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Abstract—1In this article, we present a control barrier func-
tion (CBF)-based control strategy for safe and precise landing
of an unmanned aerial vehicle (UAV) on a moving target.
The CBF is time-varying, as it depends on the velocity of the
landing platform and captures three crucial safety constraints:
(a) collision avoidance with the landing platform, (b) precise
vertical descent on a narrow landing platform, and (c) ground
clearance throughout the landing maneuver. The proposed
CBF’s parameters can be adjusted to set the desired width
and height of the descending cone. A quadratic program-
based CBF safety filter is designed, which takes a nominal
position tracking control input and yields a minimally invasive
control input that enforces the safety constraints throughout
the landing maneuver. The controller’s feasibility is analyzed
and its performance is validated through multiple experiments
using a quadrotor UAV and an unmanned ground vehicle.

I. INTRODUCTION

The applications involving the coordination of unmanned
aerial vehicles (UAVs) and unmanned ground vehicles
(UGVs) have expanded significantly in recent years. A
crucial challenge in the coordination of ground and aerial
robots is to land the aerial robot on the moving UGV [1].
While the landing problem has been widely investigated from
the perspectives of the mechanical design of the landing
gear, detection of the landing platform, and pre-planned
trajectory tracking [2], a systematic control design approach
that guarantees precision and safety throughout the landing
maneuver has not yet been well investigated.

In the landing scenario, the UAV is prone to collision
with the target robot and undesirable ground effects. A
generic engineering solution to this problem involves a multi-
stage switching approach, where the UAV ascends to a
safe altitude, approaches the platform horizontally to align
over the platform, and descends to the platform’s surface
while maintaining the alignment. The control schemes using
vision-based guidance [3], [4] assume that the UAV is initial-
ized at a convenient altitude to enable tracking of the target,
and therefore, the focus is on the approach phase through
visual servoing. On the other hand, the conventional robust
[5] and adaptive [6] controllers, proposed in the literature for
UAV landing, address either the approach or the descending
phase, assuming the availability of reliable solutions for the
other phases of the landing maneuver.
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Another crucial aspect of the UAV landing scenario is
the stringent requirements on precision, especially when the
area available for landing is small, as the UAV is expected
to deliberately perform a precise contact maneuver with
the landing platform. Vision-guided control schemes have
addressed this aspect as a precise alignment problem with
the fiducial markers placed on the landing platform [7],
[8]. In contrast, the robust control techniques [9] address
this problem through prescribed performance control. The
landing trajectory design with avoidance is handled using an
external planner in these methods. In this article, we propose
a control barrier function-based approach that does not rely
on pre-planned trajectories but accommodates the safety and
precision constraints directly into the control design and
shapes the UAV’s trajectory on the fly.

The safety constraints can be enforced in control very
elegantly using a control barrier function (CBF) technique
[10]. In this approach, a safe set, defined as the super level
set of a control barrier function is rendered forward invariant
and asymptotically stable throughout a control execution.
The CBF filter, in the form of a quadratic program [10],
is used to enforce the safety constraints over a nominal
controller. Recently, CBFs have been used with UAVs mainly
for collision avoidance [11] and visual surveillance [12].
Although methods such as [13], [14] use a CBF approach for
a landing problem, the CBF is constructed only to bound the
error in trajectory tracking, similar to prescribed performance
control, rather than enforcing the constraints directly for a
smooth and safe landing. However, in our case, the CBF
must provide avoidance in some regions, while still allowing
to establish contact with the target vertically.

Contributions: The contributions of this work are as
follows. (a) A novel time-varying CBF (TV-CBF) is designed
based on methodical analysis of three crucial safety con-
straints (Figure 1) for safe and precise landing: a no-go zone
around the ground robot, smooth final vertical descent, and
prescribed ground clearance in the vicinity of the ground
robot. The design parameters provide the flexibility to shape
the unsafe region for the desired vertical descent. (b) This
proposed CBF approach leads to smooth landing maneuvers
from a large set of initial conditions, as against switched
and multi-stage maneuvers found in literature, which are
initiated from special initial conditions. (c) A control scheme
is proposed, where the CBF filter is presented in the form of a
simple quadratic program that works with a nominal position
tracking controller to track and land on the moving target.
(d) The controller’s performance is tested with experiments
using static and moving targets.
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II. NOTATIONS AND PRELIMINARIES

We denote by R the set of real numbers, by S the unit
circle, and by I,, an identity matrix of size n. The boundary
of a time-varying set S(¢) is denoted as dS(z). A continuous
function « : (—b,a) — (—eo,c0), where the real constants
a,b > 0, is said to be an extended class-2# function if
0(0) =0 and it is strictly increasing. Next, we present some
important ideas and results from the theory of control barrier
functions, which is the design methodology employed in this
work to ensure safety during the landing maneuver.

