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A Distributed Two-Layer Framework for
Teleoperated Platooning of Fixed-Wing UAVs via

Decomposition and Backstepping
Minhyeong Lee and Dongjun Lee

Abstract—We propose a novel distributed control framework
for teleoperated platooning of multiple three-dimensional (3D)
fixed-wing unmanned aerial vehicles (UAVs), consisting of the
following two layers: 1) virtual frame layer, which generates the
target 3D nonholonomic motion of the virtual nonholonomic frames
(VNFs) using the nonholonomic decomposition (D. J. Lee, 2010)
and backstepping in such a way that the VNFs are to maintain the
platoon formation in a distributed manner while respecting the di-
rectionality of the fixed-wing UAV; and 2) local control layer, which
drives each fixed-wing UAV to track their respective VNF with
their under-actuation and aerodynamic disturbance effects fully
taken into account by using the backstepping and Lyapunov-based
design techniques. Convergence and stability of salient aspects of
each layer and their combination are theoretically established.
Simulations with 25 fixed-wing UAVs and a haptic device are also
performed to validate the theory with their multimedia provided
at https://youtu.be/Z3Mo66KIsns.

Index Terms—Decomposition, distributed robots, fixed-
wing unmanned aerial vehicles (UAVs), formation control,
nonholonomic constraint, platoon, teleoperation.

I. INTRODUCTION

FORMATION control of multiple unmanned vehicles is
drawing an increasing interest due to its promise to materi-

alize numerous powerful commercial and military applications,
with their implementation becoming ever closer to reality with
the recent rapid advancement of hardware and software tech-
nologies. Formation control of unmanned aerial vehicles (UAVs)
can further extend these applications into the three-dimensional
(3D) air environment. Teleoperated platooning (i.e., the forefront
leader UAV operated by a remote (or onboard) operator (e.g.,
via first-person view (FPV) camera), while the follower UAVs
flying with certain relative spatial relation maintained among
them all through the leader) is very a promising direction for
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this formation control, at least for the near future [2], as it allows
us to incorporate human intelligence to cope with unexpected
situations (often not fully resolved by the state-of-the-art auton-
omy) in a familiar setting (e.g., car driving), while minimizing
the human-associated costs (e.g., fatigue, casualty, labor, etc.). In
this letter, we consider this problem of teleoperated platooning
of the fixed-wing UAVs.

The two major categories of the UAVs are the rotor-based
UAVs (e.g., quadrotor drones [3]) and the fixed-wing UAVs [4].
As compared to the rotor-based UAVs, the fixed-wing UAVs
are known to possess longer flying time/distance and better
robustness to wind disturbance. They are however also known
to be subject to the directionality constraint, that is, in a typical
flying condition, their Cartesian velocity should be predomi-
nantly along the forward direction (i.e., along the main vehicle
axis) to produce enough lift force for the vehicle. To address
this directionality of the fixed-wing UAVs, many prior works
have adopted the two-dimensional (2D) nonholonomic unicy-
cle model (with its permissible velocity modeling the UAV’s
forward velocity) and proposed distributed formation control
schemes for that (e.g., [5]–[9]). Yet, these 2D results (e.g., [5]–
[9]) are not directly applicable to the 3D teleoperated platooning
of the fixed-wing UAVs (e.g., simply augment those 2D control
with some other vertical motion control), since, with the direc-
tionality, their velocity vector is rotating together with the body,
thus, their motion can only be properly captured/analyzed by
incorporating their full kinematics in SE(3).

In this letter, we propose a novel distributed two-layer control
framework for the teleoperated platooning of multiple fixed-
wing UAVs evolving in SE(3), which can accommodate arbi-
trary/unpredictable (remote or onboard) operator command or
that from automatic mission planner. Our framework consists of
the following two layers:

1) virtual frame layer, which generates the target 3D
nonholonomic motion of virtual nonholonomic frames
(VNFs) using the nonholonomic passive decomposi-
tion [1] and backstepping in such a way that the VNFs are
guaranteed to maintain the platoon formation among them
in a distributed manner (i.e., requiring only peer-to-peer
(P2P) communication); and

2) local control layer, which drives each physical fixed-
wing UAV to track the target 3D nonholonomic motion
of their respective VNF with the effects of their control
under-actuation and the aerodynamic disturbance fully
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Fig. 1. Frames of the teleoperated platooning control: lj ∈ R3, expressed
in the (j + 1)-th VNF {Nj+1}, specifies the desired relative position between
{Nj} and {Nj+1}, and each j-th UAV’s body-frame {Bj} follows the trajectory
of its corresponding VNF {Nj}.

taken into account by using the backstepping and the
Lyapunov-based control design techniques.

See Fig. 1 for an illustration of the teleoperated platooning.
Our framework renders the multiple fixed-wing UAVs to be-
have as a deformable string or structure “pulled by” one of its
corners [10] - see Section IV. Although our framework can
accommodate other formation shapes, in this letter, we also
focus on the line-topology platooning as shown in Fig. 1, since
it allows the multiple UAVs to navigate through obstacles or
pass through a narrow passage one by one via their collective
serpentine motion, particularly relevant to urban air mobility
(UAM) scenarios.

