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ABSTRACT

With a focus on investigations in the area of overactuated spacecraft, a new high-performance robust
three-axis finite-time attitude control approach, which is organized in connection with the quaternion
based estimation scheme is proposed in the present research with respect to state-of-the-art. The
approach proposed here is realized based upon double closed loops to deal with the angular rates of the
system, in the inner loop, and also the rotational angles of the system in line with the corresponding
quaternion, in the outer loop, synchronously. With this goal, a combination of linear and its non-linear
terms through the sliding mode control approach and also the proportional derivative based linear
quadratic regulator control approach is organized. There is the white measurement noise to be realized
the outcomes in such real situations, where it is coped with through the optimal estimation scheme to
be designed, correspondingly. The results are organized with regard to the pulse modulation synthesis
through the technique of the pulse width pulse frequency to manage a set of on-off reaction thrusters,
as long as the control allocation is employed to handle the aforementioned overactuated system under
control. The effectiveness of the approach investigated is finally considered in line with a series of the
experiments to be tangibly verified.
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1. INTRODUCTION

designed to outperform the investigated outcomes, as
well. There are the pulse modulation synthesis through
the technique of the pulse width pulse frequency and

A number of traditional attitude control approaches
attempt to deal with the dynamics and its kinematics of
the spacecraft. In making a novel effort in this area, the
proposed approach is organized, in the double closed
loops, for the purpose of handling the angular rates and
the corresponding rotational angles, synchronously,
through the inner and the outer closed loops of the
system, respectively. Hereinafter, a combination of the
linear and its non-linear terms by designing the sliding
mode control approach and also the proportional
derivative based linear quadratic regulator control
approach is realized. In order to develop the
investigated outcomes in such real situations, the white
measurement noise is taken into real consideration. And
the optimal estimation scheme is correspondingly
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also the control allocation to handle the present
overactuated spacecraft through a set of on-off reaction
thrusters. To consider state-of-the-art results in the
proposed research, a number of potential methods in
this field are considered in the proceeding sub-section.

1. 1. Related Works There are a number of
methods and techniques in the area of spacecraft
modeling and its control to be briefly considered. The
work of Hu et al. is to realize robust attitude control
under assigned velocities and constraints, while that of
Cai et al. is to deal with the leader-following attitude
control for a number of such systems [1, 2]. Hereinafter,
the work of Kuo et al. is presented in the area of attitude
dynamics and control via pseudo-wheels, once Zhang et
al. research is given in attitude control with disturbance,
generated by time varying exo-systems [3, 4]. Navabi et
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al. explore attitude control through earth’s magnetic
field, while Soleymani et al. deal with the relative
motion through linearized time-varying perturbed terms
[3-6]. Erdong et al. propose robust decentralized attitude
coordination formation control, where the work of
Bustan et al. is in robust fault-tolerant tracking control
with input saturation [7, 8]. Lu et al. propose a design of
control approach for attitude tracking with actuator
saturation [9]. Soleymani et al. analyze the effect of the
frozen conditions for relative motion dynamics [10].
Mazinan et al. explore full quaternion based finite-time
cascade attitude control approach through pulse
modulation synthesis and also the three-axis detumbling
mode control approach [11, 12]. In making such efforts,
Mazinan considers a large number of cases including a
Lyapunov-based three-axis attitude intelligent control
approach, maneuvers control based upon the propellant
engine modes, high-precision full quaternion based
finite-time cascade attitude control strategy, high-
precision three-axis detumbling and pointing attitude
control strategy and finally hybrid robust three-axis
attitude control approach [13-17]. Pukdeboon et al.
suggest an optimal sliding mode control for attitude
tracking via Lyapunov function [18]. Yeh presents an
approach to sliding-mode adaptive attitude control,
while Yonggiang et al. suggest time-varying sliding
mode attitude tracking control approach [19, 20]. A self-
tuning proportional derivative integral control approach
to three-axis stabilization with unknown parameters is
suggested by Moradi [21]. Adaptive sliding mode
control with its application to relative motion with
constraints is given by Wu et al. And finally, the
stability of the continuous-time Kalman filter s
presented by Viegas et al. [22, 23].

The rest of the manuscript is organized as follows:
The proposed control approach is first given in Section
2. The numerical simulations are then given in Section
3. Finally, the research concludes the investigated
outcomes in Section 4.

