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A dynamic inversion-based three-dimensional nonlinear aiming point guidance law is presented in this paper for reactive collision
avoidance of unmanned aerial vehicles. When an obstacle is detected in the close vicinity and collision is predicted, an artificial safety
sphere is put around the center of the obstacle. Next, the velocity vector of the vehicle is realigned towards an ‘aiming point’ on the surface
of the sphere in such a way that passing through it can guarantee safe avoidance of the obstacle. The guidance command generation is
based on angular correction between the actual and the desired direction of the velocity vector. Note that the velocity vector gets aligned
along the selected aiming point quickly (i.e., within a fraction of the available time-to-go), which makes it possible to avoid pop-up
obstacles. The guidance algorithm has been verified with simulations carried out both for single obstacles as well as for multiple obstacles
on the path and also with different safety sphere sizes around the obstacles. The proposed algorithm has been validated using both
kinematic as well as point mass model of a prototype unmanned aerial vehicle. For better confidence, results have also been validated by
incorporating a first-order autopilot models for the velocity vector magnitude and directions.
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Nomenclature r, : Tangential vector along the aiming point on the
safety sphere (m, m, m)
X,p : Aiming Point (m, m, m) X, : Intersection point on collision plane 7
tyo : Time-to-go (s) (m, m, m)
Xop : Position of the obstacle in local inertial frame Xyap : Relative aiming point vector (m, m, m)
(m, m, m) Xg0a1 : Goal Point (m, m, m)
X, : Position of the UAV in local inertial frame Xin : Initial postion of the UAV (m, m, m)
(m, m, m) t, : Initial time (s)
| X, || : Relative distance between obstacle and UAV Vinitial : [nitial velocity of the UAV (m/s)
(m) t*: Time to reach the collision plane (s)
7: Plane containing the collision circle x : Course angle (deg)
C": Collision Circle on obstacle safety sphere ~:Flight path angle (deg)
i :Normal vector to the collision plane ~¢:Commanded flight path angle (deg)
Vr: Total velocity of UAV (m/s) Xx¢:Commanded course angle (deg)
X.: Center of the collision circle (m, m, m) Tmax : Maximum thrust force (N)

L: Lift force (N)
D:Drag force (N)
Q : Dynamic Pressure (Pa)
S:Surface area (m?)
C;, : Lift coefficient

r:Radius of the safety sphere (m)
r.:Radius of the collision circle (m)
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Acronym

Axial coefficients in body axes frame
Gain values of the guidance loop
Gain values of the autopilot loop
Point on the collision circle

:Variable Aiming point (m, m, m)

Transformation matrix from body to wind axes
Side slip angle (deg)

:Aerodynamic coefficients
:Aerodynamic derivatives
:Commanded angle of attack (deg)

Commanded Bank angle (deg)
Commanded Thrust (N)

:Relative distance beween UAV and the aiming

point (m)

Center of the composite safety sphere in local
inertial frame (m, m, m)

Center of the global obstacle in local inertial
frame (m, m, m)

New set of individual composite safety sphere
centers

:New set of individual composite safety sphere

radius
Radius of the composite safety sphere (m)

:Radius of the global obstacle safety sphere (m)

Time to reach the closest obstacle collision
plane (s)

UAV:Unmanned Aerial Vehicle
CG: Center of Gravity

LOS:Line of Sight

Subscript

max : Maximum
min : Minimum

i, j, k, p:lteration variables

1. Introduction

Rapid advancement of various technologies associated with
unmanned aerial vehicles (UAVs) has taken place over the
last two decades. As a result, UAVs have been deployed in
numerous fields such as reconnaissance and surveillance,
targeted attacks with less collateral damage, battle damage
assessment, traffic monitoring for crime prevention, detec-
tion and containment of hazardous leakages in industries,
assessment and rehabilitation in case of natural calamities,
etc. For various reasons, many UAV missions can be prac-
tically more useful in case they can fly autonomously at low
altitudes, including the fact that high resolution pictures are

possible only from a close distance. However, flying at low
altitude may require the UAVs to fly in the vicinity of ob-
stacles such as buildings, trees, etc.,, making them vulner-
able for collisions. Moreover, since information related to all
possible collisions cannot be accounted a priori, it is vital
that UAVs have a good built-in mechanism and associated
guidance laws to avoid collisions in their flight path.

The collision avoidance problem addressed in this paper
can in fact be embedded into the problem of ‘path planning’,
which is the process of finding a safe flight path to the goal
point. It typically consists of two layers (i) a global path
planner and (ii) a local path planner. The global path
planner finds a path beforehand such that all known
obstacles are avoided and the destination is reached. For
local path planning, however, the main aim is to avoid col-
lisions with obstacles at close vicinity (especially with the
pop-up threats), which is done in the following manner.
When an onboard sensor detects obstacle(s) and predicts a
possible collision, the guidance law attempts to maneuver
the vehicle away from the danger as soon as possible so that
the impending collision is averted. Such a guidance is also
called as ‘reactive guidance’, since the available reaction
time is very small and decisions have to be taken quickly
(i.e., within a fraction of the available time-to-go). Note that
reactive collision avoidance guidance typically results in
high maneuvers for a small duration of time. Moreover, the
guidance law should also ensure that while avoiding
obstacles the vehicle should not deviate too much from its
original intended path. This is both because other obstacles
should not come on its new flight path and it should not
deviate too much away from seeking its intended destina-
tion (otherwise, putting it back into track becomes difficult).
Another critical restriction on such a reactive guidance law
is that it should be computationally quite efficient (pre-
ferably available in closed form), since the time to react is
typically quite low and, if possible, the control and guidance
update needs to be done at a higher rate. Moreover, for
fixed-wing UAVs, it should also assure that the vehicle keeps
moving at sufficiently higher velocity to avoid stalling. In
view of these, there is a need for developing a reactive
guidance scheme based on sound geometric and mathe-
matical considerations. Preferably it should also have suf-
ficient generality so that it can be applied for a wide range
of applications.

