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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

Figure 1. Geometric Relationship of the UAV and the Obstacle

Suppose the UAV with velocity v,,, and path angle v, , the obstacle with
velocity v, and path angley,, .The relative velocity of UAV to obstacle isV,,, the

relative path angle isy,, .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 v, meets the following condition:
HBU - 27/ <YW < gBu (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 speedV,, 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

394 Copyright © 2016 SERSC



International Journal of Security and Its Applications
Vol. 10, No. 3 (2016)

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.

Figure 2. Kinematic Relationship of the UAV and the Obstacle

The expression of range change rate Iy, and angular velocityéBu between UAV and
obstacle avoidance point g is as following:

Faw = Vaps COS(Gay = Wops ) —Viay COS (G Wiy ) (2)

Onaloy = Vi SIN (G ~ Wiy )~ Vs SIN (G, ~ Vi) ?3)
ForV.y =V, —Vus, SO the obstacle point B can be considered stationary if we make

the relative speed of UAV asV,, in the kinematics equations, and then the kinematics

equations is as following:

Fay = Vi COS(Gg, W, ) 4)

H.Bu rBu = Vrel Sin (eBu - l//rel ) (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 y,, = N6, , in where N is proportional
navigation coefficientand N > 1.

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

when N > 2|1 |/V,y €0S(65, —¥,e ) =2, ‘QBU will decrease gradually and tend to zero,

so the proportional navigation coefficient need meet N > 2 to guarantee angle stability at
the obstacle point B .

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

DI v,y (t,)=N6b,, (t,), the relative velocity angle ¥, (t) guidance law is shown as
following:

Wrel (t) = NHBU (t) (6)
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) If v (t)#= NGy, (1), the relative velocity angle ., (t) guidance law is shown as
following:

l//rel (t) = N eBu (t) + lr//rel (tO ) - N eBu (tO ) (7)
Suppose Cy =, (t, ) — Ng, (t, ) , the formula (7) can be expressed as following:
Vel (t) =N 08u (t) + CO (8)

C, 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:

fay = —Vyg COS[ (1-N) 6y, —C, | 9)
Oy Ty =Vig SN[ (1-N) 65, —C, |

rel

(10)
But under most cases, when the proportional navigation coefficient N and the

constant deviation angleC are confirmed, the initial path angley,,, (to) of UAV cannot

meet the equation ¥/, (t,) = N6, (t,)+¢, 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 ¢ <10~*in a finite time to confirm

the proportional navigation coefficient N and the constant deviation angleC .
The exponential function is selected as time-varying deviation angle function to
conduct pre-conditioning, time-varying deviation angle function is shown as following:

f(t)=be™ (11)
In where, b, is positive to guarantee the attenuation of exponential function.
Fort=0, f (O) =D, ,s0 the coefficientb,is the deviation between the initial path
angley,, (t;)and N6, (t;)+c that is

by =W (1)~ N6, (t,)—¢C (12)
The minimum angle shift guidance law with time-varying deviation angle function is
shown as following:

W (1) = NGy, (t)+c+be™ (13)
Now we confirm the range of coefficientb, .

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 T, whent=T_ . in
formula(16)
f (Treacn ) =bp ™" <& (14)
Where, ¢ is minimum value, which meets ¢ <10™*.
For b, is known, so the lower limit value of b, according to formula(14) is

bl > In (bo/g)/Treach (15)

And we can get from the formula(11) derivation
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f'(t)=b,(—b)e™ (16)
So we can know that f ’(t) will converge to a minimum g <10~*in a finite time, and

f’(t)is a part of UAV’s angular velocity, whent =0

f'(0) =b, (b)) (17)
Suppose the relative velocityv,,, of UAV is invariant, so the normal acceleration

needed in the guidance process isa =V,,/,,, and the upper limit value ofb, can be got

under overload constraint.
Suppose the permissible load factor of UAV isN, we can get

Vrel l/)rel =nx g (18)
Where, 9 is the acceleration of gravity.
For| f'(0)| < 4 (0)), s0
nxg
b, < (19)
bO X Vrel
Combined with formula (15),(19), we can get the range of coefficientb, is
nxg
In(b,/&)/T_ . <b < 20
( 0/ )/ reach b.t bo erel ( )
Suppose I is turning radius in the adjustment process, so
l/'/rel xr= Vrel

We can know the larger b, the smallerr. So the size of turning radiusr of UAV
depends onb,, and turning radius is time varying.

Now we can get the range of guidance coefficient N andb, 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 ., 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):

fy, =V, COS [(l— N)6,, —c—be™ ] (21)
- V,, Sin [(1— N )G, —C— boe’bit] 22
r

Bu
We know that the exponential termb,e ™ — 0 with timet —oc for b, >0,

So we can get the balanced point of &5, when éBu =0 based on the formula(22).
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c c
O =—— or g5 =——+n

1-N 1-N
We can get based on the liner theory,

00, ,
—= Yeel 1-N)=A
aeBu gLt rBu ( ) (23)
00, ,

u Yeel 1-N)=B
agBu 0892 rBu ( ) (24)

Where A<0,B>0forv >0, 1y, >0, N>1, so we can know &5 is global
stability point, which is t —oc, 6, — G5

feu = Vg Whenb,, — 9;31, which reflects that the distance reduce gradually and the

UAV arrives at the destmatlon finally.
Therefore, when UAV approach the obstacle point B, the relative velocity angle

converges to 0;‘31. The obstacle avoidance is complete if we select appropriate guidance

parameter to make the relative path angle converges to 95"
So the design of obstacle avoidance algorithm is as following:
(1) If the relative velocity Vv, 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. b,. b, tomeet the initial constraints.