1. 2. The Proposed Control Approach The
schematic diagram of the proposed control approach is

illustrated in Figure 1. The outcomes are organized
based upon two closed control loops including the inner
and the outer loops. The responsibility of the inner loop
is to deal with the angular rates of the system, i.e. w(t)
to be zero in the steady state, while the responsibility of
the outer closed loop is to deal with the quaternion of
the system, i.e. g4(t) to be desirable in the steady state
based upon the referenced commands. There is the
measurement noise, i.e. n(t), as long as the optimal
estimator scheme is designed to provide the estimated
4s(t) form the noisy §,(t) = qs(t) + n(t). It is to note
that the rotational angles are directly addressed through
gs(t), as well. A combination of the linear and its
nonlinear approaches is provided through the
proportional derivative based linear quadratic regulator
(PDLQR) in connection with the sliding mode finite-
time control (SMC), respectively, to provide the
appropriate control torques, i.e. t(t). The information
on designing the proposed control approach is given in
the proceeding sections.

1. 3. The Spacecraft Model

1. 3. 1. The Attitude Dynamics and Kinematics
The attitude dynamic equation is organized based on the
following torque formula:

#(0) =89 4 @) x H(o) ®

where H denotes the angular momentum vector in the
body coordinate and @’ denotes the angular rates vector
in the three axes. Also, T is taken as the control torques
and can be derived, in the three axes, by the following:

() = Hy(8) + 0y (DH, (1) — w,(OHy(t)
Ty(t) = Hy(t) + w, () Hy (t) — wy (E)H,(t) (2)
7,(8) = Hy () + wx () Hy (£) — wy () Hx (1)
The angular rates, in the three axes, are resulted in Eq.

(3), where I, I, and I, denote the moments of the
inertial in the same three axes.

w(t) n(t)

(t) () 4:(t)

Arefit)

PDLQR SMC

PWPF-CA

n Spacecraft Estimator

Figure 1. The schematic diagram of the proposed control approach


http://www.sciencedirect.com/science/article/pii/S016769110700179X
http://www.sciencedirect.com/science/article/pii/S016769110700179X
http://www.sciencedirect.com/science/article/pii/S0019057814000470
http://www.sciencedirect.com/science/article/pii/S0019057814000470
http://www.sciencedirect.com/science/article/pii/S0020025512005117
http://www.sciencedirect.com/science/article/pii/S0020025512005117
http://www.sciencedirect.com/science/article/pii/S0019057815001445
http://www.sciencedirect.com/science/article/pii/S0019057815001445
http://www.sciencedirect.com/science/article/pii/S0019057815001445
http://link.springer.com/article/10.1007/s40435-015-0184-z
http://link.springer.com/article/10.1007/s40435-015-0184-z
http://www.sciencedirect.com/science/article/pii/S0019057815001354
http://www.sciencedirect.com/science/article/pii/S0019057815001354
http://www.sciencedirect.com/science/article/pii/S0016003211001785
http://www.sciencedirect.com/science/article/pii/S0016003211001785
http://www.sciencedirect.com/science/article/pii/S0094576513000271
http://www.sciencedirect.com/science/article/pii/S0094576513000271
http://www.sciencedirect.com/science/article/pii/S0094576513000271
http://www.sciencedirect.com/science/article/pii/S0167691115002133
http://www.sciencedirect.com/science/article/pii/S0167691115002133

55 A. H. Mazinan / IJE TRANSACTIONS A: Basics, Vol. 29, No. 1, (January 2016) 53-59

(l)x(t) Tx(t) (IZ Iy)

ay(t) =

@y (D@, ()
%ﬁm@%@ @)

lono = # R ONG)

Ty(t)

The quaternion of the system can now be presented as:
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where m.i = 1,2,3 and &,.(t) denotes i** eigenvector
of rotations and the angle of rotations, respectively.
Now, the relations between w,(t), w,(t), w,(t) and
qis(t) can be presented by

QOs(t) f 0 _wx(t) _wy(t) _wZ(t)] qOS(t)
a®| _ilo® 0 @00 ~0,® |qu®
G25(t) |wy(t> —w, () 0w |[e®] 6
M) o, 0,0 -0 o llas®

And the relation of the angular relations, i.e. ¢,0,y¥
and g;5 can be given through Egs. (6)-(7)
qos(t) = cos (wm) cos (9“)) cos (?)
+sin (w(t)) sin (S(t)) sin (M)
415(®) = cos (2) cos () sin (£2)
—sin (w(t)) sin (G(t)) cos (¢(t))
q,5(t) = cos (w(t)) sin (e(t)) cos (’M)) (6)
+sin (w(t)) cos (e(r)) sin (¢(r))
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1. 3. 2. The Pulse with Pulse Frequency-Control
Allocation Realizations The pulse width pulse
frequency (PWPF) under the known parameters of
Kpw, Tows Uon and Uy, are designed to deal with the
on- off reaction thrusters. And the control allocation
(CA) is also designed to deal with the overactuated
system under control. Now, the three-axis control
torques in line with a set of thrusters to be eight could
clearly result in:

T (t) = —M(Ts + Tg — T; — Tg)
{Ty(t) =M(T; —T,) + L(Ts — Tg) (8)
T,(t) = M(T, — T,) + L(Ts — T;)

where T;;i = 1,2,...,n denotes the i" thruster’s level.
Also, M and L are taken as the physical parameters of
the thruster’s positions. Due to the fact that T;;i =
1,2,...,n, presented in Eq. (8), they are in need of
binary information, a relay, i.e. f,,,,rr has to be
realized to cope with 7, 7, and 7, in the form of its
effective ones, i.e. 7., 7,, and 7,, by the following:
Ty, (t)

T (1)
Ty (1) ©9)
Tz, ® 7, (t)

It should be noted that the hysteresis of the f,, osf
may appropriately be chosen to present the efficient
results.

