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Abstract: Considering Unmanned Autonomous Vehicles (UAVs) the planning tasks mainly consist of finding paths be-
tween given waypoints with respect to given constraints. In this paper we developed a path planning system for
flying UAVs (VTOLSs and CTOLS) built upon Hexagonal grids which also supports simple dynamics (handling
with speed). The planning system is additionally supported by a trajectory smoothing mechanism based on a
dynamics model of a helicopter. The model can be also used for the simulation of the helicopter movement.

1 INTRODUCTION parisons (frequently done during the planning pro-
cess) is much more easier for grids. Using ‘spline
While controlling UAVS we deal mainly with path  planner* does not seem to be possible while taking
(trajectory) planning(Wang and Botea, 2009; Bot- into account speed limits, because in every point the
tasso et al., 2008; Meister et al., 2009). VTALs curvature must be somehow limited depending on the
we will mainly focus on here, are usually helicopter- previous part of the spline curve.
like assets. Contrary to CTO® §aircraft-like assets) Methods for trajectory smoothing and optimal tra-
VTOLSs can change their direction or altitude with- jectory planning are covered by field of control theory.
out changingx or y coordinate. We should mention However, there is a lack of the state-of-the-art works
a state-of-the-art system for air traffic control Agent- merging classical grid or symbolic planning and tra-
Fly (Sislak et al., 2008). Plans (paths) provided by jectory smoothing based on the dynamics of the vari-
the AgentFly are represented by sequences of maneuous vehicles. Method for real-time trajectory smooth-
vers (unit movements). Another state-of-the-art sys- ing is proposed by (Anderson et al., 2005). Spatial
tem deals with path planning for VTOLs (Wzorek waypoints without speed constraints are input of the
and Doherty, 2006). In the system, there is used method and the outputis a generated trajectory for the
a path planning algorithm based on Probabilistic vehicle. An approach sharing an idea of the planning
Roadmaps (Kavraki et al., 1996) which results in a maneuvers is presented in (Bottasso et al., 2008). The
sequence of waypoints interpolated by splines. trajectory smoothing process uses motion primitives
In this paper, we introduce our path planning sys- which are an abstraction of the movement maneuvers.
tem for VTOLSs (its modification can be used also for
CTOLs). The planner is built upon Hexagonal grids,
A* algorithm (Hart et al., 1968) is u;ed asa pIan'nin'g 2 PLANNING EOR VTOLS
procedure. The planner supports simple dynamics in-
corporating speed constraints which are, for instance, , ) . .
good for detecting whether a certain turn maneuver is OUr Pasic model, simply, deals with hex-grid path
applicable. Using grids instead of irregular (but more Planning. Since the hexagonal lattice is only 2D, we
realistic) maneuvers used in AgentFly brings a signif- must consider flight levels. Then, the discretization of

icant increase of performance because the node comhe space forms ‘honeycomb®.
The planning problem deals with finding a path

1Unmanned Autonomous Vehicles from the starting to ending waypoint, following the

2Vertical Take-Off and Landing UAVs directions (if defined) and avoiding the No-flight-

3Classical Take-Off and Landing UAVs zones (NFZs). Let us define a set of primitive ma-
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neuvers (we allow ‘diagonal moves):

Algorithm 2. Propagation of speed intervals.

Straight — Moves to adjacent (also ‘diagonally ad-  1:

jacent) hexagon according to direction.

Turn — Changes the direction (to the left or right)
by an anglat/6, /3 andr/2.

Pitch — Moves to adjacent upper (resp. lower) flight

2:
3:
4.
5:
| | 6:
evel. 7

Additionally, there are several restriction that we 8

applied for plan generation. Every turn maneuver 91_

must be followed by the straight maneuver. Every
pitch maneuver must be applied between two straight ;5
maneuvers. Planning procedure is done by A* al-

gorithm, where the actual distance from the start- 14
ing waypointg and the estimated cost to the ending 15:
16:
17:

waypoint (heuristich are computed in every open
node. The heuristib is computed as Vancouver dis-
tance (Yap, 2002) (analog to Manhattan distance). If 18

