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Abstract: In this paper, we present a full scheme for the cooperative control of multiple unmanned aerial vehicle
(UAV) helicopters. We adopt the leader-follower pattern to maintain a fixed geometrical formation while navigating the
UAVs following certain trajectories. More specifically, the leader is commanded to fly on some predefined trajectories,
and each follower is controlled to maintain its position in formation using the measurement of its inertial position and
the information of the leader position and velocity, obtained through a wireless modem. More specifications are made for
multiple UAV formation flight. In order to avoid possible collisions of UAV helicopters in the actual formation flight test,
a collision avoidance scheme based on some predefined alert zones and protected zones is employed. Simulations and
experimental results are presented to verify our design.
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1 Introduction

Unmanned aerial vehicles, or commonly known as UAVs,
are autonomous flying vehicles equipped with sensing de-
vices and possibly weapons. They can be used to carry out
tasks in dangerous situations, for example, reconnaissanc-
ing over hostile territories or tracking battle damage of en-
emy targets (see, e.g., [1]). UAVs have many potential mili-
tary and civil applications and are also of great scientific sig-
nificance in academic research. However, the current UAVs
tend to be complex, expensive, and often bulky. This has
motivated the development of the coordinating control of
low-cost UAVs in formation flight, in which a group of
UAVs fly in a desired graphic formation . The advantages
of formation flight have long been known. It is believed
that the formation-flying cooperative behavior of birds can
increase the efficiency of group performance. Military air-
craft, ground units, and naval forces use this strategy to
benefit from mutual protection, concentration of offensive
power, and simplification of control (see, e.g., [2∼6]).

The UAV research group at the National University of
Singapore has successfully constructed a series of UAV
helicopters, integrated from some hobby radio-controlled
helicopters such as Raptor 90, and implemented fully au-
tonomous flight tests that include hovering, waypoint tra-
jectory tracking navigation, automatic take-off and landing
(see [7∼9]). It is natural for us to expand our research do-
main to the flight formation of multiple UAVs.

In this paper, we present a full scheme for the cooperative
control of multiple UAV helicopters, including control sys-
tem design and collision avoidance scheme. In our proposed
formation flight strategy, we adopt the leader-follower pat-

tern to maintain a fixed geometrical formation while navi-
gating the UAVs following certain trajectories. More specif-
ically, the leader UAV is commanded to fly along some pre-
defined trajectories, and each follower is controlled to main-
tain its position in formation using the measurement of its
inertial position and the information of the leader position
and velocity, obtained through a wireless modem. In order
to avoid possible collisions of UAV helicopters in the actual
formation flight test, a collision avoidance scheme based
on some predefined alert zones and protected zones is em-
ployed. Other specifications for multiple UAV formation are
also investigated. Simulations and experimental results are
presented to verify our design.

2 Dynamic model of single UAV platform

We review in this section some results for modeling
and control of small-scale helicopters. A linear model has
been obtained using frequency-domain system identifica-
tion methods. This model is valid for hovering and low-
velocity maneuvers (see, e.g., Kim et al. [10]). A controller
is used for waypoint navigation of a single UAV. This con-
troller is used as the inner loop controller in the design
of a formation flight controller. It is used to guarantee the
asymptotic stability of the relative motion between the UAV
and the surrounding air.

The dynamic transient response of the relative motion be-
tween the UAV and the surrounding air can be assumed to
be much faster than that of the flight trajectories in con-
ventional maneuvering (see Larson [11]). Based on this as-
sumption a frequency domain identification technique is
used to fit the model parameters. We have completed the

Received 7 September 2009.

c© South China University of Technology and Academy of Mathematics and Systems Science, CAS and Springer-Verlag Berlin Heidelberg 2010



62 B. YUN et al. / J Control Theory Appl 2010 8 (1) 61–68

modeling and control of an UAV helicopter Raptor 90 as
shown in Fig.1.

