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Abstract

:

The cablelessness of non-contact close-proximity formation satellites can fundamentally avoid the influence of non-contact interface coupling effects and can further enhance the attitude pointing accuracy and stability of the payload module (PM). However, it also brings the problem of limited on-board resources and system latency. In this paper, an event-triggered attitude tracking controller of the support module (SM) that avoids the Zeno phenomenon was proposed. The update time of the control signal was determined by the event-triggering mechanism based on intermediate variables, thus, reducing the communication burden and actuator asynchrony between the two modules. The feasibility and effectiveness of the proposed approach was demonstrated by numerical simulations.
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1. Introduction


The non-contact close-proximity formation satellite, consisting of a PM and an SM separated by the non-contact Lorentz actuator (NCLA), has significant application potential and can provide a satellite platform with ultra-high attitude pointing accuracy and stability for space gravitational wave detection [1,2], next-generation space telescopes [3,4], and other space exploration missions [5,6].



Due to the remarkable attitude control performance, non-contact satellites have become an attractive research direction. Lockheed Martin built a single rotation degree-of-freedom and two translation degree-of-freedom system based on planar air-bearing to verify the concept of a non-contact satellite platform [7], but it was not sufficient to verify the control problem under multi-dynamic coupling. In recent years, linear feedback proportion differentiation (LFPD) control [8], twistor-based synchronous control [9], and active disturbance rejection control (ADRC) [10] based on Newton Euler modeling approaches have been used to solve the multi-body dynamics coupling control problem. Meanwhile, advanced control methods such as optimal control, fuzzy control and deep reinforcement learning have been successfully applied in various complex nonlinear control systems, which can provide effective solutions for spacecraft control [11,12,13].



However, previous research has equipped cables between the two modules. The coupling effect of the non-contact interface created by the translational and torsional stiffness of the cable affects the attitude control performance of the PM [14,15,16,17], which contradicts the original purpose of the non-contact design. In addition, the analysis of the cable effects is included in the on-orbit validation of the non-contact platform by Lockheed Martin [18]. Furthermore, the development of wireless communication and wireless energy transmission technologies can provide the technical support for cable-free non-contact close-proximity formation satellites [19,20,21]. Moreover, the widespread application of plug-and-play accessories and modularity have become trends of future spacecrafts [22,23]. Under this condition, although cablelessness can avoid non-contact interface coupling effects, it also brings problems such as limited on-board resources, communication time delay, and actuator asynchrony [24]. Therefore, the research of control methods for non-contact close-proximity formation satellites under cableless condition is an urgent problem to be solved.



On the other hand, from the perspective of on-orbit applications, the non-contact close-proximity formation satellites requires an initial release from the contact configuration after orbiting. Due to the small air-clearance constraint of the NCLA, this process needs to achieve a rapid tracking control of the SM so that the NCLA can quickly enter the linear range. Considering the in-flight fluttering of the solar panel and the control lumping of the actuator installed in the SM, as well as the complex space environment, it is necessary to monitor the relative attitude and position information of the two modules and to update the control signals at a high frequency during the release process, although it will waste some on-board resources. When the release process is completed, the SM will perform “less demanding” close formation tracking control. At this time, the entire satellite state tends to be stabilized; if it is possible to reduce the update frequency of the SM control signal, the delay problems caused by the software and hardware can be further reduced and the SM tracking control can be accomplished more effectively.



Meanwhile, the control methods involved in the existing research are all periodic sampling control methods. In this control strategy, the control signals are updated periodically whether it is necessary or not, which is a waste of communication resources. Considering the various constraints that exist under cableless conditions, control strategies with frequent communication are difficult to achieve in practical engineering. Event-triggered control provides a solution to the control problem in the presence of resource constraint [25,26,27,28]. In event-triggered control, the update moment of the control signal is determined by the triggering mechanism, which can effectively reduce the communication frequency.



Motivated by the above-mentioned research, in this paper, we proposed an event-triggered attitude tracking control for a cableless non-contact close-proximity formation satellite and avoid the Zeno phenomenon. First, compared with existing non-contact satellite research, the cable-free design can fundamentally avoid the coupling effect of a non-contact interface due to translational and torsional stiffness. Secondly, the event-triggered tracking control significantly reduces the update frequency of the control signal and alleviates the communication burden between the two modules, so that the SM can effectively achieve the tracking control with the smallest communication bandwidth occupation. Simultaneously, the NCLA is always maintained in the linear range during the whole control process, which provides a guarantee for the high-precision attitude control performance of the PM.