Even though they are fundamentally different, a quick
review of literature shows that the problem of reactive
collision avoidance has been substantially influenced by
global path planning algorithms. The artificial potential field
method® is a popular approach which is tailored for ob-
stacle avoidance such that obstacles have a repulsive field
while the destination has an attractive field. The resultant
field represents a safe direction for the UAV to move along.
However, this algorithm is not strictly reactive, since at
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every instant it takes into account the presence of all (or
most of) the obstacles in the environment, as well as the
destination, before deciding the direction. It usually relies
on numerical optimization techniques and hence can get
trapped in local minimum and computational issues.
Another promising algorithm in collision avoidance and
global path planning is the philosophy of rapidly exploring
random tree (RRT),” which has also been used for reactive
collision avoidance. However, the probabilistic nature of
RRT does not guarantee the finding of a feasible path within
a limited finite time. Algorithms such as proportional
navigation (PN) guidance® and its variants, which are used
heavily in missile guidance, have been attempted for col-
lision avoidance guidance as well. The problem of UAV
pursuing its goal has been implemented with intermediate
obstacles in the path using PN guidance-based collision
avoidance scheme.” However, this scheme leads to a very
high control effort every time a new target is pursued.
Instead, an interesting minimum effort guidance (MEG)
approach is proposed in,° which minimizes the control
effort for the entire trajectory along with avoiding collisions
for multiple targets. A collision cone approach’ is used to
detect potential collisions by considering a safety sphere
around the obstacle in MEG guidance. The MEG guidance
causes the vehicle to maneuver until the point of impact,
which is risky as the vehicle may enter the safety sphere.
These and many other techniques have also been discussed
on global and local path planning in a review paper pub-
lished recently by one of the authors of this paper with a
different co-worker.®

The concept and algorithm proposed in this paper is
mainly focused on the guidance of UAVs for the reactive
collision avoidance. There are a few assumptions, which can
be summarized as (i) the information regarding global path,
avoiding all known obstacles, is known a priori and the task
is to avoid only pop-up obstacles before joining back the
intended path, (ii) without loss of generality, all obstacles
are assumed to be stationary (else, their position in a future
point of time needs to be predicted depending on their
velocity), (iii) the position information and safety sphere
radius (depending on the size of the obstacle) are available
through some onboard sensor system, like a vision sensor
system for example (iv) a point mass model fairly describes
the motion of the UAV for the guidance purpose and (v) all
turnings are done by assuming turn co-ordination, i.e., by
maintaining sideslip angle at zero (which can in turn be
assured by appropriate design of an inner loop autopilot).
Note that the details of image processing algorithm for
detecting the position of the obstacle(s) is not within the
scope of this paper. However, an interested reader can refer
to one of the recent works of the third author of this paper
along with his co-worker,'® where the issue is addressed by
assuming a simple pin-hole passive camera in the loop and
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then processing the information through an extended
Kalman filter.

In this paper, a reactive collision-avoidance algorithm is
proposed, in which UAV invokes the collision-avoidance
algorithm only when an obstacle is encountered. The col-
lision avoidance occurs in two steps; first, the collision is
detected based on the collision cone approach.®’ Next, if
there is a threat, a collision avoidance maneuver is per-
formed with respect to an ‘aiming point’, judiciously
selected on the surface of the safety sphere. Note that the
concept can be interpreted in the light of ‘pursuit guidance’,
where the objective is to reorient the velocity vector of the
UAV to the line-of-sight® In all the cases, the gains are
selected such that the obstacles are avoided quickly (i.e.,
within a fraction of the available time-to-go).

For validation purpose, the guidance commands have
been applied to two mathematical models; ie., the
‘kinematic model’ as well as the ‘point mass model’ of a
prototype UAV. Simulations with different scenarios with
varied safety sphere sizes and different number of obstacles
are demonstrated. For all the cases, the UAV avoids the
obstacle and reaches the goal point. Results are also vali-
dated by incorporating first-order autopilots for the gui-
dance commands in case of point mass dynamics of UAV.
Note that a similar concept inspired by the aiming point
guidance® is also demonstrated in'" from a different, but
related perspective. However, unlike,'® here the body axis
information and some additional restrictive assumptions
(like holonomic motion capability of the UAV) are not
needed to generate the guidance command. Instead, the
guidance command is generated in the velocity and inertial
frames accounting for the realistic system dynamics (i.e.,
nonholonomic motion constraints), which is a natural way
of guiding fixed-wing flight vehicles.

