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Abstract

:

This paper investigates the fault-tolerant tracking control problem of high-speed trains (HSTs) subject to unknown model parameters with unavailable uncertainties, unmeasurable additional disturbance, and unpredictable actuator faults constrained by actuator saturation. An adaptive passive fault-tolerant tracking control strategy based on variable-gain proportion-integral-derivative (PID)-type sliding mode surface is proposed to handle the problem. Unknown model parameters, gains of the PID-type sliding mode surface, and upper bounds of the lumped system uncertainty which includes additional disturbance, modeling uncertainties, and uncertainties resulting from actuator faults, are estimated online by adaptive technology. The input saturation (actuator output saturation) constraint is handled by introducing an auxiliary signal. The proposed controller can compensate for the effects of the lumped uncertainty and the actuator faults effectively. Moreover, the controller is model-independent, which means it requires no prior knowledge of model parameters and upper bounds of the lumped uncertainty, and does not depend upon fault detection and diagnosis module. The asymptotic stability of the closed-loop train system is demonstrated by Lyapunov theory. Good fault-tolerant tracking capacity, effective anti-actuator saturation ability, and strong robustness of the proposed controller are verified via numerical simulation.
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1. Introduction


Along with the increase of departure density of high-speed trains (HSTs) and higher requirements for punctuality, security and reliability, how to get accurate position and velocity tracking to desired curves under different environments is becoming increasingly important. Consequently, considerable train tracking control schemes have been employed [1,2,3,4,5]. It is noted that some of the existing tracking control methods are model-dependent, which means that either entire or partial model parameters such as train mass, resistance coefficients, or additional disturbance of HSTs, are required as a priori. However, the model parameters and additional disturbance of HSTs are uncertain and variable due to many factors such as changes of passengers and loads, line conditions, weather, train speed, etc. [6,7]. Thus, it is difficult to get precise knowledge of a train model in practice. In addition, parametric uncertainties are neglected in the control schemes mentioned above. Ignoring parametric uncertainties would give rise to certain control deviation, which makes it difficult to maintain good control performance in practical train tracking operation. Therefore, the discussion mentioned above leads to a motivation to design a tracking control strategy for HSTs without the requirements of precise model parameters, whereas with strong robustness against additional disturbance and parametric uncertainties.



To solve the problems stated above, in [8], a model-independent position and velocity tracking control strategy based on robust adaptive nonsingular terminal sliding mode was proposed for HSTs with model parametric uncertainties and additional disturbance. The proposed controller achieves good tracking performance and strong robustness. Despite the efforts above, the inescapable occurrence of actuator faults during the long-term and long-distance train operation is not considered. Actuator faults may deteriorate train performance severely and even threaten the safety of passengers’ lives and property. However, due to the uncertainties of actuator faults in amplitudes and instants, it is challenging to compensate for the failures and maintain good tracking performance. Fault-tolerant control is a good solution to guarantee safe and reliable operation of HSTs subject to actuator faults. There are two kinds of fault-tolerant control approaches: active fault-tolerant control and passive fault-tolerant control. Performance of the former depends heavily on the accuracy and timelessness of fault detection and diagnosis module, while the latter does not require fault information feedback [9]. As a result, passive fault-tolerant control can compensate for fault effects much faster. Thus, many efforts on passive fault-tolerant tracking control for HSTs have been addressed [10,11,12,13,14]. In [10], a fault-tolerant controller using a so-called virtual-parameter-based backstepping adaptive control method was designed. It is fully parameter independent and can guarantee closed-loop tracking stability of the train system. In [11], in the face of actuator faults with unknown amplitudes and occurrence time, an adaptive fault-tolerant control scheme based on radial basis function (RBF) neural networks (NN) was adopted and asymptotical position and speed tracking was achieved. In [12], two novel adaptive fuzzy fault-tolerant control schemes with proportion-integral (PI)-based sliding mode were investigated to deal with the actuator failures of HSTs with uncertain parameters, unknown non-linear dynamics, and external disturbances. In [13], a neuroadaptive proportion-integral-derivative (PID)-like controller for HSTs was developed, which is independent of train model and insensitive to system uncertainties, additional disturbance, as well as actuator faults. In [14], a failure compensation controller was proposed for HSTs in the presence of actuator faults, time-varying system parameters, and disturbances. Despite the presence of actuator faults, the fault-tolerant control schemes mentioned above achieve good tracking performance.