The rest of this paper is organized as follows. The problem statement of this paper is given in Section 2. The design of the controller is introduced in Section 3. In Section 4, the numerical simulation is performed to demonstrate the feasibility and effectiveness of the proposed approach. Finally, the main conclusions are given in Section 5.




2. Problem Statement


2.1. Hierarchical Architecture


In contrast to conventional fixed-linked satellites and the Stewart platform [29], cableless non-contact close-proximity formation satellites consist of the PM and the SM separated by the NCLA, as shown in Figure 1. The coil part of the NCLA, a star sensitive position receiver and an ultra-quiet payload were installed in the PM; the magnet part of the NCLA, the control moment gyro, the solar panel, and other components were installed in the SM. Moreover, both modules were equipped with a communication device for data transmission. Special attention was paid to the fact that there were no cables between the two modules, avoiding the non-contact interface coupling effects on the attitude control performance of the PM. In addition, the NCLA adopted in this architecture was a linear actuator with direct current drive, which had a higher control accuracy than the control moment gyro (CMG) [30,31].




2.2. Dynamics Modeling


In order to discuss the motion of the cableless non-contact close-proximity formation satellite, the J2000.0 equatorial frame Oixiyizi was defined as the inertial coordinate system. The tracking coordinate system of the stability control was a Cartesian right-handed frame fixed to the local orbital frame of the PM Ooxoyozo, in which the origin was fixed at the center mass of the PM. The body frame of the PM Opxpypzp and the body frame of the SM Osxsyszs were defined as the Cartesian right-handed frames fixed to the mass distribution and geometry, respectively. The overall definition of the coordinate system of the cableless non-contact close-proximity formation satellite is shown in Figure 2.



According to the architecture shown in Figure 1 and Figure 2, the dynamics are given in terms of a quaternion as follows, based on our previous research [10,32]:


      q ˙   po , pl   = −  1 2    q   po , p  T    ω   po , p          q ˙    po , p   =  1 2  (   q   po , p  ×    ω   po , p   +   q   po , p     I   3 × 3     ω   po , p   )    



(1)






     ω ˙    p o , p   =   J  p  − 1   (   τ  p  +   τ   d p   + Δ  τ  −   ω   p i , p  ×    J  p    ω   p i , p   ) +   ω   p o , p  ×    C   p o     ω   o i , o   −   C   p o      ω ˙    o i , o    



(2)






      q ˙   s p , s 1   = −  1 2    q   s p , s  T    ω   s p , s          q ˙    s p , s   =  1 2  (   q   s p , s  ×    ω   s p , s   +   q   s p , s     i   3 × 3     ω   s p , s   )    



(3)






       ω ˙    s p , s   =   J  s  − 1   [   τ  s  +   τ   d s   −   C   s p   (   τ  p  + Δ  τ  ) −   Δ   a 1      η ¨    a 1   −   Δ   a 2      η ¨    a 2       −   ω   s i , s  ×  (   J  s    ω   s i , s   +   h  c  ) ] +   ω   s p , s  ×    C   s p     ω   p i , p   −   C   s p      ω ˙    p i , p   ,    



(4)




where    q  s p , s 1   ∈  ℝ  1 × 1     and     q   s p , s   ∈  ℝ  3 × 1     denote the scalar part and vector part of the quaternion of the SM, respectively;    q  p o , p 1   ∈  ℝ  1 × 1     and     q   p o , p   ∈  ℝ  3 × 1     denote the scalar part and vector part of the quaternion of the PM, respectively;     ω   s p , s   ∈  ℝ  3 × 1     denotes the angular velocity of the SM frame relative to the PM frame;     ω   s i , s   ∈  ℝ  3 × 1     denotes the angular velocity of the SM frame relative to the inertial frame;     ω   p o , p   ∈  ℝ  3 × 1     denotes the angular velocity of the PM frame relative to the orbital frame;     ω   p i , p   ∈  ℝ  3 × 1     denotes the angular velocity of the PM frame relative to the inertial frame;     ω   o i , o   ∈  ℝ  3 × 1     denotes the angular velocity of the orbital frame relative to the inertial frame;     J  s    and     J  p  ∈  ℝ  3 × 3     denote the inertia matrix of the SM and PM, respectively;     h  c  ∈  ℝ  3 × 1     denotes the angular momentum of the CMG installed in the SM;     τ  s    and     τ  p  ∈  ℝ  3 × 1     denote the control torque of the SM and PM, respectively;   Δ  τ  ∈  ℝ  3 × 1     denotes the inner disturbance torque generated by the NCLA;     τ   d s     and     τ   d p   ∈  ℝ  3 × 1     denotes the external disturbance torque of the SM and PM, respectively;     C   s p     and     C   p o   ∈  ℝ  3 × 3     denotes the transformation matrix, which can be expressed as:


