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ABSTRACT This paper presents the guidance algorithm for the circular formation flight of multiple fixed-
wing UAVs. The formation guidance law aims at reducing both the radial and the phase angle error with
respect to the moving reference point located at a fixed distance from the leader UAV. To this end, the
proposed guidance law generates the desired course angle and the inertial speed commands for each follower
UAV. The control commands are then converted to the roll angle and the airspeed commands for the autopilot.
The theoretical stability proof is rigorously analyzed via the Lyaupunov method. The performance of the
proposed control law is compared with the existing vector-field formation guidance scheme via numerical
simulation. After the extensive validation using the hardware-in-the-loop simulation environment which
includes the mesh network communication system, the flight test are performed to demonstrate not only the
performance of the proposed algorithm but also the robustness to the wind disturbance.

INDEX TERMS Multiple fixed-wing UAVs, circular formation, formation guidance, sliding mode control,
mesh network, hardware-in-the-loop-simulation, flight test.

I. INTRODUCTION
Recently, with the widespread application of UAVs in various
missions, the interest in cooperative operation of multiple
UAVs is paid great attention in the civil and military fields.
In particular, multiple UAVs performing complex missions
simultaneously increase the success rate and efficiency of
the mission and also improves situational awareness. As an
example of the operation of multiple UAVs, the formation
flight is the most basic operational maneuver and is divided
into two types of formation, the circular formation and the
close formation, in accordance with the formation geome-
try. Specifically, the circular formation, which refers to a
maneuver that circles over target groups while maintaining
the constant phase angle between UAVs, is indispensable for
searching and surveillance missions of multiple UAVs, which
is necessary to increase the monitoring efficiency of the fleet.

To accomplish the formation flight, two technical issues
need to be completely addressed: The first one is to design
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guidance and control law, and the second is to find a way
to exchange real-time information among the fleet of UAVs.
As for the formation guidance and control, various architec-
tures have been proposed in the literature [1], [2]. One of
the architecture is the ‘‘Leader-Follower’’ concept, in which
the reference commands to enable the formation are calcu-
lated upon the status of the leader UAV. In other words, the
‘‘Leader-Follower’’ problem is that the follower UAVs con-
sider a leader UAV as a reference point and compute guidance
commands to track the point so that the leader-follower keeps
the formation for arbitrary maneuvers of the leader UAV [2].

In order to exchange real-time information among the fleet
of the UAVs, it is common to use the RF communication
network in practice. In this case, each UAV is not only able
to broadcast its own navigation data but also to receive the
data from other UAVs. Especially for formation flight, the
navigation data of each UAV, including measured sensor data
and monitoring status, should be shared over the network
through a wireless radio channel. In [1], a ground control
station (GCS) is responsible for routing data in the network
so that it receives the entire navigation data of the UAVs
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while broadcasting the data throughout the network. Because
all data must go through the GCS, there is a disadvantage
that the failure of the GCS causes the failure of the entire
network. Because of this limitation owing to the centralized
communication topology, the decentralized communication
topology has been adopted by [3] and the author’s previous
work [4].

Various algorithms for the formation guidance of multi-
ple UAVs have been studied in the literature. The circular
formation guidance algorithm using nonlinear guidance law
is proposed in [3]. A waypoint constraint problem on the
circular formation is presented in [5] to avoid a mid-air
collision among multiple UAVs. The vector-field method
and the consensus algorithm are applied for the triangular
formation [6]. In [7], the authors present the combination of
the circular motion control law and the phase control law
to achieve the circular formation. The vector-field guidance
technique is the well-studied topic and has the advantage
of straightforward implementation [8], [9], [10], [11], [12],
[13], [14]. Robust standoff target tracking using the modified
vector field guidance [15] ensures globally finite-time stabil-
ity under unknown wind disturbance. In [16], assuming the
standoff tracking problem of multiple UAVs resembles the
conical pendulum motion, the authors proposed the design
of standoff tracking control by applying the backstepping
scheme. Also, the nonlinear model predictive technique [17]
and the solution of differential geometry between the UAV
and a target [18] are proposed for the standoff target tracking
guidance law. In addition, the standoff tracking of a moving
target has been studied [19], [20]. The convergent solution
of the differential geometry with the bounded speed ratio
between the UAV and the target is used to guide the UAV
to the standoff geometry [19], while the nonlinear model
predictive control is applied to achieve the standoff tracking
of moving ground vehicle [21].

