect to the local vertical local horizontal reference frame A in
terms of Euler angles 6, (i=1,2,3), consider the rotational sequence of

C1(6)) <~ C5(6,) <« C5(6;) to B from A. For this sequence relation is:

by CC3 Cr83 =Sy || & Cn Cpp G| q
by |=|8155C3 —8155 818283 —C1C3 510y ||y |=|Cyy Cpp Cyg || 4 (15)
b, C15x€3 5153  €18553 =81C3  C€1Cp || A3 Ca1 Cxn Calds

where s; =siné;, ¢; =cos,, i=1,2,3.
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The gravity gradient torque can be written as [9]:
— px R - -
MGz_ﬂj—j’ S dm =3niy <-4 (16)
Re+7)

The basis vector on axis 3 of local horizontal and local vertical reference frame A is

iy =—Re / Rc . The rotational equation of motion of a rigid body with an angular momentum

in a circular orbit can be obtained by substituting &/

=@ into (9) as
[-&+@dxI-&=3n%dyx 1] G, (17)

@ and d; can be expressed in terms of basis vectors of the body-fixed reference frame B as:

iy = Cyaby +Cyaby +Ciby (19)

The equation of motion with control torque and disturbance can be written as [5], [7], [9],
[17]:

where up is the body (3%1)-control vector and dp(t) is an external disturbance (solar
radiation, interaction with other bodies in space, etc.). Let us define gravity gradient torque
(16) as

M =3n*TIC (21)

where C is the third column of direction cosine (3x3)-dimensional matrix given in (15),
Q=Q(w) and I' =I'(C) are (3%3)-dimensional skew symmetric matrices defined as:

T T
C :[C13 Cos C33] =[-85 5165 €16, ] (22)
0 -0 o
Q= o, 0 - (23)
-0, @ 0
0 —Ci Cy
—Cp Cy3 0

Relation between angular velocity @ and attitude angles and their rates for circular orbit can
be written as [9]:
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N 1 0 -s|6 553 &
@, |=|0 ¢ 510y || 6 |—1| 515555 +CiC3 |=nq| 6y [+115 (25)
] 0 -5 16| 65 C15253 —51C3 0,

or vice versa of (25):

0, Cr 5153 15 || &y g 53 2]
; 2 2
0, 0 s || o 953 [N

Then the nonlinear equation of motion of three axes stabilized rigid body spacecraft (20)
reduces to:

Iny @+ (T = QIny )0 = (n( Ty = n3) + 3n°TIC) = up +di (1) 27)
where

0 —c; —Cp81 =45,

CrC3 —5553
C1C9S3 + C1C3Sy — S1S9S5 + 5155 — C1C3

Note that, (27) will be used in simulation of attitude dynamics.

3.1 Rigid spacecraft with internal torquers in circular orbit

Here we have considered a three axis stabilized communication satellite with a bias
momentum wheel. Some parameters of considered communication satellite are given in
Table 1. Internal control torquers for the satellite are reaction wheels mounted on roll and
yaw axes, and a momentum wheel is set up on pitch axis which spins along negative
direction, see Figure 3. The total angular momentum of spacecraft can be written as [9]:

H =(H, +hy)by +(Hy —Hy +hy )b, +(Hy + 113 ) bs (30)

where H,, H,, H; were defined in (5). We can obtain equation of motion for principle axis
frame B from rotational equation of motion (9) with considered gravity gradient torque (21),
external disturbances and internal torquers as:

I+ Qlo=M—(h+Qh—QH,) + dg(t) (31)

Or in term of attitude angles

Iny @+ (I, = QIny )0 = (n(Tiiy = n3 ) + 3n°TIC) = ~(fr+ Qh — QHy) + d (1) (32)
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Properties Values Units
Principle moments of inertias, I11, Iop, I3 «.vtvvveeennn 3026 / 440 / 3164 kg.m2
Main body dimensions, X-y-z.................ccuvvvnnecenn. 1.5/17/22 m
Solar arrays (tip-to-tip)........cccoeuviiiiiiiiiiiiii 20 m
Maximum thrust force of thrusters.............cccceveeeon. 10 N
Bias momentum.................o 914 Nms
ATTAY POWET ...ttt 1.5 kW
Liquid of bi-propellant thrusters...............ccccoevecceenn... N>O,/MMH -

Table 1. Spacecraft Parameters [9].

spacecraft

Fig. 3. Rigid spacecraft with internal torquers.

