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Abstract

:

The actuator, which generally consists of motors, electrical regulations, and propellers, is the key component of the quadrotor Unmanned Aerial Vehicle. During the operation of the UAV, actuators are prone to degrade performance and even cause serious failure, which affects the service quality and flight safety of Unmanned Aerial Vehicles. Therefore, timely and accurate monitoring and evaluation of the health condition of actuators is of great significance to ensure the mission reliability of UAVs. This paper proposes an Adaptive Two-stage Unscented Kalman Filter-based actuator health assessment method for Quadcopter Unmanned Aerial Vehicles. Firstly, a state space equation is established based on dynamic analysis to characterize the degradation mechanism of the actuator. Then, by modifying the Two-stage Unscented Kalman Filter algorithm, the Adaptive Two-stage Unscented Kalman Filter algorithm is constructed by combining the filter divergence criterion and the covariance matching technique to implement the health assessment of actuators. Finally, experiments are carried out for different degradation scenarios to verify the effectiveness of the proposed method.






Keywords:


unmanned aerial vehicle; adaptive two-stage unscented Kalman Filter; actuators; health assessment












1. Introduction


In recent years, Unmanned Aerial Vehicles (UAVs) have been widely used in military operations, power inspection, agricultural plant protection, accident rescue, and other fields due to their advantages of high maneuverability, easy operation, low cost, and easy maintenance [1,2]. However, the diversity of tasks, complex external environment, and high-strength services greatly increase the failure and failure probability of key functional components, which brings a severe challenge to the safety and reliability of UAVs.



The actuator is the key component of a UAV, which consists of motors, electrical regulations, and propellers. It is an important power source for UAVs. Unfavorable factors such as long-term friction and wear, shock, and vibration exist in the service of unmanned aerial vehicles, which easily degrade the performance of actuator components, lead to control failure, and even cause serious mechanical failure. Timely and accurate monitoring and evaluation of actuator health is of great significance to ensure the normal operation and service performance of UAVs



There are two main methods for the actuator health assessment at this stage, which are the model-based health assessment method and the data-driven health assessment method. The model-based health assessment method utilizes flight state in-formation and comprehensively considers its dynamic model to establish the corresponding physical model. However, it is difficult to build an accurate degradation process model. The data-driven health assessment method is based on the reliability of the operating state analysis by acquiring a sequence of signals from the actual operation of the actuator. However, UAV is a typical nonlinear system with various flight states and many external disturbances. It is difficult to obtain the actuator’s actual operation data directly. Therefore, the current state of health assessment of UAV actuators mostly adopts physical model-based methods, such as Kalman filters (KF), particle filters (PF) [3,4], and observers [5,6]. Many model-based robust fault diagnosis methods are summarized in [7] and [8]. These papers mainly use observers to achieve relevant functions. Although these methods can use time-domain or frequency-domain data, there are some problems such as complex modeling and no consideration of the influence of noise. The Kalman filter and its variant algorithms are common methods considering the influence of noise and its modeling process is simple. The Kalman filter and its variant algorithms reduce the model uncertainty and the effects of noise by fusing the observed and estimated data. These methods achieve actuator health assessment by comparing the differences between the system and the model. The performance degradation is usually modeled as a random model in order not to lose the sensitivity of the Kalman filter algorithm to the failure of actuator degradation [9,10]. Over the past decade, there have been some studies on health status assessment based on the Kalman filter algorithm. Zhang et al. proposed the idea of a fusion multi-Kalman filter based on interactive multi-model (IMM) estimation to estimate rotor UAV actuator failure and efficiency in [11]. Zhong et al. proposed a robust actuator fault detection and diagnosis (FDD) scheme using an adaptive three-stage Kalman filter (AThSKF) for quadcopter UAVs, which effectively reduces the impact of external interference in [12]. Gao et al. proposed an actuator FDD method based on the extended Kalman filter (EKF) and multi-model adaptive estimation (MMAE) in [13]. The actuator deflection was added to the state vector and estimated with EKF. The MMAE algorithm assigns a conditional probability to each fault actuator based on the residual of the EKF and performs fault diagnosis. Qi et al. proposed an adaptive unscented Kalman filter (AUKF) based on MIT rules to realize online estimation of UAV flight status and actuator health coefficient (AHC) in [14]. Liu et al. introduced a multi-model adaptive estimation method to monitor the health of the corresponding actuators of the UAV through a set of parallel running UKFs in [15].