However, it is worth noting that actuator output saturation, which means that the control input is subject to a certain restriction, has not been concerned in the literature mentioned above. In fact, actuator output saturation is also an extremely crucial factor in practical systems [15]. Controllers designed without considering actuator saturation would suffer from performance degradation or even instability in the presence of actuator saturation [16,17,18]. Obviously, actuator faults and actuator output saturation should be considered simultaneously to obtain satisfactory tracking performance for HSTs. A series of control strategies have been proposed to deal with actuator faults and actuator saturation simultaneously [19,20,21]. However, only a handful of literature is exclusively for HSTs [22]. In [22], a neural adaptive control scheme based on a novel sliding mode surface was investigated for HSTs subject to unknown basic resistance, additional disturbance, actuator faults and actuator saturation. In the paper, the additional disturbance was approximated by RBF NN, so that the control performance depends, to some extent, upon the number of neurons and the NN parameters including the width, the centers (Gaussian NN) and so on. However, there lacks a general guideline for the choices of these parameters. Besides, the adoption of RBF NN would increase computational burden of the fault-tolerant tracking controller for HSTs. Moreover, parametric uncertainties were not concerned, which would influence control effect in practical train operation. The uncertainties of parameters, additional disturbance, actuator faults, and actuator saturation have great impacts on the stability and control performance of the control system. Therefore, how to design a robust controller for HSTs considering these factors simultaneously has become an urgent need.



Motivated by the above analysis and inspired especially by the work of Lin et al. [22], an adaptive passive fault-tolerant tracking control strategy based on a variable-gain PID-type sliding mode surface is presented for HSTs in which parametric uncertainties, additional disturbance, unknown actuator faults, and actuator output saturation are taken into account simultaneously. The adopted variable-gain PID-type sliding mode surface is featured with variable gains and can offer fast transient response, low steady-state error, and strong robustness [23]. An adaptive adjustment technique is employed to estimate the nominal model parameters, upper bounds of the lumped uncertainty, and gains of the PID-type sliding mode surface, respectively. An auxiliary signal is introduced to deal with actuator saturation. The proposed strategy is fully model-independent and does not require the information of actuator faults. As a result, simple structure and inexpensive computation are achieved, which is exactly what is expected in practical application. Based on Lyapunov theory and simulation results, it is analyzed and demonstrated that the proposed controller can track the desired position and velocity trajectories accurately, and has strong robustness to the lumped uncertainty and the actuator faults.



The rest of this paper is organized as follows. Section 2 provides the train dynamical model and formulates the problem statement. Section 3 derives the adaptive passive fault-tolerant tracking control strategy for HSTs based on variable-gain PID-type sliding mode surface. Section 4 presents the simulation results and verifies the effectiveness of the control strategy. Finally, some concluding remarks are given in Section 5.




2. Train Dynamical Model and Problem Statement


2.1. Description of Train Dynamical Model without Actuator Faults and Actuator Saturation


The single-point-mass model, which treats the train as a single particle, can describe the complete characteristics of the train, simplify the train modeling, and achieve good real-time performance, so it has been widely applied in the tracking control of HSTs [2,4,8,11,16,24,25,26]. Considering train dynamics in the longitudinal direction, the force diagram of a single-point-mass model of HSTs is depicted in Figure 1.



By Newton’s second law, the single-point-mass train dynamical model can be described as follows [22]:


   x ˙  = v ,  



(1)






  m  v ˙  = F − f − d ,  



(2)




where  m  is the train total mass;  x  and  v  represent the position and the velocity, respectively;  F  denotes the traction force (traction phase) or braking force (braking phase);  d  means the additional disturbance from rail conditions, which is mainly composed of ramp resistance, tunnel resistance, curve resistance and other resistances. In practice,  d  is unknown and varies with the corresponding environment.  f  models the basic resistance, which is usually expressed by the Davis equation:


  f =  a 0  +  a 1  v +  a 2   v 2  ,  



(3)




where    a 0   ,    a 1   ,    a 2    are coefficients of the Davis equation.



Assumption 1.

The unknown and time-varying additional disturbance  d  satisfies    | d |  ≤ ξ < ∞   , where  ξ  is a positive but unknown constant.






2.2. Description of Train Dynamical Model with Actuator Faults and Actuator Saturation


2.2.1. Actuator Faults


When the train is running on the line, due to the frequent execution of tasks, unanticipated actuator faults such as faults caused by overheating or turn-to-turn short circuits of motor, faults from overcurrent in the traction converter, faults from wear of mechanical drivers and so on, are inescapable. These failures can be classified into the following categories: lock-in-place fault, hard-over fault, float type fault, loss of actuator effectiveness, and so on [27], among which loss of actuator effectiveness is more severe and has higher probability of occurrence than other component faults [28]. Hence, loss of actuator effectiveness is considered in this paper.