[Txe ®

= Efon/off <E+

1. 3. 3. The Control Approaches Realizations the
PDLQR Approach The PDLQR approach is
designed via the linear quadratic regulator (LQR) to
optimize its performance index. Now, the gain of the
LQR, i.e. Kigr = R,""BTP is given in Eq. (10) for the
state space model of the system with the known
parameters of A, B under the performance index with
known parameters of Q;, R,

Kigr = c2[0 1] C L=l VT (10

ER! \/:3

where ¢ is taken as the constant value and P can be
derived from the Riccati equation. And subsequently,
the whole of the coefficients regarding the PDLQR
approach are investigated through (1 = x,y, z)

kpu—c—>0 ka, \/c2+20i—“>0 (1)
n

Finally, the control efforts of the PDLQR approach are
realized based upon the quaternion errors, i.e. q;.;i =
1,2,3,4 in association with the angular rates in the
three axes by the following

T, (1) _T(kpx G1e(t) + kax wx (1))
Ty ® )= _T(kpy Gz (8) + kdy wy(t)) (12)
Tz(t) _T(kpz q3e (t) + kdz wz(t))

Here, by using G. = grcrds, its expanded form can be
written in Eq. (13), where g, indicates the referenced
quaternion. In one such case, the T =T;;i = 1,2,...,n
are the same for all the thrusters and also the conditions
[|Gres || = 1 should be satisfied.

G1e(t)
Gae ()| _
l‘he?%] B
4e(C
[l Grer(® —arer (©) ~arer O 1250 (13)
_q3ref(t) q4ref(t) qlref(t) _qzref(t) q25(t)
quef (t) _‘href(t) q4ref (t) _QSref (t) q3s (t)
Giref ®) 2ref ®) q3ref ®) Qaref ®) qas(t)
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1. 4. The SMFC Approach = The SMFC approach is
designed in connection with the nonlinear multi-input
multi-output system of the following form:

x(8) = f(x) + B(x)u(o) (14)

where f and B are taken as the nonlinear terms. And
x(t) 2 [x,(&) x,(t) Xn(@)]" as  well as
u(t) £ [u,(t) uy(t) un()]T are taken as the
states of the system and the control -efforts,
respectively. Moreover, the condition |f — f| < F has
to be satisfied, where F, f and f are taken as the known
function, the bounded function regarding F and the
estimated nonlinear or the time-varying function,
respectively. The uncertainties on B can now be written
in the multiplicative form, i.e. B = (I + A)B. Let us
consider errors between the states and its desirable
ones, i.e. e(t) = x(t) — x4(t), the sliding surface at
it"instant of time, i.e. s;(t) = e;(t) + 4; fot e; (t)dr
and finally the stability condition, i.e. s;(t)s;(t) <
—1;ls;(t)], for each state, to realize the control
approach. It can be translated to find a control law for
the vector wu(t) that verifies the aforementioned
stability condition. Accordingly, it is easily possible to
realize the control efforts in the form of :

u(t) = @i(t) — B~1K sgn(s(t)) (15)

a(t) = B~ [—f(x,0) + %4(t) — 2e(t)] and
u'(t)
K > BB™X(F +n) + (BBt —I)|u'(¢t)| are investigated.

where

Now, the parametric uncertainties of spacecraft’s
moments of inertia can be presented as:
L =T, + dy
=7 16
L=1I,+d, (16)
IL,=1I,+d,
Afterwards, the A is acquired in the following form:
—dy
e 00
_dy
A= Iy+dy, 1n
0 o0 *
I,+d,

As is obvious, the upper bound of the f can be defined
through F. Subsequently, by assuming Eq. (18), the
results can be written, in its final form, by:

F=
ix(dy’dz)Jr(iz*iy)dx
Xy ) 0 0
Iy (d,=d)+(=1)d,,
0 ma ( Iy(1y+dy) ) 0
(dx— dy)*(’y I)d,
[ 0 0 max(il zram
(18)

1. 4. 1. The Optimal Estimation Scheme The
optimal estimation, designed in the approach
investigated here, is based upon the well-known
Kalman filter scheme. In brief, it can be considered by
addressing the general known form of the continuous
system including the state and its measurement
equations as follows [23]:

