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ABSTRACT In this article, an effective strategy using mixed 3-D geometric and the miss distance approach
is proposed for the collision avoidance between multiple UAVs with unknown acceleration. At each time
sampling, conflict detection of multiple UAVs is first performed. If the conflict exists, the expected heading
angle or/and expected elevation angle of UAV are computed. Then, UAV begins to perform the avoidance
maneuvers. The heading angle or/and elevation angle of UAV are uniformly adjusted to the expected value.
The condition required for successful collision avoidance is derived for the proposed strategy. To enhance
safety during execution of avoidance maneuver, a simple and feasible modify measure is presented. In the
case of multiple UAVs, alogic to allocate the avoidance prioritization of each UAV is proposed. The trajectory
recovery algorithm is presented to ensure UAV to return to the planning flight paths. For the proposed
strategy, it is not assumed that all UAVs have constant ground speeds and direction of the velocity. Thus, it is
very suitable in reality application. Numerical simulation results show the efficiency and superiority of the
proposed strategy.

INDEX TERMS Collision avoidance, trajectory recovery, prioritization logic, multiple UAVs, 3-D space.

I. INTRODUCTION

The use of Unmanned Aerial Vehicles (UAVs) increased
significantly in the last decade. A rapid increase in the
number of aircraft causes dense air traffic and may increase
the risk of collision. Therefore, the collision avoidance has
become increasingly important for the safe operation of
UAVs. Particularly, the collision avoidance between the UAV
itself and other UAVs is a challenging issue in the case of
multiple UAVs.

The collision avoidance process consists of state sensing,
conflict detection and conflict resolution [1], [2]. The state
sensing enables the acquisition of state information on the
surrounding environment, such as aircraft position, velocity
and the number of intruders. Based on the sensed data,
the conflict detection approach extracts useful information
and is used to determine whether a potential conflict will
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occur or not. In [3], the collision cone was proposed as
an effective approach of conflict detection. This approach
determines a collision condition by using the relation of
position, velocity and heading between the obstacle and
the UAV. Nowadays, the detection approaches based on
collision cone are widely applied to the three-dimensional
(3-D) collision avoidance for a pair of UAVs [4], [5] and
multiple UAVs [6]. In [7], a straight line conflict detection
and alerting algorithm was proposed for multiple unmanned
aerial vehicles. This approach views the immediate trajectory
as a straight line and does not require the prior knowledge of
the UAVSs trajectory plans. Based on the miss distance in point
of closest approach, another effective approach of conflict
detection was proposed in [8] and [9]. In this approach, the
miss distance in point of closest approach is first computed
for a pair of UAVs. Then, the miss distance is compared with
a threshold distance to decide whether a conflict exists or not.
In [10], the suspicious collision point is identified by using a
closed-form solution of the expected miss distance between
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two UAVs. The advantage of above-mentioned approaches
is its computational efficiency. In [11], the aiming point
approach was proposed to determine whenever the UAV is
on a collision course with the obstacle. In this approach,
all possible points of avoidance trajectory are collected to
form aiming point candidates, and an avoidance maneuver is
performed by following the aiming point selected among the
candidates. Based on the aiming point approach, a collision
avoidance strategy that explicitly takes account of obstacle
movement predicted for a predefined period was presented in
[12]. However, the aiming point approach requires a heavy
computational load to calculate all possible aiming points.
This prevents its application in real-time systems.

The approaches for conflict resolution can be briefly
divided into four categories: geometric-based, potential
field, numerical optimization and sense-and-avoid (SAA)
[1]. Geometric-based approaches rely on the analysis of
geometric attributes to make sure that the defined minimum
distance between two UAVs is not breached. In 2-D conflict
scenario, a geometric-based resolution was used for the
collision avoidance of a pair fixed-wing UAVs [9]. In [13]
and [14], the geometric-based resolution was applied to
the 3-D environment. In [13], the algorithms of changing
independently the airspeed, heading and elevation angles
were presented and all combinations of these degrees of
freedom were investigated. In [14], a fast 3-D geometric
avoidance algorithm was proposed for multiple fixed-wing
UAVs. The artificial potential field (APF) approaches are
formulated by assigning a potential function to the free
space, while the aircraft is regarded as a particle reacting
to attractive and repulsive forces. In the formation control
of multiple UAVs, the APF approach is used to avoid the
obstacles in a 3-D apace [15], [16]. To achieve multi-UAV
collaborative trajectory planning and collision avoidance,
an optimized APF approach was proposed in [17]. This
approach solves the unreachable targets problem of the
traditional APF approach, so that each UAV can avoid
collision with obstacles by changing its trajectory. In [18],
an improved APF method for a multi-UAV system was
presented to solve the path planning and formation control
in 3D constrained space. In [19], a collision avoidance and
formation control algorithm for a large-scale fixed-wing UAV
swarm system was proposed based on the improved APF
function and new swarm structure. By using the distributed
control architecture of the swarm system, this algorithm
can be applied in a large-scale fixed-wing UAV swarm
system. The numerical optimization approaches employ a
kinematic model of the aircraft together with a set of
constraints and cost function. An optimal trajectory to resolve
conflict is generated based on the lowest cost and the most
desired constraints. In [20], a predictable collision avoidance
algorithm was proposed for a pair of UAVs. In [21], conflicts
among multiple UAVs are resolved by applying the local
centralized optimization method with consideration given
to the dynamic constrains of UAVs. The SAA approach
prevents a collision by changing the travel direction of the
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aircraft away from the obstacle. By simplifying the process
of collision avoidance to individual detection and avoidance
of obstacles, the SAA approach has low computational
requirements and short response times. In [22], a conflict
alerting logic integrated with the prioritization of avoidance
was proposed for SAA systems. By comparing the time
estimate to collision with a given threshold, it is determined
whether the avoidance maneuver begins. In [23], collision
avoidance strategy was proposed for UAVs in formation
flight. In this strategy, a simple algorithm with low compu-
tational requirements is obtained by expanding the mixed
geometric and collision cone approach to formations of
UAVs. In addition, the artificial intelligence algorithms are
widely used in the collision avoidance of UAV formation
and UAV swarms [24], [25], [26], [27], [28]. Based on the
optimized flocking model with collision avoidance, a conflict
resolution for UAV swarms was developed in [24]. Based on
consensus algorithm and strategy coordination, a distributed
conflict detection and resolution method for UAV swarms
was proposed in [25]. For solving optimization problems,
an overview of the various swarm intelligence algorithms
and their advanced development was provided in [26]. Based
on swarm intelligence algorithm, a multi-UAV cooperative
task reallocation algorithm with target precedence constraints
was proposed in [27]. Based on the neural networks and
the deterministic learning, the cooperative formation control
method with collision avoidance was proposed in [28]. The
collision avoidance methods for unknown moving obstacles
were also developed in recent years. In [29], the geometric
shape of unknown moving obstacles is determined by
using distance and angle measurements. By combining the
geometric shape of obstacles with the distance and velocity
information of obstacles, critical obstacles in the environment
are identified. Further, the collision avoidance between UAV
and critical obstacles is achieved by using course change and
velocity change. In [12], the trajectory of unknown moving
obstacles is predicted by using discrete-time Kalman filter-
ing. Based on the prediction of obstacle trajectory, a reactive
collision avoidance algorithm was proposed to avoid multiple
moving obstacles. To predict the positions of unknown
moving obstacles flying around UAYV, a trajectory evaluation
algorithm based on a Markov chain with a grid map was
proposed in [30]. Further, a dynamic path planning algorithm
was proposed based on obstacles’ position prediction and
modified APF. In [31], a data-driven risk-aware approach
was proposed for moving obstacle avoidance. By given
measurements of the priori unknown moving obstacles,
the dynamics of moving obstacles are discovered. A set
of obstacle trajectories are forecasted based on bootstrap
technique. By using a risk-aware model predictive control
scheme, the probability guarantee on obstacle avoidance is
provided.

Unfortunately, most of collision avoidance approaches
above-mentioned suppose that the velocity of moving
obstacles is constant when the conflict happens. In reality,
there may be moving obstacles with time-varying velocity
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in an unknown environment. Thus, the real-time collision
avoidance is a key issue for the safe flight of UAV in a
dynamic airspace. In [32], a linear time-varying collision
avoidance model is established, where the acceleration of
UAYV implemented avoidance maneuver is used as the control
input of system and the acceleration of moving obstacle is
regarded as the disturbance of system. Then, a fast finite-time
convergent (FFTC) guidance law with nonlinear disturbance
observer was proposed. Based on dynamic APF (DAPF)
algorithm, Du et al. [33] proposed a real-time reactive
path planning method for collision avoidance of the UAVs.
In a variety of encounter scenes, this method can generate
a safe, stable, robust and flyable collision-free path for
UAV flying in dynamic airspace. However, two approaches
above-mentioned need to set 6 unknown coefficients in
algorithm. Therefore, how to select these coefficients in
advance is a tough job. Since these coefficients have
different optimal values for different encounter scenes, these
coefficients selected in advance is hard to satisfy all of
scenes. In some cases, the improper coefficients result in the
degradation of avoidance validity, or even fail. In addition, the
approach proposed in [33] achieves the collision avoidance
of UAV by changing the heading angle and speed of UAV.
For a fixed-wing UAV, the change of speed has limited and it
consumes more energy than the change of angle.