2. System Dynamics of UAV Motion

In this paper, two standard system dynamics for the vehicle
movement have been considered. First, a simplistic
“kinematic model” has been considered with autopilot lags
in all channels of the state equation for quick validation of
the basic philosophy. Subsequently, to be more realistic, the
proposed guidance strategy has been reworked using a
‘point mass model’ of the vehicle and further algebra has
been carried out by introducing an additional inner loop to
generate the physically meaningful guidance parameters,
namely the desired bank angle, angle of attack and the
thrust required for the vehicle, as the necessary guidance
parameters. Note that to be even more realistic, autopilot
lags for these quantities have been assumed as well while
validating our proposed guidance strategy, which will be
discussed later. In this section, the relevant details of the
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mathematical models of both kinematic as well as point
mass models used in this research are given in fair detail.

2.1. Kinematic model

The relevant set of equations in this model are given by
x = Vrcosycos~,

y = Vyrsinycosy,

h = Vrsinqy,

| C 1)
VT = kV(VT - VT)?

¥ = kfy(ﬂyc - 7)7

X = k(X —x)s

where V7 is the velocity of the UAV whose directions are
given by two angles, namely the flight path angle v and
course angle x. The first three equations of Eq. (1) rep-
resent the movement of the center of mass of the vehicle in
an inertial frame depending on the velocity vector magni-
tude and its orientation. The next three equations essen-
tially represent first-order lags, which in turn govern the
evolution of V, v and x, based on their commanded values
V%, 7€ and x°¢, respectively. The key idea here is to generate
~v¢ and x°¢ from an appropriate guidance formulation, as
well as giving an appropriate V{ command, so that the
obstacles can be avoided.

2.2. Point mass model

In this case, assuming co-ordinated turn, the model repre-
senting vehicle dynamics'? is given by

x = Vrcosycos,

y = Vprsinycos~,

h = Vrsiny,
Vy = l(Tcosoz—D—mgSirl’Y), (2)

m

. 1 .

y = m—VT[(TsmoH—L)COSM—mgCOS“Y]a

_ 1 . .

¥ :m(TsmanLL)Sln,u-

One can notice that the first three equations of Eq. (2) are
exactly same as those of the first three equations of Eq. (1).
However, the terms Vy, 4 and x are more realistic as the
aerodynamic forces (namely lift and drag), gravitational
force (i.e., weight) and thrust forces acting on the vehicle
are explicitly accounted for. As a compromise, however, one
now needs a set of compatible system parameter values
representing a real system. Here the parameter values of a

The AE-2 Unmanned Aerial Vehicle.

Fig. 1.

prototype UAV, named as All Electric airplane-2 (AE-2),
have been used (see Fig. 1 for a picture of the vehicle). Note
that AE-2 UAV was designed, fabricated and wind-tunnel
tested at the UAV lab of Indian Institute of Science,
Bangalore.'?

This UAV has a reference area of § = 0.6 m? and it has
mass m = 6 kg. Maximum value of thrust (T,,) which can
be produced by its electric motor and propeller assembly is
15 N. It is assumed that thrust produced has linear relation
with the throttle input. Forces L and D acting on the vehicle
are given as L = QSC, and D = QSCp, where Q = (1/2)pV?,
C; and Cj are the dynamic pressure, lift coefficient and drag
coefficient, respectively. However, note that the lift and drag
coefficients of this vehicle (as found from wind-tunnel
experimental data, followed by extensive curve-fitting) is
given in the vehicle’s body axes system. However, lift and
drag typically act in the velocity (wind) axis frame. Hence,
these data need be converted to the velocity axis frame,
which is done using the following relationship.

Cp L —Cy cosa sina || —Cy 3
{CL] a W/B[—CZ] a [—sina COSO‘] [_CZ:|. ®
Note that Eq. (3) assumes that the side-slip angle is zero.
This is very close to reality with the assumption of co-
ordinated turn, which is ensured in the formulation while
generating the necessary bank angle as the set of equations
in Eq. (2) are valid only under this assumption. Using

Eg. (3) and using the expanded expressions for Cy and Cy,
drag and lift forces can be expressed as follows

1)

QS[(CXO =+ CXala + CXHZOZZ) COS «
+ (CZO + CZMO[) sin CM]

QS[-(CXO —+ CXalOl + CXHZCMZ) sin «
+ (Cz, + Cz, ) cos o]

(4)
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Table 1. Aerodynamic coefficients.

Cx

0

G

0

0.1653

CZal CX(yl CX(yz

0.0386 0.087138 —0.0040376 —0.0010525

where Cy,, C, are the base coefficients and Cy , Cx, and Cz
are the angle of attack-dependent derivatives of the aero-
dynamic coefficients. An interested reader can see'* for a
detail model of the vehicle with all necessary coefficient
values (in the sense of six degree-of-freedom modeling).
The relevant values that are necessary for the work in this
paper have been tabulated in Table 1.3

Note that the ultimate aim here is to find the desired
values of angle of attack «, bank angle p and the desired
thrust T that will ensure collision avoidance.

