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Abstract— This work addresses the integration of simulta-
neous obstacle avoidance for an Unmanned Aerial Vehicle
(UAV) and an Unmanned Ground Vehicle (UGV) operating
cooperatively to rendezvous at a predefined location. A dis-
tributed consensus-based architecture is proposed to guide the
vehicles toward their designated rendezvous point. Additionally,
a virtual force-based obstacle avoidance method is employed
for both vehicles. A comparison is conducted with an existing
control approach from the literature extended to incorporate
obstacle avoidance. Simulation results are provided showing the
ability of the presented controllers to achieve rendezvous while
simultaneously avoiding obstacles.

I. INTRODUCTION

Cooperation between Unmanned Aerial Vehicles (UAV)
and Unmanned Ground Vehicles (UGV) has attracted signif-
icant research interest in recent years. The combination of
their heterogeneous capabilities allows to leverage the best
of both worlds, enabling UAV-UGV teams to accomplish
complex tasks more efficiently than either vehicle alone.
Motivated by the well-known limitation on the flight time
of UAVs, an interesting application of the aerial-ground
cooperation is the use of the UGVs as mobile recharging
stations for the UAVs [1]. In such a scenario, the vehi-
cles need to rendezvous at a location where the UAV can
autonomously land on the UGV to recharge and complete
the mission. While moving towards their meeting point,
both vehicles may encounter obstacles along their paths.
Therefore, it is important to ensure an efficient rendezvous
while simultaneously avoiding obstacles.

Various approaches have been proposed in the literature
to address the autonomous landing problem. Authors in
[2] present a vision based landing system in which the
UAV detects the landing platform and a controller based
on a Control Barrier Function (CBF) and Control Lyapunov
Function (CLF) is designed for tracking and landing. In
[3], a gimbaled camera is used to track the platform and a
linear Model Predictive Controller (MPC) is then proposed
to plan and track the landing trajectory. Similarly in [4], the
landing marker is detected and tracked and a MPC plans
the landing trajectory which is then tracked by a cascade
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incremental nonlinear dynamic inversion (INDI) controller.
In [5] UAV energy consumption constraints are considered,
where the UAV must decide when and where to rendezvous
considering its stochastic energy consumption. The ren-
dezvous problem is formulated as a Chance-Constrained
Markov Decision Process (CCMDP), which is then converted
into a Constrained Markov Decision Process (CMDP) and
solved using Linear Programming (LP). In a more recent
work [1], the authors propose a more scalable bi-criteria
approximation optimization algorithm to solve the risk-aware
recharging rendezvous problem. Adopting a more model-
based approach, [6] considers the planar dynamic models
of both vehicles, a singular optimal rendezvous control
problem is formulated using the Pontryagin’s Maximum
Principle (PMP). For landing of a fixed-wing UAV, in [7]
a decoupled MPC strategy is introduced in which landing
safety is ensured through danger zone UAV constraints. The
rendezvous time and location are kept free and the MPC
controller is decoupled into alignment and descent com-
ponents which reduces computational complexity. Inspired
by this, [8] proposes a model predictive trajectory planner
based on the differential flatness property where the MPC
is decoupled into horizontal and vertical planners. A leader-
follower formation control approach based on sliding mode
control (SMC) is presented in [9]. The UGV is the leader
of the formation and the UAV follows it for tracking and
landing. In [10], a joint decentralized controller is designed to
land a quadrotor on a skid-steered UGV where each vehicle
uses feedback linearization to simplify its dynamics but no
exact meeting location was predefined for the two vehicles.
Consequently, since feedback linearization reduces control
complexity while accounting for the system’s dynamic be-
havior, this approach is selected and extended here to include
a predefined desired rendezvous location.