Fig. 1 HeLion: a UAV helicopter with Raptor 90.
The model of the UAV is given by

ẋ = Ax + Bū, (1)
where

x =
(
u v p q φ θ as bs w r rfb

)T
, (2)

ū =
(
δlat δlon δcol δped

)T
, (3)

A=

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

Xu 0 0 0 0 −g Xas 0 0 0 0
0 Yv 0 0 g 0 0 Ybs

0 0 0
Lu Lv 0 0 0 0 Las

Lbs
0 0 0

Mu Mv 0 0 0 0 Mas Mbs 0 0 0
0 0 1 0 0 0 0 0 0 0 0
0 0 0 1 0 0 0 0 0 0 0

0 0 0 −1 0 0
−1
τf

Abs
0 0 0

0 0 −1 0 0 0 Bas

−1
τf

0 0 0

0 0 0 0 0 0 Zas
Zbs

Zw Zr 0
0 0 Np 0 0 0 0 0 Nw Nr Nrfb

0 0 0 0 0 0 0 0 0 Kr Krfb

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

, (4)

B =

⎡
⎢⎢⎢⎢⎢⎢⎢⎣

06×4

Auas
Aubs

0 0
Buas

Bubs
0 0

0 0 Zu 0
0 0 Nu Nu

0 0 0 0

⎤
⎥⎥⎥⎥⎥⎥⎥⎦

, (5)

and where u, v, and w are the longitudinal, lateral, and ver-
tical speeds (in m/s) in the helicopter coordinate frame; p,
q, and r are the roll, pitch, and yaw rates (in rad/s) in the
helicopter frame; φ and θ are the roll and pitch of the he-
licopter (in rad); as and bs are the longitudinal and lateral
rotor flapping angles; rfb is a yaw rate feedback term in the
dynamics; δlat and δlon correspond to the cyclic lateral and
longitudinal control inputs; and δcol and δped are the collec-
tive and directional inputs, respectively. Interested readers
are referred to [8] for more detailed information on matri-
ces A and B. A flight control law designed using the so-
called composite nonlinear feedback control technique has
also been reported in [8]. The control system has been ex-
perimentally tested and proved to be very successful.

3 Modeling and control of flight formation
In this work, we focus primarily on a leader-follower for-

mation flight pattern, in which one of the UAVs serves as
the leader and the rest as the followers. In what follows, we
present the dynamic model of such a formation scheme and
its control law design.
3.1 Model of leader-follower formation flight

The position and altitude of the wind frame for both
leader and follower UAVs need to be related to an inertial
reference frame, denoted with the subscript as depicted in
Fig.2. To simplify the analysis, all the vectors �RL, �RW and
�RLW and the follower UAV’s velocity are resolved in or
transfered to leader UAV’s wind frame (see [12]).

Fig. 2 Leader-follower UAV formation geometry.
The separation distance is also defined along the leader

UAV’s wind frame. Define f as positive when the follower
is in the front of the desired position along the leader’s ve-
locity, which is the same as the definition of the x axis of the
leader’s wind frame; define l as positive when the follower
is on the left side of the desired position, which is the same
as the definition of the y axis of the leader’s wind frame;
define h as positive when the follower is under the desired
position, which is the same as the definition of the z axis of
the leader’s wind frame. Then through the coordinate trans-
formation to the leader UAV’s wind frame, we have a direct
geometric relation of the separation between the leader and
the wing as follows:

�RW = �RLW − �RL =

⎛
⎝f

l

h

⎞
⎠ , (6)

where

�RL =

⎛
⎝ fc

lc
hc

⎞
⎠ , �RLW = CB

⎛
⎝xL − xw

yL − yw

zL − zw

⎞
⎠ , (7)

and where matrix CB is the transformation matrix from the
NED frame to the leader’s wind frame.

