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Abstract

:

This paper proposes a practical life prediction model for Flywheel Systems (FSs) using the Stochastic Hybrid Automaton (SHA) method. The reliability of motors and the performance degradation of bearings are considered key causes of the failure of FSs. The unit flywheel SHA model is established for the failure mechanism, considering burst failure of motors and the accumulated performance degradation of bearings. This prediction model also describes the dynamic relation of lifetime with the configurations of FSs, work modes, and running environments. Monte Carlo simulation results demonstrate that the life distributions of FSs are quite different if the spacecrafts run in various orbits or with different configurations, or under changed work modes. The proposed method provides an engineering reference and guidance for the scheme design and in-orbit mission planning of FSs.
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1. Introduction


To satisfy the requirement of high accuracy and a long useful life, flywheel subsystems (FSs) are commonly selected as typical and significant actuators to control the attitude of spacecrafts [1].



Some modern flywheels using active magnetic bearings have online health management systems [2], while traditional machinery flywheels still serve as vital actuators in the development and arrangement of spacecrafts for use in the two forthcoming decades. The reliability and useful life of the FS have distinguished its effects on the performance of attitude control systems (ACSs) [3]. A reasonable life prediction of an FS can provide important guidance for evaluating the health of the ACS when making on-orbit mission plans and conducting preventative maintenance.



The flywheel consists of four parts: a drive motor, a bearing subassembly, a wheel subassembly, and the housing. Numerous experiments and tests indicate that the bearing and motor are the main factors that cause flywheel failure [4,5,6,7,8,9,10]. Reference [11] shows that the residual amount of lubrication is the key factor that can disable a flywheel. Thermal vacuum experiments were performed to study the mechanism behind the loss of lubrication [12]. Reference [13] verified, through 10 years of experiments, that a change in temperature was the decisive factor causing a loss of lubricant. These works are of great help in learning the failure mechanisms of flywheels. However, they mostly focus on the failure factor of either burst failure or accumulated performance degradation. Usually, the lifetimes of FSs commonly end in the above two forms. How to integrate the two failure forms and explore their interactions when executing life prediction remains a challenge.



Reference [14] built a life prediction model using a joint distribution of two features. However, some other features, such as the temperature of the bearing, which also play an important role in determining the life of a flywheel, are not considered. Reference [15] studied the effect of working modes on the lifetime of a single flywheel. However, the running environment was not included.



The lifetime of an FS is affected not only by the failure of a single flywheel, but also by its configuration, running environment, and work modes.



In case of a failure of one single flywheel, the allocation of FS changes and a discrete state transformation happens. At the same time, a continuous state change occurs. For certain configurations with identical flywheels, the life of one single flywheel varies from the life of the others because of its different workload. During long-term running, accumulated stress will consequently have an impact on the performance of one single flywheel, which cannot be neglected. Moreover, due to the changed work modes and running environment, wear and tear will degrade the performance and results at the end of the FS’s life.



In this paper, we introduce the Stochastic Hybrid Automaton (SHA) method [16,17,18,19] to establish a prediction model; this method can describe all the aforementioned factors, as well as discrete state transformation and continuous state variation.



This paper is organized as follows: Section 1 introduces the failure mechanism of flywheels. The SHA model of a single flywheel is addressed in Section 2. The proposed life prediction model for FSs is established in Section 3. Section 4 illustrates case studies, and Section 5 concludes the paper.




2. Failure Mechanism of a Flywheel System


The reaction wheel is a momentum exchange device, which is a nominally non-spinning wheel mounted on a spacecraft. This wheel applies a reaction torque to the platform in the opposite direction. By mounting three or more wheels with spin axes not in the same plane, a torque can be created around an arbitrary axis at the spacecraft platform. As actuators, reaction wheels provide the most precise attitude control.



According to the composition of the flywheel, the drive motor refers to the motor and the controller. This motor is mainly responsible for transferring instructions to the host computer, executing instructions, and sending the status information of the flywheel. The bearing subassembly mainly refers to the flywheel lubrication system. The wheel subassembly is the main body for storing and releasing momentum during the angular momentum exchange between the flywheel and the satellite. A study in Reference [14] found that bearings and motors are critical factors that affect the performance of flywheels. Thus, these two factors are considered to be responsible for the end of a flywheel’s life.



2.1. Bearing Failure


In addition to environmental temperatures, speed regulations, and generalized stress, the residual amount of lubricant is also a crucial factor that causes the end of a flywheel’s life [7,8,9,10].



The oil supply rate    q ( t )    of a flywheel bearing oil supply system is supplied in reference [12] as:


   q ( t )  =    γ A ρ ω ( t )     2 v ( T ) L       ( R   2  −  r 2  )  



(1)




where  γ  is the permeability of the flow restrictor determined by the material;  A  is the cross-sectional area of the flow limiter;  ρ  is the density of the lubricant;    ω ( t )    is the rotation speed of oil storage room directly proportional to the rotation speed of the flywheel    n ( t )   ;  L  is the thickness of the flow limiter; and  R  and  r  are the respective radii of the outer and inner oil layer of the limiter, which are considered constants if the remaining oil in the storage chamber is sufficient and the ball is aided by elastic-hydrodynamic lubrication (EHL). Reference [20] established an empirical function with high accuracy; this function formulates the relationship between the dynamic viscosity  v  and bearing temperature  T :


  v ( T ) =  e  a   ( ln T )  4  + b   ( ln T )  3  + c   ( ln T )  2  + d ( ln T ) + e    



(2)




where the coefficients a, b, c, d, and e are determined by the lubricant material.



By setting    m 0    as the filling volume of the storage tank, we obtain the residual amount of lubricant, as follows:


  m ( t ) =  m 0  −    ∫ 0 t   q ( τ )    d τ  



(3)







Define    k T    as the threshold of the failure factor. When    m ( t )  =  k T   m 0   , the oil supply system can no longer supply oil normally to ensure correct performance. In this case, the ball cannot maintain its state of elasto-hydro dynamic lubrication, which will result in bearing failure. The parameter set   ( γ , A , ρ , L , R , r )   of the flow limiter is investigated through abundant experiments and precise measurements [21]. In this way, the type of lubricant can be obtained. Therefore, the value of    q ( t )    is affected by the rotation speed of the oil storage room    ω ( t )    and temperature  T .