In contrast to many results for the 2D nonholonomic agents
(e.g., [5]-[9]), those for the distributed formation control of 3D
nonholonomic agents are very rare and, to our knowledge, the
recent works of [11], [12] are the only results for this. The results
of [11], [12], however, are not fully distributed, as they assume
each agent have access to the leader’s attitude; and do not fully
consider the underlying dynamics of the fixed-wing UAV either,
which is not nonholonomically constrained but under-actuated.
On the other hand, backstepping [13] has been widely-used for
the control of a single under-actuated system (e.g., [3]), however,
not has been so for the distributed control of multiple agents in
SE(3). One of rare results for this is [14], where a distributed
formation control was presented for the rotor-based UAVs in
SE(3) on a balanced graph. This rotor-based UAV is however
omni-directional (i.e., can assume any Cartesian velocity w.r.t.
the body), thus, the nonholonomic constraint adopted in this
letter to respect the directionality of the fixed-wing UAVs is not
necessary therein. To our knowledge, our proposed framework
is the very first result for the distributed control of the fixed-
wing UAVs, which can fully incorporate their directionality and
kinematics in SE(3) by utilizing the nonholonomic decompo-
sition [1] and backstepping, while also ensuring the robustness
against the aerodynamic disturbance and well-behaving of the
attitude motion even under their under-actuation by utilizing the
Lyapunov-based control design and backstepping. This adop-
tion of backstepping renders our framework inherently robust
following the well-known robustness property of the back-
stepping [13]. This current letter also extends our prior result

of [15] for the 2D kinematic nonholonomic unicycles to the 3D
under-actuated dynamic fixed-wing UAVs.

The rest of the letter is organized as follows. Section II
introduce the virtual frame layer and its distributed VNF pla-
tooning strategy based on the nonholonomic decomposition
and backstepping. The local control layer for each fixed-wing
UAV is detailed in Section III based on the backstepping and
Lyapunov-based design. Simulations of teleoperated platooning
with 25 fixed-wing UAVs are performed in Section IV. Section V
concludes the letter.

II. VIRTUAL FRAME LAYER

A. Nonholonomic Decomposition of VNFs

Let us consider the VNF {Nj} for the j-th UAV evolving
in SE(3), whose Cartesian position is denoted by pNj

∈ R3

and its rotation matrix by RNj
∈ SO(3). The position and the

rotation are expressed w.r.t. the north-east-down (NED) inertial
frame {O} with its vectors being e1, e2, e3 for the N, E, and D
directions. The kinematics of {Nj} is then given by:

ṗNj
= RNj

vNj
and ṘNj

= RNj
ω̂Nj

(1)

where vNj
∈ R3 is the velocity and ωNj

∈ R3 is the angular
rate with hat map ·̂ : R3 → so(3), which is a skew-symmetric
operator satisfying x̂y = x× y for all x, y ∈ R3. The motion of
the VNF {Nj} can then be described by

Tj :=

[
RNj

pNj

01×3 1

]
∈ SE(3) and ξj :=

(
vNj

ωNj

)
∈ R6

where Tj is the transformation matrix in the special Euclidean
group, ξj is the spatial velocity or so-called the (body) twist in
screw theory, and 0a×b ∈ Ra×b is a zero matrix.

In order to capture the directionality of the fixed-wing UAV,
that is, the majority of its velocity is along its forward direc-
tion while its sideways velocities are much smaller, we set the
following nonholonomic constraint:

Aξj = 02×1 (2)

with A := (02×1, I2, 02×3) ∈ R2×6 and Ia ∈ Ra×a is a identity
matrix. Note that this constraint (2) ensures the sideways veloc-
ities of the VNF are zero (i.e., eT2 vNj

= eT3 vNj
= 0).

To attain the platooning behavior in a distributed manner, we
design the virtual frame layer action for each pair of a preceding
j-th VNF and its following (j + 1)-th VNF. For this, we define
the pairwise twist as

ξj,j+1 :=

(
ξj

ξj+1

)
∈ R12

with the pairwise nonholonomic constraint:

diag(A,A)ξj,j+1 = 04×1 (3)

where diag(· · · ) is a block diagonal matrix operator. From the
constraint (3), we define the unconstrained distribution [1] as

D� := diag(e1, I3, e1, I3) ∈ R12×8 (4)

which characterizes the null-space of diag(A,A) in (3). Every
possible twist of the VNF should satisfy ξj,j+1 ∈ col(D�),
where col(·) is a column space operator.

The platooning behavior can then be attained by enforcing the
following pairwise virtual constraint:

hj,j+1 := pNj
− pNj+1

−RNj+1
lj = 03×1 (5)
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where hj,j+1 ∈ R3 is called a formation map [1] and lj ∈ R3

is the relative position vector expressed in {Nj}. This con-
straint (5) ensures that the relative position of the preceding
VNF as observed in the following VNF is equal to lj , i.e.,
RT

Nj+1
(pNj

− pNj+1
) = lj , with the trailing condition l(1)j :=

eT1 lj > 0 also assumed. This also means that the preceding VNF
is within the limited field-of-view of the following VNF, pointing
the direction of lj , regardless of the formation shape and its
curvature [15]. Note also that hj,j+1 can be understood as a
formation error in the inertial frame. See Fig. 1 for an illustration
of the platooning under (5). We now state the control objective
of the virtual frame layer to achieve the platooning among the
VNFs by enforcing (5).

Control objective 1: Consider the VNFs {Nj} evolving in
SE(3) under the nonholonomic constraint (2). We then want to
enforce hj,j+1 → 03×1 with its twist ξj ∈ R6 also bounded for
all VNFs.

From the constraint (5), we define the normal distribution:

Δ⊥
j,j+1 :=

[
RNj

03 −RNj+1
RNj+1

l̂j

]T
∈ R12×3

with d
dthj,j+1 = (Δ⊥

j,j+1)
T ξj,j+1. The orthogonal complement

of this normal distribution is named as tangential distribution
and obtained by

Δ�
j,j+1 :=

⎡
⎢⎢⎢⎣

I3 03 −RNj,j+1
l̂j

03 I3 03
RT

Nj,j+1
03 03

03 03 I3

⎤
⎥⎥⎥⎦ ∈ R12×9

where RNj,j+1
:= RT

Nj
RNj+1

is the relative rotational matrix.