Although existing methods can assess the health status of UAV actuators, they also have some limitations. Firstly, most algorithms locally linearize or linearize the UAV nonlinear system model, which results in poor numerical stability under strong non-linearity and makes it difficult to get the optimal estimate of actuator health [16]. Secondly, most of the methods that combine multi-model estimation and the Kalman filter algorithm are usually used for fault-tolerant control. They are difficult to obtain accurate health state estimation and require a relatively large amount of computation. Finally, the covariance matrix of the random walk model is mostly given according to experience. When the covariance matrix deviates from the empirical value, the effect of health state estimation will be greatly reduced or even lead to unreliable results.



Based on the relevant research results of actuator FDD, the paper takes the loss coefficient of actuator efficiency (LOE) as the standard for its health assessment. The augmented unscented Kalman filter can realize LOE estimation of actuator, but it has the problems of large amount of calculation and waste of computing resources. The TSUKF estimates the LOE of actuator based on the principle of deviation separation. Compared with the augmented unscented Kalman filter, it has the characteristics of small calculation amount and fast running speed, but it is sensitive to initial value. This paper proposes an Adaptive Two-stage Unscented Kalman Filter (ATSUKF) algorithm for the UAV nonlinear system, combining the filter divergence criterion, covariance matching technology, and Two-stage Unscented Kalman Filter (TSUKF) [9]. It is expected that this algorithm can not only estimate the status of the Rotor UAV system and LOE factors estimation of the actuators but also adaptively adjust the covariance matrix under external interference to achieve the effect of actuator health assessment.



This paper is mainly divided into five parts. Section 2 carries out system modeling for the quadcopter UAV. Section 3 describes the ATSUKF algorithm. Section 4 presents numerical simulations and results analysis. At last, the conclusions are drawn in Section 5.




2. System Modeling


2.1. Quadcopter UAV Nonlinear System Model


Physical model-based health assessment algorithm design depends on the non-linear system model. According to [16], the following assumptions are made:




	
The UAV is a rigid body, which ignores the elastic vibration and deformation generated during flight.



	
The inertia matrix, the gravitational acceleration and the mass are time-invariant.



	
Control forces are almost always given in body-fixed frame.



	
The geometric center coincides with the center of gravity.



	
The effects of the ground effect are ignored.








Based on the above assumptions and [17], it can be concluded that the nonlinear dynamic equation of UAV is,


   {     x ¨  = −  (  cos ψ sin θ cos ϕ + sin ψ sin ϕ  )     u z   m       y ¨  = −  (  sin ψ sin θ cos ϕ − cos ψ sin ϕ  )     u z   m       z ¨  = g −  (  cos ϕ cos θ  )     u z   m       ϕ ¨  =    J  y y   −  J  z z      J  x x      θ ˙   ψ ˙  +    u ϕ     J  x x          θ ¨  =    J  z z   −  J  x x      J  y y      ϕ ˙   ψ ˙  +    u θ     J  y y          ψ ¨  =    J  x x   −  J  y y      J  z z      ϕ ˙   θ ˙  +    u ψ     J  z z          



(1)




where  x ,  y  and  z  is the coordinates of the center of mass of the quadrotor UAV in the inertial coordinate system,  ϕ ,  θ  and  ψ  are the pitch angle, roll angle, and yaw angle of the quadrotor UAV,    J  x x    ,    J  y y     and    J  z z     are the inertial moments around the  x ,  y  and  z  axis, respectively.    u z    is the total lift of the quadrotor UAV,    u ϕ   ,    u θ    and    u ψ    are the inertial moments around the  ϕ ,  θ  and  ψ , respectively.



Quadcopter UAVs are mostly driven by brushless motors. Motors are controlled by the flight control system via PWM signals, which generate the torques required for the UAV flight process. The torque (   τ i   )has a linear relationship with the thrust (   T i   ). Its relation is    τ i  =  K ψ   T i   . The thrust generated by the motor (   T i   ) and the PWM control input (   u i   ) has a first-order linear transfer function relationship, which can be approximately expressed as    T i  = K  u i   . According to the UAV structural layout shown in Figure 1b, the relationship between lift/torque and control input is,


   [       u z         u ϕ         u θ         u ψ       ]  =  [     K   K   K   K      − sin  (   π / 4   )  K d     sin  (   π / 4   )  K d     sin  (   π / 4   )  K d     − sin  (   π / 4   )  K d       cos  (   π / 4   )  K d     − cos  (   π / 4   )  K d     cos  (   π / 4   )  K d     − cos  (   π / 4   )  K d       K  K ψ      K  K ψ      − K  K ψ      − K  K ψ       ]   [       u 1         u 2         u 3         u 4       ]   



(2)




where  d  is the radius of the quadrotor UAV.