To solve above problem, an effective strategy using mixed
3-D geometric and the miss distance approaches is proposed
for the real-time collision avoidance between multiple UAVs
with unknown acceleration. The main contributions of this
paper are following. First, a collision avoidance strategy
is proposed for multiple UAVs with unknown acceleration.
Different from the approaches in [32] and [33], the coef-
ficients selected in advance and the nonlinear disturbance
observer are not needed in this strategy. In addition, this
approach adopts only the change of angles to achieve the
collision avoidance. These imply that the proposed approach
is simple in implement. And it is also energy-saving due to
no change of velocity’s magnitude. Second, the condition
required for successful collision avoidance is derived in
theory. It is very important for ensuring the efficiency of the
proposed strategy. Third, the priority logic of the collision
avoidance for multiple UAVs are presented based on the
fusion of the miss distance and the time to closest approach.
Compared with alone time-based prioritization logic [34],
this logic is easier to determine the risk level of collision for
each UAV. Fourth, different trajectory recovery approaches
corresponding with different cases are designed to ensure
UAV to return to planning flight paths rapidly. The proposed
strategy does not assume that UAV and moving obstacles
have a constant ground speed and direction of the velocity.
Thus, it is very suitable in reality application.

Il. CONFLICT DETECTION

It is assumed that two UAVs are in an encounter with
each other. The geometric configuration of two UAVs in
a 3-D space is illustrated in Fig. 1. Here, a UAV denoted
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by “UAV(a)” is a point object. Another UAV denoted by
“UAV(b)” is a sphere object with radius rg,fe. The radius rg,fe
is the safety boundary that guarantees the safety of two UAVs.
In fact, rgfe can also be the sum of both UAVS’ radii, and
is a constant determined by the designer. It is assumed that
the position and velocity of UAVs, which can be obtained by
collaborative or non-collaborative SAA technology [1], are
known, but the acceleration of UAVs is unknown. Thus, the
relative velocity vector of two UAVs can be written as

Vap(t) = V(1) = V(1) ey

where V,(¢) and V,(¢) are the velocity vector of UAV(a)
and UAV (b) at time ¢, respectively. The line-of-sight (LOS)
vector between two UAVs can be written as

Rio5(1) = Pp(t) — Pu(1) @

where P,(t) and Pp(t) are the position coordinates of
UAV(a) and UAV(b) at time ¢, which are represented by
the coordinates (x,(t), y,(t), z4(¢)) and (xp(2), y,(t), zp(¢)) in
a coordinate frame, respectively. From Fig. 1, we see that
two UAVs will encounter a minimum miss (or separation)
distance, |R;,(¢)|, at some point in the future and the miss
vector R,,(t) is calculated as follows

R,(t) = —Ryps(t) + TV 0p(2) 3

where 7 is the time to closest approach. Since the miss vector
R,,(t) and the relative velocity vector V ;;(¢) is orthogonal,
we have R,,, (t) V45 (t) = 0. Thus, 7 is calculated as follows
where vap (1), Vap,y(t) and vgp ,(¢) are three components of
the relative velocity vector V ,;(¢) on x, y and z axes at time
t, respectively. At the equation (4), as shown at the bottom of
the next page, when two UAVs are getting closer, T > 0, and
when two UAVs are getting further, t < 0. Thus, whent > 0,
we have to check whether there is a chance to have an event
of conflict or not. At ¢ > 0, the magnitude of R,,(¢) is less
than the magnitude of Rj,s(?) i.e. Ry (2)| = |Rjps(t)| siny <
|Rjs(t)], where ¥ is the angle between the LOS vector R;,5(t)
and the relative velocity vector V 4. If the magnitude |R,,(¢)|
is more than rgfe, we have rgfe < R, (1)] < |Rips(?)].
This implies that the relative distance of two UAVs is always
more than the safety radius. Thus, there is not an event of
conflict. However, if the magnitude |R,,(¢)| is less than rgafe,
an event of conflict will possibly occur. The conflict condition
is defined as

Tres = Fsafe — [Ru(2)| > 0 (5)

where rpeg is the rest region. If 7 > 0 and |R,,(¢)| < rgafe (Or
res > 0), a potential conflict will occur. Thus, UAVs should
begin to perform the avoidance maneuvers.

Ill. STRATEGY OF IMPLEMENTING COLLISION
AVOIDANCE MANEUVERS

To keep the control system implementable in real time,
a strategy is used based on the miss distance |R,,(¢)| of
two UAVs. From Fig. 1, we can turn the direction of the
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FIGURE 1. Geometric configuration of two UAVs.

relative velocity vector V ,,(f) to increase the miss distance
|R,,,(t)|. When this vector’s projection line does not intersect
the safe sphere but is a tangent to it, |R, (f)| = rsafe and the
conflict can be avoided. In general, the direction of the vector
V .p(2) is turned towards the direction of the vector Ry, (¢) to
minimize the change of velocity. In the strategy, the avoidance
maneuver is implemented by changing the flight direction of
UAV(a). This means that UAV(a) is needed to take overall
responsibility for avoidance.

At sample time ¢, let V,;,*(¢) represents a new relative
velocity vector; y,,™(¢) and 6,,*(t) respresent the heading
and elevation angles of V ,,*(¢), respectively. For the sake of
clarity and simplicity of notations, the symbol ““(#)”’ on all of
time variables is omitted in the following text.

If we adjust only the heading angle of V, to achieve the
desired separation distance rg,f between two UAVs, this new
relative velocity vector V ,,* should be a tangent to the safety
boundary in the horizontal plane. Thus, we have

‘RmH*

= [Rips| cos (Oap — Bio5) sin ’Vab* - Vlos’

= \/rsafe? — IRy |? (6)

where |Rjys|, Vios and 0, are the magnitude, heading angle
and elevation angle of Ry, respectively. |R,,"| is the vertical
component of R,,. By rearranging the equation (6), the
heading angle of the new relative velocity vector V ;™ is

obtained
A% Vsafe2 - |Rmv|2

=1
Yab" = Vios £ sin @)
¢ > |Rlox| Cos (eab - elos)

Similarly, if we adjust only the elevation angle of V, to
make the new relative velocity vector V ,,* to be a tangent to

the safety boundary in the vertical plane, we have
. 2
|Rmv*’ = |Ryos] sin ‘eab* - elos‘ =/ Fsafe® — ‘RmH‘ 3
where |RmH| is the horizontal component of R,. While
keeping the heading angle constant, the elevation angle of
the new relative velocity vector V™ is obtained from the
equation (8), i.e.

" . 1 Fsafe? — |RmH|2
Oup” = Ojps £sin - ——mMm—— )
IR 05!

A. THE AVOIDANCE MANEUVER ONLY IN THE
HORIZONTAL PLANE
By changing the heading angle y, of the UAV(a), the heading
angle y, of the relative velocity vector V4, can be turned.
If we change the heading angle to y,* from y,, the heading
angle y,p is turned to y,,*. The x and y components of the
new relative velocity vector V ;,* can be written as

Vabx" = |Vl cos (0p) cos (yp) — |Vl cos (6,) cos (v, ™)
(10)

Vab,y" = V| cos (6p) sin (yp) — |Vl cos (0,) sin (™)
(11)

Further, we have

%
Vab,y

Vab,x ™
|Vl cos (6p) sin (yp) — [V 4l cos (6,) sin (v™)

tan (vas”) =

[Vl cos (6p) cos (v5) — |V 4l cos (B,) cos (Va*)
(12)

where y;,* is given by the equation (7). From (7), we will
have a total of 4 solutions for y,;,*, two due to the nature of the
inverse sine function (y and = —y) and each of those will have
two solution due to = sign. In all four solutions, we select
one solution to achieve the desired separation distance with
the minimum deviation. After some algebraic manipulation
of equation (12), we have

cos (6p) . "
cos (B sin(yp — vap')  (13)

[Valsin(va" — var™) = [V

Thus, if [ sin (v, — yap*) < 1, the heading angle y,*

is obtained, i.e.