This Δ�
j,j+1 characterizes the twist tangential to the level

set:

Hhj,j+1

:= {(Ta, Tb) | Ta, Tb ∈ SE(3), h(Ta, Tb) = hj,j+1}
i.e., d

dthj,j+1 = 03×1, while the normal distribution indicates
the twist normal to the level set Hhj,j+1

.
We decompose the unconstrained distribution (4) under the

virtual constraint (5) by the locked and quotient distribu-
tions [1] as follows. The locked distribution is the intersec-
tion between the unconstrained and tangential distributions s.t.
Dl

j,j+1 := D� ∩Δ�
j,j+1, which stands for the twist space en-

forcing hj,j+1 fixed while satisfying the nonholonomic con-
straint (3). There exists a subspace of col(Dl

j,j+1) which
does not affect the preceding twist ξj . It does not appear
in the 2D results of [15] as it determines the roll rate of
the VNF. For this, we define a new distribution Dj+1 :=
[06; I6] ∈ R12×6 which characterize only the follower’s motion.
Then, we can decompose the locked distribution according
to the dependency on ξj into 1) the j-independent locked
distribution:

Dli
j,j+1 := Dl

j,j+1 ∩ Dj+1 =
1

l(1)j

⎡
⎢⎢⎢⎣
03×1

03×1

03×1

lj

⎤
⎥⎥⎥⎦ ∈ R12×1 (6)

and 2) the j-dependent locked distribution:

Dld
j,j+1 := Dl

j,j+1 \ Dli
j,j+1

=
1

l(1)j

⎡
⎢⎢⎢⎣

l(1)j e1 03
03×1 l(1)j I3

e1l
T
j R

T
Nj,j+1

e1 03

ê1R
T
Nj,j+1

e1 03

⎤
⎥⎥⎥⎦ ∈ R12×4 (7)

where col(Dl
j,j+1) = col([Dli

j,j+1,Dld
j,j+1]).

One the other hand, the quotient distribution is a relative
complement of the locked distribution w.r.t. the unconstrained
distribution s.t.

Dc
j,j+1 := D� \ Dl

j,j+1 =
1

l(1)j

⎡
⎢⎢⎢⎣
−l(1)j D(1,0,0)

03
e1l

T
j R

T
Nj,j+1

ê1R
T
Nj,j+1

⎤
⎥⎥⎥⎦ ∈ R12×3 (8)

where D(a,b,c) = diag(a, b, c) ∈ R3×3 is a diagonal matrix.
The quotient distribution contains both the normal and tan-
gential components to the level set Hhj,j+1

[15]. Com-
plete normal-tangential decoupling is possible only if the
strong decomposability is granted [1], which is not the case
here.

From the decomposition, the pairwise twist can be written by

ξj,j+1 =
[
Dli

j,j+1 Dld
j,j+1 Dc

j,j+1

]
︸ ︷︷ ︸

=:Sj,j+1∈R12×8

⎛
⎜⎝uLIj,j+1

uLDj,j+1

uCj,j+1

⎞
⎟⎠ (9)

where Sj,j+1 is the decomposition matrix [15] and u�j,j+1
are

the inputs for the virtual frame layer, which are to be distributed
in Section II-B. From now on, let us omit the subscript {j, j + 1}
to shorten notations, for instance, h := hj,j+1, RN := RNj,j+1

,
Δ� := Δ�

j,j+1, D� := D�
j,j+1, and u� := u�j,j+1

. Then, the dis-
tribution inputs to be designed are uLI ∈ R, uLD ∈ R4, and
uC ∈ R3.

B. Distributed Virtual Layer Input Design

As in (9), the distribution inputs u� directly specify the twist.
If we directly assign the inputs, however, the VNF acceleration
may not be smooth, which is incompatible with the local tracking
control in Section III, as it requires the jerk of position. Thus, in
this Section II-B, we design update laws of ω̇Nj+1

, v̈Nj+1
for the

VNFs to maintain the platooning while being compatible with
the local control in Section III.

Let us define the reference inputs uref
LI ∈ R, uref

LD ∈ R4, and
uref
C ∈ R3 instead of directly defining their real inputs u�. Writ-

ing the first six rows of (9) with the reference distribution inputs,
we get

ξrefj =

[
e1 03
03×1 I3

]
uref
LD +

[
−D(1,0,0)

03

]
uref
C ∈ R6

from (6), (7), and (8). Suppose that the preceding twist ξj
and its derivatives are already given. Choosing the condition
of the reference inputs as ξrefj = ξj , the following equality
uref
LD = (eT1 (vNj

+ uref
C );ωNj

) must be satisfied. Substituting
this equality to (9) and extracting the last six rows, we can
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compute the reference twist of the following frame by

ξrefj+1 =
1

l(1)j

[
e1l

T
j

ê1

]
RT

N (vNj
+D(2,1,1)u

ref
C )

+
1

l(1)j

[
03×1

lj

]
uref
LI ∈ R6 (10)

with ξrefj+1 := (vrefNj+1
;ωref

Nj+1
), where vrefNj+1

, ωref
Nj+1

∈ R3 are

the reference velocity and angular rate. Note that uref
LI rotates

{Nj+1} along its lj direction and the rotation is tangential to
the level set Hhj,j+1

, while uref
C can change the formation (5).

Once the reference distribution inputs are determined, the update
laws of ω̇Nj+1

, v̈Nj+1
can be specified by backstepping approach

as below, for which uref
LI needs to be differentiable and uref

C twice
differentiable.

1) Roll Motion of VNF: The attitude of {Nj+1}, especially
its roll motion, is introduced to determine uref

LI , since the distri-
bution input determines the roll rate by eT1 ω

ref
Nj+1

= uref
LI . Here,

we develop an update law of uref
LI to mimic the under-actuated

roll motion for better compatibility with the physics of the
fixed-wing UAVs.