Most of aforementioned guidance law only calculates the
speed command in order to maintain a fixed phase angle
distance between fixed-wingUAVs for the circular formation,
while the course angle control is utilized to loiter around the
stationary target on ground. However, due to the effect of
wind disturbance, the fixed-wing UAV may have difficulties
to maintain the circular path and the guidance law needs a
control strategy in lateral direction to regulate the radial error.
To overcome the wind disturbances and achieve satisfactory
standoff tracking, the variable airspeed controller with the
adaptive wind estimation scheme [22] is proposed, while the
estimated wind is utilized by the Lyapunov-based vector field
guidance algorithm [23] and the command filtered backstep-
ping scheme [24].

In this paper, based on the ‘‘Leader-Follower’’ concept,
the guidance algorithm for the circular formation flight of
multiple fixed-wing UAVs is proposed. In order to regulate
the distance error with respect to the moving reference point
located at a distance from the leader UAV, the outer loop
calculates the desired course angle command and the inertial
speed command and the inner loop computes the course rate

input to enable the course angle control. The guidance com-
mands are then converted to the roll angle and the airspeed
commands for the autopilot. The main contribution is that
with a theoretical stability proof of the proposed algorithm
the performance is extensively validated via the hardware-
in-the-loop simulation as well as the flight test. From this
point of view, it can be proven that the proposed algorithm
has advantages of the tight performance requirement and
the increased system robustness for the formation control of
multiple UAVs.

This paper is organized as follows: The basic of the for-
mation geometry is described in Sec. II. The mathematical
derivation of the proposed formation control law is presented
in Sec. III. A short description of the RF mesh network
communication is given in Sec. IV with the communication
performance verification. Sec. V discusses the experimental
results from the hardware-in-the-loop simulation as well as
the flight test, and finally Sec. VI concludes the paper.

II. CIRCULAR FORMATION GEOMETRY
In order to increase surveillance range for ground targets,
a fleet of multiple fixed-wing UAVs are assumed to fly at the
same altitude while evenly distributed over the circular trajec-
tory around the ground targets. Then, the circular formation
guidance problem of the leader-follower UAVs is defined as
such that with the leader UAV circling around a fixed-point,
the follower UAVs are guided to moving reference points on
the circular trajectory. These points move as the leader UAV
loiters around the fixed-point while maintaining the relative
distances with respect to the leader UAV so as to achieve the
circular formation. This section describes how the reference
points are calculated only using the navigation data of the
leader UAV. In the following derivation, the leader UAV is
assumed to move in a counter-clockwise direction, but it is
easily modified to consider the case where the leader UAV
moves in the opposite direction. The geometric relationship
of the circular formation is illustrated in Fig. 1. The angular
position of each UAV is referenced by the phase angle defined
along the clockwise direction from the inertial North, and the
relative angular position of the follower UAV is defined by the
difference in phase angle between the leader and the follower
UAVs. Assume each UAV turns without sideslip, that is,
flying under the coordinated turn condition, the motion of
each UAV can be approximately described by the unicycle
kinematic equations

ṗ?n = V? cosχ?
ṗ?e = V? sinχ?
χ̇? = ω? (1)

where p? =
[
p?n p?e

]
is the inertial position vector,V? inertial

speed, χ? the course angle, and ω? is the course rate where
the subscript ? = `, f , r denotes the leader UAV, the fol-
lower UAV, and the reference point on the circular trajectory,
respectively. The information of the circular trajectory is
retrieved from the navigation data of the leader UAV. That
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FIGURE 1. Geometric relationship of the circular formation.

is, the center position pIc and the radius ρr of the circle are
calculated from the position vector pI`, the course angle χ`,
the roll angle φ`, and the inertial speed V` of the leader UAV
as follows:

pIc = pI` +
[
ρr sinχ` −ρr cosχ`

]T
=
[
pcn pce

]T (2a)

ρr =

∣∣∣∣ V 2
`

g tanφ`

∣∣∣∣ (2b)

Given the information of the circle, the reference point on
the trajectory is calculated as follows:

pIr = pIc +
[
−ρr sinχr ρr cosχr

]T
=
[
prn pre

]T (3)

where χr is calculated by adding the desired phase lag α to
the course angle of the leader UAV as χr = χ` + α. The
phase angle ηr and the inertial speed Vr of the corresponding
reference point are calculated as

ηr = tan−1
(
pre − pce
prn − pcn

)
(4a)

Vr = Wn cosχr +We sinχr (4b)

+

√
(Wn cosχr +We sinχr )2 − (W 2

n +W 2
e )+ V 2

a

(4c)

It should be noted that due to the external wind speed
the inertial speed needs to adjusted, taking into account the
minimum required airspeed command Va of the fixed-wing
UAVs to avoid a stall condition. Subsequently, the reference
speed in (4c) has been calculated using the fixed airspeed
command in conjunction with the estimated wind velocity
using the nonlinear wind disturbance observer [24], [25].