2.2. Actuator Performance Degradation Model


Affected by the working environment, usage intensity, and usage habits, UAV actuators will inevitably produce slow performance degradation [11,18]. This will affect the flight safety and reliability of the UAV. Actuator degradation processes are often complex. In order to simplify the degradation process and facilitate the health assessment of actuators, this paper adopts LOE to describe the actuator performance degradation process [14].


   u i γ  =  (  1 −  γ i   )   u i            ( i = 1 , 2 , 3 , 4 )  



(3)




where    u i γ    is the actual control input for the actuator;    u i    is the input of the control system;  γ  is the LOE factor,   γ = 0   indicates that the actuator has no performance degradation,   0 < γ < 1   is expressed as partial performance degradation failure of the actuator,   γ = 1   indicates complete failure of actuator performance.



According to [9], the actuator performance degradation model is established as a random model.


   {     ϒ k  =  ϒ  k − 1   +  ω  k − 1  ϒ      E  (   ω k ϒ     (   ω k ϒ   )   T   )  =  Q k ϒ   δ  i j        ω k ϒ  ∼ N  (  0 ,  Q k ϒ   )       



(4)




where  ϒ  is a constant process, driven by process noise (   ω  ϒ   );    ω  ϒ    is zero-mean Gaussian noise sequences;    Q  ϒ    is the covariance matrix of the random model;    δ  i j     is the Dirichlet function.




2.3. State Space Model


Define the state vector ( x ), control input vector ( u ), LOE vector ( ϒ ), observation vector (   y m   ), system noise vector (   ω x   ), and observation noise vector (   v x   ) of the UAV nonlinear system model as,


    x =   [     x   y   z   ϕ   θ   ψ    x ˙     y ˙     z ˙     ϕ ˙     θ ˙     ψ ˙      ]  T      u =   [       u 1       u 2       u 3       u 4       ]  T      ϒ =   [       γ 1       γ 2       γ 3       γ 4       ]  T       y m  =   [     x   y   z   ϕ   θ   ψ     ]  T      ω =   [       ω x        ω y        ω z        ω ϕ        ω θ        ω ψ        ω  a x         ω  a y         ω  a z         ω  a ϕ         ω  a θ         ω  a ψ         ]  T      v =   [       v x        v y        v z        v ϕ        v θ        v ψ        ]  T     



(5)







According to [12] and [19], the UAV nonlinear system model can be written in the following form,


   {     x ˙   ( t )  = f  (  x  ( t )  , u  ( t )  , ϒ  ( t )  , ω  ( t )   )       y m   ( t )  = h  (  x  ( t )   )  + ν  ( t )       



(6)







The noise in the system model (6) is nonlinear. For the model containing nonlinear system noise, this paper converts the nonlinear noise into additive noise by the linearization method. Its linearization method is,


  G  ( t )  =   ∂ f  (  x  ( t )  , u  ( t )  , ϒ  ( t )  , ω  ( t )   )    ∂ ω  ( t )     



(7)






  F  ( t )  =   ∂ f  (  x  ( t )  , u  ( t )  , ϒ  ( t )  , ω  ( t )   )    ∂ ϒ  ( t )     



(8)




where   G  ( t )    is the noise distribution matrix;   F  ( t )    is the LOE distribution matrix. Consequently, a continuous time state space model can be obtained.


