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Abstract 

With the extensive use of UAV, how to make the UAV avoid the obstacle and arrive at 

the destination has become a hot issue. To make the angle shift minimum, a method on 

dynamic guidance obstacle avoidance of UAV based on the minimum angle shift is 

proposed, considering the constraints such as the completion time of obstacle, the motor 

performance, the direction of velocity after obstacle avoidance and so on, determining the 

range of guidance parameters. In the meanwhile, the obstacle method is extended to 

3D-space based on 2D. Moreover, numerical simulations are carried out to verify the 

effectiveness of the method. 
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1. Introduction 

The online flight planning of UAV（Unmanned Aerial Vehicle）must includes the 

avoidance of unknown threats. With the extensive use of UAV, how to make the UAV 

avoid the obstacle and arrive at the destination has become a hot issue. 

To solve the problem of dynamic obstacle ovoidance, in paper [1,2], the concept of 

velocity obstacle is provided. The relative velocity information is solved and the position 

obstacle is transformed to velocity obstacle. 

Paper[3] proposes the obstacle avoidance method based on the proportional navigation 

ratio. The method is easy to operate with good real-time performance, but the velocity 

direction of UAV cannot be predicted accurately due to the real-time variation of obstacle 

avoidance vector during the obstacle avoidance process, so the minimum angle shift 

cannot be guaranteed in most cases. 

Hyo-Sang Shin[4,5] conducted research on real-time dynamic obstacle avoidance and 

collision avoidance method in the flight process based on differential geometry, applied 

velocity cone method to detect obstacle and avoid the obstacle based on the guidance law. 

But the non-continuous guidance law is given, and the symbolic function is introduced, so 

the planning path is prone to tremor. 

Anusha Mujumdar[6] gave two nonlinear obstacle avoidance method based on the 

guidance law as well: nonlinear geometric guidance method and differential geometric 

guidance method, which can align the velocity vector of UAV at the target point. 

Moreover, the 3D-guidance law is given too. 

F. Belkhouche[7-10] conducted 3D-navigation collision avoidance with extended 

proportional navigation ratio based on the velocity cone method, the constraints such as 

the flight velocity and angular speed is taken into consideration when design the guidance 

parameters, the method can give nonlinear guidance path. But the static obstacle is 
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considered only, and the dynamic obstacle and the continuous flight path after obstacle 

avoidance is not studied. 

To minimize the degree of the guidance path, the dynamic guidance obstacle avoidance 

method based on the minimum angle shift is given in the paper on the basis of the paper 

[9, 10]. The paper [9, 10] solved the fixed point obstacle avoidance problem for static 

obstacle only, which lead the robot to a certain point beyond the obstacle to complete 

obstacle avoidance without considering the dynamic obstacle and the velocity vector of 

robot after obstacle avoidance. There are many question to apply the obstacle avoidance 

method to the collision avoidance problem of UAV directly, especially the dynamic 

obstacle avoidance, for the UAV has constraints such as high speed, minimum turning 

radius, no-jerk and so on. So the obstacle avoidance guidance method of UAV based on 

the minimum angle shift is given in the paper, which takes the completion time, the motor 

performance and the velocity vector after the obstacle avoidance into consideration and 

determines the range of guidance parameters.  

 

2. The Judgment of Collision and the Establishment of Kinematics 

Equations  
 

2.1 Collision Judgment 

When obstacle is observed in the motor process, the geometric relationship of the UAV 

and the obstacle is given as Figure.1 
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Figure 1. Geometric Relationship of the UAV and the Obstacle 

Suppose the UAV with velocity uavv and path angle uav , the obstacle with 

velocity obsv and path angle obs .The relative velocity of UAV to obstacle is relv , the 

relative path angle is rel .The UAV can be simplified as a particleU  by expanding the 

radius of obstacle circle, and then we establish collision zone UAB based on the 

particleU and the tangent lineUB 、UA .From the principle of speed obstacle we can know, 

if the relative velocity angle rel meets the following condition: 

2Bu rel Bu                                                          (1) 

There will be collision risk between UAV and obstacle, so we need to adjust the 

velocity and path angle of UAV to make the relative speed relv outside the collision 

coneUAB  to complete the collision avoidance. When UAV found dynamic obstacles and 

need to adjust the speed to avoid obstacle, the UAV will adjust the speed to the tangential 

direction based on the minimum relative velocity angle shift, according to Figure 1, we 

selectUB as obstacle avoidance tangent line, that is fixed point B is collision avoidance 
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point. 

