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What we research here deals with the dynamics and its kinematics concerning the autonomous space systems 
through a new control strategy, while a band of parameters uncertainties in connection with disturbances 
based upon the variations of the thrust vector, center of mass, engine misalignment, moments of inertial and so 
on are all taken into real consideration. To present the investigated outcomes in such a real situation, the pro-
cess noise that is related to a set of thrusters and the measurement noise that also is related to a set of sensors 
are considered to be dealt with through optimal state estimator scheme. There are the double control loops 
including the inner loop and the outer loop, which are organized based upon a combination of low and high 
thrusts levels to handle three-axis rotational angles and their rates. The aforementioned thrusts levels in con-
nection with the uncertainties and disturbances are handled through the Monte-Carlo based method to con-
sider the performance of the proposed approach, in a series of experiments. The investigated results show that 
the performance of the proposed strategy is verified in which the well-known state-dependent Riccati equation 
based on the three-axis rotational angles and the corresponding angular rates as well as a number of potential 
benchmarks are considered to be compared in the same conditions as much as possible.
KEYWORDS: Monte-Carlo based method, optimal control strategy, state estimator, autonomous space sys-
tems, a band of uncertainties, disturbances.
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1. Introduction
With the development of space system technologies, 
the traditional solutions do not have the sufficient 
merit to deal with such a system under control. In 
making an effort to outperform the control strategy 
performance, the proposed idea is presented based 
upon an integration of low and high thrusts levels in 
connection with a band of parameters uncertainties 
and disturbances to handle the dynamics and its kine-
matics of the space system. In a word, to consider the 
investigated outcomes in a real situation, the varia-
tions of the thrust vector, center of mass, engine mis-
alignment, moment of inertial and so on, are taken into 
real consideration to provide three-axis disturbances. 
With this goal, the process noise in correspondence 
with a set of thrusters and also the measurement noise 
in correspondence with a set of sensors are consid-
ered to be dealt with through optimal state estimator 
scheme. It is to note that the proposed control strat-
egy is to organize the double control loops including 
the inner loop and the outer loop that are designed in 
line with the aforementioned combination of low and 
high thrusts levels to deal with three-axis rotational 
angles and their rates, accurately. There are a num-
ber of on-off reaction thrusters and a set of the pulse-
width pulse-frequencies (PWPFs) in association with 
the control allocations (CAs) to guarantee the system 
performance. In fact, the performance of the proposed 
control strategy is considered through thrusts levels 
in connection with the uncertainties and disturbanc-
es to be evaluated in the Monte-Carlo based method 
in a series of experiments with different scenarios. In 
addition, the present consideration is finalized by de-
signing the state-dependent Riccati equation (SDRE) 
based on the rotational angles in line with their rates, 
as the well-known optimal control approach, to verify 
the system performance to be compared in the same 
conditions. Now, in order to evaluate the contribution 
of the control strategy proposed, a collection of the po-
tential methods, which most of them are recently in-
vestigated in this area are briefly focused. 
With this goal, Allende-Alba and Montenbruck's pro-
posed the robust and precise baseline determination of 
distributed system [1]. Cpalka et al. considered a new 
approach, in order to design the control system through 
the genetic programming [2]. Distributed finite-time 
attitude regulation via bounded control is consid-
ered by Cheng et al. [3]. Dong et al.'s work investigat-

ed the dual-quaternion based fault-tolerant control 
for the formation flying with finite-time convergence 
[4]. Doroshin's research work dealt with hetero clinic 
chaos and its local suppression in attitude dynamics 
of an asymmetrical dual-spin system [5]. Felicetti and 
Palmerini considered analytical and numerical inves-
tigations on formation control through electrostatic 
forces and also by means of electrostatic forces [6-7]. 
In the Garmendia et al.'s work, a calculation of con-
ductive conductances in complex geometries, in its 
accurate model, is considered [8-9]. Guo et al. analyzed 
finite-time output feedback attitude coordination con-
trol for formation flying without unwinding [10]. 
He and Jie's research coped with the leader-following 
attitude control concerning multiple rigid spacecraft 
[11]. Huang et al. focused on robust tracking cubature 
Kalman filter for attitude estimation with quaternion 
constraint [12]. Jia and Yang offered an optimization 
of control parameters based on the genetic algorithms 
for attitude tracking with input constraints [13]. Kim 
et al.'s research presented attitude control using neu-
ro-fuzzy approximation regarding the optimal con-
trollers [14]. Zhao and Jia's research organized neural 
network-based distributed adaptive attitude synchro-
nization control of formation under modified fast ter-
minal sliding mode [15]. Mirshams and Khosrojerdi 
investigated the attitude control for the underactuated 
system through tube-based model predictive control 
approach [16]. Mazinan and Shakhesi proposed the 
autonomous systems control incorporating automat-
ed maneuvers strategies in the presence of parame-
ters uncertainties [17]. Stability analysis of autono-
mous systems in the presence of large disturbances 
based upon the Lyapunov-based constrained control 
strategy and also the comprehensive cascade control 
strategy considering a class of overactuated autono-
mous non-rigid systems with model uncertainties  are 
considered as well [18-19]. High-performance robust 
three-axis finite-time attitude control approach using 
quaternion based estimation scheme is investigated 
[20]. Ni et al.'s research work addressed time-varying 
modal parameters identification with rotating flexible 
appendage by recursive algorithm [21]. Peng and Jaing 
suggested nonlinear receding horizon guidance for 
formation reconfiguration on liberation point orbits 
using a simplistic numerical method [22]. Stevenson 
and Schaub's research dealt with electrostatic rate and 
attitude control through experimental results and per-
formance considerations [23]. 
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Schwartz et al.'s and Cheng et al.'s works are related to 
small-body deflection techniques [24]. Sidi present-
ed academically fundamental practical approaches 
in dynamical modeling and its control [25]. Shahi and 
Mazinan presented cascade control approach [26]. 
Schulte and Spencer's research developed the integrat-
ed guidance, navigation and control systems for auto-
mated proximity operations [27]. Wang et al.'s work 
designed the decentralized relative navigation algo-
rithm for the formation flying [28]. Zou et al.'s research 
work distributed attitude synchronization control for 
a group of flexible systems through attitude measure-
ments and finite-time velocity-free attitude coordina-
tion formations control [29-30]. Zhang et al. quoted 
attitude stabilization of rigid system with disturbance, 
generated by time varying uncertain exosystems [31]. 
Finally, Zhang and Duan's research dealt with the in-
tegrated translational and rotational finite-time ma-
neuver regarding the rigid spacecraft under actuator 
misalignment [32]. 
The key core of finding the new results in the strategy 
proposed is twofold. The first one is based on the real-
ization of a unique three-axis comprehensive control 
structure that is able to deal with a class of the space 
systems under control with a set of parameters uncer-
tainties and disturbances. The second one is related to 
the investigated outcomes that are accurate with re-
spect to the predefine mission operation plans through 
a Monte-Carlo based method. 
The rest of the manuscript is organized as follows: the 
proposed control strategy, including a brief discussion 
of the space system dynamics, the overall strategy real-
ization, the optimal estimation scheme, the PWPF–CA 
realization, the uncertainties and the disturbances and 
finally the SDRE control benchmark, are first present-
ed in Section 2. The simulation results, including the 
first to fourth experiment and the verification of the 
strategy are presented in Section 3. The conclusion is 
finally presented in Section 4.

2. The Proposed Control Strategy
2.1. A Brief Discussion of the Mathematical 
Model Regarding the Space System 
Dynamics 
The attitude dynamics as a mathematical model of 
the space system in the matrix form is first represent-
ed based on the following equation [25]
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where M(t) denotes the three-axis control torques 
containing Mμ(t), μ = x, y, z, H(t) denotes the angular 
momentum vector in the body coordinate contain-
ing Hμ(t) = Iμ(t)ωsμ(t), μ = x, y, z, ωs(t) denotes the an-
gular rate vector in the body coordinate, which con-
tains ωsμ(t)and the notation of "×" means the cross 
product, as well. Now, by addressing the above-cap-
tioned three-axis angular rates, the above-captioned 
three-axis control torques of the aforementioned 
space system are correspondingly realized as
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A(t) and B(t) by focusing on “0” as the initial val-
ues of the system under control are formulated 
as follows
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𝐼𝐼𝐼𝐼𝑠𝑠𝑠𝑠(𝑡𝑡𝑡𝑡)
−𝜔𝜔𝜔𝜔𝑠𝑠𝑠𝑠𝑧𝑧𝑧𝑧0 (𝐼𝐼𝐼𝐼𝑧𝑧𝑧𝑧(𝑡𝑡𝑡𝑡) − 𝐼𝐼𝐼𝐼𝑠𝑠𝑠𝑠(𝑡𝑡𝑡𝑡))

𝐼𝐼𝐼𝐼𝑥𝑥𝑥𝑥(𝑡𝑡𝑡𝑡)
−𝜔𝜔𝜔𝜔𝑠𝑠𝑠𝑠𝑥𝑥𝑥𝑥0 (𝐼𝐼𝐼𝐼𝑥𝑥𝑥𝑥(𝑡𝑡𝑡𝑡) − 𝐼𝐼𝐼𝐼𝑧𝑧𝑧𝑧(𝑡𝑡𝑡𝑡))

𝐼𝐼𝐼𝐼𝑠𝑠𝑠𝑠(𝑡𝑡𝑡𝑡)
0

𝟎𝟎𝟎𝟎𝟑𝟑𝟑𝟑×𝟑𝟑𝟑𝟑

1 sin(𝜑𝜑𝜑𝜑𝑠𝑠𝑠𝑠0) tan(𝜃𝜃𝜃𝜃𝑠𝑠𝑠𝑠0) cos(𝜑𝜑𝜑𝜑𝑠𝑠𝑠𝑠0) tan(𝜃𝜃𝜃𝜃𝑠𝑠𝑠𝑠0)
0 cos(𝜑𝜑𝜑𝜑𝑠𝑠𝑠𝑠0) − sin(𝜑𝜑𝜑𝜑𝑠𝑠𝑠𝑠0)

0
sin(𝜑𝜑𝜑𝜑𝑠𝑠𝑠𝑠0)
cos(𝜃𝜃𝜃𝜃𝑠𝑠𝑠𝑠0)

cos(𝜑𝜑𝜑𝜑𝑠𝑠𝑠𝑠0)
cos(𝜃𝜃𝜃𝜃𝑠𝑠𝑠𝑠0)

𝜔𝜔𝜔𝜔𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠0 cos(𝜑𝜑𝜑𝜑𝑠𝑠𝑠𝑠0) tan(𝜃𝜃𝜃𝜃𝑠𝑠𝑠𝑠0) − 𝜔𝜔𝜔𝜔𝑠𝑠𝑠𝑠𝑧𝑧𝑧𝑧0 sin(𝜑𝜑𝜑𝜑𝑠𝑠𝑠𝑠0) tan(𝜃𝜃𝜃𝜃𝑠𝑠𝑠𝑠0)
𝜔𝜔𝜔𝜔𝑠𝑠𝑠𝑠𝑧𝑧𝑧𝑧0 cos(𝜑𝜑𝜑𝜑𝑠𝑠𝑠𝑠0) + 𝜔𝜔𝜔𝜔𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠0 sin(𝜑𝜑𝜑𝜑𝑠𝑠𝑠𝑠0)

𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑃𝑃𝑃𝑃2 (𝜃𝜃𝜃𝜃𝑠𝑠𝑠𝑠0)
0

−𝜔𝜔𝜔𝜔𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠0 sin(𝜑𝜑𝜑𝜑𝑠𝑠𝑠𝑠0) − 𝜔𝜔𝜔𝜔𝑠𝑠𝑠𝑠𝑧𝑧𝑧𝑧0 cos(𝜑𝜑𝜑𝜑𝑠𝑠𝑠𝑠0) 0 0
𝜔𝜔𝜔𝜔𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠0 cos(𝜑𝜑𝜑𝜑𝑠𝑠𝑠𝑠0) − 𝜔𝜔𝜔𝜔𝑠𝑠𝑠𝑠𝑧𝑧𝑧𝑧0 sin(𝜑𝜑𝜑𝜑𝑠𝑠𝑠𝑠0)

cos(𝜃𝜃𝜃𝜃𝑠𝑠𝑠𝑠0)
𝜔𝜔𝜔𝜔𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠0 sin(𝜑𝜑𝜑𝜑𝑠𝑠𝑠𝑠0) sin(𝜃𝜃𝜃𝜃𝑠𝑠𝑠𝑠0) + 𝜔𝜔𝜔𝜔𝑠𝑠𝑠𝑠𝑧𝑧𝑧𝑧0 cos(𝜑𝜑𝜑𝜑𝑠𝑠𝑠𝑠0) sin(𝜃𝜃𝜃𝜃𝑠𝑠𝑠𝑠0)

𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑃𝑃𝑃𝑃2(𝜃𝜃𝜃𝜃𝑠𝑠𝑠𝑠0)
0
⎦
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎤

𝑩𝑩𝑩𝑩(𝒕𝒕𝒕𝒕) = �𝑰𝑰𝑰𝑰𝒙𝒙𝒙𝒙,𝒚𝒚𝒚𝒚,𝒛𝒛𝒛𝒛
−𝟏𝟏𝟏𝟏

𝟎𝟎𝟎𝟎𝟑𝟑𝟑𝟑×𝟑𝟑𝟑𝟑
� .

 

Here, 03×3 is taken as the 3×3 zero matrix and also 

4

⎩
⎪
⎪
⎪
⎪
⎪
⎪
⎨

⎪
⎪
⎪
⎪
⎪
⎪
⎧

𝑨𝑨𝑨𝑨(𝒕𝒕𝒕𝒕) =

⎣
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎡ 0

−𝜔𝜔𝜔𝜔𝑠𝑠𝑠𝑠𝑧𝑧𝑧𝑧0 (𝐼𝐼𝐼𝐼𝑧𝑧𝑧𝑧(𝑡𝑡𝑡𝑡) − 𝐼𝐼𝐼𝐼𝑠𝑠𝑠𝑠(𝑡𝑡𝑡𝑡))
𝐼𝐼𝐼𝐼𝑥𝑥𝑥𝑥(𝑡𝑡𝑡𝑡)

−𝜔𝜔𝜔𝜔𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠0 (𝐼𝐼𝐼𝐼𝑧𝑧𝑧𝑧(𝑡𝑡𝑡𝑡) − 𝐼𝐼𝐼𝐼𝑠𝑠𝑠𝑠(𝑡𝑡𝑡𝑡))
𝐼𝐼𝐼𝐼𝑥𝑥𝑥𝑥(𝑡𝑡𝑡𝑡)

−𝜔𝜔𝜔𝜔𝑠𝑠𝑠𝑠𝑧𝑧𝑧𝑧0 (𝐼𝐼𝐼𝐼𝑧𝑧𝑧𝑧(𝑡𝑡𝑡𝑡) − 𝐼𝐼𝐼𝐼𝑠𝑠𝑠𝑠(𝑡𝑡𝑡𝑡))
𝐼𝐼𝐼𝐼𝑥𝑥𝑥𝑥(𝑡𝑡𝑡𝑡)

0
−𝜔𝜔𝜔𝜔𝑠𝑠𝑠𝑠𝑥𝑥𝑥𝑥0 (𝐼𝐼𝐼𝐼𝑥𝑥𝑥𝑥(𝑡𝑡𝑡𝑡) − 𝐼𝐼𝐼𝐼𝑧𝑧𝑧𝑧(𝑡𝑡𝑡𝑡))

𝐼𝐼𝐼𝐼𝑠𝑠𝑠𝑠(𝑡𝑡𝑡𝑡)
−𝜔𝜔𝜔𝜔𝑠𝑠𝑠𝑠𝑧𝑧𝑧𝑧0 (𝐼𝐼𝐼𝐼𝑧𝑧𝑧𝑧(𝑡𝑡𝑡𝑡) − 𝐼𝐼𝐼𝐼𝑠𝑠𝑠𝑠(𝑡𝑡𝑡𝑡))

𝐼𝐼𝐼𝐼𝑥𝑥𝑥𝑥(𝑡𝑡𝑡𝑡)
−𝜔𝜔𝜔𝜔𝑠𝑠𝑠𝑠𝑥𝑥𝑥𝑥0 (𝐼𝐼𝐼𝐼𝑥𝑥𝑥𝑥(𝑡𝑡𝑡𝑡) − 𝐼𝐼𝐼𝐼𝑧𝑧𝑧𝑧(𝑡𝑡𝑡𝑡))

𝐼𝐼𝐼𝐼𝑠𝑠𝑠𝑠(𝑡𝑡𝑡𝑡)
0

𝟎𝟎𝟎𝟎𝟑𝟑𝟑𝟑×𝟑𝟑𝟑𝟑

1 sin(𝜑𝜑𝜑𝜑𝑠𝑠𝑠𝑠0) tan(𝜃𝜃𝜃𝜃𝑠𝑠𝑠𝑠0) cos(𝜑𝜑𝜑𝜑𝑠𝑠𝑠𝑠0) tan(𝜃𝜃𝜃𝜃𝑠𝑠𝑠𝑠0)
0 cos(𝜑𝜑𝜑𝜑𝑠𝑠𝑠𝑠0) − sin(𝜑𝜑𝜑𝜑𝑠𝑠𝑠𝑠0)

0
sin(𝜑𝜑𝜑𝜑𝑠𝑠𝑠𝑠0)
cos(𝜃𝜃𝜃𝜃𝑠𝑠𝑠𝑠0)

cos(𝜑𝜑𝜑𝜑𝑠𝑠𝑠𝑠0)
cos(𝜃𝜃𝜃𝜃𝑠𝑠𝑠𝑠0)

𝜔𝜔𝜔𝜔𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠0 cos(𝜑𝜑𝜑𝜑𝑠𝑠𝑠𝑠0) tan(𝜃𝜃𝜃𝜃𝑠𝑠𝑠𝑠0) − 𝜔𝜔𝜔𝜔𝑠𝑠𝑠𝑠𝑧𝑧𝑧𝑧0 sin(𝜑𝜑𝜑𝜑𝑠𝑠𝑠𝑠0) tan(𝜃𝜃𝜃𝜃𝑠𝑠𝑠𝑠0)
𝜔𝜔𝜔𝜔𝑠𝑠𝑠𝑠𝑧𝑧𝑧𝑧0 cos(𝜑𝜑𝜑𝜑𝑠𝑠𝑠𝑠0) + 𝜔𝜔𝜔𝜔𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠0 sin(𝜑𝜑𝜑𝜑𝑠𝑠𝑠𝑠0)

𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑃𝑃𝑃𝑃2 (𝜃𝜃𝜃𝜃𝑠𝑠𝑠𝑠0)
0

−𝜔𝜔𝜔𝜔𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠0 sin(𝜑𝜑𝜑𝜑𝑠𝑠𝑠𝑠0) − 𝜔𝜔𝜔𝜔𝑠𝑠𝑠𝑠𝑧𝑧𝑧𝑧0 cos(𝜑𝜑𝜑𝜑𝑠𝑠𝑠𝑠0) 0 0
𝜔𝜔𝜔𝜔𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠0 cos(𝜑𝜑𝜑𝜑𝑠𝑠𝑠𝑠0) − 𝜔𝜔𝜔𝜔𝑠𝑠𝑠𝑠𝑧𝑧𝑧𝑧0 sin(𝜑𝜑𝜑𝜑𝑠𝑠𝑠𝑠0)

cos(𝜃𝜃𝜃𝜃𝑠𝑠𝑠𝑠0)
𝜔𝜔𝜔𝜔𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠0 sin(𝜑𝜑𝜑𝜑𝑠𝑠𝑠𝑠0) sin(𝜃𝜃𝜃𝜃𝑠𝑠𝑠𝑠0) + 𝜔𝜔𝜔𝜔𝑠𝑠𝑠𝑠𝑧𝑧𝑧𝑧0 cos(𝜑𝜑𝜑𝜑𝑠𝑠𝑠𝑠0) sin(𝜃𝜃𝜃𝜃𝑠𝑠𝑠𝑠0)

𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑃𝑃𝑃𝑃2(𝜃𝜃𝜃𝜃𝑠𝑠𝑠𝑠0)
0
⎦
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎤

𝑩𝑩𝑩𝑩(𝒕𝒕𝒕𝒕) = �𝑰𝑰𝑰𝑰𝒙𝒙𝒙𝒙,𝒚𝒚𝒚𝒚,𝒛𝒛𝒛𝒛
−𝟏𝟏𝟏𝟏

𝟎𝟎𝟎𝟎𝟑𝟑𝟑𝟑×𝟑𝟑𝟑𝟑
� .