Consequently, the useful life of the bearing can be considered equal to the time    t B  =   arg  t   { t | m ( t )  =  k T   m 0  }  , which is determined by the generalized stress    ω ( t )    and bearing temperature T.




2.2. Motor Failure


According to    GJB   299 C − 2006   , the failure rate model of the flywheel motor is set as follows [22]:


   λ p  =  λ b   π E   π Q   



(4)




where    λ p    is the running failure rate;    λ b    is the basic failure rate, which is related to the speed of the motor;    π E    is the environmental factor; and    π Q    is the mass coefficient, which can be obtained by looking up the quality standard.



   F ( t )    is the cumulative failure probability (CFP) and    R ( t )    is the reliability of the flywheel motor. According to experimental formula, we can conclude Equations (5) and (6) as:


  F ( t ) = 1 −  e  −  λ p  t    



(5)






  R ( t ) = 1 − F ( t ) =  e  −  λ p  t    



(6)







The failure rate model of the motor has been established by statistical methods via ground tests [23,24,25]. Referring to    GJB   299 C − 2006   ,    λ   b , g   H    and    F s H   ( t )    are set as the basic failure rate and the corresponding CFP model for high speed work mode, respectively.    λ   b , g   L    and    F s L   ( t )    are set as the basic failure rate and corresponding CFP model for the low speed work mode. Then, Equation (7) can be obtained:


   F s H  ( t ) = 1 −  e  −  λ      p , s     H  t   = 1 −  e  −    π   E , s       π   E , g       λ   b , g   H  t    



(7)






   F s L  ( t ) = 1 −  e  −  λ      p , s     L  t   = 1 −  e  −    π   E , s       π   E , g       λ   b , g   L  t    



(8)




where    π   E , s      and    π   E , g      are the environmental factors with respect to space and ground, which can be found in Reference [22].



The rotation speed of the flywheel    n ( t )    varies with the specified work mode, which results in a switch between the high- and low-speed modes. Therefore, the CFP model of the motor is built considering the running mode, as described in Equations (7) and (8). Based on the Nelson hypothesis of the equivalent cumulative damage, Reference [26] established the dynamic reliability model (DRM) considering switches on diverse stress. Referring to this work, we calculate the corresponding dynamic reliability with respect to various running speeds.



A certain probability exists of unexpected failure for flywheel motors. Under the conditions of different work modes and running speeds, the accumulative failure of the motor varies. When a motor cannot meet its required performance, sudden failure occurs.



By investigating the failure mechanism, we can conclude that the main factors affecting the useful life of a single flywheel are the speed of its motor and the temperature of its bearing. If the motor fails at time and the bearing fails at time, then the life of the flywheel is determined by the competition of the failure of the bearing and motor, which can be described as follows.




    l f  =   arg  t   max { t | t  ≤  t M   , t  ≤  t B  }   



(9)






2.3. Failure Analysis of the Flywheel System


Through the analysis, we can conclude that a single flywheel’s life is mainly decided by the failure of its bearings and motors. Accumulated rotational speed and alternative temperatures with long-term wear and tear will degrade the bearings, which will also cause the sudden failure of the motors. In summary, the following aspects play significant roles in predicting the lives of FSs.



(1) Running orbit



A spacecraft running in different orbits is exposed to different radiation accumulations, which vary the running environment of the spacecraft and affect the lubrication status of its oil supply systems and the working status of its bearings.



(2) Work mode



For different on-orbit mission requirements, the spacecraft runs under different work modes, which decides whether a single flywheel maintains a constant speed or regulates its speed as required. As shown in Equation (4), the oil supply rate of the bearing changes dynamically with speed and accelerates the failure of the bearings.



(3) Configuration of FS



There are three typical configurations for FSs: an array of three orthogonal flywheels with one skewed flywheel, an array of four skewed flywheels, and an array of six orthogonal flywheels. Each flywheel performs differently from the others because of various distribution matrices and system redundancies. When one flywheel fails, the stress on the FS will be redistributed throughout the changed configuration array. As a result, the performance of the remaining flywheels will also change, which results in different accumulation failures for the bearings.





3. SHA Model of a Single Flywheel


The SHA model is the most classic and general method to analyze a complex system. This model consists of continuous (or discrete) time variables, discrete event variables, and random factors. These advantages give the SHA model a wide application in evaluating the reliability of the vital equipment in the nuclear industry. Thus, the SHA model is introduced here to build a life prediction model for FSs. The SHA model can describe the complicated relationship of lifetime with orbital environments, work modes, system configurations, dynamic probabilities, and the degeneration of components, as well as spacecraft dynamics and kinematics. In addition, deterministic state transfer and nondeterministic transfer among discrete states can both be considered in the SHA model.



The SHA model for a single flywheel is built as follows:



Define    X f  =    { x     f , 1    =  F f     ( t ) , x     f , 2    =    m ( t ) , x     f , 3    =  n ( t ) }    as the set of continuous variables, where    F f   ( t )    is the CFP of motor,    m ( t )    is the residual amount of bearing lubricant, and    n ( t )    is the speed of the flywheels.



Define    W f  =    { w     f , 1    =  M s     , w     f , 2    =  T }    as the external input set, where    M s    is the instruction torque, and  T  is bearing temperature.



Equations (2), (3), and (7)–(9) illustrate that the life of a single flywheel    l f    is determined by the flywheel’s speed    n ( t )    and bearing temperature  T , which exerts an accumulated effect on the residual amount of lubricant    m ( t )   . Then    n ( t )    is divided into two discrete segments according to the set threshold    n T    in Equations (7) and (8). Thus,    S f  =    { s     f , 1       , s     f , 2       , s     f , 3    }   is the set of discrete states, where    s   f , 1      is the low-speed state,    s   f , 2      is the high-speed state, and    s   f , 3      is the failure state. Define    E f  =    { e     f , 1       , e     f , 2       , e     f , 3       , e     f , 4    }   as the discrete event set, where    e   f , 1      is the low-speed section,    e   f , 2      is the high-speed section,    e   f , 3      is the failure state of the motors, and    e   f , 4      is the failure state of the bearing lubrication.