 

2.2 The Establishment of Kinematics Equations 

We can derive the kinematics equations between UAV and obstacle avoidance point B  

base on the polar coordinates system shown as Figure.2. 
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Figure 2. Kinematic Relationship of the UAV and the Obstacle 

The expression of range change rate Bur and angular velocity Bu  between UAV and 

obstacle avoidance point B is as following: 

   cos cosBu obs Bu obs uav Bu uavr v v                                 (2) 

   sin sinBu Bu uav Bu uav obs Bu obsr v v                                   (3) 

For rel uav obsv v v  , so the obstacle point B can be considered stationary if we make 

the relative speed of UAV as relv in the kinematics equations, and then the kinematics 

equations is as following: 

 cosBu rel Bu relr v                                                       (4) 

 sinBu Bu rel Bu relr v                                                      (5) 

 

3. The Obstacle Avoidance Guidance Strategy based on the Minimum 

Angle Shift 
 

3.1 The Design of Obstacle Avoidance Guidance Law based on the Minimum Angle 

Shift 

We design the obstacle avoidance guidance law based on the minimum angle shift on 

the basis of proportional navigation ratio rel BuN  , in where N is proportional 

navigation coefficient and 1N  . 

For we suppose the relative velocity of UAV is relv  and the obstacle is stationary, 

when  2 cos 2Bu rel Bu relN r v     , Bu will decrease gradually and tend to zero, 

so the proportional navigation coefficient need meet 2N   to guarantee angle stability at 

the obstacle point B . 

When the proportional navigation coefficient is confirmed, we consider the initial 

status: 

(1)If    0 0rel But N t  , the relative velocity angle  rel t guidance law is shown as 

following: 

   rel But N t                                     (6) 
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(2) If    0 0rel But N t  , the relative velocity angle  rel t guidance law is shown as 

following: 

       0 0rel Bu rel But N t t N t                              (7) 

Suppose    0 0 0rel Buc t N t   , the formula (7) can be expressed as following: 

    0rel But N t c                                (8) 

0c  is constant deviation angle, which control the final path angle of UAV under the 

action of guidance law, the stability of guidance law will be proved in chapter3.2. 

The formula (4), (5) can be expressed as following based on the guidance equation: 

  0cos 1Bu rel Bur v N c                               (9) 

  0sin 1Bu Bu rel Bur v N c                                      

(10) 

But under most cases, when the proportional navigation coefficient N  and the 

constant deviation angle c  are confirmed, the initial path angle  0rel t  of UAV cannot 

meet the equation    0 0rel But N t c   , so the designed guidance law cannot be applied 

directly. 

To solve the problem, the time-varying deviation angle function is added to the liner 

guidance law to conduct pre-conditioning so as to satisfy the given guidance law. In the 

meanwhile, the adjusting process is limited in a finite time, that is the time-varying 

deviation angle function need converge to a minimum 410  in a finite time to confirm 

the proportional navigation coefficient N and the constant deviation angle c . 

The exponential function is selected as time-varying deviation angle function to 

conduct pre-conditioning, time-varying deviation angle function is shown as following: 

  1

0

b tf t b e
                                                  (11) 

In where, 1b is positive to guarantee the attenuation of exponential function. 

For 0t  ,   00f b ,so the coefficient 0b is the deviation between the initial path 

angle  0rel t and  0BuN t c  ,that is 

   0 0 0rel Bub t N t c                                            (12) 

The minimum angle shift guidance law with time-varying deviation angle function is 

shown as following: 

    1

0

b t

rel But N t c b e  
                                           (13) 

Now we confirm the range of coefficient 1b . 

From the adjustment function requirements, when UAV arrives at obstacle point B , the 

index regulation process is over. 