For single-point-mass train dynamical model, the loss of actuator effectiveness faults, which means that the actuator partially loses its actuating power, can be considered as a whole [22]. Therefore, the real output of actuator subject to loss of actuator effectiveness faults can be described as follows:


   F ′  =  k c  F ,  



(4)




where    F ′    is the actual actuator output and  F  represents output of the controller without actuator faults.    k c    stands for actuator’s effectiveness and satisfies   0 ≤  k c  ≤ 1  .    k c  = 0   indicates the actuator totally failed;    k c  = 1   indicates the actuator is healthy and   0 <  k c  < 1   indicates the actuator occurs partial loss of effectiveness fault.




2.2.2. Actuator Saturation


From a practical perspective, control input is bound to be constrained by actuator output ability caused by various factors, such as maximum output of working motors. Thus, we introduce a saturation function   s a t ( F )   to show the effect of actuator saturation, which has the following form:


  s a t ( F ) =  {       F  max        F       F  min                    F >  F  max          F  min   ≤ F ≤  F  max         F <  F  min           ,  



(5)




where    F  max     and    F  min     represent the upper and lower bounds of  F , respectively. Define   s a t ( F ) = F + σ ( t )  , where   σ ( t )   can be expressed as follows:


  σ ( t ) =  {       F  max   − F     F >  F  max        0     F  min   ≤ F ≤  F  max          F  min   − F     F <  F  min         .  



(6)








2.2.3. Description of Train Dynamical Model with Actuator Faults and Actuator Saturation


Considering loss of actuator effectiveness faults and actuator saturation simultaneously, the actual actuator output can be described as Figure 2.



As can be seen from Figure 2, the actual actuator output, i.e., the control force of HSTs, can be written as




    F ′  =  k c  s a t ( F ) .   



(7)





For convenience of analysis, we define    k c  = 1 −  τ c   . Therefore Equation (7) can be rewritten as


   F ′  = ( 1 −  τ c  ) s a t ( F ) = ( 1 −  τ c  ) ( F + σ ( t ) ) .  



(8)







Assumption 2.

In this paper, it is assumed that   0 ≤  τ c  < δ < 1   is satisfied, where  δ  is unknown.





Remark 1.

   0 ≤  τ c  < δ < 1   in Assumption 2 indicates that even if the actuator fails, it still can provide necessary traction force or braking force to drive the train tracking the desired trajectories. If the actuator fails seriously and the traction force or braking force produced is not enough to achieve the train tracking task, other measures must be taken. Thus, Assumption 2 is reasonable.





Considering loss of actuator effectiveness faults and actuator saturation, and combining Equation (8), Equation (2) can be transformed into


  m  v ˙  = ( 1 −  τ c  ) ( F + σ ( t ) ) −  a 0  −  a 1  v −  a 2   v 2  − d .  



(9)







Note that the parameters  m ,    a 0   ,    a 1   ,    a 2    in Equation (9) are unknown and vary in a certain range due to many factors such as changes of passengers and loads, line conditions, weather, train speed, etc. Thus, it is necessary to add parametric uncertainties to train model dynamics. Taking parametric uncertainties into consideration, Equation (9) can be modified as:


  ( m + Δ m )  v ˙  = ( 1 −  τ c  ) ( F + σ ( t ) ) − (  a 0  + Δ  a 0  ) − (  a 1  + Δ  a 1  ) v − (  a 2  + Δ  a 2  )  v 2  − d ,  



(10)




where  m ,    a 0   ,    a 1   ,    a 2    represent the nominal values and   Δ m  ,   Δ  a 0   ,   Δ  a 1   ,   Δ  a 2    are the modeling uncertainties of  m ,    a 0   ,    a 1   ,    a 2   .



According to Equation (10), the following expression can be obtained:


  m  v ˙  = ( 1 −  τ c  ) F + σ ( t ) − θ  ζ T  ( v ) + P ,  



(11)




where   θ = [  a 0  ,  a 1  ,  a 2  ]  ,   ζ ( v ) = [ 1 , v ,  v 2  ]  ,  P  represents the lumped uncertainty which has the following expression:


  P = −  τ c  σ ( t ) − Δ  a 0  − Δ  a 1  v − Δ  a 2   v 2  − Δ m  v ˙  − d .  



(12)









2.3. Problem Statement


In this paper, the position and velocity tracking control problem of HSTs described as Equations (1) and (11) is investigated. The train is subject to loss of actuator effectiveness faults with unexpected amplitudes and occurrence time. Moreover, the parameters of the train dynamic model are unknown and uncertain, the additional resistance is unmeasurable, and the actuator output is constrained by actuator saturation.



The objective of this paper is to design a model-independent passive fault-tolerant tracking control scheme, which based on adaptive technology and variable-gain PID-type sliding mode surface for HSTs mentioned above, so that the lumped uncertainty caused by loss of actuator effectiveness faults, parameter uncertainties and additional disturbance can be well compensated, and the actuator saturation can be effectively handled. Meanwhile, the system is stable, and the position  x  and the velocity  v  of HSTs track the desired position trajectory and the velocity trajectory asymptotically.