Define    A f  =    { A     f , 12       , A     f , 21       , A     f , 13       , A     f , 23    }   as the state transfer set. The state transfer diagram of the SHA model of a single flywheel is shown in Figure 1, and the detail transfer among discrete states is shown in Table 1.



Set    Γ f  =  { {      d x    f , 1      d t   =  V s L   ( t ) ,      d x    f , 2      d t   =    q ( x     f , 3       ( t ) , w     f , 2     ( t ) ) ,      d x    f , 3      d t   =  w   1 , 2       ( t ) | S   f   ( t )  =  s   f , 1     } ,      {     d x    f , 1      d t   =  V s H   ( t ) ,      d x    f , 2      d t   =    q ( x     f , 3       ( t ) , w     f , 2     ( t ) ) ,      d x    f , 3      d t   =  w   f , 2       ( t ) | S   f   ( t )  =  s   f , 2     } }    as the collection of all continuous variables and    V f  =    { s     f , 1       , x     f , 1    =    0 , P     f , 13    =  0 }    as the initial value collection. Thus, SHA model of a single flywheel is built as    H f  =    ( S   f     , E   f     , W   f  ,  Γ f     , X   f     , A   f     , V   f  )  .




4. The SHA Model of the Flywheel System


The useful life prediction model of a FS is proposed by integrating the SHA models for a single flywheel and the frame of a dynamic fault tree (DFT). By introducing a DFT frame, the SHA prediction model for FSs is classified into several layers; in this way, we avoid the exploration of state combinations.



4.1. Introduction of the DFT Structure


The DFT frame is introduced to describe the topology, failure path, and state transition of FSs, which makes SHA model less difficult. The dynamic fault of an FS with pyramid allocation, shown in Figure 2, is described in Figure 3. Compared with the traditional SHA model, the model we propose has following improvements: (a) We did not need to list all failure paths; (b) by introducing logic gates, the failure paths are clearer, which simplifies the description of the state transfer; (c) the number of discrete states is obviously reduced in this way, as shown in Table 2.



Dynamic logic gates are established to describe the propagation of generalized stress on FSs. Taking the SHA models of a single flywheel as the bottom events of a DFT, the SHA models of the logic gates can simultaneously transmit “0–1” binary discrete fault information and continuous stress variables. The life prediction model of the FS with a DFT frame and SHA description is shown in Figure 4.




4.2. Logic-Gate SHA Model


As shown in Figure 3, there are six hot backup logic gates, which are defined as     HSP  j   ,  j ∈  { 1 , 2 , 3 , 4 , 5 , 6 }   . HSP is in the middle layer, which accepts discrete state information from bottom flywheels and torque instructions from the upper system    M i   ,   i ∈  { 1 , 2 , 3 }   . Then, it assigns torque    M s    to the bottom flywheels. The SHA model of the hot backup is built as    H h  =    ( S   h     , E   h     , W   h  ,  Γ h     , X   h     , A   h     , V   h  )  , and each part of which is defined as follows.



   S h  =    { s     h , 1       , s     h , 2       , s     h , 3       , s     h , 4    }  ,   s   h , 1      is the normal state of flywheel 1;    s   h , 2      is the failure state of flywheel 2;    s   h , 3      is the failure state of flywheel 1; and    s   h , 4      is the failure state of wheels 1 and 2.



   E h  =    { e     h , 1       , e     h , 2    }  ,   e   h , 1      is the failure event of flywheel 2 and    e   h , 2      is the failure event of flywheel 1.



   W h  =    { w     h , 1       , w     h , 2       , w     h , 3    }  ,   w   h , 1    =  M j   ,   w   h , 2      is the discrete state    s f 1    of the first flywheel SHA and    w   h , 3      is the discrete state    s f 2    of the second flywheel SHA.



   X h  =    { x     h , 1       , x     h , 2    }  ,   x   h , 1      is the assigned torque for flywheel 1    M s 1    and    x  h , 2     is the assigned torque for flywheel 2    M s 2   .



   A h  =    { A     h , 12       , A     h , 13       , A     h , 24       , A     h , 34    }   is shown in Table 3, and the state transfer diagram is shown in Figure 5.



As shown in Figure 3, the allocation matrix is described as follows.




    U 0  =  (      sin α cos β     − sin α cos β     − sin α cos β     sin α sin β       cos α     cos α     cos α     cos α       sin α sin β     sin α cos β     − sin α cos β     − sin α cos β      )    



(10)





When flywheel    F n   ,   n ∈  { 1 , 2 , 3 , 4 }    fails, the installation matrix for system performance degradation is rewritten as


   U n  =  U 0   Z n   



(11)




where


    Z 1  = [ 0 , 0 , 0 ; 1 , 0 , 0 ; 0 , 1 , 0 ; 0 , 0 , 1 ]      Z 2  = [ 1 , 0 , 0 ; 0 , 0 , 0 ; 0 , 1 , 0 ; 0 , 0 , 1 ]      Z 3  = [ 1 , 0 , 0 ; 0 , 1 , 0 ; 0 , 0 , 1 ; 0 , 0 , 0 ] .   











Hot backup determines the movement of    X h    according to the work state of the flywheels. Equations (10) and (11) can be shown with    Γ h    of the hot backup gate SHA in Table 4, where   ( ⋅    ) |     i , j      is the element of the matrix in row  i  and column  j , and  E  is an identity matrix.



The logic gates of SHA in Figure 4 contain two states: "normal" and " failure". Torque  M  is required for the three axis inputs of the external controller. If    s h j  = 4  , the system will switch to the failure state, which means the end of FS’s life.





5. Simulation Verification


5.1. Simulation Process


The method of Model Abstract Approximation is often used to analyze linear SHA models [17,18]. It is difficult to analyze the model accuracy [16] of a SHA model for a complex nonlinear system with analytic methods, so a Monte-Carlo simulation is often used to simulate the SHA model to traverse all possible movements of systems [19].