. _1.,1Vplcos (6p) .
Ya* = Vap* + sin”! (m sin (yp — var™)). (14)
a a

_ Rips@) - Vap() — (xp() = Xa(O)Wapx (1) + Gp(1) = Ya(O)IVab,y(1) + (2p() = 2a(t))Vap, (1)

T = —
Vap(@) - V(1)
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Vab,x(t)vab,x(t) + Vab,y(t)vab,y(t)vub,z(t)Vab,z(t)
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B. THE AVOIDANCE MANEUVER ONLY IN THE

VERTICAL PLANE

Similarly, if we change the elevation angle to 6,* from 6,,, the
elevation angle 6y, is turned to 6,,,*. The z component of the
new relative velocity vector V ;,* can be written as

Vab..* = |Vplsin (6p) — |Vl sin (6.%) (15)
Further, we have

sin (0p™) Vab,Z*
cos (Oup*) \/ Vabx™? + Vap . *)?

tan (6,") = (16)

where 6,,* is given by the equation (9). From (9), we will
have a total of 2 solutions for 6,%, due to £ sign.
In two solutions, we select one solution to achieve the
desired separation distance with the minimum deviation.
The equations (10), (11) and (15) are substituted into the
equation (16). After some algebraic manipulation of the
equation (16), we have

Val)’ (Sin2 (64*) — sin® (4 *))
Vol ‘ “
- (%) (sin (6a") sin ) cos” (6u”)
— cos (6,*) cos (6p) sin® (Oap™) cos (va — vb)
= (sin2 (Qab*) — sin? (Qb)) )

The equation (17) is non-linear and can be solved
iteratively. According to triangle given by the equation (1),
we have Opax e > 04" > 04 at O™ > Oyp and 0, > 6,* >
—Omax.d at Ogp™ < Ogp, Where Opqyx . is the maximum pitch
angle in the vertical climb and 6,4y ¢ is the maximum dive
angle in the vertical descent. These values are determined by
the maneuver parameters of UAV [35].

C. THE AVOIDANCE MANEUVER IN BOTH HORIZONTAL
AND VERTICAL PLANE

When the heading-elevation combination change, the equa-
tions (13) and (17) are modified as

[Val sin (Va* - Vab*)
[%
cos (6,%)

() o0 - )
P (u) (sin (6") sin (6) cos? (6ap")

— cos (64*) cos (6p) sin? (O™ cos (Ya — vb)
= (sin2 (Oup™) — sin? (9;,))

(v — Yab™) (18a)

(18b)

The equations (18a) and (18b) are solved simultaneously,
so that the heading angle y,* and the elevation angle 6,* can
be obtained.
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D. THE IMPLEMENTATION LOGIC OF THE AVOIDANCE
MANEUVER
Since the equation (14) is closed-form formulas, the less
time is needed for computing heading angle y,*. But, the
equation (17) is only solved iteratively. Thus, the more
time is needed for computing elevation angle 6,*. For a
constant sampling interval, the increase of computational
time results in the decrease of time performed the avoidance
maneuver. This means that the avoidance maneuver in the
horizontal plane begins earlier than that in the vertical plane.
In addition, the climb maneuver consumes more power than
horizontal maneuver and descent maneuver in low-altitude
flights increases the chance of hutting obstacles. For the
avoidance maneuver, therefore, ﬁ)riority should be given to
the horizontal plane. When I“;Zlg% sin (Yp — vap™) > 1,
however, the heading angle y,* 1s not obtained. In this case,
priority is given to the vertical plane. When the maneuver
only in one plane cannot avoid successfully obstacles, the
maneuver in both the horizontal and vertical plane is used.
But, this means that more computational time is requested for
computing heading and elevation angles. Then, the following
order is used for selecting the avoidance maneuvers:

1) maneuver only in the horizontal plane;

2) maneuver only in the vertical plane;

3) maneuver in both the horizontal and vertical plane;

Then, the expected heading angle or/and elevation angle
of UAV(a) are computed at each sampling time. During time
sampling interval, the flight controller of UAV(a) adjusts
uniformly the heading angle or/and elevation angle to the
expected value in the case that the magnitude of velocity
V4 keeps a constant. This proceeding is continuously run at
each sampling time, until the avoidance maneuver end, i.e.
|R(i)| > rsafe. Thus, it is ensured that the separation distance
between two UAVs is always larger than the safety radius.
Table 1 gives the pseudo code for the implementation logic
of the avoidance maneuver at sampling time i. It is noted that
the proposed strategy does not constrain that all UAVs have
constant ground speeds and direction of the velocity. Thus,
it is very suitable in reality application.

In Table 1, 1y, x (i); 7m,y(7) and 7y, ;(i) are three components
of the minimum separation distance R,,(i) on x, y and z axes
at sampling time i.

IV. THE ANALYSIS FOR SUCCESSFUL COLLISION
AVOIDANCE

When the velocity vector of all UAVs is constant in the
collision avoidance process, the condition for successful
avoidance is derived in [23]. However, it is not suitable
for the case that the velocity vector is time-varying. This
section investigates the effect of time-varying velocity on the
collision avoidance.

In order to characterize the behavior of relative velocity
vector V5, in a spherical coordinate frame constituting by
r, y and 6 axes, we compute three components of V4, in a
spherical coordinate frame. As shown in Fig. 2, first rotate
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TABLE 1. Pseudo code for the avoidance maneuver.

Input: 7, (1) ; i, (i) and 73, 5 (0)

Computing [Ry,"| = \/(inx (D)2 + (i, ())? and
IRy "] = 1,2 (1)

Computing Yy,;," by the equation (7)

Computing ;" by the equation (9)

[Vplcos(8p) _. *
Walcos(6g) sin(yp —Yap') <1
Computing y,* by the equation (14)
Let6," =6,

Else

Computing 6," by the equation (17)

If emax,c > ea* > _emax,d

Lety," =V,

Else

Computing y,* and 8, " by combining the equations (18a)
and (18b)

End

End

Output: y,*; 6,

*

the original frame of reference by y, (k) about the z axis
and then rotate the resulting frame about the new y axis by
Oup (k). In this new reference frame, the new x, y and z axes
are called as r, y and 6 axes, respectively. The component
of V4 along r, y and 6 axes are denoted by vap r, Vap,y
and vgp, 9, respectively. Thus, v - is the component of V
V. along the distance vector r,e and the vy, and vgp g
represents the component normal to the distance vector r,
where the direction of the distance vector r,. is identical
with the direction of the relative velocity vector V (k).
Obviously, they satisfy vy, (k) = Vap (k), Vap,y (k) =
0 and vgp g (k) = 0. When t € (k, k + tsum] (Where ty,
is the sampling time interval), three components of V4, in a
spherical coordinate frame can be obtained by the rotational
transformations described above [4],

Vab,r(1) = |V p(1)|[c0s(Op(1)) cos(Oup(k)) cos(yp(t) — Yap(k))

+ sin(B(t)) sin(Oap (k)]
— |V a(@)l[cos(8a(1)) cos(Oap(k)) coS(Va(t) — Vab(k))

+ sin(0,(2)) sin(Byp(k))] (19a)
Vab,y (1) =V p(1)| cos(0p(1)) sin(yp (1) — Yap(k))
— [Va(0)| cos(0u(1)) sin(ya(t) — yap(k)) (19b)

Vab,o(1) =V p(1)|[— cos(Op(1)) sin(Oap(k)) cos(yp(t) — Vab(k))
+ sin(0(t)) cos(Oap (k)]
— |V a(®)[[— cos(8a(1)) sin(Bap(k)) cos(yu(t)
— Vab(k)) + sin(6,(2)) cos(Bap(k))]

And there is following relation.

Vab.r? (1) 4 Vaby 2 (1) +vape® ) = [Vap )F  (20)

(19c¢)

Using the sensor measurements obtained in sampling tine
k, the heading angle y,; (k) and the elevation angle 6, (k)

VOLUME 11, 2023

TABLE 2. Eight cases for increasing y.

Vap,y (£) Vap,o (t) Yap (k) Bap (k)
>0 =0 > Yios arbitrary
<0 =0 < Yios arbitrary
=0 >0 arbitrary > 0145
=0 <0 arbitrary < O
>0 >0 > Yios > 0105
>0 <0 > Yios < B1ps
<0 >0 < Yios > B10s
<0 <0 < Vios < B0

of the relative velocity vector V 4,(k) can be obtained by the
equations (12) and (16).

If vap,y () # O or/and vap g (t) # 0, the angle ¥ between
R,(t) and V 45(¢) increases in eight cases given by Table 2.
In other words, the relative velocity vector V ,;(¢) is turned
towards the outside of safety sphere, as shown in Fig. 2(a). For
these cases, if |R,;, (k)| < rsafe, @ scalar function is defined as

t
Y (1) =1 [Vap(K)] =/ rate® — R (k)| —/k Vab,r (1)dt

(21a)

where t € (k, k + tggm].