Moreover, none of the previously mentioned approaches
consider obstacle avoidance for the vehicles in the ren-
dezvous and autonomous landing problem. Authors in [11]
present a path-following formation controller based on the
virtual structure to guide the UAV-UGV formation, consid-
ering that the UAV should land on the UGV, while avoiding
ground obstacles. An online path planning obstacle avoid-
ance (OA) algorithm is presented to allow the formation,
represented as a single virtual robot coinciding with the
UGV, to choose the safest arc around detected obstacles.
For UAV obstacle avoidance, [12] proposes an autonomous
landing scheme in which landing markers are detected and
a trajectory planning algorithm based on B-spline curve
and A∗ algorithm generates the collision-free path for the



UAV. A similar approach is proposed in [13], where the
UAV detects and estimates the landing target’s position, then
utilizes the A∗ algorithm for path search. The initial path is
further optimized using a Bernstein polynomial-based Bezier
curve approach. In [14] the landing of multiple UAVs on
moving UGVs and thus the inter-agent collision avoidance
between UAVs is considered. A centralized control approach
is presented with a landing CBF (LCBF) to ensure safe
and precise landing on the UGVs and a Spherical CBF
(SCBF) for collision avoidance. In summary, only a few
works considering obstacle avoidance, for either vehicle,
in the context of the rendezvous and autonomous landing
problem exist in the literature.

In this work, the simultaneous obstacle avoidance and ren-
dezvous problem is addressed. Initially, obstacle avoidance
for both the UAV and UGV is integrated into the approach
presented in [10] and extended to include a predefined
meeting location. Due to their simplicity, potential field
methods and repulsion forces are widely used for obstacle
avoidance when dealing with solely ground or aerial vehicles.
Therefore, the virtual force method presented in [15] is
adopted for obstacle avoidance. Then, to enhance scalability,
the joint controller in [10], which generates the control
inputs for both vehicles, is replaced with two distributed
consensus controllers, also integrating obstacle avoidance.
In distributed consensus control, agents use their local and
relative information to enable the group of agents to reach
an agreement about their states [16]. Thus, the rendezvous
problem, in which the vehicles must simultaneously reach a
common meeting point, is considered as a direct application
of distributed consensus control and the control inputs for the
UGV and UAV are generated separately. It is assumed that
only the UGV has knowledge of the predefined rendezvous
location and both vehicles share their position information
to move towards each other.

The rest of the paper is organized as follows. Section II
presents a brief overview of the vehicle models. Then,
the extended joint controller from [10] and the proposed
consensus controllers with integrated obstacle avoidance, are
presented in Section III. Simulation results and a comparison
between the two approaches are presented in Section IV.
Finally, the conclusion and future perspectives are given in
Section V.

II. SYSTEM MODELING

Subsequently, the vehicle models and their feedback lin-
earization controllers are briefly presented. For further de-
tails, the reader is referred to [10].

A. Vehicle Models

1) UAV model: The quadrotor dynamic model has the
following state vector [10]:

Pa = [xa, ẋa, ya, ẏa, za, ża, ϕa, ϕ̇a, θa, θ̇a, ψa, ψ̇a]
T (1)

where [xa, ya, za]T is the position vector of the aerial vehicle,
[ẋa, ẏa, ża] are the velocities, [ϕa, θa, ψa] are the Euler angles
and [ϕ̇a, θ̇a, ψ̇a] are the angular velocities.

Considering that gravity g and the total thrust U1 are the
only external forces acting on the quadrotor. The state space
representation is given by:

Ṗa =
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, (2)

where

ux = cosϕa sin θa cosψa + sinϕa sinψa (3a)
uy = cosϕa sin θa sinψa − sinϕa cosψa. (3b)

Herein, Ix , Iy , Iz are the inertia about the x,
y and z body axes, respectively, and U2, U3, U4

are the angular torques acting about the body roll
axis, the pitch axis and the yaw axis, respectively.
U1, U2, U3 and U4 represent the control inputs of the system.
m is the mass and l is the distance from a motor to the
center of mass (COM) of the quadrotor.

The altitude is feedback linearized into:

z̈a = vz, (4)

by considering that:

U1 =
m

cosϕa sin θa
(vz + g). (5)

Finally, the quadrotor’s positions can be treated as a linear
double integrator with the virtual inputs va:[

ẍa
ÿa

]
= va =

[
va,1
va,2

]
, (6)

where [
θa
ϕa

]
=

m

U1

[
cosψa sinψa
sinψa − cosψa

]
va. (7)

As proposed in [10], an inner PD controller is used for the
attitude control to track the desired generated values of θa
and ϕa.

