UAV Formation Flight using 3D Potential Field
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Abstract— The paper presents a solution for formation flight ~ As UAVS, helicopters are of special interest. They are able t
and formation reconfiguration of unmanned aerial vehicles perform vertical take-offs and landings (VTOL) and to hover
(UAVs). Based on a virtual leader approach, combined with  yajicopters can operate from ships, undeveloped, or urban

an extended local potential field, it is universal applicable by Modeli d trol of heli ¢ is chall .
driving the vehicle’s auto pilot. The solution is verified, using r€as. MOCE€INg and control Of helicoplers IS challenging

a group of UAVs based on a simplified small-scale helicopter, Pecause of varying flight qualities and coupling of the
which is simulated in MATLAB "*!/Simulink ™. As necessary ~dynamic equations. Nevertheless, with [9] and [10] one can
for helicopters, the potential field approach is realized in find at least two nonlinear models for full scale helicopters

3D including obstacle and collision avoidance. The collision Especially small scale helicopter are interesting for UAV
avoidance strategy could be used separately for theense and

avoid problem. demands. They have a very high thrust to weight ratio

Index Terms— Unmanned systems, aerospace control, mod- and can perform extreme maneuvers. A complete and very

elling and simulation detailed mathematical model of a small scale helicopter is
presented by [11].

l. INTRODUCTION A classical control approach is based on a cascade conmtrolle

The contribution of this paper is the presentation of @&ontrolling attitude in the inner, lateral and longitudina
virtual leader formation approach combined with an extendemovement in the outer loop [3]. Other approaches are based
version of the potential field solution presented in [1] andn solving the state dependent Riccati equation [12] oraleur
[2]. The approach is applied to a formation of helicoptenetworks [13].
UAVs presented in [3], providing obstacle and collision
avoidance. The algorithm supports flight with maximum
vehicle speed and could be adopted easily to vehicles with The helicopter is modeled as a rigid body using a north-
different dynamics. To the authors knowledge, a potentig@ast-down (NED, labeled by) and a body fixed reference
field approach has not previously been applied on helicopté@me (labeled by®). The NED position is given by
UAVs. However, a two dimensional approach for marine pt = [ c y z ]T
vehicles is presented in [1] while [2] presents a solution
for tricycles. Other formation flight approaches, focusorg Wwith = pointing to true Northy pointing East, and pointing
fixed wing aircrafts, can be found in [4]-[6]. downwards. The vehicles attitude is described by Euler
Beside the abilities to be built in small size, light weightangles
and operating autonomously, UAVs can also be replaced e — 0 T 1
at low cost. With these qualities, UAVs are interesting for - [ ¢ ¥ ] : @
industrial and military purposes. UAVs have been used faxith pitch angleg, roll angleé, and yaw angle. Velocities

mapping of hot spots during forest fires [7] or agriculturakre described in a body fixed frame with linear velocity
and crop (coffee, etc.) monitoring [8]. There is also a b

wide field of military applications. Applications are, angpn vio = [u v ow ]T- )
others, surveillance, reconnaissance, radio jammintjeayt  The velocityu points from aft to forep to starboard, and
acquisition, and target simulation. Formations of UAVS cafrom top to bottom. The angular velocities

distribute the equipment, necessary for a specific mission, .

to all vehicles in the swarm and offer a huge increase of W’ = [ p qr ] 3)
perr]folrmance and robustness compared to a single operati%gate around the axes of. Finally,

vehicle.

The two main approaches for formation control are poten- v = [vP WP ]T and (4)
tial field and leader-follower. Combinations of those two _ [ n@ )
approaches are often used to build and move formations i p

because they are effective, robust and easy to handle [thmbine the vectors of the two reference frames.

[2]. v andn are, together with the main rotor speéq,, and

II. MODEL



the blade flapping angles, andb; (see Fig. 1) the states A. Rigid body dynamics
of the helicopter: The equations of motion will be presented using the
T ©) notation of [14]:
6
Mpgpt + Crp(v)v = 7(u). (11)
The kinematic equation for a six degree of freedom vehiclgq e Mpp is the system inertia matrixCprp(v) the
coriolis-centripetal matrix, and- a vector of forces and

x:[uT nT a; b er}

ﬂn rotor (mr)al moments caused by aerodynamics, gravity and engine.
"""""" 3 Y /- vertical fin (vf) Mprp has a very simple form because of neglecting the
L N q} b1 cross-axis moments of inertia due to the fact that the oogin
TT~— 7 P all rotor (in) the body frame is placed in the helicopter’s center of gyavit