3. Reactive Collision Avoidance Guidance

In the present work, it is assumed that global path planning
has already been done off line (or possibly loaded to the
onboard processor through telemetry), where a path
towards the goal point has already been found accounting
for the known obstacles in the environment. It is also
assumed that the UAV is equipped with an onboard camera
with necessary image processing algorithms to sense an
onforseen obstacle, along with its location, in its close
vicinity. The main focus then is to predict a possible col-
lision with the obstacle, and if so, to steer it away with
appropriate generation of guidance commands. Details of
this guidance algorithm are discussed in this section.
Without loss of generality, it is also assumed that the pop-
up obstacles are stationary (else, a prediction logic of its
movement should also come into picture, which can be
considered as a future scope of research).

3.1. Aiming point computation and guidance command
generation

Once the obstacle information is available through onboard
sensors, the task is to predict possible collision, and if so, to
steer it away by appropriately computing of aiming point
and generation of required guidance commands. The phil-
osophy behind computing the aiming point is based on
collision cone approach has physical relevance with torch
light experiment, where if the torch light is glown to the
sphere, the locus of extreme points of the glow area will
form a circle on the sphere and the rays passing through
the extreme points are tangent to the sphere. The same
analogy is replicated in 3D representation of collision cone
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containing UAV’s CG at coordinate frame origin, point ob-
stacle with safety sphere, plane and a circle as shown in
Fig. 2. Note that if one draws tangents to this sphere from
the CG of the UAV, it results in a ‘cone’ (hence it is called as
the ‘collision cone’®), and the circle formed by locus of
tangents contact point on sphere is named as collision circle
and represented as C".

The coordinate frame assumed in Fig. 2 is parallel to the
intertial frame and located on the center of gravity (CG)
of the UAV. Let the UAV fly along the direction of the V. It
is also assumed that the angle of attack and sideslip angles
are small so that vehicle body X-axis (along which the
onboard sensor is installed) can detect obstacles along the
Vr-direction. Once an obstacle is detected by onboard sen-
sors, collision avoidance algorithm is invoked and a new
aiming point is computed. As per collision cone approach
the computed aiming point is tangent to the sphere, so it
should lie on this collision circle. The center and radius of
the collision circle is determined by using the information of
obstacle sphere radius and distance between UAV and
center of the obstacle. From Fig. 2, let us consider the
AXyWXog, where, Xy, is the UAV position, W is a point on the
collision circle and Xy is the obstacle position. Then by
applying Pythagoras theorem on AX,WXyp

1X:12 = [[rell? + 7 (5)
Irell® = 1 X117 = rd, (6)
1X: || = my +my, (7)

where r; is the radius of the safety sphere, r; is the tangent
vector joining UAV position X, and W, the line-of-sight
(LOS) X,, by definition, is the line joining the CG of the UAV
to the center of the obstacle. X, is the center of the collision
circle and the Euclidean distance between this center to Xy
is m; and to Xpp is m,, respectively. Here m; and m, are
also the components of the line segment | X,|. The fol-
lowing mathematical expression shows that m; is associ-
ated with AX, WX, and m, is associated with AX WXqp.
Therefore, it is easy to establish a relationship between
these two triangles. After carrying out simple algebra the
expression for m; and eventually the expression for m, can
be deduced.
Applying Pythagoras theorem on AXy, WX,

el = mi+r2
2 2 2 (8)
re = |r? —mt,

where r. is the radius of the collision circle, from AX.WXqg

re =mj+rZ, (9)
2 2 2
m; =rg —r¢
22 2 (10)
_rs_HrtH +m1'
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Fig. 2.

To find the value of m; and m;, squaring Eq. (7) on both
sides and substituting it in Eq. (10), yields
1X:]12 = (my 4+ my)? = mi + m3 + 2mym,

= mi+ ri—[lr)® +mi+2m (| X| - m)

= 2 r2 4 2my X, (11)
e 102 = r2 2 )2
2 1% 1%

The m, value can be find out by substituting the value of m;
in Eq. (7)

my = [|X || —my =X, || — :
2
my = 8
2 = .
1%l

The radius of the collision circle can be obtained by sub-
stituting the value of m; in Eq. (8)

[[rell*
[1X,[1%°

re [ rell? =
(13)
Hrt” Ts

1%

re =

X (X, 5)

3D view of collision cone with UAV and obstacle.

The center of the collision circle is given as

my

XC = XV +
1%l

(Xop — Xy). (14)

Let us consider the plane 7, which contains the collision
circle C". Due to geometrical symmetry, the vector joining
collision circle center (x.,y.,z.) and obstacle center (x,,,
YVobs Zop) are always perpendicular to plane 7. Therefore, the
normal vector i to the plane can be described as

n= ((1, b,C) = (Xob —XeyYob —VerZob — ZC)' (15)

The general plane equation passing through a point (x,y.,
z.) is

a(x—xc)—i— b(y _yC)+C(Z_ZC) =0. (16)

To find the intersection point between the plane n and
velocity vector projected in time t from the UAV’s current
position. The position vector of UAV expressed in terms
of instantaneous velocity vector projected in time t is

expressed as
X, =Xy +tV. (17)

Substitute above equation into plane equation and solve
for desired time t*, which is termed as time to reach
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the plane

a(xv +t'u _XC) + b(.yv +t'v _.yc) =+ C(Zv +t'w — ZC) =0,

(18)
t* = — a(XV — XC) + b(yv _.yc) + C(Zv - Zc)
au+ bv+ cw ’ (19)
oo -y —Xo)
n-v '
The intersection point is given as
X =Xy +t*V. (20)