One of the common roll motion of the fixed-wing UAVs is to
use a desired bank angle (i.e., roll angle of fixed-wing aircraft)
as in [16], where the desired bank angle can be obtained by its
steering acceleration and the gravitational acceleration g > 0.
Thus, we define the sum of the accelerations as

aj+1.g := ω̄ref
Nj+1

× vrefNj+1
− gRT

Nj+1
e3 ∈ R3

where ω̄ref
Nj+1

:= ωref
Nj+1

− (lj/l
(1)

j )uref
LI ∈ R3 is independent of

the roll rate (or uref
LI ) from (10). Then our bank angle error is

ϕj+1 := arctan2(a(2)

j+1.g,−a(3)

j+1.g) ∈ R

where a(2)

j+1.g = eT2 aj+1.g ∈ R and a(3)

j+1.g = eT3 aj+1.g ∈ R.
Using the error, we design the update law of the roll rate:

u̇ref
LI = −bωu

ref
LI − kω(−ϑj+1) (11)

ϑ̇j+1 + uref
LI = −bϑϑj+1

+ kϑϕj+1 tanh(‖D(0,1,1)aj+1.g‖2/g) (12)

where bω, bϑ > 0 are stabilizing gains, kω, kϑ > 0 are driving
gains,ϑj+1 ∈ R is the “filtered” bank angle error approaching to
the bank angle error ϕj+1. The new variable ϑj+1 is introduced
here to avoid a direct impact of ϕj+1 on uref

LI . In (12), we use
ϑ̇j+1 + uref

LI , since ϑj+1 evolves on the VNF, whose roll rate is
uref
LI . The hyperbolic tangent function discounts the effect of the

bank angle error when a(2)

j+1.g, a
(3)

j+1.g are both small. Consid-
ering the matrix form of (11), (12), we can find exponentially
stable control gains bω, kω, bϑ. In the steady state, we also have

uref
LI =

kϑ
1 + bϑbω/kω

ϕj+1 tanh(‖D(0,1,1)aj+1.g‖2/g)
and it is the same as the conventional bank angle control, which
determines the roll rate with the bank angle error. Geometric
relations of this roll rate control are visualized in Fig. 2.

2) Virtual Constraint and Backstepping: Let us consider the
virtual constraint (5) to determine the reference quotient distri-
bution input uref

C with the first Lyapunov function:

V1 :=
1

2
hTh (13)

Fig. 2. The filtered bank angle error ϑj+1 approaches to the bank angle error
ϕj+1 from (12), and the roll motion of the VNF follows ϑj+1 from (11).

which is positive definite. The time derivative of (13) yields

V̇1 = hT dh

dt
= hT (Δ⊥)T

(
ξj

ξj+1

)

= hT (Δ⊥)T
(

ξj
ξrefj+1

)
+ hT (Δ⊥)T

(
06×1

eξj+1

)

= hT (Δ⊥)TDcuref
C + νT1 BΔ⊥h

with the fact that (Δ⊥)TDli = 03×1 and (Δ⊥)TDlr = 03×4.
The twist error is denoted by eξj+1

:= ξj+1 − ξrefj+1 and it can
be squeezed into ν1 := B(06×1; eξj+1

) ∈ R4 with

B :=

[
01×6 eT1 01×3

03×6 03 I3

]
∈ R4×12

while it can be reconstructed by (06×1; eξj+1
) = BT ν1. To es-

tablish the stability, we set the reference quotient distribution
input by

uref
C = −Kh(Dc)TΔ⊥h = KhD(2,1,1)RNj

h (14)

We then have V̇1 = −khh
Th+ νT1 BΔ⊥h, where kh > 0 is a

positive constant and Kh := khD
−1
(4,1,1) is a positive definite

matrix. Note that (14) is a twice differentiable equation.
We get uref

LI from (11), (12) and uref
C from (14). Substituting

these reference distribution inputs to (10), we can compute the
reference twist ξrefj+1 and its derivatives. Now the backstep-
ping approach is employed to obtain the update laws of the
twist. For this, we augment a quadratic potential of ν1 to (13)
by

V2 :=
1

2
hTh+

1

2γ1
νT1 ν1

V̇2 = −khh
Th+

1

γ1
νT1 (ν̇1 + γ1BΔ⊥h)

(15)

with a constant γ1 > 0, which leads us to an update law:

ν̇1 = −k1ν1 − γ1BΔ⊥h+ CT ν2

with k1 > 0 and C := (1, 01×3) ∈ R1×4, where ν2 := C(ν̇1 +
k1ν1 + γ1BΔ⊥h) ∈ R is the remained error of the update law
on the velocity aspect. From the update law, the derivative of the
angular rate is designated as

ω̇Nj+1
= ω̇ref

Nj+1
− k1eωNj+1

+ γ1 l̂jR
T
Nj+1

h (16)

where eωNj+1
:= ωNj+1

− ωref
Nj+1

is the angular rate error.
Similarly, we augment a quadratic potential of ν2 to (15)
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Fig. 3. Heading-hold control aims to regulate the symmetric plane alignment
error rj and the heading vector error sj as much as permissible by the higher
priorities in the null-space hierarchical control (27).

by

V3 :=
1

2
hTh+

1

2γ1
νT1 ν1 +

1

2γ1γ2
νT2 ν2

V̇3 = −khh
Th− k1

γ1
νT1 ν1 +

1

γ1γ2
νT2 (ν̇2 + γ2Cν1)

(17)

with a constant γ2 > 0. Then it suggests an update law:

ν̇2 = −k2ν2 − γ2 Cν1

so that we can obtain V̇3 = −khh
Th− k1

γ1
νT1 ν1 − k2

γ1γ2
νT2 ν2

which is negative definite with a constant k2 > 0. The update
law then derives

v̈Nj+1
= v̈refNj+1

− (k1 + k2)ėvNj+1
− (k1k2 + γ2)evNj+1

− γ1D(1,0,0)

(
d

dt
(RT

Nj+1
h) + k2R

T
Nj+1

h

)
(18)

where evNj+1
:= vNj+1

− vrefNj+1
is the velocity error. The fol-

lowing Prop. 1 summarizes the main properties of our virtual
frame layer control and the attainment of the Control objective 1
in Section II-A. Note also that, from the twist updates of the vir-
tual frame layer (16) and (18), we can calculate the acceleration
of (j + 1)-th VNF by p̈Nj+1

= RNj+1
(v̇Nj+1

+ ω̂Nj+1
vNj+1

)
and the jerk by

...
pNj+1

= RNj+1
(v̈Nj+1

+ 2ω̂Nj+1
v̇Nj+1

+
˙̂ωNj+1

vNj+1
+ ω̂2

Nj+1
vNj+1

), which are to be used for the local
control layer in Section III.

Proposition 1: Consider the VNFs (1) and their reference
twists given by (10) with (11), (12) and (14). Then, the reference
velocity is twice differentiable and the reference angular rate
is differentiable. Further, with the update laws, (16) and (18),
the formation objective (5) is achieved (i.e., hj,j+1 → 03×1)
exponentially and the twist of each VNF also converges to their
respective reference twist (i.e., ξj+1 → ξrefj+1) exponentially.

Proof: See the Lyapunov function (17) and its time derivative
V̇3 ≤ −2min(kh, k1, k2)V3. Then, V3 exponentially converges
to zero and so do h, ν1, and ν2. The last item follows from
ξj+1 = ξrefj+1 + [06×6, I6]B

T ν1. �

III. LOCAL CONTROL LAYER

This Section III-A presents the local control layer, which aims
to drive each fixed-wing UAV to track their respective VNF{Nj}
robustly even with their under-actuation. For this, let us attach
a frame {Bj} to the j-th UAV, whose e1, e2, e3 represent the
heading, main-wing, and down direction as in Fig. 3. We then
model the fixed-wing UAV as a combination of the translation
dynamics and the attitude kinematics of {Bj} evolving in SE(3)

with the assumption of availability of low-level attitude control:

mj p̈Bj
= RBj

fj +mjge3 (19)

ṘBj
= RBj

ω̂Bj
(20)

where mj ∈ R is the mass, pBj
∈ R3 is the position vector,

RBj
∈ SO(3) is the rotation matrix, ωBj

∈ R3 is the body
angular rate, and fj ∈ R3 is a force on the body-fixed frame
written by

fj := f t
je1 + fv

j (ρ, vj)

where f t
j ∈ R is the thrust control input, fv

j (ρ, vj) ∈ R3 is the
aerodynamic force of the fixed-wing UAV as modeled in [17],
ρ ∈ R is the temperature/altitude-dependent air density, vj :=
RT

Bj
(ṗBj

− vw) ∈ R3 is the relative wind velocity, and vw ∈ R3

is the wind velocity in {O} measurable as stated in [18]. In this
letter, we consider uncertainty only in the aerodynamic force
fv
j (ρ, vj), as this is typically much larger as compared to other

uncertainties (e.g., inertia parameters, control/communication
imperfectness, etc.).

Control objective 2: Consider the fixed-wing UAV (19), (20)
evolving in SE(3). We then want the position pBj

of the UAV
to track that of its VNF (i.e., pNj

), and its attitude RBj
matches

that of the VNF (i.e., RNj
) as much as permissible (i.e., within

the null-space of the (pBj
, pNj

)-tracking objective - see (27)),
while ensuring robustness against the aerodynamic uncertainty
and boundedness of all the states even with their under-actuation.

A. Position Tracking Control Design

We first consider the position tracking problem between the
fixed-wing UAV and its corresponding VNF. For this, we extend
the framework of [3] to the case of fixed-wing UAVs. Define a
desired acceleration for the position tracking:

adesj := p̈Nj
− baėj − kaej = p̈Bj

+ νa ∈ R3

where ej := pBj
− pNj

∈ R3 is the position error between the
UAV and its VNF, and νa ∈ R3 is the acceleration error due to
the under-actuation. To enforce ej , ėj → 03×1, we define ζj :=
(ėj ; ej) ∈ R6 and the following Lyapunov function:

W1 :=
1

2
ζTj Pζj

Ẇ1 = −ζTj Qζj − νTa (ėj + εej)

(21)

with 6× 6 matrices:

P :=

[
1 ε

ε ka + εba

]
⊗ I3, Q :=

[
ba−ε 0

0 εka

]
⊗ I3 ∈ R6×6

where ⊗ is the Kronecker product. This P,Q are both positive
definite if we choose a small ε s.t. 0 < ε < ba. For backstepping,
we augment W1 and obtain:

W2 :=
1

2
ζTj Pζj +

1

2γ
νTa νa

Ẇ2 = −ζTj Qζj +
1

γ
νTa (ν̇a − γ(ėj + εej))

(22)

where γ > 0 is a constant. This then suggests us the following
update law:

ν̇a = uνa
:= −kνa + γ(ėj + εej) ∈ R3 (23)
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so that Ẇ2 = −ζTj Qζj − k
γ ν