3.2 Communication satellite: rigid body with flexible solar arrays

During on-orbit normal mode operations, both solar arrays always point towards the sun,
whereas the main body points towards the Earth. This results in a very slow change of
modal frequencies and modal shapes. For control design purposes, however, the spacecraft
model will be treated as a time-invariant but nonlinear system with a known range of modal
characteristics. The equation of attitude motion of the three axis stabilized with flexible solar
array is given [9]-[16]. Extending the rigid body equation (27) with the flexible solar arrays,
following set of equations can be obtained for main body:

I, + (i, = Qlny )0 (n(Iiy = 13) + 3n°TIC ) + V255 = up + g (£) (33)
or in terms of @

Io>+ Qlw+~268G = 3n*TIC + up + di(t) (34)

and two solar arrays [9] with control force:
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ij+0%q+~260 = ug, (35)

where ¢ =diag(d;,0,,0;) represents rigid-elastic coupling diagonal matrix of a single solar

array (see Table 2), o =diag(c,,0,,0;) are the modal frequencies diagonal matrix, and
T ; .

qg=[91 g, qs] are the modal coordinates, and ug, is the control command produced by

solar array drivers. Note that, in this study only the first modes of modal characteristics of

flexible solar arrays are taken into account.

Cantilever Cantilever Coupling scalars, 1/kg -2
mode frequency
description o ,rad/s Roll, &, Pitch, 4, Yaw, J;
OP-1 0.885 0 0 35.372
OP-2 6.852 0 0 4.772
OP-3 16.658 0 0 2.347
OP-4 33.326 0 0 0.548
T-1 5.534 0 2.532 0
T-2 17.668 0 0.864 0
T-3 33.805 0 0.381 0
IP-1 1.112 35.865 0 0
IP-2 36.362 2.768 0 0

[1]: OP is out-of plane, T is torsion and IP is in-plane

Table 2. Single solar array modes at 6 a.m. [9].

Note that, two solar arrays point towards the Sun. Hence, the solar driving mechanism
actuated by Sun Sensors causes the control torque to point solar arrays towards the Sun. In
our case we have considered an station keeping controller that can activate the solar array
driver mechanism to suspend vibration of flexible solar arrays caused by attitude angle
acceleration during maneuvering. The control law will be designed in Section 4.2.

4. Sliding mode control

The sliding mode technique permits usage of lower order system model for generating
control commands, which includes unmodeled dynamics or uncertainties, and stabilizes the
plant faster and robustly under bounded disturbance. The chattering at high frequencies is
not desired because it may cause vibration. Chattering may be eliminated by replacing
saturation instead of signum function. However, in that case non-zero tracking errors exist,
which can be made small by taking a tiny region for saturation and also, saturation is
limited with hardware capability and reduction of accuracy and robustness as introduced
[7] and [8]. On the other hand, chattering may be eliminated by pulse modulation as done
[16]. In this section we suggest variable structure attitude and station keeping control
system design for a communication satellite.

4.1 Sliding mode attitude control system design of a rigid spacecraft

Let s represent a sliding manifold as

s=[s1.8,,] =@+k6=0 (36)
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where k is a constant to be selected. The attitude dynamics dominated on the sliding
manifold s =0 can be written from [5], [17] as:

~k6,0, +nd; — k6,
O0=| k6,0,-kO,+n |=T8@ (37)
—k6,6, — k6,

Assume that the discontinuous control is given by
up =—I(Nys + N,sign(s)) (38)

where N;, N, are constant parameters to be selected. To analyze the stability of the
system, consider a Lyapunov function candidate

17
V==
5 S S (39)
Then,
V=s'¢ :sT(a)+k9)
=" (~I"' QLo+ 3n*I'TIC +u+ I7'd(t) + kO) (40)

=" (~I7'QIKO + 3n°I'TIC + u+ I d(t) + kT6)
Taking the norm of (40) we have
v < ksl lol+ 3n® sl ric] s lal - lsINq sl - I (41)

Some matrix and vector norms in (41) satisfy inequalities as below:

K|rai| <L, (42)
3n? |17'TIC| < M (43)
HrldE(t)H < d, (44)

Therefore, substituting norm values (42)-(44) into (41) we obtain:

V <Ny 5]} = Lo [0 sl = (N2 = Mo = o) ]