3. Controller Design and Stability Analysis


An adaptive passive fault-tolerant tracking controller is designed in this section for HSTs subject to uncertain parameters, unmeasurable additional disturbance, unknown actuator faults and actuator saturation simultaneously, so that good tracking performance and excellent robustness can be ensured. In view of the strong robustness to parametric uncertainties and disturbances, as well as the requirement to relax the system knowledge, variable-gain PID-type sliding mode surface is introduced and adaptive technology is adopted in the controller design.



To facilitate controller design, we define position tracking error, velocity tracking error and acceleration tracking error as   e = x −  x d  ,      e ˙  = v −  v d   , and    e ¨  =  v ˙  −   v ˙  d   , where    x d   ,    v d    and     v ˙  d    are the desired position, velocity and acceleration, respectively.



Assumption 3.

It is assumed that the actual state variables  x  ,  v  and   v ˙   are measurable. In addition, the desired trajectories    x d    ,    v d    , and     v ˙  d    are smooth, bounded, and computable.





Traditional proportion-derivative (PD)-type sliding mode surface has slow response speed, while fixed-gain PID-type sliding mode surface may intensify the vibration of the control signal and induce the excitation of high-frequency unmodeled dynamics of system [29]. Thus, variable-gain PID-type sliding mode surface, which can offer fast transient response and small steady-state error, is adopted in this paper. According to the position and velocity tracking errors, PID-type sliding surface with variable gains is selected as follow [22,23]:


  s =  e ˙  +   δ ^  1  e +   δ ^  2     ∫ 0 t   e ( τ )    d τ ,  



(13)




where     δ ^  1    and     δ ^  2    are two variable gains updated by adaptive laws to be designed later.



Then the time derivative of Equation (13) is:


   s ˙  =  e ¨  +    δ ^  ˙  1  e +   δ ^  1   e ˙  +    δ ^  ˙  2     ∫ 0 t  e   ( τ ) d τ +   δ ^  2  e .  



(14)







To deal with the actuator saturation, an auxiliary signal  φ  is introduced as follows:


   φ ˙  = −  α  m ^   φ +   σ ( t )   m ^   ,  



(15)




where  α  is a positive constant chosen by the designers.



Define    s ¯  = s − φ  . Then,


    s ¯  ˙  =  s ˙  −  φ ˙  .  



(16)







Substituting Equations (11), (14), and (15) into Equation (16), yields to


  m   s ¯  ˙  = ( 1 −  τ c  ) F + σ ( t ) − θ  ζ T  ( v ) + P + m (   δ ^  1   e ˙  +   δ ^  2  e −   v ˙  d  +    δ ^  ˙  1  e +    δ ^  ˙  2     ∫ 0 t   e ( τ )    d τ ) − m  φ ˙  .  



(17)







Theorem 1.

For the train dynamics described in Equations (1) and (11) subject to uncertain parameters, unmeasurable additional disturbance, unknown loss of actuator effectiveness faults and actuator saturation simultaneously, suppose that Assumptions 1–3 are satisfied. If the sliding mode surface is selected as Equation (13) and the control law is designed as Equation (18), then all the signals of the closed-loop train system are bounded and asymptotically stable position and velocity tracking to the desired trajectories can be guaranteed.


  F =  F 0  +  F 1  +  F 2  +  F 3  ,  



(18a)






   F 0  =  θ ^   ζ T  ( v ) −  m ^  (   δ ^  1   e ˙  +   δ ^  2  e −   v ˙  d  ) − ι κ sign (  s ¯  ) − α φ ,  



(18b)






    F 1  = −  T ^   η T  ( v ) sign (  s ¯  )   ,   



(18c)






    F 2  = −   T ^  4   |   F 0   |  sign (  s ¯  )   ,   



(18d)






    F 3  = − k  s ¯    .   



(18e)




where  θ ^  and  m ^  are the estimation of θ and m ; ι and κ are positive constants satisfied   |    m ˜   m ^    |  ≤ ι  and   |  α φ − σ ( t )  |  ≤ κ  , respectively;  k > 0  is a design parameter chosen by the designers;  T ^  and    T ^  4   are the estimation of T and   T 4   with the definition of  T =    T *   /  ( 1 − δ )    and   T 4  =  δ /  ( 1 −   δ )  , respectively. The parameter adaptive laws are selected as follows:


    θ ^  ˙  = −  Γ 1   s ¯   ζ T  ( v ) ,  



(19a)






    m ^  ˙  =  k 3   s ¯  (   δ ^  1   e ˙  +   δ ^  2  e −   v ˙  d  ) ,  



(19b)






    T ^  ˙  =  Γ 2   |  s ¯  |   η T  ( v ) ,  



(19c)






     T ^  ˙  4  =  l 4   |  s ¯  |   |   F 0   |  ,  



(19d)




where   Γ 1  = diag [  k 0  ,  k 1  ,  k 2  ]  and   Γ 2  = diag [  l 0  ,  l 1  ,  l 2  ,  l 3  ]  are two positive definite matrices;   k 3  > 0  ;   l 4  > 0  .