III. FORMATION GUIDANCE LAW
The objective of the proposed guidance law is to make the fol-
lower UAV track the reference point on the circular trajectory.
The guidance law not only generates a desired course angle
command but also a desired inertial speed of the follower
UAV in order to regulate the distance errors. Then, the integral
slidingmode control scheme is applied to obtain the roll angle
command of the fixed-wing UAV to align the course angle to
the desired value.

A. PROBLEM FORMULATION
Referring to Fig. 1, it is clear that the distance error can be
defined using the polar coordinate system of which the origin
is attached at the center of the circle as

eρ , ρf − ρr

eη , ηf − ηr
(5)

where ρf is the radial distance from the center of the circle
to the follower UAV and ηf is the angular position of the
follower UAV from the North. Note that from Fig. 1 the rate
of change of the radial distance and the phase angle of the
follower UAV can be derived as,

ρ̇f = Vf cos(ηf − χf )

η̇f = −
Vf
ρf

sin(ηf − χf ) (6)

The error system is obtained by differentiating (5) with
respect to time using (6) with assumption of ρ̇r = 0 and
η̇r = −

Vr
ρr
,

ėρ = Vf cos
(
ηf − χf

)
(7a)

ėη = −
Vf
ρf

sin
(
ηf − χf

)
+
Vr
ρr

(7b)

In addition to the distance error states, the error state of the
course angle eχ is defined by the deviation from the desired
course, that is, eχ = χf − χd where χd is the desired course
angle command to the follower UAV. Overall, the entire error
system is obtained by augmenting the following differential
equation,

ėχ = ωf − χ̇d + dχ (8)

Note thatωf is the rate of change of the course angle due to the
bank-turn maneuver of the follower UAV and dχ represents
the disturbance caused by a non-coordinated turn maneuver
under the wind condition. In the normal flight condition under
limited bank angle, however, dχ can be assumed to be upper
bounded, or sup{dχ } ≤ d .
Note that the error system in (7) and (8) can be regarded

as a unicycle system in the polar coordinates. Similar to the
unicycle kinematics, this system has two control inputs of
the inertial speed Vf and the course rate ωf . Assuming there
exists a feedback control law for the course angle with the
input of the course rate, the formation guidance problem turns
into a problem of calculating the inertial speed command and
the desired course angle command of the follower UAVs.
These commands, with the properly tuned low-level autopi-
lot, yield the required control action to guide the follower
UAV to the moving reference point along both the longitudi-
nal and the lateral direction to regulate the phase angle error
and the radial distance error, respectively.
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B. FORMATION GUIDANCE LAW
The proposed formation guidance law aims at reducing the
errors in the radial and angular direction of the follower UAV
by applying the desired inertial speed Vd and the desired
course angle χd instead of the control inputs Vf and χf of
the error system in (7), which is proposed as follows,

ud =
[
Vd χd

]T
=


(
kveη +

Vr
ρr

)
ρf

cos−1
(
−kρeρ√
δ2ρ + e2ρ

+
−kηeη√
δ2η + e2η

)
+ ηf

 (9)

where kρ , δρ , kη, δη, and kv are the positive gain parameters.
It should be noted that the guidance parameters kρ and kη in
conjunction with δρ and δη should be carefully chosen within
the range where the argument of the inverse cosine function
should conform to the limited domain.
Proposition 1: With the choice of command inputs in (9),

the radial and the phase angle errors of the error system (7)
asymptotically tends to zero.

Proof: Substituting the desired inertial speed Vd and the
course angle χd for the control inputs Vf and χf , one gets the
following closed-loop system

ėρ = −ρf

(
kveη +

Vr
ρr

)(
kρeρ√
δ2ρ + e2ρ

+
kηeη√
δ2η + e2η

)

ėη = −
(
kveη+

Vr
ρr

)√√√√√1−
(

kρeρ√
δ2ρ+e2ρ

+
kηeη√
δ2η+e2η

)2

+
Vr
ρr

(10)

where cos(sin−1(·)) =
√
1− (·)2 = sin(cos−1(·)) is used for

derivation. The equilibrium point of the closed-loop system
is first obtained by ėρ = ėη = 0 as

ėρ = 0 ⇐⇒
kρeρ√
δ2ρ + e2ρ

+
kηeη√
δ2η + e2η

= 0

ėη = 0 ⇐⇒ −
(
kveη +

Vr
ρr

)
+
Vr
ρr
= 0 (11)