0 (45)

Hence, the sliding mode controller forces the system trajectories toward the sliding manifold
asymptotically for N, >dy+M, and Ny >L,|6]|/|s] -
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4.1.1 Example

Sliding mode control system design is performed firstly with determining proper switching
function where the system trajectory is caused to follow the sliding manifold, s=0. Then
proposed discontinuous control term is employed to model reaction wheels. Physical sliding
surface consists of inputs form the Earth sensor for yaw and pitch attitude angles, from the
star tracker for yaw, roll and pitch attitude angles, and from the rate gyro for attitude angle
rates. Considered control function (38) and sliding manifold (36) stabilizes the dynamic
equation of attitude angles presented via (31) for small attitude angles errors 8, =0.3deg,
6, =0.5deg , 6, =-03deg gravity gradient torque and bounded external disturbances as
shown in Figure 4.

0.01

-3
rad s thetalt] 5 ¥ 10 rad/s wt]

0005 be -+ ....... ....... TRy ........

. i ; i ; A ; i ; i ;
20 40 &0 20 10 120 740 0 20 40 &0 B0 100 120 s 140

15

1
05
ok
-0.5
1

1] 20 40 B0 80 100 120 = 140 -1'5D 20 40 E0 a0 'IIEIEI 'Ié[l z 140

e A : ; ;

Fig. 4. Time responses of attitude sliding mode control system.
Required parameter k is selected as k = 0.3 . The disturbance is assumed to be as:
dg(t) = 0.0005sin(wt) (46)

The control torque is produced by reaction wheels which have approximately 6000 rpm
angular velocity and can produce 1.5 Nm control torque. Therefore, control inputs can be
developed for each pitch, roll and yaw axes by sliding mode control approach. Thus attitude
sliding mode controller can be obtained for N, >d, + M, and N; >L, ||¢9|| / ||s|| as:

ug =—J(1000s + sign(s)) (47)

where | is the inertia matrix of reaction wheels.
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As seen from Figure 4, spacecraft attitude errors are eliminated in 120 seconds by sliding
mode control approach where some chattering appears in control action. Since control
function is applied to electro-motor of reaction wheel, the electro-motors are driven at
nominal speeds on chattering phenomena for which sliding motion is conventional [2]. In
general, chattering effect can be eliminated by using a saturation element.

4.2 Discontinuous station keeping sliding mode control design of flexible spacecraft

Station keeping sliding mode control algorithm for a three axes stabilized geosynchronous
communication satellite is considered in this subsection. The spacecraft is assumed to be
controlled externally with small attitude thrust jets. Classical sliding mode technique with
chattering free correction and elimination of operation for small attitude angles via dead-
band function will be used to model thrust jets variable on-off operation for stabilization of
the spacecraft. The performances, modeling and simulation are discussed on a design
example by using MATLAB-Simulink programming. The attitude sliding mode controller
for geosynchronous satellite with flexible solar arrays will use fuel optimally and adequately
as little as possible with proposed control algorithm. Also, attitude sliding mode controller
is robust to bounded external disturbances and includes unmodelled dynamics as well.

Two types of simple and easy-to-apply variable structure P+relay controllers different from
existing (for example from [5] which includes the linear equivalent and sliding terms plus
relay) are proposed for the stabilization of full nonlinear attitude dynamics and vibration
control of flexible solar arrays during station keeping maneuvering. Variable structure P+relay
control law has only two design parameters. A modified sliding function with a dead-band
instead of conventional one is considered to reduce fuel expenditure for small attitude
corrections that can be stabilized by internal torquers (reaction or momentum wheels). The
size of dead-band provides the capability of a tradeoff between maneuver time and fuel
expenditure. The limits of the dead-band of switching function can be determined from
maximum available torque produced by reaction wheels. On the other hand, large angle
orientation of spacecraft induces structural deformation in the flexible solar arrays. Dynamical
models of satellites are nonlinear and include rigid and flexible mode interaction. Therefore,
vibration suppression of flexible solar arrays is required. For this case variable structure
P+relay algorithm is proposed to eliminate vibration of flexible solar panels.