      C   s p   = (  q  s p , s 1  2  −   q   s p , s  T    q   s p , s   )   I   3 × 3   + 2   q   s p , s     q   s p , s  T  − 2  q  s p , s 1     q   s p , s  ×        C   po   = (  q  po , pl  2  −   q   po , p  T    q   po , p   )   I   3 × 3   + 2   q   po , p     q   po , p  T  − 2  q  po , pl     q   po , p  T  .    



(5)







The notation     α  ×    for a vector    α  =   [  α 1  ,  α 2  ,  α 3  ]  T    denotes a cross-product of a skew-symmetric expressed as:


    α  ×  =      0    −  α 3       α 2         α 3     0    −  α 1        −  α 2       α 1     0      .  











In addition,     Δ   a i     and     η   a i    (i = 1, 2) denote the coupling matrix and the modality of the solar panel, which are, respectively, expressed as:


           η ¨    a 1   + 2   ζ  a    Λ  a     η ˙    a 1   +   Λ  a 2    η   a 1   +   Δ   a 1  T     ω ˙    s i , s   = 0          η ¨    a 2   + 2   ζ  a    Λ  a     η ˙    a 2   +   Λ  a 2    η   a 2   +   Δ   a 2  T     ω ˙    s i , s   = 0 ,        



(6)




where     ζ  a    denotes the damping coefficient matrix and     Λ  a    dentoes the modal frequency diagonal matrix.




2.3. Control Strategy Analysis


According to the dynamics shown in Equations (1)–(6), the PM can be considered as a rigid body. In this non-contact architecture, unprecedented attitude control accuracy and stability can be achieved using ADRC or LFPD control; its feasibility has been demonstrated in our previous research [10,32]. From the perspective of engineering application, we design actived attitude control law for the PM based on the conventional time-triggered LFPD control as follows:


      τ  p  = −   K   p p     q   po , p   −   K   d p     ω   po , p   +   Δ  p        Δ  p  = −   τ   d p   + Δ  τ  +   ω   p i , p  ×    J  p    ω   p i , p   −   J  p  (   ω   po , p  ×    C   po     ω   o i , o   ) +   J  p    C   po      ω ˙    o i , o   ,    



(7)




where     K  i  = d i a g (  K  i x   ,  K  i y   ,  K  i z   ) ∈  ℝ  3 × 3    ,   i ∈ { p p , d p }   denotes the positive definite matrix, and     Δ  p    denotes a linear feedback term.



In previous research on non-contact close-proximity formation satellites, the two modules have been equipped with cables. The non-contact interface coupling effect due to the translational and torsional stiffness of the cable would influence the attitude control performance of the PM. In this paper, cables are not considered; data and energy are transmitted between the two modules via wireless devices. However, this also brings the problem of constrained on-board resources and system latency. Under these conditions, the period sampling controller used in previous studies could fail, causing the NCLA to enter the nonlinear range. In extreme cases, the two modules may collide. To avoid this situation, the SM needs to achieve attitude tracking control with a reduced number of communications to avoid collision between the two modules. Therefore, in this paper, the SM controller design will be based on event-triggered theory, so that the SM can complete attitude tracking control while meeting the above requirements. At the same time, the relative attitude angles of the two modules should be maintained in the linear range of the NCLA, which guarantees excellent attitude control performance of the PM.