The gains of the selected sliding mode surface are estimated by


     δ ^  ˙  1  = −  ξ 1   s ¯  e ,  



(20a)






     δ ^  ˙  2  = −  ξ 2   s ¯     ∫ 0 t  e   ( τ ) d τ ,  



(20b)




where    ξ 1    and    ξ 2    are two positive design parameters.



The block diagram of the proposed controller is depicted in Figure 3.



Proof of Theorem 1.

To facilitate the proof of system stability, the estimation error terms are defined as follows:    θ ˜  = θ −  θ ^   ;    m ˜  = m −  m ^   ;    T ˜  = T −  T ^   ;     T ˜  4  =  T 4  −   T ^  4   . □





Consider a candidate Lyapunov function given by


  V =  1 2  m   s ¯  2  +  1 2   θ ˜   Γ 1  − 1    θ ˜  +  1  2  k 3      m ˜  2  +   1 − δ  2   T ˜   Γ 2  − 1    T ˜  +   1 − δ   2  l 4      T ˜  4 2  .  



(21)







The first-order derivative is


    V ˙  =  s ¯  m   s ¯  ˙  −  θ ˜   Γ 1  − 1     θ ^  ˙  −  1   k 3     m ˜    m ^  ˙  − ( 1 − δ )  T ˜   Γ 2  − 1     T ^  ˙  −   1 − δ    l 4      T ˜  4     T ^  ˙  4    .   



(22)







Integrating Equations (17), (18a) and Equations (20), (22) can be computed as:


   V ˙  =  s ¯  [  F 0  + σ ( t ) − θ  ζ T  ( v ) + m (   δ ^  1   e ˙  +   δ ^  2  e −   v ˙  d  ) − m  φ ˙  ] −  θ ˜   Γ 1  − 1     θ ^  ˙  −  1   k 3     m ˜    m ^  ˙  +  s ¯  [ P + ( 1 −  τ c  )  F 1  ] − ( 1 − δ )  T ˜   Γ 2  − 1     T ^  ˙   










  +  s ¯  [ ( 1 −  τ c  )  F 2  −  τ c   F 0  ] −   1 − δ    l 4      T ˜  4     T ^  ˙  4  + ( 1 −  τ c  ) [  s ¯   F 3  −  ξ 1  m  e 2    s ¯  2  −  ξ 2  m   (    ∫ 0 t   e ( τ )    d τ )  2    s ¯  2  ] =  Φ 1  +  Φ 2  +  Φ 3  +  Φ 4  ,  



(23)




where    Φ 1   ,    Φ 2   ,    Φ 3   , and    Φ 4    are expressed as follows:


   Φ 1  =  s ¯  [  F 0  + σ ( t ) − θ  ζ T  ( v ) + m (   δ ^  1   e ˙  +   δ ^  2  e −   v ˙  d  ) − m  φ ˙  ] −  θ ˜   Γ 1  − 1     θ ^  ˙  −  1   k 3     m ˜    m ^  ˙  ,  



(24)






   Φ 2  =  s ¯  [ P + ( 1 −  τ c  )  F 1  ] − ( 1 − δ )  T ˜   Γ 2  − 1     T ^  ˙  ,  



(25)






   Φ 3  =  s ¯  [ ( 1 −  τ c  )  F 2  −  τ c   F 0  ] −   1 − δ    l 4      T ˜  4     T ^  ˙  4  ,  



(26)






   Φ 4  = ( 1 −  τ c  ) [  s ¯   F 3  −  ξ 1  m  e 2    s ¯  2  −  ξ 2  m   (    ∫ 0 t   e ( τ )    d τ )  2    s ¯  2  ] .  



(27)







According to Equations (18b), (19a), and (19b), it can be obtained that


   Φ 1  = −  s ¯   θ ˜   ζ T  ( v ) −  θ ˜   Γ 1  − 1     θ ^  ˙  +  s ¯   m ˜  (   δ ^  1   e ˙  +   δ ^  2  e −   v ˙  d  ) −  1   k 3     m ˜    m ^  ˙  +  s ¯    m ˜   m ^   ( α φ − σ ( t ) ) − ι κ  |  s ¯  |  ≤  |  s ¯  |   |    m ˜   m ^    |   |  α φ − σ ( t )  |  − ι κ  |  s ¯  |  ≤ 0 .  