   {     x ˙   ( t )  = f  (  x  ( t )  , u  ( t )   )  + F  ( t )  ϒ  ( t )  + G  ( t )  ω  ( t )      y  ( t )  = h  (  x  ( t )   )  + ν  ( t )       



(9)







Kalman filter assumes that the noise of the continuous state space system model (9) follows a Gaussian distribution with zero mean. Since the method presented in this paper is based on the discrete filter design, the continuous time state space system model (9) is discretized according to the Eulerian method.


  x  (   t  k + 1    )  = x  (   t k   )  +  x ˙   (   t k   )  · Δ t =  f d   (  x  (   t k   )  , u  (   t k   )   )  +  F d   (   t k   )  ϒ  (   t k   )  +  G d   (   t k   )  ω  (   t k   )   



(10)







The discrete observation equation is,


   y  k + 1   =  h   k + 1     (   x  k + 1    )  +  ν  k + 1    



(11)







The system noise and measurement noise of the discrete model are defined as,


   ω k   =  G d   (   t k   )  ω  (   t k   )   



(12)






   ν k  = v  (   t  k + 1    )   



(13)







Because the Gaussian distribution is still a Gaussian distribution after linear transformation, the system noise in the discretized state space model still obeys the Gaussian distribution.


   ω k   ∼ N  (  0 ,  Q k    )   



(14)






   v k   ∼ N  (  0 ,  R k    )   



(15)







   Q k     is the system noise covariance matrix for a nonlinear system model;    R k     is the observed noise covariance matrix for a nonlinear system model.



Thus, formula (10) can be rewritten as,


   x  k + 1   =  f d   (   x k  ,  u k   )  +  F k r   ϒ k  +  ω k   



(16)




where


   F k r  =  F d   (   t k   )   



(17)






   ϒ k  = ϒ  (   t k   )   



(18)







Based on formulas (4), (11), and (18), a discrete system state space model including actuator degradation can be obtained.


   {     x  k + 1   =  f d   (   x k  ,  u k   )  +  F k r   ϒ k  +  ω k       ϒ  k + 1   =  ϒ k  +  ω k ϒ       y  k + 1   =  h  k + 1    (   x  k + 1    )  +  ν  k + 1        



(19)









3. ATSUKF-Based Actuator Health Assessment Algorithm


3.1. TSUKF-Based Algorithm


The key technology of UKF is the unscented transformation (UT), which approximates the probability density distribution of the system’s nonlinear function by constructing a set of determined sigma points to solve the non-linear filtering problem [11]. Compared with KF and EKF, the UKF can directly use the system model and avoid the error caused by linearization [20]. In order to solve the problem of inaccurate LOE factor estimation of the actuator, the idea of UKF is applied to the TSKF algorithm, and the TSUKF algorithm is formed. The TSUKF algorithm runs an unbiased state filter and a biased state filter in parallel. The final state and fault estimates are obtained by fusing the estimates of the two filters through a coupling matrix [21]. The working process of the algorithm is shown in Figure 2.



According to [22], when the nonlinear discrete-time stochastic system model is given by (18), a discrete-time TSUKF is given by the following coupled difference equations.


    x ^   k + 1   =   x ¯   k + 1   +  β  k + 1     γ ^   k + 1    



(20)






   P  k + 1  x  =   P ¯   k + 1   +  β  k + 1    P  k + 1  γ   β  k + 1  T   



(21)







The bias-free filter is,


   χ  k + 1 | k  i  =  f d   (   χ k i   )  +  r k   γ  k | k   −  β  k + 1 | k    γ  k | k          i = 0 , 1 , ⋯ , 2 n      



(22)






    x ˜   k + 1 | k   =   ∑  i = 0   2 n     w i m   χ  k + 1 | k  i     



(23)






    P ¯   k + 1 | k   =   ∑  i = 0   2 n     w i c   (   χ  k + 1 | k  i  −   x ˜   k + 1 | k    )       (   χ  k + 1 | k  i  −   x ˜   k + 1 | k    )   T  −  β  k + 1 | k    P  k + 1 | k  γ   β  k + 1 | k  T  +  r k   P k γ   r k T  +  Q k   



(24)






   y  k + 1 | k  i  = h  (   χ  k + 1 | k  i   )         i = 0 , 1 , ⋯ , 2 n      



(25)






    y ˜   k + 1 | k   =   ∑  i = 0   2 n     w i m   y  k + 1 | k  i     



(26)






    P ¯   k + 1 | k   y y   =   ∑  i = 0   2 n     w i c   (   y  k + 1 | k  i  −   y ˜   k + 1 | k    )     (   y  k + 1 | k  i  −   y ˜   k + 1 | k    )   T    + R  



(27)






