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approach has not previously been applied on helicopter UAVs. However, a two
dimensional approach for marine vehicles is presented in [1| while [2]| presents
a solution for tricycles.

Modelling and control of formations of UAVs is a large and ever increasing
field of research. Other formation flight approaches, focusing on fixed wing
aircrafts, can be found in [4], [5] or [7]. In [14], control of a formation of
fixed winged aircraft taking off and landing on a ship is studied. Control of a
formation of a piloted aircraft in formation with an UAV was reported in [6],
while [15] report formation flight of three miniature jet aircraft.

UAVs are small size, light weight, able to operate autonomously and also be
replaced at low cost. With these qualities, UAVs are interesting for industrial
and military purposes. UAVs have been used for mapping of hot spots during
forest fires [8] or agricultural and crop monitoring [9]. There is also a wide
field of military applications. Applications are, among others, surveillance,
reconnaissance, radio jamming, artillery acquisition, and target simulation.
Formations of UAVs can distribute the equipment, necessary for a specific
mission, to all vehicles in the swarm and offer a huge increase of performance
and robustness compared to a single operating vehicle.

The two main approaches for formation control are potential field and leader-
follower. Combinations of those two approaches are often used to build and
move formations because they are effective, robust and easy to handle [2], [1].

As UAVs, helicopters are of special interest. They are able to perform vertical
take-offs and landings (VTOL) and to hover. Helicopters can operate from
ships, undeveloped, or urban areas. Modeling and control of helicopters is
challenging because of varying flight qualities and coupling of the dynamic
equations. Nevertheless, in [10] and [11] one can find two nonlinear models for
full scale helicopters. Especially small scale helicopter are interesting for UAV
applications. They have a very high thrust to weight ratio and can perform
extreme maneuvers. A complete and very detailed mathematical model of
a small scale helicopter is presented by [12]. A classical control approach is
based on a cascade controller, controlling attitude in the inner, lateral and
longitudinal movement in the outer loop [3|. Other approaches are based on
solving the state dependent Riccati equation [13] or neural networks [16].

2 Modelling

The helicopter is modeled as a rigid body using a north-east-down (NED,
labeled by ") and a body fixed reference frame (labeled by -°). The NED

position is given by
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with = pointing to true North, y pointing East, and z pointing downwards.
The vehicles attitude is described by Euler angles

T

: (1)

o0y

with pitch angle ¢, roll angle 6, and yaw angle 1. Velocities are described in
a body fixed frame with linear velocity

v%{uvwr. 2)

The velocity w points from aft to fore, v to starboard, and w from top to
bottom. The vector

wa[pqr]T (3)

is the angular velocity of the body fixed frame relative to the NED frame,
decomposed in the body fixed frame. Finally,

V:{vb wbr and (4)

()

T

n={p"®

combine the vectors of the two reference frames and form together with the
main rotor speed 2, and the blade flapping angles a; and b; (see Fig. 1) the
states x of the helicopter according to

T
x= v n"ar by Q| - (6)

The kinematic equation for a six degree of freedom vehicle is given by [17] as

Fig. 1. Body fixed frame and helicopter components
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using the rotation matrix

CpCo CpSeSe — SyCh SySe + CyCeSo
g(@) = swC(g ch¢ —+ $¢$98¢ 898¢C¢ — Cw$¢ 3 (8>

—Sp CoS¢ CoCy

and the kinematic transformation matrix

1 S¢t9 C¢t9
Te(®)=10 ¢, —s4 |5 9)
0 Sd)/Cg C¢/C@

with s. = sin(+), ¢. = cos(-), and t. = tan(-). Using Euler angles restricts the
vehicle’s roll angle to —90° < 6 < 90° due to the singularities in equation
(9). This could have been avoided using quaterions, but Euler angels are used
due to a more straightforward interpretation of the results. The blades can
be rotated around their length to control the helicopter movement. Lift is
controlled by rotation of all blades at the same time (collective) and attitude
by inducing an angle depending on the blade position (cyclic). Doing this,
the blade angle performs a sinusoidal curve during one round affecting the
attitude and leading to a course change. The control inputs given by