Besides above eight cases, the angle y» between R,s(¢) and
V (1) decreases. In other wards, the relative velocity vector
V() is towards the inside of safety sphere, as shown in
Fig. 2(b). For this case, the scalar function is redefined as

t
() = 72 [Vas ()] — Fee — /k vapr (O (21D)

If y(¢) > 0, no collision between two UAVs will occur.
Thus, the successful collision avoidance is guaranteed at
t ek, k+ tsaml.

Since the avoidance maneuvers are implemented by
changing the heading angle y, (¢) or/and the elevation angle
0, (t) of the velocity vector V ,(¢), the relative velocity vector
V ap(t) is time-varying. In addition, the change of the velocity
vector V(¢), which is unknown in advance, can also cause
the change of the relative velocity vector V,(¢). Since
sz Vab.r (Ddt < fkkth““’” Vab.r (1)dt at vy, (1) > 0, we have
vy (t) > y (k + tsam). When the relative velocity vector V g (f)
is turned towards the outside of safety sphere, the condition
required for successful collision avoidance is given by

k+t.Yllm
% IV ar®)] = v reate? — [Ron (02 — / vapr (Ot > 0
k

(22a)

This condition is suitable only in the case that |[R,, (k)| < rsafe
and t € (k,k + tsam]. If the relative velocity vector V 5 (¢)
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b) V,, (t) is turned towards the inside

FIGURE 2. The analysis for successful avoidance.

is turned towards the inside of safety sphere, this condition
becomes as

k+tsam
% IV as ()] — rate — /k vapr (0t >0 (22b)

where v, - (t) is unknown, but it is estimated in advance.
Using the condition given by (22a) or (22b), thus, we can fore-
cast whether the successful collision avoidance is achieved
during ¢ € (k, k + ts4n]. The UAV flight paths may include
loiter patterns, search patterns, traffic patterns and various
turning maneuvers [22]. For these different patterns, V4 (¢)
changes at different forms. For various V 4, (¢), the conditions
required for successful collision avoidance are discussed as
following.

1) |V (2)| keeps constant, i.e. |V (1) = |Vap (k)],
such as loiter patterns and turning maneuver. In this case,
Vab,r () < |Vap (k)| due to

Ve (0 =1V (O = v 2(0) = v (0.
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Thus, fkkﬂ”"’ Vabr O)dt <
|V ap (k)| tsam. Further, we have

[T |V gy (k)| dt

= 5 V()| — \/ Fsafe? — IR (k)|

k+l5ﬂ’ﬂ
_ /k Ve (Ot > T |V ap()]

Y, rsafe2 - |Rm (k)|2 - |Vab (k)| Tsam (23)

Att € (k,k + tgqm], the condition required for successful
collision avoidance becomes as

(Tk - tsam) |Vah(k)| -V ”saff:2 - |Rm (k)|2 >0 (24)

Similarly, corresponding to the equation (22b), the condi-
tion required for successful collision avoidance is

(Tk - tsam) |Vab(k)| — Fsafe > 0 (25)

In this case, v, » () don’t need to know in advance. Using
the information at the sampling time k, we can test whether
the successful collision avoidance is achieved at ¢t € (k, k +
tsam]'

2) The derivative of V4, (¢) keeps constant and vgp,,, (f) =
0, vap,p (t) = 0, such as traffic patterns and search patterns.
In this case, the direction of V, (t) is not varied, i.e.
Vabr 1) = Vap (t) = |Vap (k)| + a(t — k), where a is the
constant acceleration. From the equation (21a), we have

Y (@) = 1 [Vap (k)| — / rsafe® — [Rm (k)|
1
= Vap (0| (¢ = k) = Salt — k?  (26)

Since y(t) > y(k + tsum), the condition required for
successful collision avoidance is given by

1
Tk — tsam) IV ap(K)] — \/ Faie® — R (k)| — Ea(rmmf >0

27

where a is unknown but estimated by (|Vg(k)| —
|V ap (k — 1)|)/tsam. For successful collision avoidance, the
acceleration ¢ must be limited to

2
a<amax = W[(rk —tsam) |V ap (k)| =/ Fsafe2 — Ry (K)1?]

(28)

3) The derivative of v, , () keeps constant and vy, ), (t) #
0, vabo () # 0, such as search patterns and turning
maneuver. In this case, the direction of V 4, (¢) is time-varying
and vgp (1) = |V (k)| + a(t — k). When the direction
of V4 (¢) is turned towards the outside of safety sphere, the
condition required for successful collision avoidance is given
by the equation (27). If the direction of V ,(¢) is turned
towards the inside of safety sphere, the condition required for
successful collision avoidance is given by

1
Tk — tsam) |V ap(k)| — Tsafe — za(tsam)z >0 (29)

VOLUME 11, 2023



J. Tao et al.: Effective Strategy for Collision Avoidance of Multiple UAVs

IEEE Access

FIGURE 3. The geometric relation for the modify measure.

Similar with second case, the acceleration a nust be estimated
to test whether the successful collision avoidance is achieved.

The collision avoidance strategy proposed in this paper is
that the direction of V 4(¢) is turned towards the outside of
safety sphere by changing the heading angle y, (¢#) or/and
the elevation angle 6, (¢) of the velocity vector V ,(t). If the
equation (22a) is satisfied in all of the sampling time interval,
the collision between UAV(a) and UAV(b) can be avoided
successfully. But, the time to closest approach t decreases
along with the decrease of the distance between UAV(a)
and UAV(b). When 7; < v/rafe? — [Rm (k)|?/ |V ap(k)| and
IR, (k)| < rsafe, the collision between UAV(a) and UAV(b)
may occur at the sampling time k. To prevent complete failure
and enhance safety during execution of avoidance maneuver,
it is desirable to do modification to the collision avoidance
strategy. A simple and feasible modify measure is to define
a new alerting threshold A;. Let Ay = rsfe + Ar. This
implies that the beginning time of the avoidance maneuvers
is advanced. Thus, the equation (21a) can be rewritten as

t
Y(0) = 1 [Vap(k)| — /A2 = Ry (k)| —/k Vab,r (1)dt

(30)

A constant Ar is selected, so that rgre < |Rpu(k)| < Ay

at p < VA2 — R, (k)|2/ |V ap(k)|. This implies that the
distance between two UAVs is more than rgf. even though
y({) < 0. Thus, the collision avoidance is guaranteed.
At the sampling time k, suppose |Rj,s (k)| = A; when
IR (k)| = rsafe as shown in Fig. 3.

Thus, we have

Ar = \/('Ck |Vab(k)|)2 + "safe2 — Isafe = Crlsafe  (31)

2
= /%—I—l — 1. Usually, we have

T |Vap(k)| < reafe. Thus, ¢, < 0.414. In addition, ¢, is
(Tk |Vab,max |)2
2

where ¢,

also estimated based on , Where ]Vab,max‘ is the
maximum magnitude of the relative velocity. In practice, 7 =
(1 ~ 3)tgum is usually selected. Thus, Ar can be obtained
from the equation (31).

V. THE CASE OF MULTIPLE INTRUDERS (UAVs)

It is assumed that there are multiple intruders (UAVs) within
the range of detection for UAV(a). The number of intruders is
1, > 1. By the equation (4), we compute 7;, which is the time
to closest approach between UAV (a) and the ith intruder, from
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i = 1toi=1I,. For all of intruders with 7; > 0, we compute
the rest region ryes ; by the equations (3) and (5). To evaluate
the conflict urgency, the prioritization of avoidance maneuver
can be confirmed by the value of the rest region rys. The
larger is rres, the higher the priority of avoidance is. It is noted
that the priority order may be updated at each sampling time,
as the states of UAVs change over time.

If all of reg are less than 0, no conflict exists for UAV(a).
When the value of only one rs is more than 0, UAV(a)
has conflict with one intruder. Thus, the strategy proposed
in above sections is used in the case of the pair-wise conflict.
If the multiple res are more than 0, UAV(a) has conflict with
multiple intruders. Suppose that there are M,, intruders, which
have conflict with UAV(a). In this case, the prioritization of
avoidance maneuver can be confirmed by the value of the
time to closest approach . The smaller is t, the higher the
priority of avoidance is. Overall, the priority of avoidance is
sorted by the value of rreg for the intruders with t; > 0 and
the priority of avoidance is sorted by the value of 7 for the
intruders with res > 0.

In the case that there are M, intruders with rs > 0, the
avoidance algorithm is given by following.