    P ¯   k + 1 | k   x y   =   ∑  i = 0   2 n     w i c   (   χ  k + 1 | k  i  −   x ˜   k + 1 | k    )     (   y  k + 1 | k  i  −   y ˜   k + 1 | k    )   T     



(28)






   K  k + 1  x  =   P ¯   k + 1 | k   x y      (    P ¯   k + 1 | k   y y    )    − 1    



(29)






    x ¯   k + 1   =   x ¯   k + 1 | k   +  K  k + 1  x   (   y  k + 1   −   y ˜   k + 1 | k    )   



(30)






    P ¯   k + 1   =   P ˜   k + 1 | k   −  K  k + 1  x    P ¯   k + 1 | k   y y      (   K  k + 1  x   )   T   



(31)







The bias filter is,


    γ ^   k + 1 | k    =   γ ^  k   



(32)






   P  k + 1 | k  γ  =  P k γ  +  Q k γ   



(33)






   K  k + 1  γ  =  P  k + 1 | k  γ   H  k + 1 | k  T     (    P ¯   k + 1 | k   y y   +  H  k + 1 | k    P  k + 1 | k  γ   H  k + 1 | k  T   )    − 1    



(34)






    γ ^   k + 1   =   γ ^   k + 1 | k    +  K  k + 1  r   (   y  k + 1   −  H  k + 1  x    x ¯   k + 1 | k   −  H  k + 1 | k     γ ^   k + 1 | k     )   



(35)






   P  k + 1  γ  =  P  k + 1 | k  γ  −  K  k + 1  γ   P  k + 1 | k   y y      (   K  k + 1  γ   )   T   



(36)




and the coupling equations are,


   r k  =  F k x   β k  +  F k r   



(37)






   H  k + 1 | k   =  H k x   β  k + 1 | k    



(38)






   β  k + 1 | k   =  r k   P k γ     (   P  k + 1 | k  γ   )    − 1    



(39)






   β  k + 1   =  β  k + 1 | k   −  K  k + 1  x   H  k + 1 | k    



(40)




and


   F k x  =  1  2   n + λ     ·  {    ∑  i = 1  n    [   χ  k + 1 | k  i  −  χ  k + 1 | k   i + n    ]     e i T   }     (     P k x     )    − 1    



(41)






   H k x  =  1  2   n + λ     ·  {    ∑  i = 1  n    [   y  k | k − 1  i  −  y  k | k − 1   i + n    ]     e i T   }     (      P ¯   k + 1 | k      )    − 1    



(42)




where the element  i  of    e i   ∈  R n    is 1, other elements are 0. The sample points (   χ k i   ) and the corresponding coefficients    w i m    and    w i c    are expressed as.


   {     χ k 0  =  x k       χ k i  =  χ k 0  +  (     (  n + λ  )   P k i     )  ,        i = 1 , 2 , ⋯ , n          χ k i  =  χ k 0  −  (     (  n + λ  )   P k i     )  ,        i = n + 1 , n + 2 , ⋯ , 2 n          



(43)






   {     w 0 m  =  λ  n + λ        w 0 c  =  λ  n + λ   +  (  1 −  α 2  + β  )       w i m  =  w i c  =  1  2  (  n + λ  )    ,        i = 1 , 2 , ⋯ , 2 n          



(44)




where    w i m    and    w i c    are the weighted values of the Sigma point mean and covariance, respectively;  n  is the dimension of the state vector ( x );   λ =  α 2   (  n + κ  )  − n   is the conversion factor;  α  determines the probability distribution of sigma points and the value range is     10   − 4   ≤ α ≤ 1  ;  β  is related to the form of the parametric distribution and usually takes the value of  2  when  β  is for a Gaussian distribution;  κ  usually takes the value of   3 − n  .




3.2. ATSUKF-Based Algorithm


TSUKF algorithm can estimate the LOE factor of the UAV actuator, but the selection of statistical parameters has a great influence on the accuracy and speed of parameter estimation. When the system model parameters are accurate, the norm of the predictive error covariance will gradually decrease during filtering, and the correction effect of real-time observation on the state estimation will be weakened. Under the condition of an inaccurate system model and internal and external interference, the covariance of the measured noise may be nonpositive and the filtering is easy to diverge. The random model has a great influence on the estimation accuracy of TSUKF. The value of the diagonal elements of the random model covariance matrix reflects the rate of change of the LOE factor. The larger the value of the diagonal element, the faster the LOE factor changes. The covariance matrix also reflects the linear correlation of different actuator degradation states. The covariance matrix of the random model is usually given as a constant value matrix according to the designer’s experience, which is difficult to match with the dynamic characteristics of the actual degradation [23]. Therefore, this section constructs an ATSUKF algorithm for the covariance matrix (   Q  ϒ   ) of the online adaptive random model according to the filter divergence criteria and covariance matching technology [24,25].