,,,, horizontal tail (ht)

center of gravity (c.g.) while rotational symmetry is assumed [11], [15]. Doing so,
Yo, r Mpgp is given by:
fuselage (fus)
_ ml3y3 03x3
. . . Mg = : (12)
Fig. 1. Body fixed frame and helicopter components 033 I

Here,I5. 3 is a unity matrix,Io the system inertia matrix and

is given by [14]: m the helicopter's massCrp can be realized in different
ways. In [14] Kirchoff's equations were used to derive an
9= { R;(©) 0343 ] v ) explicit expression. Because
03x3 Te(®) |’

(13)

M 0
Mpp =M%, = [ 11 Usxs }

03x3 My

holds, Crp can be build up from the elements Mgp:

using the rotation matrix

CyCo  CypSeSe — SyCh  SypS¢p T CyCeSe s )
Ry (©)=| SyCo CyCy+ S3SSy  S9SyCy — CpSep |+ (8) Crnly) — { O3x3 —S(Myvq ] 14
—s9 oSy cocy rB(v) —S(Myivy) —S(Maars) (14)
and the kinematic transformation matrix using the vector cross product operaffr), defined as
A xa:=S(Na, (15)
1 syte Coto )
Te(®)=|0 ¢ —S8¢ |, (9) WwhereX, a € R? andS(:) is defined as
0 S¢/09 C¢/09 0 —A3 Ao
_ T _ _
with s. = sin(-), ¢. = cos(), and¢. = tan(-). Using Euler SA) =-5(3) _>\)\32 ;)1 5\1 ' (16)

angles restricts the vehicle’s roll angle t90° < 8 < 90°
due to the singularities in equation (9). This could havenbeeB. Forces and moments
avoided using quaterions, but Euler angels are used due to @ complex model of a small scale helicopter is presented
more straightforward interpretation of the results. in [11] including all parameter values. The modeled forces
The blades can be rotated around their length to control thgyd momentsr = [ f2 m! ]T, decomposed in body
helicopter movement. Lift is controlled by rotation of allframe, are

blades at the same time (collective) and attitude by inducin -

. " ; : Xpr + X
an angle depending on the blade position (cyclic). Doing b mr fus b
this, the blade angle performs a sinusoidal curve during one fo = Yer+ qu§+ Ym; Yop | +15, (A7)
round affecting the attitude and leading to a course change. L mr T Zfus + Zht
The control inputs of the presented model are equal to those Ly 4 Loy + Liy
a pilot uses: m) = My + My : (18)
L 7Qe+N1;f+Ntr
u = [ ot Oon Oiat O O }T (10)  The index represents the causing component which can

be found in Fig. 1. The forcefj; is caused by gravity
dcor is the collective control input for the collective pitch of decomposed in the body frame:

the main rotor blades given in rad,,, andd;,; are cyclic

control inputs giving the explicit pitch in longitudinal ffc # - RYO)T 8 19
u) and lateral (cpv) direction.§, is the collective pitch for g = 5(©) (19)
mg

the tail rotor, where no cyclic pitch is necessary. Finally
is the engine control input to keep the rotor speed constawhile @), represents the engine torque.

and varies betweef and 1. The main rotor dominates vertical, pitch and roll dynamic,
Sl units are used in the entire paper. while the tail rotor dominates the yaw dynamic. The main



rotor forces and moments are caused by the thfiyst As  The controller used with the model is based on a vertical
shown in [9], an iterative approach is necessary to caleulatontroller and a cascade controller. The cascade controlle
it. In addition, control is complicated because of couplingontrols the attitude in the inner loop and the longitudarad
between the control inputs. Because of those issues, the flateral movement in the outer loop. All necessary pararaeter
model of the small-scale helicopter is difficult to contralda are included in [3].

to simulate.