Once intersection point is computed, the following conflict
conditions are evaluated

(1) |IX;- — Xc|| < Radius of the collision circle C”,

(2) t* > 0. (21)

If the above conditions are satisfied then the obstacle
under consideration is said to be critical, then the new
aiming point is computed as follows

X, — X;

Kap = Xe Ty X

(22)
Note that, when no obstacle is critical, the goal point
becomes the aiming point, ie, X,, = Xga. One of the
practical issues which may occur in the implementation of
the collision cone approach is the violation of the safety
sphere after aiming point is reached. Once the UAV passes
an aiming point, it immediately looks to maneuver
towards the next aiming point. This may result in a brief
violation of the first obstacle’s safety bound if the direc-
tion of the new aiming point lies in the blind zone of the
safety sphere. Such a scenario is illustrated in Fig. 3.

In order to solve this problem, a sphere-tracking algor-
ithm'® is activated when | X,|| < r;. The sphere tracking
algorithm computes a new aiming point, called the virtual
aiming point which is a point on the surface of the safety
sphere. This is found by radially extending the original
relative distance line || X,|| until it meets the surface of the
safety sphere at X,,,. UAV then aims for the virtual aiming

Fig. 3. Safety sphere violation after aiming point is reached.
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point until || X,|| > r, before moving towards the next aiming
point (X,,,). Mathematical Implementation of sphere
tracking algorithm is provided in following steps.

The equation of the line passing through two points (Xy)
and (Xog) is given as

X — Xpp _ Y —Yob
Xy — Xop Yv —Yob

. Z — Zyp —I
Zy — Zop

(23)

The equation of the safety sphere is

(X_Xob)z+(y_yob)2+(z_zob)2:rg' (24)

Substituting Eq. (23) in Eq. (24) and solving for [ yields

Ts

=+ . (25)
\/(Xv - Xob)2 + (.yv _.VOb)Z + (Zv - Zob)2
The virtual aiming point is computed as
Xviap = I(XV - Xob) + Xob,
Yviap = I(.Vv _yob) + Yob> (26)
Zyiap = I(Zv - Zob) + Zop-

There are two solution sets for X.;,, depending on sign
of I. The solution chosen is the point closer to the vehicle
position.

Hence, the collision avoidance problem therefore can be
interpreted as a sequential target interception problem or
way point guidance problem with angle constraints at in-
termediate targets or way points. However, the basic diff-
ference is the online fixing of these intermediate points and
then quickly realigning the velocity vector to visit them this
is done by the computation of required guidance commands
as follows.

Once the aiming point is computed, the task then is to
follow the philosophy of ‘aiming point guidance’ of missile
guidance literature’’ (which has a close resemblance to
pursuit guidance®) and align the V; vector towards this
aiming point. For carrying out the necessary algebra (see
Fig. 2), the obstacle coordinates are given by Xyg =
[Xob Vo Zop) and the relative aiming point vector is given by
Xyap = (Xap — Xy). Once these co-ordinates are known (with
respect to the coordiante frame at CG that is parallel to the
intertial frame), the desired flight path angle v¢ and course
angle x¢ can be calculated as:

7 = tan " (Zyap/ [ Xp + V), (27)
X© = tan_l(yvap/xvap)' (28)

Note that even though it may sound logical to slow down
(i.e., to reduce V) until the collision is avoided, in this work
it is proposed to hold V; at its initial value at the start of
guidance (i.e., V§ = V;(0)). This is because the time avail-
ability is small and very less correction can be done for it
within the available small time-to-go (usually thrust can be
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varied only slowly). The angles ¢ and x¢ as well as V{ are
the necessary guidance commands in the formulation using
the kinematic model. In Fig. 2, V., is the projection of the
velocity vector and X,,,w is the projection of the revised
LOS in the horizontal plane, respectively. For the formu-
lation using the point mass model, however, one needs to
carry out further algebra to generate the physically mean-
ingful guidance commands, i.e., the angle of attack, bank
angle and thrust commands. Note that the alignment of
velocity vector needs to be quickly carried out within a
fraction of the available time-to-go, thereby making it
possible to avoid pop-up obstacles. For this to happen, the
information regarding time-to-go to the aiming point first
need to be known, which is obtained in following manner.
Note that V; needs to be aligned to the vector, which is
located at the CG of the vehicle and points towards the
aiming point. This vector can be interpreted as ‘Revised
LOS’, the magnitude of which is given by

R = ||Xvap HZ = \/X\%ap +.ygap + Z\Zlap' (29)

Assuming that V; remains fairly constant (which is true, as

our formulation attempts to assure it), the time-to-go to

reach the aiming point can be computed as follows.
(Xvap : VT) R

= vep 2T _ T 30
© = v (30)

Next, the settling times of the imposed error dynamics are
selected as a fraction of this time-to-go and gain values are
selected accordingly.

3.2. Command generation using point mass model

As pointed out in Sec. 3.1, generation of 7€, x¢ and V7 are
sufficient as they serve as the necessary guidance com-
mands. For the point mass model, however, it is necessary
that the actual vehicle parameters ~, x and V; track these
commanded values as soon as possible, thereby generating
the necessary physically meaningful guidance parameters
for the vehicle, namely the desired angle of attack command
oy, the desired bank angle command py; as well as the
desired thrust command T,.!” Note that o, 1 and T can be
interpreted as ‘control variables’ in the point mass model
and hence a control synthesis problem for tracking ~¢, x¢
and V§ can generate ay, i1y and T,. This is done as follows.

