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Abstract

:

A collision avoidance method that is specifically tailored for UAVs (unmanned aerial vehicles) operating in converging airspace is proposed. The method is based on ADS-B messages and it aims to detect and resolve conflicts between UAVs. The proposed method involves two main steps. First, a UAV conflict-sensing scheme is developed, which utilizes ADS-B information flow path and analyzes the message format information. Second, an unscented Kalman filter is used to predict UAV trajectories based on the acquired ADS-B information. The predicted information is then used to determine potential conflict scenarios, and different deconfliction strategies are selected accordingly. These strategies include speed regulation, direction regulation, and compound deconfliction, and are mathematically validated using the velocity obstacle method. The feasibility and effectiveness of the proposed method are evaluated through simulation, and it is concluded that the method can significantly improve the conflict resolution capability of UAV flights. This research provides a valuable contribution to the field of UAV collision avoidance, and can serve as a theoretical foundation for further advancements in this area.
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1. Introduction


The impressive advancements in aviation and artificial intelligence technology have highlighted the superiority of UAVs, which have demonstrated significant potential in both civilian and military fields. In the civilian sector, UAVs are increasingly being utilized for their simple operation, strong adaptability, and cost-effectiveness in various applications such as communication relay, disaster relief, agricultural plant protection, map mapping, and terrain survey. In the military, UAVs play an increasingly important role in modern military operations due to their good concealment effect, long cruise time, and low cost of battle damage, and the tasks they perform are becoming increasingly diversified. Overall, the development of UAV technology has opened up new opportunities and challenges, and its potential in both civilian and military fields is becoming increasingly recognized. As the technology continues to advance, we can expect to see even more diverse and innovative applications of UAVs in the future. As the range of applications for UAVs continues to expand, and the frequency and quantity of their use increase, the aviation sector is facing mounting safety pressures. During flight, UAVs must not only ensure their own safety but also that of surrounding aircraft. Therefore, their ability to detect and resolve flight conflicts is essential to their overall safety. In the future, UAVs will share airspace with manned aircraft, creating more diverse uncertainties and increasing the potential for flight conflicts. To ensure the safety of UAVs in shared airspace, it is imperative to enhance their autonomy and intelligence, as well as their conflict awareness and collision avoidance capabilities.



Based on current research at both domestic and international levels, UAVs’ awareness of flight conflicts mainly relies on location information. Various methods are used to obtain UAV location information, including satellite-based positioning, automatic dependent surveillance-broadcast (ADS-B), traffic collision avoidance system (TCAS), inertial navigation, and radar detection [1].



Effective flight conflict resolution techniques are crucial to ensure the safe operation of UAVs. Research has proposed various methods for UAV conflict resolution. For instance, the study by [2] introduced a geometric optimization method that is now widely used in future air traffic management. The authors of [3] investigated collision avoidance methods for dynamic obstacles and proposed using guide laws for UAV conflict resolution. The research by [4] proposed a two-aircraft deconfliction strategy based on the geometric optimization method. Ref. [5] improved the artificial potential field method to avoid local minimums and unreachable path target points. The authors of [6] proposed a potential field-ant-colony algorithm-based trajectory-planning method that used information between the environment and the target to construct heuristic factors. The study by [7] improved obstacle avoidance path planning efficiency by constructing a new potential function. The research by [8] proposed a membrane evolution artificial potential field method for path planning in both static and dynamic environments. Ref. [9] proposed a hybrid algorithm combining artificial potential field and ant colony algorithms to solve the multi-aircraft flight conflict problem in complex low-altitude environments. Finally, the authors of [10] combined genetic algorithms to obtain the optimal route by changing the heading and speed, effectively solving the flight conflict problem among aircraft in free flight.



Most of the flight conflict resolution methods mentioned above are designed to tackle flight conflicts that arise during flight. However, potential flight conflicts in non-linear environments are difficult to detect, posing a threat to flight safety. Unscented Kalman filter (UKF) is a nonlinear filtering method that can estimate the system state by observing current data without the need for an accurate model of the system. UKF has been widely applied in various fields such as power system dynamic state estimation [11], electric vehicle state parameter estimation [12], lithium ion power battery state estimation [13], target tracking [14], and signal processing [15].