Desired sliding manifold on which the system equation of motion has good transient
performances need to be selected before form a control law. The switching surfaces can be
selected [1]-[5], [7], [11], [13]:

s=w+Ko (48)

where K =diag(k,,k,,k;), in general is a diagonal design matrix to be selected. Particularly,
these parameters are selected k; =k, = k; = k . Then the sliding manifold is:

s=w+k0 (49)

After selecting sliding manifold, a variable structure P+relay control algorithm can be
formed as follows:

Ug =—I(N1 ||0||+N2)sign(s) (50)
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where N; and N, are design parameters to be selected. The control law consists of two
terms: P term and relay term. The first term is used for the compensation of the model
nonlinearities, model and parameter uncertainties. The second term is used to compensate
the bounded external disturbances, flexibility effects of solar arrays, and gravity gradient
torque. This controller should provide the existence of the sliding mode motion on the
selected sliding manifold. So, consider a Lyapunov function candidate:

1 7
V==s55s 1
; 1)

Now the sliding mode existence condition for the nonlinear satellite equation of motion in
large will be investigated. The time derivative of (51) along the state trajectories of dynamics
system defined by nonlinear equations (33) or (34) and (35) can be calculated as follows:

stTs':sT(a')+k9)=

52
— T (1—1 | g+ dg (t) =257 + 3n°TIC | -I7'Qln, 0+K0) 2
Taking the norm of (52) where
kT -] < R, (53)
3?17 ric] < M, (54)
g 8)] < do (55)
we have
V=s"8 <—(Ny = Ry [0 5] = (N = do = & = My )] (56)
< =(N1=Ro)[@[s] - ]s]
where
n=N,—-dy—d; (57)
and the internal disturbance is:

For providing negativeness of the V it is required that the following sliding mode existence
conditions should be satisfied:

N;—-Ry=0 or N; >R, (59)
n=0 or N, >2d,+d,; (60)

Moreover, from (53) and (54) after some evaluations it is easy to design sliding gain constant
k as:
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k< \|Ry/M, (61)

In result, (56) can be evaluated as:
V=878 <=(Ny - Ro)lells|-nle] < -nle] <0 ©)
Therefore, the sliding manifold s(t) =0 is reached in finite time [2]: ¢, < Is(0)[|/77 -

4.2.1 Modification of switching function

Thrusters apply discontinuous external force for stabilization of the nonlinear attitude
dynamics of the spacecraft in finite time with limited thrust force. Control system using
attitude thrusters is operated for large attitude angle orientations and its faster stabilization.
Note that, thrusters are not required to operate for small attitude correction. Hence, here
sliding function s can be modified to two-side dead-band (see Figure 5) to stop thruster
operation for small attitude errors:

S—5, S8,
s=y(s)=9y 0 —s;<s<s, (63)
S+5, s$<—s,

where *s; is the upper and lower limit of dead-band. Therefore, the control action (50)
forces the system to the dead-band limits of sliding manifold s+s; =0 and keeps it in dead
zone. As shown [4], dead-zones can have a number of possible effects on control system.
Their most common effect is to decrease static output accuracy. They can actually stabilize a
system or suppress self-oscillations. For example, if a dead-zone is incorporated into ideal
relay, it may lead to the avoidance of the oscillation at the contact point of the relay.

However, the sliding mode existence conditions should be investigated for the following
three cases. If s>s; >0, N>R,,and N, >d,+d; then

V<) (Ny = Ro)oll = [y ()| (N2 = do - )
< =ls = 5al (N1 = Ro) 6] = s = 5| (N2 = dy — ) (64)

< 77ls 4]
If —s;<s<0 or s; >s>0, which corresponds to no control action with y(s)=0 we have

v =[Rofle] + (o + ) Jl )] (65)
If s<s; <0, N;=2R,,and N, >d,+d; then
V<@ (Ny =Ry =y (N2 = do - i)

<[5+ 54 (N1 = Ro) 6] = [}s + sl (N> = do — ) (66)
< —77||s + sd”
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Fig. 5. Dead-band.

Note that, (64) and (66) are operating regime of the attitude sliding mode controller that
produces external control torques for stabilization via thrusters. Thus, the controller (50)
forces the system to reach dead-band on switching function at finite time. On the other
hand, if sliding variable has a value between —s; <s<s, then the sliding mode controller do
not take any action. So, the system behavior is determined by attitude dynamics (33) with
up =0 . Therefore, strictly, V<0 for two operating cases of y(s) (63). This means that
system is convergent.