Using the philosophy of dynamic inversion,'*'° the
tracking objective of v — ¢, x — x¢ and V; — V{ can be
ensured by enforcing the following set of first-order error
dynamics:

(=) + k(=7 =0, (31)

(X —X°) + Kk (x —x°) =0, (32)

(Ve = V7) +ky, (Ve = V§) =0, (33)

where ky, >0, k, >0 and k, > 0 are the gains (tuning
parameters) that need to be selected carefully. Next,
assuming quasi-steady approximation at every grid point of
time for ¢ x¢ and V& (ie, 4¢ = ¥¢ = V7 = 0), using the
expressions for Vy, 4 and y from Eq. (2) and carrying out
the necessary algebra using Egs. (31)-(33), it can be shown

that
v ko (x — x€
M:tan1< m TCOSFY( X(X X )) >’ (34)
mVp(—k,(y —~¢)) + mgcos~y
Tsina+L
_ \/(mVT cos y(—k,(x —x)))? (35)
+ (mVy(—k,(y = 7)) + mg cos7)?’
T cosa — D = m(—ky(Vy — V) + mgsin-y. (36)

The expression for p in Eq. (34) serves as the desired bank
angle command p4. However, it can be seen that Eqgs. (35)
and (36) are nonlinear and have two unknowns T and «a.
Hence, the desired angle of attack and thrust commands ay
and T, are generated by solving Egs. (35) and (36) nu-
merically using the standard Newton-Raphson method.'®
Note that Newton-Raphson method has ‘quadratic con-
vergence’ and usually converges fast. With the advance-
ment of computing power, it has found popularity for online
applications as well. The initial guess values of the vari-
ables for Newton-Raphson method'® are taken as the
values as existing at the detection of the obstacle and
learning rate parameter of 0.8 is introduced for both the
variables for better convergence. The iterative process is
truncated when the conditions [Aa/a| < Tol; and |AT/T|
< Tol, are obtained, where Tol; and Tol, are respective
pre-defined tolerance values of the relative errors, which
are selected as variable quantities with the time-to-go to
reach the aiming point (set to higher values when ¢y, is
small and vice versa). As a safety measure for onboard
computational requirement, a maximum value of 25 iter-
ations is also put in the simulation studies. Other details of
this mechanization are omitted for brevity.

After generating the guidance commands, a set of first-
order autopilot loop has been constructed to validate the
proposed algorithm. In other words, the actual values of p,
« and V7 that are taken to simulate the system dynamics in
Eq. (2) are computed by propagating the following set of
equations:

= _k/L(N’_Md)7 (37)
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(38)
(39)

a= —k,(a—ay),
T = —kp(T—Ty),

Note that the gains for the autopilots, i.e., ku > 0,k, > 0and
kr > 0 are selected higher than the gains for the guidance
loop, i.e, k,, k, and ky,, respectively, as the inner loop must
be faster than the outer loop.

3.3. Extension of the algorithm for multiple obstacles

Without loss of generality, multiple stationary obstacles are
considered here in the problem formulation. The formu-
lation can be treated as ‘reconfigurable’ in the sense that if
some of the obstacles are in close proximity with each other,
then one composite obstacle is considered encircling all of
these obstacles rather than individual obstacles. The col-
lision avoidance algorithm is implemented considering only
the composite obstacles and remaining individual obstacles.

3.3.1. Formulation of reconfigurable obstacles

Let us consider the onboard sensor mounted on the UAV
senses N obstacles. The information of position and safety
sphere radius of each obstacle are obtained through the
onboard sensors. First all the N obstacles’ position and
safety radius are assigned in a vector form as X and R,
respectively. One of the obstacles is considered as global
obstacle say Xy and the distance between this obstacle
center and remaining other N — 1 obstacles centers are
computed. If any of the N — 1 obstacles are in close proxi-
mity of the global obstacle (i.e., distance between the two
obstacle centers is less than the summation of two obstacle
safety sphere radius and minimum safety distance con-
sidered between them) then one composite safety sphere is
formed, which encompassing the safety spheres of both
global obstacle and the close proximity obstacle in following
manner. Let us assume that ith obstacle in obstacle position
vector X(:,1) is in close proximity to global obstacle, then a
unit vector along the line joining the center of the global
obstacle and close proximity obstacle is given as

X(3a i) — Xog

X, =—F———.
"X G ) — Xogll

(40)
The radius and center of composite safety sphere are
computed as follows
rq = (rg + Rv(i)+ HX(:, i) — Xog H)/27
Xq = Xog + (ra - rg)er

where R, (i) and r, are the safety sphere radius of the close
proximity and global obstacle, respectively. X, and r, are
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the center and radius of the composite safety sphere, re-
spectively. There may be situation such that either one of
the obstacle safety sphere completely lie inside the other
obstacle safety sphere. In such scenario the computed r,
comes either less than or equal to the bigger obstacle safety
sphere radius. Therefore, choose the center and the radius
of the bigger obstacle safety sphere as the composite safety
sphere. This composite safety sphere is updated as the
global obstacle and the process is repeated for remaining
obstacles considering one by one steps.