2. Flight Conflict Perception and Prediction


2.1. ADS-B Technology


ADS-B is a comprehensive surveillance technology that includes automatic dependent surveillance (ADS), traffic collision avoidance system (TCAS), and field surveillance technology, and it is expected to be one of the primary surveillance methods in the new navigation system program of the International Civil Aviation Organization (ICAO) in the future [16]. The ADS-B system broadcasts information, such as the aircraft’s latitude, longitude, altitude, speed, and secondary radar transponder code information, which can provide important data for predicting potential flight conflicts involving UAVs [17].



The UAV flight conflict awareness program starts with the UAV acquiring its own position information and transmitting it to the airborne flight management computer to form ADS-B information. This information is then distributed through the ADS-B system, continuously received and exchanged to locate the aircraft’s position, and provide the UAV with an awareness of the surrounding flight situation. The UAV sends its status parameters to the communication satellite or remote ground station (RGS) via the aircraft Earth station (AES) or aircraft communications addressing and reporting system (ACARS). The data are then visualized and displayed on the control units, UAV pilots, and ground control stations for a synchronized monitoring of the UAV flight status. Using the same coordinate system and reference time, the UAV’s aviation computer solves and predicts the flight status of surrounding aircraft to discover potential conflict points in the UAV’s flight process. This enables corresponding avoidance measures to be taken and the UAV flight conflict relief to be achieved. Figure 1 shows the UAV flight conflict perception scheme combined with the ADS-B information flow path.




2.2. ADS-B Message Structure


The ADS-B message content is 112 bits in total and is divided into five parts comprising: ① a 5-bit downlink format (DF); ② a 3-bit answer capability (CA); ③ a 24-bit aircraft address (AA); ④ a 24-bit parity check (PI); and ⑤ 56-bit ADS-B data (ME). [18] The specific allocation amounts and functions are shown in Figure 2. The 56-bit ADS-B data are subdivided into a 5-bit message type (TYPE) field, a 3-bit message subtype (SUBTYPE) field, and a 48-bit message content. The message content is an important carrier of aircraft flight status parameters and ground target information parameters, carrying the position information, altitude information, and aircraft airspeed information of air or ground targets. In this paper, based on the UAV position information in the ME field, the flight path of the UAV is predicted.




2.3. Trajectory Prediction Based on UKF


Kalman filtering (KF) is an optimal autoregressive data processing algorithm that centers on smoothing, filtering, and predicting the input states using the state equations of the linear system and the observed information, which in turn improves the accuracy of the output measurements [19].



Extended Kalman filter (EKF) is an evolution of the KF and can be used to deal with weakly nonlinear systems. It uses an approximation to approximate a nonlinear system to a linear system using a Taylor series expansion. However, since it is an approximation of a nonlinear system, it is more demanding for a nonlinear system, and EKF works better for weakly nonlinear systems.



UKF solves the nonlinear system problem by approximating the probability distribution of the initial input of the nonlinear system by unscented transformation, which does not require linear changes to the nonlinear system equations. The motion state of the UAV is affected by a variety of nonlinear uncertainties, and its motion state is not a superposition of simple linear motion, and its flight state can be regarded as a nonlinear motion that changes continuously with time. UKF approximates the probability distribution of the initial state by a fixed number of sigma sampling points, and brings these points into the nonlinear system for solution, so as to obtain the real-time position estimation information of the UAV. UKF reduces the fluctuation of the system model due to the approximate nonlinear function, does not require linear approximation of the nonlinear system function, and does not need to deal with the complex Jacobi matrix, which reduces the system complexity and improves the stability and computational accuracy of the system output.