The closed-loop control system is shown in Figure 3. The whole system consists of active control of the PM and cooperative control of the SM. A high-precision star sensor can be used to determine the attitude of the PM. Due to the rigid body characteristics of the PM, it can accomplish ultra-high precision active attitude control through the NCLA. The non-contact sensors can be used to solve the relative attitude of the two modules and transmitted wirelessly to the SM; then, the ETC based tracking controller, mainly including triggering mechanism, LFPD and zero-order holder (ZOH), make event-triggered determination based on the state error and send the control signal to the actuators to complete the tracking control.



The control objective can be described as follows: considering the tracking dynamics described by Equations (3) and (4), design control scheme     τ  s    that the SM can track PM with an acceptable accuracy and the closed-loop system should be globally asymptotically stable, and     lim   T → ∞   [  q  s p , s 1   ,   q   s p , s   ] =   [ 1 , 0 , 0 , 0 ]  T   ,     lim   T → ∞     ω   s p , s   = 0  .



Meanwhile, to demonstrate the stability of the closed-loop system, the following assumption is introduced.



Assumption 1.

Combining the actual tracking control of the SM and the in-flight environment, the disturbance is bounded and differentiable, which indicates the equation       τ   d s     ≤   d  1    ,       τ   d p     ≤   D  2    and     Δ  τ    ≤   D  3    holds, where       ⋅       denotes the Euclidean norm of a vector.







3. ETC Based Tracking Controller


3.1. Controller Design


For the event-triggered control, the control signal     τ  s    will be updated at    t k  , k ∈  Z +    when the triggering mechanism is satisfied. The control signal will be maintained at a constant value by a zero-order (ZOH) when   t ∈ [  t k  ,  t  k + 1   )  , which can be expressed as:


    τ  s  ( t ) =   τ   cons   (  t k  ) ,  



(8)




where     τ   cons     denotes the designed control law.



To facilitate the design of the triggering mechanism, defining state variables as follows:


  Δ   τ  s  =   τ  s  ( t ) −   τ   cons   ( t )  



(9)






   X  =   ω   s p , s   + δ   q   s p , s   .  



(10)







Thus, the triggering instants can be determined by the following condition:


   t  k + 1   = inf { t >  t k      Δ   τ  s      ≥ ε   X   } ,  



(11)




where  δ ,  ε  denote positive numbers.



Moreover, we designed the control law for the attitude tracking control of the SM as follows:


    τ   cons   ( t ) = −   K   p s     q   s p , s   −   K   d s     ω   s p , s   +   Δ  s  ,  



(12)




where     K  i  = d i a g (  K  i x   ,  K  i y   ,  K  i z   ) ∈  ℝ  3 × 3    ,   i ∈ { p s , d s }   denotes the positive definite matrix, and     Δ  s    denotes a linear feedback term, which is given by:


      Δ  s  = −   τ  d  +   C   s p   (   τ  p  + Δ  τ  ) +   Δ   a 1      η ¨    a 1   +   Δ   a 2      η ¨    a 2       +   ω   s i , s  ×  (   J  s    ω   s i , s   +   h  c  ) −   J  s  (   ω   s p , s  ×    C   s p     ω   p i , p   ) +   J  s  (   C   s p      ω ˙    p i , p   ) .    



(13)







Remark 1.

We considered the SM attitude tracking control problem after the initial release, when the state of the non-contact close-proximity formation satellite tended to be stabilized. Therefore, the LFPD, which is widely used in engineering, was adopted as the tracking controller.






3.2. Feasibility Analysis


In this section, we analyze the feasibility of the event-triggering mechanism and the controller designed in Section 3.1, mainly including the stability analysis of the closed-loop system and the avoidance of the Zeno phenomenon.



Theorem 1.

The tracking controller of the SM given by Equation (12) and the active attitude controller of the PM given by Equation (7) under the Assumption 1 was globally asymptotically stable.





Theorem 2.

For the attitude triggering mechanism given by Equation (11), there always existed a positive lower boundary for any two neighboring triggering instants under the Assumption 1, which guaranteed Zeno-free. That for   ∀ k   , the equation    t  k + 1   −  t k  ≥  t *    holds, where    t *    is a positive constant.





Proof of Theorem 1.

Define auxiliary variable     Q  s  =   [ 1 −  q  s p , s 1   ,   q   s p , s  t  ]  t   , define the Lyapunov function as follows:


  V =  1 2    ω   s p , s  Τ    J  s    ω   s p , s   +  1 2   K p    Q  s T    Q  s  .  