4.2.2 Example

The design of attitude sliding mode controller begins with selection of appropriate sliding
manifold. A design parameter k can be selected from (61):

- R _ \/0.0189 025 )
M, V03029
k=025<k,.. (68)

we chose k=0.25 which usually gives better performance for sliding manifold [5]. Inertia
matrix can be constructed form Table 1 as:

I, 0 07 [3026 0 0
I=|0 I, 0|=| 0 440 0 (69)
0 0 Iy 0 0 3164

The design parameters N; and N, of attitude controller can be determined from
conditions (59) and (60). Since control torque is limited by maximum available thrust and
geometric configuration of thrusters, attitude controller parameters for a station keeping
maneuver must satisfy the following physical condition:

I(N,|6]|+ N, )<10 (70)
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with bounded external disturbance:
dp(t) = 0.5sin(w,t) < d (71)

where @, is the frequency of external disturbance, and according to (55) Frobenius norm is
dp =0.5. Consider that a station keeping maneuver at 6 a.m. is required with initial attitude
errors as 6, =0deg, 6, =10deg (0.1745rad), 6, =0deg . The variable structure controller

parameters can be calculated for considered station keeping maneuver as:

N, =0.07 > R =0.0683
lel. =[fo 01745 o] | -0.1745 72)
F

N, =0.005 > |[I7'dg | + ;| = 0.0048

u solar array J
< || ™|

]

. 1 ™
"*.-‘_ "

i
s Tl

1]
rf
i
it
i
e
it
L

1

B

= +B -B : pitch attitude
H solar array +L-Ciyvaw attituds 1

Fig. 6. Schematic view of geosynchronous satellite Intelsat-V and thrusters configuration:
+A/-A corresponds to roll attitude thrusters, +B/-B corresponds to pitch attitude thrusters,
and +C/-C corresponds to yaw attitude thrusters.

Note that, design parameters N, , N, and ||0|| satisfy condition (59) and (60) for considered
maneuver. Additionally, the dead-band limit is practically chosen according to thruster
performance as s; = 0.012 . Therefore, variable structure control algorithm (50) with sliding
manifold (49) can be formed as below. Also Figure 7 illustrates behavior of switching
function with dead zone
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ug =—I1(0.07||6]+0.005)sign(y(s))
5—0.012 5>0.012
y(s)=4 0 —0.012 <5 <0.012 (73)
s+0.012 s<-0.012

s=w+0.2560

FPhase portrait of v(=)
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Fig. 7. Phase portrait of switching function of controlled body.

In this section nonlinear spacecraft dynamics (33) with flexible solar arrays (35) of a
geosynchronous communication satellite are simulated with variable structure attitude and
vibration controllers by Matlab-Simulink with iteration step of 0.1 seconds. Block diagram of
satellite control system is shown in Figure 8. The time responses of attitude angles, angular
velocities and accelerations; Sliding function and vibration control action and generated by
solar array driving mechanism; modal coordinates are given in Figure 9. Note that, control
command is illustrated in (1/ s?).

As seen from Figure 9 attitude controller stabilizes the nonlinear model of flexible spacecraft
approximately in 20 seconds and the sliding manifold is reached in 5 seconds at left side of
dead zone. Vibration suppression of flexible solar arrays is achieved about 3-5 seconds and
the sliding manifold is reached in 0.8 seconds. The station keeping attitude control
performances and vibration suppressions with designed controllers are sufficient for faster
stabilization and limited firings.
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Fig. 9. Time responses of station keeping & vibration controller.

4.3 Comparison

Comparison of simulation results for both designed satellite control systems are done in the
table. As seen from first part of Table 3 proposed variable structure controller in Section 4.1
has a large settling time then other considered attitude control systems. Since considered
internal actuators has maximum 1.5 Nm torque capability, the settling time is three time
shorter than [9] where same satellite (see Table 1) has been considered.
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Attitude controller properties

Vibration controller properties

Design controller-type  chattering  settling time corlt;;ger— settling time
[5] VSC no 45s - -
[6] VSsC - 60 s - -
[7] VSC no 50 s - -
[8] VSC yes 10s - -
[9] PID - 300 s - -
[12] VSsC yes 15-20 s - -
Sec. 4.1 VSC yes 120 s - -
[11] VsC little 100 s VsC 10-15s
[13] Adaptive VSC no 20s Linear 15-20 s
[14] Bang-Bang, nl. s(t) - 50s Pos.Pos.FB 100 s
[15] Adaptive VSC no 30s Input shaping 10-20 s
[16] PD+PWPF yes 20s Pos.Pos.FB 10s
Sec. 4.2 VS P+relay little 15-20 s VS P+relay 5s

Pos.Pos.FB: Positive position feedback, nl: nonlinear

Table 3. Comparison analyses.