2.3.1. Unscented Transformation (UT)


The essence of the UT is to approximate the initial probability distribution of the nonlinear function by specific rules and brings the approximate sampled values into the nonlinear system calculation to obtain the corresponding system output. The advantage of UT is that it does not fall into computational difficulties due to the increased complexity of the system model, and the purpose is to avoid the computational difficulties for the linear approximation process and the introduction of new errors into the system model after the approximation. The UT selects some sigma sampling points that are equal to the mean and covariance of the initial inputs using specific rules, and then brings the sigma points into the nonlinear system model to solve for the corresponding output values, as well as the mean and covariance of the output values [20].




2.3.2. Main Steps of the UKF Algorithm


The specific steps of UKF for the flight track prediction process of UAV can be divided into eight steps, which are as follows:



	
Step 1: Build a system state model.






It is assumed that the system state of the UAV at moment  t  can be obtained from the system state of the UAV at moment   t − 1  , as shown in Equation (1):


   X t  = f (  X  t − 1   ,  U  t − 1   ,  W  t − 1   )  



(1)




where    X t    and    X  t − 1     are  L  dimensional state matrices,    U  t − 1     is a  L  dimensional initial input quantity matrix,    W  t − 1     is a  L  dimensional process noise matrix, and    X t   ,    U  t − 1    , and    W  t − 1     are all time-varying variables. In the nonlinear system model, the system equations is:


   y t  = h (  X t  ,  V t  )  



(2)







The    X t    and  K  dimensional measurement noise matrices    V t    are brought into the observation equation   h ( • )   to obtain the observed    y t   . The  L  dimensional process noise matrix    W  t − 1     and the  K  dimensional measurement noise matrix    V t    are assumed to be independent and both conform to the Gaussian distribution, i.e.,


    W t  ∼ N ( 0 , Q )   ,    V t  ∼ N ( 0 , R )   



(3)







	
Step 2: Input parameters.






Assuming that the initial state expectation of the system is      X ¯   0    and the initial state covariance matrix is    P 0   :


   {      X ¯  0  = E (  X 0  )      P 0  = E [ (  X 0  −   X ¯  0  )   (  X 0  −   X ¯  0  )  T  ]      



(4)







	
Step 3: Use Gaussian distribution to generate sigma sampling points.






After   U T  ,   2 n + 1   sigma points are constructed, and the corresponding weights are also constructed:


    χ  t − 1   =    X ¯    t − 1     ,   j = 0   



(5)






    χ     t − 1    j  =    X ¯    t − 1   +   (   ( n + λ )  P  t − 1     )  j    ,   j = 1 , … … , n   



(6)






    χ     t − 1    j  =    X ¯    t − 1   −   (   ( n + 1 )  P x    )   j − n     ,   j = n + 1 , … , 2 n   



(7)




where  λ  is a scale factor of size   λ = ρ (  n 2  + k ) − n  . The larger  λ  is, the farther the sigma point is from the mean of the state, and vice versa. The  j  column of the matrix square root     ( n + 1 )  P x      is represented by     (   ( n + 1 )  P x    )  j   .  ρ  is the adjustment factor, which can adjust the distribution of sigma points near the mean by taking different values of  ρ .   ρ ∈ (   10   − 3   , 1 )   is generally taken. The smaller the value of  ρ  is, the more concentrated the distribution range of sigma point is from the mean value, and the larger the value, the more dispersed it is.   ρ = 0.001   in this paper. Set   k = 0  , thus making the matrix   ( n + 1 )  P x    is semi-positive definite.



	
Step 4: Calculation of sigma test point weight.






The weight of the expectation of the first sigma sampling point    w 0 m  =   λ  n + λ      and the weight of the variance    w 0 c  =   λ  n + λ    + 1 −  ρ 2  + η  , where  β  is the non-negative weight coefficient containing the  X  prior distribution, which is generally taken as   η = 2   when  X  satisfies the Gaussian distribution.    w i m  =  w i c  =   λ  2 ( n + λ )     , where   i = 1 , 2 , … … , 2 n  .    w i m    is the mean weight of the  i  sigma point, and    w i c    is the covariance weight of the  i  sigma point.



	
Step 5: Predict the new state equation.