Here, 𝟎𝟎𝟎𝟎𝟑𝟑𝟑𝟑×𝟑𝟑𝟑𝟑 is taken as the 3 × 3 zero matrix and also 𝑰𝑰𝑰𝑰𝒙𝒙𝒙𝒙,𝒚𝒚𝒚𝒚,𝒛𝒛𝒛𝒛
−𝟏𝟏𝟏𝟏 (𝒕𝒕𝒕𝒕) is taken as �

𝐼𝐼𝐼𝐼𝑥𝑥𝑥𝑥−1(𝑡𝑡𝑡𝑡) 0 0
0 𝐼𝐼𝐼𝐼𝑠𝑠𝑠𝑠−1(𝑡𝑡𝑡𝑡) 0
0 0 𝐼𝐼𝐼𝐼𝑧𝑧𝑧𝑧−1(𝑡𝑡𝑡𝑡)

�.                  (7)

2.2. The Uncertainties and the Disturbances Regarding the Mathematical Model 
The uncertainties of the system under control are subject to the variations of Δ𝐼𝐼𝐼𝐼𝜇𝜇𝜇𝜇(𝑡𝑡𝑡𝑡) with respect to time to 

provide 𝐼𝐼𝐼𝐼𝜇𝜇𝜇𝜇(𝑡𝑡𝑡𝑡) = 𝐼𝐼𝐼𝐼𝜇𝜇𝜇𝜇0 + Δ𝐼𝐼𝐼𝐼𝜇𝜇𝜇𝜇(𝑡𝑡𝑡𝑡) in correspondence with the disturbances that are taken into consideration in the 

mathematical model of the aforementioned space system by focusing on the variations of the thrust vector 

�𝑭𝑭𝑭𝑭𝑰𝑰𝑰𝑰(𝒕𝒕𝒕𝒕)�, engine misalignments (𝜑𝜑𝜑𝜑𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷(𝑡𝑡𝑡𝑡),𝜃𝜃𝜃𝜃𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷(𝑡𝑡𝑡𝑡),𝜓𝜓𝜓𝜓𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷(𝑡𝑡𝑡𝑡)), and engine arm (𝒓𝒓𝒓𝒓𝑰𝑰𝑰𝑰(𝒕𝒕𝒕𝒕)) to be changed upon the variation 

of the center of mass (∆𝒄𝒄𝒄𝒄𝒈𝒈𝒈𝒈𝑰𝑰𝑰𝑰(𝒕𝒕𝒕𝒕)), as input sources. The idea of providing the present disturbances is entirely 

inspired of the following equation [25]

𝑴𝑴𝑴𝑴𝑫𝑫𝑫𝑫(𝒕𝒕𝒕𝒕)𝟑𝟑𝟑𝟑×𝟏𝟏𝟏𝟏 =  𝑫𝑫𝑫𝑫�𝜑𝜑𝜑𝜑𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷(𝑡𝑡𝑡𝑡),𝜃𝜃𝜃𝜃𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷(𝑡𝑡𝑡𝑡),𝜓𝜓𝜓𝜓𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷(𝑡𝑡𝑡𝑡)�𝟑𝟑𝟑𝟑×𝟑𝟑𝟑𝟑
(𝑳𝑳𝑳𝑳(𝒕𝒕𝒕𝒕)𝟑𝟑𝟑𝟑×𝟏𝟏𝟏𝟏 × 𝑭𝑭𝑭𝑭𝑰𝑰𝑰𝑰(𝒕𝒕𝒕𝒕)𝟑𝟑𝟑𝟑×𝟏𝟏𝟏𝟏). (8)

The outcomes are finalized, as long as the matrix multiplication (𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑃𝑃𝑃𝑃) of the direction cosine matrix (𝑫𝑫𝑫𝑫) of the 

misalignments profile can be multiplied in cross form by 𝑳𝑳𝑳𝑳(𝒕𝒕𝒕𝒕) = 𝒓𝒓𝒓𝒓𝑰𝑰𝑰𝑰(𝒕𝒕𝒕𝒕) + ∆𝒄𝒄𝒄𝒄𝒈𝒈𝒈𝒈𝑰𝑰𝑰𝑰(𝒕𝒕𝒕𝒕) deviation profile, at each instant 

of time. The profile of these parameters is updated as 𝜑𝜑𝜑𝜑𝐷𝐷𝐷𝐷(𝑡𝑡𝑡𝑡),𝜃𝜃𝜃𝜃𝐷𝐷𝐷𝐷(𝑡𝑡𝑡𝑡),𝜓𝜓𝜓𝜓𝐷𝐷𝐷𝐷(𝑡𝑡𝑡𝑡),𝑭𝑭𝑭𝑭(𝒕𝒕𝒕𝒕) and ∆𝒄𝒄𝒄𝒄𝒈𝒈𝒈𝒈(𝒕𝒕𝒕𝒕) through uncertainties 

by multiplying to 𝐾𝐾𝐾𝐾𝐷𝐷𝐷𝐷(𝑡𝑡𝑡𝑡),𝐾𝐾𝐾𝐾𝐶𝐶𝐶𝐶(𝑡𝑡𝑡𝑡) and 𝐾𝐾𝐾𝐾𝐹𝐹𝐹𝐹(𝑡𝑡𝑡𝑡), respectively, that are randomly taken along with Monte-Carlo based 

method 

⎩
⎪
⎨

⎪
⎧
𝜑𝜑𝜑𝜑𝐷𝐷𝐷𝐷(𝑡𝑡𝑡𝑡) = 𝐾𝐾𝐾𝐾𝐷𝐷𝐷𝐷(𝑡𝑡𝑡𝑡)𝜑𝜑𝜑𝜑𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷(𝑡𝑡𝑡𝑡)
𝜃𝜃𝜃𝜃𝐷𝐷𝐷𝐷(𝑡𝑡𝑡𝑡) = 𝐾𝐾𝐾𝐾𝐷𝐷𝐷𝐷(𝑡𝑡𝑡𝑡)𝜃𝜃𝜃𝜃𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷(𝑡𝑡𝑡𝑡)
𝜓𝜓𝜓𝜓𝐷𝐷𝐷𝐷(𝑡𝑡𝑡𝑡) = 𝐾𝐾𝐾𝐾𝐷𝐷𝐷𝐷(𝑡𝑡𝑡𝑡)𝜓𝜓𝜓𝜓𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷(𝑡𝑡𝑡𝑡)
∆𝒄𝒄𝒄𝒄𝒈𝒈𝒈𝒈(𝑡𝑡𝑡𝑡) = 𝐾𝐾𝐾𝐾𝐶𝐶𝐶𝐶(𝑡𝑡𝑡𝑡) ∆𝒄𝒄𝒄𝒄𝒈𝒈𝒈𝒈𝑰𝑰𝑰𝑰(𝑡𝑡𝑡𝑡)
𝑭𝑭𝑭𝑭(𝑡𝑡𝑡𝑡) = 𝐾𝐾𝐾𝐾𝐹𝐹𝐹𝐹(𝑡𝑡𝑡𝑡)𝑭𝑭𝑭𝑭𝑰𝑰𝑰𝑰(𝑡𝑡𝑡𝑡).

(9)

 is take as 

4

⎩
⎪
⎪
⎪
⎪
⎪
⎪
⎨

⎪
⎪
⎪
⎪
⎪
⎪
⎧

𝑨𝑨𝑨𝑨(𝒕𝒕𝒕𝒕) =

⎣
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎡ 0

−𝜔𝜔𝜔𝜔𝑠𝑠𝑠𝑠𝑧𝑧𝑧𝑧0 (𝐼𝐼𝐼𝐼𝑧𝑧𝑧𝑧(𝑡𝑡𝑡𝑡) − 𝐼𝐼𝐼𝐼𝑠𝑠𝑠𝑠(𝑡𝑡𝑡𝑡))
𝐼𝐼𝐼𝐼𝑥𝑥𝑥𝑥(𝑡𝑡𝑡𝑡)

−𝜔𝜔𝜔𝜔𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠0 (𝐼𝐼𝐼𝐼𝑧𝑧𝑧𝑧(𝑡𝑡𝑡𝑡) − 𝐼𝐼𝐼𝐼𝑠𝑠𝑠𝑠(𝑡𝑡𝑡𝑡))
𝐼𝐼𝐼𝐼𝑥𝑥𝑥𝑥(𝑡𝑡𝑡𝑡)

−𝜔𝜔𝜔𝜔𝑠𝑠𝑠𝑠𝑧𝑧𝑧𝑧0 (𝐼𝐼𝐼𝐼𝑧𝑧𝑧𝑧(𝑡𝑡𝑡𝑡) − 𝐼𝐼𝐼𝐼𝑠𝑠𝑠𝑠(𝑡𝑡𝑡𝑡))
𝐼𝐼𝐼𝐼𝑥𝑥𝑥𝑥(𝑡𝑡𝑡𝑡)

0
−𝜔𝜔𝜔𝜔𝑠𝑠𝑠𝑠𝑥𝑥𝑥𝑥0 (𝐼𝐼𝐼𝐼𝑥𝑥𝑥𝑥(𝑡𝑡𝑡𝑡) − 𝐼𝐼𝐼𝐼𝑧𝑧𝑧𝑧(𝑡𝑡𝑡𝑡))

𝐼𝐼𝐼𝐼𝑠𝑠𝑠𝑠(𝑡𝑡𝑡𝑡)
−𝜔𝜔𝜔𝜔𝑠𝑠𝑠𝑠𝑧𝑧𝑧𝑧0 (𝐼𝐼𝐼𝐼𝑧𝑧𝑧𝑧(𝑡𝑡𝑡𝑡) − 𝐼𝐼𝐼𝐼𝑠𝑠𝑠𝑠(𝑡𝑡𝑡𝑡))

𝐼𝐼𝐼𝐼𝑥𝑥𝑥𝑥(𝑡𝑡𝑡𝑡)
−𝜔𝜔𝜔𝜔𝑠𝑠𝑠𝑠𝑥𝑥𝑥𝑥0 (𝐼𝐼𝐼𝐼𝑥𝑥𝑥𝑥(𝑡𝑡𝑡𝑡) − 𝐼𝐼𝐼𝐼𝑧𝑧𝑧𝑧(𝑡𝑡𝑡𝑡))

𝐼𝐼𝐼𝐼𝑠𝑠𝑠𝑠(𝑡𝑡𝑡𝑡)
0

𝟎𝟎𝟎𝟎𝟑𝟑𝟑𝟑×𝟑𝟑𝟑𝟑

1 sin(𝜑𝜑𝜑𝜑𝑠𝑠𝑠𝑠0) tan(𝜃𝜃𝜃𝜃𝑠𝑠𝑠𝑠0) cos(𝜑𝜑𝜑𝜑𝑠𝑠𝑠𝑠0) tan(𝜃𝜃𝜃𝜃𝑠𝑠𝑠𝑠0)
0 cos(𝜑𝜑𝜑𝜑𝑠𝑠𝑠𝑠0) − sin(𝜑𝜑𝜑𝜑𝑠𝑠𝑠𝑠0)

0
sin(𝜑𝜑𝜑𝜑𝑠𝑠𝑠𝑠0)
cos(𝜃𝜃𝜃𝜃𝑠𝑠𝑠𝑠0)

cos(𝜑𝜑𝜑𝜑𝑠𝑠𝑠𝑠0)
cos(𝜃𝜃𝜃𝜃𝑠𝑠𝑠𝑠0)

𝜔𝜔𝜔𝜔𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠0 cos(𝜑𝜑𝜑𝜑𝑠𝑠𝑠𝑠0) tan(𝜃𝜃𝜃𝜃𝑠𝑠𝑠𝑠0) − 𝜔𝜔𝜔𝜔𝑠𝑠𝑠𝑠𝑧𝑧𝑧𝑧0 sin(𝜑𝜑𝜑𝜑𝑠𝑠𝑠𝑠0) tan(𝜃𝜃𝜃𝜃𝑠𝑠𝑠𝑠0)
𝜔𝜔𝜔𝜔𝑠𝑠𝑠𝑠𝑧𝑧𝑧𝑧0 cos(𝜑𝜑𝜑𝜑𝑠𝑠𝑠𝑠0) + 𝜔𝜔𝜔𝜔𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠0 sin(𝜑𝜑𝜑𝜑𝑠𝑠𝑠𝑠0)

𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑃𝑃𝑃𝑃2 (𝜃𝜃𝜃𝜃𝑠𝑠𝑠𝑠0)
0

−𝜔𝜔𝜔𝜔𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠0 sin(𝜑𝜑𝜑𝜑𝑠𝑠𝑠𝑠0) − 𝜔𝜔𝜔𝜔𝑠𝑠𝑠𝑠𝑧𝑧𝑧𝑧0 cos(𝜑𝜑𝜑𝜑𝑠𝑠𝑠𝑠0) 0 0
𝜔𝜔𝜔𝜔𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠0 cos(𝜑𝜑𝜑𝜑𝑠𝑠𝑠𝑠0) − 𝜔𝜔𝜔𝜔𝑠𝑠𝑠𝑠𝑧𝑧𝑧𝑧0 sin(𝜑𝜑𝜑𝜑𝑠𝑠𝑠𝑠0)

cos(𝜃𝜃𝜃𝜃𝑠𝑠𝑠𝑠0)
𝜔𝜔𝜔𝜔𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠0 sin(𝜑𝜑𝜑𝜑𝑠𝑠𝑠𝑠0) sin(𝜃𝜃𝜃𝜃𝑠𝑠𝑠𝑠0) + 𝜔𝜔𝜔𝜔𝑠𝑠𝑠𝑠𝑧𝑧𝑧𝑧0 cos(𝜑𝜑𝜑𝜑𝑠𝑠𝑠𝑠0) sin(𝜃𝜃𝜃𝜃𝑠𝑠𝑠𝑠0)

𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑃𝑃𝑃𝑃2(𝜃𝜃𝜃𝜃𝑠𝑠𝑠𝑠0)
0
⎦
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎤

𝑩𝑩𝑩𝑩(𝒕𝒕𝒕𝒕) = �𝑰𝑰𝑰𝑰𝒙𝒙𝒙𝒙,𝒚𝒚𝒚𝒚,𝒛𝒛𝒛𝒛
−𝟏𝟏𝟏𝟏

𝟎𝟎𝟎𝟎𝟑𝟑𝟑𝟑×𝟑𝟑𝟑𝟑
� .

Here, 𝟎𝟎𝟎𝟎𝟑𝟑𝟑𝟑×𝟑𝟑𝟑𝟑 is taken as the 3 × 3 zero matrix and also 𝑰𝑰𝑰𝑰𝒙𝒙𝒙𝒙,𝒚𝒚𝒚𝒚,𝒛𝒛𝒛𝒛
−𝟏𝟏𝟏𝟏 (𝒕𝒕𝒕𝒕) is taken as �

𝐼𝐼𝐼𝐼𝑥𝑥𝑥𝑥−1(𝑡𝑡𝑡𝑡) 0 0
0 𝐼𝐼𝐼𝐼𝑠𝑠𝑠𝑠−1(𝑡𝑡𝑡𝑡) 0
0 0 𝐼𝐼𝐼𝐼𝑧𝑧𝑧𝑧−1(𝑡𝑡𝑡𝑡)

�.                  (7)

2.2. The Uncertainties and the Disturbances Regarding the Mathematical Model 
The uncertainties of the system under control are subject to the variations of Δ𝐼𝐼𝐼𝐼𝜇𝜇𝜇𝜇(𝑡𝑡𝑡𝑡) with respect to time to 

provide 𝐼𝐼𝐼𝐼𝜇𝜇𝜇𝜇(𝑡𝑡𝑡𝑡) = 𝐼𝐼𝐼𝐼𝜇𝜇𝜇𝜇0 + Δ𝐼𝐼𝐼𝐼𝜇𝜇𝜇𝜇(𝑡𝑡𝑡𝑡) in correspondence with the disturbances that are taken into consideration in the 

mathematical model of the aforementioned space system by focusing on the variations of the thrust vector 

�𝑭𝑭𝑭𝑭𝑰𝑰𝑰𝑰(𝒕𝒕𝒕𝒕)�, engine misalignments (𝜑𝜑𝜑𝜑𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷(𝑡𝑡𝑡𝑡),𝜃𝜃𝜃𝜃𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷(𝑡𝑡𝑡𝑡),𝜓𝜓𝜓𝜓𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷(𝑡𝑡𝑡𝑡)), and engine arm (𝒓𝒓𝒓𝒓𝑰𝑰𝑰𝑰(𝒕𝒕𝒕𝒕)) to be changed upon the variation 

of the center of mass (∆𝒄𝒄𝒄𝒄𝒈𝒈𝒈𝒈𝑰𝑰𝑰𝑰(𝒕𝒕𝒕𝒕)), as input sources. The idea of providing the present disturbances is entirely 

inspired of the following equation [25]

𝑴𝑴𝑴𝑴𝑫𝑫𝑫𝑫(𝒕𝒕𝒕𝒕)𝟑𝟑𝟑𝟑×𝟏𝟏𝟏𝟏 =  𝑫𝑫𝑫𝑫�𝜑𝜑𝜑𝜑𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷(𝑡𝑡𝑡𝑡),𝜃𝜃𝜃𝜃𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷(𝑡𝑡𝑡𝑡),𝜓𝜓𝜓𝜓𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷(𝑡𝑡𝑡𝑡)�𝟑𝟑𝟑𝟑×𝟑𝟑𝟑𝟑
(𝑳𝑳𝑳𝑳(𝒕𝒕𝒕𝒕)𝟑𝟑𝟑𝟑×𝟏𝟏𝟏𝟏 × 𝑭𝑭𝑭𝑭𝑰𝑰𝑰𝑰(𝒕𝒕𝒕𝒕)𝟑𝟑𝟑𝟑×𝟏𝟏𝟏𝟏). (8)

The outcomes are finalized, as long as the matrix multiplication (𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑃𝑃𝑃𝑃) of the direction cosine matrix (𝑫𝑫𝑫𝑫) of the 

misalignments profile can be multiplied in cross form by 𝑳𝑳𝑳𝑳(𝒕𝒕𝒕𝒕) = 𝒓𝒓𝒓𝒓𝑰𝑰𝑰𝑰(𝒕𝒕𝒕𝒕) + ∆𝒄𝒄𝒄𝒄𝒈𝒈𝒈𝒈𝑰𝑰𝑰𝑰(𝒕𝒕𝒕𝒕) deviation profile, at each instant 

of time. The profile of these parameters is updated as 𝜑𝜑𝜑𝜑𝐷𝐷𝐷𝐷(𝑡𝑡𝑡𝑡),𝜃𝜃𝜃𝜃𝐷𝐷𝐷𝐷(𝑡𝑡𝑡𝑡),𝜓𝜓𝜓𝜓𝐷𝐷𝐷𝐷(𝑡𝑡𝑡𝑡),𝑭𝑭𝑭𝑭(𝒕𝒕𝒕𝒕) and ∆𝒄𝒄𝒄𝒄𝒈𝒈𝒈𝒈(𝒕𝒕𝒕𝒕) through uncertainties 

by multiplying to 𝐾𝐾𝐾𝐾𝐷𝐷𝐷𝐷(𝑡𝑡𝑡𝑡),𝐾𝐾𝐾𝐾𝐶𝐶𝐶𝐶(𝑡𝑡𝑡𝑡) and 𝐾𝐾𝐾𝐾𝐹𝐹𝐹𝐹(𝑡𝑡𝑡𝑡), respectively, that are randomly taken along with Monte-Carlo based 

method 

⎩
⎪
⎨

⎪
⎧
𝜑𝜑𝜑𝜑𝐷𝐷𝐷𝐷(𝑡𝑡𝑡𝑡) = 𝐾𝐾𝐾𝐾𝐷𝐷𝐷𝐷(𝑡𝑡𝑡𝑡)𝜑𝜑𝜑𝜑𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷(𝑡𝑡𝑡𝑡)
𝜃𝜃𝜃𝜃𝐷𝐷𝐷𝐷(𝑡𝑡𝑡𝑡) = 𝐾𝐾𝐾𝐾𝐷𝐷𝐷𝐷(𝑡𝑡𝑡𝑡)𝜃𝜃𝜃𝜃𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷(𝑡𝑡𝑡𝑡)
𝜓𝜓𝜓𝜓𝐷𝐷𝐷𝐷(𝑡𝑡𝑡𝑡) = 𝐾𝐾𝐾𝐾𝐷𝐷𝐷𝐷(𝑡𝑡𝑡𝑡)𝜓𝜓𝜓𝜓𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷(𝑡𝑡𝑡𝑡)
∆𝒄𝒄𝒄𝒄𝒈𝒈𝒈𝒈(𝑡𝑡𝑡𝑡) = 𝐾𝐾𝐾𝐾𝐶𝐶𝐶𝐶(𝑡𝑡𝑡𝑡) ∆𝒄𝒄𝒄𝒄𝒈𝒈𝒈𝒈𝑰𝑰𝑰𝑰(𝑡𝑡𝑡𝑡)
𝑭𝑭𝑭𝑭(𝑡𝑡𝑡𝑡) = 𝐾𝐾𝐾𝐾𝐹𝐹𝐹𝐹(𝑡𝑡𝑡𝑡)𝑭𝑭𝑭𝑭𝑰𝑰𝑰𝑰(𝑡𝑡𝑡𝑡).