1) For all intruders, the left and right safety boundary
angles in the horizontal plane, as shown in Fig. 4(a), are given
by
Fsafe? — |Rm,iv‘2
’Rlos,i| Cos (eabi - Olos,i)
|2

! (32a)

yabif = Yios,i + sin~

rsafez - |Rm,iv
\Rlos,i| COos (eab,- - elos,i)

The up and down safety boundary angles in the vertical plane,
as shown in Fig. 4(b), are given by

-1

Vab,'r = Ylos,i — sin (32b)

1 Fsafe? — ‘Rm,iH|2
|Rlos,i|
rsafez - |Rm,iH

|Rlos,i |

‘9ab,~u = Qlox,i + sin”~ (33a)

2
) |

Qah[.d = 9105’1‘ — sin (33b)

wherei=1,--- ,M,. |le’i , Yios,i and 0y, ; are the magni-
tude, heading angle and elevation angle of LOS vector R, ;
between UAV(a) and the ith intruder, respectively. |Rm,,-H|
and }Rm,i"| are the horizontal and vertical components of the
minimum separation distance vector R, ; between UAV(a)
and the ith intruder, respectively. The heading angle and the
elevation angle of the relative velocity vector V,, between
UAV (a) and the ith intruder are obtained by

Vab;,y Vab;,z

v ); Bap, =tan~" (
ab;,x \/(Vab,‘,x)z + (Vﬂbi,}’)2
(34

)

~1
Yab; =tan (

where vap, x, Vap;,y and vgp,  are the x, y and z components of
the relative velocity vector Vp,.
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a) Projection in the horizontal plane

A

b) Projection in the vertical plane

FIGURE 4. Relative Geometry between multiple UAVs.

2) For all of relative velocity vectors, we compute their
turning angles to avoid collisions:

of,i = abs(yab,.f — Yap;) (left turning angle) (35a)
0. = abs(Yap, — Yab;”) (right turning angle)  (35b)
Ou,i = abs(Oap," — Oap;)  (up turning angle) (35¢)
04,i = abs(Oup, — Gabl.d) (down turning angle)  (35d)

Then, the maximum left and right tuning angle are
obtained by of = max(of1,...,0rM,) and o =
max(oy 1, ..., 0rM,)- Similarly, the maximum up and down
tuning angle are obtained by 0, = max(oy,1, ..., oy Mm,) and
04 = max(oy,1, ..., 04 M,)-

3) Let r; = min(ty, ..., Ty,). The new heading angle and
new elevation angle of the relative velocity vector V 5, are
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written as
Yabi* = Yab; +0f (07,0 < 0r.1) (36a)
Yabi* = Yab — 0r (07,0 > 0.4) (36b)
eab,-* = Oup; + Oy (Uu,i < Ud,i) (36¢)
Oab;* = Oab; — 04 (0ui = 04,i) (36d)

4) By using the new heading angle of V 4, the new heading
angle y,* of UAV(a) is obtained by

Vi, | cos (65,

* =y + sin”! |’—’sin = van ) (37
Ya Yab; + ( V| cos (6) (Vb, Yab; ) (37)
where W%Sin (Yb; — Yap;") < 1. Further, the new

elevation angle 6,* of UAV(a) is solved by the equation (17).

5) By using the implementation logic of the avoidance
maneuver given in the section III-D, the flight controller of
UAV (a) adjusts uniformly the heading angle or/and elevation
angle to y,* or/and 6,*.

VI. STRATEGY OF IMPLEMENTING TRAJECTORY
RECOVERY MANEUVERS

After the UAV(a) has finished avoidance maneuver, it is
requested to begin a trajectory recovery maneuver at T < 0.
Since the flight trajectory and flight velocity were planned in
advance, the aim of trajectory recovery is to make UAV(a)
return to the planning trajectory and corresponding planning
velocity rapidly. The trajectory recovery strategy proposed in
this paper consists of two stages. First stage is that the flight
paths lie in bypassed of the safe boundary and second stage
is that the flight paths is far from the safe boundary. In each
of stage, the flight controller of UAV(a) adjusts the heading
angle or elevation angle to implement trajectory recovery
maneuvers.

A. FIRST STAGE OF TRAJECTORY RECOVERY MANEUVERS
When the avoidance maneuver closes at the sampling time
k, the position of UAV(a) is not on its original planning
trajectory, i.e. P,(k) # OP,(k), where OP,(k) represents
the position of UAV(a) on original planning trajectory. To go
back original planning trajectory, the UAV(a) has need of
moving from P,(k) to OP,(k). However, if the returning
path is the straight line, it may intersect the safe boundary
sphere. To avoid the returning path intersecting with the
safe boundary sphere, UAV(a) must bypass the safe sphere
by changing constantly its flight direction. In first stage of
trajectory recovery maneuvers, the proposed algorithm is in
following:

First, let (x,(k), yg(k),zg(k)) is the position coordinates
of goal point OP,(k) and ( x4(j), y,(/), za(j)) is the position
coordinates of current point P,(j), where the original time j
of the iteration in first stage is equal to the sampling time k.

1) the equation of straight line PO from the point P, (j) to
the point OP (k) can be written as

X=X _ y=Y) _ =20
xg(k) —x, () ye(k) =y, () zg(k) —z, ()
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2) the equation of safe boundary sphere can be written as
@ = x>+ 0 =3 ) + @ =2 () = reate” (39)

where (x3(j), y5(j), z5(j)) is the position coordinates of point
P(j), which is the center of the safe boundary sphere.

3) the equations (38) and (39) are solved simultaneously
to obtain the intersecting points between the straight line and
the safe sphere. First, we test the number of root by

f» = B> —4AC (40)
where

A=g +p*+1,

B=2(q(x () —xp () +2 Ga () —yp ()
— (7% +P")za() — ().

C= () =5 () — a2 D) + 0a ) =y ) — P2 (D)
+ (26 (D) — Feate”

And g = EO=50D L 5®) 3,0

= %02, T w®—=,0 ,
4)Iff, < 0, the number of root is equal to 0. In this case, the

straight line PO does not intersect the safe boundary sphere,
so that there is no collision risk in the returning path. Thus,
first stage of trajectory recovery maneuvers closes.

If f, = 0, the number of root is equal to 1. In this case,
the straight line PO has one intersecting point with the safe
boundary sphere. This means that the straight line PO is
tangential with the safe boundary sphere. Thus, the azimuth
and the elevation angles of the straight line vector PO are
obtained by

Ly =y, 0)
Ypo = tan (x—g(k) e (j)) (41a)
1 zg(k) — z, ()

fpo = tan™ ) (41b)

(
\/(xg(k) —x, (M2 + k) =y, G))?

In order to make that the direction of the new relative
velocity vector V ,,* is parallel with the vector PO, let y,,* =
¥po and Oup* = Opo- Thus, we obtain the new relative velocity
vector V 4, * being tangential with the safe boundary sphere.
Then, we continue to do next step.

If £, > 0, the number of root is equal to 2. In this case,
the straight line PO has two intersecting point with the safe
boundary sphere. The position coordinates of two intersecting
point S 2 can be obtained by

xf,z = ‘Z(Ziyz —2a () + x4 ()

yi,z = P(Z‘i’z — Zq (])) + Ya (])

Z, = (—BEf,)/2A (42)
Then, we compare the distance from the point P, (j) to two
roots S1 2 and select one root with less distance as a boundary
point denoted by S. In this case, the straight line PO is not

tangential with the safe boundary sphere. Thus, we connect
the boundary point S and the center point Py, (j) of the safe
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boundary sphere to form a straight line SP. The azimuth and
elevation angles of the straight line SP are obtained by

o=y
Vp = tan (Xb ) —x* .
By = tan” ! ( () =2 ) (43)
' Vb () — P + 06 () — )2
Let
Yab© = Yp —7/2 (Ysp = 0) (44a)
Yab" = Yp T /2 (Yp <0) (44b)
And
eab* = Qsp - TL’/2 (esp > 0) (453)
Ot = Op +7/2 (Osp <0) (45b)

This means that the direction of the new relative velocity
vector Vg™ is vertical with the straight line SP. Thus,
we obtain the new relative velocity vector V,,* being
tangential with the safe boundary sphere. Then, we continue
to do next step.

5) By changing the heading angle y, or the eleva-
tion angle 6, of UAV(a), the direction of the relative
velocity vector is changed to the expected direction,
If % sin (yp — vap™) < 1, we change only the heading
angle y, to y,* but keeping the elevation angle 6, unvarying,
where the heading angle y,* is given by the equation (14).
Otherwise, we change only the elevation angle 6, to 6,* but
keeping the heading angle y, constant, where the elevation
angle 6,* is given by the equation (17).

6) return to step 1. At next sampling time j = j + 1, this
process is repeated.