‘diagonal’ moves are allowed, then the heuristits ;8_
inadmissible but the optimality of the plans is affected ;.
very slightly. 22:

We introduce oumode with smple dynamics 23:
where we have to take into account a new parameter24:
- speed, since the basic model works well only for 25:
UAVs that move slowly. 26:

We extend thglanning problem by a basic speed

model, where we define maximal acceleration and 5q.
deceleration, minimal and maximal speeds with re- 30:
spect to particular maneuvers. From the physics it is 31:

well known that a minimal turn radius grows quadrat- 32:
33: end while

27

{Upper indices— (resp. +) stand for minimal (resp. maximal) speed
values}
COUNtyn ;= COUNtmay := 0
minspd := v, ; maxspd = vV,
Select the predecessor node as a current node
whilevg,, < minspd V v, > maxspd do
Push the current node into Stack
if maneuver is not the Turn or Pitch maneutren
maxspd = MIN (v;m, \/maxspd2 + 2as)
if maxspd # V¢, then
COUNtax + +
end if
minspd = MAX (v;m,
if minspd # v, then
couNtyin + -+
end if
end if
Select the predecessor node as a current node
. end while
. while Stack is not emptglo
Pop the element from the stack as a current node
if maneuver is not the Turn or Pitch maneutresn
if countyax > countyin then
maxspd := +/maxspd? — 2as; CoUnt gy — —
elseif countpay < countpin then
minspd := \/minspd2 + 2as; county;n — —
else
maxspd := +/maxspd? — 2as; CoUNtgy — —
minspd := /minspd2 + 2as; countyyin — —
end if
end if
Vurr := MIN (Vg , maxspd)
Veurr 1= MAX (Vgyr, minspd)

\/minspd? — 2as)

ically as a speed grows. We also can define an initial
speed (in the starting waypoint) and voluntarily a tar-
get speed interval (in the ending waypoint).

Algorithm 1. Computing a speed interval for a newly
opened node.

1. {Upper indices— (resp. +) stand for minimal (resp. maximal) speed
values}

2: if maneuver is the Straight maneuvken

3. Vg i=MAX (v*., v/ Vprer)? 72as)

4 Vi =MIN (V7 |/ (V)2 4 225)

5: endif

6: if maneuver is the Turn or Pitch maneutieen

7. if <\Fpre\/sv’;§re~/>m<\rmansv;rﬁan> = 0then

8: return null {Speed constraint cannot be satisfied for the Turn or
Pitch maneuver

9.  endif

10: Veurr := MAX (\Fprevsvr;an)

110 Vi == MIN(V ey Viran)

12: end if

13: return vg,,, Vi,

Considering speed as a new dimension might re-
sult in an explosion of the state space. To avoid this

feasible speed values in every explored node. Speed
can be changed only during the Straight maneuver ac-
cording to the speed model. During the Turn or Pitch
maneuver the speed remain constant. Any speed lim-
itation (for the Turn or Pitch maneuver) can be eas-
ily checked, i.e., if a non-empty subset of the partic-
ular speed interval satisfy the particular limits. For
the formal description, see alg. 1. We have to back-
propagate speed changes (see alg. 2) to follow the dy-
namics, for instance, the VTOL must begin to slow
down at some distance before performing the Turn
maneuver.

A feasible plan consists, like in the basic model,
a sequence of points and directions (in these points).
Maximal values of speed intervals in every point can
be set as (exact) speed values. Then, we can simply
compute time-stamps in all the points.

we introduce speed intervals that represent a range of
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3 TRAJECTORY SMOOTHING
USING A MODEL OF
HELICOPTER DYNAMICS

The spatial acceleration of the object with a
The model of helicopter dynamics serves two pur- weight m is affected by two forces (i) gravity, and
poses. Firstly, it is used as a smoothing method for (ii) the lift force of the main rotor which is param-
the resulted plans from the hex-grid planner (see Sec-eterized by thecollective rotor tilt v and computed

tion 2). Secondly, it is used during the simulation of
the helicopter movement. These two cases differ in

L)

asa= (0,0,0,—g)" +q(0,0,0,=-2)"g*. The aug-
mented vector is defined a@ = (0,a)", q* repre-

two main aspects. The smoothing process runs thesents an inversion of a quaternion and gpg* de-

model using larger time steps (improving the compu-
tational duration). On the other hand, the simulation
phase may include additional errors in the movement

scribes rotation of augmented vechby a quater-
niong.
The angular acceleration is affected byclic

caused by various real-world effects (e.g. wind, im- g0 ilt intwo dimensions 0y, 0y and anti-
perfections of the asset hardware, sensory errors andgrque tail rotor tilt 1 in a following waysa =

glitches, biased control and others).