(9)

(7)

2.2. The Uncertainties and the Disturbances 
Regarding the Mathematical Model 
The uncertainties of the system under control are sub-
ject to the variations of ΔIμ(t) with respect to time to 
provide Iμ(t) = Iμ0 + ΔIμ(t) in correspondence with the 
disturbances that are taken into consideration in the 
mathematical model of the aforementioned space sys-
tem by focusing on the variations of the thrust vector 
(FI(t)) engine misalignments (φDI(t), θDI(t), ψDI(t)), 
and engine arm (rI(t)) to be changed upon the variation 
of the center of mass (ΔcgI

(t)), as input sources. The 
idea of providing the present disturbances is entirely 
inspired of the following equation [25]

4 
 

 

𝑴𝑴𝑴𝑴𝑫𝑫𝑫𝑫(𝒕𝒕𝒕𝒕)𝟑𝟑𝟑𝟑×𝟏𝟏𝟏𝟏 =  

𝑫𝑫𝑫𝑫�𝜑𝜑𝜑𝜑𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷(𝑡𝑡𝑡𝑡),𝜃𝜃𝜃𝜃𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷(𝑡𝑡𝑡𝑡),𝜓𝜓𝜓𝜓𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷(𝑡𝑡𝑡𝑡)�𝟑𝟑𝟑𝟑×𝟑𝟑𝟑𝟑
(𝑳𝑳𝑳𝑳(𝒕𝒕𝒕𝒕)𝟑𝟑𝟑𝟑×𝟏𝟏𝟏𝟏 × 𝑭𝑭𝑭𝑭𝑰𝑰𝑰𝑰(𝒕𝒕𝒕𝒕)𝟑𝟑𝟑𝟑×𝟏𝟏𝟏𝟏). 

(8)

The outcomes are finalized, as long as the matrix 
multiplication (MMP) of the direction cosine matrix 
(D) of the misalignments profile can be multiplied in 
cross form by L(t) = rI(t) + ΔcgI(t) deviation profile, 
at each instant of time. The profile of these parame-
ters is updated as φD(t), θD(t), ψD(t), F(t) and Δcg(t)  
through uncertainties by multiplying to KD(t), KC(t) 
and KF(t), respectively, that are randomly taken along 
with Monte-Carlo based method
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It is to note that the M(t) in Eq. (1) should be consid-
ered in line with the final outcomes of MD(t) as dis-
turbances to provide M(t) + MD(t) for the purpose of 
applying to the space system under control, at each 
instant of time.

2.3. The Overall Strategy Realization
The realization of the overall strategy is presented to 
deal with the dynamics and its kinematics of the space 
system under control along with the integrations of 
so many employed modules, as is illustrated in Fig. 2. 
There are the double closed loops including the inner 
loop and the corresponding outer loop to deal with the 
three-axis rotational angles and their rates.
It is to note that the outer loop is handled through 
ContlLH in correspondence with the proportional-inte-
gral-derivative approach, which is related to low-high 
thrusts control. The inner loop is handled through 
RFLH in correspondence with the proportional ap-
proach, which is related to the same low-high thrust 
control. The PWPF – CALH is employed to provide a 
sequence of on-off thrusts in response to the on-off re-
action thrusters and also to provide a large number of 
thrusts controls in response to the number of the same 
reaction thrusters, as well. The strategy proposed is 
organized in the presence of noise, disturbances and 
parameters uncertainties. The noises, including the 
measurement noise that is related to the sensors of 
the system under control and also process noise that 
is also related to the reaction thrusters, are taken into 
consideration, while the optimal estimator is designed 
to filter the aforementioned ones to avoid passing to 
the strategy. A number of the parameters of the system, 
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including the center of gravity through  cg1 → cg2 and 
the moments of inertial through  I1 →I2 are varied with 
respect to time. Moreover, the thrust vector and the 
engine misalignments are instantly varied to provide 
the aforementioned parameters uncertainties and the 
disturbances. The detailed information of a number of 
modules is considered in the proceeding sub-sections.

2.4. The Optimal Estimation Scheme 
The optimal estimation, designed in the proposed 
control strategy, is based upon the well-known Kal-
man filter scheme. In brief, it can be considered by 
addressing the general known form of the continuous 
system, given in Eq. (4), including the state and its 
measurement equations as [12]
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Figure 1 
The schematic diagram of the control strategy

where x(t) and u(t) are taken as Eqs. (5)-(6) and y(t) 
is also related to the output of the system, respective-
ly. 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 measure-
ment noise, respectively, satisfying Eq. (11)
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where  E(.) denotes the expected value by the follow-
ing equation
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Here, the estimated state, i.e. 

6 
 

 
(12) 

 

𝑷𝑷𝑷𝑷 = 𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒕𝒕𝒕𝒕→∞𝑬𝑬𝑬𝑬(�𝒙𝒙𝒙𝒙(𝒕𝒕𝒕𝒕) − 𝒙𝒙𝒙𝒙�(𝒕𝒕𝒕𝒕)(𝒙𝒙𝒙𝒙(𝒕𝒕𝒕𝒕) − 𝒙𝒙𝒙𝒙�(𝒕𝒕𝒕𝒕)𝑻𝑻𝑻𝑻�. 

Here, the estimated state, i.e. 𝒙𝒙𝒙𝒙�(𝒕𝒕𝒕𝒕) is expressed as  

𝒙𝒙𝒙𝒙�(𝒕𝒕𝒕𝒕) =

⎣
⎢
⎢
⎡
𝝎𝝎𝝎𝝎𝒆𝒆𝒆𝒆𝒙𝒙𝒙𝒙,𝒚𝒚𝒚𝒚,𝒛𝒛𝒛𝒛(𝒕𝒕𝒕𝒕)
𝜑𝜑𝜑𝜑𝑒𝑒𝑒𝑒(𝑡𝑡𝑡𝑡)
𝜃𝜃𝜃𝜃𝑒𝑒𝑒𝑒(𝑡𝑡𝑡𝑡)
𝜓𝜓𝜓𝜓𝑒𝑒𝑒𝑒(𝑡𝑡𝑡𝑡) ⎦

⎥
⎥
⎤
. 

 

(13) 

 is expressed as
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6 
 

 
(12) 

 

𝑷𝑷𝑷𝑷 = 𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒕𝒕𝒕𝒕→∞𝑬𝑬𝑬𝑬(�𝒙𝒙𝒙𝒙(𝒕𝒕𝒕𝒕) − 𝒙𝒙𝒙𝒙�(𝒕𝒕𝒕𝒕)(𝒙𝒙𝒙𝒙(𝒕𝒕𝒕𝒕) − 𝒙𝒙𝒙𝒙�(𝒕𝒕𝒕𝒕)𝑻𝑻𝑻𝑻�. 

Here, the estimated state, i.e. 𝒙𝒙𝒙𝒙�(𝒕𝒕𝒕𝒕) is expressed as  

𝒙𝒙𝒙𝒙�(𝒕𝒕𝒕𝒕) =

⎣
⎢
⎢
⎡
𝝎𝝎𝝎𝝎𝒆𝒆𝒆𝒆𝒙𝒙𝒙𝒙,𝒚𝒚𝒚𝒚,𝒛𝒛𝒛𝒛(𝒕𝒕𝒕𝒕)
𝜑𝜑𝜑𝜑𝑒𝑒𝑒𝑒(𝑡𝑡𝑡𝑡)
𝜃𝜃𝜃𝜃𝑒𝑒𝑒𝑒(𝑡𝑡𝑡𝑡)
𝜓𝜓𝜓𝜓𝑒𝑒𝑒𝑒(𝑡𝑡𝑡𝑡) ⎦

⎥
⎥
⎤
. 

 

(13) (13)

The outcomes are also used to minimize the steady-
state error covariance through

7 
 

 

(14) 𝒙𝒙𝒙𝒙�̇(𝒕𝒕𝒕𝒕) =𝑨𝑨𝑨𝑨𝒙𝒙𝒙𝒙�(𝒕𝒕𝒕𝒕) +𝑩𝑩𝑩𝑩𝒖𝒖𝒖𝒖(𝒕𝒕𝒕𝒕) +𝑳𝑳𝑳𝑳�𝒚𝒚𝒚𝒚(𝒕𝒕𝒕𝒕)−𝑪𝑪𝑪𝑪𝒙𝒙𝒙𝒙�(𝒕𝒕𝒕𝒕)−𝑫𝑫𝑫𝑫𝒖𝒖𝒖𝒖(𝒕𝒕𝒕𝒕)�. 

 

  
(15) �

𝒚𝒚𝒚𝒚�(𝒕𝒕𝒕𝒕)
𝒙𝒙𝒙𝒙�(𝒕𝒕𝒕𝒕)� = �𝑪𝑪𝑪𝑪𝑰𝑰𝑰𝑰� 𝒙𝒙𝒙𝒙�(𝒕𝒕𝒕𝒕) + �𝑫𝑫𝑫𝑫𝟎𝟎𝟎𝟎� 𝒖𝒖𝒖𝒖(𝒕𝒕𝒕𝒕), 

 

 

(16) 𝑳𝑳𝑳𝑳 = �𝑷𝑷𝑷𝑷𝑪𝑪𝑪𝑪𝑻𝑻𝑻𝑻 + 𝑵𝑵𝑵𝑵��𝑹𝑹𝑹𝑹�−𝟏𝟏𝟏𝟏, 
 

 
 

  
(17) �

𝑹𝑹𝑹𝑹� = 𝑹𝑹𝑹𝑹 + 𝑯𝑯𝑯𝑯𝑵𝑵𝑵𝑵+ 𝑵𝑵𝑵𝑵𝑻𝑻𝑻𝑻𝑯𝑯𝑯𝑯𝑻𝑻𝑻𝑻 + 𝑯𝑯𝑯𝑯𝑸𝑸𝑸𝑸𝑯𝑯𝑯𝑯𝑻𝑻𝑻𝑻

𝑵𝑵𝑵𝑵� = 𝑮𝑮𝑮𝑮�𝑸𝑸𝑸𝑸𝑯𝑯𝑯𝑯𝑻𝑻𝑻𝑻 + 𝑵𝑵𝑵𝑵�.
 

 

  
 

�
𝑀𝑀𝑀𝑀𝑥𝑥𝑥𝑥𝐿𝐿𝐿𝐿 = −𝑃𝑃𝑃𝑃𝑇𝑇𝑇𝑇(𝑇𝑇𝑇𝑇3𝐿𝐿𝐿𝐿 − 𝑇𝑇𝑇𝑇4𝐿𝐿𝐿𝐿)
𝑀𝑀𝑀𝑀𝑠𝑠𝑠𝑠𝐿𝐿𝐿𝐿 = −𝑃𝑃𝑃𝑃𝑇𝑇𝑇𝑇(𝑇𝑇𝑇𝑇1𝐿𝐿𝐿𝐿 − 𝑇𝑇𝑇𝑇2𝐿𝐿𝐿𝐿)
𝑀𝑀𝑀𝑀𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿 = 𝑄𝑄𝑄𝑄𝑇𝑇𝑇𝑇(𝑇𝑇𝑇𝑇3𝐿𝐿𝐿𝐿 − 𝑇𝑇𝑇𝑇4𝐿𝐿𝐿𝐿),

 
 

(18) 

 

 

�
𝑀𝑀𝑀𝑀𝑥𝑥𝑥𝑥𝐿𝐿𝐿𝐿 = −𝑃𝑃𝑃𝑃𝑇𝑇𝑇𝑇(𝑇𝑇𝑇𝑇5𝐿𝐿𝐿𝐿 + 𝑇𝑇𝑇𝑇6𝐿𝐿𝐿𝐿 − 𝑇𝑇𝑇𝑇7𝐿𝐿𝐿𝐿 − 𝑇𝑇𝑇𝑇8𝐿𝐿𝐿𝐿)

𝑀𝑀𝑀𝑀𝑠𝑠𝑠𝑠𝐿𝐿𝐿𝐿 = 𝑃𝑃𝑃𝑃𝑇𝑇𝑇𝑇(𝑇𝑇𝑇𝑇3𝐿𝐿𝐿𝐿 − 𝑇𝑇𝑇𝑇1𝐿𝐿𝐿𝐿) + 𝑄𝑄𝑄𝑄𝑇𝑇𝑇𝑇(𝑇𝑇𝑇𝑇6𝐿𝐿𝐿𝐿 − 𝑇𝑇𝑇𝑇8𝐿𝐿𝐿𝐿)
𝑀𝑀𝑀𝑀𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿 = 𝑃𝑃𝑃𝑃𝑇𝑇𝑇𝑇(𝑇𝑇𝑇𝑇2𝐿𝐿𝐿𝐿 − 𝑇𝑇𝑇𝑇4𝐿𝐿𝐿𝐿) + 𝑄𝑄𝑄𝑄𝑇𝑇𝑇𝑇(𝑇𝑇𝑇𝑇5𝐿𝐿𝐿𝐿 − 𝑇𝑇𝑇𝑇7𝐿𝐿𝐿𝐿),

 
 

(19) 

 

   
 

�
𝜏𝜏𝜏𝜏𝑥𝑥𝑥𝑥𝑒𝑒𝑒𝑒𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿
𝜏𝜏𝜏𝜏𝑠𝑠𝑠𝑠𝑒𝑒𝑒𝑒𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿
𝜏𝜏𝜏𝜏𝑧𝑧𝑧𝑧𝑒𝑒𝑒𝑒𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿

� = 𝑆𝑆𝑆𝑆 𝑓𝑓𝑓𝑓𝑜𝑜𝑜𝑜𝑛𝑛𝑛𝑛/𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 �𝑆𝑆𝑆𝑆+ �
𝜏𝜏𝜏𝜏𝑥𝑥𝑥𝑥𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿
𝜏𝜏𝜏𝜏𝑠𝑠𝑠𝑠𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿
𝜏𝜏𝜏𝜏𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿

��. 
     

(20)
 

(14)

The optimal estimated solutions for y(t) and x(t) can 
be unified by using Eq. (15)

7 
 

 

(14) 𝒙𝒙𝒙𝒙�̇(𝒕𝒕𝒕𝒕) = 𝑨𝑨𝑨𝑨𝒙𝒙𝒙𝒙�(𝒕𝒕𝒕𝒕) +𝑩𝑩𝑩𝑩𝒖𝒖𝒖𝒖(𝒕𝒕𝒕𝒕) + 𝑳𝑳𝑳𝑳�𝒚𝒚𝒚𝒚(𝒕𝒕𝒕𝒕)− 𝑪𝑪𝑪𝑪𝒙𝒙𝒙𝒙�(𝒕𝒕𝒕𝒕) −𝑫𝑫𝑫𝑫𝒖𝒖𝒖𝒖(𝒕𝒕𝒕𝒕)�. 

 

  
(15) �

𝒚𝒚𝒚𝒚�(𝒕𝒕𝒕𝒕)
𝒙𝒙𝒙𝒙�(𝒕𝒕𝒕𝒕)� = �𝑪𝑪𝑪𝑪𝑰𝑰𝑰𝑰� 𝒙𝒙𝒙𝒙�(𝒕𝒕𝒕𝒕) + �𝑫𝑫𝑫𝑫𝟎𝟎𝟎𝟎� 𝒖𝒖𝒖𝒖(𝒕𝒕𝒕𝒕), 

 

 

(16) 𝑳𝑳𝑳𝑳 = �𝑷𝑷𝑷𝑷𝑪𝑪𝑪𝑪𝑻𝑻𝑻𝑻 + 𝑵𝑵𝑵𝑵��𝑹𝑹𝑹𝑹�−𝟏𝟏𝟏𝟏, 
 

 
 

  
(17) �

𝑹𝑹𝑹𝑹� = 𝑹𝑹𝑹𝑹 + 𝑯𝑯𝑯𝑯𝑵𝑵𝑵𝑵+ 𝑵𝑵𝑵𝑵𝑻𝑻𝑻𝑻𝑯𝑯𝑯𝑯𝑻𝑻𝑻𝑻 + 𝑯𝑯𝑯𝑯𝑸𝑸𝑸𝑸𝑯𝑯𝑯𝑯𝑻𝑻𝑻𝑻

𝑵𝑵𝑵𝑵� = 𝑮𝑮𝑮𝑮�𝑸𝑸𝑸𝑸𝑯𝑯𝑯𝑯𝑻𝑻𝑻𝑻 + 𝑵𝑵𝑵𝑵�.
 

 

  
 

�
𝑀𝑀𝑀𝑀𝑥𝑥𝑥𝑥𝐿𝐿𝐿𝐿 = −𝑃𝑃𝑃𝑃𝑇𝑇𝑇𝑇(𝑇𝑇𝑇𝑇3𝐿𝐿𝐿𝐿 − 𝑇𝑇𝑇𝑇4𝐿𝐿𝐿𝐿)
𝑀𝑀𝑀𝑀𝑠𝑠𝑠𝑠𝐿𝐿𝐿𝐿 = −𝑃𝑃𝑃𝑃𝑇𝑇𝑇𝑇(𝑇𝑇𝑇𝑇1𝐿𝐿𝐿𝐿 − 𝑇𝑇𝑇𝑇2𝐿𝐿𝐿𝐿)
𝑀𝑀𝑀𝑀𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿 = 𝑄𝑄𝑄𝑄𝑇𝑇𝑇𝑇(𝑇𝑇𝑇𝑇3𝐿𝐿𝐿𝐿 − 𝑇𝑇𝑇𝑇4𝐿𝐿𝐿𝐿),

 
 

(18) 

 

 

�
𝑀𝑀𝑀𝑀𝑥𝑥𝑥𝑥𝐿𝐿𝐿𝐿 = −𝑃𝑃𝑃𝑃𝑇𝑇𝑇𝑇(𝑇𝑇𝑇𝑇5𝐿𝐿𝐿𝐿 + 𝑇𝑇𝑇𝑇6𝐿𝐿𝐿𝐿 − 𝑇𝑇𝑇𝑇7𝐿𝐿𝐿𝐿 − 𝑇𝑇𝑇𝑇8𝐿𝐿𝐿𝐿)

𝑀𝑀𝑀𝑀𝑠𝑠𝑠𝑠𝐿𝐿𝐿𝐿 = 𝑃𝑃𝑃𝑃𝑇𝑇𝑇𝑇(𝑇𝑇𝑇𝑇3𝐿𝐿𝐿𝐿 − 𝑇𝑇𝑇𝑇1𝐿𝐿𝐿𝐿) + 𝑄𝑄𝑄𝑄𝑇𝑇𝑇𝑇(𝑇𝑇𝑇𝑇6𝐿𝐿𝐿𝐿 − 𝑇𝑇𝑇𝑇8𝐿𝐿𝐿𝐿)
𝑀𝑀𝑀𝑀𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿 = 𝑃𝑃𝑃𝑃𝑇𝑇𝑇𝑇(𝑇𝑇𝑇𝑇2𝐿𝐿𝐿𝐿 − 𝑇𝑇𝑇𝑇4𝐿𝐿𝐿𝐿) + 𝑄𝑄𝑄𝑄𝑇𝑇𝑇𝑇(𝑇𝑇𝑇𝑇5𝐿𝐿𝐿𝐿 − 𝑇𝑇𝑇𝑇7𝐿𝐿𝐿𝐿),

 
 

(19) 

 

   
 

�
𝜏𝜏𝜏𝜏𝑥𝑥𝑥𝑥𝑒𝑒𝑒𝑒𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿
𝜏𝜏𝜏𝜏𝑠𝑠𝑠𝑠𝑒𝑒𝑒𝑒𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿
𝜏𝜏𝜏𝜏𝑧𝑧𝑧𝑧𝑒𝑒𝑒𝑒𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿

� = 𝑆𝑆𝑆𝑆 𝑓𝑓𝑓𝑓𝑜𝑜𝑜𝑜𝑛𝑛𝑛𝑛/𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 �𝑆𝑆𝑆𝑆+ �
𝜏𝜏𝜏𝜏𝑥𝑥𝑥𝑥𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿
𝜏𝜏𝜏𝜏𝑠𝑠𝑠𝑠𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿
𝜏𝜏𝜏𝜏𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿

��. 
     