B. SECOND STAGE OF TRAJECTORY RECOVERY
MANEUVERS

When first stage of trajectory recovery maneuvers closes at
sampling time m, the flight path returning to original planning
trajectory do not intersect the safe boundary sphere. Thus,
we can adjust the heading and elevation angle of UAV(a)
to ensure it going back to the planning trajectory rapidly
and recovering the planning velocity. The second stage of
trajectory recovery maneuvers consists of three steps.

1) select a suitable goal point. In order to ensure the
implementation of simple and reliable maneuvers, a suitable
goal point must satisfy two constraints: a) the selected goal
point is ahead of flight direction; b) the distance between the
selected goal point and the current position point P, (m) is
minimum. In all of sampling points, thus, we select those
points satisfied first constraint as the candidates of new goal
point. In all of candidate points, then, the point satisfied
second constraint is selected as the new goal point OP,,.

2) approach the new goal point. First, we compute
the azimuth angle (y,,") and elevation angle (6,,*) of
the straight line from the current position point P, (m)
to the new goal point OP,. Then, the heading and
elevation angle of UAV(a) are changed to y,* and
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0.%, where y,* = yp," and 6,% = 6,,". At subsequent
sampling times, we compute the time of arriving the new goal
point. Until that the arriving time is less than one sampling
interval. second step closes and return to third step.

3) change the direction of velocity vector. For UAV(a),
we change the heading and elevation angle of V, to y,* and
0,*, which are the heading and elevation angles of planning
velocity at the new goal point OP,. Soon after, the trajectory
recovery maneuvers have finished. UAV(a) goes back the
original planning trajectory.

Table 3 gives the pseudo code for the implementation logic
of the trajectory recovery maneuvers.

VII. APPLICATION TO THE FIXED-WING UAV
The 3-D point-mass model of the fixed-wing UAV is derived
as following: [9], [14]

X =|V|cosfcosy = Vgcosy (46a)
y=1|V|cosOsiny = Vg siny (46b)
z=|V|sinf = Vy (46¢)
. tan ¢

=50 V=V r 02 asd)

where y,60 and ¢ denote the heading angle, elevation
angle and bank angle of UAV, respectively; g denotes the
gravitational acceleration. For the dynamic horizontal turning
motion, the maximum horizontal turning rate is given by [35]

. 8
Ymax = T, (glimit)2 -1 47
Vu

where gjimi; 1S maximum load factor of the UAV. Similar
the horizontal maneuvers, there is a maximum turning rate
associated with climb or descend maneuver in vertical place,
which is given by [35]

émax = i(glimit - ]) (48)
4%

From (47) and (48), glimi: limits the rate of changing the
heading angle horizontally and the elevation angle vertically.
It is noted that g;;,;; has different value for Level Turn, Climb
and Descent of airplanes.

To generate the horizontal maneuver, bank command is
given as an input, and elevation command is given to generate
a vertical maneuver. The dynamic model for 6 and ¢ are given
as following:

. 1
¢ = T_¢(¢com —9) (49a)
. 1
0= T_g(ecam —0) (49b)

where Ty and Ty are the time constant for both dynamics;
¢com and 6Oy, are the desired value of ¢ and 6 in the
horizontal and vertical maneuvers. In the case of given the
horizontal turning rate y and the horizontal flight speed Vg,
dcom can be obtained from the equation (46d), i.e.

Geom = tan™! (%) (50)

112610

TABLE 3. Pseudo code for the trajectory recovery maneuvers.

Input: P, (j), P,(j), V,(j) and OP,(n), (n =k, k +

1,-,N)
Let y,* =y, and 6," = 6,
If TRM-sign ==
Computing f, by the equation (40)
If f.==0

Computing y,,"; 6,," by the equation (41)

Let Yap* = ¥Vpo and Og," = 6,0

End

If f,>0

Computing ys,; 85, by the equation (42) and (43)
Computing y,;"; 045" by the equation (44) and (45)
End

If f,<0

Let TRM-sign =2

Else

If |Vp| cos(6p)

Welcos@y S —Yar') <1
Computing y,* by the equation (14)
Let6," =6,
Else
Computing 6," by the equation (17)
Letys" = vq
End
End
End
If TRM-sign ==
Forn=k:1:N
If [(xg(n) = %2())/Vax (D] > 0 && [(yy(n) —
Ya(D)/Vay (D] > 0 && [(24(n) = 2,(j))/Va,, (D] > 0
Computing

dy = \/(Xg(n) — %% + () —¥a(N)? + (2(n) — 2. (1))?

Add a pair of (n, d,,) into the 2-D candidate set
End
End
If isempty(Dg) =0
[dmin: I] = Min(Dg (: '2))
Let the point OP (1) corresponding with d,,;,, as th-
goal point OP,
-1 (}’g(l)_J’a(j))
(xg(D=xa())
1 (zg(D-2a()))
JxgD=2a0))+ g (D-ya(1))?

Ypo = tan

0,0 = tan™

Letya" = ¥po
Let6," = 6,
Let TRM-sign =3
Else
If [(xg(k) — xa())/Vax (D] > 0 && [(yy (k) —
YaU))/Vay ()] >0
6,, = tan"! (29 ()~2a )
Jexg@-xa0)+ g -ya ()2

Let 6, = 6,

When the proposed strategy for the collision avoidance and
trajectory recovery is applied to the Fixed-Wing UAVs, the
pseudo code of the implementation logic is given in Table 4.
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TABLE 3. (Continued.) Pseudo code for the trajectory recovery
maneuvers.

Else
1 0g(0=Ya()
Yoo = AN 0 %a (i)
Lety," = Yo
End

End

End

If TRM-sign ==

JaD=200))+ 59 (D-ya(1))?+ 29 (1)-2a1))?
t=

J(Va,x(j))z+(Va,y(j))2+(va,z(j))2
If t <tygm
Let TRM-sign =4
End
End
If TRM-sign ==
If |yo* _Val >0&& |90* - 9a| >0
Lety," =7,"
Let6," = 6,"
Else
TRM-sign =1
End
End
Output: y,* ; 6"

Vill. NUMERICAL SIMULATION

A. SIMULATION CONDITIONS

In order to test the performance of the proposed strategy,
numerical simulations are performed in seven cases. In the
case 1, 2, 3 and 7, two UAVs are in an encounter with
each other. In the case 4, 5 and 6, the collision avoidance
for multiple UAVs is implemented by using maneuvers only
in the horizontal plane, only in the vertical plane, in both
horizontal and vertical planes, respectively. In all simulations,
the initial simulation conditions are listed in Table 5-7.

In the case 1, 2, 3 and 7, the safe boundary radius is rgfe =
556 m. However, rgte = 450 m in the case 4, 5 and 6. From
the case 1 to case 5, it is set that constant coefficient ¢, =
0.01. However, ¢, = 0.04 for the case 6 and ¢, = 0 for the
case 7. For UAV(a), the maximum horizontal turning rate and
the maximum vertical turning rate are set as Y,y = 10 °/s
and émax = 15 °/s, respectively. The range of ¢, and o,
are set as [—45° ~ 45°] and [—30° ~ 30°], respectively. The
sampling time interval fs,,, = 1 s.

B. CASE 1

In Case 1, UAV(a) is flight in spiral paths and UAV(b) is
flight in straight paths. The initial heading angles of UAV(a)
and UAV(b) is opposite in direction. In the horizontal plane,
UAV(a) turns right at a constant turning rate. The speed
of UAV(b) is varied and the unknown acceleration is equal
to 2 cos(mt/60). The collision of UAV(a) and UAV(b) will
occur in 30 seconds. Fig. 5(a) and 5(b) show the flight paths
of collision avoidance and trajectory recovery in 3-D and
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TABLE 4. Pseudo code for the proposed strategy.

Initialization of parameters
Input: V,(¢t) and V,,(t); P,(t) and P, (t) at sampling
time ¢
Computing V4, (t) by the equation (1)
Computing R;,,(t) by the equation (2)
Computing 7 by the equation (4)
If >0
Let TRM-sign =1
Computing R,,(t) by the equation (3)
Computing f.es = Ar — |Ryp (8)]
If 7es=0
Beginning avoidance maneuver (Table I)
Computing v = (Yo" — ¥a)/tsam
Computing ¢, by the equation (50)
Let O.om = 0,"
Inputting ¢¢om and .., to the controller
End
Else
If P,(t) # OP,(t)
Beginning trajectory recovery maneuver (Table IIT)
Computing v = (Yo" — Vo) /tsam
Computing ¢, by the equation (50)

Let 0. = 6,
Inputting ¢¢om and .., to the controller
End

End
Return to Input at next sampling time t = t + tggp,

2-D plane. Fig. 5(c) shows the relative distance between
UAV(a) and UAV(b). Fig. 5(d) gives the command of bank
and elevation angle in whole procedure, which are inputs
of UAV(a)’s flight controller. From Fig. 5(a) and 5(b), the
collision is successfully avoided by adjusting the heading
angle of UAV(a). After the collision avoidance, UAV(a)
returns to the planning paths by adjusting the heading and
elevation angle. From Fig. 5(c), the relative distance is
more than the safe radius rgg in whole procedure. The
closest distance d,;;,, is reached at 27 seconds. The distance
difference (dpin — rsae) between the closest distance and
the safe radius is equal to 46.2 m. From Fig. 5(d), all of
commands are in the constraint range. In this scenario, the
time expended by the collision avoidance and the trajectory
recovery is 20 s and 33 s, respectively.