The sigma point set is mapped to the nonlinear state transfer equation   f ( • )  , and then the predicted mean and predicted covariance matrices are calculated as Equations (8) and (9), respectively:


  Predicted   value :    χ  t | t − 1  i  = f (  χ  t | t − 1  i  ,  W  t − 1   )  



(8)






  Predicted   mean   value :      X ^   t −  =   ∑  i = 0   2 n     w i m   χ  t | t − 1  i     



(9)






  Predicted   value   variance :    P    t   −  =   ∑  i = 0   2 n     w i c  [  χ  t | t − 1  i  −    X ^      t   −    ]   [  χ  t | t − 1  i  −    X ^      t   −  ]  T   



(10)







	
Step 6: Measurement status update.






Based on the state prediction values obtained in the previous step, the new observations are brought into the observation equation   h ( • )   to obtain the new observation, which is calculated as Equation (11):


    Z  t | t − 1  i  = h (  χ     t | t − 1    i  ,  V t  )   ,   i = 0 , 1 , … … , 2 n   



(11)







The new set of sigma points are summed by assigning different weights to them and can be used to predict the estimated mean and covariance of the observations.


  Observations :      Z ^      t   −  =   ∑  i = 0   2 n     w i m   Z  t | t − 1  i     



(12)







Observed value covariance matrix:


   P   z t   z t    =   ∑  i = 0   2 n     w i c  (  Z  t | t − 1  i  −    Z ^   t −    )   (  Z  t | t − 1  i  −    Z ^   t −  )  T   



(13)







	
Step 7: Covariance matrix of state measurements.








    P   X t   Z t    =   ∑  i = 0   2 n     w c i  (  χ  k | k − 1  i  −    x ^      t   −    )   (    Z ^    t | t − 1  i  −    Z ^      t   −  )  T    



(14)






   Kalman   gain :   K =  P   X t        Z t     P        Z t       Z t      − 1     



(15)







	
Step 8: State update and covariance matrix update.








      X ^   t  =    X ^      t   −  + K (  Z t  −    Z ^      t   −  )   



(16)






    P t  =  P t −  − K  P   z t   z t     K T    



(17)










3. Flight Conflict Relief


3.1. Flight Conflict Resolution Model


VO is a method of flight conflict resolution based on velocity vector, and it is relatively easy to perform flight conflict resolution at altitude if there is an altitude difference in the UAV during flight. In this paper, we mainly discuss the VO method in a two-dimensional plane, assuming that the flight conflict occurs in the same horizontal plane and the conflict resolution by altitude is not possible.



Definition 1.

  R C C = {  l  A O   | ∃  M =   l   P A  P   ∩ ⊙  P B  }  ,    l   P A  P     is the ray where the relative velocity    v R    is located and   ⊙  P B    is the safety range of the intruder. The relative velocity    v R    is located in the ray and the non-empty set of the safety range area   ⊙  P B    of the obstacle is the relative collision area.





The velocities of UAV  A  and intruder  B  are    v a    and    v b   , respectively, and the threat circles    S A    and    S B    are constructed with the position points of  A  and  B  as the centers and    R A    and    R B    as the radii, respectively, and their coordinate positions are set to    P A  (  x a  ,  y a  )   and    P B  (  x b  ,  y b  )  , respectively; then, the velocities of UAV  A  and intruder  B  are    v a  = |  v a  |   and    v b  = |  v b  |  , respectively. To facilitate the calculation, the UAV is considered as a mass point, the current position of the UAV is the origin of the coordinates, the  X  axis is the line between the UAV and the center of the intruder, the  X  axis is the direction of the UAV pointing to the intruder, and the normal to the  X  axis and through the origin of the coordinates is the  Y  axis to establish a right angle coordinate system   XOY  . The radius of the intruder is expanded to a circle of   R =  R A  +  R B   . The velocity barrier method model is shown in Figure 3, the relative velocity between the UAV and the intruder is    v  a b   =  v a  −  v b   , and the size of the angle between it and the  X  axis is  ε .  α  and  β  are the size of the angle between the UAV flight speed direction, the relative collision zone boundary and the  X  axis orthogonal, respectively, and  θ  is the angle between the intruder flight speed direction and the  X  axis.