(14)







Thus, the first derivative of Equation (14) can be obtained as:


      V ˙     =   ω   s p , s  T    J  s     ω ˙    s p , s   +   K  p    Q  s T     Q ˙   s         =   ω   s p , s  T  [   τ  s  +   τ  d  −   C   p s   (   τ  p  + Δ  τ  ) −   Δ   a 1      η ¨    a 1   −   Δ   a 2      η ¨    a 2          −   ω   s i , s  ×  (   J  s    ω   s i , s   +   h  c  ) +   J  s  (   ω   s p , s  ×    C   p s     ω   p i , p   ) −   J  s  (   C   p s     J  p  − 1      ω ˙    p i , p   ) ]        +   K  p  [ 1 −  q  s p , s 1   ,   q   s p , s  T  ] [  1 2    q   s p , s  T    ω   s p , s   ,   (  1 2    q   s p , s  ×    ω   s p , s   +  1 2   q  s p , s 1     I   3 × 3     ω   s p , s   )  T  ]        =   ω   s p , s  T  [   τ  s  +   τ  d  −   C   p s   (   τ  p  + Δ  τ  ) −   Δ   a 1      η ¨    a 1   −   Δ   a 2      η ¨    a 2          −   ω   s i , s  ×  (   J  s    ω   s i , s   +   h  c  ) +   J  s  (   ω   s p , s  ×    C   p s     ω   p i , p   ) −   J  s  (   C   p s     J  p  − 1      ω ˙    p i , p   ) ]        +   K  p    q   s p , s  T    ω   s p , s   .      



(15)







Substituting Equation (12) into Equation (15), we can obtain:


     V ˙  =   ω   s p , s  T  [ −   K  p    q   s p , s   −   K  d    ω   s p , s   ] +   K  p    q   s p , s  t    ω   s p , s       =   ω   s p , s  T  [ −   K  p    q   s p , s   −   K  d    ω   s p , s   +   K  p    q   s p , s   ]     = −   K  d    ω   s p , s  T    ω   s p , s       ≤ 0 .    



(16)







According to Lassale’s invariant set principle, when   t → ∞  , the following relation can be guaranteed:     ω   s p , s   → 0  ,     q   s p , s   → 0  ,   1 −  q  s p , s 1   → 0  ,    q  s p , s 1   → 1  . Therefore, it can be concluded that the attitude tracking control of the SM was globally asymptotically stable.



The stability analysis for the controller given by Equation (7) is the same as above. □





Proof of Theorem 2.

Through the triggering mechanism designed in Section 3.1, it was straightforward to determine that the control signal error   Δ   τ  s    was reset to zero at each triggering instant   t =  t k   . Meanwhile, we know that      τ ˙   s  ( t ) = 0   always holds for a certain triggering time interval   t ∈ [  t k  ,  t  k + 1   )  . Thus, the time derivative of     Δ   τ  s      can be expressed as:


   d  d t     Δ   τ  s    =  d  d t     Δ   τ  s t  Δ   τ  s    =   Δ   τ  s T      Δ   τ  s      Δ    τ ˙   s  ≤   Δ    τ ˙   s    =      τ ˙   s  ( t ) −    τ ˙    c o n s   ( t )   =      τ ˙    c o n s   ( t )   .  



(17)







According to Assumption 1 and Equation (12),     τ   cons   ( t )   is bound and differentiable. Therefore, we can assume that there exists a positive constant  γ  satisfies       τ   c o n s   ( t )   ≤ γ  , integrate both sides of Equation (17), we can obtain:


    Δ   τ  s    =    ∫   t k   t        τ ˙    c o n s   ( s )   d s    = ( t −  t k  )     τ   c o n s   ( s )   ≤ ( t −  t k  ) γ ,  



(18)




which means that when   t →  t  k + 1    ,   t −  t k  =  t ∗  ≥     Δ   τ  s     γ   . Obviously,     Δ   τ  s    > 0  , thus    t ∗  > 0   and Zeno-free is guaranteed according to the above analysis. □