(20)
 

(15)

where I denotes the identity matrix. The filter gain L 
is calculated by solving the algebraic Riccati equation 
by the following form

7 
 

 

(14) 𝒙𝒙𝒙𝒙�̇(𝒕𝒕𝒕𝒕) = 𝑨𝑨𝑨𝑨𝒙𝒙𝒙𝒙�(𝒕𝒕𝒕𝒕) +𝑩𝑩𝑩𝑩𝒖𝒖𝒖𝒖(𝒕𝒕𝒕𝒕) + 𝑳𝑳𝑳𝑳�𝒚𝒚𝒚𝒚(𝒕𝒕𝒕𝒕)− 𝑪𝑪𝑪𝑪𝒙𝒙𝒙𝒙�(𝒕𝒕𝒕𝒕) −𝑫𝑫𝑫𝑫𝒖𝒖𝒖𝒖(𝒕𝒕𝒕𝒕)�. 

 

  
(15) �

𝒚𝒚𝒚𝒚�(𝒕𝒕𝒕𝒕)
𝒙𝒙𝒙𝒙�(𝒕𝒕𝒕𝒕)� = �𝑪𝑪𝑪𝑪𝑰𝑰𝑰𝑰� 𝒙𝒙𝒙𝒙�(𝒕𝒕𝒕𝒕) + �𝑫𝑫𝑫𝑫𝟎𝟎𝟎𝟎� 𝒖𝒖𝒖𝒖(𝒕𝒕𝒕𝒕), 

 

 

(16) 𝑳𝑳𝑳𝑳 = �𝑷𝑷𝑷𝑷𝑪𝑪𝑪𝑪𝑻𝑻𝑻𝑻 + 𝑵𝑵𝑵𝑵��𝑹𝑹𝑹𝑹�−𝟏𝟏𝟏𝟏, 
 

 
 

  
(17) �

𝑹𝑹𝑹𝑹� = 𝑹𝑹𝑹𝑹 + 𝑯𝑯𝑯𝑯𝑵𝑵𝑵𝑵+ 𝑵𝑵𝑵𝑵𝑻𝑻𝑻𝑻𝑯𝑯𝑯𝑯𝑻𝑻𝑻𝑻 + 𝑯𝑯𝑯𝑯𝑸𝑸𝑸𝑸𝑯𝑯𝑯𝑯𝑻𝑻𝑻𝑻

𝑵𝑵𝑵𝑵� = 𝑮𝑮𝑮𝑮�𝑸𝑸𝑸𝑸𝑯𝑯𝑯𝑯𝑻𝑻𝑻𝑻 + 𝑵𝑵𝑵𝑵�.
 

 

  
 

�
𝑀𝑀𝑀𝑀𝑥𝑥𝑥𝑥𝐿𝐿𝐿𝐿 = −𝑃𝑃𝑃𝑃𝑇𝑇𝑇𝑇(𝑇𝑇𝑇𝑇3𝐿𝐿𝐿𝐿 − 𝑇𝑇𝑇𝑇4𝐿𝐿𝐿𝐿)
𝑀𝑀𝑀𝑀𝑠𝑠𝑠𝑠𝐿𝐿𝐿𝐿 = −𝑃𝑃𝑃𝑃𝑇𝑇𝑇𝑇(𝑇𝑇𝑇𝑇1𝐿𝐿𝐿𝐿 − 𝑇𝑇𝑇𝑇2𝐿𝐿𝐿𝐿)
𝑀𝑀𝑀𝑀𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿 = 𝑄𝑄𝑄𝑄𝑇𝑇𝑇𝑇(𝑇𝑇𝑇𝑇3𝐿𝐿𝐿𝐿 − 𝑇𝑇𝑇𝑇4𝐿𝐿𝐿𝐿),

 
 

(18) 

 

 

�
𝑀𝑀𝑀𝑀𝑥𝑥𝑥𝑥𝐿𝐿𝐿𝐿 = −𝑃𝑃𝑃𝑃𝑇𝑇𝑇𝑇(𝑇𝑇𝑇𝑇5𝐿𝐿𝐿𝐿 + 𝑇𝑇𝑇𝑇6𝐿𝐿𝐿𝐿 − 𝑇𝑇𝑇𝑇7𝐿𝐿𝐿𝐿 − 𝑇𝑇𝑇𝑇8𝐿𝐿𝐿𝐿)

𝑀𝑀𝑀𝑀𝑠𝑠𝑠𝑠𝐿𝐿𝐿𝐿 = 𝑃𝑃𝑃𝑃𝑇𝑇𝑇𝑇(𝑇𝑇𝑇𝑇3𝐿𝐿𝐿𝐿 − 𝑇𝑇𝑇𝑇1𝐿𝐿𝐿𝐿) + 𝑄𝑄𝑄𝑄𝑇𝑇𝑇𝑇(𝑇𝑇𝑇𝑇6𝐿𝐿𝐿𝐿 − 𝑇𝑇𝑇𝑇8𝐿𝐿𝐿𝐿)
𝑀𝑀𝑀𝑀𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿 = 𝑃𝑃𝑃𝑃𝑇𝑇𝑇𝑇(𝑇𝑇𝑇𝑇2𝐿𝐿𝐿𝐿 − 𝑇𝑇𝑇𝑇4𝐿𝐿𝐿𝐿) + 𝑄𝑄𝑄𝑄𝑇𝑇𝑇𝑇(𝑇𝑇𝑇𝑇5𝐿𝐿𝐿𝐿 − 𝑇𝑇𝑇𝑇7𝐿𝐿𝐿𝐿),

 
 

(19) 

 

   
 

�
𝜏𝜏𝜏𝜏𝑥𝑥𝑥𝑥𝑒𝑒𝑒𝑒𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿
𝜏𝜏𝜏𝜏𝑠𝑠𝑠𝑠𝑒𝑒𝑒𝑒𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿
𝜏𝜏𝜏𝜏𝑧𝑧𝑧𝑧𝑒𝑒𝑒𝑒𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿

� = 𝑆𝑆𝑆𝑆 𝑓𝑓𝑓𝑓𝑜𝑜𝑜𝑜𝑛𝑛𝑛𝑛/𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 �𝑆𝑆𝑆𝑆+ �
𝜏𝜏𝜏𝜏𝑥𝑥𝑥𝑥𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿
𝜏𝜏𝜏𝜏𝑠𝑠𝑠𝑠𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿
𝜏𝜏𝜏𝜏𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿

��. 
     

(20)
 

(16)

where the following equation are taken and P  solves 
the corresponding algebraic Riccati equation:
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(14) 𝒙𝒙𝒙𝒙�̇(𝒕𝒕𝒕𝒕) = 𝑨𝑨𝑨𝑨𝒙𝒙𝒙𝒙�(𝒕𝒕𝒕𝒕) +𝑩𝑩𝑩𝑩𝒖𝒖𝒖𝒖(𝒕𝒕𝒕𝒕) + 𝑳𝑳𝑳𝑳�𝒚𝒚𝒚𝒚(𝒕𝒕𝒕𝒕)− 𝑪𝑪𝑪𝑪𝒙𝒙𝒙𝒙�(𝒕𝒕𝒕𝒕) −𝑫𝑫𝑫𝑫𝒖𝒖𝒖𝒖(𝒕𝒕𝒕𝒕)�. 

 

  
(15) �

𝒚𝒚𝒚𝒚�(𝒕𝒕𝒕𝒕)
𝒙𝒙𝒙𝒙�(𝒕𝒕𝒕𝒕)� = �𝑪𝑪𝑪𝑪𝑰𝑰𝑰𝑰� 𝒙𝒙𝒙𝒙�(𝒕𝒕𝒕𝒕) + �𝑫𝑫𝑫𝑫𝟎𝟎𝟎𝟎� 𝒖𝒖𝒖𝒖(𝒕𝒕𝒕𝒕), 

 

 

(16) 𝑳𝑳𝑳𝑳 = �𝑷𝑷𝑷𝑷𝑪𝑪𝑪𝑪𝑻𝑻𝑻𝑻 + 𝑵𝑵𝑵𝑵��𝑹𝑹𝑹𝑹�−𝟏𝟏𝟏𝟏, 
 

 
 

  
(17) �

𝑹𝑹𝑹𝑹� = 𝑹𝑹𝑹𝑹 + 𝑯𝑯𝑯𝑯𝑵𝑵𝑵𝑵+ 𝑵𝑵𝑵𝑵𝑻𝑻𝑻𝑻𝑯𝑯𝑯𝑯𝑻𝑻𝑻𝑻 + 𝑯𝑯𝑯𝑯𝑸𝑸𝑸𝑸𝑯𝑯𝑯𝑯𝑻𝑻𝑻𝑻

𝑵𝑵𝑵𝑵� = 𝑮𝑮𝑮𝑮�𝑸𝑸𝑸𝑸𝑯𝑯𝑯𝑯𝑻𝑻𝑻𝑻 + 𝑵𝑵𝑵𝑵�.
 

 

  
 

�
𝑀𝑀𝑀𝑀𝑥𝑥𝑥𝑥𝐿𝐿𝐿𝐿 = −𝑃𝑃𝑃𝑃𝑇𝑇𝑇𝑇(𝑇𝑇𝑇𝑇3𝐿𝐿𝐿𝐿 − 𝑇𝑇𝑇𝑇4𝐿𝐿𝐿𝐿)
𝑀𝑀𝑀𝑀𝑠𝑠𝑠𝑠𝐿𝐿𝐿𝐿 = −𝑃𝑃𝑃𝑃𝑇𝑇𝑇𝑇(𝑇𝑇𝑇𝑇1𝐿𝐿𝐿𝐿 − 𝑇𝑇𝑇𝑇2𝐿𝐿𝐿𝐿)
𝑀𝑀𝑀𝑀𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿 = 𝑄𝑄𝑄𝑄𝑇𝑇𝑇𝑇(𝑇𝑇𝑇𝑇3𝐿𝐿𝐿𝐿 − 𝑇𝑇𝑇𝑇4𝐿𝐿𝐿𝐿),

 
 

(18) 

 

 

�
𝑀𝑀𝑀𝑀𝑥𝑥𝑥𝑥𝐿𝐿𝐿𝐿 = −𝑃𝑃𝑃𝑃𝑇𝑇𝑇𝑇(𝑇𝑇𝑇𝑇5𝐿𝐿𝐿𝐿 + 𝑇𝑇𝑇𝑇6𝐿𝐿𝐿𝐿 − 𝑇𝑇𝑇𝑇7𝐿𝐿𝐿𝐿 − 𝑇𝑇𝑇𝑇8𝐿𝐿𝐿𝐿)

𝑀𝑀𝑀𝑀𝑠𝑠𝑠𝑠𝐿𝐿𝐿𝐿 = 𝑃𝑃𝑃𝑃𝑇𝑇𝑇𝑇(𝑇𝑇𝑇𝑇3𝐿𝐿𝐿𝐿 − 𝑇𝑇𝑇𝑇1𝐿𝐿𝐿𝐿) + 𝑄𝑄𝑄𝑄𝑇𝑇𝑇𝑇(𝑇𝑇𝑇𝑇6𝐿𝐿𝐿𝐿 − 𝑇𝑇𝑇𝑇8𝐿𝐿𝐿𝐿)
𝑀𝑀𝑀𝑀𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿 = 𝑃𝑃𝑃𝑃𝑇𝑇𝑇𝑇(𝑇𝑇𝑇𝑇2𝐿𝐿𝐿𝐿 − 𝑇𝑇𝑇𝑇4𝐿𝐿𝐿𝐿) + 𝑄𝑄𝑄𝑄𝑇𝑇𝑇𝑇(𝑇𝑇𝑇𝑇5𝐿𝐿𝐿𝐿 − 𝑇𝑇𝑇𝑇7𝐿𝐿𝐿𝐿),

 
 

(19) 

 

   
 

�
𝜏𝜏𝜏𝜏𝑥𝑥𝑥𝑥𝑒𝑒𝑒𝑒𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿
𝜏𝜏𝜏𝜏𝑠𝑠𝑠𝑠𝑒𝑒𝑒𝑒𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿
𝜏𝜏𝜏𝜏𝑧𝑧𝑧𝑧𝑒𝑒𝑒𝑒𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿

� = 𝑆𝑆𝑆𝑆 𝑓𝑓𝑓𝑓𝑜𝑜𝑜𝑜𝑛𝑛𝑛𝑛/𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 �𝑆𝑆𝑆𝑆+ �
𝜏𝜏𝜏𝜏𝑥𝑥𝑥𝑥𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿
𝜏𝜏𝜏𝜏𝑠𝑠𝑠𝑠𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿
𝜏𝜏𝜏𝜏𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿

��. 
     

(20)
 

(17)

2.5. The PWPF-CA Realization
The PWPF with the known parameters, including 
Kpw, Tpw and hpw = Uon – Uoff  as the gain, the time con-
stant and the hysteresis, respectively, are designed 
to deal with the on-off reaction thrusters. The CA is 
also designed to deal with the overactuated system 
under control. Now, the low-high three-axis control 
torques in line with a set of  
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𝑁𝑁𝑁𝑁𝐿𝐿𝐿𝐿 = 1
2
𝑁𝑁𝑁𝑁𝐿𝐿𝐿𝐿 = 4  low and 

high thrusters could clearly be resulted as [19]
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(14) 𝒙𝒙𝒙𝒙�̇(𝒕𝒕𝒕𝒕) = 𝑨𝑨𝑨𝑨𝒙𝒙𝒙𝒙�(𝒕𝒕𝒕𝒕) +𝑩𝑩𝑩𝑩𝒖𝒖𝒖𝒖(𝒕𝒕𝒕𝒕) + 𝑳𝑳𝑳𝑳�𝒚𝒚𝒚𝒚(𝒕𝒕𝒕𝒕)− 𝑪𝑪𝑪𝑪𝒙𝒙𝒙𝒙�(𝒕𝒕𝒕𝒕) −𝑫𝑫𝑫𝑫𝒖𝒖𝒖𝒖(𝒕𝒕𝒕𝒕)�. 

 

  
(15) �

𝒚𝒚𝒚𝒚�(𝒕𝒕𝒕𝒕)
𝒙𝒙𝒙𝒙�(𝒕𝒕𝒕𝒕)� = �𝑪𝑪𝑪𝑪𝑰𝑰𝑰𝑰� 𝒙𝒙𝒙𝒙�(𝒕𝒕𝒕𝒕) + �𝑫𝑫𝑫𝑫𝟎𝟎𝟎𝟎� 𝒖𝒖𝒖𝒖(𝒕𝒕𝒕𝒕), 

 

 

(16) 𝑳𝑳𝑳𝑳 = �𝑷𝑷𝑷𝑷𝑪𝑪𝑪𝑪𝑻𝑻𝑻𝑻 + 𝑵𝑵𝑵𝑵��𝑹𝑹𝑹𝑹�−𝟏𝟏𝟏𝟏, 
 

 
 

  
(17) �

𝑹𝑹𝑹𝑹� = 𝑹𝑹𝑹𝑹 + 𝑯𝑯𝑯𝑯𝑵𝑵𝑵𝑵+ 𝑵𝑵𝑵𝑵𝑻𝑻𝑻𝑻𝑯𝑯𝑯𝑯𝑻𝑻𝑻𝑻 + 𝑯𝑯𝑯𝑯𝑸𝑸𝑸𝑸𝑯𝑯𝑯𝑯𝑻𝑻𝑻𝑻

𝑵𝑵𝑵𝑵� = 𝑮𝑮𝑮𝑮�𝑸𝑸𝑸𝑸𝑯𝑯𝑯𝑯𝑻𝑻𝑻𝑻 + 𝑵𝑵𝑵𝑵�.
 

 

  
 

�
𝑀𝑀𝑀𝑀𝑥𝑥𝑥𝑥𝐿𝐿𝐿𝐿 = −𝑃𝑃𝑃𝑃𝑇𝑇𝑇𝑇(𝑇𝑇𝑇𝑇3𝐿𝐿𝐿𝐿 − 𝑇𝑇𝑇𝑇4𝐿𝐿𝐿𝐿)
𝑀𝑀𝑀𝑀𝑠𝑠𝑠𝑠𝐿𝐿𝐿𝐿 = −𝑃𝑃𝑃𝑃𝑇𝑇𝑇𝑇(𝑇𝑇𝑇𝑇1𝐿𝐿𝐿𝐿 − 𝑇𝑇𝑇𝑇2𝐿𝐿𝐿𝐿)
𝑀𝑀𝑀𝑀𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿 = 𝑄𝑄𝑄𝑄𝑇𝑇𝑇𝑇(𝑇𝑇𝑇𝑇3𝐿𝐿𝐿𝐿 − 𝑇𝑇𝑇𝑇4𝐿𝐿𝐿𝐿),

 
 

(18) 

 

 

�
𝑀𝑀𝑀𝑀𝑥𝑥𝑥𝑥𝐿𝐿𝐿𝐿 = −𝑃𝑃𝑃𝑃𝑇𝑇𝑇𝑇(𝑇𝑇𝑇𝑇5𝐿𝐿𝐿𝐿 + 𝑇𝑇𝑇𝑇6𝐿𝐿𝐿𝐿 − 𝑇𝑇𝑇𝑇7𝐿𝐿𝐿𝐿 − 𝑇𝑇𝑇𝑇8𝐿𝐿𝐿𝐿)

𝑀𝑀𝑀𝑀𝑠𝑠𝑠𝑠𝐿𝐿𝐿𝐿 = 𝑃𝑃𝑃𝑃𝑇𝑇𝑇𝑇(𝑇𝑇𝑇𝑇3𝐿𝐿𝐿𝐿 − 𝑇𝑇𝑇𝑇1𝐿𝐿𝐿𝐿) + 𝑄𝑄𝑄𝑄𝑇𝑇𝑇𝑇(𝑇𝑇𝑇𝑇6𝐿𝐿𝐿𝐿 − 𝑇𝑇𝑇𝑇8𝐿𝐿𝐿𝐿)
𝑀𝑀𝑀𝑀𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿 = 𝑃𝑃𝑃𝑃𝑇𝑇𝑇𝑇(𝑇𝑇𝑇𝑇2𝐿𝐿𝐿𝐿 − 𝑇𝑇𝑇𝑇4𝐿𝐿𝐿𝐿) + 𝑄𝑄𝑄𝑄𝑇𝑇𝑇𝑇(𝑇𝑇𝑇𝑇5𝐿𝐿𝐿𝐿 − 𝑇𝑇𝑇𝑇7𝐿𝐿𝐿𝐿),

 
 

(19) 

 

   
 

�
𝜏𝜏𝜏𝜏𝑥𝑥𝑥𝑥𝑒𝑒𝑒𝑒𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿
𝜏𝜏𝜏𝜏𝑠𝑠𝑠𝑠𝑒𝑒𝑒𝑒𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿
𝜏𝜏𝜏𝜏𝑧𝑧𝑧𝑧𝑒𝑒𝑒𝑒𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿

� = 𝑆𝑆𝑆𝑆 𝑓𝑓𝑓𝑓𝑜𝑜𝑜𝑜𝑛𝑛𝑛𝑛/𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 �𝑆𝑆𝑆𝑆+ �
𝜏𝜏𝜏𝜏𝑥𝑥𝑥𝑥𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿
𝜏𝜏𝜏𝜏𝑠𝑠𝑠𝑠𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿
𝜏𝜏𝜏𝜏𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿

��. 
     

(20)
 

(18)
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(14) 𝒙𝒙𝒙𝒙�̇(𝒕𝒕𝒕𝒕) = 𝑨𝑨𝑨𝑨𝒙𝒙𝒙𝒙�(𝒕𝒕𝒕𝒕) +𝑩𝑩𝑩𝑩𝒖𝒖𝒖𝒖(𝒕𝒕𝒕𝒕) + 𝑳𝑳𝑳𝑳�𝒚𝒚𝒚𝒚(𝒕𝒕𝒕𝒕)− 𝑪𝑪𝑪𝑪𝒙𝒙𝒙𝒙�(𝒕𝒕𝒕𝒕) −𝑫𝑫𝑫𝑫𝒖𝒖𝒖𝒖(𝒕𝒕𝒕𝒕)�. 