{ x(t) = Ax(t) + Bu(t) + Gw(t)
y() = Cx(t) + Du(t) + Hw(t) + v(t) (19)

where x(t),u(t) and y(t) are related to the state, the
input and the output of the system, respectively. Here,
A,B,C,D,G and H are related to the system parameters
with noise, while w(t) and v(t) are related to the
white process noise and the white measurement noise,
respectively, satisfying Eq. (20)

(E(w®)=E®®) =0
E(w®OwT'®)=10Q (20)
E(w®vT(®) =R
L Ew®vT®))=N
where E (.) denotes the expected value and there is
P = limy o E((x(t) — () (x(t) — 2()") (21)

The estimated state, i.e. X(t) is taken to minimize the
steady-state error covariance through:

£(t) = A%(t) + Bu(t) + L(y(t) —
Du(t))

The optimal solutions can be derived for the Kalman
filter by using Egs. (23)-(24):

20) - o o

Cx(t) — 22)

The filter gain L is calculated by solving an algebraic
Riccati equation to be of the following form:

L= (PCT+N)R! (24)

where the following are taken and P solves the
corresponding algebraic Riccati equation.

P — TYyT T
{R—R+HN+NH + HQH 25)

N = G(QHT + N)

2. THE NUMERICAL SIMULATIONS

Numerical simulations are conducted to verify the
performance of the proposed control approach. At first,
the nominal values of the spacecraft’s moments of
inertia and also the PWPF parameters during the
mission are all tabulated in Table 1.

By choosing ¢ = 5.0, T; =30.0N (i =1,2,-,8),
M =065m and L =1m, the coefficients of the
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PDLQR approach are designed by Equation (11), as
tabulated in Table 2, where the SMC approach is
correspondingly realized.

In realizing the optimal estimation scheme, the
initial condition for the estimated states are taken to be
zero, while the initial condition for the estimated errors
covariance and also the process noise variance are
taken as the identity matrix.

Regarding the outer closed loop, at first, the initial
values of the rotational angles of the system are taken
as 20°, 30° and 60°, respectively. After that, Figures 2-
4 illustrate the tracking of the three-axis rotational
angles of the system, which are abruptly varied in the
wide range of time variation. And the corresponding
tracking errors of the rotational angles of the system
are synchronously illustrated in Figure 4, as well. The
noisy quaternion of the system in the same outer closed
loop, which are provided in the presence of the
Gaussian noise under the mean of zero and also the
variance of 0.1, is illustrated in Figure 6. The tracking
results of the estimated quaternion of the system with
respect to the referenced quaternion is illustrated in
Figure 7, as well. It is to note that the referenced
quaternion is directly addressed through the
corresponding referenced rotational angles.

Now, regarding the inner closed loop, the angular
rates of the system are all illustrated in Figure 8. All in
all, the results indicate that the proposed control
approach is well behaved.

TABLE 1. The nominal spacecraft’s moments of inertia and
the PWPF parameters

TABLE 2. The coefficients of the PDLQR approach, realized
in the proposed approach

The moments of inertia The PWPF parameters

1 =20 {pr =3.00

Tpw = 2.00
2 I, =80 U,, = 0.80
3 I, =80 Uosr = 0.10
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Figure 2. The tracking of the x-axis rotational angle

The parameters The values
1 kpeys 2.560,4.040, 4.040
2 kavys 3.029,4.780,4.780
&
20!
10 “\ ]
| P i & M« N
° "‘J V’l« .Ah'af" A \i"*‘ “'ywmi( { 1‘%\‘ l‘ﬂ ‘;/ 'M(S\\
i L“‘(\v . ,,r \ \ foo (.‘ “‘.‘
i W R \
e Yool
o {l |
30 ’%‘:f \ ’/b(* “'{ /
w /) I
i/ W

o 100 200 200 400 500 o0 700 8a0 900 1000
Time {s8c)

Figure 3. The tracking of the y-axis rotational angle
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Figure 4. The tracking of the z-axis rotational angle
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Figure 5. The tracking errors of the three-axis rotational
angles
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Figure 6. The noisy quaternion
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Figure 7. The tracking of the estimated quaternion
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Figure 8. The three-axis angular rates

3. CONCLUSION

In making an effort in the area of the spacecraft
modelling and its control, the novel approach is
organized to deal with the angular rates and the
corresponding rotational angles of the system, in its
synchronous manner. There are both the inner and the

outer closed loops to handle a combination of linear
and its non-linear terms. It is shown that the sliding
mode control approach in connection with the
proportional derivative based linear quadratic regulator
control approach are realized to develop the
investigated outcomes in such real situations. It is
carried out through the white measurement noise to be
estimated by using the optimal estimation scheme to
outperform the investigated tracking outcomes. The
proposed approach is organized in line with the pulse
modulation synthesis and the control allocation, as
well.
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