. L I1l. FORMATION CONTROL
As our formation control approach is independent of the . )
underlying dynamics, if hover and vertical flight is possibl The approach presented in the following generates for each

we choose the simplified model in [3] for simulations. Usinq/ehiCIe a potential field depending on swarm constellation,
this model, the force representation change to: ormation, desired, and actual position. It is a combimatio

of virtual leader and potential field approach. A movement

. 0 . of the virtual leader results in a deflection from the desired
f; = 0 | +1g, (20)  position and causes the affected vehicles to correct their
L Zmr positions. The field is finally used for obstacle and collisio
[ Ly Yrhmr + Y her avoidance. A specific position can be assigned to a specific
m‘; = My | + —Xrhmr . (21) vehicle in the formation. We give an overview of the system
| Nowr Y lir in Fig. 2.

h,,, represents the vertical distance of the main rotor referre-g1e advantage of this approach, compared to other ap-

to the center of gravity antj, the horizontal distance of the proaches, is the application in three dimensions. In aafdit

tail rotor. The components in (20) and (21) are modeled if C(_)ntln_uous field and thl.JS a cont!nuous trajectory f_or _each
[3] as follows: vehicle is guaranteed, while providing obstacle and dotis

avoidance. The algorithm creates a vector which is used to

Xmr = —Tmrlion, (22) guide the single vehicles. Finally, it guarantees accttera
Yor = —TonrOiat, (23) to maximum vehicle speed. The potential field of each
Zmr = *Tmr (24) P - Ftot x
T otential |t : T ; u
. Trajectory Helicopter| :
Yo = T, (25) field i ™ generation ™| controller [ ™ Helicopter
T Pmax(st generatior)
Lir = oy Olat — Ston, (26) } i f
mr X
Paxd
o Q,T max¥t
My = cyp Oton + Q. diat, and @7) Fig. 2. Vehicle block diagram
Praxd:
Npr = - Sax ) (28)  vehicle consists of four components: virtual lead#,{,
mr

o inter vehicle F}2"), collision (F), and obstacle avoidance
wherec ™, ¢k, andP,,.. are constants. The thrusts,.  (F't). The total field is given by:

oa
andT;, are linearized in [3] to = ot tot tot tot
, F, = F,+ F,;j +F.+F,, . (34)
Ty = Kry$y,0co and (29) A Virtual leader

_ 2
Tir = Krpl2y,,0r, (30) The virtual leader is the anchor of each formation and con-
whereKr,, andKr,. are constants. The engine dynamic igrols the formation movement. Depending on the underlying

given by control system its trajectory can either be given as waypoin
. 1 or as continuous trajectory.
Qo ™ (Qe — Quar) - (31) The virtual leader’s part of the local time dependent paatnt
ro field is:
The engine torqué). is modeled by
pmaxg Fy, =Kqg (pgl - p? - [pgl - p’Z)]) (35)
e t
Qe = Qe (32) =Ku (d; —d;,) (36)
with the constantP™*. The torqueQ,.., caused by the Kvi i @ gain which needs to be tuned. The variables are
e . mri . . . .
aerodynamic resistance of the rotor, is modeled as shown in Fig. 3. The virtual leader component guides the
) ) vehicles directly to their desired positions relative te th
Qmr = (c+ddz) Qs (33) virtual leader.

wherec andd are constant. The values of the constants am. Inter vehicle influence

given in [3]. Fuselage, vertical fin and horizontal tail at n - e contribution of another vehicle to the potential field
modeled. The main rotor force in direction ofis neglected g expressed by:

due to the fact that longitudinal and lateral movement of a

helicopters are dominated by the attitude. It is assumed tha Fij K;; (P} —p' — [P}, — Pi,]) @37)
Yinr + Y = 0 (cp. [3]). = Kjj (dij — dijp) (38)



virtual leader |- ||2 represents the vector 2-norm. The vector 2-ngirti-
of a vectorx € R" is defined as

Ixllz = /23 + B+ + 22 (41)

In the rest of this work, if not specified, the expression
|| - || refers to the 2-norm. Furthermord;; = p}' — p}
Assuming a destruction free flight, the distarjpe;;|| WI||
be always nonzero. With|d;;|| = rs. equation (40)
becomes zero. This allows a smooth insertion of the collisio
avoidance component and guarantees a continuous potential
field. Again, K., is a gain which needs to be tuned. The
total amount of the collision avoidance term is given by:
N
i's actual position Flot — Z F¥ for i+ j. (42)
j=1
Fig. 3.  Vector definitions for formation flightp?;: posmon Ve_CtOI'"Of Equation (40) can be expanded on every object. Modeling
‘F;'Igg:'Ir']efhie;o‘r’;étfgr:re”t position vector of vehiclé; pi: vehicle i's obstacles as a set of points, compared to the knots in a grid,
each point can be treated like vehicles in the swarm. Equatio
(40) and (42) change to