Suppose the time of UAV to reach obstacle point B is reachT ,when reacht T in 

formula(16)  

  1

0
reachb T

reachf T b e 
                                            (14) 

Where,  is minimum value, which meets 410  . 

For 0b is known, so the lower limit value of 1b according to formula(14) is 

 1 0ln reachb b T                                                    (15) 

And we can get from the formula(11) derivation 
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    1

0 1

b tf t b b e                                                 (16) 

So we can know that  f t will converge to a minimum 410  in a finite time, and 

 f t is a part of UAV’s angular velocity, when 0t   

   0 10f b b                                                     (17) 

Suppose the relative velocity relv  of UAV is invariant, so the normal acceleration 

needed in the guidance process is rel rela v  , and the upper limit value of 1b can be got 

under overload constraint. 

Suppose the permissible load factor of UAV is n , we can get 

rel relv n g                                                           (18) 

Where, g is the acceleration of gravity. 

For    0 0relf   , so 

1

0 rel

n g
b

b v





                                                          (19) 

Combined with formula (15),(19), we can get the range of coefficient 1b is 

 0 1

0

ln reach

rel

n g
b T b

b v



 


                                           (20) 

Suppose r is turning radius in the adjustment process, so 

rel relr v    

We can know the larger 1b , the smaller r . So the size of turning radius r  of UAV 

depends on 1b , and turning radius is time varying. 

Now we can get the range of guidance coefficient N and 1b  meeting the overload 

constraints and stability of relative velocity angle in the final stage, and we can design 

reasonable guidance law. 

In the design of guidance law, the purpose of exponential function is to adjust the path 

angle rel  with its attenuation. So there two process under the guidance law. 

(1) The flight process based on the time-varying deviation angle function is 

pre-adjustment process, we can know the radius of curvature time varying from 

formula (16). 

(2) The flight process based on the constant deviation angle, the deviation angle is 

constant when adjustment function is minimum. With guidance law, the relative 

velocity angle will converge to a required constant value when UAV arrived at the 

destination. The proof is in chapter3.2. 

 

3.2 Stability Proof 

The equation (4),(5)is shown as following based on the guidance law(13): 

  1

0cos 1 b t

Bu rel Bur v N c b e                                           (21) 

  1

0sin 1
b t

rel Bu

Bu

Bu

v N c b e

r




                                         (22) 

We know that the exponential term 1

0 0
b t

b e


  with time t   for 1 0b  . 

So we can get the balanced point of Bu  when 0Bu   based on the formula(22). 
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1

1

eq

Bu

c

N
 


 or 

2

1

eq

Bu

c

N
  


 

We can get based on the liner theory, 

 
1

1
eq
Bu

Bu rel

Bu Bu

v
N A

r







  


                                              (23) 

 
2

1
eq
Bu

Bu rel

Bu Bu

v
N B

r







   


                                            (24) 

Where 0A , 0B  for 0relv  ， 0Bur  ， 1N  , so we can know 
1eq

Bu  is global 

stability point, which is t ，
1eq

Bu Bu  . 

Bu relr v when
1eq

Bu Bu  , which reflects that the distance reduce gradually and the 

UAV arrives at the destination finally. 

Therefore, when UAV approach the obstacle point B , the relative velocity angle 

converges to
1eq

Bu . The obstacle avoidance is complete if we select appropriate guidance 

parameter to make the relative path angle converges to
1eq

Bu . 

So the design of obstacle avoidance algorithm is as following: 

(1) If the relative velocity relv  of UAV to obstacle is in the collision cone when UAV 

finds obstacle, the UAV need take measure to avoid obstacle. It is better with smaller 

path shift considering the optimal path of UAV based on an optimal index. 

(2) To work the tangent angle of the obstacle circles to obstacle point B . 

(3) Design the guidance law equation(13), determine the appropriate parameters N 、

c 、 0b 、 1b  to meet the initial constraints. 

   0 0 0rel But N t c b                                                  (25) 

And to make the relative path angle  rel ft  converge to
1eq

Bu  and equal to the initial 

tangent direction angle  0Bu t  of UB  , that is    1

0

eq

rel f Bu But t    , under the 

guidance law. 