(28)







In practical train operation, the velocity  v  is bounded by the limit speed from the automatic train protection (ATP) system [30]; the acceleration   v ˙   is constrained to make passengers comfortable;   Δ m  ,   Δ  a 0   ,   Δ  a 1   , and   Δ  a 2    are also bounded. In addition, the discrepancy between actual actuator output and saturation limit (i.e.,   σ ( t )  ) is bounded owing to the boundedness of the actual actuator output. Therefore, combined with Assumption 1 and Assumption 2, the lumped uncertainty  P  satisfies:


   | P |  ≤  T 0 *  +  T 1 *   | v |  +  T 2 *     | v |   2  +  T 3 *   |  v ˙  |  =  T  *   η T  ( v ) ,  



(29)




where    T *  = [  T 0 *  ,  T 1 *  ,  T 2 *  ,  T 3 *  ]  ,   η ( v ) = [ 1 ,  | v |  ,    | v |   2  ,  |  v ˙  |  ]  .    T *    are unknown and positive.



Applying Equations (18c), (19c), and (29), yields to


   Φ 2  ≤  T *   η T  ( v )  |  s ¯  |  − ( 1 − δ )  T ^   η T  ( v )  |  s ¯  |  − ( 1 − δ )  T ˜   Γ 2  − 1     T ^  ˙  = 0 .  



(30)







From Equations (18d) and (19d), one has


   Φ 3  ≤ − ( 1 − δ )   T ^  4   |   F 0   |   |  s ¯  |  + δ  |   F 0   |   |  s ¯  |  − ( 1 − δ )   T ˜  4   |   F 0   |   |  s ¯  |  = 0 .  



(31)







For    Φ 4   , it satisfies


   Φ 4  ≤ ( 1 − δ ) [ − k   s ¯  2  −  ξ 1  m  e 2    s ¯  2  −  ξ 2  m   (    ∫ 0 t   e ( τ )    d τ )  2    s ¯  2  ] ≤ − ( 1 − δ ) k   s ¯  2  .  



(32)







Substituting Equations (28), (30), (31) and Equation (32) into (23), we can get


   V ˙  =  Φ 1  +  Φ 2  +  Φ 3  +  Φ 4  ≤ − ( 1 − δ ) k   s ¯  2  .  



(33)







Since   k > 0  ,   0 ≤ δ < 1  , it is obvious that    V ˙  ≤ 0  . Consequently,  V  is a nonincreasing function and satisfies   V ∈  ℓ ∞   . Then, from Equation (21) it can be easily obtained that    s ¯  ∈  ℓ ∞   ,    m ˜  ∈  ℓ ∞   ,    θ ˜  ∈  ℓ ∞   ,    T ˜  ∈  ℓ ∞   ,     T ˜  4  ∈  ℓ ∞   . Hence, based on Equations (15), (16), (17), and (33), it can be deduced that   e ∈  ℓ ∞   ,    e ˙  ∈  ℓ ∞   ,   F ∈  ℓ ∞   , and     s ¯  ˙  ∈  ℓ ∞   , which can ensure the boundedness of   V ¨  . Therefore,   V ˙   is a uniformly continuous function. By virtue of Barbalat’s lemma [31], it can be concluded that    V ˙  → 0   and    s ¯  → 0   as   t → ∞  , which implies that   s → 0  ,   e → 0   and    e ˙  → 0   as   t → ∞  . Furthermore, it is easy to know that the closed-loop train tracking control system can guarantee asymptotic stability. Thus, the control objective is achieved, and the proof is completed.



Remark 2.

In the proposed controller,    F 1    and    F 2    are two compensation terms. Combined with the adaptive laws, Equations (19c) and (19d), they are used to compensate for the lumped uncertainty and the uncertainty caused by unknown loss of actuator effectiveness faults. From Equations (30) and (31), it can be observed that lumped uncertain ty  P  , uncertainties (   ( 1 −  τ c  )  F 1    ,   ( 1 −  τ c  )  F 2    and    τ c   F 0    ) caused by loss of actuator effectiveness faults are all well compensated.





Remark 3.

It is noted that the proposed control algorithm is independent of the model parameters and the prior knowledge of the upper bounds of lumped uncertainty. In addition, it requires no information of the actuator faults, so it does not need any fault detection and diagnosis module. Moreover, although parameter  δ  is introduced, it is involved neither in the control law nor in the adaptive laws, and only used in the process of proof.





Remark 4.

Fault-tolerant tracking control strategy based on a variable-gain PID-type sliding mode surface was also adopted in [22]. However, the additional disturbance was estimated by RBF NN, which makes it more complex and more computational than the proposed controller in this paper. Moreover, it does not consider the uncertainties of model parameters, which would influence the control performance as applied in actual train operation.






