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Abstract

In this paper, a robust adaptive hybrid control approach based on a combination of super-twisting (ST) and non-singular
terminal sliding mode control (STNSMC) approaches for vibration and attitude control of a flexible spacecraft with fully
coupled rigid-flexible dynamic is developed. The proposed adaptation law eliminates the need for bounds knowledge of
external disturbances and uncertainties. Then an ST-based non-singular terminal SMC generates a continuous control signal
to reject the Chattering phenomenon, the non-singular terminal switching control law with the ability to generate continuous
control commands to eliminate the chattering phenomenon. Moreover, finite-time convergence is achieved, and the singularity
problem has been avoided. Despite the uncertainties effects, rigid-flexible coupling dynamics, and external disturbances, the
proposed control law ensures high-precision motion of the spacecraft states on the sliding surface in a finite time. The overall
stability of the system has been demonstrated using the Lyapunov theory. One of the essential features of the proposed control
algorithm is to prevent overestimation of control gains and faster convergence rates comparing to conventional ST and non-
singular terminal SMC approaches. The simulations in the form of a comparative study for large-angle maneuver reveal the
advantage of the proposed controller in terms of system high-frequency modes excitation, accuracy, convergence rate,
chattering, and control effort.
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1. Introduction
Different control approaches have been put forwarded by
researchers for robust control of flexible spacecraft in attitude
maneuver. The development process of attitude controllers for
systems with flexible body dynamics is based on how to
interact with unmeasured vibrations, rigid-flexible coupling
terms, uncertainties, and external disturbances. Among the
existing approaches with high accuracy and fast convergence
rates, adaptive and SMC have received more attention [1, 2].
Several types of variable structure controllers with sliding
surfaces have been proposed for spacecraft attitude control.
Among these, the non-singular SMC has an excellent
performance in facing the singularity problem, leading to
boundless control inputs (due to the fractional power with a
negative sign on the nonlinear sliding surface) [3]. In
addition to the advantages of the classical SMC, the NSMC
has also increased the stability performance and the
convergence speed near the system equilibrium point.
Another alternative to the classical sliding mode technique
is the super-twisting algorithms. This algorithm reduces the

chatting phenomenon because it doesn’t need to measure
high-order time derivatives at the sliding surfaces [4].

In this paper, the adaptation law made it possible to
estimate the parameter uncertainties, external
disturbances, and unmeasured vibrations of the
spacecraft. The nonlinear NSMC algorithm maintained
the stability and provided fast convergence, and the
super-twisting theory solved the chattering problem
without affecting the performance of the system.

2. Dynamic system modeling

The flexible spacecraft which is undergoing a single-
axis rotation @ consists of a rigid hub with radius rn and
moment of inertia J, attached with a flexible appendage
width wy, thickness hp, length Lp, density pp, and
modulus of elasticity Ep. Using finite element theory
and the extended Hamilton's principle, the equations of
motion of the system is taken the form:
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with:

M, =J, +qTM22qr Cu :ZqT M,,d, (2)
Ky = Kzz _gzMzz

where q is the generalized coordinate vector, M is the
system mass matrix, C is the damping matrix, K is the

stiffness matrix, 7; is the input control actions, and d; are
external disturbances.

3. Hybrid adaptive STNSMC design

The control design procedure is a two-step task: design
a sliding surface in which all the system states remain
on it. The second step is designing an appropriate
control law, which forces the states to approach the
sliding surface in finite time. In this regard, the
proposed sliding surface and the nonlinear control law
(equivalent and auxiliary) are designed as:

ot)=0,0+14,0)" 3)
Ve

q:Mﬂ+Qﬁ—y§M¢f%+4pfmm@+H+ﬁ (4)
with:

fa=—9 ' T*"M @9, M =[-1 0]
H=-4sgn(c), 0<&<05

A

where 4=k, o] is the adaptation law, H e R, ki

and A; are positive constant variables. For stability
proof, defining the candidate positive Lyapunov

function as V(9,i) =9 ®3+0.5 " i) and with
proper differentiation of V (4, iz) with respect to time
and substitution of:

4 =flolsan(c). 9, =H with 9=[4,9,] (6)
into V(9,4) we have v (9 i) <0 (this complete the
proof), where @ is the positive-definite matrix, and
fa=p—pu.

4. Hybrid adaptive STNSMC design

To implement the proposed ASTNSMC and to verify
the effectiveness of the proposed technique, numerical
simulations considering J»=236.7 (kg.m?), r=0.1 (m),
L=4 (m), E=1.015x107 (psi), and p=1850 (kg/m®) is
conducted. The control parameters for the ASTNSMC
are considered to be: A1=17, A,=0.005, y=0.05, a=5,
B=3, 1=0.01, and £=0.5.

The performance of the proposed ASTNSMC algorithm
compared to NSMC in the form of time response of
maneuvering angle, control action, and flexible body
vibration is demonstrated in Fig. (1). As can be seen, the
ASTNSMC has reached 0(t)=180 (deg) with high accuracy
after 170 seconds.

On the other hand, the NSMC allows faster
convergence (150 seconds) with respect to ASTNSMC,
but the error is quite evident at the angular velocity. One
of the main criteria for evaluating system performance
is the control effort (Figure (2-b)) and the excitation of
vibrational modes of flexible panels (Figure (2-c)).
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Figure 1. Time response of flexible spacecraft a) attitude
angle b) control action and c) tip deflection

The vibrations of the flexible panels for the
ASTNSMC follow the same relative pattern of control
torque generated by the attitude actuators. This means
that it has been able to suppress the vibrations caused
by the actuators in the first 50 seconds.

5. Conclusion

This paper deals with designing a hybrid adaptive
robust STNSMC for a large-angle attitude and vibration
control of a flexible spacecraft. The proposed controller
is designed to improve the convergence rate, suppress
the vibrations of the flexible panel, and reduce the
effects of the chatting phenomenon simultaneously.
Moreover, it shows the least values for vibration
excitation and also the least control effort in the final
phase while maintaining the stability of the system.
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