Subsequently, the equilibrium point of the closed-loop sys-
tem is simply determined by eρ = eη = 0. In order to show
the stability of the equilibrium point, first note that the right
hand sides of (10) are continuously differentiable functions in
a neighborhood of the equilibrium point under the assumption
ρr > 0. It follows that one can linearize the error system at
the equilibrium point, to obtain the following approximated
linear system:[

ėρ
ėη

]
≈

−ρr(kv + Vr
ρr

)
−Vr

kη
δη

0 −kv

[eρ
eη

]
(12)

It is straightforward to check that the eigenvalues of the
Jacobian matrix are all strictly negative, as the parameters kv,

Vr , and ρr are assumed to be positive. By Theorem 4.7 in [26],
the origin is an asymptotically stable equilibrium point, then
the radius error eρ and the angular error eη of the closed-loop
system (10) asymptotically tends to zero. �
Remark 1: In addition to the existence of the Jacobian

matrix, the Jacobian matrix in (12) is bounded and Lipschitz
continuous on the neighborhood of the origin. Therefore, with
the Jacobian matrix being Hurwitz the origin is determined as
an exponentially stable equilibrium point for the closed-loop
system (10). Furthermore, according to the converse Lya-
punov theorem there exists a positive definite Lyapunov func-
tion V1(eρ, eη) which satisfies the inequalities

c1||x||2 ≤ V1(x) ≤ c2||x||2

V̇1 ≤ −c3||x||2 (13)

where x =
[
eρ eη

]T and for some positive constants c1, c2,
and c3 [26].

C. COURSE ANGLE TRACKING
This section describes the course angle tracking control to
make the follower UAV track the desired course angle via
bank-turn maneuver. The course tracking controller supple-
ments the formation guidance law by quickly regulating
the course error eχ so that the actual course angle follows
the desired value in (9). As a result, the assumption of the
command input for the formation guidance law is satisfied.
In addition, the controller calculates a course rate command
ωf designed via the integral sliding mode control scheme,
which can effectively handle the bounded disturbance. The
course rate command is converted to a roll command, which
is then fed into the low-level autopilot.

A variable for sliding surface is defined as

s , eχ + kω

∫
eχdt (14)

where kω is an integral control gain that determines the
motion of eχ on the sliding surface s = 0. Taking into account
the model of the error heading angle in (8), suppose that
there exists a control action which makes the sliding surface
invariant, or s ≡ 0. Then, the trajectory of eχ on the sliding
surface is simply described by

ėχ = −kωeχ (15)

which dictates that eχ converges exponentially to the origin
with the value of the time constant kω.

Now, in order to design a control law which drives the
state eχ to a point on the sliding surface from outside, one
considers a Lyapunov candidate function, V2(s) = (1/2)s2,
the time derivative of the function is obtained by utilizing the
kinematic model (8)

V̇2 = s(ωf − χ̇d + dχ + kωeχ ) (16)

Recall that the wind disturbance dχ is assumed to be upper
bounded, after rearranging the right hand side of (16), one
can get the following,

V̇2 ≤ |s|
{
|kωeχ − χ̇d | + d

}
+ sωf (17)
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The proposed course rate control law is given as follows,

ωf = −
{
|kωeχ − χ̇d | + d + ω0

}
sign(s) (18)

where sign(·) is the signum function and ω0 is a positive
parameter to render inside the bracket strictly positive.
Proposition 2: Given the system of the course error in (8),

the course rate control ωf in (18) makes the course error of
the closed-loop system towards zero in finite time.

Proof: By substituting the control (18) into (16), one
gets

V̇2 ≤ −ω0|s| (19)

If one defines a functionW =
√
V2 = |s|, then the right hand

derivative of the function is computed as follows,

D+W =
d
dt

√
V2 =

V̇2
2
√
V2
≤
−ω0|s|
2|s|

= −
ω0

2
(20)

By integrating both sides, one gets the solution as

|s(t)| ≤ |s(t = 0)| −
1
2
ω0t (21)

By the comparison lemma and with the assumption of W
lower bounded by zero, the trajectory of |s(t)| will approach
to the solution of |s(∞)| = 0, that is, the sliding variable s
will enter the sliding surface s = 0 in finite time and stays on
the surface afterwards. Subsequently, by (15) the error state
eχ on the sliding surface goes to zero exponentially. �
Remark 2: For actual implementation of the proposed

controller in (18), one needs to compute χ̇d , which is derived
analytically as

χ̇d =
d
dt

{
cos−1

(
−kρeρ√
δ2ρ + e2ρ

+
−kηeη√
δ2η + e2η

)}
+ η̇f

=
−1

√
1− X2

[
−kρδ2ρ ėρ

(δ2ρ + e2ρ)
3
2

+
−kηδ2η ėη

(δ2η + e2η)
3
2

]
+ η̇f (22)

where the symbol X denotes the argument of the arc cosine
function, ėρ , ėη, and η̇f are calculated using (7a), (7b),
and (6), respectively. However, due to the complexity of the
analytical derivative, the derivative of the desired course rate
can be calculated by applying a first-order differentiation
filter to the desired course angle command. The transfer
function is chosen in the form of s/(τ s+ 1) with a time
constant τ tuned carefully [27].
As mentioned earlier, the desired course rate is realized via
bank-turnmaneuver assuming the coordinated turn condition.
Accordingly, a roll angle command to the autopilot is com-
puted as follows [28],