Similar to equations (35) and (36, is the position vector { ( Ko Ko

dg;
for vehiclej andp? is the position vector pointing to vehicle ~ Fif, = (]| T) [T Hdkz”é“” (43)
Jj's position in the formationkj; is the inter vehicle gain 0 otherwise
which needs to be tuned. In a swarm Mfvehicles is the ror i )
total component for vehiclé is given by Foa = ZFoa fori # k (44)

N

tot  __ . . for obstacle avoidance. Herdy; represents one of thisl
Fi = Z Fi(i,j) for j 7. (39) place vectors which model a detected obstacle. The distance
between the place vectors should not be larger than/2
This component preserves the formation by affecting thg provide a complete obstacle recognition for the avoidanc
vehicles to keep the desired distances among themselvgs.increase the performance,,, should be chosen dynam-
Therefore, the ratio oK, and Kj; causes the vehicles to jcally, depending on the vehicle’s velocity:
follow the virtual leader (even if the formation breaks) or t
preserve their desired formation. rsaw = Ty + Kev|[D"]], (45)

using K., as a gain anad™* as the minimum distance for

sav

a save avoidance. Other choices for (45) are possible.
To avoid collision between vehicles or obstacles a safet

space is defined around each vehicle. Because of simplicity?- Potential field

is defined as a sphere with positive radiyg,. If necessary, Summation of the field components gives magnitude and
other shapes like ellipsoids or more complex could be choselirection of the potential field for vehicle at its current

for covering the shape of the vehicle in a better way. Tesgosition. The field is continuous and singularity free, assu
have been performed using an ellipsoid space. By addinigg the restrictions given before. It is reasonable to dedine
a small pitch angle to the ellipsoid, the vehicle shouldnaximum amplitude for the force vector while keeping its
be supported in ascending or descending while avoidirgjrection:

j=1

C. Collision and obstacle avoidance

a collision. This should be realized using the surface of _ ftot

the sphere as a reflection surface. Nevertheless, using the ~ Fi* = min{ |[FI*!|, Foa } = (46)
simplified model, the additional calculation costs do not [1E5]

justify the advantage in compare to the sphere. Finae Will be the upper limit of the field’s strength and

An additional field component is generated if somethingherefore a limitation for the vehicle’s speef,,... should
enters the sphere, pointing away from the invading vehiclee chosen dynamically to use the maximum vehicle speed.
or obstacle. To ensure collision avoidance the additiondlhis can be realized by taking the vehicle’s NED velocity
component converges toward infinity in the center of thép™|| into account:
sphere. The additional field component for vehiclwhose ‘n

P P Fmaz - szn + Kv| |P H (47)

safety sphere is invaded by vehiclds defined by
whereF,,,;,, is a minimum value fofF,,,, andK, is a gain.

KeaTsan dji . . . .
Fii — { ( G _Kca) M,y for lldssll<rsao .(40) As long as the vehicle is accelerating, the distance to the

0 otherwise vehicle’s reference position will also increase. This leep



the vehicle accelerating until the maximal velocity is fead.  collision avoidance force. Due to variations in the vetikcle

Fig. 4 shows a computed potential field for a specific vehiclmmovement, the vehicles will not be caught in this minimum

interacting with two other vehicles. because it is not a stable minimum, unlike the desired
position (cp. Fig. 4 (b)).

E. Stability

It is advisable to limit the virtual leader influence. Due
to the fact that a waypoint can be far away from the actual
position, the field component in equation (35) respectively
(36) can become large because of a ladge This would
result in a domination of the virtual leader part in the
potential field and could constrict an effective collision o
obstacle avoidance. Stability of the single vehicles isiegt$
by the underlying control system which is used to follow the
vehicle’s trajectories generated by the potential fielde Th

y in meters 0 o «in meters used control system is discussed in [3].
@ Assumption 1. It is assumed that stability of the overall
formation system is guaranteed if the generated trajeetori
o NN ) AR are feasible for the underlying control system (e.g. in aagis
§ Q: § /;ﬁf 555555 limited control actions).
AN\ ‘i A AR . . : :
NN\ Y N ,,J{(‘:;:;:g:::: The used controller requires a continuous trajectory which
5 100 | l::: § § o NN oo aa ] is provided by the presented solution. Other controllery ma
2 JIJI )ﬁgﬁj‘z\é‘/// iniiaiiingll induce additional restrictions which need to be covered by
c ~~NN N A . . . . . .
£ =y ___.,__\\.‘73/;7’"" adjusting the algorithm. Starting assumption for the gairs
T 50 e e K e X~ given in the following:
— e A, . A Y -~ \‘.K/ %
YV EREEE ----<L‘~-\-a\;':*‘:\\i; Ki = Ku/N, (53)
S AN K 10 Kor - piuin (54)
0 . . . ca — Byl Ty
0 50 100 150 i _
x in meters whereN represents the amount of vehicles in the group. Due