Assuming that the initial distance between the UAV and the intruder is    D 0    and the distance between the intruder and ray    l   P A  P     is    d 1   . Combined with the geometric relationships in Figure 3, we can see that,


  β = arcsin ( R /  D 0  )  



(18)







To determine whether there is a conflict between the UAV and the dynamic obstacle, it is only necessary to determine whether the ray    l   P A  P     where    v  a b     is located falls in the velocity obstacle cone, in   △  P A   P B  M  , when   m =  D 0  sin ε < R  ,    v  a b     where the ray falls in the relative collision zone, at this time the UAV and the intruder there is a flight conflict, and then only need to compare the size between  ε  and  β  can be. In the vector velocity triangle, the sine theorem shows that,


    |  v a  |   sin ( θ + ε )   =   |  v b  |   sin ( α − ε )    



(19)







According to the trigonometric formula, it is obtained that,


  tan ε =  |     |   v a   |  sin α −  |   v b   |  sin θ    |   v b   |  cos θ +  |   v a   |  cos α    |   



(20)






  ε = arctan  |     |   v a   |  sin α −  |   v b   |  sin θ    |   v b   |  cos θ +  |   v a   |  cos α    |   



(21)







From the expression, it can be seen that the magnitude of  ε  depends on the magnitude of the values of    v a   ,    v b    and the angle between the two and the  X  axis. According to Equations (18) and (21), it can be seen that when the relative speed    v  a b     where ray    l   P A  P     crosses the safety range area of the intruder, if UAV continues to fly according to the current speed magnitude and direction, there will be a flight conflict with the intruder, when   ε < β  . When   ε ≥ β  , then there will be no flight conflict between the UAV and the intruder.




3.2. Flight Conflict Resolution Strategies


Combined with the actual flight scenario of UAV, it is assumed that the flight conflict resolution between UAV and intruder mainly occurs at the same altitude, i.e., the flight conflict resolution between UAV and intruder can be simplified to the flight conflict resolution in two-dimensional plane. According to the VO method, the mathematical proofs are carried out according to the velocity resolution, heading resolution and compound resolution, respectively.



3.2.1. Speed Deliverance


Speed deliverance refers to the process of conflict deconfliction, according to the coordinate position relationship between the UAV and the intruder, without changing the UAV heading angle, i.e., without changing the UAV speed direction and by increasing or decreasing the numerical size of the UAV speed, the safe distance between the UAV and the intruder is ensured to achieve conflict deconfliction. The specific deconfliction process is shown in Figure 4.



The blue dashed line in the figure indicates the velocity of the UAV after changing the numerical size of the velocity    v a ′   , whose angle with the  X  axis positive is still  α , and the red dashed line indicates the relative velocity of the two    v  a b    , whose angle with the  X  axis positive has a size of    ε ′   . In the velocity-adjusted vector triangle, by the sine theorem it is obtained that:


     |   v    a   ′   |    sin  (  θ +  ε ′   )    =    |   v b   |    sin ( α −  ε ′  )    



(22)







The solution is:


   |   v a   |  =  |   v b   |  s i n ( θ +  ε ′  ) / s i n ( α −  ε ′  )  



(23)







During the conflict resolution process, the relationship between the UAV speed adjustment amount   Δ v   and    ε ′    is given by:


  Δ v =  |   v a ′   |  −  |   v a   |  =  |   v b   |  sin ( θ + ε ′ ) / sin ( α − ε ′ ) −  |   v a   |   



(24)







Due to the flight performance of the aircraft, the speed cannot be adjusted indefinitely and has a certain speed boundary, and for some specific flight conflict scenarios, such as phase flight, it is difficult to achieve the purpose of conflict resolution by speed adjustment at this time, so the speed resolution scheme has some limitations in some scenarios.




3.2.2. Heading Deliverance


Heading deliverance means that the UAV achieves conflict relief by adjusting the flight heading so that the horizontal separation between the UAV and the intruder meets the minimum safety standards. When changing the heading of the UAV, it is stipulated that only the angular magnitude of the flight speed vector is changed, i.e., the heading angle of the UAV flight, and the speed magnitude, etc., remains unchanged. The heading deconfliction scheme is shown in Figure 5.