4. Numerical Simulations


In this section, the numerical simulation of a cableless non-contact close-proximity formation satellite was performed. With various advantages such as fast response, insensitivity to parameter changes, and simple physical implementation, the time-triggering mechanism-based sliding mode control has been widely used in various nonlinear systems [33,34]. In order to illustrate the characteristics of the approach proposed in this paper more completely, this section introduces the linear sliding mode controller (SMC) for comparative simulations, which can be designed as follows:


     s  =   ω   s p , s   + c   q   s p , s         τ  s  = − α    s   γ  sgn (  s  ) − β  s  − c   J  s    ω   s p , s   +   Δ  s  ,    



(19)




where   c , α , β   and  γ  denote the positive values that satisfy   0 < γ < 1  , the operation    ⋅    and   sgn ( ⋅ )   denote the absolute value and the sign function of a vector, respectively. The simulation environment and the initial parameters information are shown in Table 1. The parameters of the designed controller are shown in Table 2.



The simulation results of the SM are shown in Figure 4, Figure 5, Figure 6, Figure 7 and Figure 8. Figure 4, Figure 5 and Figure 6 show that the convergence of the attitude angle and the angular velocity could be realized by using both the SMC and the proposed approach. The proposed approach could achieve a faster convergence rate than the SMC. Meanwhile, the relative attitude angle of the two modules did not exceed the linear range of the NCLA, which indicated that the high precision control of the PM could be accomplished. Moreover, it can be seen that the time response of the attitude angle and angular velocity of the SM showed different levels of oscillation under the proposed approach. This was acceptable because the SM only needed to achieve rapid tracking control of the PM and to ensure that the NCLA was maintained in the linear range.



As shown in Figure 7, due to the time-triggered feature, the control signal of SMC was updated periodically. However, benefiting from the event-triggering mechanism, the maximum interval reached 3.45 s under the proposed approach. Meanwhile, the number of communication times is shown in Figure 8, from which we can see that the communication time under the proposed approach was 196, which is a 90% reduction compared to the SMC.



The time response of the triggering condition is given in Figure 9, from which we can see that     Δ   τ  s      was rarely lager than   δ   X     (due to the influence of flexing components such as solar panels, the SM will still perform a number of event-triggers to suppress this effect), indicating that the closed-loop system tended to be stabilized.



Moreover, to demonstrate how parameters  δ  and  ε  influenced the communication times, Cases 2 and 3 were conducted. All the conditions and parameters of Cases 2 and 3 were the same as in Case 1 except for the parameters  δ  and  ε . The simulation results are shown in Table 3, from which we can see thate the smaller values of  δ  and  ε  resulted in a higher communication rate.



The simulation results of the PM are shown in Figure 10 and Figure 11. The attitude angle and angular velocity curve of the PM could converge to zero in 30 s; the attitude accuracy and stability reached   2 ×   10   − 4   ( deg )   and   5 ×   10   − 6   ( deg / s )   respectively, proving the superb vibration isolation capability and attitude control performance of the PM.



The above-mentioned simulation results clearly demonstrate that the event-triggered attitude tracking controller for the SM can achieve control demand with a significantly smaller resource utilization. The comparison of the control performance of the two approaches are shown in Table 4.




5. Conclusions


This research sought to address the problem of limited on-board resources and system latency of the cableless non-contact close-proximity formation satellites. In this paper, an event-triggered attitude tracking controller was proposed. To reduce the number of communications between the two modules, an event-triggering mechanism was designed to determine the update time of the control signal and to avoid the Zeno phenomenon. The simulation results demonstrate the feasibility and effectiveness of the proposed approach. The communication burden between the two modules was significantly reduced by 90%. This shows that, in a future where plug-and-play accessories are used on a large scale and where modularity is the main trend, the non-contact close-proximity formation satellite could still achieve control demand with a significantly smaller resource utilization. Meanwhile, the relative attitude angles of the two modules did not exceed the linear range of the NCLA, indicating that the high-precision control of the PM could be accomplished. Furthermore, it is noted that there were limitations in the trigger conditions under the influence of flexible components. Therefore, the improvement of the triggering mechanism and control law could become the focus of future research.
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Figure 1. The architecture design of the cableless non-contact close-proximity formation satellite. 
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Figure 2. Coordinate definition of the cableless non-contact close-proximity formation satellite. 
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Figure 3. PM closed-loop control system. 
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Figure 4. Attitude angle of the SM. 
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Figure 5. Angular velocity of the SM. 
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Figure 6. Control torque of the SM. 
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Figure 7. Triggering interval. 
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Figure 8. Number of communication times. 