4. Simulation


In order to check the fault-tolerant tracking control capability of the proposed controller, numerical simulation has been carried out. The main simulation parameters and parametric uncertainties of the train model are described as [24]:   m = 500   ton  ,   g = 9.8    N / kg   ,    a 0  = 5880   N  ,    a 1  = 388   N ⋅ s ⋅  m  − 1    ,    a 2  = 8   N ⋅  s 2  ⋅  m  − 2    ,   Δ  a 0  = 200 ∗ rand  ,   Δ  a 1  = 30 ∗ rand  ,   Δ  a 2  = 0.2 ∗ rand  , and   Δ m = 1000 ∗ rand   ,  where “rand” represents a random value between 0 and 1.



The additional disturbance  d  is given as follows:


  d =  {       ω e  +  ω s  ,           t ∈ [ 0 , 200 )        ω e  +  ω s  +  ω r  ,           t ∈ [ 200 , 400 )        ω e  +  ω s  +  ω r  + o ( ⋅ ) ,           t ∈ [ 400 , 600 )        ω s  +  ω r  + o ( ⋅ ) ,           t ∈ [ 600 , 800 )        ω r  ,           t ∈ [ 800 , 1000 ]       ,  



(34)




where    ω e  = 0.00013   1  l e  m g  /    10  3     ,    ω s  =   10.5  α s  m g  /  ( 1000  l s  )    ,    ω r  = m g sin θ   represent the tunnel resistance, curve resistance and ramp resistance, respectively [32]. In the simulation, the tunnel length    l e  = 1000   m  , the curve length    l s  = 200   m  , the centric angle of the curve    α s  =   2 π  / 3   , and the ramp angle   θ =  π /  180    .   o ( ⋅ )   stands for other resistance with the given value of   o ( ⋅ ) = 1500 sin ( 0.02 v t )  .



Remark 5.

It is noteworthy that force of train gravity can help or hinder train movement depending on whether the ramp angle is positive or negative. However, the projection of gravity on the direction parallel to the track, which is unknown to the proposed controller, has been included in the lumped uncertainty, so no matter whether the force of gravity hinders or helps train movement, it would be compensated by the compensation term    F 1    in our algorithm. Therefore, no matter whether gravity hinders or helps train movement, the train model and proposed algorithm are applicable.





It should be noted that the train parameters, parametric uncertainties, and additional disturbance given above, the actuator’s effective coefficients used in the following simulation, are unknown and not required in the design of the controller.



To verify the effectiveness of the designed controller, we simulated a running process with several operation conditions, which contains two acceleration phases, four cruising phases, and two deceleration phases, as depicted in Figure 4. Parameters of the designed controller were selected as:   k = 0.01  ,    Γ 1  = diag [ 0.01 , 0.01 , 0.01 ]  ,    k 3  = 1,000,000  ,    Γ 2  = diag [ 5 , 5 , 0.00001 , 5 ]  ,    l 4  = 0.0000001  ,    ξ 1  = 0.0001  ,    ξ 2  = 0.001  ,   ι = 0.01  ,   κ = 100  ,   α = 50,000  . Initial values involved in the controller were chosen as follows:    θ ^  ( 0 ) = diag [ 0 , 0 , 0 ]  ,    m ^  ( 0 ) = 0.001  ,    T ^  ( 0 ) = diag [ 0 , 0 , 0 , 0 ]  ,     T ^  4  ( 0 ) = 0  ,     δ ^  1  ( 0 ) = 5  ,     δ ^  2  ( 0 ) = 0.1  ,   φ ( 0 ) = 0  . The upper and lower bounds of  F  are    F  max   = 60,000 N   and    F  min   = − 60,000 N  , respectively. To mitigate the chattering and make the control force smooth, when    |  s ¯  |  ≤ ε  ,   sign (  s ¯  )   in the controller is replaced by     s ¯  / ε   , where  ε  is a small positive constant with the value of   ε = 0.05   in the simulation. Based on the above simulation parameters, several different simulations were performed as follows to demonstrate the performance of the proposed controller.



4.1. Simulation Results for HSTs without Actuator Faults


To validate the feasibility of the proposed controller for HSTs under actuator fault-free condition, simulation for HSTs without actuator faults was carried out. The simulation results are shown in Figure 5. From Figure 5a,b, the proposed controller can ensure the position and velocity to track the desired trajectories accurately. Figure 5c shows that there is no obvious chattering in the actual actuator output and the actuator saturation limit is satisfied. Figure 5 demonstrates the feasibility and effectiveness of the proposed controller for HSTs despite in presence of model uncertainties, additional disturbance, and actuator saturation.