C. CASE 2

In Case 2, UAV(a) and UAV(b) are flight in spiral paths.
The initial heading angles of UAV(a) and UAV(b) is cross in
direction. In the horizontal plane, UAV(a) and UAV(b) turn
right at a constant turning rate. The collision of UAV(a) and
UAV(b) will occur in 30 seconds. Fig. 6(a) and 6(b) show
the flight paths of collision avoidance and trajectory recovery
in 3-D and 2-D plane. Fig. 6(c) shows the relative distance
between UAV(a) and UAV(b). Fig. 6(d) gives the command
of bank and elevation angle in whole procedure.
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TABLE 5. Initial information of UAV(a).

UAV(a) Case 1,2,3 Case 4 Case 5 Case 6 Case 7
Position (m) (-983.1,0,50) | (50, 1544.3,100) | (2165.1,0,90) | (-2162.1,0,100) | (-983.1, 0, 50)
Speed (m/s) 0,51.5,5) 0,-51.5,0) (-51.5,0,0) (0,51.5,5) (0,51.5,0)
Acceleration (m/s%) 0 0 0 0 0
Heading angle (rad) w2 -2 T 2 2
Heading angle rate (rad/s) 0.0523 0 0 0.0238 0.0523
Elevation angle (rad) 0.0968 0 0 0 0.0968
Elevation angle rate (rad/s) 0 0 0 0 0
TABLE 6. Initial information of UAV(b) in cases 1, 2, 3 and 7.
UAV(b) Case 1 Case 2 Case 3 Case 7
Position () (0,3165.6,50) | (-983.1,1966.2, 50) | (983.1, 1966.2, 50) (0,3165.6, 50)
Speed (m/s) (0,-51.5,5) (51.5,0,95) (0,-51.5,5) (0,-51.5,0)
Acceleration (m/s?) 0,-2,0) (0,0,0) (0,0,0) 0,-2,0)
Heading angle (rad) -2 2 -2
Heading angle rate (rad/s) 0 0.0523 -0.0523 0
Elevation angle (rad) 0.0968 0.0968 0.0968 0.0968
Elevation angle rate (rad/s) 0 0 0
TABLE 7. Initial information of UAV(b) in cases 4, 5 and 6.
UAV(b1) UAV(b2) UAV(b3)
Position (m) (0,-1735.3,90) | (779.4,-2185.3,90) | (-779.4,-2185.3,90)
Speed (m/s) (0,515, 0.5) (0,51.5,0.5) (0,51.5,0.5)
Acceleration (m/s%) 0,2,0) 0,2,0) 0,2,0)
Heading angle (rad) m2 m2 m?2
Heading angle rate (rad/s) 0 0 0
Elevation angle (rad) 0.0097 0.0097 0.0097
Elevation angle rate (rad/s) 0 0 0

TABLE 8. The distance difference for different rg,¢, and ¢, (unit: m).

Teate (M) | 18532 | 370.64 [ 555.96 | 741.28 | 926.60
¢, =001 | 212 | 002 | 207 | 370 | 508
¢, =003 | 154 | 706 | 12.63 | 1802 | 23.85

From Fig. 6(a) and 6(b), the collision is successfully
avoided by adjusting the heading angle of UAV(a). After the
collision avoidance, UAV(a) returns to the planning paths by
adjusting the heading and elevation angle. From Fig. 6(c), the
relative distance is more than the safe radius rg,fe in whole
procedure. The closest distance dy,y, is reached at 25 seconds.
The distance difference (din — Fsafe) 1S equal to 2.0 m. For
different rgfe and c,, the distance difference (dpin — 7sate)
is given by Table 8. From Table 8, the distance difference
increases along the increase of rgf and c,. It is noted that
for less rsafe, larger ¢, should be selected to ensure successful
collision avoidance.

From Fig. 6(d), all of commands are in the constraint range.
In this scenario, the time expended by the collision avoidance
and the trajectory recovery is 12 s and 42 s, respectively.

D. CASE 3
In Case 3, UAV(a) and UAV(b) are flight in spiral paths.
The initial heading angles of UAV(a) and UAV(b) is opposite
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in direction. In the horizontal plane, UAV(a) and UAV(b)
turn right at a constant turning rate. The collision of UAV(a)
and UAV(b) will occur in 30 seconds. Fig. 7(a) and 7(b)
show the flight paths of collision avoidance and trajectory
recovery in 3-D and 2-D plane. Fig. 7(c) shows the relative
distance between UAV(a) and UAV(b). Fig. 7(d) gives the
command of bank and elevation angle in whole procedure.
From Fig. 7(a) and 7(b), the collision is successfully avoided
by adjusting the heading angle of UAV(a). After the collision
avoidance, UAV(a) returns to the planning paths by adjusting
the heading and elevation angle. From Fig. 7(c), the relative
distance is more than the safe radius rg,fe in whole procedure.
The closest distance d,;;; is reached at 30 seconds. The
distance difference (dyin — Fsafe) 1S equal to 3.7 m. From
Fig. 7(d), all of commands are in the constraint range. In this
scenario, the time expended by the collision avoidance and
the trajectory recovery is 14 s and 38 s, respectively.

E. CASE 4

In Case 4, UAV(a) and three intruders (UAV(b;), UAV(by),
UAV(b3)) in formation flight are flight along straight paths.
The initial heading angles of UAV(a) and three intruders
is opposite in direction. The speed of three intruders is
varied and the unknown acceleration is equal to 2 cos(#/60).
Fig. 8(a) and 8(b) show the flight paths of collision avoidance
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FIGURE 5. Collision avoidance and trajectory recovery in the case 1.

and trajectory recovery in 3-D and 2-D plane. Fig. 8(c) shows
the relative distance between UAV(a) and three intruders.
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Fig. 8(d) gives the command of bank and elevation angle in
whole procedure.
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FIGURE 7. Collision avoidance and trajectory recovery in the case 3.

From Fig. 8(a) and 8(b), UAV(b;) is an obstacle on the
flight paths of UAV(a) and UAV(b;) is an obstacle on the
avoidance paths of UAV(a). By using maneuvers only in
the horizontal plane, the collision avoidance and trajectory
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FIGURE 8. Collision avoidance and trajectory recovery in the case 4.

recovery are successfully implemented. From Fig. 8(c), the
relative distance is more than the safe radius rgf in whole
procedure. The closest distance dy,;y is reached at 32 seconds.
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FIGURE 9. Collision avoidance and trajectory recovery in the case 5.

The distance difference (dpin — 7afe) 1s €qual to 4.5 m. From
Fig. 8(d), all of commands are in the constraint range. In this
scenario, the time expended by the collision avoidance and
the trajectory recovery is 32 s and 48 s, respectively.
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F. CASE 5

Case 5 is similar with Case 4. However, the initial heading
angles of UAV(a) and three intruders is cross in direction.
Fig. 9(a) and 9(b) show the flight paths of collision
avoidance and trajectory recovery in 3-D and 2-D plane.
Fig. 9(c) shows the relative distance between UAV(a) and
three intruders. Fig. 9(d) gives the command of bank and
elevation angle in whole procedure. From Fig. 9(a) and 9(b),
UAV(b1), UAV(b,) and UAV(b3) are three obstacles on the
flight paths of UAV(a). By using maneuvers only in the
vertical plane, the collision avoidance and trajectory recovery
are successfully implemented. From Fig. 9(c), the relative
distance is more than the safe radius rg,f in whole procedure.
The closest distance d,;;, is reached at 28 seconds. The
distance difference (dpin — rsafe) 1S equal to 24.9 m. From
Fig. 8(d), all of commands are in the constraint range. In this
scenario, the time expended by the collision avoidance and
the trajectory recovery is 28 s and 28 s, respectively.

G. CASE 6

In Case 6, UAV(a) is maneuvering in turning paths of the
horizontal plane and three intruders (UAV(bj), UAV(by),
UAV(b3)) in formation flight are flight along straight paths.
The initial heading angles of UAV(a) and three intruders
is parallel in direction. In the horizontal plane, UAV(a)
turns right in a constant turning rate. The speed of three
intruders is varied and the unknown acceleration is equal
to 2 cos(t/60). Fig. 10(a)-10(c) show the flight paths of
collision avoidance and trajectory recovery in 3-D and 2-D
plane. Fig. 10(d) shows the relative distance between UAV (a)
and three intruders. Fig. 10(e) gives the command of bank and
elevation angle in whole procedure.