In this way, the UAV can arrive at the obstacle point successfully and the angle meets the 

collision avoidance requirements. 

 

3.3 Velocity Solution of UAV 

We design the guidance law on the relative velocity angle  rel t to make the UAV avoid 

the obstacle. Suppose the relative velocity relv is invariant, so the acceleration of relative 

velocity is:  

rel rel rela v                                                           (26) 

And suppose the obstacle is static or in a uniform motion, so the acceleration of relative 

velocity rela  is offered by UAV wholly, the schematic of relationship between the relv with 

the uavv and the obsv is shown as following: 
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Figure 3. Schematic of Relationship between the relv with the uavv and the obsv  

So we can get the variance ratio of velocity and path angle: 

  ( )sin( ( ) ( ))uav rel rel uavv t a t t t                                         (27) 

 ( ) ( )cos( ( ) ( )) /uav rel uav uavt a t t t v t                                    (28) 

And we can get the moving track of UAV from equation (27) and (28). 

 

3.4 Simulation Analysis 

Suppose UAV finds obstacle in 2D-plane motion, the initial condition of UAV and 

obstacle is shown in table 1. The radius of UAV and obstacle is supposed as 2PR km  

and the obstacle is supposed in uniform motion, and the permissible load factor is 5n  . 

Table 1. Initial Condition of the UAV and the Obstacle 

  ,x y  v    

UAV   0 ,0km km  200m s  2rad  

Obstacle  10 ,10km km  200m s  0rad  

Combine the initial condition with Figure 1, we can get the initial distance between 

UAV and obstacle is
0 10 2R km , the relative velocity is 200 2relv m s  and is 

invariant during the fight process. The initial distance between UAV and obstacle point B  

is 0 13.6Bur km , the initial sight angle is  0 2.643Bu t rad  , the time to reach the 

obstacle is 0 48reach Bu relT r v s  .  

And then we select the guidance parameter as: 4N  ， 1 0.15b  ，

   01 Buc N t   ，  0 0rel Bub t    from the constraints of collision avoidance 

completion time, coefficient of proportionality 2N  , the maximum normal overload of 

UAV and the global stability point of sight angle
1eq

Bu . 

The simulation result is shown as Figure.4 to Figure. 9. 
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Figure 4. Schematic of Sight Angle       
Figure 5. Schematic of Relative 

Velocity Angle 
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Velocity                                   

Figure 7. The Heading Angle of the 
UAV Velocity 
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Figure 8. The Required Normal 
Overload of UAV                          

Figure 9. The Movement of the UAV 
Avoiding the Obstacle 

From the Figure 4 the schematic of sight angle we can get the sight angle is equal to 

initial sight angle  0Bu t  when 48t s , and from Figure.5, we know the relative 

velocity angle rel  is in coincidence with sight angle  0Bu t  and equal to each other, 

which reflects that the relative velocity angle has moved to tangent direction and UAV can 

reach the obstacle point B and the correctness of obstacle avoidance algorithm, from 

Figure.6, Figure.7 and Figure.8, we can get the maximum normal overload of UAV is 
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1.4n  , which is less than maximum normal overload to ensure the change of velocity 

and direction, from Figure.9, we can know the initial path angle 0 2uav   is 

counterclockwise rotation under the minimum angle shift guidance law, and contact with 

obstacle(shown as the first dotted circle) with larger distance (shown as the second dotted 

circle) ,which reflects the success of collision avoidance. 

 

4. Study on 3D Obstacle Avoidance 
 

4.1 Study on Dimensionality Reduction Obstacle Avoidance 

3D obstacle avoidance algorithm of UAV based on the minimum angle shift guidance 

law is designed, the paper[10] extend the obstacle avoidance algorithm from 2D plane to 

3D plane(shown as Figure.10)to solve the 3D obstacle avoidance problem. 

X
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xyO

1 uavxyv

uav

xy
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xy
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1

r     
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2 u a vv
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u a v x yv zO

u a v x yv

u a v x yv zA

u a v x yv zB  

Figure 10. The Collision Threat Schematic between UAV and Obstacle in                  
3D Plane 

We can design the path angle uav  or track angle uav  based on the guidance law to 

make UAV reach the obstacle point and meet the obstacle avoidance requirements when 

the obstacle avoidance point is confirmed. 