 

  
(15) �

𝒚𝒚𝒚𝒚�(𝒕𝒕𝒕𝒕)
𝒙𝒙𝒙𝒙�(𝒕𝒕𝒕𝒕)� = �𝑪𝑪𝑪𝑪𝑰𝑰𝑰𝑰� 𝒙𝒙𝒙𝒙�(𝒕𝒕𝒕𝒕) + �𝑫𝑫𝑫𝑫𝟎𝟎𝟎𝟎� 𝒖𝒖𝒖𝒖(𝒕𝒕𝒕𝒕), 

 

 

(16) 𝑳𝑳𝑳𝑳 = �𝑷𝑷𝑷𝑷𝑪𝑪𝑪𝑪𝑻𝑻𝑻𝑻 + 𝑵𝑵𝑵𝑵��𝑹𝑹𝑹𝑹�−𝟏𝟏𝟏𝟏, 
 

 
 

  
(17) �

𝑹𝑹𝑹𝑹� = 𝑹𝑹𝑹𝑹 + 𝑯𝑯𝑯𝑯𝑵𝑵𝑵𝑵+ 𝑵𝑵𝑵𝑵𝑻𝑻𝑻𝑻𝑯𝑯𝑯𝑯𝑻𝑻𝑻𝑻 + 𝑯𝑯𝑯𝑯𝑸𝑸𝑸𝑸𝑯𝑯𝑯𝑯𝑻𝑻𝑻𝑻

𝑵𝑵𝑵𝑵� = 𝑮𝑮𝑮𝑮�𝑸𝑸𝑸𝑸𝑯𝑯𝑯𝑯𝑻𝑻𝑻𝑻 + 𝑵𝑵𝑵𝑵�.
 

 

  
 

�
𝑀𝑀𝑀𝑀𝑥𝑥𝑥𝑥𝐿𝐿𝐿𝐿 = −𝑃𝑃𝑃𝑃𝑇𝑇𝑇𝑇(𝑇𝑇𝑇𝑇3𝐿𝐿𝐿𝐿 − 𝑇𝑇𝑇𝑇4𝐿𝐿𝐿𝐿)
𝑀𝑀𝑀𝑀𝑠𝑠𝑠𝑠𝐿𝐿𝐿𝐿 = −𝑃𝑃𝑃𝑃𝑇𝑇𝑇𝑇(𝑇𝑇𝑇𝑇1𝐿𝐿𝐿𝐿 − 𝑇𝑇𝑇𝑇2𝐿𝐿𝐿𝐿)
𝑀𝑀𝑀𝑀𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿 = 𝑄𝑄𝑄𝑄𝑇𝑇𝑇𝑇(𝑇𝑇𝑇𝑇3𝐿𝐿𝐿𝐿 − 𝑇𝑇𝑇𝑇4𝐿𝐿𝐿𝐿),

 
 

(18) 

 

 

�
𝑀𝑀𝑀𝑀𝑥𝑥𝑥𝑥𝐿𝐿𝐿𝐿 = −𝑃𝑃𝑃𝑃𝑇𝑇𝑇𝑇(𝑇𝑇𝑇𝑇5𝐿𝐿𝐿𝐿 + 𝑇𝑇𝑇𝑇6𝐿𝐿𝐿𝐿 − 𝑇𝑇𝑇𝑇7𝐿𝐿𝐿𝐿 − 𝑇𝑇𝑇𝑇8𝐿𝐿𝐿𝐿)

𝑀𝑀𝑀𝑀𝑠𝑠𝑠𝑠𝐿𝐿𝐿𝐿 = 𝑃𝑃𝑃𝑃𝑇𝑇𝑇𝑇(𝑇𝑇𝑇𝑇3𝐿𝐿𝐿𝐿 − 𝑇𝑇𝑇𝑇1𝐿𝐿𝐿𝐿) + 𝑄𝑄𝑄𝑄𝑇𝑇𝑇𝑇(𝑇𝑇𝑇𝑇6𝐿𝐿𝐿𝐿 − 𝑇𝑇𝑇𝑇8𝐿𝐿𝐿𝐿)
𝑀𝑀𝑀𝑀𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿 = 𝑃𝑃𝑃𝑃𝑇𝑇𝑇𝑇(𝑇𝑇𝑇𝑇2𝐿𝐿𝐿𝐿 − 𝑇𝑇𝑇𝑇4𝐿𝐿𝐿𝐿) + 𝑄𝑄𝑄𝑄𝑇𝑇𝑇𝑇(𝑇𝑇𝑇𝑇5𝐿𝐿𝐿𝐿 − 𝑇𝑇𝑇𝑇7𝐿𝐿𝐿𝐿),

 
 

(19) 

 

   
 

�
𝜏𝜏𝜏𝜏𝑥𝑥𝑥𝑥𝑒𝑒𝑒𝑒𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿
𝜏𝜏𝜏𝜏𝑠𝑠𝑠𝑠𝑒𝑒𝑒𝑒𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿
𝜏𝜏𝜏𝜏𝑧𝑧𝑧𝑧𝑒𝑒𝑒𝑒𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿

� = 𝑆𝑆𝑆𝑆 𝑓𝑓𝑓𝑓𝑜𝑜𝑜𝑜𝑛𝑛𝑛𝑛/𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 �𝑆𝑆𝑆𝑆+ �
𝜏𝜏𝜏𝜏𝑥𝑥𝑥𝑥𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿
𝜏𝜏𝜏𝜏𝑠𝑠𝑠𝑠𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿
𝜏𝜏𝜏𝜏𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿

��. 
     

(20)
 

(19)

where TiL, i =  1, 2, ..., NL, denotes the ith low level 
thrusters and TiH, i =  1, 2, ..., NH, denotes the ith high 

level thrusters. Furthermore, PT and QT are taken as 
the physical parameters of the thruster’s positions. 
Due to the fact that TiL and TiH, presented in Eqs. (18)-
(19), are in need of binary information, a relay, i.e.  fon/off 
has to be realized to cope with τxLH, τyLH and τzLH in the 
form of its effective ones, i.e. τxeLH, τyeLH and τzeLH by the 
following form
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(14) 𝒙𝒙𝒙𝒙�̇(𝒕𝒕𝒕𝒕) = 𝑨𝑨𝑨𝑨𝒙𝒙𝒙𝒙�(𝒕𝒕𝒕𝒕) +𝑩𝑩𝑩𝑩𝒖𝒖𝒖𝒖(𝒕𝒕𝒕𝒕) + 𝑳𝑳𝑳𝑳�𝒚𝒚𝒚𝒚(𝒕𝒕𝒕𝒕)− 𝑪𝑪𝑪𝑪𝒙𝒙𝒙𝒙�(𝒕𝒕𝒕𝒕) −𝑫𝑫𝑫𝑫𝒖𝒖𝒖𝒖(𝒕𝒕𝒕𝒕)�. 

 

  
(15) �

𝒚𝒚𝒚𝒚�(𝒕𝒕𝒕𝒕)
𝒙𝒙𝒙𝒙�(𝒕𝒕𝒕𝒕)� = �𝑪𝑪𝑪𝑪𝑰𝑰𝑰𝑰� 𝒙𝒙𝒙𝒙�(𝒕𝒕𝒕𝒕) + �𝑫𝑫𝑫𝑫𝟎𝟎𝟎𝟎�𝒖𝒖𝒖𝒖(𝒕𝒕𝒕𝒕), 

 

 

(16) 𝑳𝑳𝑳𝑳 = �𝑷𝑷𝑷𝑷𝑪𝑪𝑪𝑪𝑻𝑻𝑻𝑻 + 𝑵𝑵𝑵𝑵��𝑹𝑹𝑹𝑹�−𝟏𝟏𝟏𝟏, 
 

 
 

  
(17) �

𝑹𝑹𝑹𝑹� = 𝑹𝑹𝑹𝑹 + 𝑯𝑯𝑯𝑯𝑵𝑵𝑵𝑵+ 𝑵𝑵𝑵𝑵𝑻𝑻𝑻𝑻𝑯𝑯𝑯𝑯𝑻𝑻𝑻𝑻 + 𝑯𝑯𝑯𝑯𝑸𝑸𝑸𝑸𝑯𝑯𝑯𝑯𝑻𝑻𝑻𝑻

𝑵𝑵𝑵𝑵� = 𝑮𝑮𝑮𝑮�𝑸𝑸𝑸𝑸𝑯𝑯𝑯𝑯𝑻𝑻𝑻𝑻 + 𝑵𝑵𝑵𝑵�.
 

 

  
 

�
𝑀𝑀𝑀𝑀𝑥𝑥𝑥𝑥𝐿𝐿𝐿𝐿 = −𝑃𝑃𝑃𝑃𝑇𝑇𝑇𝑇(𝑇𝑇𝑇𝑇3𝐿𝐿𝐿𝐿 − 𝑇𝑇𝑇𝑇4𝐿𝐿𝐿𝐿)
𝑀𝑀𝑀𝑀𝑠𝑠𝑠𝑠𝐿𝐿𝐿𝐿 = −𝑃𝑃𝑃𝑃𝑇𝑇𝑇𝑇(𝑇𝑇𝑇𝑇1𝐿𝐿𝐿𝐿 − 𝑇𝑇𝑇𝑇2𝐿𝐿𝐿𝐿)
𝑀𝑀𝑀𝑀𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿 = 𝑄𝑄𝑄𝑄𝑇𝑇𝑇𝑇(𝑇𝑇𝑇𝑇3𝐿𝐿𝐿𝐿 − 𝑇𝑇𝑇𝑇4𝐿𝐿𝐿𝐿),

 
 

(18) 

 

 

�
𝑀𝑀𝑀𝑀𝑥𝑥𝑥𝑥𝐿𝐿𝐿𝐿 = −𝑃𝑃𝑃𝑃𝑇𝑇𝑇𝑇(𝑇𝑇𝑇𝑇5𝐿𝐿𝐿𝐿 + 𝑇𝑇𝑇𝑇6𝐿𝐿𝐿𝐿 − 𝑇𝑇𝑇𝑇7𝐿𝐿𝐿𝐿 − 𝑇𝑇𝑇𝑇8𝐿𝐿𝐿𝐿)

𝑀𝑀𝑀𝑀𝑠𝑠𝑠𝑠𝐿𝐿𝐿𝐿 = 𝑃𝑃𝑃𝑃𝑇𝑇𝑇𝑇(𝑇𝑇𝑇𝑇3𝐿𝐿𝐿𝐿 − 𝑇𝑇𝑇𝑇1𝐿𝐿𝐿𝐿) + 𝑄𝑄𝑄𝑄𝑇𝑇𝑇𝑇(𝑇𝑇𝑇𝑇6𝐿𝐿𝐿𝐿 − 𝑇𝑇𝑇𝑇8𝐿𝐿𝐿𝐿)
𝑀𝑀𝑀𝑀𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿 = 𝑃𝑃𝑃𝑃𝑇𝑇𝑇𝑇(𝑇𝑇𝑇𝑇2𝐿𝐿𝐿𝐿 − 𝑇𝑇𝑇𝑇4𝐿𝐿𝐿𝐿) + 𝑄𝑄𝑄𝑄𝑇𝑇𝑇𝑇(𝑇𝑇𝑇𝑇5𝐿𝐿𝐿𝐿 − 𝑇𝑇𝑇𝑇7𝐿𝐿𝐿𝐿),

 
 

(19) 

 

   
 

�
𝜏𝜏𝜏𝜏𝑥𝑥𝑥𝑥𝑒𝑒𝑒𝑒𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿
𝜏𝜏𝜏𝜏𝑠𝑠𝑠𝑠𝑒𝑒𝑒𝑒𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿
𝜏𝜏𝜏𝜏𝑧𝑧𝑧𝑧𝑒𝑒𝑒𝑒𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿

� = 𝑆𝑆𝑆𝑆 𝑓𝑓𝑓𝑓𝑜𝑜𝑜𝑜𝑛𝑛𝑛𝑛/𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 �𝑆𝑆𝑆𝑆+ �
𝜏𝜏𝜏𝜏𝑥𝑥𝑥𝑥𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿
𝜏𝜏𝜏𝜏𝑠𝑠𝑠𝑠𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿
𝜏𝜏𝜏𝜏𝑧𝑧𝑧𝑧𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿

��. 
     

(20)
 

(20)

2.6. The SDRE Control Benchmark
The overall performances of the proposed control 
strategy are considered with respect to the SDRE, as 
the well-known optimal control approach. To formu-
late the present benchmark regarding the proposed 
control strategy, the state space model can first be 
presented by [17-18]
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�̇�𝒙𝒙𝒙(𝒕𝒕𝒕𝒕)𝟔𝟔𝟔𝟔×𝟏𝟏𝟏𝟏 = 𝑨𝑨𝑨𝑨𝟔𝟔𝟔𝟔×𝟔𝟔𝟔𝟔𝒙𝒙𝒙𝒙(𝒕𝒕𝒕𝒕)𝟔𝟔𝟔𝟔×𝟏𝟏𝟏𝟏 + 𝑩𝑩𝑩𝑩𝟔𝟔𝟔𝟔×𝟔𝟔𝟔𝟔𝒖𝒖𝒖𝒖𝑺𝑺𝑺𝑺𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫(𝒕𝒕𝒕𝒕)𝟔𝟔𝟔𝟔×𝟏𝟏𝟏𝟏, (21) 

𝑩𝑩𝑩𝑩 = �𝑰𝑰𝑰𝑰𝒙𝒙𝒙𝒙,𝒚𝒚𝒚𝒚,𝒛𝒛𝒛𝒛
−𝟏𝟏𝟏𝟏 𝟎𝟎𝟎𝟎𝟑𝟑𝟑𝟑×𝟑𝟑𝟑𝟑
𝟎𝟎𝟎𝟎𝟑𝟑𝟑𝟑×𝟑𝟑𝟑𝟑 𝟎𝟎𝟎𝟎𝟑𝟑𝟑𝟑×𝟑𝟑𝟑𝟑

�, 
(22) 

𝒙𝒙𝒙𝒙(𝒕𝒕𝒕𝒕) =

⎣
⎢
⎢
⎡
𝝎𝝎𝝎𝝎𝒔𝒔𝒔𝒔𝒙𝒙𝒙𝒙,𝒚𝒚𝒚𝒚,𝒛𝒛𝒛𝒛(𝒕𝒕𝒕𝒕)
𝜑𝜑𝜑𝜑𝑠𝑠𝑠𝑠(𝑡𝑡𝑡𝑡)
𝜃𝜃𝜃𝜃𝑠𝑠𝑠𝑠(𝑡𝑡𝑡𝑡)
𝜓𝜓𝜓𝜓𝑠𝑠𝑠𝑠(𝑡𝑡𝑡𝑡) ⎦

⎥
⎥
⎤
, 

(23) 

𝒖𝒖𝒖𝒖𝑺𝑺𝑺𝑺𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫(𝒕𝒕𝒕𝒕) = �
𝑴𝑴𝑴𝑴𝒙𝒙𝒙𝒙,𝒚𝒚𝒚𝒚,𝒛𝒛𝒛𝒛(𝒕𝒕𝒕𝒕)
𝟎𝟎𝟎𝟎𝟑𝟑𝟑𝟑×𝟏𝟏𝟏𝟏

�. (24) 

⎩
⎪
⎨

⎪
⎧ 𝐽𝐽𝐽𝐽𝑥𝑥𝑥𝑥�𝒙𝒙𝒙𝒙(𝒕𝒕𝒕𝒕),𝒖𝒖𝒖𝒖(𝒕𝒕𝒕𝒕)� = � 𝒙𝒙𝒙𝒙𝑻𝑻𝑻𝑻(𝒕𝒕𝒕𝒕)𝑸𝑸𝑸𝑸�𝒙𝒙𝒙𝒙(𝒕𝒕𝒕𝒕)�𝒙𝒙𝒙𝒙(𝒕𝒕𝒕𝒕)𝑑𝑑𝑑𝑑𝑡𝑡𝑡𝑡

𝑇𝑇𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

0

𝐽𝐽𝐽𝐽𝑢𝑢𝑢𝑢�𝒙𝒙𝒙𝒙(𝒕𝒕𝒕𝒕),𝒖𝒖𝒖𝒖(𝒕𝒕𝒕𝒕)� = � 𝒖𝒖𝒖𝒖𝑻𝑻𝑻𝑻(𝒕𝒕𝒕𝒕)𝑫𝑫𝑫𝑫�𝒙𝒙𝒙𝒙(𝒕𝒕𝒕𝒕)�𝒖𝒖𝒖𝒖(𝒕𝒕𝒕𝒕)𝑑𝑑𝑑𝑑𝑡𝑡𝑡𝑡,
𝑇𝑇𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

0

 

 

 

   (25) 

𝒖𝒖𝒖𝒖𝑺𝑺𝑺𝑺𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫(𝒕𝒕𝒕𝒕) = −𝑫𝑫𝑫𝑫−𝟏𝟏𝟏𝟏�𝒙𝒙𝒙𝒙(𝒕𝒕𝒕𝒕)�𝑩𝑩𝑩𝑩𝑻𝑻𝑻𝑻�𝒙𝒙𝒙𝒙(𝒕𝒕𝒕𝒕)�𝑷𝑷𝑷𝑷�𝒙𝒙𝒙𝒙(𝒕𝒕𝒕𝒕)�𝒙𝒙𝒙𝒙(𝒕𝒕𝒕𝒕), (26) 
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variations of the low-high thrusts levels in connection with a number of iterations in the Monte-Carlo method for 

the parameters 𝐾𝐾𝐾𝐾𝐶𝐶𝐶𝐶 ,𝐾𝐾𝐾𝐾𝐹𝐹𝐹𝐹 and 𝐾𝐾𝐾𝐾𝐷𝐷𝐷𝐷 , in its specific span. There are four cases to consider the approach performance, as 

(26)

where P(x(t)) can be calculated through the following 
Riccati Equation:
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�̇�𝒙𝒙𝒙(𝒕𝒕𝒕𝒕)𝟔𝟔𝟔𝟔×𝟏𝟏𝟏𝟏 = 𝑨𝑨𝑨𝑨𝟔𝟔𝟔𝟔×𝟔𝟔𝟔𝟔𝒙𝒙𝒙𝒙(𝒕𝒕𝒕𝒕)𝟔𝟔𝟔𝟔×𝟏𝟏𝟏𝟏 + 𝑩𝑩𝑩𝑩𝟔𝟔𝟔𝟔×𝟔𝟔𝟔𝟔𝒖𝒖𝒖𝒖𝑺𝑺𝑺𝑺𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫(𝒕𝒕𝒕𝒕)𝟔𝟔𝟔𝟔×𝟏𝟏𝟏𝟏, (21) 

𝑩𝑩𝑩𝑩 = �𝑰𝑰𝑰𝑰𝒙𝒙𝒙𝒙,𝒚𝒚𝒚𝒚,𝒛𝒛𝒛𝒛
−𝟏𝟏𝟏𝟏 𝟎𝟎𝟎𝟎𝟑𝟑𝟑𝟑×𝟑𝟑𝟑𝟑
𝟎𝟎𝟎𝟎𝟑𝟑𝟑𝟑×𝟑𝟑𝟑𝟑 𝟎𝟎𝟎𝟎𝟑𝟑𝟑𝟑×𝟑𝟑𝟑𝟑

�, 
(22) 

𝒙𝒙𝒙𝒙(𝒕𝒕𝒕𝒕) =

⎣
⎢
⎢
⎡
𝝎𝝎𝝎𝝎𝒔𝒔𝒔𝒔𝒙𝒙𝒙𝒙,𝒚𝒚𝒚𝒚,𝒛𝒛𝒛𝒛(𝒕𝒕𝒕𝒕)
𝜑𝜑𝜑𝜑𝑠𝑠𝑠𝑠(𝑡𝑡𝑡𝑡)
𝜃𝜃𝜃𝜃𝑠𝑠𝑠𝑠(𝑡𝑡𝑡𝑡)
𝜓𝜓𝜓𝜓𝑠𝑠𝑠𝑠(𝑡𝑡𝑡𝑡) ⎦

⎥
⎥
⎤
, 

(23) 

𝒖𝒖𝒖𝒖𝑺𝑺𝑺𝑺𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫(𝒕𝒕𝒕𝒕) = �
𝑴𝑴𝑴𝑴𝒙𝒙𝒙𝒙,𝒚𝒚𝒚𝒚,𝒛𝒛𝒛𝒛(𝒕𝒕𝒕𝒕)
𝟎𝟎𝟎𝟎𝟑𝟑𝟑𝟑×𝟏𝟏𝟏𝟏

�. (24) 

⎪
⎨

⎪
⎧ 𝐽𝐽𝐽𝐽𝑥𝑥𝑥𝑥�𝒙𝒙𝒙𝒙(𝒕𝒕𝒕𝒕),𝒖𝒖𝒖𝒖(𝒕𝒕𝒕𝒕)� = � 𝒙𝒙𝒙𝒙𝑻𝑻𝑻𝑻(𝒕𝒕𝒕𝒕)𝑸𝑸𝑸𝑸�𝒙𝒙𝒙𝒙(𝒕𝒕𝒕𝒕)�𝒙𝒙𝒙𝒙(𝒕𝒕𝒕𝒕)𝑑𝑑𝑑𝑑𝑡𝑡𝑡𝑡

𝑇𝑇𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

0

𝐽𝐽𝐽𝐽𝑢𝑢𝑢𝑢�𝒙𝒙𝒙𝒙(𝒕𝒕𝒕𝒕),𝒖𝒖𝒖𝒖(𝒕𝒕𝒕𝒕)� = 𝒖𝒖𝒖𝒖𝑻𝑻𝑻𝑻(𝒕𝒕𝒕𝒕)𝑫𝑫𝑫𝑫�𝒙𝒙𝒙𝒙(𝒕𝒕𝒕𝒕)�𝒖𝒖𝒖𝒖(𝒕𝒕𝒕𝒕)𝑑𝑑𝑑𝑑𝑡𝑡𝑡𝑡,
𝑇𝑇𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

 

 

 

   (25) 

(26) 

 

𝑷𝑷𝑷𝑷�𝒙𝒙𝒙𝒙(𝒕𝒕𝒕𝒕)�𝑨𝑨𝑨𝑨�𝒙𝒙𝒙𝒙(𝒕𝒕𝒕𝒕)�+ 𝑨𝑨𝑨𝑨𝑻𝑻𝑻𝑻�𝒙𝒙𝒙𝒙(𝒕𝒕𝒕𝒕)�𝑷𝑷𝑷𝑷�𝒙𝒙𝒙𝒙(𝒕𝒕𝒕𝒕)�+ 𝑸𝑸𝑸𝑸�𝒙𝒙𝒙𝒙(𝒕𝒕𝒕𝒕)� −

𝑷𝑷𝑷𝑷�𝒙𝒙𝒙𝒙(𝒕𝒕𝒕𝒕)�𝑩𝑩𝑩𝑩�𝒙𝒙𝒙𝒙(𝒕𝒕𝒕𝒕)�𝑫𝑫𝑫𝑫−𝟏𝟏𝟏𝟏�𝒙𝒙𝒙𝒙(𝒕𝒕𝒕𝒕)�𝑩𝑩𝑩𝑩𝑻𝑻𝑻𝑻�𝒙𝒙𝒙𝒙(𝒕𝒕𝒕𝒕)�𝑷𝑷𝑷𝑷�𝒙𝒙𝒙𝒙(𝒕𝒕𝒕𝒕)�   = 𝟎𝟎𝟎𝟎 

(27) 

 

(27)

3. The Simulation Results
The proposed control strategy is carried out through a 
series of experiments to be evaluated based upon the 
variations of the low-high thrusts levels in connec-
tion with a number of iterations in the Monte-Carlo 
method for the parameters KC, KF and KD, in its specif-
ic span. There are four cases to consider the approach 
performance, as tabulated in Table 1, where the ac-
quired outcomes are only illustrated in a number of 
the uncertainties parameters that are randomly cho-
sen to be concise.  