φc = tan−1
ωf Vf

g cos (χf − ψf )
(23)

where ψf is the heading angle of the follower UAV.

D. OVERALL STABILITY ANALYSIS
The circular formation of leader-follower UAVs is accom-
plished by regulating the phase angle error and the radial
distance error of the follower UAVwith respect to the moving
reference point determined by (4). For this, the formation
guidance law consists of two main control loops: The outer
loop and the inner loop. The outer loop calculates the inertial
speed command as well as the course angle command to regu-
late the distance error, while the inner loop enables following
the course angle commandwith the course rate control. In this
section, the overall stability of the entire control loops is
presented.
Theorem 1: Consider the error kinematic system

described in (7) and (8). Given the desired speed and the
course angle command in (9), and the course rate control
ωf in (18), the error states eρ , eη, and eχ converge to zero
simultaneously.

Proof: Provided the sliding variable s remains zero,
the error state eχ spontaneously converges to zero as shown
in (15). Subsequently, with a slight abuse of notation, the
stability of error state eχ is replaced with the stability of
the sliding variable s, which implies that the error states eρ
and eη as well as the sliding variable s should be attracted
to zero near the origin. To this end, one defines a Lyapunov
candidate function, V (z) = V1(x) + V2(s) where z denotes
the augmented state as z = [x s]T . By the definition of
the Lyapunov function V1 and V2, V is positive definite and
decrescent with two class-K functions as

min{c1, 0.5} ‖z‖2 ≤ V (z) ≤ max{c2, 0.5} ‖z‖2 (24)

Differentiate with respect to time, and then one applies the
desired commands ud in (9) and the course rate control ωf
in (18) to get

V̇ = V̇1 + V̇2
≤ −c3 ‖x‖2 − ω0|s| (25)

Suppose s is sufficiently small, or, |s| < 1, it follows

V̇ ≤ −c3 ‖x‖2 − ω0s2

≤ −min{c3, ω0} ‖z‖2 (26)

It is immediate from (26) that V̇ is negative definite, or V̇
is upper bounded by a class-K function with negative sign.
Therefore, by the Lyapunov theorem the augmented state z
exponentially tends to zero. In other words, the error states
eρ and eη approaches zero in finite time, so does the sliding
variable s. After s sufficiently close to zero, the motion on the
sliding surface described in (15) makes the course angle error
eχ tend to zero. �

E. NUMERICAL SIMULATION
In order to validate the performance of the proposed guidance
law, a comparative study was conducted through numeri-
cal simulations. In this study, the proposed control law is
compared with the standoff distance and phase angle control
schemes using the vector field [10] and the relative phase
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angle guidance [3]. A simple 3-dof kinematic model was uti-
lized to simulate the trajectory of the leader and the follower
UAVs.

ṗn = Va cosψ +Wn (27a)

ṗe = Va sinψ +We (27b)

ψ̇ =
g
Va

tanφ (27c)

where pn and pe are the vehicle’s position with respect to NED
frame, and Va is the airspeed, ψ is the heading angle, and φ
is the roll angle. In addition, in order to closely approximate
actual response to the guidance commands, the airspeed-hold
and roll-hold autopilot loops are assumed to be first-order
systems [28]

φ̇ = ωφ(φc − φ)+ dφ (28a)

V̇a = ωV (V c
a − Va)+ dV (28b)

where φc and V c
a are the roll angle command and airspeed

command, while ωφ and ωV correspond to the natural fre-
quency of each control loop. It should be noted that the
disturbance terms dφ and dV are deliberately included in the
autopilot model to evaluate the robustness of the proposed
algorithm. These terms are supposed to be induced by exter-
nal wind, which might result in the steady state error of both
control loops. Since the formation guidance law should com-
pensate the command errors due to such disturbances, it is
important to test the robustness in the simulation environment
before the actual flight test.