The leader UAV is flying at a velocity of VL which rotates
with an angular rate of ωL, which drives the leader UAV’s
wind frame also rotating compared with the inertial frame.
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The wind frame’s rotating angular velocity, �ωL, is defined
as

�ωL =

⎛
⎝ωL

x

ωL
y

ωL
z

⎞
⎠ . (8)

From GPS signals, we can also calculate the transforma-
tion matrix from the NED frame to the leader UAV’s wind
frame [12], i.e.,

cos φ =
Vx√

V 2
x + V 2

y + V 2
z

, (9)

cos θ =
Vy√

V 2
x + V 2

y + V 2
z

, (10)

cos ψ =
Vz√

V 2
x + V 2

y + V 2
z

, (11)

where θ, φ, ψ are Euler angles between the NED frame and
the leader UAV’s wind frame. The transformation matrix
from the NED frame to the leader UAV’s wind frame is
given by

BWL =

⎡
⎣ cθcψ cθsψ −sθ

−cφsψ + sφsθcψ cφcψ + sφsθsψ sφcθ

sφsψ + cφsθcψ −sφcψ + cφsθsψ cφcθ

⎤
⎦,

where c and s denote cos and sin, respectively.
Noting that

�RW =

⎛
⎝f

l

h

⎞
⎠

= �RLW − �RL

= BWL

⎛
⎝xL − xw

yL − yw

zL − zw

⎞
⎠ −

⎛
⎝ fc

lc
hc

⎞
⎠ , (12)

the rate of change of the vectors can also be expressed as

D�RW

Dt
=

D�RLW

Dt
− D�RL

Dt

=
d�RLW

dt
+ �ωL × �R − D�RL

Dt
, (13)

where the change of the relative position �RLW in the
leader’s rotating reference frame is transferred to the iner-
tial reference frame. Assume that the desired separation be-
tween leader and follower UAVs is a constant, which means
fc, lc and hc are all constant, i.e.,

D�RL

Dt
=

⎛
⎝ ḟc

l̇c
ḣc

⎞
⎠ = 0. (14)

Then, (13) can be rewritten as⎛
⎝ ḟ

l̇

ḣ

⎞
⎠ = BWL

⎛
⎝ ẋL − ẋW

ẏL − ẏW

żL − żW

⎞
⎠ + ωL × �RWL

=

⎛
⎝vL − vL

Wx

−vL
Wy

−vL
Wz

⎞
⎠ + ωL × �RWL, (15)

where vWx, vWy, vWz are the wing UAV’s velocity de-
scribed in the leader UAV’s wind frame. The desired ve-
locity of follower UAV can be resolved in the leader UAV’s
wind frame as follows:

�V L
W =

⎛
⎝vL

Wx

vL
Wy

vL
Wz

⎞
⎠ , (16)

which implies that the desired velocity of follower UAV can
be expressed in the NED frame as follows:

�VW =

⎛
⎝ uref

vref

wref

⎞
⎠ = BL→body

⎛
⎝vL

Wx

vL
Wy

vL
Wz

⎞
⎠ , (17)

where Bbody→L is the transformation matrix from the
UAV’s body frame to the leader’s wind frame.

By neglecting the roll and pitch direction rotation, the
kinematic equation of motion is given by⎛

⎜⎜⎜⎝
ḟ

l̇

ḣ

ψ̇

⎞
⎟⎟⎟⎠ =

⎛
⎜⎜⎝

VL − vL
Wxc

−vL
Wyc

−vL
Wzc

kψ(ψ − ψref)

⎞
⎟⎟⎠ +

⎛
⎜⎜⎝
−ωL

z lc + l

ωL
z fc + f

0
0

⎞
⎟⎟⎠ , (18)

⎛
⎝ uref

vref

wref

⎞
⎠ = Bbody→L

⎛
⎝vL

Wxc

vL
Wyc

vL
Wzc

⎞
⎠ , (19)

where ψref , uref , vref , wref are the commanded references
to the autopilots, and kψ is the negative constant associated
with the autopilot. There are four inputs, vL

Wxc, vL
Wyc, vL

Wzc

and ψref , and four outputs, f , l, h, and ψ. For the outer-
loop control, a good and simple idea is to use a feedback
controller with a dynamic inversion to cancel the coupling
terms.
3.2 Dynamic inversion control for follower UAV

If we consider only formation dynamics in the horizontal
plane, the dynamic inversion control law is given by⎛