The system model used by ATSUKF is the same as that of TSUKF, and the basic filter is also the same as that of TSUKF. The criterion of filter divergence is used as the judgment basis for adaptive adjustment of the covariance matrix (   Q  ϒ   ). The criterion for judging filter divergence is,


   ε k T   ε k  ≤ K · tr  [  E  (   ε k   ε k T   )   ]   



(45)




where  K  is a variable factor, the value usually takes   K ≥ 1  . The larger the value of  K , the looser the judgment condition.   tr  [ · ]    is to find the trace of the matrix. When the formula (50) is established, the filtering algorithm is stable, and the ATSUKF algorithm degenerates into the TSUKF algorithm; when the formula (50) is not established, the filtering algorithm has a divergent trend, and an adaptive factor (   δ k   ) needs to be introduced to adjust the covariance matrix (   Q  ϒ   ) to improve the correction effect of observations on the algorithm.



According to [23], the system noise covariance matrix of the random walk model is expressed as,


   P  k + 1 | k   γ y y   =   P ¯   k + 1 | k   y y   +  H  k + 1 | k    P  k + 1 | k  γ   H  k + 1 | k  T   



(46)







At the same time, according to the actual measured data, it can be obtained.


    P ¯   k + 1 | k   γ y y   =  1  M − 1     ∑  i = k − M + 1  k    ε i γ   ε i  γ T      



(47)




and


   ε i γ  =  y i  − h  (    x ¯   i | i − 1    )  −  H  i | i − 1    ϒ  i | i − 1    



(48)




where    ε i γ    is the residual of the biased state filter;  M  is the size of the moving window, indicating the amount of historical data used by the adaptive factor, which is a finite value.



In the case of external interference and low model accuracy, the theoretical and estimated residual covariance values usually satisfy,


    P ¯   k + 1 | k   γ y y   ≥  P  k + 1 | k   γ y y    



(49)







This section introduces an adaptive factor (   δ k   ) to adjust the covariance matrix (   Q  ϒ   ). Formulas (32), (46), and (47) are brought into formula (49) to show.


   1  M − 1     ∑  i = k − M + 1  k    ε i γ   ε i  γ T     =   P ¯   k + 1 | k   y y   +  H  k + 1 | k    (   P k γ  +  δ k   Q k γ   )   H  k + 1 | k  T   



(50)




where the adaptation factor (   δ k   ) can be determined by,


   δ k  =  {       δ 0     ,     δ 0  ≥ 1           1    ,     δ 0  < 1            



(51)






   δ 0  =   t r  (   1  M − 1     ∑  i = k − M + 1  k    ε i γ   ε i  γ T     −   P ¯   k + 1 | k   y y   −  H  k + 1 | k    P k γ   H  k + 1 | k  T   )    t r  (   H  k + 1 | k    Q k γ   H  k + 1 | k  T   )     



(52)







In this section, the TSUKF algorithm is extended to the ATSUKF algorithm by introducing the adaptive factor (   δ k   ) to realize the adaptation of the covariance matrix (   Q  ϒ   ). The degenerate nature of the actuator creates a mismatch in the noise variance, which amplifies the covariance matrix. Judging by the criterion of filter divergence, the adaptive factor (   δ k   ) is calculated by using the difference between the noise variance matrix obtained from M state measurement data and the noise variance matrix transmitted by the system. M measurement data are used in the calculation process to prevent the single measurement data from influencing the system too much. When the statistical characteristics of the noise are known and the actuator degradation is unchanged, the adaptive factor is 1 and the ATSUKF algorithm is equivalent to the TSUKF algorithm, and the evaluation performance is equivalent. However, when the statistical characteristics of noise are uncertain or the degree of actuator degradation changes, the ATSUKF algorithm will have higher estimation accuracy than the TSUKF algorithm.