2) UGV model: The following kinematic model of a skid-
steered ground vehicle is used [10] [17]:ẋgẏg

ψ̇g

 =

cosψg xICR sinψg
sinψg −xICR cosψg

0 1

[vx
w

]
, (8)

where pg = [xg, yg]
T is the position vector of the ground

vehicle, ψg is the angle of the body-fixed frame in the global



coordinates, and xICR represents the x projection of the
instantaneous center of rotation (ICR) of the vehicle into
the body-fixed frame for which a constant approximation x0
is used. Moreover, vx and w denote the x-component of the
translatory and the angular velocity, respectively.

The feedback linearization controller using input-output
feedback linearization is presented by:[

vx
w

]
=

[
cosψg sinψg
sinψg

x0
− cosψg

x0

] [
vg,1
vg,2

]
. (9)

As a result, the ground vehicle’s position can be treated
as a linear single integrator:[

ẋg
ẏg

]
= vg =

[
vg,1
vg,2

]
, (10)

where vg,1 and vg,2 denote the virtual control inputs for the
x and y positions of the UGV, respectively.

III. CONSENSUS CONTROL WITH OBSTACLE AVOIDANCE

First, the virtual force method for obstacle avoidance from
[15] is presented. Then, the joint controller from [10] is
briefly presented with the desired rendezvous point and ob-
stacle avoidance extensions. Finally, the proposed distributed
consensus controllers are presented.

A. Virtual Force Method

The virtual force method presented in [15] is extended to
also include the z-component as given by:

dio =

√
(xi − xo)

2
+ (yi − yo)

2
+ (zi − zo)

2 − r2, (11)

where dio represents the distance from each vehicle to the
obstacle, p(3)i = [xi, yi, zi]

T is the position of the vehicle i
and p(3)o = [xo, yo, zo]

T is the position of the obstacle, which
is considered to have a radius r. Noting that for the UGV,
the z-component is considered to be fixed at zg = 0.

It is assumed that the vehicles are equipped with sensors
that can detect the obstacles and the positions of the obstacles
are known. When the obstacle is detected, a repulsive force
is generated:

uoa =

(
Fcr
d2io

)(
1

dio
− 1

q

)(
p
(3)
i − p

(3)
o

dio

)
. (12)

Herein, Fcr is the repelling force constant and q is the
safe distance. uoa is inversely proportional to the square
of the distance between the vehicle and the obstacle, so
the repelling force intensifies as the vehicle gets closer to
the obstacle. The term

(
1
dio

− 1
q

)
is to avoid the oscillation

around the safe distance [15].
The term in (12) is then added to the control inputs for

both vehicles, integrating obstacle avoidance.

B. Extended Joint Controller

The joint controller proposed in [10] is given by:[
vg,i
va,i

]
= −Kjc,i

[
ei
ẋa

]
, i ∈ {1, 2}. (13)

where for i = 1, e1 = xa−xg represents the relative position
error in the x-dimension, vg,1 and va,1 are presented in (10)
and (6), respectively, and Kjc,i ∈ R2×2 is the gain matrix.
Similarly for i = 2, e2 = ya − yg and ẋa is replaced by ẏa
in (13).

This controller generates the control inputs for both ve-
hicles based on driving the relative position errors to zero
as well as the velocity of the aerial vehicle. On the other
hand, the z-component is controlled separately through a
PD controller, where the descent is only started when the
vehicles are at a close distance from each other [10].

Extensions: The controller in (13) is extended to also con-
sider a desired rendezvous point of position pr = [xr, yr]

T .
Since only the UGV is considered to know its location, the
rendezvous component is added only to the UGV inputs as
follows:

vg,1e = vg,1 +Krx(xr − xg) (14a)
vg,2e = vg,2 +Kry(yr − yg), (14b)

where Krx, Kry are the weights on the error between the
UGV’s position and that of the rendezvous point in the x
and y directions respectively.