⎜⎜⎝
uref

vref

wref

rref

⎞
⎟⎟⎠ = C−1

⎡
⎢⎢⎣Aφ

⎛
⎜⎜⎝

f

l

h

ψr

⎞
⎟⎟⎠ +

⎛
⎜⎜⎝

vL − ωL
z lc

ωL
z

0
0

⎞
⎟⎟⎠

⎤
⎥⎥⎦

= C

⎡
⎢⎢⎣Aφ

⎛
⎜⎜⎝

f

l

h

ψr

⎞
⎟⎟⎠ +

⎛
⎜⎜⎝

vL − ωL
z lc

ωL
z

0
0

⎞
⎟⎟⎠

⎤
⎥⎥⎦ (20)

with

C = C−1 =

⎡
⎢⎢⎣
− cos ψr − sin ψr 0 0
− sin ψr cos ψr 0 0

0 0 1 0
0 0 0 1

⎤
⎥⎥⎦ , (21)

Aφ =

⎡
⎢⎢⎣

k −ωL
z 0 0

ωL
z k 0 0
0 0 kh 0
0 0 0 kψ

⎤
⎥⎥⎦ , (22)
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where ψr = ψL − ψW is the difference between the leader
UAV and follower UAV’s heading angle. Δr = rL − rW is
the difference between the leader UAV and follower UAV’s

heading angular rate, and kf , kl, kh, kψ are the proportional
control gains. The overall control structure for the follower
is given in Fig.3.

Fig. 3 The controller structure for the follower UAV.

3.3 Formation flight input constraint

As we know, a single UAV has its limitation problem for
trajectory tracking, that is, an UAV cannot follow a high
dynamic trajectory (see, for example, [13]). For example,
when an UAV is to track a circular path (see Fig.4), the lat-
eral movement is determined by

al =
V 2

R
= V ωheading � amax (23)

with V being the longitudinal ground speed of the UAV, R
the radius of the circle-arc, ωheading the heading rotating
angular rate, al the lateral acceleration, and amax a certain
constant representing the maximum acceleration the UAV
can achieve in its lateral direction.

Fig. 4 The lateral flight limitation of UAV.
As the lateral acceleration, which is related to the servo

deflection angle, is usually a limited constant, the velocity
and heading angular rate is thus limited to be inversely pro-
portional, which means when the velocity reaches its maxi-
mum, the heading angular rate can only reach a low limited
value.

As shown in (18), to track the desired path that follows
the leader UAV, the follower UAV must keep the same head-
ing angular rate and also a velocity given by (18). This
means that if the leader UAV and follower UAV are of the
same model and have the same input limit, the follower
UAV cannot follow the leader UAV’s arbitrary maneuvers.
For example, suppose the leader is turning a circle and a
follower UAV is at the outside the circle, then to follow the
leader UAV’s flight path, the follower UAV should track a
larger circle, which means it poses higher speed require-
ment for the follower UAV, hence the angular rate is further
limited for the follower UAV. Therefore, the leader-follower
mode formation flight control scheme can reach desirable

performance only under the condition that the leader UAV
is performing mild maneuvers or the follower UAV has a
much higher input capability. The larger the separation be-
tween the leader and the follower UAVs, the higher the input
capability should be for the follower UAV.

4 Collision avoidance
UAV formation flight is a dangerous experiment. An

emergency protection scheme needs to be designed to avoid
collision between the formation team members. In the col-
lision avoidance scheme, each UAV is surrounded by an
imaginary space which forms a protected safe zone which
no other UAV should enter. A larger space around the UAV
forms its alert zone. When an UAV enters the alert zone of
another UAV, a protocol for conflict resolution should be
performed by both UAVs. It is important to determine the
size of the safe zone. The optimal but safe size of the pro-
tected space is still an open problem and depends on factors
such as speed, altitude accuracy of sensing equipment, and
average human and system response times. The zones (see
in [14]) are illustrated in Fig.5.