We consider 6 DOf model consisting of three
spatial and three rotational axes. The spatial position
is described by translation vectoE (x,y,z), and the
rotation is described by three euler angpe8, ) in a
quaternion forny = (qo, q1,02,03)" -

Furthermore, both the spatial and the rotational
axes are completed by their first and second derivates
i.e., velocities and accelerations. Spatial velocity and
acceleration can be simply derived as follows:

dp

dt

The spatial acceleration respects the same pattern.

The first derivate of the rotation (angular veloc-
ity w) described in a quaternion can be derived using
differential equation for varying quaternion with an-
gular velocity described in an augmented quaternion:
@(t) = (0,an(t),wp(t),ws(t))" as follows:
dq

dt

The second derivate (angular acceleratidiis based
on a vector derivation of the augmented quaternion
describing the angular velocity.

The introduced equations describe only dynam-
ics of a mass object in space. Following formulas
describe a simplified physical model of a helicopter
based on the air lift formuld.(n) = 1pv?SCi(n),
whereL[N] is the lift force, p[kg/m?] is air density,
v[m/g is velocity of the rotor disk causing the lift
force, Sn¥] is area of the rotor disk, an@_(n) is
coefficient of lift. The lift coefficienC_ is a function
of the attack anglg of the rotor blades and it is for
the purposes of the model linearized by partially lin-
ear function with an ascending part with coefficient
and a descending part with coefficidat

v, p:/vdt, p = po -+ Vt.

_ 1w —/1 @, q = qoexp| Sat

4Degrees of freedom

2Ly (ox) 2Lr(0y) Li(t)
m

( o—,0) +(0,0,7+*). The radius of the
main rotor is denoted as distance of the tail rotor
from the main rotor axis is denoted as The lift
force of one half of the main rotor used by the cyclic
tilt is denoted ad ; and the lift force caused by the
tail rotor is denoted ak;. The parameters for the par-
ticular lift formulas differs in area of the rot@® and
'mean velocity of the rotov. The caused lift force of
the rotor cyclic is positioned in the center of the rotor
radiuss.

3.1 Mode Stabilization

The only explicit stabilization is used for horizontal
stabilization of the model. The stabilizers ensure the
model will always have tendency to stay horizontally
even. The stabilizers are two PiRontrollers. Each
controller stabilizes the model in one axis, i.e. ll
and pitch8. The target state of the model rotation is
zero angles of rotation. The regulation equations are
based on the equation of ideal PID controller and they
are discretized and used in iterative manner.

3.2 Movement Regulation

Movement of the model in the main four axes (spa-
tial axesx,y,z and rotational axisp) is handled by
four movement PID controllers. On the contrary of
the stabilization controllers, the movement controllers
are designed to fulfill requested height, velocity, di-
rection, and yaw rotation.

The first regulated value is the heightof the
model to target height. It is based on PID con-
troller. The affected action control is the collective
rotor tilt v, i.e., strength of the main rotor for climb-
ing/descending.

5propor’cional—integral—derivative
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The second two controllers affect the rotor cyclic tion problem and run as a postprocessing task on the
providing horizontal movement of the helicopter. The found trajectory. We should also investigate another
formulas are similar to the equation of the height con- problem - collision avoidance in multi-agent systems.
troller and differs in the used parameters and the error It is necessary to investigate the possibilities of effi-
definition. Theoy collective tilt is regulated by er-  cient replanning while some collision threatens.
ror value (vix — Vx) anday by error value(vyy — Vy).

The used parameters a@g |y, Dy. The current veloc-

ity v is regulated towards the target velocityin the ACKNOWLEDGEMENTS
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