T
u= 5col 5lon 5lat 57" 515 ’ (10)

are equal to those a pilot uses. Here, d.,; is the collective control input for the
collective pitch of the main rotor blades given in rad, d;,, and d;,; are the cyclic
control inputs giving the explicit pitch in longitudinal and lateral direction,
0, is the collective pitch for the tail rotor, where no cyclic pitch is necessary.
Finally, d; is the engine control input to keep the rotor speed constant and
varies between 0 and 1.

2.1 Rigid body dynamics

The equations of motion will be presented using the notation of [17]:

MRBI) + CRB(I/)I/ = ‘r(u). (11)

Here, Mpp is the system inertia matrix, Cgp(v) the coriolis-centripetal ma-
trix, and 7 a vector of forces and moments caused by aerodynamics, gravity
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and engine. M gp has a very simple form because of neglecting the cross-axis
moments of inertia due to the fact that the origin of the body frame is placed
in the helicopter’s center of gravity while rotational symmetry is assumed [12],
[18]. Doing so, Mgp is given by

ml 0
MRB: 3x3 Y3x3 . (12)
0343 Io

Here, 1343 is a unity matrix, Iy the system inertia matrix and m the helicopter’s

mass. The matrix Cgp can be realized in different ways. In [17]|, Kirchoff’s
equations were used to derive an explicit expression. Because

M;; 0343
Mps = MbL, = ) (13)
033 Moo

holds, Cgp can be build up from the elements of Mg according to

033 —S(Myvy)
CRB(V) = (14)
—S(Mnl/l) —S<M22V2)

using the vector cross product operator S(-), defined as

A xa:=SNa, (15)

where A, a € R? and S(-) is defined as

0 —A3 Ao
SA)==SNT=1] N 0 =\ |- (16)
X A0

2.2  Forces and moments

A complex model of a small scale helicopter is presented in [12]| including all

T
parameter values. The modeled forces and moments 7 = [fg mg } , decom-

posed in body frame are given by
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er + Xfus
fg: Ymr“—qus_‘_Y;fr_‘_Y;)f +fg’ <17>
Zmr + qus + th

Lmr + va + Ltr
m, = Mmr + Mht : (18)
_Qe + Nvf + Ntr

The indexes represent the causing component which can be found in Fig. 1.
Gravity decomposed in the body frame is given by

0
f;=R;(©)" | 0 (19)

g

mg

while (). represents the engine torque. The main rotor dominates vertical,
pitch and roll dynamic, while the tail rotor dominates the yaw dynamic. The
main rotor forces and moments are caused by the thrust 7,,.. As shown in
[10], an iterative approach is necessary to calculate it. In addition, control is
complicated because of coupling between the control inputs. Because of those
issues, the full model of the small-scale helicopter is difficult to control and to
simulate. As our formation control approach is independent of the underlying
dynamics, provided hover and vertical flight is possible, we choose the simpli-
fied model in [3| for simulations. Using this model, the force representation
change to:

_ 0

=1 0 | +£, (20)
Z i
 Low | [ Yk + Vi

my=| My, | +| ~Xphuwe | (21)
Ny Yol

where h,,,, represents the vertical distance from main rotor to the center of
gravity and l;,. the horizontal distance of the tail rotor. The components in
(20) and (21) are modeled in 3] as follows:
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er = _Tmr5l0n7 (22>

Ymr = _Tmr(;lab (23)

Zmr = TmT7 (24>

Y;r = _T‘tra (25)
Paxd

Lmr = CI(S/I’Télat - Ttdlona (26)
Pmax6

My =2 6100 + 5 L 81z, and (27)

Pmaxét
N = — ) 28
0 (28)