T
a νa become negative definite,

where k > 0 is a constant backstepping gain.
To attain the control law, we differentiate (19) by

mj(ȧ
des
j − ν̇a) = mj

...
pBj

= RBj
ω̂Bj

fj +RBj
(ḟ t

je1 + ḟv
j )

with ḟv
j =

∂fv
j

∂vj
v̇j +

∂fv
j

∂ρ ρ̇ and v̇j = −ω̂Bj
vj +RT

Bj
(p̈Bj

−
v̇w). The air density ρ is typically slowly varying, thus, we
assume ρ̇ ≈ 0. We rearrange the above equation byG1uBj

= d1
with

G1 :=
[
e1

fv
j

vj
v̂j − f̂j

]
∈ R3×4

d1 := −fv
j

vj
RT

Bj
(p̈Bj

− v̇w)

+mjR
T
Bj

(ȧdesj − uνa
) ∈ R3

(24)

for the UAV control input uBj
:= (ḟ t

j ;ωBj
) ∈ R4. Here, notice

the redundancy from (24), that is, the size of the control input R4

is larger than that of the position tracking objective R3. Thus,
we can introduce another control objective, heading-hold objec-
tive as detailed in the next Section III-B, using the null-space
hierarchical control.

B. Heading-Hold Control Design

Recall from Section II that the VNF does not have sideways
velocities and follows the conventional roll attitude control.
This means that conditions for heading-hold can be achieved
by matching the plane of symmetry of the fixed-wing UAV (a
plane perpendicular to its main-wing) with that of the VNF.
Thus the objective function can be written by ṙj = −krrj , where
rj := (RBj

−RNj
)e2 is the symmetric plane error as shown in

Fig. 3 and kr > 0 is a positive gain. This objective function can
then be organized into G2uBj

= d2 with

G2 :=
[
03×1 −ê2

]
∈ R3×4

d2 := RT
Bj

RNj
ω̂Nj

e2 − kr(I3 −RT
Bj

RNj
)e2 ∈ R3

(25)

Since G2 in (25), together with G1 in (24), is still lacking in
spanning R4 (i.e., rank([G1;G2]) < 4 for some rare cases), we
additionally define the third objective function as ṡj = −kssj
where sj := (RBj

−RNj
)e1 is the heading vector error as

shown in Fig. 3 and ks > 0 is a positive gain. Then, similarly to
(25), we can obtain G3uBj

= d3 with

G3 :=
[
03×1 −ê1

]
∈ R3×4

d3 := RT
Bj

RNj
ω̂Nj

e1 − kr(I3 −RT
Bj

RNj
)e1 ∈ R3

(26)

This last objective (26) turns out to be very rarely activated,
since, in almost all cases, rank([G1;G2]) = 4 and the lowest
priority is to be assigned to (26).

More precisely, we combine (24), (25) and (26) into a form
of the null-space hierarchical control s.t.

uBj ,1 = G+
1 d1

uBj ,2 = uBj ,1 + P1(G2P1)
+(d2 −G2uBj ,1)

(ḟ t
j ;ωBj

) = uBj ,2 + P2(G3P2)
+(d3 −G3uBj ,2) (27)

where (·)+ is a Moore-Penrose pseudoinverse operator, and
P1 := I −G+

1 G1, P2 := P1 − (G2P1)
+G2P1 are the projec-

tion matrices into their respective null-spaces.
Proposition 2: Consider the fixed-wing UAV (19), (20) and

its corresponding VNF {Nj} under the null-space hierarchical
control (27) with the objectives (24), (25) and (26). Assume that:
a) (ṗNj

, p̈Nj
,
...
pNj

, ωNj
) of the VNF {Nj} are bounded; and b)

the wind velocity vw(t) and the aerodynamic force fv
j (ρ, vj)

are Lipschitz continuous and bounded. Then, 1) if fv
j (ρ, vj) is

certain, the tracking error converges to zero (i.e., ζj → 06×1

and νa → 03×1) exponentially; 2) if fv
j (ρ, vj) has a Lipschitz

continuous and bounded additive uncertainty, with its magnitude
and that of its derivative not so large (i.e., |λmax(H)| < 1 -
see after (28)), there exist control gains for which (ζj , νa) is
ultimately bounded; and 3) for both cases, UAV control input
(ḟ t

j , ωBj
) is bounded.

Proof: The null-space hierarchical control (27) satisfies the
first control objective (24) if fv

j is certain. Then we have Ẇ2 ≤
−2min(λmin(Q)/λmax(P ), k)W2 where λmin(·), λmax(·) are
the minimum and maximum eigenvalue operators. This implies
W2 → 0 exponentially and so do (ζj , νa).

In order to deal with the aerodynamic uncertainty, the aero-
dynamic force is set to fv

j = f̄v
j + f̃v

j where f̄v
j (ρ, vj) ∈ R3

is the modeled aerodynamic force and f̃v
j (ρ, vj) ∈ R3 is the

additive uncertainty. If the body acceleration p̈Bj
can be

measured with some sensors (e.g., accelerometer), we can
obtain νa, ȧdesj , and fv

j but cannot compute their deriva-
tives so that the controller implements ∂f̄v

j /∂vj instead of
∂fv

j /∂vj in (24). In the case that the body acceleration p̈Bj

cannot be measured due to some practical reasons, whose
proof is provided in this Prop. 2, the controller also esti-
mates the acceleration by p̈Bj

−RBj
f̃v
j /mj and estimates

ȧdesj , uνa
using the estimated acceleration. Then the track-

ing objective implementation (24) is replaced by Ḡ1uBj
= d̄1

with

Ḡ1 :=
[
e1

f̄v
j

vj
v̂j − ˆ̄fv

j − f t
j ê1

]
∈ R3×4

d̄1 := − f̄v
j

vj
RT

Bj
(p̈Bj

−RBj
f̃v
j /mj − v̇w)

+mjR
T
Bj

(ȧdesj − uνa
) + (ba + k)f̃v

j ∈ R3

(28)