Yre (to): N6, (t0)+C+b0 (25)
And to make the relative path angle ., (tf ) converge to &5 and equal to the initial

tangent direction angle &;, (t,) of UB , that is t//,el( ) Os =05, (%), 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 v, (t) to make the UAV avoid
the obstacle. Suppose the relative velocityV,,, is invariant, so the acceleration of relative
velocity is:

g = Vi XYWl (26)

And suppose the obstacle is static or in a uniform motion, so the acceleration of relative
velocity a,,, is offered by UAV wholly, the schematic of relationship between the v, with

thev,,, and the v, is shown as following:
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¥ rer

Figure 3. Schematic of Relationship between theV,, with theV,,, and theV,,

So we can get the variance ratio of velocity and path angle:
Viay (1) = =8 (O SIN(/ (1) =, (1) (27)

l/./uav (t) = a(t) COS(‘//rel (t) - ‘//uav (t)) /Vuav (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 R, = 2km
and the obstacle is supposed in uniform motion, and the permissible load factoris n=5.

Table 1. Initial Condition of the UAV and the Obstacle

(%) v v

UAV (Okm, Okm) 200m/s | x/2rad

Obstacle | (—10km,10km) | 200m/s Orad

Combine the initial condition with Figure 1, we can get the initial distance between
UAV and obstacle is R, —10+/2km, the relative velocity is Vi =200v2m/s and is
invariant during the fight process. The initial distance between UAV and obstacle point B
is Iy, =13.6km, the initial sight angle is 6, (t,)=2.643/rad, the time to reach the
obstacle is e, = Fayo/Vie =485 .

And then we select the guidance parameter as: N=4 , b =015,
c=—(N-1)6,,(t,), by=w,y—64(t,) from the constraints of collision avoidance
completion time, coefficient of proportionality N > 2, the maximum normal overload of
UAV and the global stability point of sight angle 85"

The simulation result is shown as Figure.4 to Figure. 9.
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From the Figure 4 the schematic of sight angle we can get the sight angle is equal to
initial sight angle &;, (t,) whent=48s, and from Figure.5, we know the relative

velocity angley,, is in coincidence with sight angle &, (to) 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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n=1.4, 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 w,,=7/2 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.

A A A\/u avfy
Y Ay z
Vuav £y
Xy
B
J i Vuavfy
& uay 82 Vu
O.
1 O
Viav Duar 2
0 > .
X O v

uavx

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

We can design the path angley,, or track angle¢,,, 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 Re =2km

and the obstacle is supposed in uniform motion, and the permissible load factor is N = 35,

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

(% y,2) v v 0
UAV | (Okm,0km,0km) 100m/s z/4rad arctan(\/f/z)rad
obsacte | (10km,10km,10km) | 100m/s | 5z/4rad (arctan(ﬁ/2)+ﬂ)rad

From the relationship of UAV and obstacle, we can get the initial velocity of UAV to
obstacle is V,yo =200M/s |, w0 =7/4 , ¢y, =arctan (\E/Z)/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 B, as
obstacle avoidance point. And we can get the distance between UAV and obstacle is
R, :10\/§km, the distance betweenB,, and UAV is I, =13.6km, the initial sight

angle of UAV to obstacle is o, =(7z/4—arcsin(2xR, /R, ))/rad, the time of UAV to

reach horizontal obstacle point B, isT ., = Iy / (vrelo Cos (ore,o) =85s.

The guidance law parameter is designed as following under the constraints of time,
motion performance and path angle after obstacle avoidance.

N, =4 . m, =arcsin(2xR, /R;) . d, =0.09 .

¢, =—3x(z/4—arcsin(2x R, /R,)) .
The analysis result is shown as Figure.11 to Figure.16.

45

® Relative velocity angle
— Line of sight angle

a0,

.f31buy

.
35

30

.
.
.
.
.
.
.
"
\%7‘——
25 . . : . . . . .

. . . . . . . .
0 10 20 30 40 50 60 70 80 kY 0 10 20 30 40 50 60 70 80 90
i [l /s Tis

Figure 12. Heading Angle of the
Relative Velocity

. /a1Bue aui| 1ybis [eluoziioy

Figure 11. Angle of the Horizontal

Sight Line
91 T T T . T T T T 45
40
[ cC 3
2 2
5‘ g ) 30
= { 3 :
o ! S o5t
2 <
2 . o
s a8 -
g )
é’; ° s
10
810 1’0 2’0 3’0 4’0 5’0 5r0 7’0 Bro 90 50 1’0 2’0 3’0 4’0 5’0 6’0 7’0 ErO 90
Tis Tis
Figure 13. Magnitude of the Figure 14. Heading Angle of the
Horizontal Velocity Velocity

402 Copyright © 2016 SERSC



International Journal of Security and Its Applications
Vol. 10, No. 3 (2016), pp.393-404
http://dx.doi.org/10.14257/ijsia.2016.10.3.34

PEOJIBAO [eWIOU AYN

15000

Figure 15. Required Normal Figure 16. Movement of the UAV
Overload 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 N =0-65, from Figure.16, we can know
UAYV 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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