4.2. Simulation Results for HSTs with Different Magnitudes of Actuator Faults


To demonstrate the fault-tolerant tracking capacity of the proposed controller, simulations for HSTs with different magnitudes of loss of actuator effectiveness faults are performed. Different magnitudes of actuator faults can be simulated by changing the value of actuator effectiveness. Suppose that the actuator faults occur in 150 s and last until the end of the simulation. A 10%, 30%, and 50% loss of actuator effectiveness, i.e.,    k c  = 0.9  ,    k c  = 0.7  , and    k c  = 0.5  , are considered in the simulation. The simulation results are shown in Figure 6.



Along with the decrease of    k c    value, loss of actuator effectiveness faults becomes more and more serious and the impact of actuator faults on train tracking operation is growing. However, as can be seen from Figure 6, the position tracking error and the velocity tracking error do not increase significantly along with the severity of actuator faults and remain small all the time. It can also be seen that there is still no obvious chattering and the anti-actuator saturation is effective. Figure 6 illustrates that the proposed controller can accommodate loss of actuator effectiveness faults, handle actuator output saturation constraint, and has good fault-tolerant tracking capacity.



Remark 6.

As described in Assumption 2,    τ c    is supposed to be bounded, thus    k c    would be larger than a certain value, which means that the proposed controller in this paper is applicable to a certain limit of loss of actuator effectiveness faults. Through simulation experiments, when the loss of actuator effectiveness exceeds 65%, that is, when    k c  ≤ 35 %   , the proposed controller in this paper will not work.






4.3. Simulation Results for HSTs without Anti-Actuator Saturation


In addition, to further verify the necessity of considering anti-actuator saturation in the design of a controller, simulation was carried out for the case without anti-actuator saturation. Without considering the anti-actuator saturation, and in the case of 30% loss of actuator effectiveness, i.e.,    k c  = 0.7  , the control performance for HSTs with the actuator output limits    F  max   = 60000 N   and    F  min   = − 60000 N   is shown in Figure 7. It can be seen that the tracking errors of the system increases substantially, and the system becomes unstable. Moreover, the chattering problem of the actuator’s actual output becomes very serious, which is not allowed in practical train operation. Figure 7 demonstrates the importance and necessity of considering anti-actuator saturation in train fault-tolerant tracking controllers.




4.4. Simulation Results for HSTs with Larger Lumped Uncertainty


In order to prove the robustness of the system to the lumped uncertainty, two cases with lager lumped uncertainties are considered:



Case1:   o ( ⋅ ) = 2500 sin ( 0.02 v t )  ,   θ =   1.1 ∗ π  /  180     and the parametric uncertainties are increased by 50%.



Case2:   o ( ⋅ ) = 5000 sin ( 0.02 v t )  ,   θ =   1.2 ∗ π  /  180     and the parametric uncertainties are increased by 100%.



Given that    k c  = 0.7  . Using the same design parameters and initial values, the position tracking error and velocity tracking error are shown in Figure 8, which illustrates the proposed controller has strong robustness to the lumped uncertainty.





5. Conclusions


In this paper, a dynamical model of HSTs subject to parametric uncertainties, actuator faults, and actuator saturation was built, and a passive fault-tolerant tracking control strategy independent of fault detection and diagnosis module was investigated. Considering the strong robustness of train system to the lumped uncertainty and actuator faults, as well as the requirement to relax system knowledge, a fault-tolerant tracking control algorithm based on adaptive technology and variable-gain PID-type sliding mode surface is presented. In the proposed controller, fault detection and diagnosis module, prior knowledge of the model parameters, and upper bounds of the lumped uncertainty are not required. To handle the actuator saturation, an auxiliary signal is introduced. Simulation results demonstrate the presented adaptive passive fault-tolerant control strategy has excellent tracking ability, good fault-tolerant capacity, effective anti-actuator saturation capability, and strong robustness to the lumped uncertainty. However, the proposed strategy is asymptotically stable and the position and velocity of HSTs will reach the desired trajectories in an infinite time. Further finite-time stability fault-tolerant tracking control method represents an interesting topic for future research.
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Figure 1. Force diagram of longitudinal train dynamical model. 
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Figure 2. Description of the actual actuator output. 
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Figure 3. Block diagram of the proposed controller. 
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Figure 4. Desired position and velocity: (a) desired position, (b) desired velocity. 
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Figure 5. Control performance for high-speed trains (HSTs) without actuator faults: (a) position tracking error, (b) velocity tracking error, (c) actual control force. 
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Figure 6. Control performance for HSTs with different magnitudes of actuator faults: (a) position tracking errors, (b) velocity tracking errors, (c) actual control forces. 
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Figure 7. Control performance for HSTs without anti-actuator saturation: (a) position tracking error, (b) velocity tracking error, (c) actual control force. 
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Figure 8. Control performance for HSTs with larger lumped uncertainty: (a) position tracking error, (b) velocity tracking error. 
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