For further development, we define H := G1Ḡ
+
1 − I3 ∈ R3×3

and F := (1/mj)(∂f̃
v
j /∂vj −H∂f̄v

j /∂vj) ∈ R3×3, which are
both bounded (i.e., σH : vj �→ |λmax(H)| and σF : vj �→
|λmax(F )| are bounded for all vj) due to assumptions. Then
the evolution of the translation dynamics can be written
by

ν̇a = uνa
−HO(ȧ

des
j − uνa

)− FO(p̈Bj
− v̇w)

− 1

mj
RBj

(I3 +H)

(
∂f̄v

j

∂vj

f̃v
j

mj
+ (ba + k)f̃v

j

)
where HO := RBj

HRT
Bj

, FO := RBj
FRT

Bj
∈ R3×3. Note

ȧdesj − uνa
=

...
pNj

+ (ba + k)νa + (b2a − γ)ėj + (baka −
γε)ej and p̈Bj

− v̇w = p̈Nj
− v̇w − νa − baėj − kaej while

‖HO
...
pNj

+ FO(p̈Nj
− v̇w) + (1/mj)RBj

(I3 +H)((
∂f̄v

j

∂/ vj)
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f̃v
j /mj + (ba + k)f̃v

j )‖2 < δ is also bounded due to
assumptions. The time derivative of the Lyapunov function is
now bounded by

Ẇ2 ≤ −min (λmin(Q), k/γ) ‖(ζj ; νa)‖22 + (δ/γ)‖νa‖2
+ (σHκH/γ + σFκF /γ)‖(ζj ; νa)‖22

where κH := max(ba + k, |b2a − γ|, |baka − γε|) ∈ R and
κF := max(1, ba, ka) ∈ R with ‖νa‖2 ≤ ‖(ζj ; νa)‖2. The
following inequality sandwiches the Lyapunov function by

(1/2)min (λmin(P ), 1/γ) ‖(ζj ; νa)‖22 ≤ W2

≤ (1/2)max (λmax(P ), 1/γ) ‖(ζj ; νa)‖22
so that the error (ζj , νa) converges to the bounded ball of

radius δ/γ
min(λmin(Q),k/γ)−σHκH/γ−σFκF /γ

√
max(λmax(P ),1/γ)
min(λmin(P ),1/γ) if

σHκH/γ + σFκF /γ < min(λmin(Q), k/γ) holds. Note that
we can always find a set of control gains satisfying the con-
vergence condition if the magnitude of the uncertainty and its
derivative meets σH(vj) < 1.

On the other hand, with the assumed boundedness of
(ṗNj

, p̈Nj
,
...
pNj

, ωNj
, vw(t), f

v
j (ρ, vj)) and the convergence of

(ζj , νa), we can show that ṗBj
, vj , a

des
j , p̈Bj

, ȧdesj are bounded

and so are d1, d2, d3 as well. This then implies (ḟ t
j , ωBj

) is
bounded with rank([G1;G2;G3]) = 4. �

On top of Prop. 1 and Prop. 2 for the control objective
achievement and the well-behaving of the relevant states in the
virtual frame layer and the local control layer, respectively, we
also provide the following Thm. 1 to further specify the key
properties of the combined teleoperated platooning behavior of
the multiple under-actuated fixed-wing UAVs.

Theorem 1: Consider the teleoperated platoon consists of
n-VNFs (1) and n-fixed-wing UAVs (19), (20) with the virtual
frame layer (16), (18) and the local control layer (27). Suppose
that: a) the wind velocity vw(t) and aerodynamic disturbance
fv
j (ρ, vj) in (19) are Lipschitz continuous and bounded; and

b) the twist ξ1 and its derivatives ξ̇1, v̈N1
of the forefront

(commanding) leader VNF are bounded. Then, the formation
objective and the tracking objective exponentially converge,
i.e., hj,j+1 → 03×1 (with ξj+1 → ξref

j+1) for ∀j = 1, 2, · · ·n and
ζj → 06×1 for j = 1, 2, · · ·n (or ζj ultimately bounded with
the aerodynamic uncertainty as stated in Prop. 2). Further,
the control inputs of the VNFs (ω̇Nj+1

, v̈Nj+1
) and the UAVs

(ḟ t
j , ωBj

) are also remained to be bounded.
Proof: Note that this Thm. 1 is essentially a combination of

Prop. 1 and Prop. 2 using the integrated Lyapunov functionV :=∑n−1
j=1 V3(j,j+1)

+
∑n

j=1 W2j with V3(j,j+1)
(t),W2j (t) → 0 ex-

ponentially following their respective Prop. 1 and Prop. 2.
Only the exception for that is to replace the assumption a) of

Prop. 2 with the boundedness assumption on ξ1, ξ̇1, v̈N1
of the

leader UAV. For this, assume that ξj , ξ̇j , v̈Nj
are bounded for

any j. Then, uref
LI , u̇

ref
LI are bounded from (11), (12). From the

h → 03×1 exponentially, we can also show that uref
C from (14)

is bounded and then ξrefj+1 is bounded. Using the boundedness

of ν1 → 04×1, we get bounded ξj+1 and following ḣ, u̇ref
C , ξ̇refj+1

are also bounded. Again with bounded ν2 → 0, the twist rate
ξ̇j+1 is bounded and ḧ, üref

C , v̈Nj+1
are bounded. As a result,

ξj+1, ξ̇j+1, v̈Nj+1
are all bounded if ξj , ξ̇j , v̈Nj

are bounded.

