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Abstract— An assisted MAV tele-operation system is pro-
posed, where user reference inputs in speed and yaw are fed
to a control scheme for tracking a predefined trajectory, and
filtered in case of collision risks. The on-board implementation
uses embedded stereo-vision to obtain real-time localization
and mapping in the context of navigation in a GPS-denied
cluttered environment. A dedicated multi-platform Human-
System Interface based on Rosbridge has been developed.
Illustrative field results of typical inspection missions in a SNCF
(French railway company) indoor facility are reported.

I. INTRODUCTION

For industrial maintenance, Micro Air Vehicles (MAVs)
facilitate inspection operations as they can be used to provide
images from points of views that would not be easily
accessible to human operators. Therefore they are prone to
be more and more integrated into maintenance operations,
for example to perform periodic inspections of industrial
structures, warehouses, etc. A major challenge for MAVs in
this context is to be used by untrained or unskilled operators
whereas guaranteeing a sufficient level of safety.

A first solution consists in developing a MAV with em-
bedded vision capabilities that can autonomously perform
an inspection without requiring any action of a human
operator (as previously developed for example in [1]–[3]).
In that case, safety and repeatability of the mission can be
ensured. Nevertheless acceptance by the operators of a full
autonomous MAV may be an issue. Enabling some level
of direct online control of the motion of the MAV by the
operator could also be of interest for a better reactivity and
adaptation of the mission: for example, the operator can
decide upon real-time MAV video feedback, to stay in place
or fly back to positions providing a more relevant point of
view. Tele-operation of a MAV is therefore considered in this
paper to perform missions in cluttered indoor/GPS-denied
industrial environments.

The tele-operation of MAVs has been addressed in the
literature by proposing velocity controllers [4]–[8]. The
reference velocity provided by an (untrained) tele-operator
is filtered to take into account obstacles in the environment
and ensure collision avoidance. Safety can therefore be
guaranteed by these approaches but not repeatability of an
inspection trajectory since the tele-operator can freely move
the MAV in the environment. Alternatively, path following
approaches have been proposed in the literature to constrain
the trajectory of the MAV along a given path. Such ap-
proaches have been proposed in [9], [10] and would ensure

All the authors are with DTIS, ONERA, Université Paris Saclay, F-91123
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the repeatability of the trajectories, and some work also
addressed real-time replanning in presence of obstacles [11],
[12] for safety enhancement. However, the velocity of the
MAV and its orientation along the path are defined a priori
and cannot be set online by a tele-operator.

Therefore the solution proposed in this paper consists in
simultaneously enabling the tele-operation of a MAV along
a user-predefined trajectory and ensuring obstacle avoidance.
The operator provides high-level speed and yaw references to
guide the MAV along the reference path in an intuitive way,
which does not require any piloting skills. Such a reference
path ensures the repeatability of the MAV trajectories as well
as the safety of the flight if performed in a free environment.
To also allow missions in a cluttered environment, and more-
over by an unskilled operator, the speed and yaw references
provided by the operator are filtered in case of a collision
risk with an obstacle.

Another concern in this paper is real-world applications in
industrial context. Although some considerations were taken
into-account in some of the aforementioned works regarding
obstacle detection (e.g. performed on board of the MAV with
embedded 2D-LIDAR [4], [7] or RGB-D camera [6]), only
simulation results [5], [9] or simple experiments relying on
external motion tracking systems for the MAV localization
are proposed in [4], [6], [10]. The works of [7] and [8]
present flight experiments in more realistic indoor cluttered
environments, respectively a basement hallway and an office.

In this paper, environment mapping for obstacle local-
ization and avoidance as well as self-localization of the
MAV are performed on-board of the vehicle relying on an
embedded inertial and stereo-vision system. In addition, the
proposed approach is illustrated by flight results of field tests
performed in a cluttered industrial warehouse, where three
different scenarios have been successfully demonstrated: wall
inspection with automatic handling of unforeseen obstacles,
helix inspection trajectory around a pillar, and an inspection
mission beyond line of sight.
The paper is organized as follows. Section II presents trajec-
tory management and control. Filtering of the tele-operator
inputs for obstacle avoidance is addressed in Section III.
Implementation of the proposed algorithms as well as the
developed Human-System Interface (HSI) for information
feedback to the tele-operator are presented in Section IV.
Field results are reported in Section V for the aforementioned
flight scenarios1.

1A video can be found at https://tinyurl.com/copernicteleop

http://w3.onera.fr/copernic/sites/w3.onera.fr.copernic/files/videos/2018_02_sotteville_v8_lite.mp4


II. TRAJECTORY MANAGEMENT AND CONTROL

A. User inputs

A reference trajectory

T = {ξri ,vri ,ari }i=0...n (1)

should be defined by the user as a set of positions ξri ,
velocities vri and accelerations ari in inertial frame which
are consistent with a predefined reference speed vref and
a fixed timestep ts. A maximum acceleration constraint is
taken into account to generate speed ramps at the beginning
and the end of the trajectory. It is assumed that the MAV
is located near the starting point of the trajectory at the
beginning of the tele-operation mission, therefore the initial
reference index is i = 0. The available embedded sensors (in
this work, stereo-vision and IMU) are assumed to provide
estimates of position, velocity and orientation in an inertial
frame I = (O; e1, e2, e3), as well as an environment model
which can be used to generate an obstacle distance map.
The current estimated position is denoted by ξk, the current
speed vk and the current yaw angle ψc(k).