From Fig. 10(a) - 10(c), UAV(b;), UAV(b;) and UAV(b3)
are three obstacles on the flight paths of UAV(a). By using
maneuvers in both the horizontal and vertical planes, the
collision avoidance and trajectory recovery are successfully
implemented. From Fig. 10(d), the relative distance is more
than the safe radius rgfe in whole procedure. The closest
distance d,;, is reached at 256 seconds. The distance
difference (d;in — Fsafe) 1S €equal to 1.3 m. From Fig. 10(e), all
of commands are in the constraint range. In this scenario, the
time expended by the collision avoidance and the trajectory
recovery is 257 s and 237 s, respectively.

H. CASE 7

In Case 7, the performance of collision avoidance is
compared for three methods, i.e. FFTC [32], DAPF [33] and
ES proposed in this paper. For Case 7, UAV(a) is flight in
spiral paths and UAV(b) is flight in straight paths in the
horizontal plane. The initial heading angles of UAV(a) and
UAV(b) is opposite in direction. UAV(a) turns right at a
constant turning rate. The speed of UAV(b) is varied and the
unknown acceleration is equal to 2 cos(rt/60). The collision
of UAV(a) and UAV(b) will occur in 30 seconds. Fig. 11(a)
shows the flight paths of collision avoidance and trajectory
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FIGURE 10. Collision avoidance and trajectory recovery in the case 6.

recovery in x-y plane. Fig. 11(b) shows the relative distance
between UAV(a) and UAV(b). Fig. 11(c) gives the magnitude
of velocity. Fig. 11(d) gives the turning rate of UAV(a). For
FFTC, the parameters of algorithm are given by Table 3 in
[32]. For DAPE, the parameters of algorithm are k[‘,‘” = 0.1,
kit = 0.1, ky” = 1700; ks = 300; kgamp = 0.35;
ky = 800; kg = 10; wyex = 10°/s.

From Fig. 11, three methods can successfully avoid the
collision in whole procedure. For FFTC, DAPF and ES,
the distance difference (din — Fsafe) between the closest
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distance and the safe radius is equal to 0.5m, 46.9 m and
46.2 m, respectively; and the time expended by the collision
avoidance is 24 s, 36 s and 19 s, respectively. After the
collision avoidance ends, UAV(a) returns to the planning
paths by using ES method. However, UAV(a) does not return
to the planning paths when FFTC or DAPF method is used.
In three methods, the avoidance trajectory for FFTC is the
closest to planning paths. The velocity’s magnitude and the
turning rate of UAV(a) has the largest fluctuation for DAPF.
Its maximum turning rate is more than the limit value of
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FIGURE 11. Comparison of three methods in the case 7.

turning rate. For ES, the magnitude of velocity is constant
and the turning rate is not more than the limit value of turning
rate in whole procedure. Comparing with FFTC and DAPF,
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TABLE 9. The closest distance of two UAVs for DAPF (unit: m).

UAV()\UAV(@) | 95(m/s) | 97.5 100 102.5 105
95(m/s) 622.6 | 566.7 | 493.4 | 374.2 | 390.1
97.5 656.2 | 608.8 | 548.4 | 470.8 | 322.1

100 6874 | 644.8 | 602.9 | 530.7 | 446.2
102.5 717.1 | 675.8 | 631.9 | 578.6 | 513.6

105 7412 | 705.6 | 666.2 | 6189 | 565.5

TABLE 10. The closest distance of two UAVs for FFTC (unit: m).

UAV()\WUAV() | 95(m/s) | 97.5 | 100 | 102.5 | 105
95(m/s) 5554 | 5509 | 556.9 | 552.7 | 556.7
975 555.0 | 556.2 | 5553 | 553.2 | 557.1
100 556.6 | 557.9 | 556.5 | 556.7 | 557.0
102.5 554.7 | 5582 | 547.4 | 557.8 | 552.9
105 558.1 | 553.1 | 556.4 | 556.5 | 556.3

TABLE 11. The closest distance of two UAVs for ES (unit: m).

UAV(b\UAV(@) | 95(m/s) | 97.5 100 102.5 105
95(m/s) 606.2 | 603.3 | 6024 | 610.7 | 606.8
97.5 6042 | 603.3 | 6043 | 607.7 | 605.1

100 604.1 | 605.1 | 602.2 | 6059 | 605.1
102.5 605.8 | 603.3 | 600.2 | 599.1 | 606.7

105 5984 | 601.2 | 599.9 | 600.5 | 610.1

TABLE 12. The comparison of CPU time (unit: *10~5s).

FFTC DAPF ES
1 380 8.9212 3.0678
2 380 9.0623 3.1030
3 390 8.9565 2.9972
4 390 9.0623 3.2793
5 390 9.2738 2.9620
6 390 8.9212 3.0325
7 390 8.6039 2.9620
8 400 8.8860 2.9972
9 390 9.0270 2.9620
10 390 9.1328 2.9970
Mean value 389 8.9847 3.0360

thus, ES is energy-saving due to no change of velocity’s
magnitude.

When the initial velocity of UAV(a) or/fand UAV(b) has
small disturbance, the performance of collision avoidance
is compared for three methods. For DAPF, FFTC and
ES, the closest distance between UAV(a) and UAV(b) are
respectively given in Table 9, 10 and 11, where the initial
velocity of UAV(a) varies from 95 m/s to 105 m/s, as shown
in the row 1. Similarly, different initial velocity of UAV(b)
are shown in the column 1. In Table, the item marking in red
boldface type denotes that the closest distance is less than the
safe radius (i.e. rgafe = 556 m). From Table 9, DAPF method
cannot avoid the collision successfully in the case that the
initial velocity of UAV(a) is more than that of UAV(b) and the
initial velocity of UAV(a) is equal to or more than 100 m/s.
From Table 10, the collision avoidance fails in 10 cases.
This illustrates that the success rate of collision avoidance
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is reduced for FFTC method when the initial velocity of
UAV(a) or/and UAV (b) has small disturbance. From Table 11,
ES method can avoid the collision successfully in all cases.
This implies that ES method can ensure the safe flight of
UAVs when the initial velocity of UAV(a) or/and UAV(b)
has small disturbance. But, FFTC and DAFP methods
cannot ensure the safe flight of UAVs in the presence of
disturbances.

The comparison of CPU time needed for a Monte Carlo
run is shown in Table 12. In all simulations, it is used
that MATLAB R2014a on an Intel® Xeon® E3-1225 v6
processor with 3.30 GHz CPU speed. In Table 12, CPU
time of running 10 Monte Carlo simulations for the collision
avoidance algorithm is recorded and their serial number is
1 to 10. The mean value of CPU time for 10 times is given in
final row. From Table 12, CPU time required by ES method
is less than that ADPF and FFTC methods. This implies that
ES method has lower computational complexity than ADPF
and FFTC methods.

IX. CONCLUSION

An effective strategy using mixed 3-D geometric and the miss
distance approaches is proposed for the collision avoidance
between multiple UAVs with unknown acceleration. For
the proposed strategy, the condition required for successful
collision avoidance is derived and a simple and feasible
modify measure is given to enhance safety during execution
of avoidance maneuver. In the case of multiple UAVs, a logic
to allocate the avoidance prioritization of each UAV and an
algorithm to compute the expected heading and elevation
angles of UAV are presented for collision avoidance. The
trajectory recovery strategy is proposed to ensure UAV to
return to the planning flight paths. The proposed strategy does
not constrain that all UAVs have constant ground speeds and
direction of the velocity. Thus, it is very suitable in reality
application. Numerical simulation results show the proposed
strategy can successfully perform the collision avoidance and
trajectory recovery for a pair of fixed-wing UAVs or multiple
fixed-wing UAVs. Even in the presence of small disturbance,
this strategy is also efficacious.

The future work will first explore how to avoid unknown
moving obstacles by using the proposed strategy. For
this work, it is key issue how to predict the position
and velocity information of unknown moving obstacles
as accurately as possible. Second, the control algorithm
for the horizontal and vertical motions of UAV will be
improved to guarantee safe operation in the presence of strong
winds. For this work, two approaches should be trialed. One
approach is that the wind speed is first estimated. Then,
the wind influences on the position and velocity of UAV
are compensated by using the estimate of wind speed [36].
Another approach is that the robust controller, such as L;
adaptive controller [37], should be substituted for traditional
PID controller to improve the robust performance against
disturbances.
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