Moreover, for obstacle avoidance uoa given in (12) is
added and the total control input applied to each vehicle
is then given by:

vi,t = vi + uoa, (15)

where vi represents vg and va for the ground and aerial
vehicles with the joint controller respectively. The extended
control architecture is given in Fig. 1.

C. Distributed Consensus Control

Two distributed consensus controllers are proposed to
generate the control inputs for the UGV and UAV separately,
instead of the single joint controller used earlier. Fig. 2
presents the new control architecture. It should be noted
that with these new controllers, the previous inputs vi in
(6) and (10) are replaced by ui presented in (17) and (16),
respectively.

For the UGV, treated as a single integrator, the following
control input is applied:

ug = K1(pa − pg) +K2(pr − pg), (16)

where the first term minimizes the relative error between the
UAV with pa = [xa, ya]

T and the UGV while the second term
drives the ground vehicle towards the predefined rendezvous
point.

Meanwhile, for the UAV treated as a double integrator, the
applied control input is given by:

ua = K3(pg − pa)−K4ṗa, (17)
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in which, the first term is for the relative error minimization
while the second term is to ensure that the velocity of the
aerial vehicle, ṗa, converges to zero.

Herein, K1, K2, K3 and K4 are gains to be tuned, chosen
as scalars, considering the trade-off between convergence
time and control efforts.

As previously introduced, the obstacle avoidance control
input (12) is added and the total control input applied to each
vehicle is then:

ui,t = ui + uoa, (18)

where ui represents ug and ua for the ground and aerial
vehicles respectively.

A PD controller is also used for the descent as in [10].
Stability Analysis: Global stability is investigated to en-

sure that the relative error e and the rendezvous error er
given by:

e = pa − pg, er = pr − pg, (19)

converge towards zero.
For the sake of simplicity, we assume that the vehicles do

not get too close to the obstacles so the obstacle avoidance
control input is neglected.

The first derivative of e is given by:

ė = ṗa − ṗg = va −K1e−K2er. (20)

Moreover, for er the first derivative is:

ėr = ṗr − ṗg = −K1e−K2er. (21)

Taking the state vector:
[
e er ṗa

]T
with p̈a = ua from

(17), the following state space representation is obtained
along the x-axis (similarly along the y-axis): ėx

ėr,x
p̈a,x

 =

−K1 −K2 1
−K1 −K2 0
−K3 0 −K4

 ex
er,x
ṗa,x

 . (22)

For which, the characteristic polynomial can be written as:

λ3+(K1+K2+K4)λ
2+(K3+K2K4+K4K1)λ+K2K3.

(23)

Then, using pole placement, the polynomial in (23) is
matched to a desired polynomial with specified eigenvalues.
Given that the system of equations from (23) is under-
determined, K4 is fixed for simplicity and the system is
then solved through MATLAB’s Symbolic Math Toolbox.
Consequently, the values of K1, K2, and K3 are deduced and
the stability of the system is guaranteed. It is noteworthy that
the eigenvalues are selected to achieve a desired behavior,
compromising between the settling time and the control
effort.

IV. SIMULATION RESULTS

The presented controllers to deal with the rendezvous
problem with a predefined rendezvous point and integrated
obstacle avoidance are implemented in MATLAB, including
the feedback linearizing controllers as well as the nonlinear
models given in (2) and (8). The initial conditions for the
ground and aerial vehicles are pg0 = [0, 1]T and p

(3)
a0 =

[5, 4, 5]T respectively.
The desired rendezvous point is set as pr = [5, 2, 0]T .

Noting that the aerial vehicle is considered to land at
z = 0.5 m.