Let S(r) C 2 be the region of the state-space, which is
deemed as a time-varying safe region for the operation of a
control affine dynamical system % = f(x)+ g(x)u. Let h(x,?) :
D(t) C 2 — R be a continuously differentiable function,
with S(¢) C D(¢) V¢, such that S(¢) := {x € 2| h(x,t) > 0},
that is, S(7) is a zero super-level set of the function h(x,z) V1.
The time-varying set S(¢) is rendered safe, if the control
input u ensures positive invariance of the set S(r) V¢, that
is, x(to) € S(t9) implies x(¢) € S(¢) for all ¢ > 1. In addition,
if S(¢) is rendered asymptotically stable when the system
is initialized in D(¢) \ S(r), a measure of robustness can
be incorporated into the notion of safety. The definition
presented next provides conditions for a function %(x,t) to
be a valid time-varying control barrier function.

Definition 1 (Time-varying CBF [15]): A candidate con-
tinuously differentiable function h(x,#) is a valid control
barrier function for a control affine dynamical system x =
S(x)+ g(x)u, if there exists a locally Lipschitz continuous
class-#" function @ such that, for all (x,#) € D() x [0, 0]

T

sup P 1) 1 gy + 20 > o). 1)

M=% X al
The forward invariance of S(¢) (h(x,t) >0 on dS(¢)) and
asymptotic stability of S(¢) (h(x,t) >0 in D(¢)\ S(¢)) are
captured in one shot in the condition (1). In section IV-B,
we present a time-varying control barrier function for the
landing problem formulated in section III.

Proposition 1 ([10]): Let . C 2 be the zero super-level
set of a continuously differentiable function h: 2 C 2" — R.
If 4 is a control barrier function on & and % %0 on J%,
then any Lipschitz continuous controller u(x) € Kj(x), where

Kin(x) ={u€ % | Lfh(x)+ Lgh(x)u+yo(h(x)) >0} (2)
for a control affine dynamical system renders . forward
invariant and asymptotically stable in 2.

III. PROBLEM FORMULATION

This section presents the modeling of UAV dynamics, a
systematic analysis of the UAV landing scenario and the
derivation of the control barrier function that encapsulates
the safety constraints of the landing scenario.

A. Dynamics of quadrotor UAV

The UAV dynamics is given by,

mp(t) +mG = T1p, (3)
Ja(1) + C(q.4,1)q(1) = 1q, C)

.where m,J € R3,C € R? are the mass, inertia and Coriolis
terms of the UAV, p(t) = [x(¢),y(t),z(¢)]T € R? is the position
vector of the UAV defined in the inertial frame Xw — Yw —
Zw (cf. Fig. 1), G£[0,0,¢]T € R? is the gravity term, T, £
[Ty, 7y, T,]T € R? is the control input in the inertial frame,
qQ2[0(1),0(),y(t)]" €S is the orientation of the UAV,
and Tq € R3 is the attitude control input.

B. Constraints for safe landing onto a moving platform

When the target position is available, a typical landing
maneuver consists of three main stages: 1) Adjusting the
altitude of the UAV to stay conveniently above the target
platform, 2) Propelling horizontally to vertically align the
UAV over the moving target platform, and 3) Initiating the
descent onto the moving platform to complete the landing.

The proposed approach combines the three sequential
steps into a single smooth and safe landing maneuver. We
begin by deriving a set of three constraints that capture
crucial concerns for safety in the landing maneuver. An

DI -
(b) Safe
/ region
. Unsafe o
Pa(t) region — | — Palty
Unsafe
region
- re=--- >

Unsafe

pt,) region

->

€0

Fig. 1: Cross-sectional view of the landing constraints at time
instant, = #1: (a) The UAV must avoid the hemispherical
region (red) enclosing the robot; (b) In the landing proximity,
the UAV must stay within a conical region (green) for vertical
descent; (c) The UAV must maintain ground clearance.

essential problem in landing is collision avoidance with the
ground robot (landing platform), which is modeled using a
hemispherical unsafe region of radius r around the platform.
The hemispherical constraint (cf. red region in Fig. 1a),
centered at the platform’s base, allows the UAV to avoid
most parts of the landing platform while still being able to
approach the platform from the top.