T QT . .
where cﬁ’ , cﬁ’ ,and P ., are constants. The thrusts 7, and T}, are linearized

in [3] to
Trr = Ky 2,601 and (29)
T = Kp, Q2,6 (30)

where Kt,, and K, are constants. The engine dynamics are given by

er = ! (Qe - er) s (31>

Irot

where the engine torque (). is modeled as

B Pglaxét

Qe 0

(32)

with the constant P***. The torque @);,,, caused by the aerodynamic resistance
of the rotor, is modeled as

Qumr = (c + défol) Q2 . (33)

where ¢ and d are constant. The values of the constants are given in [3].
Fuselage, vertical fin and horizontal tail are not modeled. The main rotor
force in direction of u is neglected due to the fact that longitudinal and lateral
movement of a helicopters are dominated by the attitude. It is assumed that
Y, + Y, = 0. The controller used with the model is based on a vertical
controller and a cascade controller. The cascade controller controls the attitude
in the inner loop and the longitudinal and lateral movement in the outer loop.
All necessary parameters are included in [3].
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3 Formation control

The approach presented in the following generates for each vehicle a poten-
tial field depending on swarm constellation, formation, desired, and actual
position. It is a combination of virtual leader and potential field approach. A
movement of the virtual leader results in a deflection from the desired position
and causes the affected vehicles to correct their positions. The field is finally
used for obstacle and collision avoidance. A specific position can be assigned
to a specific vehicle in the formation. We give an overview of the system in
Fig. 2. The advantage of this approach, compared to other approaches, is the
application in three dimensions. In addition, a continuous field and thus a con-
tinuous trajectory for each vehicle is guaranteed, while providing obstacle and
collision avoidance. The algorithm creates a vector which is used to guide the
single vehicles. Finally, it guarantees acceleration to maximum vehicle speed.
The potential field of each vehicle consists of four components: virtual leader

Fig. 2. Vehicle block diagram
(F), inter vehicle (F2'), collision (Fi'), and obstacle avoidance (Fiy). The
total field is given by:

B =Fy + Fi' + B+ FoL (34)

3.1 Virtual leader

The virtual leader is the anchor of each formation and controls the formation
movement. Depending on the underlying control system its trajectory can
either be given as waypoints or as a continuous trajectory. The virtual leader’s
part of the local time dependent potential field is:

F, =K (Pﬁl —p; - {sz - PZ)D (35)
=Ko (di — dj) (36)

K, is a gain which needs to be tuned. The physical meaning of the variables
are illustrated in Fig. 3. The virtual leader component guides the vehicles

Fig. 3. Vector definitions for formation flight; pJj;: position vector of virtual leader;
p;": current position vector of vehicle ; pj: vehicle i’s place in the formation

directly to their desired positions relative to the virtual leader.
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3.2 Inter vehicle influence

The contribution of another vehicle to the potential field is expressed by:

F,;=K; (pj — b} — [P}, — i) (37)
Kij (dij — dijo) (38)

Similar to equations (35) and (36), p} is the position vector for vehicle j and
pj, is the position vector pointing to vehicle j’s position in the formation. Kj;
is the inter vehicle gain which needs to be tuned. In a swarm of N vehicles the
total component for vehicle 7 is given by

N
Fio' =Y "Fy(i,j) for j # . (39)
j=1

This component preserves the formation by affecting the vehicles to keep the
desired distances among themselves. Therefore, the ratio of K, and Kj; causes
the vehicles to follow the virtual leader (even if the formation breaks) or to
preserve their desired formation.

3.3 Collision and obstacle avoidance

To avoid collision between vehicles or obstacles a safety space is defined around
each vehicle. Due to simplicity, it is defined as a sphere with positive radius
rsav- If necessary, ellipsoids or more complex shapes could be chosen in order
to cover the physical appearance of the vehicle in a better way. Tests have
been performed using an ellipsoid space. By adding a small pitch angle to the
ellipsoid, the vehicle should be supported in ascending or descending while
avoiding a collision. This should be realized using the surface of the sphere as
a reflection surface.