A. Performance Metrics

The landing time is recorded when the UAV is considered
to have landed on the UGV, which is when the position error
is less than 1 cm and its altitude is z = 0.5 m. The total
control effort generated by the controllers, for the UAV and
UGV separately, is calculated by:

uT =

∫ T

0

(
u2ix + u2iy

)
dt. (24)

B. Scenario 1: Two obstacles

Two obstacles with positions p
(3)
o1 = [1.5, 1.6, 0]T and

p
(3)
o2 = [3.5, 3, 5.6]T , are considered to be on the paths of

the ground and aerial vehicles, respectively.
The controller parameters are selected to compromise

between the convergence time and the control effort as
follows: K1 = 0.03 , K2 = 0.034 , K3 = 0.04 , K4 = 0.2
and for the joint controller extension Kjc,i is the same as in
[10] and Krx = Kry = 0.045. For the altitude PD controller,
the proportional gain is kp = 0.02 and the derivative gain is
kd = 0.48. For the virtual force method, Fcr = 0.03, q = 1,
and r = 0.2 m for all obstacles.

The 3D trajectories followed by the UGV and UAV are
presented in Fig. 3 and Fig. 4, which demonstrate the
results from the joint controller and the consensus controllers
respectively. It is shown that both approaches are capable of
successfully avoiding the obstacles when the vehicles enter
their detection zones (dashed circles), and rendezvous at
the desired point. The significant difference in the UGV
trajectories can be related to the sensitivity to controller
gains, where converging to the rendezvous point or to meet
the UAV can be prioritized. This is also noted in Fig. 5, where
it can be seen that the UGV travels a shorter distance with
the consensus controller than with the joint one. Conversely,
the UAV travels a slightly greater distance.



Fig. 3: Joint controller 3D trajectories of the UAV and UGV
with two obstacles.

Fig. 4: Consensus controllers 3D trajectories of the UAV and
UGV with two obstacles.

As can be seen in Fig. 6, the relative position errors con-
verge to zero almost at the same time with both approaches.
This is further confirmed in TABLE I where the landing time
for both controllers is presented. Moreover, the total control
effort from (24) is presented in TABLE I. The results indicate
that the total control effort generated for the UGV is lower
with the consensus controller while that generated for the
UAV is slightly lower with the joint controller. It should be
noted that this is affected by the tuning gains sensitivity.

C. Scenario 2: Three Obstacles

The effectiveness of the control approaches is further
demonstrated when a third obstacle is added to the UAV
path right before it fully lands. Both approaches are still

TABLE I: Scenario 1 Performance Metrics

Metric Joint Controller Consensus Controllers
Landing Time 159.72 s 159.88 s

Total Effort UGV 0.9680 0.6138
Total Effort UAV 0.9797 1.0767

Fig. 5: Total distances traveled by UAV (top) and UGV
(bottom).
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Fig. 6: Relative position errors between the UAV and UGV.

capable of avoiding the obstacle and rendezvous as shown in
Fig. 7 with the joint controller and Fig. 8 with the consensus
controllers. The position errors are presented in Fig. 9 and
TABLE II provides the performance metrics.

V. CONCLUSION AND FUTURE PERSPECTIVES

This work presents the integration of obstacle avoidance
to the UAV-UGV rendezvous problem with a desired ren-
dezvous location. Two control approaches are presented,
the first is an extension of a joint controller proposed in
[10] through integrating obstacle avoidance for both vehicles
(UGV and UAV) and forcing them to rendezvous at a pre-
defined location. Meanwhile, the second approach is based
on distributed consensus controllers with the same objective.
The two approaches demonstrate similar behaviors, success-
fully avoiding obstacles and meeting at the desired location,
while the second approach provides better scalability for
the system. It should be noted that both approaches don’t
consider the physical limitations on the control inputs.

Therefore, future work aims to account for the physical
limitations imposed by actuators and optimize the trade-off
between convergence time and control effort. Furthermore,
the extension of the system to include multiple UAVs and



Fig. 7: Joint controller 3D trajectories of the UAV and UGV
with three obstacles.

Fig. 8: Consensus controllers 3D trajectories of the UAV and
UGV with three obstacles.

UGVs, working cooperatively, will be explored. Obstacle
avoidance will also be further studied to allow the navigation
through more complex environments.
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