4. Numerical Simulations


4.1. Simulation Parameters


This section evaluates the performance of the ATSUKF-based actuator health assessment evaluation algorithm through numerical simulations. The parameters of the UAV model are shown in Table 1 [26]. In order to fully verify the effectiveness of the ATSUKF algorithm, different degradation scenarios are considered in this section. In order to verify the robustness of the ATSUKF algorithm, two cases of matching and mismatching covariance matrices in the random model are considered.



Simulation experiments use two different sets of values to initialize the covariance matrix of the random walk model to simulate whether it matches the actual one. Simulation experiments are carried out to verify the responsibility of the algorithm for failure by injecting ramp failure and step failure.



In the simulation, the drone is in hover mode at an altitude of 1m. The ramp failure fault and step failure fault are injected in 30 to 40 s and 50 to 80 s.



The mathematical expression for injection failure is,


   {    F 1 = 0.02 ∗  (  t − 30  )      F 2 = 0.4      



(53)







The initial value of the algorithm and the parameter setting of the covariance matrix during the simulation process are shown in Table 2.



In the simulation experiment, when the covariance matrix (   Q  ϒ   ) matches the actual situation, the initial value (   Q 1 γ   ) is assigned to     10   − 2    I  4 × 4    ; otherwise, the initial value (   Q 2 γ   )is assigned to     10   − 7    I  4 × 4    . In addition, Gauss noise is added to the numerical simulation experiments to make numerical simulations more practical and verify the effectiveness of the proposed method. Its variance is 0.001




4.2. Simulation Results


4.2.1. Scenario 1: Performance Degradation of a Single Actuator


In Scenario 1, the LOE factor of motor No. 1 changes as shown in the formula (58). The simulation results are shown in Figure 3 and Figure 4, where the solid line represents the LOE change during the simulation.



According to Figure 3 and Figure 4, the LOE evaluation performance of the ATSUKF algorithm is better in the case of performance degradation of a single actuator. When the covariance matrix of the random model matches, TSUKF and ATSUKF have the same accuracy. However, when the covariance matrix of the random model does not match the actual covariance matrix, the TSUKF algorithm cannot track the status of LOE factors well and almost loses the ability to estimate LOE in the process. The ATSUKF algorithm can still maintain the prediction accuracy of the random walk model




4.2.2. Scenario 2: Performance Degradation of Multiple Executors


In Scenario 2, the LOE factors of all motors change as shown in the formula (53) when hovering at the same time.



Simulation results of Condition 1 are shown in Figure 5, Figure 6, Figure 7 and Figure 8.



According to Figure 5, Figure 6, Figure 7 and Figure 8, the LOE evaluation performance of the ATSUKF algorithm is better in the case of control efficiency loss of several motors. When the random model covariance matrix matches the actual covariance matrix, the TSUKF algorithm has higher evaluation accuracy and better stability than the ATSUKF algorithm. However, when the covariance matrix of the random walk model does not match the actual covariance matrix, the TSUKF algorithm cannot track the LOE factor state well, and the stability of the algorithm is weakened. The ATSUKF algorithm can still maintain the prediction accuracy of the random walk model when the covariance matrix is matched and has better robustness.



This section considers the matching relationship between the covariance matrix of the random model and the actual value and designs numerical simulations for single-motor and multi-motor LOE losses respectively to verify the TSUKF and ATSUKF algorithm. The results show that the ATSUKF algorithm is more robust to the initial value of the random walk model covariance than the TSUKF algorithm and has better performance. The random model covariance matrix in the TSUKF algorithm is a constant value matrix with an initial value given by experience, while the random model covariance matrix in the ATSUKF algorithm is a value change matrix obtained by covariance matching.



The dynamic characteristics of actuator degradation are unpredictable. Modeling the degradation as a random model with an unknown covariance matrix can better reflect the dynamic characteristics of the actuator’s health state. Since the degeneration process of the actuator is usually slow in actual use, the covariance matrix usually takes a small value. When the actuator is degraded severely, the covariance matrix of TSUKF is difficult to adapt to the actual change of the health state of the actuator, and the accuracy of the algorithm decreases; while the ATSUKF algorithm will adaptively adjust the value of the diagonal elements according to the health state of the actuator. Compared with TSUKF, the ATSUKF algorithm can better match the actual system, so it has a better health status assessment effect. On the other hand, the covariance matrix of the random model is calculated online based on the filter divergence determination and covariance matching technology, so it has strong robustness to the initial value of the covariance matrix.