(b) to the fact, that the controller in 4Fig. 2 normally takes the
reference velocity into account;?”” should be chosen as
- Fig. 4& @ Pptg_ntial :;ietl)d Bﬁlagl?itl_ld? (b) Pdotﬁntial ;i_elld ditere. . the distance, the vehicle needs to perform a stop from full
° ust(;e gr{g()j I(Soé)npcﬁ:tr(\et) ar):d g?’geslzgee;rzg) Iitngsvseslg.esrgg:gls(.m g _SpEEd' Using the dIStanC@'EQ anq dij, In (36)_and (38)
improves the robustness during flight by reducing necessary
The reference (index) trajectoryx,. in Fig. 2, which is calculations or communicatiops. The distqnce between vir-
used by the controller to calculate the helicopter's cdntrdu@! leader and vehicles remains constant, independeheof t
inputs, is based on the desired NED movement: current swarm pos'lfuon. A contlnuqus qalculatlon aqd updat
of the desired position of each vehicle in the formation is no
P, = P+ Fi*'. (48) necessary while the virtual leader is moving.

The attitude reference
the NED acceleration:

s calculated following [3] by using IV. SIMULATION RESULTS
Fig. 5 shows an in flight formation reconfiguration. A

0 group of three helicopters changes from line to triangle
al = p;.—|0], (49) formation.
g Fig 6 shows the corresponding vector 2-norm of the
Ny " distance between desired and current position of the tree ve
n — n, | = a?” , (50) hicles. This distance is equal to the individual field maghét
n, [[ap]] ||Fiot|| at the vehicles position. There are three interesting
0, = atan2—sy,, n, + cy,ng,n.), and (51) t'ml‘;S:% The venicles bed ) - .
_ s: The vehicles begin to change from line to triangle
Or = A@ANA—c,59,nz + Co.Cp. My, —12) - (52) formation. Introduced by reaching a waypoint.
¢ is the gravity constant and, part of the formation 2) 52s: The vehicles reach an other waypoint, where they
description. We calculate the body frame valugsusing finish the formation reconfiguration.
equation (7). 3) 53s:F,,q: is reached. The field magnitude continues

A local minimum in the fields magnitude can be noticed to increase while the vehicles keep accelerating (cp.
on Fig. 4. This is because of opposing virtual leader and equation (47)).
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Fig. 5. Formation reconfiguration

Parameter Description

Fraz = 80 Maximum field strength
Frin =3 Minimum field strength
riin — 30m | Safety radius

K, =1 Virtual leader gain

K;y = 0.1 Inter vehicle gain

Kea = 240 collision avoidance gain

TABLE |
POTENTIAL FIELD PARAMETER

V. CONCLUSION

In this paper, we presented a solution for collision and
obstacle free formation flight and reconfiguration of groups
of autonomous helicopters. The solution is based on patenti
fields using a virtual leader and taking the vehicle’s vdlesi
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Fig. 6. Vector 2-norm of the distance between the desipéd @nd current 4]
(p™) position of the vehicles in Fig. 5. Top graph for the red eéimiddle
graph for the green and lower graph for the blue one.

(5]

An appropriate mission for groups of small scale helicopter[6]
UAVs are power line inspections. In Fig. 7, a group of five
helicopters is heading toward a power line. No adjustmentg]
of gains were necessary.

(8]

(9]

z in meters

[10]

[11]

50 ) -
0 - 50 [12]
.50 50 0

y in meters X in meters

[13]

Fig. 7. Obstacle avoidance
[14]
As in Fig. 4 (a), the potential field has an unstable local
minimum in front of the obstacle which is passed by thgs
vehicles (cp. section IlI-D). The parameters used for the

presented simulations are printed in table I.

into account. It is universal applicable using the vehgle’
auto pilot. The formation flight solution works very well
with the presented simplified helicopter model. Future work
should concentrate on validation with complete models of
other vertical take-off and landing (VTOL) UAVs.
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