Proposed variable structure P+relay attitude controller in Section 4.2 has a little chattering
and settling time about 15-20 seconds for a simple station keeping attitude maneuver and
VS P+relay vibration controller has also a little chattering (because of introducing dead-
band) and settling time about 5 seconds. From second part of Table 3 proposed P+relay
controller provides relatively good control performances. Obtained results are preferable for
both designs with considered reaction wheels and thrust-jets than that of [6], [7], [8], [11],
[14], [15] nevertheless the other results shown in Table 3 also are acceptable for their
operational conditions.

5. Conclusions

In this chapter, we have first introduced rigid-body dynamics of orbiting spacecraft. Then
we have developed equation of motion of a rigid-body in circular orbit with internal
torquers. We have also considered solar arrays and write equation of motion for a flexible
spacecraft model. At the second stage we have designed variable structure control system
for a rigid body controlled with reaction wheels. Then we have proposed P+relay control
technique to design attitude and vibration control systems for a satellite with solar arrays.
Finally we had a comparison of simulation results of proposed control techniques with
literature.

Modeling and simulation results show that proposed variable structure attitude control
system for a rigid body stabilizes nonlinear dynamics successfully and performs satisfactory
settling time and control torque with compared results. On the other hand, proposed
P+relay attitude and vibration controller for geosynchronous satellite with flexible solar
arrays successfully stabilizes the nonlinear model with external disturbances by using
minimum fuel for considered initial conditions. We suggest using of P+relay control
technique for station keeping maneuvering of flexible satellites.
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6. Nomenclature

: position vector from center of mass of a small mass element

=

: position vector from an inertial origin
: a small mass element

: orbital rate

: gravity gradient torque

oy
3

Q

: angular momentum vector
: angular velocity vector

: attitude angle vector

: inertia matrix

: direction cosine matrix

: skew symmetric matrix of angular velocity
: skew symmetric matrix of direction matrix
: external disturbance

ol NN IE NN

2
m

q : modal coordinates vector
ay,a,,a, : unit vectors of a local horizontal and a local vertical ref. frame

by, by, by : unit vectors of body ref. frame

s : sliding manifold
Ug : control vector
% : Lyapunov function candidate

7. References

[1] Utkin, V.I., 1993. “Sliding mode control design principles and applications to electric
drives”, IEEE Transactions on Industrial Electronics, 40, pp. 23-36.

[2] Utkin, V.I., 1992. Sliding Modes in Control Optimization, Springer-Verlag, Berlin.

[3] Hung. J.Y., 1993. Variable structure control: a survey. IEEE Transactions on Industrial
Electronics, 40, pp. 2-22.

[4] Slotine, J-J.E., and Li, W., 1991. Applied Nonlinear Control, Prentice Hall, New Jersey.

[5] Siew-Chong Tan; Lai, Y.M.; Tse, C.K.; Martinez-Salamero, L.; Chi-Kin Wu, 2007. A fast-
response sliding-mode controller for boost-type converters with a wide range of
operating conditions, IEEE Trans. on Industrial Electronics, vol. 54, no. 6, pp. 3276-
3286.

[6] Vadali, S.R., 1996. Variable-structure control of spacecraft large-angle maneuvers,
Journal of Guidance, 9, pp. 235-239.

[7] Sira-Ramirez, H., and Dwyer, T.A.W., 1987. Variable structure controller design for a
spacecraft nutation damping, IEEE Transactions on Automatic Control, 32, pp. 435-
438.

[8] Lo, S-C., Chen, Y-P, 1995. Smooth sliding-mode control for spacecraft attitude tracking
maneuvers. Journal of Guidance, Control, and Dynamics, 18, pp.1345-1349.

[9] Singh, S.N., Iyer, A., 1989. Nonlinear decoupling sliding mode control and attitude
control of spacecraft. IEEE Transactions on Aerospace and Electronic Systems, 25,
pp. 621-633.

www.intechopen.com



174 Advances in Spacecraft Systems and Orbit Determination

[10] Wie, B., 1998. Space Vehicle Dynamics and Control, AIAA, Virginia.