The simulation process is presented in Figure 6. First, we input some information on the running orbits and ACS work modes of the spacecraft. A Simulink simulation platform was thus established; this platform includes the EGM96 gravity model, the IGRF2015 geomagnetic field model, attitude dynamics and kinematics, the gravity gradient perturbation model, and the atmospheric drag torque model. Running this simulation platform, we can obtain the three-axis instruction moment    M j   .



According to the empirical mode decomposition (EMD) method in reference [12], we obtain the curve cluster of the in-orbit temperature  T  and then input it to the SHA model of the flywheel system. We can obtain multiple life samples by simulating the SHA model several times. Then, we can analyze the results of the samples and draw conclusions.




5.2. Simulation


5.2.1. Running Orbit


Simulations are performed on two satellites named Sat. A and Sat. B, which run under different work modes to demonstrate different results of the useful life of FSs under various stresses.



Sat. A runs in a three-axis stable mode that points to the nadir for static observation, and Sat. B runs in a scanning mode to acquire information at different times. The parameters of the SHA model for a single flywheel are outlined in Table 5.




5.2.2. Work Mode


Based on the defined mission requirement and work modes, we can set flywheels in Sat. A to run with a constant speed and the flywheels in Sat. B to run with a regulated speed.



(1) work-mode 1



In this mode, the flywheel has been working in   M 1   and indicates that it has been in a constant-speed state, so we have:



   w o r k   mod e   1 :   M 1   t > 0   



(2) work-mode 2



In this mode, the flywheel switches its operating state between   M 1   and   M 2   every 182 days (6 months).



  w o r k   mod e 2  {      M 1 ,       n ∗ 365 < t ≤ n ∗ 365 + 182       M 2 ,   n ∗ 365 + 182 < t ≤ ( n + 1 ) ∗ 365         The unit of t is days; n = 1,2, ...



(3) work-mode 3



In this mode, the flywheel system must switch to   M 1   at the beginning of each orbital cycle. Then, it will switch to   M 2   in the middle of the orbital period (after 12 h).



  w o r k   mod e 3  {      M 1 ,       n ∗ 24 < t ≤ n ∗ 24 + 12       M 2 ,   n ∗ 24 + 12 < t ≤ ( n + 1 ) ∗ 24         The unit of t is hours; n = 1,2, ...




5.2.3. Flywheel Configuration


Different configurations of flywheel systems have different abilities to respond to flywheel failures, which results in different life spans for flywheel systems.



(1) Configuration 1: three-orthogonal flywheels and one skewed flywheel



The configuration of 3-orthogonal flywheels and 1-skewed flywheel is shown in Figure 7. Three flywheels are mounted on the X, Y, and Z axes in the axis of the star body. In addition, a slanted flywheel is mounted with an installation angle of (α, β).



The installation matrix is as follows:


  U = [ 1 , 0 , 0 , sin α ⋅ sin β ; 0 , 1 , 0 , cos α ⋅ sin β ; 0 , 0 , 1 , cos β ]  



(12)







(2) Configuration 2: the four-skewed flywheel



The configuration of four-skewed flywheels is shown in Figure 8.



The installation matrix is as follows:


   U 0  =  (      sin α cos β     − sin α cos β     − sin α cos β     sin α sin β       cos α     cos α     cos α     cos α       sin α sin β     sin α cos β     − sin α cos β     − sin α cos β      )   



(13)







(3) Configuration 3: six-orthogonal flywheel



The configuration of the six-orthogonal flywheels is shown in Figure 9.



The installation matrix is as follows:


  U = [ 1 , 1 , 0 , 0 , 0 , 0 ; 0 , 0 , 1 , 1 , 0 , 0 ; 0 , 0 , 0 , 0 , 1 , 1 ]  



(14)









5.3. Results and Analysis


5.3.1. Comparison of Different Orbital Environment Simulations


Simulations of Sat. A and Sat. B were carried out 5000 times, and the results of the convergence range, probability distribution, and PDF failure of the FS’s useful life are shown in Figure 10, Figure 11, Figure 12, Figure 13, Figure 14, Figure 15, Figure 16 and Figure 17.



As shown in Figure 10, with an increase of the sample numbers, the average life spans of Sat. A and Sat. B converge to 6761.8d and 5521.7 d, respectively. The variance is 63.46 d and 53.90 d, and the variation range is narrow. Figure 11 shows that the useful life of Sat. A appears to converge faster than that of Sat. B. The feasibility of approaching complex SHA motion via Monte-Carlo is verified by the results in Figure 10 and Figure 11.



The probability distribution of the predicted life of Sat. A and Sat. B is shown in Figure 12. This distribution demonstrates the obvious difference caused by generalized stress exerted by the different ACS work modes. The predicted life of Sat. A is always longer than that of Sat. B.



There are inflection points in Figure 12, which indicates that two factors play different roles in the failure of FSs. The curve before the turning point exhibits an exponential distribution, which demonstrates that the curve after the turning point exhibits a Weibull distribution, showing that lubricant depletion is the main cause for the end of a FS’s life.



Figure 13 shows the different features of the appearance of amplitude and peak via the PDF of the exponential distributions and Weibull distributions. The simulation results in Figure 12 and Figure 13 illustrate that the proposed SHA life prediction model incorporates not only the competition failure of the motor and bearings, but also the loss probability of components and accumulated stress.



The flywheel that causes performance degradation of the system is defined as N1. The conditional distribution of N1 and the failure probability of the single flywheel is close for Sat. A and Sat. B, as shown in Figure 14. The flywheel that results in FS failure is defined as N2, and the conditional distribution of N2 is shown in Figure 15.



The possibility distribution in Figure 15 shows leading factors that result in the end of the FS’s life. Thus, a plan to extend the residual life of an FS can be made by altering the work mode to minimize the exerted stress when failure occurs in a single flywheel.