Fig. 5 Alert zone and protected zone surrounding a UAV.
There are several proposals for conflict prediction and

resolution. We are interested in decentralized approaches,
in which each UAV is allowed to self-optimize its own tra-
jectory. Coordination among the UAVs is by means of ma-
neuvers which are flight modes like heading, altitude, or
speed changes for each UAV when they are in each other’s
alert zones. UAVs with overlapping alert zones keep each
other updated about their positions. As the conflicts between
UAVs depend on the relative position and velocity of the
UAVs, the continuous models we use are relative models,
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describing the motion of each UAV in the system with re-
spect to the other UAV. For convenience, a relative model
with its origin centered on host UAV is used. The following
is an analysis based on two UAVs as depicted in Fig.6. It is
to be extended to multiple UAV collision avoidance.

Fig. 6 Horizontal configuration of UAVs in collision avoidance.
Assume that the UAVs fly in the horizontal plane, and

the pitch and roll angles, θ and φ, are usually around 0, a
simpler relative equation can be derived as (see also [14])⎛

⎝xr

yr

zr

⎞
⎠ = R(−ψ1)

⎛
⎝x2 − x1

y2 − y1

z2 − z1

⎞
⎠ , (24)

ψr = ψ2 − ψ1 (25)

with xi, yi, zi, and ψi parameterizing the absolute UAV i’s
position, velocity, and Euler heading angle. In local coordi-
nates, we can derive the equations as follows:⎛

⎝ ẋr

ẏr

żr

⎞
⎠ =

⎛
⎝v2 cos ψr − v1

v2 sin ψr

vz2 − vz1

⎞
⎠ +

⎛
⎝−ωzyr

ωzxr

0

⎞
⎠ , (26)

ψ̇r = ψ̇2 − ψ̇1 = ωz2 − ωz1, (27)

where v1 and v2 are the linear velocities of UAV 1 and
UAV 2 projected to the horizontal plane, respectively, and
vz1 and vz2 are the linear velocities of UAV 1 and UAV
2 projected to the vertical axis, respectively. Thus, the dy-
namics ẋ = f(x, u, d) is described by (27) and (27) with
x = (xr, yr, zr, φr)T. The linear velocity or the heading
angular velocity of UAV 1 is the control input u, and uncer-
tain linear velocity or the heading angular velocity of UAV
2 is considered to be the disturbance d.

The threshold function l(x) is defined as

l(x) = xr
2 + yr

2 + zr
2 − α2

r, (28)

where αr is the threshold separation. Consider the dynamics
of the UAV in one discrete state:

ẋ = f(x, u, d), x(t) = x, (29)

where x ∈ R
n describes the relative configuration of UAV

2 with respect to UAV 1, u ∈ U ⊂ R
u is the control input

which models the actions of UAV 1, and d ∈ D ⊂ R
d is

the disturbance input which models the actions of UAV 2.
We assume that the system starts at state x at initial time t.
Both U and D are known sets, but whereas the control in-
put u may be chosen by the designer, the disturbance d is
unknown, and models the uncertainty of the actions of UAV
2.

The goal is to maintain safe operation of the forma-
tion group, meaning that the group trajectories do not enter
T , a “target set”. We assume that there exists a differen-
tiable function l(x) so that T = {x ∈ R

n|l(x) � 0} and
∂T = {x ∈ R

n|l(x) = 0} (Tomlin et al. [14]). In (27), the
control input includes velocity and three angular rates of
UAV 1, the uncertain linear velocity and angular rate of
UAV 2 are considered to be disturbances.

The first derivatives of the l(x) can be obtained accord-
ingly as

l̇(x) = xrẋr + yrẏr + zr żr

=−v1xr + v2(xr cos ψr + yr sin ψr)
+zr(vz2 − vz1). (30)

Those (xr, yr, zr, ψr) for which
l̇(x) � 0 (31)

constitute the unsafe portion.
Let us consider the linear velocity as control input only.

From (30), note the aim here is to make l̇(x) always greater
than 0. Therefore, we first define the switching functions
s1, s2 as

s1 = xr, s2 = zr. (32)
The solution is given by

v∗
1 =

{
v1 if s1> 0,

v1 if s1< 0,
(33)

v∗
z1 =

{
vz1 if s2> 0,

vz1 if s2< 0.
(34)

Now consider the angular velocity as control input. How-
ever, we cannot control l̇(x) using angular velocity only,
as the cost function loses dependence on ω1 and ω2 at the
point.