The comparative simulation results between the proposed
algorithm and the existing algorithms are shown in Fig. 2.
For a fair comparison, the same wind speed was assumed and
estimated through the wind disturbance observer. It should be
noted that with a slight modification the existing algorithms
was made to utilize the estimated wind speed explicitly.
On the other hand, it is assumed that small disturbance due
to the asymmetric roll maneuver remains in the simulation.
The error states eρ , eη, and eχ are plotted compared in
Fig. 2(a), 2(b), and 2(c), respectively. The solid line represents
the history of the error states using the proposed guidance
law, the dashed line indicates the error states from the vector-
field method, and the dotted line for the relative phase angle
guidance control. As shown in the figures, it appears that
both the vector-field method and the relative phase angle
guidance have a certain steady-state error. Despite the explicit
compensation using the estimated wind speed, this error can
be attributed to an indirect effect of the asymmetric roll
disturbance in (28). Thus, without any proper control action
against the disturbance, these methods become ineffective in
reducing the steady error. In contrast, the proposed guidance
law is effective in eliminating the wind disturbance because
the reference trajectory is calculated using the navigation data
of the leader UAV in conjunction with the estimated wind
speed information, as shown in Fig. 2.

FIGURE 2. Simulation results for comparative study of circular formation
guidance.

IV. EXCHANGING NAVIGATION DATA VIA MESH
NETWORK
In order to implement the proposed guidance law, the fol-
lower UAVs need to obtain the navigation information of the
leader UAV. For this purpose, multiple RF wireless modems

115300 VOLUME 10, 2022



S. Kim et al.: Circular Formation Guidance of Fixed-Wing UAVs Using Mesh Network

are opted to exchange the information between UAVs and
the ground station over the mesh network, as shown in
Fig. 3. Unlike centralized communication topology, the mesh
network is regarded decentralized communication topology,
hence it allows all data generated by an arbitrary node to
arrive at the nodes over the network without a need of router
node. This scheme can avoid the failure of the entire network
due to a single failure of the router node. In general, within
mesh network, each node is able to not only broadcast its
own information, but also receive the information of others.
In addition, in order to ensure the robust data transmission
between arbitrary source and destination nodes, a network
packet needs to be created and sent including the source
address [3], [4].

FIGURE 3. Configuration of the mesh network.

A. MESH NETWORK CONFIGURATION
In this study, a set of six 900MHz RF modems by the Micro-
hard Corp. (one for coordinator and five for remote nodes)
are incorporated to establish the network for data sharing.
The configuration of mesh-network is illustrated in Fig. 3.
In this configuration, the coordinator has a role of monitoring
the network and synchronizing each modem in the network.
Four UAVs and one ground control station (GCS) are utilized
as the remote nodes of the network. By adding the GCS in
the network, the ground operator can also monitor the status
of each UAV while sending appropriate commands to them.
A custom mavlink packet is used to share the information
including the UAV’s navigation data and other essential data
for multi-UAVs operation, which includes the GPS time, GPS
position fix, the attitude angles, the velocity of the vehicle,
to name a few. On the other hand, for the sake of short
transmission time, theUAVdata packet is composed of binary
data, which has the size of 61 bytes and is sent at the rate
of 5 Hz. The data throughput rate of each UAV is about 2.44
[kbps] and the overall throughput rate of five remotes is about
12.2 [kbps], which is much lower than the maximum link rate
of 276 kbps of the RF modem.

In the mesh configuration, because the remote nodes need
to frequently transmit its own information, each remote is

necessary to choose an appropriate channel among the avail-
able network channels. By doing this, it is possible to pre-
vent data collision while maximizing the communication
throughput. The carrier sense multiple access (CSMA), or so
called ALOHA channel access mode, is adopted by the RF
modem. After determining availability of the channel by
measuring the level of the radio signal and comparing with
the carrier sense threshold, the modem can initiate the trans-
mission. However, if the channel is unavailable, the modem
will select another random ALOHA slot to begin its data
transmission. In this research, the carrier sense threshold
is set to −50 [dBm] taking into account the RF environ-
ment nearby the flight field. In addition, for the sake of
the robustness of data communication, the packet should be
retransmitted in a noisy environments or when weak signal
received. This is done by re-sending the same packet unless
acknowledged by the recipient in order to ensure data reaches
its intended destination. By increasing the number of retrans-
mission attempts the communication robustness is enhanced,
however, at the cost of overall throughput reduction. Subse-
quently, the remote node of the GCS should be set higher than
the remote node of the UAVs because it transmits command
data aperiodically to each UAV.