Secondly, to ensure smooth and precise vertical descent
onto the landing spot, the safe region is marked as the
descending cone (green triangle) in Fig 1b. The area outside
the cone and above the target (red) is deemed unsafe.
Furthermore, to reinforce safe operation and avoid turbulence
effects arising from flying too close to the ground, the UAV
must maintain a clearance, ¢ from the ground (or from
the water surface in case of a floating landing platform).
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Such a constraint is imposed as a subspace constraint, as
shown in Fig. 1c. Fig 2 illustrates a function (a candidate

(i%@‘

Unsafe 1
Region 1

(iii)

Fig. 2: Cross-sectional view of the proposed CBF with the
unsafe zone (red) and the paths that a UAV is expected to
follow from (i) a similar altitude as the landing platform, (ii)
a higher altitude and (iii) inside the unsafe region.

control barrier function (CBF)) that captures the three safety
constraints in the landing problem in one go. The expec-
tations from the UAV landing maneuvers from three initial
conditions are also illustrated. The UAV must complete the
landing by staying in the white region and avoiding the red
region, which is centered at the desired landing spot pq(t) £
[x4(2),ya(t),za(t)]T and moves with the target. Hence, the
CBF constraint is time-varying in nature.
The safe zone is captured through the inequality:

e.(t) >= Bad(t)exp(—oad(t)), %)

where the horizontal distance d(t) = | /e2(t) +e2(t) is depen-

dent on pa(t) = [x4(t),ya(t),z4(t)]T, @, B are positive real
scalars for stretching the CBF horizontally (cf. Fig. 3 (a)) and
vertically (cf. Fig. 3 (b)), respectively, and e,(),e,(1),e;(?)
form the position error vector,

ex(t) x(t) = xq(1)
ep(r) = |ey(t)| = |¥(t) —yalt) | . (6)
e(t) 2(t) —za(t)
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Fig. 3: CBF boundary contours for various: (a) & and (b) 3
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Fig. 4: Nllustration of parameters needed for control design.

The descending cone’s angle of inclination 0, and height
ezp (cf. Fig 4), i.e, the peak altitude of the CBF and the
horizontal distance from the landing spot (d2,) to the CBF’s
peak determine the parameters o & f. Their relationship is
obtained by equating the gradient of the CBF with respect
to the horizontal distance d to zero.

% =oaf(1—ad(t))exp(—ad(t)),
oh 1 x
7= 0= a= Y e;,tan(6). (7)

From (7) and (5) we get, 8 = ¢} exp(1) =2.718¢},. Further,
we define the assumptions to formulate the control problem.

Assumption 1 (Initial error): The initial error values are
bounded, such that |e,(0)|,|e;(0)],]e;(0)| < by. This assump-
tion is necessary for any tracking controller.

Assumption 2 (Target velocity): The velocity of the
ground robot is sufficiently smooth and bounded such
that |, (¢)] < V5, [Ya(t)] < vin, 24(t) = 0 implying that the
landing spot’s altitude remains constant.

Assumption 3 (Experimental procedure): Since this work
focuses on modeling the safety constraints and control de-
sign, the experiments are carried out in a laboratory environ-
ment with the knowledge of UAV and target odometry, and
no external disturbances.

With this premise, the formulation of the control de-
sign problem is presented next. Problem Statement: The
problem considered in this article is that of designing a
controller for landing a UAV defined by the dynamics (3)-
(4) on a moving target, while enforcing the constraint (5)
parameterized by the positive scalars oo and 3, under the
assumptions 1 - 3.

IV. PROPOSED CONTROL SOLUTION
A. Control architecture for the UAV

The overall controller for the UAV is designed to have
two loops [16] as shown in Fig 5. The position controller
produces a pseudo-virtual input u'(r) = —Kpep(r) +pa to
track the landing position (pg), where K, € R3>3 is a
positive definite gain matrix. The CBF filter (described later
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Fig. 5: A block diagram of the proposed control architecture.

in Subsection IV-C) then filters the pseudo-virtual input
using the landing constraints and produces the actual virtual
velocity input, u*(¢). The velocity controller produces the
desired thrust using the virtual velocity input.