Unlike the results in Reference [12], the distribution in Figure 16 exhibits two stages due to the SHA model, which considers the competing failures of the flywheel motor and bearing. The SHA model considers the effects of the ACS model on the single flywheel, so there is a significant difference in the F4 between Sat. A and Sat. B. The SHA model considers the effect of system stress on a single flywheel, so the lifespans of F2 and F4 of Sat. A is significantly different from those of F1 and F4 of Sat. B. We considered the effect of the ACS mode, component failure, and generalized stress on the SHA model of the flywheel system. Consequently, the distribution of the predicted life of the flywheel is different from that with a fixed speed because the actual space mission information is taken into account in the SHA model.



Figure 17 shows the distribution of the residual life of FSs when one flywheel fails. For Sat. A, the residual life of the FS is 500d with a probability of 15% after flywheel 2 fails. For Sat. B, flywheel 1 has a failure possibility of 84% within a few days, which results in the termination of the entire system’s life. We can evaluate the remaining life of the flywheel system according to Figure 17, when a spacecraft experiences failure of a flywheel.




5.3.2. Comparison of Different Configurations


The simulation results of FSs with different configurations are shown in Figure 18, Figure 19 and Figure 20.



Different configurations of the flywheel system introduce different distributions of the stress and running speed for each flywheel, thereby affecting the life span of each flywheel and the useful life of the FSs. As shown in Figure 18, Figure 19 and Figure 20, the curve for the probability distribution of the predicted life is presented for the FS in work modes M1, M2, and M3. By comparison, the probability distribution of FS with Configuration 3 is significantly higher than that of the other two configurations. Since the redundancy of FSs with Configuration 3 is larger. The probability distribution curves of the FS with Configurations 1 and 2 are close before the turning point, which indicates that the motor failure probability is similar for the FS with these two configurations. However, the probability of experiencing bearing lubricant failures of the FS with Configuration 2 is smaller than with Configuration 1.




5.3.3. Comparison of Different Work Modes


The flywheel runs at different speeds due to the various work modes of the ACS system, which results in different life spans for each flywheel, and ultimately affects the life of the FS. Figure 21, Figure 22 and Figure 23 show the probability distribution of the predicted life of the FS in different work modes. Three probability distribution curves of the FS’s predicted life at the turning point are notably close to each other, as shown in Figure 21. This demonstrates that the work mode has a small effect on the probability of motor failures; instead, it mainly affects the consumption of bearing lubricants. Therefore, we should improve bearing lubrication systems to increase the reliability and useful lifetime of FSs.




5.3.4. Life Expectancy in Different Work Modes


The average life and variance of the FS with different configurations in different work modes are shown in Figure 24, Figure 25 and Figure 26, which demonstrate that the variance of the FS with Configurations 1 and 2 is smaller than that with Configuration 3. The predicted life of the FS with different configurations is shown in Table 6.



As shown in Table 6, the useful life of the FS in different work modes with Configuration 3 is longer than that with Configurations 1 and 2, because Configuration 3 has a greater redundancy. The FS can continue working when one flywheel fails. For Configurations 1 and 2, the prediction life of the FS in work mode 1 does not vary significantly. However, there is a large difference between work modes 2 and 3, which provides guidance to increase the reliability and useful lifetime of the FS.



Based on this analysis, to increase the useful lifetime of FSs, we recommend Configuration 3 as the actuator configuration. For a spacecraft with a low life expectancy and relatively stable operating environment, FSs with Configuration 1 can be applied.



Simulation results help us take action and provide guidance for designing schemes to improve the reliability of FSs according to the assessment of their residual life distribution under various conditions.






6. Conclusion and Perspective


A life prediction model for FSs was established by the SHA method, where the reliability of the motors and the performance degradation of the lubrications of their bearings are considered to be the main contributors for an FS’s end of life. Running environments, work modes, and configurations are the key factors that affect the reliability of motors and the performance of lubrications of the bearings. The Monte Carlo simulation results clearly illustrate the competition between the reliability of motors and the performance degradation of lubrications. They also reveal the vulnerable spots of FSs with different configurations, and their predicted lifetimes are quite different. For an FS with a certain configuration, its lifetime and life distribution vary with its running work modes. The FS’s lifetime is longer and its life distribution fluctuates less when the FS runs in a constant work mode.



This paper only explores the feasibility of applying the SHA model to the life prediction of spacecraft FSs. Experiments will be conducted in our further work. Data acquired from accelerated testing experiments and temperature cycling experiments for stages of development greatly facilitate life prediction. How to take advantage of this data, however, remains a significant challenge that will require further study.
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Figure 1. State transfer diagram of a single flywheel. 
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Figure 2. Pyramid allocation of a flywheel system (FS). 
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Figure 3. Dynamic Fault Tree (DFT) of the flywheel system. 
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Figure 4. Life prediction model of an FS with a DFT frame and a SHA description. 
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Figure 5. Diagram of the state transfer for hot backup. 
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Figure 6. Simulation process. 
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Figure 7. Configuration of the three-orthogonal flywheel with one-skewed flywheel. 
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Figure 8. Configuration of the four-skewed flywheels. 
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Figure 9. Configuration of six-orthogonal flywheels. 
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Figure 10. Convergence range of the samples. 
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Figure 11. Convergence range of the standard deviation (STD). 
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Figure 12. Probability distribution of the predicted life. 
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Figure 13. Failure PDF of Sat. A and Sat. B. 






Figure 13. Failure PDF of Sat. A and Sat. B.