Figure 8. Number of communication times.



[image: Aerospace 09 00138 g008]







[image: Aerospace 09 00138 g009 550] 





Figure 9. Triggering condition. 
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Figure 10. Attitude angle of the PM. 
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Figure 11. Angular velocity of the PM. 
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Table 1. Simulation environment and initial parameters of the non-contact close-proximity formation satellite (Case1).
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Parameter

	
Value






	
Simulation environment

	
Simulation system

	
Windows 10 20H2




	
Simulation duration

	
100 s




	
Simulation step

	
0.05 s




	
Non-contact close-proximity formation satellite

	
Flying orbit

	
Dusk-dawn sun-synchronized orbitat

an altitude of 400 km




	
Earth gravity model

	
TJGRACE02S




	
Magnetic field model

	
IGRF 13 × 13




	
Atmospheric drag model

	
Exponential model




	
Solar radiation pressure model

	
Photon radiation




	
Inertia matrix of the PM

	
         20.02     − 0.24     0.17       0.1     19.97     0.12       − 0.11     0.08     20.06         




	
Inertia matrix of the SM

	
         22.37     0.84     1.22       0.1     20.49     0.12       − 0.57     1.22     21.58         




	
NCLA

	
Air-clearance range

	
±0.9°




	
Linear range

	
±0.5°




	
Attitude state

	
qpo,p

	
[0.9998, 0.0132, −0.0086, 0.0104]T




	
ωpo,p

	
[0, −0.0635, 0]T deg/s




	
qsp,s

	
[1, 0.0037, −0.0032, 0.0035]T




	
ωsp,s

	
[0.0021, 0.0042, −0.0033]T deg/s




	
Solar panel

	
Coupling matrix

	
         1.456     1.278     2.156       − 1.256     0.917     − 1.672       1.116     2.489     − 0.836         




	
Damping coefficient matrix

	
         0.007    0   0     0    0.010    0     0   0    0.018         




	
Modal frequency diagonal matrix

	
         0.707    0   0     0   1   0     0   0    1.414         




	
External disturbance torques of the SM and PM

	
     τ   d s     

	
     [ sin ( 1 + 0.11 t ) , cos ( 1 + 0.13 t ) , sin ( 1 + 0.15 t ) ]  t  ×   10   − 3   N ⋅ m   




	
     τ   d p     

	
     [ sin ( 1 + 0.11 t ) , cos ( 1 + 0.13 t ) , sin ( 1 + 0.15 t ) ]  t  ×   10   − 5   N ⋅ m   
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Table 2. Parameters of the designed controller (Case1).
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Parameter

	
Value






	
SMC

	
  c  

	
5




	
  α  

	
0.95




	
  β  

	
3




	
  γ  

	
0.95




	
Proposed approach

	
  δ  

	
1.1




	
  ε  

	
58




	
Kps

	
   d i a g ( − 52 , − 49 , − 51 )   




	
Kds

	
   d i a g ( − 77 , − 72 , − 75 )   




	
Kpp

	
   d i a g ( − 41 , − 39 , − 42 )   




	
Kdp

	
   d i a g ( − 102 , − 97 , − 103 )   
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Table 3. Effect of the parameters  δ  and  ε .






Table 3. Effect of the parameters  δ  and  ε .





	Indexes
	δ
	ε
	NTI 1
	PRCT 2





	Case 1
	1.10
	58
	196
	90.4%



	Case 2
	0.8
	58
	208
	89.6%



	Case 3
	0.8
	50
	232
	88.4%







1 NTI denotes the number of the triggering instants. 2 PRCT denotes the percentage reduction in communication times.
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Table 4. Controller performance comparison.
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Indexes

	
SMC

	
Proposed Approach






	
Maintaining the linear range of the NCLA

	
Success

	
Success




	
Convergence rate of the SM

	
Attitude angle

	
29 s

	
22 s (slightly oscillating)




	
Angular velocity

	
23 s

	
25 s (clearly oscillating)




	
Maximum communication interval

	
0.05 s

	
3.45 s




	
Communication times (Reduction rate)

	
2000 (−)

	
196 (90.4%)
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