Tp(1) = Ky (p(t) —u* (1)) + mG (®)

where Ky € R¥*3 is a positive definite gain matrix. The
mapping of the thrust vector and further the attitude control
input to the UAV’s rotor velocities are achieved by standard
geometric control method as in [17], [18], [19].

B. CBF constraints

The CBEF filter is based on the position kinematic model
of the UAV, p = u(r). The CBF filter acts in between the
position and velocity controllers and it is assumed that the
lower-level control layers track the velocity inputs in high
speed and accuracy.

From the constraint in (5), we derive the following ex-
ponentially decaying barrier function which defines the safe
set’s boundary:

h(x,y,z,t) = ec(t) — Bad(t)exp(—ad(1)). ©)

From (9), the gradients of the CBF involved in condition (1)
are

dh  afeexp(—ad)(1—ad)
ox d
oh afeyexp(—ad)(l —ad)
dy d
dh
dz
oh . of(1—oad)exp(—ad)(iqex+yqey)
— = —Z4+
dt d
where z; = 0. It is to be remarked that since X;&y,; are
external to the control inputs, A(#) becomes time-varying.
The forward invariance and asymptotic stability of the safe
set . = {x € R3 | h(x) > 0} is enforced by the CBF safety

filter presented next.

(10)
=1

C. CBF safety filter

For a valid time-varying control barrier function, condition
(1) is satisfied for all p € D(¢) and # > 0. This implies that for
all initial conditions in D(r), there exists at least one control
input from the admissible set % = [—v},, V] X [~ Vi, Vin) X
[-V5,,v%,] that renders the safe set S(¢) forward invariant
and asymptotically convergent, where v5,, vy, V%, € Z7. Tt is
remarked that for the safe operation of the UAYV, these upper
bounds are imposed on the velocity input for the UAV. We

now present a CBF filter that takes the nominal control input

u'(¢) and yields the closest possible control input u*(p, ) that
guarantees safety.

w’(.1) = argmin Ju (.0
T
s PP )+ o)+ 2 > (e

1D
where w = [% %’ %’]T and w = % are as derived
in Equation (10) and f(p) = 0,g(p) =I from the position
kinematics. Moreover, for a given (p,f), the constraint in
(11) is linear in u, with its coefficients defined by the partial
derivatives in (10) and therefore, at any given time, (11) is a
classical quadratic program, which can be solved efficiently
at very high rates. The quadratic program can be proven to
be feasible for all p € 27, such that the control input set
Kj(x) defined in (1) is non-empty, through Proposition 1 by
following similar steps mentioned in [20].

V. EXPERIMENTAL RESULTS

The performance of the proposed controller is validated
on a Crazyflie 2.0 Nano Quadcopter. The Turtlebot 3 Burger,
attached with a landing platform, is used as the UGV (cf.
Fig. 6). The odometry for both the UGV and the UAV is
obtained from a Vicon motion capture system.

The proposed landing control strategy is tested in two
scenarios, as explained in the following subsections. In each
scenario, the motors are turned OFF when the UAV is inside
the descending cone at a relative altitude of less than 5 cen-
timeters. The chosen control parameters are K, =13, Ky =
0.5xI3, Ky =diag{7,7,0.5} * led, K; =diag{2.0,2.0,0.2} x
le4 v, =v;, =02ms™ !, vi =0.5ms™!, o, B are calculated
to be 1.0, 1.5 respectively by choosing e, = 0.55m, 6 = 60
deg (cf. (7)), and w =0.7.

Y (@) (b) ©
- S

&

Fig. 6: UAV landing on the moving platform. (a) UAV’s
initial condition, (b) UAV approaches the platform, (c) UAV
lands on the platform.

A. Scenario 1: Static Target

In this scenario, we evaluate the CBF’s ability to shape
the maneuver of the UAV to impose safety constraints
while landing on a stationary platform. The relative landing
trajectory of the UAV with respect to the landing spot,
along with the CBEF, is presented in Fig. 7. A 2-dimensional
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Fig. 7: Case 1: 3-dimensional representation of the CBF’s
boundary (red and yellow mesh) and UAV position relative
to the landing spot.
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Fig. 8: Case 1: 2-dimensional representation of the relative
altitude and the horizontal distance between the UAV and
the UGV. The region below the red line is deemed unsafe.
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Fig. 9: Case 1; (a) Values of &(x,y,z,t) over the time; (b)-(d)
filtered velocity inputs along X,Y,Z directions.

projection between the relative altitude and the horizontal
distance is presented in Fig 8.