5. Conclusions


This paper proposes an actuator health assessment algorithm based on ATSUKF. The characteristics of the algorithm are as follows:




	
This health assessment method only requires the control input signal and the attitude signal during flight without the real-time operation information of the actuator.



	
The actuator health assessment can also be realized without fully understanding the actuator health state and the dynamic model of external interference.



	
The nonlinear system model can be directly used in the filtering process through the traceless transformation, and the sensitivity to the changes in the actuator health state is enhanced by combining the filter divergence judgment and covariance matching technology.



	
It is not only applicable to single actuator health assessments but also to multiple actuator health assessments.



	
It is not only applicable to quad-rotor UAVs but also to other multi-rotor UAVs.








The simulations prove that the ATSUKF algorithm can reflect the dynamic characteristics of actuator health better than the TSUKF algorithm, and has better robustness and performance for the initial value of covariance. However, the calculation cost of ATSUKF is higher than that of TSUKF. In the next work, the iteration optimization of the ATSUKF algorithm will be realized by combining the actual UAV data.
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Figure 1. The UAF-02E UAV and its structure layout: (a) The UAF-02E UAV; (b) UAF-02E UAV structure layout. 
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Figure 2. The working process of TSUKF. 
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Figure 3. Simulation results when    Q  ϒ    match the actual situation in scenario 1. (a) LOE factors estimation using TSUKF; (b) LOE factors estimation using ATSUKF. 
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Figure 4. Simulation results when    Q  ϒ    matchs the actual situation in scenario 1. (a) LOE factors estimation using TSUKF; (b) LOE factors estimation using ATSUKF. 
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Figure 5. Simulation results using TSUKF when    Q  ϒ    matchs the actual situation. (a)    γ 1   ; (b)    γ 2   ; (c)    γ 3   ; (d)    γ 4   . 
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Figure 6. Simulation results using ATSUKF when    Q  ϒ    matchs the actual situation. (a)    γ 1   ; (b)    γ 2   ; (c)    γ 3   ; (d)    γ 4   . 






Figure 6. Simulation results using ATSUKF when    Q  ϒ    matchs the actual situation. (a)    γ 1   ; (b)    γ 2   ; (c)    γ 3   ; (d)    γ 4   .



[image: Drones 07 00012 g006]







[image: Drones 07 00012 g007 550] 





Figure 7. Simulation results using TSUKF when    Q  ϒ    mismatch the actual situation. (a)    γ 1   ; (b)    γ 2   ; (c)    γ 3   ; (d)    γ 4   . 
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Figure 8. Simulation results using ATSUKF when    Q  ϒ    mismatchs the actual situation. (a)    γ 1   ; (b)    γ 2   ; (c)    γ 3   ; (d)    γ 4   . 
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Table 1. System parameters of UAF-02E.
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	Parameter
	Value
	Unit





	  m  
	1.4
	   kg   



	  g  
	9.8
	    m /   s 2      



	    J  x x     
	0.0211
	   kg ·  m 2    



	    J  y y     
	0.0219
	   kg ·  m 2    



	    J  z z     
	0.0366
	   kg ·  m 2    



	  d  
	0.0225
	  m  



	  K  
	11.18
	  N  



	    K ψ    
	0.0161
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Table 2. The initial value of the algorithm and the parameters of the covariance matrix.
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Type

	
Parameter

	
Value






	
Covariance Matrix Parameters

	
    Q 1 γ    

	
     10   − 2    I  4 × 4     




	
    Q 2 γ    

	
     10   − 7    I  4 × 4     




	
    Q x    

	
   d i a g  {        10   − 5    I  6 × 6   ,       10   − 8    I  6 × 6        }    




	
  R  

	
     10   − 7    I  6 × 6     




	
Algorithm initial value

	
    x 0    

	
    [       I  3 × 1   ,      0  9 × 1        ]    




	
    ϒ 0    

	
    0  4 × 1     




	
Algorithm initial value

	
    P 0 x    

	
    I  12 × 12     




	
    P 0 γ    

	
     10   − 6    I  4 × 4     




	
    β 0    

	
    O  12 × 4     




	
    t s    

	
   0.01   




	
  M  

	
   150   
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