The second derivative equation gives

l̈(x) = v2
1 + v2

2 + (vz2 − vz1)2 − 2v1v2 cos ψr − v̇z1zr

−v̇1xr − ω1v1yr + ω2v2(yr cos ψr − xr sin ψr)
+v̇z2zr + v̇2(xr cos ψr + yr sin ψr), (35)

where vi is the linear velocity of the UAV i in the horizon-
tal plane, and vzi is the linear velocity of the UAV i in the
vertical axis.

As the angular velocity appears in the second derivatives
of the cost function, the angular velocity as the control input
can still be effective for collision avoidance in an indirect
way by changing the heading angle. The switching function
is defined as

s3 = yr. (36)
Suppose the limitation for UAV 1, v1 ∈ [v1, v1] and vz1 ∈
[vz1, vz1]. The control input can be given as{

if s3 > 0, ω1 = ω,

if s3 < 0, ω1 = ω.
(37)

In a free flight, UAV 2 is also controllable. The switching
function for UAV 2 can be obtained similarly as for UAV 1.
In UAV 1’s local coordinates, the switching function is in
the format: ⎧⎨

⎩
s4 = (xr cos ψr + yr sin ψr),
s5 = (yr cos ψr − xr sin ψr),
s6 = zr.

(38)
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The solution is given as⎧⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎩

if s4 > 0, v2 = v2,

if s4 < 0, v2 = v2,

if s5 > 0, ω2 = ω,

if s5 < 0, ω2 = ω,

if s6 > 0, vz2 = vz2,

if s6 < 0, vz2 = vz2.

(39)

5 Flight simulation and test results
In what follows, we present the simulation result for the

proposed collision avoidance scheme and the implementa-
tion result of the formation flight with a virtual leader but
with a real follower.
5.1 Collision avoidance simulation

Here we present simulation results on UAV collision
avoidance using the approach described in the previous sec-
tion. A scenario with two UAVs’ potential collision is simu-
lated. As shown in Figs.7 and 8, UAV 1 flies along the x-axis
with a speed of 2 m/s from the original point. UAV 2 origi-
nally at (−6, 6) enters into the safe zone of UAV 1 with the
heading angle of −π/2 with a speed of 3 m/s. This triggers
the solution in (34) and (37). The upper and lower limita-
tions of the linear velocity of UAV 1 are 5 m/s and 0 m/s.
The upper and lower limitations of the heading angular ve-
locity of UAV 1 are −1 rad/s and 1 rad/s. Fig.7 shows both
UAVs are controllable with the solution of (34), (37), and
(39) executed by both UAVs, while Fig.8 shows only UAV
1 is controllable with the solution of (34) and (37) executed
by UAV 1. With a sufficient size safe zone, UAV 1 is able to
avoid the potential collision emergency.

Fig. 7 Simulation result, collision avoidance (collision scenario (both
UAVs are controllable)).

Fig. 8 Simulation result, collision avoidance (collision scenario (only
UAV 1 is controllable)).

5.2 Formation flight experiment setup and result

For each UAV, we installed one wireless transceiver in
the onboard control system and one wireless modem in
the ground computer station for data transferring through
down-link or up-link instantaneously between the on-board
control system and the ground station correspondingly. The
FreeWave wireless modem owns a compact structure with
the weight less than 100 g, and the transmission rate can
be kept at 115.2 kbps within a 20-mile range. This device
has been tested on the ground under the Qnet, the particular
transmission protocol used under the QNX Neutrino RTOS.
Through the wireless modem and wireless transceiver, the
main processing board can communicate with the ground
station effectively.