 

4.2 The Simulation Analysis 

Suppose UAV finds obstacle in 3D-plane motion, the initial condition of UAV and 

obstacle is shown in table 2. The radius of UAV and obstacle is supposed as 
2PR km

 

and the obstacle is supposed in uniform motion, and the permissible load factor is 5n  . 

Table 2. The Initial Conditions of the UAV and the obstacle 

  , ,x y z  v      

UAV   0 ,0 ,0km km km  
100m s

 
4rad   arctan 2 2 rad  

Obstacle 
 10 ,10 ,10km km km

 

100m s

 

5 4rad
 

  arctan 2 2 rad

 

From the relationship of UAV and obstacle, we can get the initial velocity of UAV to 

obstacle is 0 200relv m s , 0 4rel  ,  0 arctan 2 2rel rad  , and there is 
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collision threat between UAV and obstacle. 

Suppose the UAV carried the obstacle avoidance by path angle shift. 

First select the obstacle avoidance point. Combined with Figure.10, we select xyB as 

obstacle avoidance point. And we can get the distance between UAV and obstacle is 

0 10 2R km , the distance between xyB  and UAV is 0 13.6r km , the initial sight 

angle of UAV to obstacle is   1 04 arcsin 2 PR R rad    , the time of UAV to 

reach horizontal obstacle point xyB is  0 0 0cos 85reach rel relT r v s  .  

The guidance law parameter is designed as following under the constraints of time, 

motion performance and path angle after obstacle avoidance. 

1 4N  、  1 0arcsin 2 Pm R R  、 1 0.09d  、

  1 03 4 arcsin 2 Pc R R     。 

The analysis result is shown as Figure.11 to Figure.16. 
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Figure 12. Heading Angle of the 
Relative Velocity 

0 10 20 30 40 50 60 70 80 90
81

82

83

84

85

86

87

88

89

90

91

T/s

U
A

V
水
平
速
度

/m
/s

 

U
A

V
 h

o
rizo

n
tal v

elo
city 

0 10 20 30 40 50 60 70 80 90
5

10

15

20

25

30

35

40

45

T/s

U
A

V
航
向
角

/。

 

U
A

V
 h

h
ed

in
g

 an
g
le/°

 

 

Figure 13. Magnitude of the 
Horizontal Velocity                                       

Figure 14. Heading Angle of the 
Velocity 
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Figure 15. Required Normal 
Overload                    

Figure 16. Movement of the UAV 
and the Obstacle

From the Figure.11 and Figure.12, the schematic of horizontal sight angle and the 

heading angle of the relative velocity, we can get the horizontal sight angle and the 

heading angle of the relative velocity converge to the direction of initial sight angle and 

complete the obstacle avoidance task. From Figure.13 , Figure.14 and Figure.15, we can 

get the maximum normal overload of UAV is 0.65n  , from Figure.16, we can know 

UAV contact with obstacle is we suppose the obstacle is static, so the obstacle avoidance 

algorithm is correct.  

 

5. Conclusion 

The dynamic guidance obstacle avoidance of UAV based on the minimum angle shift 

proposed in the paper includes three parts: the proportional term based on the sight angle, 

the constant deviation term and time-varying and exponential term. Considering the motor 

performance of UAV and completion time constraints, the range of the minimum angle 

shift guidance law parameters is work out adapted to UAV and is applied to the online 

obstacle avoidance algorithm design, which solved the velocity direction determination 

after obstacle avoidance and minimum angle shift problem to guarantee the path 

optimization. And in the same time, the problem is extended to 3D-plane from 2D-plane, 

the analysis result proves the effectiveness of obstacle avoidance algorithm. The obstacle 

avoidance algorithm is fit with the online obstacle avoidance in conflict environment for 

its simple principle and path optimization. And the next work is to study the online 

obstacle avoidance in multi-obstacle environment and obstacle avoidance between 

multi-UAV.  
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