Nevertheless, using the simplified model, the additional calculation costs do
not justify the advantage compared to the sphere. An additional field com-
ponent is generated if something enters the sphere, pointing away from the
invading vehicle or obstacle. To ensure collision avoidance the additional com-
ponent converges toward infinity in the center of the sphere. The additional
field component for vehicle ¢ whose safety sphere is invaded by vehicle j is
defined by
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. d./.
Bearuw — [ ) m92 for [1dil|<raas

Fii — (s ;a1 ’ (40)

0 otherwise

where ||-|| represents the vector 2-norm defined as ||x|| := \/:17% +a3+ -+ a2
Furthermore dj; = pj — pj. Assuming a destruction free flight, the distance
||dj;|| will be always nonzero. With ||dj;|| = 75, equation (40) becomes zero.
This allows a smooth insertion of the collision avoidance component and guar-
antees 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
Flo' =3 "FY for i # j. (41)
j=1
Equation (40) can be expanded on every object. Modeling obstacles as a set of

points, compared to the knots in a grid, each point can be treated like vehicles
in the swarm. Equation (40) and (41) change to

Koa Koa dk:L
. Ta — roe ) Tracy for [ldkill<rsav
ik _ (||dm'H Ts ) l|dk:ll
Foa - * ' (42)
0 otherwise
M .
Fiot =3 Fk fori 4k (43)
k=1

for obstacle avoidance. Here, dy; represents one of the M place vectors which
model a detected obstacle. The distance between the place vectors should not
be larger than r4,,/2 to provide a complete obstacle recognition for the avoid-
ance. For increased performance, rg,, should be chosen dynamically, depending
on the vehicle’s velocity:

T'sav = Tmin + Ksav‘ ‘pn‘ ‘ ) (44>

sav

main

using K,y as a gain and 7" as the minimum distance for a save avoidance.
Other choices for (44) are possible.

3.4 Potential field

Summation of the field components gives the magnitude and direction of the
potential field for vehicle ¢ at its current position. The field is continuous and
singularity free, assuming the restrictions given before. Note that a benefit
of this approach is that no knowledge of the UAV model is needed in order

10
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to formulate the various components of the field. It is reasonable to define a
maximum amplitude for the force vector while keeping its direction:

[tot

Fgot — min { ||]’_ivlgotH7 o on } 7| |ont|| (45)

Fqe will be the upper limit of the field’s strength and therefore a limitation for
the vehicle’s speed. Fi,q. should be chosen dynamically to use the maximum
vehicle speed. This can be realized by taking the vehicle’s NED velocity ||p”||
into account:

Fmax:szn+Kv||an (46>

where F,;, is a minimum value for F,,,,, and K, is a gain. As long as the vehicle
is accelerating, the distance to the vehicle’s reference position will also increase.
This keeps the vehicle accelerating until the maximal velocity is reached. Fig.
4 shows a computed potential field for a specific vehicle interacting with two
other vehicles. The reference (index r) trajectory x, in Fig. 2, which is used

(a)
(b)

Fig. 4. (a) Potential field magnitude (b) Potential field direction.
The used 744, is indicated by black circles and the vehicles position by the red
(opponent) and green (desired) lines resp. crosses.

by the controller to calculate the helicopter’s control inputs, is based on the
desired NED movement

p;.=p; + F". (47)

The attitude reference is calculated following [3] by using the NED acceleration
as follows

11
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0
a=p;. — 0], (48)
g
Ny
a’ﬂ
— - _r 49
il K Rl 1P “9)
n,
0, = atan2 (—sy, ny + Cp, Ny, Nz ) (50)
¢ = atan2 (—cg, Sy, Ny + Cop, Cyp My, —Nz) - (51)

where g is the gravity constant and 1, is the yaw angle reference. We calculate
the body frame values v, using equation (7). A local minimum in the magni-
tude of the field can be noticed on Fig. 4. This is because of opposing virtual
leader and collision avoidance force. The vehicles will not be caught in this
minimum because it is not a stable minimum, unlike the desired position, see

Fig. 4 (b).