B. PERFORMANCE EVALUATION VIA GROUND TEST
The ground test is conducted to verify the communication
performance of the mesh network. To this end, the mesh
network emulator developed in-house is utilized to simulate
the network system. The emulator system consists of the RF
modem hardware and the custom PC software to send/receive
the packet while recording the data for further analysis. The
architecture of the ground test is depicted in Fig. 4.
The size of the test packet is chosen to be same as the

UAV data packet. Instead of navigation data, however, the test
packet contains the precise transmission time and reception
time to evaluate the packet latency and the incremental index
data to check whether there are missing packets. This incre-
mental index is used to assess the communication success
rate. During the test, the node #0 corresponds to the ground
station and only receives packets from other nodes without
transmitting any data. On the other hand, the nodes #1 to
#4, which has the role of the UAV node, not only send the
test packets at the rate of 5 Hz but also receive the packet
originated from other nodes.

In order to simulate the communication environment in
the flight test, first notice that the UAVs fly at the altitude
of 100 meters and the separation distance between UAVs is
about 50 meters for the formation flight. Under this situation,
the power loss of the RF signal will occur due to the spatial
distance between nodes. Subsequently, to reflect the flight
environment as closely as possible through the ground setup,
the antenna of each modem are placed 1 meter apart, and
20dB attenuators are inserted on the transmission line to the
antenna. This attenuator permits weakening the RF signal
corresponding to the path loss of about 100 meters, so that
the reliability of the ground test can be justified. Table 1
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summarizes the ground test results. Since the average success
rate is about 97% and the packet latency is less than approxi-
mately 30 msec, it has been confirmed that the mesh network
has sufficient communication performance for a group of four
UAVs to exchange data in almost real time.

FIGURE 4. Mesh network ground test.

FIGURE 5. Test-bed platform of four fixed-wing UAVs.

TABLE 1. Results of ground communication test.

V. EXPERIMENTAL VALIDATION
The performance of the proposed circular formation guidance
law is first evaluated through a hardware-in-the-loop simula-
tion (HILS) environment and then validated via the flight tests

FIGURE 6. Hardware-in-the-loop simulation results for circular formation.

using the test-bed platforms. Each test-bed platform includes
a fixed-wing UAV and the avionics system which consists of
an in-house flight control computer, a GPS receiver, a suite
of inertial sensors, a RF modem, an airspeed sensor, and so
on. The fixed-wing UAVs are shown in Fig. 5 of which the
specifications are summarized in Tab. 2 [4].

A. PERFORMANCE VALIDATION VIA HILS
The hardware-in-the-loop simulation (HILS) environment
makes it possible to verify the seamless integration of both
the hardware and software by imposing the same flight
condition. In particular, the user interface which includes
command uploading and status monitoring via the actual
communication hardware is extensively verified for various
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FIGURE 7. Position histories of UAVs.

FIGURE 8. Flight test result of follower1 UAV. (a) Upper plot shows the
phase angle error and lower plot shows the radius error. (b) Upper plot
compares the roll and the roll command in dashed line, while the lower
plot shows the airspeed command compared with the ground-speed
command.

scenarios. The detailed description of the HILS environment
can be found in [29].

FIGURE 9. Flight test results of folower2 UAV. (a) Upper plot shows the
phase angle error and lower plot shows the radius error. (b) Upper plot
compares the roll and the roll command in dashed line, while the lower
plot shows the airspeed command compared with the ground-speed
command.

TABLE 2. Test-bed specification.

During the simulation, the leader UAV flies at the desired
altitude of 100 meters AGL and the desired airspeed of
15 m/s. Also, the leader UAV is commanded to loiter around
the circular path with a radius of 100 meters under no wind
condition. It follows that at the command of the ground
operator, three follower UAVs initiate the circular formation
to keep the 90 degrees of phase angle difference between the
UAVs on the circular trajectory. Taking into account the max-
imum turn rate and the stall speed of the test-bed airframe, the
follower UAVs have the command limits of 12 – 20 m/s and
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FIGURE 10. Flight test results for selected 2-dimensional trajectory of three fixed-wing UAVs.

-45 - 45 deg in the airspeed and the roll angle, respectively.
The gain parameters used in the simulation are listed in Tab. 3.

TABLE 3. The design parameters for the HILS.

In order to figure out the control characteristics for vari-
ous initial conditions, a test scenario was created such that
three follower UAVs have different initial locations and head-
ings when commencing the formation guidance. Figure 6(a)
depicts the situation when the initial formation geometry
of four UAVs where three reference points for the follower
UAVs are marked by the small aircraft circle symbols. The
initial conditions of each follower UAV are specified as
follows,

follower#1 :
[
pn0 pe0

]T
=
[
−409 62

]T m, ψ0 = 67◦

follower#2 :
[
pn0 pe0

]T
=
[
−115 −292

]T m, ψ0 = 178◦

follower#3 :
[
pn0 pe0

]T
=
[
−145 156

]T m, ψ0 = −85◦

The hardware-in-the-loop simulation results are illustrated
in Fig. 6(b). The red, purple, green, and blue lines indicate
the flight trajectories of the leader, follower#1, follower#2,
and follower#3, respectively. It is shown that the follower#1
performs a sharp turn during the initial transient to catch up
the approaching reference point, while the follower#2 slowly

catches up the corresponding reference point after one more
round of circular trajectory. Once each UAV has caught up
the corresponding reference point, it maintains the circular
formation by keeping the distance error from the reference
point to a minimum. Figure 7 displays the time history of the
inertial position of the UAVs from 95 seconds after the start
command of the formation, which further shows that there
exists 90 degree phase difference between UAVs in the steady
state.