The blue dashed line in the figure indicates the direction of the velocity of the UAV after changing its heading, and its angle with the  X  axis positive is    α ′   , and the red dashed line is the magnitude and direction of the relative velocity of the UAV after changing its heading, and its angle with the  X  axis positive is    ε ′   .    |   v a ′   |  =  |   v a   |    is known from the provisions of the heading release and the schematic diagram of the velocity change before and after the heading release, which is obtained from the sine theorem:


     |   v a   |    sin  (  θ +  ε ′   )    =    |   v b   |    sin ( α ′ −  ε ′  )    



(25)







The solution is:


   α ′  = arcsin (  |   v b   |  sin ( θ +  ε ′  ) /  |   v a   |  ) + ε ′ − α  



(26)







In the course of heading relief, the UAV’s heading adjustment   Δ α   is:


  Δ α =  α ′  − α = arcsin (  |   v b   |  sin ( θ +  ε ′  ) /  |   v a   |  ) +  ε ′  − α  



(27)








3.2.3. Compound Deliverance


Due to time and distance constraints, relying solely on heading deployment can no longer meet the collision avoidance requirements of UAVs. In order to avoid the occurrence of aerial collisions of UAVs as far as possible and allow full play to their mobility and flexibility, collision avoidance can be carried out by means of simultaneous adjustment of heading and speed. When the UAV is deployed in the compound, taking into account its maneuverability and safety performance, the adjustment amount of speed and heading is specified within a certain interval, namely:


   v a ′  ∈ [  v  min   ,  v  max   ]  



(28)






  Δ α ∈ [ 0 , Δ  α  max   ]  



(29)







The composite decoupling process is shown in Figure 6, assuming that the state of the intruder does not change.   Δ  α  max     in the figure is the maximum deflection of the heading,    v  min     and    v  max     are the minimum and maximum values of the velocity, respectively, and the yellow shaded area is the set of composite decoupling solutions.



After the UAV performs the composite decoupling, according to Figure 6 and Equation (21), we can obtain:


     |   v a   |  + Δ v   sin  (  θ +  ε ′   )    =    |   v b   |    sin ( α + Δ α −  ε ′  )    



(30)







The solution is:


  Δ α = arcsin [    v b  sin ( θ + β )    v a  + Δ v   + β − α ]  



(31)







Considering the speed and direction indicators together, the composite decoupling process is transformed into an optimization problem with the objective function   f ( v , θ )   expressed as:


  f ( v , θ ) =  k 1  Δ v +  k 2  tan ( Δ α )  



(32)




where,   Δ v   is an indicator of the amount of speed adjustment and   tan ( Δ α )   is a heading adjustment indicator. The smaller the value of the two, the more secure and stable operation of UAV can be ensured.    k 1    and    k 2    are the weight values of tuning speed and direction, respectively, which are generally adjusted between   [ 0 , 1 ]   according to the priority of UAV collision avoidance strategy selection, and the actual operation    k 1  = 0.4   and    k 2  = 0.6   are taken in this paper:


  min f ( v , θ ) = min [  k 1  Δ v +  k 2  tan ( Δ α ) ]  



(33)







Therefore, the composite dissociation process can be transformed into an optimization problem:


  min f ( v , θ ) = min [  k 1  Δ v +  k 2  tan ( Δ α ) ]  



(34)






  s . t .  {       v  min   ≤  v a  ≤  v max        0 ≤ Δ α ≤ Δ  α  max         Δ α = arcsin [    v b  sin ( θ + β )    v a  + Δ v   + β − α ]        



(35)










4. UAV Conflict Resolution Strategy Selection Process


In the flight process, if the UAV and the intruder are in different altitude layers, the flight conflict can be deconflicted by means of altitude adjustment, and such deconfliction is relatively simple. In this paper, we focus on the deconfliction of the same altitude level, and adopt different deconfliction strategies for different flight conflict models. Based on the principle that it is convenient for the UAV to perform the deconfliction operation, the priority is to adopt the speed adjustment deconfliction, and if the speed deconfliction cannot meet the deconfliction requirements, the heading deconfliction is adopted, and finally the compound deconfliction is adopted. After the release, the UAV flies directly to the end point and no longer performs the track recovery operation.