[image: Electronics 08 01236 g013]







[image: Electronics 08 01236 g014 550] 





Figure 14. Conditional distribution of N1. 
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Figure 15. Conditional distribution of N2. 
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Figure 16. Life possibility distribution of a single flywheel. 
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Figure 17. Distribution of the minimum residual life. 
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Figure 18. Life distribution with different configurations under work mode M1. 
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Figure 19. Life distribution with different configurations under work mode M2. 
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Figure 20. Life distribution with different configurations under work mode M3. 
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Figure 21. Life distribution of the FS with Configuration 1 in different work modes. 
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Figure 22. Life distribution of the FS with Configuration 2 in different work modes. 
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Figure 23. Life distribution of the FS with Configuration 3 in different work modes. 
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Figure 24. Life prediction of the FS with Configuration 1 in different work modes. 
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Figure 25. Life prediction of the FS with Configuration 2 in different work modes. 
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Figure 26. Life prediction of the FS with Configuration 3 in different work modes. 
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Table 1. State transfer relation of flywheel    A f   .
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	    A f    
	    s  f , i     
	    e  f , i j     
	    P  f , i j     
	    G  f , i j   ( ⋅ )   
	    s  f , j     



	    A  f , 12     
	    s  f , 1     
	    e   f ,  1     
	/
	    x  f , 3   −  n T    
	    s  f , 2     



	    A  f , 21     
	    s  f , 2     
	    e   f ,  2     
	/
	    x  f , 3   −  n T    
	    s  f , 1     



	    A  f , 13     
	    s  f , 1     
	    e   f , 3    /  e   f , 4      
	    x  f , 1     
	    x  f , 3   −  k T   m 0    
	    s  f , 3     



	    A  f , 23     
	    s  f , 2     
	    e   f , 3    /  e   f , 4      
	    x  f , 1     
	    x  f , 3   −  k T   m 0    
	    s  f , 3     
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Table 2. Comparison between traditional methods and DFT- Stochastic Hybrid Automaton (SHA) method.
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	SHA
	DFT-SHA





	Number of SHA
	1
	0



	Number of DFT
	7
	1



	Number of discrete states
	277
	277



	Number of discrete state artificial modeling
	277
	13
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Table 3. List of the status transfer for hot backup SHA    A h   .
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	    s  h , i     
	    e  h , i j     
	    G  h , i j   ( ⋅ )   
	    s  h , j     



	    s  h , 1     
	    e   h ,  1     
	    s f 2  − 3   
	    s  h , 2     



	    s  h , 1     
	    e   h ,  2     
	    s f 1  − 3   
	    s  h , 3     



	    s  h , 2     
	    e   h ,  2     
	    s f 1  − 3   
	    s  h , 4     



	    s  h , 3     
	    e   h ,  1     
	    s f 2  − 3   
	    s  h , 4     
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Table 4. Hot backup gate SHA with the continuous variable motion law    Γ h   .
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	HSP1
	HSP2
	HSP3



	    s  h , 1     
	      x  h , 1   = E  U 0  − 1    |  1 , 1   ⋅  w  h , 1        x  h , 2   = E  U 0  − 1    |  1 , 4   ⋅  w  h , 1       
	      x  h , 1   = E  U 0  − 1    |  2 , 2   ⋅  w  h , 1        x  h , 2   = E  U 0  − 1    |  1 , 4   ⋅  w  h , 1       
	      x  h , 1   = E  U 0  − 1    |  3 , 3   ⋅  w  h , 1        x  h , 2   = E  U 0  − 1    |  1 , 4   ⋅  w  h , 1       



	    s  h , 2     
	      x  h , 1   = E  U 4  − 1    |  1 , 1   ⋅  w  h , 1        x  h , 2   = E  U 4  − 1    |  1 , 4   ⋅  w  h , 1       
	      x  h , 1   = E  U 4  − 1    |  2 , 2   ⋅  w  h , 1        x  h , 2   = E  U 4  − 1    |  1 , 4   ⋅  w  h , 1       
	      x  h , 1   = E  U 4  − 1    |  3 , 3   ⋅  w  h , 1        x  h , 2   = E  U 4  − 1    |  1 , 4   ⋅  w  h , 1       



	    s  h , 3     
	      x  h , 1   = E  U 1  − 1    |  1 , 1   ⋅  w  h , 1        x  h , 2   = E  U 1  − 1    |  1 , 4   ⋅  w  h , 1       
	      x  h , 1   = E  U 2  − 1    |  2 , 2   ⋅  w  h , 1        x  h , 2   = E  U 2  − 1    |  1 , 4   ⋅  w  h , 1       
	      x  h , 1   = E  U 3  − 1    |  3 , 3   ⋅  w  h , 1        x  h , 2   = E  U 3  − 1    |  1 , 4   ⋅  w  h , 1       



	
	HSP4
	HSP5
	HSP6



	
	      x  h , 1   = E  U 0  − 1    |  4 , 4   ⋅  w  h , 1        x  h , 2   = E  U 0  − 1    |  1 , 4   ⋅  w  h , 1       
	      x  h , 1   = E  U 0  − 1    |  5 , 5   ⋅  w  h , 1        x  h , 2   = E  U 0  − 1    |  1 , 4   ⋅  w  h , 1       
	      x  h , 1   = E  U 0  − 1    |  6 , 6   ⋅  w  h , 1        x  h , 2   = E  U 0  − 1    |  1 , 4   ⋅  w  h , 1       



	
	      x  h , 1   = E  U 4  − 1    |  4 , 4   ⋅  w  h , 1        x  h , 2   = E  U 4  − 1    |  1 , 4   ⋅  w  h , 1       
	      x  h , 1   = E  U 4  − 1    |  5 , 5   ⋅  w  h , 1        x  h , 2   = E  U 4  − 1    |  1 , 4   ⋅  w  h , 1       
	      x  h , 1   = E  U 4  − 1    |  6 , 6   ⋅  w  h , 1        x  h , 2   = E  U 4  − 1    |  1 , 4   ⋅  w  h , 1       



	
	      x  h , 1   = E  U 4  − 1    |  4 , 4   ⋅  w  h , 1        x  h , 2   = E  U 4  − 1    |  1 , 4   ⋅  w  h , 1       
	      x  h , 1   = E  U 5  − 1    |  5 , 5   ⋅  w  h , 1        x  h , 2   = E  U 5  − 1    |  1 , 4   ⋅  w  h , 1       
	      x  h , 1   = E  U 6  − 1    |  6 , 6   ⋅  w  h , 1        x  h , 2   = E  U 6  − 1    |  1 , 4   ⋅  w  h , 1       
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Table 5. Parameters.
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	Parameter
	     γ A ρ   2 L     
	   ( a , b , c , d , e )   
	    m 0    





	unit
	   g ⋅ m  m 2  / r a  d 2    
	/
	  g  



	value
	   4.554 ×   10   − 5     
	(20.43,499.5,4583.97,

−18718.36,28703.88)
	40



	   (  λ   b , g   H  ,  λ   b , g   L  )   
	   (  π   E , g    ,  π   E , s    )   
	    k T    
	