B. PERFORMANCE VALIDATION VIA FLIGHT TEST
After confirming the seamless integration of the proposed
algorithm through the HILS system, a flight test is conducted
using a fleet of three UAVs. While the leader UAV loiters
with a radius of 100 meters around a predefined point at the
constant airspeed 15 m/s, two follower UAVs are sequentially
commanded to initiate the circular formation according to the
ground control.

The target geometry of the formation flight is that the
follower#1 and the follower#2 maintain the phase angle dif-
ference of 5 and 10 degrees with the leader UAV, respectively.
The test was conducted under the calm wind speed of approx-
imate 2 m/s, in order to minimize the adverse effect of the
wind disturbance on the formation geometry. In addition, the
follower UAVs are vertically separated from the leader UAV
at a distance of 5 and 10 meters, respectively, to prevent
possible mid-air collision. The design parameters for the
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FIGURE 11. Circular formation flight test of three fixed-wing UAVs.

flight test has been adjusted based on the values used in the
HILS test. The tuned parameters are listed in Tab. 4.

TABLE 4. The design parameters for the flight test.

The flight test results for several time steps are shown in
Fig. 10. At the start of the formation control the follower#1
flies behind the leader UAV(a) and then begins to chase the
leader UAV along the circular path(b). After going through
the initial transient, the follower#1 tracks the moving refer-
ence point of 5 degrees behind the leader and continues to fly
along the circular path ((c) and (d)).

Figure 10(e) shows the follower#2 joins the formation
control from the intermediate loitering orbit. After that, the
follower#2 goes through the initial transient to quickly track
the reference point (f), which ends up with the circular for-
mation of three UAVs ((g) and (h)).

The tracking errors as well as the guidance commands
for each follower UAV are shown in Fig. 8 and Fig. 9. The
error states of the radius and the phase angle are depicted in
Fig. 8(a) and Fig. 9(a). From the plots, it can be seen that
the phase angle error is tightly bounded by ±1.5 degrees
while the radial error by ±2 meters, which proves that the
tracking performance of the proposed algorithm satisfies the
high precision requirement for formation flight.

The guidance commands for the follower#1 are illustrated
in Fig. 8(b). In the first plot the dashed line denotes the roll
angle command from the guidance law while the solid line
shows the roll angle state. The periodic oscillation of the roll
command is closely related to the direction of the external
wind around the circular path, because the fixed-wing UAV
needs to adjust its bank angle to maintain the course depen-
dent on the crosswind direction. On the other hand, in the
second plot, the ground speed command marked with solid
line is also periodically adjusted in order to maintain the nom-
inal airspeed of 15 m/sec regardless of the total speed varia-
tion along the circular path. Figure 9(b) shows the guidance
commands for the follower#2 in detail. Overall, the proposed
algorithm generates appropriate guidance commands for sta-
ble formation performance under wind condition. Finally, the
left picture of Fig. 11 shows a photo taken with a ground
camera during a flight test, while the right picture shows an
aerial view of the formation flight taken from an onboard
camera of the fourth UAVs flying nearby.

VI. CONCLUSION
The circular formation guidance control law for multiple
fixed-wing UAVs is presented. Based on the formation geom-
etry calculated only using the navigation data of the leader
UAV, the proposed guidance law computes the desired course
angle and the inertial speed command as the outer loop com-
mands to guide each follower UAV to the moving reference
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point. As the inner loop control, the integral sliding mode
control for the course angle makes it possible to eliminate the
steady-state error caused by the wind disturbance, enabling
tight heading control performance. The control commands
are then converted to the roll angle and the airspeed com-
mands for the autopilot. The theoretical proof is provided
to prove the stability of the proposed algorithm. The per-
formance of the proposed control law is validated via the
hardware-in-the-loop simulation environment which includes
the mesh network communication system, and then the flight
demonstration is conducted. The proposed algorithm has
advantages of the tight performance requirement and the
robustness to the wind disturbance to achieve the formation
control of multiple UAVs.
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