The flow of the UAV flight decoupling strategy is shown in Figure 7. First, based on the information provided by the ADS-B information, the UKF is used to perform the trajectory prediction, and by judging the size relationship between  ε  and  β , it is predicted whether a flight conflict will occur between the UAV and the intruder in the future flight process. If there is a potential flight conflict, the corresponding way of conflict resolution needs to be selected according to the conflict resolution strategy. It is determined whether the speed change amount can meet the resolution requirement and speed constraint; if not, it is judged whether the resolution requirement and heading constraint are met through the heading angle change amount. If both of these ways cannot achieve the purpose, the compound resolution is used.




5. Simulation Verification


In order to verify the effectiveness of the proposed method in the paper, it is verified by Matlab2021a simulation experimental environment, and the following settings are used to predict the UAV trajectory based on the UKF and verify the effect of three conflict scenarios decoupling.



5.1. Track Prediction Verification


The position information of the UAV is obtained from the ME field of the ADS-B message, the initial position of the UAV is   ( − 100 , − 200 )  , the unit of measurement is the meter, the sampling time is 1 s, and a total of 60 times are sampled. The process noise and the measurement noise satisfy the non-correlation, and the mean value is Gaussian distribution. The UKF and EKF are used to predict the real UAV trajectory, respectively. The specific results are shown in Figure 8.



Figure 8 contains three graphs, identified as (a), (b), and (c). In Figure 8a, the prediction trajectory plot of UKF and EKF is presented, and it can be observed that the prediction effect of UKF is better than that of EKF, with a better fit to the true value. Figure 8b displays the magnitude of the prediction errors of the longitude and latitude coordinates of UKF and EKF. The figure shows that the magnitude of the prediction errors of the longitude and latitude of UKF is relatively stable, while the stability of the prediction errors of the longitude and latitude of EKF is not as good as that of UKF. In Figure 8c, the prediction comprehensive error is shown, and it can be seen that the overall performance of UKF’s prediction comprehensive error is superior to EKF. The simulation data of the three charts are summarized in Table 1. The latitude error, longitude error, and comprehensive error of UKF are 46%, 72%, and 50% of EKF, respectively.




5.2. Conflict Resolution under Different Resolution Strategies


In order to verify the effectiveness of the improved velocity obstacle method in this paper, simulations are carried out to verify the different release methods separately. Considering the difference in performance between UAV and the actual operation, the speed size of UAV and intruder are set to   194    m / s    and   167    m / s   , respectively, the safety range radius of intruders is   1 ×   10  4    m  , the simulation step size is   3.6   s   for both, the speed variation range of UAV is   [ − 28    m / s  , 28    m / s  ]  , and the heading variation range is   [ −   π 4   ,   π 4   ]   rad. The initial position coordinates and heading of both are set separately according to different scenarios.



5.2.1. Speed Deliverance


The initial coordinates of the UAV is   ( 150 , 0 )   and the heading angle is     π 2    , the initial position of the intruder is   ( 0 , 150 )   and the heading angle is  0 . The simulation results are shown in Figure 9, the speed change of the UAV is   15.75    m / s   , which satisfies the speed change range, and the interval between the two machines always satisfies the safety interval standard, so the selection of speed release is effective.




5.2.2. Sailing to Deliverance


The initial coordinate of the UAV is   ( 0 , 0 )   and the heading angle is     π 4    , the initial coordinate of the intruder is   ( 300 , 300 )   and the heading angle is      5 π  4    . The simulation results are shown in Figure 10, the UAV heading change is      11 π   90     , which meets the angle range of heading change, and the interval between the two aircrafts always meets the safety interval standard.