	     10   − 6   / d   
	/
	/
	



	(156,96)
	(2.5,1)
	0.25
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Table 6. Life prediction of FSs with different configurations.
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	Work-Mode1
	Work-Mode2
	Work-Mode3





	Config. 1
	4821.3 d
	4451.7 d
	3759.7 d



	Config. 2
	4806.1 d
	4723.8 d
	4240.4 d



	Config. 3
	5226.5 d
	5118.1 d
	4539.7 d











© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
F1






media/file4.png
F3

%c:

F1

P

F2. F3

%/Q

Ia

F1. F4

>d\./





media/file52.png
Average lifetime (day)

6000

5500

— work-mode1
work-mode?2
work-mode3

0=266.23

T ”
5000 5118.1 0=323.31
4539.7 0=479.71
A N o e e~
4500 " T st — T T T 1
0 1000 2000 3000 4000 5000

Sample size






media/file39.jpg
104

~— Configuration1
Configuration2

"~ Configuration3

0.8+

06

Distribution

0.4+ — :
95%Confidencelinterval

0.2

0.0 T T ¥ T T
3000 4000 5000 6000 7000 8000 9000

Prediction life (day)






media/file18.png





media/file21.jpg
STD (day)

1200

SatA

1000 —— SatB
8004
6004
4004
2004

0 T T T T T

4 1000 2000 3000 4000 5000

Sample size





media/file44.png
Distribution

— work-mode1
0.8 — work-mode2
—— work-mode3
0.6
0.4 J{ LY \
95%Confidence interval
0.2 4
0.0 T T T T T T T T T T
3000 4000 5000 6000 7000 8000

Prediction life (day)





media/file26.png
Failure PDF

0.0015

0.0010

0.0005 +

0.0000 -

I pdfA

I o

1000 2000 3000 4000 5000 6000 7000 8000
time (day)





media/file7.jpg
2

@

13

B

Q
G

@ 2
B

hi
ht

h3

hi

h2

he

g
hi
b

hi

ha

5






media/file28.png





media/file10.png





media/file49.jpg
Average lifetime (day)

5500

§

— work-mode1
~ work-mode2
— work-mode3

Sample size






media/file11.jpg
Simulink platform
Ot ( s

Command torque

Monte-carlo ‘

In-orbit temp.paths Distribution of prediction life





media/file6.png
()
[

|H5Pl,_|| |H\P)’_| |H\P3,_| |H§P1,_< |H"\P,_< |HRPL,_|(
D ® 6 @5






media/file36.png
Distribution

0.8

0.6

— Configuration1
Configuration2
Configuration3

I

\.l

0.4

0.2

L

95%Confidence interdal

0.0

I e e |
3000 4000 5000 6000 7000 8000 9000 10000 11000

Prediction life (day)





media/file15.jpg





nav.xhtml


  electronics-08-01236


  
    		
      electronics-08-01236
    


  




  





media/file2.png
A; 12

(1)
)

13

Af,2l

/4

|

<

TR

.23





media/file23.jpg
Distribution

1.04

0.8

0.6

0.4

0.2

—— SatA

3//

95% Confidence interval

0.0
3000

T
4000

5000 6000
Prediction life (day)

T
7000

T
8000





media/file24.png
Distribution

0.2

I

e
95% Confidence interval

0.0
3000

I
4000

SOIOD . SOIOO
Prediction life (day)

1
7000

1
8000





media/file29.jpg
Distribution

10
08
08
04
02
00

10
08
08

02
00

200000000
it

0.9266

0.7024
02695
[ 0.028 0.027 0464
1 2 H s
P(N2N1=G1)
0.9562 [SatA
0.7 satB
02201
0o o D0201 0.0280.0291
1 2 H 4
P(N2N1=G2)
09341
07402
0.03170.0301 [
1 2 3 4
PNZN1=G3)
07833
06383
01732 1618  0.1888
2 0055 o g

&






media/file1.jpg
o Af’lz ’/77
(f1) (f2)
Af,zl /
Ar,13 . '/Al‘,23

( 53)





media/file12.png
Simulink platform
Orbit ] i ==
| ACS mode ] -

Fitting *
SANTAEATIIIE
kel
| |.| 'ﬂ 'I \ ' i ﬂ I
h Command torque
) I'S SHA

Monte-carlo

N . Statistics

‘s ; s ) ‘k\-‘ e
B R T e -
ra re \
{ ! \
it
&
I
IE SRS

u lCun 2u0C D aDoo OUD o B0
s

" |
Y . oh = »m @me = ma e Ea !
. Tima day] - M

In-orbit temp.paths Distribution of prediction lifc





media/file9.jpg





media/file42.png
Distribution

1.0
— work-mode1

— work-mode2
0.8 — work-mode3
06 |
| \
0.4 -
95%Confidence intervial
0.2 1
0.0 \

- T T T T T T T
3000 4000 5000 6000 7000
Prediction life (day)





media/file47.jpg
Average lifetime (day)

o 1000 2000 3000 4000 5000
Sample size





media/file38.png
Distribution

0.8

0.6

—— Configuration1
—— Configuration2
— Configuration3

0.4

0.2 H

195%Confidence intetval

0.0

— T T T T T T T T T — T T
3000 4000 5000 6000 7000 8000 9000 10000 11000

Prediction life (day)





media/file17.jpg
I#2

1"l






media/file30.png
Distribution

10 0.9266

0.2695
02 0464
0o ] 0 . 0 n_{ESI{LII-!? @ X
1 3 4
P{MN2M1=G1)

1o 0.9562 —— SatA

F77]5atB

024 0o E{L_ 0.0280.0291

Pmam:c;z;

1.0 0.9341
0E 0.7403

dﬁ— gﬁy
E% 0.0312.0301 é 00 ‘%@éﬂ

1 2 3 4

P(N2IN1=G3)