Safety is a critical factor throughout the entire flight test-
ing program. To maximize safety, a step-by-step (Hall et
al. [15]) approach was used. Based on the autonomous UAV
flight controller by our previous work, the flight testing ex-
periment was designed into the following phases:

Phase 1: Virtual leader A ‘virtual leader’ (VL) ap-
proach was first implemented for a detailed analysis of the
formation control laws prior to an actual 2-UAV formation
demonstration. The use of the VL concept allowed a de-
tailed testing of the formation control laws without the risks
associated with the flight-testing of multiple UAV. Results
of the ‘virtual leader’ testing will validate the overall design
of the formation controller and confirm the performance of
the on-board computer system. This experiment consisted
of a single UAV tracking the trajectories of a VL, which was
essentially a flight path previously recorded by one UAV.
A 2-step implementation strategy was adopted for the VL
flights. First the flight data to be tracked were pre-loaded on
the UAV onboard computer and fed to the formation con-
trol software. After this strategy was proved successful by
simulation and actual flight experiment, an additional step
of beaming the VL flight data to the RF modem was per-
formed.

Phase 2: Leader-chaser As depicted in Fig.9, the for-
mation flight system consists of a human-piloted leader heli-
copter and an autonomous chase UAV that follows the lead
helicopter’s flight path. Airborne, the R/C UAV pilots are
tasked to position their vehicle at a ‘nominal’ flight con-
dition within a pre-selected ‘rendezvous’ area. Once at the
rendezvous area, pilots of the ‘follower’ UAV are tasked to
engage their formation controllers. As with the VL testing,
the objective is to track the ‘leader’ UAV trajectory with a
pre-selected distance for the forward, lateral, and vertical
clearances set on the ‘follower’ UAV. As the leader UAV is
flown, its trajectory is determined through an on-board GPS
receiver, and these data are transmitted to the ground control
station. Software at the ground control station filters this tra-
jectory in order to generate suitable waypoints for the chase
helicopter. These waypoints are used to continuously update
the chase helicopter’s flight plan which is then uploaded to
the autopilot unit on the chase/ follower UAV. After the for-
mation mode is engaged, the ’follower’ UAV is controlled
with the designed formation controller, while the R/C pilot
remains on standby mode in the event of an emergency. Es-
sentially, once formation has been engaged, the ‘leader’ R/C
pilot manually controls and directs the ‘leader/ follower(s)’
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group. After the disengagement of formation mode, each
UAV will land autonomously or under manual control.

Fig. 9 Data flow in a leader-chaser flight experiment.

Phase 3: Actual formation flight Up to now, a forma-
tion flight test with a virtual leader followed by a real fol-
lower has been implemented for a detailed analysis of the
formation control laws prior to an actual 2-UAV formation
demonstration. Results of the virtual leader test validated
the overall design of the formation controller and confirmed
the performance of the on-board computer system.

This experiment consisted of a single UAV tracking the
trajectories of a VL. The flight data to be tracked were pre-
loaded on the ground station. The wireless modems were
set to a master for ground station, a slave for the UAV heli-
copter, which communicate each other in dual directions.
During the flight experiment, the follower UAV roughly
performed path tracking. The path was dynamically sched-
uled through wireless communication by the ground sta-
tion relative to the leader’s position. The sampling period
for formation information used in the implementation was
200 ms. Figs.10 and 11 show the leader UAV information
with real GPS data. The virtual separation of the formation
team members were set at: lc = 5 m, fc = 5 m, hc = 5 m,
which implies that the ‘follower’ UAV tracks the VL data
from 5 meters behind, 5 meters to the right, and 5 meters
above.

The results with a tracking error less than 4m clearly
show that the UAV helicopter with the formation flight con-
trol law successfully completed the preset formation flight
missions. The operability of the UAV helicopter is proven
to be excellent.

Fig. 10 Flight result on the horizontal helicopter.

Fig. 11 Flight result in longitude and latitude (dashed line – follower
trajectory; solid line – follower reference).

6 Conclusions
We have presented in this work a formation dynamic

model for the follower UAV in a leader-follower formation
flight full scheme. In the formation control algorithm, only
the leader UAV periodically broadcasts its position and ve-
locity to the other UAV that uses this information to main-
tain a fixed distance from the leader while following a pre-
scribed mission trajectory. A special virtual leader experi-
ment has shown that the controller is stable and has a good
performance. Collision and obstacle avoidance were also
studied with solutions for multiple UAV formation flight.
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