3.5 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 large d;. This
would result in a domination of the virtual leader part in the potential field
and could constrict an effective collision or obstacle avoidance. Stability of
the single vehicles is ensured by the underlying control system which is used
to follow the vehicle’s trajectories generated by the potential field. The used
control system is discussed in [3].

Assumption 1 [t is assumed that stability of the overall formation system is
guaranteed if the generated trajectories are feasible for the underlying control
system (e.g. in causing limited control actions).

The used controller requires a continuous trajectory which is provided by the
presented solution. Other controllers may induce additional restrictions which
need to be covered by adjusting the algorithm. We have found that varying
K1, and then choosing

Ki; =Ku/N, (52)
Koo =10 Ky - rmin (53)

sav

12
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where N represents the amount of vehicles in the group results in good perfor-
mance. The numerical value of K,; will vary from case to case. Due to the fact
that the controller in Fig. 2 normally takes the reference velocity into account,
™" should be chosen as the distance, the vehicle needs to perform a stop from
full speed. Using the distances d;, and d;j, in (36) and (38) improves the ro-
bustness during flight by reducing necessary calculations or communications.
The distance between virtual leader and vehicles remains constant, indepen-
dent of the current swarm position. A continuous calculation and update of
the desired position of each vehicle in the formation is not necessary while the

virtual leader is moving.

4 Simulation results

In this section we present some simulations illustrating the approach. Fig.
5 shows an in flight formation reconfiguration. A group of three helicopters
changes from line to triangle formation.

Fig. 5. Formation reconfiguration

Fig. 6. Vector 2-norm of the distance between the desired (pl') and current (p")
position of the vehicles in Fig. 5. Top graph for the red vehicle, middle graph for the
green and lower graph for the blue one.

Fig 6 shows the corresponding vector 2-norm of the distance between desired
and current position of the tree vehicles. This distance is equal to the individ-
ual field magnitude ||F%°*|| at the vehicles position. There are three interesting
times:

(1) 36s: The vehicles begin to change from line to triangle formation. Intro-
duced by reaching a waypoint.

(2) 52s: The vehicles reach an other waypoint, where they finish the formation
reconfiguration.

(3) 53s: Faz is reached. The field magnitude continues to increase while the
vehicles keep accelerating as discussed in connection with equation (46).

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

Fig. 7. Obstacle avoidance

As in Fig. 4 (a), the potential field has an unstable local minimum in front of
the obstacle which is passed by the vehicles, see section 3.4. The autopilot of [3]
was used. This is a cascade controller, controlling rotational movement in the

13
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inner loop and translational movement in the outer loop. The parameters used
for the presented simulations can be found in Table 1. More details regarding
the autopilot and simulations can be found in [19].

Table 1
Potential field parameter

5 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 potential fields using a virtual leader and taking the vehicle’s
velocities into account. It is universal applicable using the vehicle’s auto pilot.
The formation flight solution works very well with the presented simplified
helicopter model.

There are several topics for future work on this topic. Validation with complete
models of other vertical take-off and landing (VTOL) UAVs could be useful.
There might be a possibility for the individual components in (34) to be in
conflict. A study of this could include automatic tuning of gains or weights for
the different components. Another group of topics of interest could be to study
how to employ the proposed method in the case of critical system failures such
as engine problems, sensor failures or communication faults.
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(p"™) position of the vehicles in Fig. 5. Top graph for the red vehicle, middle
graph for the green and lower graph for the blue one.
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Fig.7 Obstacle avoidance
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Description

Maximum field strength

Parameter
Friaz = 80

Minimum field strength

min __
reayt = 30m

Safety radius

Virtual leader gain

Inter vehicle gain

Kgy=1
Kiy =0.1
Kea = 240

collision avoidance gain

Table 1
Potential field parameter