0.7833

e

Cooooooo0
O = RILD LN (=00

017321618 0.1885
=7 =2%5 0 o
&1 G2 G3 G4
P{N2N1=G4)






media/file51.jpg
~— work-mode1
~ work-mode2

P work-mode3
=
g
T 5500
o
E
3
°
>
I3
o
5000
<
4500 + T T =

0 1000 2000 3000 4000 5000
Sample size





media/file35.jpg
Distribution

104

0.8

064

0.4+

024

0.0

— Configuration1
~ Configuration2
~ Configuration3

95%Confidence interdal

3000 4000 5000 6000 7000 8000 9000 10000 11000
Prediction life (day)





media/file48.png
Average lifetime (day)

— work-mode1

5000 work-mode2
work-mode3
_”\ 0=86.84
w m 48213 i
i 7500 N
\r R
4500 ft - w4481 7 S 0=86.84
- - Ay \WW W M
4000
o=7.2
U enzi s
3500 T T T T T T T T 1
0 1000 2000 3000 4000 5000

Sample size





media/file27.jpg
Distribution

0304

E

8

°
&

o
3

0.05

0236 0237

02636 _0.265

0.2394 0.2396

SatA
SatB

0.261_0.2584

Gl

P(N1)





media/file3.jpg





media/file22.png
STD (day)

1200

1000 -+

800

600 +

400

200
L,

— SatA
—— Sat.B

T
1000

T ¥ T
2000 3000
Sample size

T ¥ T
4000 5000





media/file19.jpg
©
=3
5
S
<

7500 4

7000

6500

5000

06=63.46
.

—— SatA

—— SatB

0

T T T
1000 2000 3000

Sample size

T J
4000 5000





media/file40.png
Distribution

1.0
— Configuration1
— Configuration2

08 - Configuration3

0.6 - \

\\ i s
0.4 - |
95%Confidencelinterval
0.2 +
0.0 T T T T T T T 1
3000 4000 5000 6000 7000 8000 9000

Prediction life (day)





media/file33.jpg
Distribution

1.0+

084

0.6

0.4

0.2

0.0

——— SatA
——SatB
———n=600 r/min
——n=300 r/min

0

T T T T )
2000 4000 6000 8000 10000

Prediction life (day)





media/file32.png
Distribution

1.0+, 1.0
os] - Flywheel 1 failure g \ Flywheel 2 failure

T % 1N —— Sat.A
0.6 - 06 |\

] 1\ ——— Sat.B
0.4 \' 04 |
024 = 024 | g

_ \‘. T N - \\-,_ i
0.0 " T T 0.0 T e T

0 2000 4000 6000 0 2000 4000 6000
1.0+, . 1.0 1 _

% Flywheel 3 failure \ Flywheel 4 failure

084 0.8 %
064 - 064

| *a g i \Q:.\_
0.4 \ 0.4 \:\-\

4 . b - \'\,:Lk\_
0.2 - - 0.2 -
0.0 . ——— 0. 0 —

0 2000 4000 6000 2000 4000 6000

Minimum of residual Ilfe (day)





media/file14.png





media/file41.jpg
104

0.8

95%Confidence interval

0.2

0.0 T T T
3000 4000 5000 6000

Prediction life (day)

7000





media/file37.jpg
Distribution

104

084

0.6+

044"

024

00

—— Configuration1
—— Configuration2
— Configuration3

"1
95%Confidence intelval |

T T T T T T T )
3000 4000 5000 6000 7000 8000 9000 10000 11000

Prediction life (day)





media/file46.png
Distribution

0.8

0.6

—— work-mode1
—— work-mode2
—— work-mode3

/.

0.4

0.2

[

95%Confidence interval

0.0
3000

S e I | B ——
4000 5000 6000 7000 8000 9000 10000 11000

Prediction life (day)





media/file45.jpg
Distribution

10

0.8

06

0.4+

02+

95%Confidence interval

—— work-mode1
— work-mode2
—— work-mode3

0.0

Prediction life (day)

73000 4000 5000 6000 7000 8000 9000 10000 11000






media/file16.png
173 1’4
5 A
Bl
D X
F2 Y. Fl

AN
2. 113 I'1. 4
Ay
0 >x





media/file20.png
Average lifetime (day)

7500

—— SatA
[ Sat.B
fNS 6=63.46
P py -
T (A * ] -
6500 —
6000 +
) E;)‘ 5=53.90
L __ W M.
5500 002 T F e ssecsncsae e nmnessmeassn s s ss e
smo ) ] L 1 L) ] 1
0 1000 2000 3000 4000 5000

Sample size





media/file50.png
Average lifetime (day)

5500
— work-mode1
— work-mode2
— work-mode3
5000 -
“\4806.1 0=3485
| 47238 0=31.77
4500
M 4240.4 0=46.22
lr T! pr vy 7 e Pt
4000 T T T T T T T T 1
0 1000 2000 3000 4000 5000

Sample size





media/file5.jpg
HsPL [

HSPG. [






media/file31.jpg
104 1.0+

\ N '
o8] Flywheel 1 failure o8]\ Flywheel 2 failure
06 06+
04 04+
02 ' 02
004+—= v 00 v v

0 2000 4000 6000 0 2000 4000 6000
104 104

\ Flywheel 3 failure Flywheel 4 failure

08 08+
06+ 064\
04| 04 \\
0.2 024
00 T ———— 00 T T

0 2000 4000 6000 0 2000 4000 6000

Minimum of residual life (day)





media/file25.jpg
Failure PDF

0.0015 4

0.0010 4

0.0005 -

0.0000 -

1000 2000 3000 4000 5000 6000 7000 8000
time (day)





media/file0.png





media/file8.png
f2

R

h4

hl
L ) :






media/file43.jpg
104

— work-mode1
~— work-mode2
—— work-mode3

0.8+

95%Confidence interval
02+

00 T T T
3000 4000 5000 6000

Prediction life (day)

7000 8000





media/file34.png
0.8 -

0.6 -

Distribution

0.4 -

0.2-

| — Sat.A
Sat.B
n=600 r/min
n=300 r/min

4 I 4 I b 1 % 1 . I
0 2000 4000 6000 8000 10000
Prediction life (day)