[11] Froelich, R, Papapoff, H., 1959, Reaction wheel attitude control for space vehicles, IRE
Transactions on Automatic Control, vol. 4, pp. 139-149

[12] Oz, H., 1993. Variable structure control of flexible spacecraft, Variable Structure Control
for Robotics and Aerospace Applications, K.K.D.Young (Edt.), Elsevier,
Amsterdam.

[13] Agrawal, B.N., “Bang, H., 1995. Robust closed-loop controller design for spacecraft slew
maneuver using thrusters”, Journal of Guidance, Control, and Dynamics, 18, pp.
1336-144.

[14] Singh, S.N., De Araujo, A.D., 1999. Adaptive control and stabilization of elastic
spacecraft. IEEE Transactions on Aerospace and Electronic Systems, 35, pp. 115-
122.

[15] Hu, Q., Ma., G., 2005. Variable structure control and active vibration suppression of
flexible spacecraft during attitude maneuver, Aerospace Science and Technology, 9,
pp. 307-317.

[16] Hu, Q., Ma., G., 2007. Adaptive variable structure and command shaped vibration
control of flexible spacecraft, Journal of Guidance, Control, and Dynamics, 30, pp.
804-815.

[17] Hu, Q., Ma., G., 2005. Vibration suspension of flexible spacecraft during attitude
maneuvers, Journal of Guidance, Control, and Dynamics, 28, pp. 377-380.

[18] Abdulhamitbilal, E., and Jafarov, E.M., 2006. “Performances comparison of linear and
sliding mode attitude controller for flexible spacecraft with reaction wheels”, in
Proceeding of 9th Workshop on VSS, Alghero, Italy, June 5-7.

[19] Abdulhamitbilal, E., Jafarov, E.M., 2007, Sliding mode controller design for nonlinear
flexible geosynchronous satellite with thrust jets. VSS'08, Proceedings of 10th
International Workshop on Variable Structure Systems, Antalya, Turkey, June 8-10.

www.intechopen.com



— Advances in Spacecraft Systems and Orbit Determination
ADVANCES IN

SPACECRAET 7 Edited by Dr. Rushi Ghadawala

ISBN 978-953-51-0380-6

Hard cover, 264 pages

Publisher InTech

Published online 23, March, 2012
Published in print edition March, 2012

"Advances in Spacecraft Systems and Orbit Determinations”, discusses the development of new technologies
and the limitations of the present technology, used for interplanetary missions. Various experts have
contributed to develop the bridge between present limitations and technology growth to overcome the
limitations. Key features of this book inform us about the orbit determination techniques based on a smooth
research based on astrophysics. The book also provides a detailed overview on Spacecraft Systems including
reliability of low-cost AOCS, sliding mode controlling and a new view on attitude controller design based on
sliding mode, with thrusters. It also provides a technological roadmap for HVAC optimization. The book also
gives an excellent overview of resolving the difficulties for interplanetary missions with the comparison of
present technologies and new advancements. Overall, this will be very much interesting book to explore the
roadmap of technological growth in spacecraft systems.

How to reference
In order to correctly reference this scholarly work, feel free to copy and paste the following:

Erkan Abdulhamitbilal and Elbrous M. Jafarov (2012). Design of Sliding Mode Attitude Control for
Communication Spacecraft, Advances in Spacecraft Systems and Orbit Determination, Dr. Rushi Ghadawala
(Ed.), ISBN: 978-953-51-0380-6, InTech, Available from: http://www.intechopen.com/books/advances-in-
spacecraft-systems-and-orbit-determination/sliding-mode-control-of-a-satellite

INTECH

open science | open minds

InTech Europe InTech China

University Campus STeP Ri Unit 405, Office Block, Hotel Equatorial Shanghai

Slavka Krautzeka 83/A No.65, Yan An Road (West), Shanghai, 200040, China

51000 Rijeka, Croatia FE EBHIERFEK6SS iEEPrRE ARG DA E4058TT
Phone: +385 (51) 770 447 Phone: +86-21-62489820

Fax: +385 (51) 686 166 Fax: +86-21-62489821

www.intechopen.com



© 2012 The Author(s). Licensee IntechOpen. This is an open access article
distributed under the terms of the Creative Commons Atiribution 3.0
License, which permits unrestricted use, distribution, and reproduction in
any medium, provided the original work is properly cited.