The obstacles which are not in close proximity to the
considered global obstacle are regarded as separate ob-
stacles. The position and safety radius information of the
separate obstacles are stored in a separate vector as X,
and rp,, respectively. Further this separate vector X, along
with global obstacle is put together and it forms a new set
of obstacles. This method is iterated for this new set in one
by one steps considering each one as global obstacle.
Finally, the N obstacle set is transformed into a new final set
say Xnew Which includes clustered global obstacles as well
as un-clustered global obstacles. The entire logic is descri-
bed in Fig. 4 in flowchart format.

3.3.2. Collision avoidance algorithm for multiple

individual obstacles

Initialize the UAV aiming point as a goal point X,;, = X,
and corresponding time-to-go as minimum time to reach
tmin = tgo and initialize the final set of obstacles, Xy, Then
compute the aiming point X, time to reach the plane ¢,
and check the collision criteria for the kth global obstacle in
new set Xy., using Eqs. (19) to (22) in Sec. 3.1. If the
collision criteria is satisfied and computed ¢, is lesser than
tmin then update the UAV aiming point as X,, = X, and the
minimum time to reach as t,,;, = t. The above procedure is
repeated for remaining all global obstacles in the new set
Xnew ONe by one. More detailed logic is given in flowchart as
shown in Fig. 5.

4, Simulation Results

Exhaustive numerical experiments have been carried out to
validate the proposed guidance strategies. It is assumed
that the instantaneous position of the obstacles are
obtained through the onboard sensors. The experiment was
carried out first with kinematic model to ensure the
working of guidance design and then validated with point
mass model of a real UAV. Simulations with multiple ob-
stacles with different safety sphere sizes around them were
also carried out for enhanced confidence.
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Fig. 4. Flowchart of formulation of reconfigurable obstacles.
4.1. Simulations using kinematic model Xgoal = [200 5 1] T, Initial velocity Viyga = 20m/s, flight

path angle v = 0 and course angle xy = 0. The radius of the
Case 1. The position of the stationary obstacle is sphere around the obstacle is 40 m.
Xog = [78 5 6]T. The starting point of the UAV where it Figure 6 shows the effectiveness of the guidance algor-
senses the obstacle is X;, = [0 1 3]7 and the goal point is ithm in avoiding the obstacle (with and without sphere
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START

Initialize
®_’ XN”‘HRN()W > XaP = Xgaa[’ k =1
o _Ixe-x
tgo - [min - VT

Compute aiming point X apk and time to
reach the plane (tZ) and time to go (l‘gnk ) for

k" obstacle in X, set using Eq.(19) to

Eq. (22) in Sec. 3.1

A 4

ta = Inin(tmin 4 z‘k )

Collision

Criteria®

X

t

min® “*ap? tg(z

A 4

» [mk nk]=size(Xy,,) [€

o
Tmin = Tk
Xap = Xapk
tg() = tg()k
] No
k=k+1 |«

k =nk

Yes
»| STOP

# Collision criteria is evaluated using Eq. (21) in Sec. 3.1

Fig. 5. Flowchart for collision avoidance of multiple individual obstacles.

tracking algorithm) and reaching the goal point. However,
the sphere tracking algorithm is used here to steer the UAV
to avoid any safety violation as well.

Figures 7 and 8 show plot for flight path angle v and
course angle y with and without sphere tracking algorithm.

Case 2. The position of the obstacles are Xgg; =
[30 —2 0]7 and Xpg, = [70 4 3]7. The starting point of the
UAV where it senses the obstacle is X;, = [0 0 2] and the

goal point is Xy, = [100 1 2]7. Initial velocity is Viyia =
20 m/s, flight path angle v = 0 and course angle y = 0. The
radius of the sphere around the obstacle is 6 m. Figure 9
shows the effectiveness of the guidance algorithm in
avoiding both the obstacles and reaching the goal point.

In Figs. 10 and 11 it can be seen that the flight path angle
~v and course angle y track the guidance command like a
first-order system, which leads to successful achievement of
the aiming point and the goal point.
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With sphere tracking
Without sphere tracking

40 0

Fig. 6. 3D scenario of obstacle avoidance with and without
sphere tracking algorithm.
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Fig. 7. Flight path angle with and without sphere tracking
algorithm.
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Fig. 8. Course angle with and without sphere tracking algorithm.
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4.2. Simulations using point mass model

Numerical simulations are carried out with the realistic UAV
model (AE-2).1%'3 Initial velocity of UAV is Vi,yiy = 20 m/s,
flight path angle v = 2.85° and course angle y = 2.86°. Two
cases are considered based on multiple obstacles configur-
ation. Results with first-order autopilot and with ideal
autopilot (without the effect of autopilot i.e., the control with
infinite bandwidth) for all the control variables are demon-
strated in all the different cases.