5.2.3. Compound Deliverance


In the process of compound deconfliction, according to the relationship between the amount of speed change and the amount of heading change and the comprehensive utility function, the following relationship can be obtained. From Figure 11, it can be seen that when the speed change amount is 0, the minimum value of the composite utility function is 0 at this time, i.e., conflict resolution is performed by changing the heading only at this time.



The initial coordinate of the UAV is   ( 100 , 0 )   and the heading angle is     π 3    , the initial position of the intruder is   ( 0 , 50 )  , and the heading angle is     π 8    . The simulation results are shown in Figure 12; the interval between the UAV and the intruder at   ( 120.29 , 89.82 )   is at the safety critical value. at this time, the UAV chooses to accelerate and turn to avoid the intruder at the same time. The change of speed is   13.89    m / s    and the change of heading angle is      31 π   180     , which meets the requirements of speed and heading change. According to the interval between the two aircrafts, it is known that the compound release can ensure that the interval between the two aircrafts is above the safe interval and achieve the purpose of conflict resolution.



In summary, the results of the three simulations show that, according to the velocity obstacle method, choosing different decoupling strategies in different conflict scenarios can meet the condition that the interval between two aircraft is greater than or equal to the safety interval and ensure the flight safety of the UAV, which proves that the method is feasible and effective.






6. Conclusions


Based on the UAV flight conflict awareness scheme, this paper obtains the basic ADS-B data required during the UAV flight conflict resolution process. The ADS-B information is analyzed and applied to the UAV flight conflict resolution process, leading to the following conclusions:



(1) The use of ADS-B information can provide the basic data for UAV flight conflict perception, and potential flight conflicts can be detected after trajectory prediction;



(2) The applicability of UKF is better for nonlinear systems compared with EKF, and the computation is simple and the accuracy is better, the error is only about 50% of EKF;



(3) In different flight conflict scenarios, choosing different conflict resolution strategies according to the velocity obstacle method can meet the requirement that the interval between two aircrafts is greater than or equal to the safety interval, which can effectively improve the flight conflict resolution ability of UAV and ensure the flight safety of UAV and the smooth implementation of the mission.



When using UKF to predict the trajectory of unmanned aerial vehicles, the selection of initial values can have an impact on the prediction results. In engineering applications, an increase in calculation dimension also leads to an increase in the calculation workload. The collision avoidance process of a single UAV is mainly analyzed in this paper, and it is found that this collision avoidance method is effective. However, for UAV groups, the complexity of collision avoidance algorithms increases as the number of UAVs increases. Intersection phenomena may occur in collision avoidance schemes between UAVs. Future research will be focused on multi-UAVs instead of single one using the methods similar to that of [21,22,23,24,25,26,27,28,29,30,31].
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	Unscented Kalman Filter
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	Aircraft Earth Station
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	Remote Ground Station
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	Kalman Filtering
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Figure 1. UAV flight conflict awareness scheme. 
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Figure 2. Message body. 
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Figure 3. Velocity obstacle model. 
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Figure 4. Speed deliverance. 
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Figure 5. UAV of the change in speed before and after the release of the UAV’s heading. 
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Figure 6. UAV composite relief solution set (shaded in yellow). 
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Figure 7. UAV conflict resolution process. 
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Figure 8. Analysis of UKF and EKF track prediction results: (a) UKF and EKF trajectory forecast; (b) UKF and EKF latitude and longitude coordinates prediction error size; (c) combined UKF and EKF prediction errors. 
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Figure 9. Speed deliverance scenario analysis: (a) speed relief scenes; (b) two-machine interval. 
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Figure 10. Voyage deliverance scenario analysis: (a) navigate to the relief scene; (b) two-machine interval. 
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Figure 11. The relationship between the amount of speed change and the amount of heading change, and the integrated utility function: (a) the amount of speed change and heading change; (b) amount of velocity change and integrated utility function. 
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Figure 12. Compound relief scenario analysis: (a) compound deliverance scenario; (b) two-machine interval. 
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Table 1. UKF and EKF error analysis.
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	Error Size (m)
	UKF
	EKF





	Latitude error
	166.4777
	362.3431



	Longitude error
	101.9416
	141.5749



	Integrated error
	3.5274
	6.9972
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