Table 1 
The cases carried out for the proposed control strategy

Cases L. H. – thrusts levels Un. Parametrs

1 Cases I

9

tabulated in Table 1, where the acquired outcomes are only illustrated in a number of the uncertainties parameters 

that are randomly chosen to be concise.

Table 1. The cases carried out for the proposed control strategy.

𝐶𝐶𝐶𝐶𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝐿𝐿𝐿𝐿.𝐻𝐻𝐻𝐻.−𝑡𝑡𝑡𝑡ℎ𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝐷𝐷𝐷𝐷𝑡𝑡𝑡𝑡𝐷𝐷𝐷𝐷 𝐶𝐶𝐶𝐶𝐷𝐷𝐷𝐷𝑙𝑙𝑙𝑙𝐷𝐷𝐷𝐷𝐶𝐶𝐶𝐶𝐷𝐷𝐷𝐷 𝑈𝑈𝑈𝑈𝐶𝐶𝐶𝐶.𝑃𝑃𝑃𝑃𝐷𝐷𝐷𝐷𝑟𝑟𝑟𝑟𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝑡𝑡𝑡𝑡𝑟𝑟𝑟𝑟𝐷𝐷𝐷𝐷

1 𝐶𝐶𝐶𝐶𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝐼𝐼𝐼𝐼 �𝑇𝑇𝑇𝑇𝐿𝐿𝐿𝐿 = 500 𝑁𝑁𝑁𝑁
𝑇𝑇𝑇𝑇𝐿𝐿𝐿𝐿 = 75 𝑁𝑁𝑁𝑁

�
𝐾𝐾𝐾𝐾𝐶𝐶𝐶𝐶 = 0.988
𝐾𝐾𝐾𝐾𝐹𝐹𝐹𝐹 = 1.190
𝐾𝐾𝐾𝐾𝐷𝐷𝐷𝐷 = 1.116

2 𝐶𝐶𝐶𝐶𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 �𝑇𝑇𝑇𝑇𝐿𝐿𝐿𝐿 = 475 𝑁𝑁𝑁𝑁
𝑇𝑇𝑇𝑇𝐿𝐿𝐿𝐿 = 100 𝑁𝑁𝑁𝑁

�
𝐾𝐾𝐾𝐾𝐶𝐶𝐶𝐶 = 0.996
𝐾𝐾𝐾𝐾𝐹𝐹𝐹𝐹 = 1.003
𝐾𝐾𝐾𝐾𝐷𝐷𝐷𝐷 = 1.151

3 𝐶𝐶𝐶𝐶𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 �𝑇𝑇𝑇𝑇𝐿𝐿𝐿𝐿 = 425 𝑁𝑁𝑁𝑁
𝑇𝑇𝑇𝑇𝐿𝐿𝐿𝐿 = 125 𝑁𝑁𝑁𝑁

�
𝐾𝐾𝐾𝐾𝐶𝐶𝐶𝐶 = 0.9248
𝐾𝐾𝐾𝐾𝐹𝐹𝐹𝐹 = 1.114
𝐾𝐾𝐾𝐾𝐷𝐷𝐷𝐷 = 0.9728

4 𝐶𝐶𝐶𝐶𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝐼𝐼𝐼𝐼𝑉𝑉𝑉𝑉 �
𝑇𝑇𝑇𝑇𝐿𝐿𝐿𝐿 = 400 𝑁𝑁𝑁𝑁
𝑇𝑇𝑇𝑇𝐿𝐿𝐿𝐿 = 150 𝑁𝑁𝑁𝑁

�
𝐾𝐾𝐾𝐾𝐶𝐶𝐶𝐶 = 0.916
𝐾𝐾𝐾𝐾𝐹𝐹𝐹𝐹 = 1.052
𝐾𝐾𝐾𝐾𝐷𝐷𝐷𝐷 = 1.053

The initial parameters of the proposed strategy are tabulated in Table 2. It is to note that the coefficients of the  

𝐶𝐶𝐶𝐶𝑐𝑐𝑐𝑐𝐶𝐶𝐶𝐶𝑡𝑡𝑡𝑡𝐶𝐶𝐶𝐶𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿, 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 and also 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑆𝑆𝑆𝑆 − 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 are all carefully tuned via MATLAB optimization toolbox. Moreover, 

the moments of inertial of the space system under control are varied with time in all cases of Table 1, as 

illustrated in Fig. 2.

Table 2. The initial parameters of the proposed control strategy.

The 
Values

The 
parameters

[4, 8]𝑁𝑁𝑁𝑁𝐿𝐿𝐿𝐿,𝐿𝐿𝐿𝐿 1

[75 − 150, 400 − 500] 𝑁𝑁𝑁𝑁𝑇𝑇𝑇𝑇𝐿𝐿𝐿𝐿,𝐿𝐿𝐿𝐿 2

9

tabulated in Table 1, where the acquired outcomes are only illustrated in a number of the uncertainties parameters 

that are randomly chosen to be concise.

Table 1. The cases carried out for the proposed control strategy.

𝐶𝐶𝐶𝐶𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝐿𝐿𝐿𝐿.𝐻𝐻𝐻𝐻.−𝑡𝑡𝑡𝑡ℎ𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝐷𝐷𝐷𝐷𝑡𝑡𝑡𝑡𝐷𝐷𝐷𝐷 𝐶𝐶𝐶𝐶𝐷𝐷𝐷𝐷𝑙𝑙𝑙𝑙𝐷𝐷𝐷𝐷𝐶𝐶𝐶𝐶𝐷𝐷𝐷𝐷 𝑈𝑈𝑈𝑈𝐶𝐶𝐶𝐶.𝑃𝑃𝑃𝑃𝐷𝐷𝐷𝐷𝑟𝑟𝑟𝑟𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝑡𝑡𝑡𝑡𝑟𝑟𝑟𝑟𝐷𝐷𝐷𝐷

1 𝐶𝐶𝐶𝐶𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝐼𝐼𝐼𝐼 �𝑇𝑇𝑇𝑇𝐿𝐿𝐿𝐿 = 500 𝑁𝑁𝑁𝑁
𝑇𝑇𝑇𝑇𝐿𝐿𝐿𝐿 = 75 𝑁𝑁𝑁𝑁

�
𝐾𝐾𝐾𝐾𝐶𝐶𝐶𝐶 = 0.988
𝐾𝐾𝐾𝐾𝐹𝐹𝐹𝐹 = 1.190
𝐾𝐾𝐾𝐾𝐷𝐷𝐷𝐷 = 1.116

2 𝐶𝐶𝐶𝐶𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 �𝑇𝑇𝑇𝑇𝐿𝐿𝐿𝐿 = 475 𝑁𝑁𝑁𝑁
𝑇𝑇𝑇𝑇𝐿𝐿𝐿𝐿 = 100 𝑁𝑁𝑁𝑁

�
𝐾𝐾𝐾𝐾𝐶𝐶𝐶𝐶 = 0.996
𝐾𝐾𝐾𝐾𝐹𝐹𝐹𝐹 = 1.003
𝐾𝐾𝐾𝐾𝐷𝐷𝐷𝐷 = 1.151

3 𝐶𝐶𝐶𝐶𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 �𝑇𝑇𝑇𝑇𝐿𝐿𝐿𝐿 = 425 𝑁𝑁𝑁𝑁
𝑇𝑇𝑇𝑇𝐿𝐿𝐿𝐿 = 125 𝑁𝑁𝑁𝑁

�
𝐾𝐾𝐾𝐾𝐶𝐶𝐶𝐶 = 0.9248
𝐾𝐾𝐾𝐾𝐹𝐹𝐹𝐹 = 1.114
𝐾𝐾𝐾𝐾𝐷𝐷𝐷𝐷 = 0.9728

4 𝐶𝐶𝐶𝐶𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝐼𝐼𝐼𝐼𝑉𝑉𝑉𝑉 �
𝑇𝑇𝑇𝑇𝐿𝐿𝐿𝐿 = 400 𝑁𝑁𝑁𝑁
𝑇𝑇𝑇𝑇𝐿𝐿𝐿𝐿 = 150 𝑁𝑁𝑁𝑁

�
𝐾𝐾𝐾𝐾𝐶𝐶𝐶𝐶 = 0.916
𝐾𝐾𝐾𝐾𝐹𝐹𝐹𝐹 = 1.052
𝐾𝐾𝐾𝐾𝐷𝐷𝐷𝐷 = 1.053

The initial parameters of the proposed strategy are tabulated in Table 2. It is to note that the coefficients of the  

𝐶𝐶𝐶𝐶𝑐𝑐𝑐𝑐𝐶𝐶𝐶𝐶𝑡𝑡𝑡𝑡𝐶𝐶𝐶𝐶𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿, 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 and also 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑆𝑆𝑆𝑆 − 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 are all carefully tuned via MATLAB optimization toolbox. Moreover, 

the moments of inertial of the space system under control are varied with time in all cases of Table 1, as 

illustrated in Fig. 2.

Table 2. The initial parameters of the proposed control strategy.

The 
Values

The 
parameters

[4, 8]𝑁𝑁𝑁𝑁𝐿𝐿𝐿𝐿,𝐿𝐿𝐿𝐿 1

[75 − 150, 400 − 500] 𝑁𝑁𝑁𝑁𝑇𝑇𝑇𝑇𝐿𝐿𝐿𝐿,𝐿𝐿𝐿𝐿 2

2 Cases II

9

tabulated in Table 1, where the acquired outcomes are only illustrated in a number of the uncertainties parameters 

that are randomly chosen to be concise.

Table 1. The cases carried out for the proposed control strategy.

𝐶𝐶𝐶𝐶𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝐿𝐿𝐿𝐿.𝐻𝐻𝐻𝐻.−𝑡𝑡𝑡𝑡ℎ𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝐷𝐷𝐷𝐷𝑡𝑡𝑡𝑡𝐷𝐷𝐷𝐷 𝐶𝐶𝐶𝐶𝐷𝐷𝐷𝐷𝑙𝑙𝑙𝑙𝐷𝐷𝐷𝐷𝐶𝐶𝐶𝐶𝐷𝐷𝐷𝐷 𝑈𝑈𝑈𝑈𝐶𝐶𝐶𝐶.𝑃𝑃𝑃𝑃𝐷𝐷𝐷𝐷𝑟𝑟𝑟𝑟𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝑡𝑡𝑡𝑡𝑟𝑟𝑟𝑟𝐷𝐷𝐷𝐷

1 𝐶𝐶𝐶𝐶𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝐼𝐼𝐼𝐼 �𝑇𝑇𝑇𝑇𝐿𝐿𝐿𝐿 = 500 𝑁𝑁𝑁𝑁
𝑇𝑇𝑇𝑇𝐿𝐿𝐿𝐿 = 75 𝑁𝑁𝑁𝑁

�
𝐾𝐾𝐾𝐾𝐶𝐶𝐶𝐶 = 0.988
𝐾𝐾𝐾𝐾𝐹𝐹𝐹𝐹 = 1.190
𝐾𝐾𝐾𝐾𝐷𝐷𝐷𝐷 = 1.116

2 𝐶𝐶𝐶𝐶𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 �𝑇𝑇𝑇𝑇𝐿𝐿𝐿𝐿 = 475 𝑁𝑁𝑁𝑁
𝑇𝑇𝑇𝑇𝐿𝐿𝐿𝐿 = 100 𝑁𝑁𝑁𝑁

�
𝐾𝐾𝐾𝐾𝐶𝐶𝐶𝐶 = 0.996
𝐾𝐾𝐾𝐾𝐹𝐹𝐹𝐹 = 1.003
𝐾𝐾𝐾𝐾𝐷𝐷𝐷𝐷 = 1.151

3 𝐶𝐶𝐶𝐶𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 �𝑇𝑇𝑇𝑇𝐿𝐿𝐿𝐿 = 425 𝑁𝑁𝑁𝑁
𝑇𝑇𝑇𝑇𝐿𝐿𝐿𝐿 = 125 𝑁𝑁𝑁𝑁

�
𝐾𝐾𝐾𝐾𝐶𝐶𝐶𝐶 = 0.9248
𝐾𝐾𝐾𝐾𝐹𝐹𝐹𝐹 = 1.114
𝐾𝐾𝐾𝐾𝐷𝐷𝐷𝐷 = 0.9728

4 𝐶𝐶𝐶𝐶𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝐼𝐼𝐼𝐼𝑉𝑉𝑉𝑉 �
𝑇𝑇𝑇𝑇𝐿𝐿𝐿𝐿 = 400 𝑁𝑁𝑁𝑁
𝑇𝑇𝑇𝑇𝐿𝐿𝐿𝐿 = 150 𝑁𝑁𝑁𝑁

�
𝐾𝐾𝐾𝐾𝐶𝐶𝐶𝐶 = 0.916
𝐾𝐾𝐾𝐾𝐹𝐹𝐹𝐹 = 1.052
𝐾𝐾𝐾𝐾𝐷𝐷𝐷𝐷 = 1.053

The initial parameters of the proposed strategy are tabulated in Table 2. It is to note that the coefficients of the  

𝐶𝐶𝐶𝐶𝑐𝑐𝑐𝑐𝐶𝐶𝐶𝐶𝑡𝑡𝑡𝑡𝐶𝐶𝐶𝐶𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿, 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 and also 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑆𝑆𝑆𝑆 − 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 are all carefully tuned via MATLAB optimization toolbox. Moreover, 

the moments of inertial of the space system under control are varied with time in all cases of Table 1, as 

illustrated in Fig. 2.

Table 2. The initial parameters of the proposed control strategy.
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[75 − 150, 400 − 500] 𝑁𝑁𝑁𝑁𝑇𝑇𝑇𝑇𝐿𝐿𝐿𝐿,𝐿𝐿𝐿𝐿 2
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tabulated in Table 1, where the acquired outcomes are only illustrated in a number of the uncertainties parameters 

that are randomly chosen to be concise.

Table 1. The cases carried out for the proposed control strategy.

𝐶𝐶𝐶𝐶𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝐿𝐿𝐿𝐿.𝐻𝐻𝐻𝐻.−𝑡𝑡𝑡𝑡ℎ𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝐷𝐷𝐷𝐷𝑡𝑡𝑡𝑡𝐷𝐷𝐷𝐷 𝐶𝐶𝐶𝐶𝐷𝐷𝐷𝐷𝑙𝑙𝑙𝑙𝐷𝐷𝐷𝐷𝐶𝐶𝐶𝐶𝐷𝐷𝐷𝐷 𝑈𝑈𝑈𝑈𝐶𝐶𝐶𝐶.𝑃𝑃𝑃𝑃𝐷𝐷𝐷𝐷𝑟𝑟𝑟𝑟𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝑡𝑡𝑡𝑡𝑟𝑟𝑟𝑟𝐷𝐷𝐷𝐷

1 𝐶𝐶𝐶𝐶𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝐼𝐼𝐼𝐼 �𝑇𝑇𝑇𝑇𝐿𝐿𝐿𝐿 = 500 𝑁𝑁𝑁𝑁
𝑇𝑇𝑇𝑇𝐿𝐿𝐿𝐿 = 75 𝑁𝑁𝑁𝑁

�
𝐾𝐾𝐾𝐾𝐶𝐶𝐶𝐶 = 0.988
𝐾𝐾𝐾𝐾𝐹𝐹𝐹𝐹 = 1.190
𝐾𝐾𝐾𝐾𝐷𝐷𝐷𝐷 = 1.116

2 𝐶𝐶𝐶𝐶𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 �𝑇𝑇𝑇𝑇𝐿𝐿𝐿𝐿 = 475 𝑁𝑁𝑁𝑁
𝑇𝑇𝑇𝑇𝐿𝐿𝐿𝐿 = 100 𝑁𝑁𝑁𝑁

�
𝐾𝐾𝐾𝐾𝐶𝐶𝐶𝐶 = 0.996
𝐾𝐾𝐾𝐾𝐹𝐹𝐹𝐹 = 1.003
𝐾𝐾𝐾𝐾𝐷𝐷𝐷𝐷 = 1.151

3 𝐶𝐶𝐶𝐶𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 �𝑇𝑇𝑇𝑇𝐿𝐿𝐿𝐿 = 425 𝑁𝑁𝑁𝑁
𝑇𝑇𝑇𝑇𝐿𝐿𝐿𝐿 = 125 𝑁𝑁𝑁𝑁

�
𝐾𝐾𝐾𝐾𝐶𝐶𝐶𝐶 = 0.9248
𝐾𝐾𝐾𝐾𝐹𝐹𝐹𝐹 = 1.114
𝐾𝐾𝐾𝐾𝐷𝐷𝐷𝐷 = 0.9728

4 𝐶𝐶𝐶𝐶𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝐼𝐼𝐼𝐼𝑉𝑉𝑉𝑉 �
𝑇𝑇𝑇𝑇𝐿𝐿𝐿𝐿 = 400 𝑁𝑁𝑁𝑁
𝑇𝑇𝑇𝑇𝐿𝐿𝐿𝐿 = 150 𝑁𝑁𝑁𝑁
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𝐾𝐾𝐾𝐾𝐶𝐶𝐶𝐶 = 0.916
𝐾𝐾𝐾𝐾𝐹𝐹𝐹𝐹 = 1.052
𝐾𝐾𝐾𝐾𝐷𝐷𝐷𝐷 = 1.053

The initial parameters of the proposed strategy are tabulated in Table 2. It is to note that the coefficients of the  

𝐶𝐶𝐶𝐶𝑐𝑐𝑐𝑐𝐶𝐶𝐶𝐶𝑡𝑡𝑡𝑡𝐶𝐶𝐶𝐶𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿, 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 and also 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑆𝑆𝑆𝑆 − 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 are all carefully tuned via MATLAB optimization toolbox. Moreover, 

the moments of inertial of the space system under control are varied with time in all cases of Table 1, as 

illustrated in Fig. 2.

Table 2. The initial parameters of the proposed control strategy.
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parameters

[4, 8]𝑁𝑁𝑁𝑁𝐿𝐿𝐿𝐿,𝐿𝐿𝐿𝐿 1

[75 − 150, 400 − 500] 𝑁𝑁𝑁𝑁𝑇𝑇𝑇𝑇𝐿𝐿𝐿𝐿,𝐿𝐿𝐿𝐿 2
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tabulated in Table 1, where the acquired outcomes are only illustrated in a number of the uncertainties parameters 

that are randomly chosen to be concise.