In Run 1, the UAV is initiated with a larger d(0) and
smaller e,(0). So, the nominal control input is provided
initially without the CBF filter. When the UAV approaches
the CBF boundary, the CBF filter pushes the UAV above to
ensure that the UAV enters the descending cone from a safe
altitude. However, due to the mechanical limitations of the
UAV to track the desired velocities precisely, the UAV enters
the unsafe zone slightly (cf. 1 —2 seconds in Fig. 9 (a)),
which further increases the filtered control input resulting in
an overshoot. However, when the UAV enters the descending
cone, it descends vertically towards the target. In Run 2, since
the UAV is starting well above the descending cone and a

smaller d(0), the CBF allows the UAV to land only with the
nominal control.

B. Scenario 2: Moving Target

07 [—Run 1 [ICBF
0.6 —Run 2

1

ey (m)

e, (m) 4 3

Fig. 10: Case 2: UAV’s relative position with respect to the
landing spot and the CBF’s boundary surface (mesh). The
time-varying CBF appears static in the error dimensions.

~——Run 1 = = Run 2 — Boundary

. .
0 0.5 1 1.5 2 25 3
d (m)

Fig. 11: Case 2: Relative altitude and the horizontal distance
between the UAV and UGV.

——Run 1: UAV = =Run 2: UAV
—Run 1: UGV = =Run 2: UGV

0.5

e, (m)
Fig. 12: Case 2: Recorded trajectories of the UAV and
the UGV. Circles indicate the initial positions of the UAV,

triangles indicate the points at which the UAV lands on the
platform, and squares indicate the end of the trajectories.

15 2 ey (m)

In this scenario, we test the time-varying nature of the
CBF by landing the UAV on a UGV moving with the linear
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Fig. 13: Case 2: (a) Values of h(x,y,z,t) over time; (b), (c),
(d) Filtered velocity input in X,Y,Z axes respectively.

and angular velocities of 0.1ms™!, 0.1 rad s~!. In Run 1, the
UAV starts from a larger d(0), while the UGV moves away
from the UAV. Due to this, the safe region between the UAV
and UGV increases. So, the CBF filter does not act until the
UAV is very close to the boundary as seen in Fig. 10. Similar
to the static case, the UAV enters the unsafe zone a little (cf.
at 1.2 m in Fig 11). This causes an overshoot and due to the
mechanical limitations of the UAV in low-level control, the
UAV enters into an oscillation when enters the descending
cone (cf. the tracked UAV positions in Fig. 12). In Run 2,
the UAV starts close to the descending cone but the UGV is
approaching the UAV. So, though i(0) > 0 (cf. Fig. 13), due
to the effect of %, the filter produces a positive u} value (cf.
Fig. 13). The UAV is pushed above the descending cone (cf.
Fig. 11 at 1 m). As the UAV enters the descending cone, the
UGV passes UAV horizontally resulting in a change in the
direction of the error. Before the low-level controller could
track the desired velocities, the UAV enters the unsafe zone
slightly and the CBF pushes it back to safety causing a small
oscillation (cf. Fig. 12) before landing successfully.

Remark 1 (Parameter Tuning): The experiments show
that when initiated within the safe region, the filtered input
forces the UAV to not leave it. Though the UAV momentarily
enters the unsafe region due to the tracking limitations of
the lower-lever controller, this can be fixed by decreasing
the value of w. However, a lower value of w increases
the overall landing duration. Further, high values of K, ,Ky
provide better tracking and faster convergence but they result
in large control inputs. So, the parameters must be chosen
accordingly.

VI. CONCLUSIONS

In this article, we presented a CBF-based control scheme
to ensure the safe and precise landing of a UAV on a
moving platform. A time-varying control barrier function
(TV-CBF) was synthesized to capture the safety and pre-
cision constraints for landing. A multi-layer controller is
designed involving the TV-CBF and experimentally validated
in scenarios with static and moving targets. The controller
landed the UAV safely in all the scenarios. As part of our
future work, we are extending the proposed framework to
work with modeling uncertainties and external disturbances.
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