Thus, bounded ξ1, ξ̇1, v̈N1
ensures the boundedness of the con-

trol input (ω̇Nj
, v̈Nj

) of all the VNFs and that of the UAV control
input (ḟ t

j , ωBj
) while nullifying the necessity of the assumption

a) of Prop. 2. �

IV. SIMULATION

In order to validate our proposed framework, we perform
real-time simulations with a human operator in the loop. A
commercial Omega.31 is used as a haptic device and its 3DOF
Cartesian position uuser ∈ R3 is used to control the forefront
leader VNF {N1}. For this, we set the reference acceleration
for {N1} to be eT1 v̇

ref
N1

= η1e
T
1 uuser, the reference yaw rate

eT3 ω
ref
N1

= −η2e
T
2 uuser, and the reference pitch rate eT2 ω

ref
N1

=

−η3e
T
3 uuser, where η1, η2, η3 > 0 are to scale the user device

input. The reference roll rate eT1 ω
ref
N1

is derived from (11), (12).
The twist update law of the forefront VNF is written by

ω̇N1
= ω̇ref

N1
− k1eωN1

v̈N1
= v̈refN1

− (k1 + k2)ėvN1
− (k1k2 + γ2)evN1

reusing the gains of (16), (18) where ω̇N1
, v̈N1

are computed by
using u̇user which is provided by the device and smooth enough
during the simulations. We also introduce some haptic feedback
to assist the user: 1) preventing a crash to the ground; 2) leveling
the flight path; and 3) ensuring sufficient forward velocities.
Note that other types of control (e.g., mission planner) can be
applied to the leader UAV.

The simulations are performed with 25-trailing fixed-wing
UAVs. We set the relative position vector (expressed in {Nj+1})
to be lj = (3, 0, 0)T [m] for j = 1, 2, · · · 24 to render the line-
topology platoon, although other formation shapes are pos-
sible with suitably-chosen lj ∈ R3 with l(1)j > 0. The vir-
tual frame gains are chosen as bω = 3, kω = 1, bϑ = 1, kϑ =
1, kh = 0.5, γ1 = 0.1, k1 = 10, γ2 = 1, k2 = 1 and the local
control gains as ba = 4, ka = 4, ε = 1, γ = 16, k = 48, kr =
1, ks = 1. Conditions for the gain selection are provided
in Section II and Section III, with their values needed to
be tuned for specific systems under those conditions. Pa-
rameters of the fixed-wing UAVs are determined accord-
ing to [19], e.g., the mass mj = 1.72[kg] and aerodynamic
coefficients C0

Z = 0.1601, Cα
Z = 4.4851, Cβ

Y = 0.7076, C0
X =

0.01 602, CA
X = 0.1347. The aerodynamic force is written by

fv
j (ρ, vj) = −0.5ρAj‖vj‖22

(
CX

j CY
j CZ

j

)T
where Aj = 0.285[m2] is the wing area, ρ = 1.22[kg/m3]
is the air density, vj ∈ R3 is the relative wind velocity.
The aerodynamic coefficients C�

j are given by CZ
j := C0

Z +

Cα
Z sinαj , C

Y
j := Cβ

Y sinβj , C
X
j := C0

X + CA
X(CZ

j )2 where
αj = sin−1(eT3 vj/‖vj‖) is the angle of attack and βj =
sin−1(eT2 vj/‖vj‖) is the side-slip angle. Aerodynamic un-
certainties are modeled by estimated aerodynamic coef-
ficients C̄0

Z = 0.15, C̄α
Z = 4.5, C̄β

Y = 0.7, C̄0
X = 0.015, C̄A

X =
0.15 and included in the simulations. The body acceleration is
assumed to be measurable (e.g., accelerometer).

The real-time simulation environment (i.e., visual display,
physics simulation, haptic interface, etc.) is custom built using

1https://www.forcedimension.com/

https://www.forcedimension.com/
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Fig. 4. Real-time simulation results of the teleoperated platooning with 25
fixed-wing UAVs and E(3) haptic device, showing the efficacy of the virtual
frame and local control layers (i.e., hj,j+1 → 0 and ej → 0) with boundedness
of all relevant states and the regulated sideways velocity (link to multimedia
(video): https://youtu.be/Z3Mo66KIsns).

C++ and OpenGL. The dynamics of the physical fixed-wing
UAVs and the virtual evolution of the VNFs are integrated
with the explicit Euler method. Simulation results and link to
multimedia (video) are presented in Fig. 4. Initial formation
errors hj,j+1(t = 0) and initial tracking errors ej(t = 0) are
chosen to be random with magnitude 1[m]. Initial velocities of
the VNFs and the UAVs are 15[m/s], and the initial attitudes
are identical. The user command for the simulation in Fig. 4 is
lateral loop around t = 5–16, 21–35[s], longitudinal loop around
t = 40–50[s], and descent around t = 60–70[s]. The formation
objective (i.e., hj,j+1) and the tracking objective (i.e., ej) con-
verge to zero, implying that the UAVs attain the desired platoon
formation. The side velocity v(2)

Bj
is also regulated due to the

heading control, and converges to zero at level flight. Adequate
angle of attack (or downward velocity v(3)

Bj
) is formed to generate

the lift force during the simulation.

V. CONCLUSION

We proposed a novel distributed control framework for a
teleoperated platooning of 3D fixed-wing UAVs consists of: 1)

virtual frame layer, which renders a platooning of 3D virtual
nonholonomic frames (VNFs) with only peer-to-peer commu-
nication required; and 2) local control layer, which drives each
fixed-wing UAV to track corresponding VNF with the under-
actuated property and aerodynamic uncertainty considered.
Real-time human-in-the-loop simulations are also performed
to show the theory. Some possible future research directions
include: 1) incorporation of collision avoidance and formation
feedback [20]; 2) extension to other communication topologies
both for cooperative perception or control; and 3) experimenta-
tion with real fixed-wing UAVs.
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