Table 1. The cases carried out for the proposed control strategy.

𝐶𝐶𝐶𝐶𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝐿𝐿𝐿𝐿.𝐻𝐻𝐻𝐻.−𝑡𝑡𝑡𝑡ℎ𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝐷𝐷𝐷𝐷𝑡𝑡𝑡𝑡𝐷𝐷𝐷𝐷 𝐶𝐶𝐶𝐶𝐷𝐷𝐷𝐷𝑙𝑙𝑙𝑙𝐷𝐷𝐷𝐷𝐶𝐶𝐶𝐶𝐷𝐷𝐷𝐷 𝑈𝑈𝑈𝑈𝐶𝐶𝐶𝐶.𝑃𝑃𝑃𝑃𝐷𝐷𝐷𝐷𝑟𝑟𝑟𝑟𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝑡𝑡𝑡𝑡𝑟𝑟𝑟𝑟𝐷𝐷𝐷𝐷

1 𝐶𝐶𝐶𝐶𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝐼𝐼𝐼𝐼 �𝑇𝑇𝑇𝑇𝐿𝐿𝐿𝐿 = 500 𝑁𝑁𝑁𝑁
𝑇𝑇𝑇𝑇𝐿𝐿𝐿𝐿 = 75 𝑁𝑁𝑁𝑁

�
𝐾𝐾𝐾𝐾𝐶𝐶𝐶𝐶 = 0.988
𝐾𝐾𝐾𝐾𝐹𝐹𝐹𝐹 = 1.190
𝐾𝐾𝐾𝐾𝐷𝐷𝐷𝐷 = 1.116

2 𝐶𝐶𝐶𝐶𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 �𝑇𝑇𝑇𝑇𝐿𝐿𝐿𝐿 = 475 𝑁𝑁𝑁𝑁
𝑇𝑇𝑇𝑇𝐿𝐿𝐿𝐿 = 100 𝑁𝑁𝑁𝑁

�
𝐾𝐾𝐾𝐾𝐶𝐶𝐶𝐶 = 0.996
𝐾𝐾𝐾𝐾𝐹𝐹𝐹𝐹 = 1.003
𝐾𝐾𝐾𝐾𝐷𝐷𝐷𝐷 = 1.151

3 𝐶𝐶𝐶𝐶𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 �𝑇𝑇𝑇𝑇𝐿𝐿𝐿𝐿 = 425 𝑁𝑁𝑁𝑁
𝑇𝑇𝑇𝑇𝐿𝐿𝐿𝐿 = 125 𝑁𝑁𝑁𝑁

�
𝐾𝐾𝐾𝐾𝐶𝐶𝐶𝐶 = 0.9248
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𝐾𝐾𝐾𝐾𝐷𝐷𝐷𝐷 = 0.9728

4 𝐶𝐶𝐶𝐶𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝐼𝐼𝐼𝐼𝑉𝑉𝑉𝑉 �
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𝑇𝑇𝑇𝑇𝐿𝐿𝐿𝐿 = 150 𝑁𝑁𝑁𝑁
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𝐾𝐾𝐾𝐾𝐹𝐹𝐹𝐹 = 1.052
𝐾𝐾𝐾𝐾𝐷𝐷𝐷𝐷 = 1.053
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𝐶𝐶𝐶𝐶𝑐𝑐𝑐𝑐𝐶𝐶𝐶𝐶𝑡𝑡𝑡𝑡𝐶𝐶𝐶𝐶𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿, 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 and also 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑆𝑆𝑆𝑆 − 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 are all carefully tuned via MATLAB optimization toolbox. Moreover, 

the moments of inertial of the space system under control are varied with time in all cases of Table 1, as 

illustrated in Fig. 2.

Table 2. The initial parameters of the proposed control strategy.
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[4, 8]𝑁𝑁𝑁𝑁𝐿𝐿𝐿𝐿,𝐿𝐿𝐿𝐿 1

[75 − 150, 400 − 500] 𝑁𝑁𝑁𝑁𝑇𝑇𝑇𝑇𝐿𝐿𝐿𝐿,𝐿𝐿𝐿𝐿 2
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tabulated in Table 1, where the acquired outcomes are only illustrated in a number of the uncertainties parameters 

that are randomly chosen to be concise.

Table 1. The cases carried out for the proposed control strategy.

𝐶𝐶𝐶𝐶𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝐿𝐿𝐿𝐿.𝐻𝐻𝐻𝐻.−𝑡𝑡𝑡𝑡ℎ𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝐷𝐷𝐷𝐷𝑡𝑡𝑡𝑡𝐷𝐷𝐷𝐷 𝐶𝐶𝐶𝐶𝐷𝐷𝐷𝐷𝑙𝑙𝑙𝑙𝐷𝐷𝐷𝐷𝐶𝐶𝐶𝐶𝐷𝐷𝐷𝐷 𝑈𝑈𝑈𝑈𝐶𝐶𝐶𝐶.𝑃𝑃𝑃𝑃𝐷𝐷𝐷𝐷𝑟𝑟𝑟𝑟𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝑡𝑡𝑡𝑡𝑟𝑟𝑟𝑟𝐷𝐷𝐷𝐷

1 𝐶𝐶𝐶𝐶𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝐼𝐼𝐼𝐼 �𝑇𝑇𝑇𝑇𝐿𝐿𝐿𝐿 = 500 𝑁𝑁𝑁𝑁
𝑇𝑇𝑇𝑇𝐿𝐿𝐿𝐿 = 75 𝑁𝑁𝑁𝑁

�
𝐾𝐾𝐾𝐾𝐶𝐶𝐶𝐶 = 0.988
𝐾𝐾𝐾𝐾𝐹𝐹𝐹𝐹 = 1.190
𝐾𝐾𝐾𝐾𝐷𝐷𝐷𝐷 = 1.116

2 𝐶𝐶𝐶𝐶𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 �𝑇𝑇𝑇𝑇𝐿𝐿𝐿𝐿 = 475 𝑁𝑁𝑁𝑁
𝑇𝑇𝑇𝑇𝐿𝐿𝐿𝐿 = 100 𝑁𝑁𝑁𝑁

�
𝐾𝐾𝐾𝐾𝐶𝐶𝐶𝐶 = 0.996
𝐾𝐾𝐾𝐾𝐹𝐹𝐹𝐹 = 1.003
𝐾𝐾𝐾𝐾𝐷𝐷𝐷𝐷 = 1.151

3 𝐶𝐶𝐶𝐶𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 �𝑇𝑇𝑇𝑇𝐿𝐿𝐿𝐿 = 425 𝑁𝑁𝑁𝑁
𝑇𝑇𝑇𝑇𝐿𝐿𝐿𝐿 = 125 𝑁𝑁𝑁𝑁

�
𝐾𝐾𝐾𝐾𝐶𝐶𝐶𝐶 = 0.9248
𝐾𝐾𝐾𝐾𝐹𝐹𝐹𝐹 = 1.114
𝐾𝐾𝐾𝐾𝐷𝐷𝐷𝐷 = 0.9728

4 𝐶𝐶𝐶𝐶𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝐼𝐼𝐼𝐼𝑉𝑉𝑉𝑉 �
𝑇𝑇𝑇𝑇𝐿𝐿𝐿𝐿 = 400 𝑁𝑁𝑁𝑁
𝑇𝑇𝑇𝑇𝐿𝐿𝐿𝐿 = 150 𝑁𝑁𝑁𝑁
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𝐾𝐾𝐾𝐾𝐶𝐶𝐶𝐶 = 0.916
𝐾𝐾𝐾𝐾𝐹𝐹𝐹𝐹 = 1.052
𝐾𝐾𝐾𝐾𝐷𝐷𝐷𝐷 = 1.053

The initial parameters of the proposed strategy are tabulated in Table 2. It is to note that the coefficients of the  

𝐶𝐶𝐶𝐶𝑐𝑐𝑐𝑐𝐶𝐶𝐶𝐶𝑡𝑡𝑡𝑡𝐶𝐶𝐶𝐶𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿, 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 and also 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑆𝑆𝑆𝑆 − 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 are all carefully tuned via MATLAB optimization toolbox. Moreover, 

the moments of inertial of the space system under control are varied with time in all cases of Table 1, as 

illustrated in Fig. 2.

Table 2. The initial parameters of the proposed control strategy.
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[4, 8]𝑁𝑁𝑁𝑁𝐿𝐿𝐿𝐿,𝐿𝐿𝐿𝐿 1

[75 − 150, 400 − 500] 𝑁𝑁𝑁𝑁𝑇𝑇𝑇𝑇𝐿𝐿𝐿𝐿,𝐿𝐿𝐿𝐿 2

4 Cases IV
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tabulated in Table 1, where the acquired outcomes are only illustrated in a number of the uncertainties parameters 

that are randomly chosen to be concise.

Table 1. The cases carried out for the proposed control strategy.

𝐶𝐶𝐶𝐶𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝐿𝐿𝐿𝐿.𝐻𝐻𝐻𝐻.−𝑡𝑡𝑡𝑡ℎ𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝐷𝐷𝐷𝐷𝑡𝑡𝑡𝑡𝐷𝐷𝐷𝐷 𝐶𝐶𝐶𝐶𝐷𝐷𝐷𝐷𝑙𝑙𝑙𝑙𝐷𝐷𝐷𝐷𝐶𝐶𝐶𝐶𝐷𝐷𝐷𝐷 𝑈𝑈𝑈𝑈𝐶𝐶𝐶𝐶.𝑃𝑃𝑃𝑃𝐷𝐷𝐷𝐷𝑟𝑟𝑟𝑟𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝑡𝑡𝑡𝑡𝑟𝑟𝑟𝑟𝐷𝐷𝐷𝐷

1 𝐶𝐶𝐶𝐶𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝐼𝐼𝐼𝐼 �𝑇𝑇𝑇𝑇𝐿𝐿𝐿𝐿 = 500 𝑁𝑁𝑁𝑁
𝑇𝑇𝑇𝑇𝐿𝐿𝐿𝐿 = 75 𝑁𝑁𝑁𝑁

�
𝐾𝐾𝐾𝐾𝐶𝐶𝐶𝐶 = 0.988
𝐾𝐾𝐾𝐾𝐹𝐹𝐹𝐹 = 1.190
𝐾𝐾𝐾𝐾𝐷𝐷𝐷𝐷 = 1.116

2 𝐶𝐶𝐶𝐶𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 �𝑇𝑇𝑇𝑇𝐿𝐿𝐿𝐿 = 475 𝑁𝑁𝑁𝑁
𝑇𝑇𝑇𝑇𝐿𝐿𝐿𝐿 = 100 𝑁𝑁𝑁𝑁

�
𝐾𝐾𝐾𝐾𝐶𝐶𝐶𝐶 = 0.996
𝐾𝐾𝐾𝐾𝐹𝐹𝐹𝐹 = 1.003
𝐾𝐾𝐾𝐾𝐷𝐷𝐷𝐷 = 1.151

3 𝐶𝐶𝐶𝐶𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 �𝑇𝑇𝑇𝑇𝐿𝐿𝐿𝐿 = 425 𝑁𝑁𝑁𝑁
𝑇𝑇𝑇𝑇𝐿𝐿𝐿𝐿 = 125 𝑁𝑁𝑁𝑁

�
𝐾𝐾𝐾𝐾𝐶𝐶𝐶𝐶 = 0.9248
𝐾𝐾𝐾𝐾𝐹𝐹𝐹𝐹 = 1.114
𝐾𝐾𝐾𝐾𝐷𝐷𝐷𝐷 = 0.9728

4 𝐶𝐶𝐶𝐶𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝐼𝐼𝐼𝐼𝑉𝑉𝑉𝑉 �
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𝑇𝑇𝑇𝑇𝐿𝐿𝐿𝐿 = 150 𝑁𝑁𝑁𝑁
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𝐾𝐾𝐾𝐾𝐹𝐹𝐹𝐹 = 1.052
𝐾𝐾𝐾𝐾𝐷𝐷𝐷𝐷 = 1.053
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𝐶𝐶𝐶𝐶𝑐𝑐𝑐𝑐𝐶𝐶𝐶𝐶𝑡𝑡𝑡𝑡𝐶𝐶𝐶𝐶𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿, 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 and also 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑆𝑆𝑆𝑆 − 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 are all carefully tuned via MATLAB optimization toolbox. Moreover, 

the moments of inertial of the space system under control are varied with time in all cases of Table 1, as 

illustrated in Fig. 2.

Table 2. The initial parameters of the proposed control strategy.
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[4, 8]𝑁𝑁𝑁𝑁𝐿𝐿𝐿𝐿,𝐿𝐿𝐿𝐿 1

[75 − 150, 400 − 500] 𝑁𝑁𝑁𝑁𝑇𝑇𝑇𝑇𝐿𝐿𝐿𝐿,𝐿𝐿𝐿𝐿 2
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tabulated in Table 1, where the acquired outcomes are only illustrated in a number of the uncertainties parameters 

that are randomly chosen to be concise.

Table 1. The cases carried out for the proposed control strategy.
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1 𝐶𝐶𝐶𝐶𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝐼𝐼𝐼𝐼 �𝑇𝑇𝑇𝑇𝐿𝐿𝐿𝐿 = 500 𝑁𝑁𝑁𝑁
𝑇𝑇𝑇𝑇𝐿𝐿𝐿𝐿 = 75 𝑁𝑁𝑁𝑁

�
𝐾𝐾𝐾𝐾𝐶𝐶𝐶𝐶 = 0.988
𝐾𝐾𝐾𝐾𝐹𝐹𝐹𝐹 = 1.190
𝐾𝐾𝐾𝐾𝐷𝐷𝐷𝐷 = 1.116

2 𝐶𝐶𝐶𝐶𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 �𝑇𝑇𝑇𝑇𝐿𝐿𝐿𝐿 = 475 𝑁𝑁𝑁𝑁
𝑇𝑇𝑇𝑇𝐿𝐿𝐿𝐿 = 100 𝑁𝑁𝑁𝑁

�
𝐾𝐾𝐾𝐾𝐶𝐶𝐶𝐶 = 0.996
𝐾𝐾𝐾𝐾𝐹𝐹𝐹𝐹 = 1.003
𝐾𝐾𝐾𝐾𝐷𝐷𝐷𝐷 = 1.151

3 𝐶𝐶𝐶𝐶𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 �𝑇𝑇𝑇𝑇𝐿𝐿𝐿𝐿 = 425 𝑁𝑁𝑁𝑁
𝑇𝑇𝑇𝑇𝐿𝐿𝐿𝐿 = 125 𝑁𝑁𝑁𝑁

�
𝐾𝐾𝐾𝐾𝐶𝐶𝐶𝐶 = 0.9248
𝐾𝐾𝐾𝐾𝐹𝐹𝐹𝐹 = 1.114
𝐾𝐾𝐾𝐾𝐷𝐷𝐷𝐷 = 0.9728

4 𝐶𝐶𝐶𝐶𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝐼𝐼𝐼𝐼𝑉𝑉𝑉𝑉 �
𝑇𝑇𝑇𝑇𝐿𝐿𝐿𝐿 = 400 𝑁𝑁𝑁𝑁
𝑇𝑇𝑇𝑇𝐿𝐿𝐿𝐿 = 150 𝑁𝑁𝑁𝑁

�
𝐾𝐾𝐾𝐾𝐶𝐶𝐶𝐶 = 0.916
𝐾𝐾𝐾𝐾𝐹𝐹𝐹𝐹 = 1.052
𝐾𝐾𝐾𝐾𝐷𝐷𝐷𝐷 = 1.053

The initial parameters of the proposed strategy are tabulated in Table 2. It is to note that the coefficients of the  

𝐶𝐶𝐶𝐶𝑐𝑐𝑐𝑐𝐶𝐶𝐶𝐶𝑡𝑡𝑡𝑡𝐶𝐶𝐶𝐶𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿, 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 and also 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑆𝑆𝑆𝑆 − 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 are all carefully tuned via MATLAB optimization toolbox. Moreover, 

the moments of inertial of the space system under control are varied with time in all cases of Table 1, as 

illustrated in Fig. 2.

Table 2. The initial parameters of the proposed control strategy.

The 
Values

The 
parameters

[4, 8]𝑁𝑁𝑁𝑁𝐿𝐿𝐿𝐿,𝐿𝐿𝐿𝐿 1

[75 − 150, 400 − 500] 𝑁𝑁𝑁𝑁𝑇𝑇𝑇𝑇𝐿𝐿𝐿𝐿,𝐿𝐿𝐿𝐿 2

The initial parameters of the proposed strategy are 
tabulated in Table 2. It is to note that the coefficients 
of the ContlLH , RFLH and also PWPF – CALH are all care-
fully tuned via MATLAB optimization toolbox. 
Moreover, the moments of inertial of the space sys-
tem under control are varied with time in all cases of 
Table 1, as illustrated in Fig. 2.
In the experiments, the initial attitudes and initial an-
gular rates of the space system are taken as
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𝐶𝐶𝐶𝐶𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑝𝑝𝑝𝑝𝑟𝑟𝑟𝑟 = 1  

 
 

𝑁𝑁𝑁𝑁𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝐷𝐷𝐷𝐷 

 
 

7 
 �𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐶𝐶𝐶𝐶𝑚𝑚𝑚𝑚𝑡𝑡𝑡𝑡 = 0

𝐶𝐶𝐶𝐶𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑚𝑚𝑚𝑚𝑡𝑡𝑡𝑡 = 1  
 

𝑄𝑄𝑄𝑄 = 10;  𝑆𝑆𝑆𝑆 = 1;  𝑁𝑁𝑁𝑁 = 0 𝑆𝑆𝑆𝑆𝑐𝑐𝑐𝑐𝑡𝑡𝑡𝑡𝑐𝑐𝑐𝑐𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝑡𝑡𝑡𝑡𝑐𝑐𝑐𝑐𝑆𝑆𝑆𝑆  

8 

[−0.1, 0, 0] 𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝐸𝐸𝐸𝐸𝑐𝑐𝑐𝑐𝐶𝐶𝐶𝐶𝐷𝐷𝐷𝐷 𝑃𝑃𝑃𝑃𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐. 9 

Table 2 
The initial parameters of the proposed control strategy

�
𝜑𝜑𝜑𝜑𝑠𝑠𝑠𝑠0 = 0 °
𝜃𝜃𝜃𝜃𝑠𝑠𝑠𝑠0 = −2 °
𝜓𝜓𝜓𝜓𝑠𝑠𝑠𝑠0 = 10 °,

 

 

(28) 

�
𝜔𝜔𝜔𝜔𝑠𝑠𝑠𝑠𝑥𝑥𝑥𝑥 = 0.05 °/𝑃𝑃𝑃𝑃
𝜔𝜔𝜔𝜔𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = 0.10 °/𝑃𝑃𝑃𝑃
𝜔𝜔𝜔𝜔𝑠𝑠𝑠𝑠𝑧𝑧𝑧𝑧 = 0.15 °/𝑃𝑃𝑃𝑃.

 
 

(29) 

Moreover, the referenced commands are taken as  

�
𝜑𝜑𝜑𝜑𝑟𝑟𝑟𝑟 =  0 °
𝜃𝜃𝜃𝜃𝑟𝑟𝑟𝑟 =  −4 °
𝜓𝜓𝜓𝜓𝑟𝑟𝑟𝑟 =  8°.

 
 

(30) 

 

(28)�
𝜑𝜑𝜑𝜑𝑠𝑠𝑠𝑠0 = 0 °
𝜃𝜃𝜃𝜃𝑠𝑠𝑠𝑠0 = −2 °
𝜓𝜓𝜓𝜓𝑠𝑠𝑠𝑠0 = 10 °,

 

 

(28) 

�
𝜔𝜔𝜔𝜔𝑠𝑠𝑠𝑠𝑥𝑥𝑥𝑥 = 0.05 °/𝑃𝑃𝑃𝑃
𝜔𝜔𝜔𝜔𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = 0.10 °/𝑃𝑃𝑃𝑃
𝜔𝜔𝜔𝜔𝑠𝑠𝑠𝑠𝑧𝑧𝑧𝑧 = 0.15 °/𝑃𝑃𝑃𝑃.

 
 

(29) 

Moreover, the referenced commands are taken as  

�
𝜑𝜑𝜑𝜑𝑟𝑟𝑟𝑟 =  0 °
𝜃𝜃𝜃𝜃𝑟𝑟𝑟𝑟 =  −4 °
𝜓𝜓𝜓𝜓𝑟𝑟𝑟𝑟 =  8°.