Case 1. The starting point of the UAV where it senses the
obstacle is Xj, = [0 1 3]T and the goal point is Xooal =
[200 4 4]T. The position of the stationary obstacles are
XOBI - [31 7 7]T, XOBZ e [78 5 6] T, XOB3 e [115 —4 1]T
and Xops = [150 5 3]7, and the radius of the corresponding
safety spheresarer; = 8m,r, =7m,r; = 6mandr, = 7m.
Figure 12 represents the case with four obstacles at a time
which are averted while UAV reaches the goal point.

displacement along Z

displacement along Y 41 100

0 50
displacement along X

Fig. 12. 3D scenario of obstacles avoidance.
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—— — Without autopilot

control Oy

)
T
|
|
|
|
JE S T TN TR TN SO T RN SR S
NF---r-=-r==-r==-r--—r---r-Fr-mmr--

-10
0

Fig. 13. Commanded angle of attack ay.
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Figure 13 represents the «,; control profile which
responds whenever the obstacle is averted. It can be seen
that the control with autopilot is smoother than the control
with ideal autopilot.

Figure 14 represents the pu,; control profile which
responds whenever the obstacle is avoided. Control is
smoother in auto pilot case compared to ideal auto pilot.

Figure 15 shows the thrust profile T,;. The response of
the thrust with autopilot becomes more distinct compared
to the case of ideal autopilot.

Figure 16 shows the tracking of guidance commands by
the direction angles of the velocity as a first-order system.
The command changes for avoiding each obstacle some-
times shows a sudden jump as the goal point becomes the
aiming point.

Figure 17 represents the zoomed plot of four relative
distances between the UAV and the obstacles. In all of
the cases UAV does not enter into safety sphere of the

°
=
e
k<
o
o
_20"/ I T A [ . [ — With autopilot ]
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0 1 2 3 4 5 6 7 8 9 10
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Fig. 14. Commanded bank angle pg.
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Fig. 16. Tracking of guidance commands.
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Fig. 17. (Color online) Relative distance of UAV from obstacles.

respective obstacles. Note that Figs. 16 and 17 represent the
cases with the autopilot delay.

Case 2. The starting point of the UAV where it senses
the obstacle is X, =[0 0 3]7 and the goal point is
Xgoa = [200 4 6]7. The position of the stationary obstacles
are XOBI = [31 7 7} T, XOBZ = [31 -8 7] T, XOB3 = [68 8 6] T,
Xoga = [61 6 8] and Xopgs = [120 5 5]7, and the corre-
sponding radius of the spheres are r{ =8m, r, = 6m,
r3 =10m, r, = 12 m and r5 = 9 m. Figure 18 shows the 3D
scenario of multiple obstacle avoidance with autopilot in
loop. It can be clearly seen that the obstacles 3 and 4 are in
close proximity to each other, so the algorithm forms one
composite safety sphere which encloses both the obstacles.
Finally five obstacles turn out to be a four obstacles case
and UAV is capable of maneuvering away from all the ob-
stacles using newly computed aiming point.

30 —
. ""Olista'glre—z---- S S
20— B 1 Objptacigs s
E qod-Start S T e EAG---.
N
100 150 - -20
X (m) 200 Y (m)
Fig. 18. 3D scenario of obstacles avoidance.
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Fig. 19. Commanded angle of attack ay.

It can be seen from Fig. 19 that the control with autopilot
is smoother than the control with ideal autopilot.

Note that, the control demand changes four times; for
the first three instances it is for maneuvering away from the
obstacles and for fourth instant it is used for driving
towards the final goal point.

Similarly, in Fig. 20 the demand in bank angle also
changes four times, for the first three instances for collision
avoidance and for fourth instant for driving towards the
final goal point. The bank angle rate /i, is slightly higher in
case of ideal autopilot than autopilot. With the autopilot, the
rate ji; reduces which makes the profile of ;; smoother.

Figure 21 represents the thrust profile. The thrust profile
with ideal autopilot shows the chattering behavior which is
smoothened out, in case of autopilot in loop.

Figure 22 represents the velocity profile which remains
almost constant. The direction given by flight path and
course angles tracks their commanded values as well.
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Fig. 22. Tracking of guidance commands.
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Fig. 23. (Color online) Relative distance of UAV from obstacles.

Figure 23 shows the relative zoomed plot of the distance
between the UAV and the obstacles. In all of the cases, UAV
does not enter into the safety spheres of the respective
obstacles.

5. Conclusion

Based on nonlinear dynamic inversion, an aiming point
guidance algorithm is presented in this paper for reactive
collision avoidance of unmanned aerial vehicles. When a
pop-up obstacle is detected in the vicinity, an imaginary
safety sphere is put around the center of the obstacle. Next,
the velocity vector of the vehicle is realigned towards an
‘aiming point’ within a fraction of the available time-to-go,
which guarantees safe avoidance of the obstacle without too
much of deviation from the original path. The resulting
guidance law is in closed form and hence it is possible to
implement it online without any computational complexity
issues. In case of multiple obstacles scenario, the presented
logic can find a set of obstacles which consist of both
composite safety spheres (enclosing of close proximity ob-
stacles) as well as the individual obstacles. This will even-
tually reduce the complexity of the problem by reducing the
number of obstacles. Further, the aiming point computation
for UAV to the closer obstacle is done by checking the col-
lision criterions for all obstacles in the set and then com-
puting the aiming point of the conflict obstacle which poses
the minimum time to reach the collision plane. The logic
presented here is more realistic, intuitive and simulation
results obtained are quite promising.
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