 
 

(30) 

 

(29)

Moreover, the referenced commands are taken as

�
𝜑𝜑𝜑𝜑𝑠𝑠𝑠𝑠0 = 0 °
𝜃𝜃𝜃𝜃𝑠𝑠𝑠𝑠0 = −2 °
𝜓𝜓𝜓𝜓𝑠𝑠𝑠𝑠0 = 10 °,

 

 

(28) 

�
𝜔𝜔𝜔𝜔𝑠𝑠𝑠𝑠𝑥𝑥𝑥𝑥 = 0.05 °/𝑃𝑃𝑃𝑃
𝜔𝜔𝜔𝜔𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = 0.10 °/𝑃𝑃𝑃𝑃
𝜔𝜔𝜔𝜔𝑠𝑠𝑠𝑠𝑧𝑧𝑧𝑧 = 0.15 °/𝑃𝑃𝑃𝑃.

 
 

(29) 

Moreover, the referenced commands are taken as  

�
𝜑𝜑𝜑𝜑𝑟𝑟𝑟𝑟 =  0 °
𝜃𝜃𝜃𝜃𝑟𝑟𝑟𝑟 =  −4 °
𝜓𝜓𝜓𝜓𝑟𝑟𝑟𝑟 =  8°.

 
 

(30) 

 

(30)
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3.1. The First Experiment
The first experiment is carried out regarding the Case 
I of Table 1. The variations of the parameters of KC, KF 
and KD  are taken in the span of   0.90–1.2 in the fifteen 
iterations, as illustrated in Fig. 3, to provide a band 
of the parameters uncertainties and disturbances 
through the variations of thrust vectors and center of 
mass, as illustrated in Fig. 4.
The investigated outcome of the proposed control 
strategy in the first experiment is acquired based 
upon the system, noisy and estimated three-axis rota-
tional angles and the corresponding rates in the spe-
cific value of the parameters uncertainties of Table 1, 
as illustrated in Fig. 5. Subsequently, the absolute er-
rors of the noisy and the related estimated rotational 
angles and their rates are correspondingly illustrated 
in Fig. 6.

Figure 2 
The moments of inertial

Figure 3 
The parameters of  KC, KF and KD- case I

a b c

Figure 4
The parameters of F, D  and L- case I

a cb
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Figure 5 
The three-axis system, noisy and estimated angular rotations (a)-(c), angular rates (d)-(f )-case I

13

(a) (d)

(b) (e)

13

(a) (d)

(b) (e)

14

(c) (f)

Fig. 5. The three-axis system, noisy and estimated angular rotations (a)-(c), angular rates (d)-(f)-case I.

(a) (b)

Fig. 6. The three-axis estimated angular rotations errors (a)-(c), angular rates errors (d)-(f)-case I.

a d

e

f

b

c



555Information Technology and Control 2017/4/46

Figure 6 
The three-axis estimated angular rotations errors (a)-(c), angular rates errors (d)-(f )-case I

14

(c) (f)

Fig. 5. The three-axis system, noisy and estimated angular rotations (a)-(c), angular rates (d)-(f)-case I.

(a) (b)

Fig. 6. The three-axis estimated angular rotations errors (a)-(c), angular rates errors (d)-(f)-case I.

a b

3.2. The Second Experiment

The second experiment is carried out regarding the  
Case II of Table 1. The variations of the parameters of  
KC, KF and KD are taken in the span of 0.90–1.2 in the 
fifteen iterations, as illustrated in Fig. 7, to provide a 
band of the parameters uncertainties and disturbanc-
es through the variations of thrust vectors and center 
of mass, as illustrated in Fig. 8.
The investigated outcome of the proposed control 

strategy in the second experiment is acquired based 
upon the system, noisy and estimated three-axis ro-
tational angles and the corresponding rates in the 
specific value of the parameters uncertainties of 
Table 1, as illustrated in Fig. 9. Subsequently, the ab-
solute errors of the noisy and the related estimated 
rotational angles and their rates are correspondingly 
illustrated in Fig. 10.

a b c

Figure 7 
The parameters of KC, KF and KD- case II
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Figure 8 
The parameters of F, D and L- case II

Figure 9 
The three-axis system, noisy and estimated angular rotations (a)-(c), angular rates (d)-(f )-case II

16

(a) (d)

(b) (e)

16

(a) (d)

(b) (e)

a c

b d
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17

(c) (f)

Fig. 9. The three-axis system, noisy and estimated angular rotations (a)-(c), angular rates (d)-(f)-case II.

(a) (b)

Fig. 10. The three-axis estimated angular rotations errors (a)-(c), angular rates errors (d)-(f)-case II.

c

a

e

b

17

(c) (f)

Fig. 9. The three-axis system, noisy and estimated angular rotations (a)-(c), angular rates (d)-(f)-case II.

(a) (b)

Fig. 10. The three-axis estimated angular rotations errors (a)-(c), angular rates errors (d)-(f)-case II.

Figure 10 
The three-axis estimated angular rotations errors (a)-(c), angular rates errors (d)-(f )-case II

3.3. The Third Experiment
The third experiment is carried out regarding the 
Casa III of Table 1. The variations of the parameters of  
KC, KF and  KD are taken in the span of  0.90–1.2 in the 
fifteen iterations, as illustrated in Fig. 11 to provide a 
band of the parameters uncertainties and disturbances 
through the variations of thrust vectors and center of 
mass, as illustrated in Fig. 12.
The investigated outcome of the proposed control 

strategy in the third experiment is acquired based 
upon the system, noisy and estimated three-axis 
rotational angles and the corresponding rates in the 
specific value of the parameters uncertainties of 
Table 1, as illustrated in Fig. 13. Subsequently, the 
absolute errors of the noisy and the related estimat-
ed rotational angles and their rates are correspond-
ingly illustrated in Fig. 14.
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a b c

a b c

Figure 11 
The parameters of  KC, KF and  KD- case III

Figure 12 
The parameters of F, D and L - case III

19 
 

(a) (d) 

(b) (e) 

Figure 13 
The three-axis system, noisy and estimated angular rotations (a)-(c), angular rates (d)-(f )-case III

a d
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19 
 

(a) (d) 

(b) (e) 

20

(c) (f)

Fig. 13. The three-axis system, noisy and estimated angular rotations (a)-(c), angular rates (d)-(f)-case III.

(a) (b)

Fig. 14. The three-axis estimated angular rotations errors (a)-(c), angular rates errors (d)-(f)-case III.

b

c

e

f

20

(c) (f)

Fig. 13. The three-axis system, noisy and estimated angular rotations (a)-(c), angular rates (d)-(f)-case III.

(a) (b)

Fig. 14. The three-axis estimated angular rotations errors (a)-(c), angular rates errors (d)-(f)-case III.

Figure 14 
The three-axis estimated angular rotations errors (a)-(c), angular rates errors (d)-(f )-case III

a b
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3.4. The Fourth Experiment
The last experiment is carried out regarding the Case 
IV of Table 1. The variations of the parameters of  KC, 
KF and KD are taken in the span of 0.90–1.2 in the fif-
teen iterations, as illustrated in Fig. 15, to provide a 
band of the parameters uncertainties and disturbanc-
es through the variations of thrust vectors and center 
of mass, as illustrated in Fig. 16.

The investigated outcome of the proposed control 
strategy in the last experiment is acquired based upon 
the system, noisy and estimated three-axis rotational 
angles and the corresponding rates in the specific value 
of the parameters uncertainties of Table 1, as illustrat-
ed in Fig. 17. Subsequently, the absolute errors of the 
noisy and the related estimated rotational angles and 
their rates are correspondingly illustrated in Fig. 18.

a

b

c

a

b

c

Figure 15 
The parameters of KC, KF and KD-case IV

Figure 16 
The parameters of F, D and  L-case IV
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22

(a) (d)

(b) (e)

22

(a) (d)

(b) (e)

23

(c) (f)

Fig. 17. The three-axis system, noisy and estimated angular rotations (a)-(c), angular rates (d)-(f)-case IV.

(a) (b)

Fig. 18. The three-axis estimated angular rotations errors (a)-(c), angular rates errors (d)-(f)-case IV.

Figure 17 
The three-axis system, noisy and estimated angular rotations (a)-(c), angular rates (d)-(f )-case IV

a

b

c

d

e

f
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23

(c) (f)

Fig. 17. The three-axis system, noisy and estimated angular rotations (a)-(c), angular rates (d)-(f)-case IV.

(a) (b)

Fig. 18. The three-axis estimated angular rotations errors (a)-(c), angular rates errors (d)-(f)-case IV.

a b

Figure 18 
The three-axis estimated angular rotations errors (a)-(c), angular rates errors (d)-(f )-case IV

3.5. The Verification of the Strategy 
The verification of the strategy proposed here is 
just considered through the realization of the SDRE  
by the following parameters and a number of well-
known potential benchmarks including Zhang's 
benchmarks, as well:

24 
 

 

�

𝜑𝜑𝜑𝜑𝑠𝑠𝑠𝑠0 = 2°,𝜃𝜃𝜃𝜃𝑠𝑠𝑠𝑠0 = −15°,𝜓𝜓𝜓𝜓𝑠𝑠𝑠𝑠0 = 10°
𝜔𝜔𝜔𝜔𝑠𝑠𝑠𝑠𝑥𝑥𝑥𝑥0 = 𝜔𝜔𝜔𝜔𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠0 = 𝜔𝜔𝜔𝜔𝑠𝑠𝑠𝑠𝑧𝑧𝑧𝑧0 = 0.5°/𝑃𝑃𝑃𝑃

𝑹𝑹𝑹𝑹�𝒙𝒙𝒙𝒙(𝒕𝒕𝒕𝒕)� =
1
2
𝑰𝑰𝑰𝑰𝟔𝟔𝟔𝟔×𝟔𝟔𝟔𝟔,

 

 

(31) 

 

⎩
⎪
⎨

⎪
⎧

𝑇𝑇𝑇𝑇𝑠𝑠𝑠𝑠𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 = 350 𝑃𝑃𝑃𝑃
𝐼𝐼𝐼𝐼𝑥𝑥𝑥𝑥 = 25, 𝐼𝐼𝐼𝐼𝑠𝑠𝑠𝑠 = 85, 𝐼𝐼𝐼𝐼𝑧𝑧𝑧𝑧 = 75 𝑘𝑘𝑘𝑘𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸2

𝜑𝜑𝜑𝜑𝑟𝑟𝑟𝑟 = 𝜃𝜃𝜃𝜃𝑟𝑟𝑟𝑟 = 𝜓𝜓𝜓𝜓𝑟𝑟𝑟𝑟 = 0°
𝜔𝜔𝜔𝜔𝑟𝑟𝑟𝑟𝑥𝑥𝑥𝑥 = 𝜔𝜔𝜔𝜔𝑟𝑟𝑟𝑟𝑠𝑠𝑠𝑠 = 𝜔𝜔𝜔𝜔𝑟𝑟𝑟𝑟𝑧𝑧𝑧𝑧 = 0°/𝑃𝑃𝑃𝑃

𝑸𝑸𝑸𝑸�𝒙𝒙𝒙𝒙(𝒕𝒕𝒕𝒕)� = 𝑰𝑰𝑰𝑰𝟔𝟔𝟔𝟔×𝟔𝟔𝟔𝟔.

 

 

(32) 

 

Based upon the steady state errors regarding 𝜑𝜑𝜑𝜑𝑠𝑠𝑠𝑠°,𝜃𝜃𝜃𝜃𝑠𝑠𝑠𝑠°,𝜓𝜓𝜓𝜓𝑠𝑠𝑠𝑠° and  𝝎𝝎𝝎𝝎𝒔𝒔𝒔𝒔𝒙𝒙𝒙𝒙,𝒚𝒚𝒚𝒚,𝒛𝒛𝒛𝒛°/𝑃𝑃𝑃𝑃  and also the results of the 

𝐽𝐽𝐽𝐽�𝒙𝒙𝒙𝒙(𝒕𝒕𝒕𝒕),𝒖𝒖𝒖𝒖(𝒕𝒕𝒕𝒕)� = 𝐽𝐽𝐽𝐽𝑥𝑥𝑥𝑥�𝒙𝒙𝒙𝒙(𝒕𝒕𝒕𝒕),𝒖𝒖𝒖𝒖(𝒕𝒕𝒕𝒕)� + 𝐽𝐽𝐽𝐽𝑢𝑢𝑢𝑢�𝒙𝒙𝒙𝒙(𝒕𝒕𝒕𝒕),𝒖𝒖𝒖𝒖(𝒕𝒕𝒕𝒕)�, the efficiencies of the proposed control strategy can be verified in 

Table 3 . 

 
Table 3. The verification of the proposed control strategy in connection with the 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 and the two potential benchmarks. 

  
 

The strategies/benchmarks 

 

Maximum three-axis 

attitude rotational angles 

errors in steady state 

(deg.) 

 

Maximum three-axis angular 

rates errors in steady state 

(deg./s) 

 

Maximum 

efforts 

(N) 

1 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 0.053 0.094 40.07 

2 𝐻𝐻𝐻𝐻𝐾𝐾𝐾𝐾′𝑃𝑃𝑃𝑃 𝑏𝑏𝑏𝑏𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾ℎ𝐸𝐸𝐸𝐸𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝑘𝑘𝑘𝑘 [11] 0.070 0.070 − 

3 𝑍𝑍𝑍𝑍ℎ𝐷𝐷𝐷𝐷𝐾𝐾𝐾𝐾𝐸𝐸𝐸𝐸′𝑃𝑃𝑃𝑃 𝑏𝑏𝑏𝑏𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾ℎ𝐸𝐸𝐸𝐸𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝑘𝑘𝑘𝑘 [32] 0.080 0.040 100 

4 𝑇𝑇𝑇𝑇ℎ𝐾𝐾𝐾𝐾 𝑝𝑝𝑝𝑝𝐷𝐷𝐷𝐷𝑟𝑟𝑟𝑟𝑝𝑝𝑝𝑝𝑟𝑟𝑟𝑟𝑃𝑃𝑃𝑃𝐾𝐾𝐾𝐾𝑐𝑐𝑐𝑐 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝑃𝑃𝑃𝑃𝐾𝐾𝐾𝐾𝐸𝐸𝐸𝐸𝑃𝑃𝑃𝑃 0.098 0.054  29.76 

 
 

4. Conclusion 
A control strategy is proposed to deal with the space system in the presence of parameters uncertainties and 

disturbances that are provided based upon the variations of the thrust vector, center of mass, engine misalignment, 

moment of inertial and other related parameters. In the strategy proposed here, the optimal state estimator scheme 

is designed to deal with the system under control, while the process noise of a set of thrusters and also the 

measurement noise of a set of sensors are considered to be dealt with through optimal state estimator scheme to 

(31)

where I6×6 denotes the identity matrix with the di-
mension of six. Moreover, the following parameters 
are taken to carry out the present benchmark:

24 
 

 

�

𝜑𝜑𝜑𝜑𝑠𝑠𝑠𝑠0 = 2°,𝜃𝜃𝜃𝜃𝑠𝑠𝑠𝑠0 = −15°,𝜓𝜓𝜓𝜓𝑠𝑠𝑠𝑠0 = 10°
𝜔𝜔𝜔𝜔𝑠𝑠𝑠𝑠𝑥𝑥𝑥𝑥0 = 𝜔𝜔𝜔𝜔𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠0 = 𝜔𝜔𝜔𝜔𝑠𝑠𝑠𝑠𝑧𝑧𝑧𝑧0 = 0.5°/𝑃𝑃𝑃𝑃

𝑹𝑹𝑹𝑹�𝒙𝒙𝒙𝒙(𝒕𝒕𝒕𝒕)� =
1
2
𝑰𝑰𝑰𝑰𝟔𝟔𝟔𝟔×𝟔𝟔𝟔𝟔,

 

 

(31) 

 

⎩
⎪
⎨

⎪
⎧

𝑇𝑇𝑇𝑇𝑠𝑠𝑠𝑠𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 = 350 𝑃𝑃𝑃𝑃
𝐼𝐼𝐼𝐼𝑥𝑥𝑥𝑥 = 25, 𝐼𝐼𝐼𝐼𝑠𝑠𝑠𝑠 = 85, 𝐼𝐼𝐼𝐼𝑧𝑧𝑧𝑧 = 75 𝑘𝑘𝑘𝑘𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸2

𝜑𝜑𝜑𝜑𝑟𝑟𝑟𝑟 = 𝜃𝜃𝜃𝜃𝑟𝑟𝑟𝑟 = 𝜓𝜓𝜓𝜓𝑟𝑟𝑟𝑟 = 0°
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 and also the results of the 
J(x(t), u(t)) = Jx(x(t), u(t)) + Ju(x(t), u(t)) , the effi-
ciencies of the proposed control strategy can be ver-
ified in Table 3.

4. Conclusion
A control strategy is proposed to deal with the space 
system in the presence of parameters uncertainties 
and disturbances that are provided based upon the 
variations of the thrust vector, center of mass, engine 

Table 3
The verification of the proposed control strategy 
in connection with the SDRE and the two potential 
benchmarks

The strategies/
benchmarks

Maximum 
three-axis atti-
tude rotational 

angles errors 
in steady state 

(deg.)

Maximum 
three-axis 

angular rates 
errors in 

steady state 
(deg./s)

M
ax

im
um

 
eff

or
ts

 (N
)

1 SDRE 0.053 0.094 40.07

2
He's benchmark 
[11]

0.070 0.070 –

3
Zhang's 
benchmark [32]

0.080 0.040 100

4
The proposed 
strategy

0.098 0.054 29.76
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misalignment, moment of inertial and other related 
parameters. In the strategy proposed here, the opti-
mal state estimator scheme is designed to deal with 
the system under control, while the process noise of 
a set of thrusters and also the measurement noise of a 
set of sensors are considered to be dealt with through 
optimal state estimator scheme to present the inves-
tigated outcomes, in a real situation. A combination 
of low and high thrusts levels is acquired to handle 
the three-axis rotational angles and their rates of the 

present space system, while a band of parameters 
uncertainties and disturbances are generated to con-
sider the proposed approach performance through 
a series of experiments in the Monte-Carlo based 
method. The investigated results indicate that the 
performance of the proposed control strategy is ac-
ceptable, as long as the state-dependent Riccati equa-
tion based on the rotational angles in accordance with 
the corresponding angular rates and also a number of 
the potential benchmarks are all considered.
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What we research here deals with the dynamics and its kinematics concerning the autonomous space systems 
through a new control strategy, while a band of parameters uncertainties in connection with disturbances 
based upon the variations of the thrust vector, center of mass, engine misalignment, moments of inertial and so 
on are all taken into real consideration. To present the investigated outcomes in such a real situation, the pro-
cess noise that is related to a set of thrusters and the measurement noise that also is related to a set of sensors 
are considered to be dealt with through optimal state estimator scheme. There are the double control loops 
including the inner loop and the outer loop, which are organized based upon a combination of low and high 
thrusts levels to handle three-axis rotational angles and their rates. The aforementioned thrusts levels in con-
nection with the uncertainties and disturbances are handled through the Monte-Carlo based method to con-
sider the performance of the proposed approach, in a series of experiments. The investigated results show that 
the performance of the proposed strategy is verified in which the well-known state-dependent Riccati equation 
based on the three-axis rotational angles and the corresponding angular rates as well as a number of potential 
benchmarks are considered to be compared in the same conditions as much as possible.

Taikant naują kontrolės strategiją, straipsnyje analizuojama autonominių erdvių sistemų dinamika ir jos kine-
matika. Realiai atsižvelgiama į grupę parametrų neapibrėžtumų, susijusių su trikdžiais, kylančiais dėl traukos 
vektoriaus variacijų, masės centro, variklio poslinkio, inercinių momentų ir pan. Norint pateikti tiriamus re-
alios situacijos rezultatus, proceso triukšmas, susijęs su greitintuvais, ir matavimo triukšmas, susijęs su ju-
tikliais, yra aptariamas taikant optimalią būklės įvertinimo schemą. Schemoje yra dvigubos kontrolės kilpos, 
įskaitant vidinę ir išorinę, kurios tam, kad būtų galima valdyti trijų ašių sukimosi kampus ir jų dydį, yra sudary-
tos remiantis žemos ir aukštos traukos lygiais. Ankščiau minėtieji su neapibrėžtumu ir trikdžiais susiję traukos 
lygiai sprendžiami naudojant Monte-Karlo metodą. Taip atliekant serijinius eksperimentus siekiama įvertinti 
siūlomo metodo veiksmingumą. Metodo našumas įrodomas kiek įmanoma vienodesnėmis sąlygomis lyginant 
gerai žinomą nuo būsenos priklausomą, trijų ašių sukimosi kampais grįstą Rikati lygtį, atitinkamus kampų dy-
džius bei potencialių etalonų skaičių.  

Summary / Santrauka