Using a dedicated remote control, the tele-operator gives:
• A desired speed vdes ∈ [−vmax, vmax], whose sign

indicates the direction to be followed on the trajectory.
• A yaw rate ωdes ∈ [−ωmax, ωmax], which can be used

to change the reference yaw angle ψdes.
• The desired mode for reference orientation: Absolute

(w.r.t. inertial frame) or Relative (w.r.t. current trajectory
direction).

B. Speed control

A first-order filter is applied on the operator desired speed
to avoid undesirable fluctuations, as

vf (k) = αvf (k − 1) + (1− α) vdes(k) (2)

with 0 ≤ α ≤ 1. In case of possible collision along
the trajectory, vf is adapted to ensure a safe tele-operation
(see Section III). Since the user-defined trajectory has been
generated with a reference speed vref , the determination of
the next reference point depending on the current filtered
input speed is as follows. A time multiplier µ and its time
derivative δµ are defined as

µ =
vf
vref

, µ̇ = δµ. (3)

The direction to be followed on the trajectory is given by
s = sign (µ). It is used to determine the next reference
index i on the trajectory at the current timestep k, and
this index will then be the current reference index at time
k + 1. This defines two sets of indices: S− = {i, . . . , 0}
and S+ = {i, . . . , n} and the current active set of indices
(determined by the value of s) is denoted by S. The reference
position at time k on the trajectory is taken as

ξrk = ξri (4)

The reference velocity is computed as

vrk = µ · vri (5)

and the reference acceleration as

ark = µ · ari + δµ · vri (6)

This approach assumes that the path followed is locally
straight, the reference acceleration should thus be modified
appropriately in case of a high radius of curvature.

For control design purpose, the translational dynamics of
the MAV are described by

ξ̇ = v

v̇ = − T
m
Re3 + ge3

(7)

where ξ ∈ R3 and v ∈ R3 respectively denote the position
and velocity of the MAV in the inertial frame I, T ∈ R+

is the module of the resulting aerodynamic forces assumed
to be mainly driven by the thrust generated by the rotors, m
is the mass of the vehicle, g is the gravity constant and R
is the rotation matrix defining the orientation of the frame
B = (G; eb1, e

b
2, e

b
3) attached to the MAV with respect to I.

By classically defining the control input u = − T
m Re3+ge3

and assuming that the inner attitude control loop ensures
a faster convergence of the orientation w.r.t. translation
dynamics, the system (7) can be considered as a double
integrator for the guidance algorithm. A discrete-time state-
space model xk+1 = Axk +Buk is considered, with

xk =

[
ξk

vk

]
, A =

[
I3 tsI3

03 I3

]
, B =

 t2s2 I3
tsI3

 (8)

where 03 and I3 respectively denote the zero and identity
matrices of R3×3, and where ts is the sampling period.
In order to achieve the tracking of the reference trajectory
in accordance with the reference velocity vdes provided
by the tele-operator and the user-defined trajectory T , a
proportional-derivative controller (equivalent to a state feed-
back) with a feedforward acceleration compensation has been
designed such that

uk = ark +Kd (v
r
k − vk) +Kp (ξ

r
k − ξk) (9)

where the couples of proportional and derivative gains in
the matrices Kp and Kd can be chosen independently for
each translation axis to achieve a desired stable closed-
loop behavior. If |vf | falls below some threshold (e.g.
0.05m · s−1), a pure stabilization action is considered by
setting ark = 0,vrk = 0.

C. Yaw control

The desired yaw rate ωdes is provided by the tele-operator,
and the update of the reference yaw angle is computed as

ψdes(k) = ψdes(k − 1) + ωdes · ts (10)

Depending on the chosen operating mode, the reference
angle ψr and initial value ψdes(0) are defined as follows.
Absolute mode: the reference is the current yaw in inertial
frame, which is therefore directly modified by the tele-
operator as ψr = ψdes, with ψdes(0) = ψc(0) when tele-
operation begins.



Relative mode: the reference yaw is updated as the MAV
moves along the trajectory (with ψdes(0) = 0) as

ψr = ψdes + atan2
(
eT2 (ξ

r
i+h − ξri ), e

T
1 (ξ

r
i+h − ξri )

)
(11)

with ξri the current reference position on the trajectory and
ξri+s·h a future reference point with h > 0 a small time
horizon. In this case, the tele-operator provides an offset with
respect to the current orientation of the trajectory. This can
be useful, e.g. for inspecting linear or planar structures which
are parallel to the reference trajectory. For control purpose,
the dynamical model considered is a single integrator

ψ(k + 1) = ψ(k) + ts · uψ (12)

and a proportional controller is applied as

uψ = kψ (ψr − ψc) (13)

The joint control vector
[
uTk , uψ

]T
is then fed to the low-

level autopilot as a thrust reference T , roll and pitch angles
{φ, θ} and a yaw rate uψ .

Fig. 1: Control loop block diagram

III. FILTERING OPERATOR INPUTS FOR COLLISION
AVOIDANCE

Three user-defined distances are considered for collision
avoidance (see Figure 2):

• An activation distance dact, under which the obstacle
must be taken into account and the velocity should be
reduced.

• A desired distance to the obstacle ddes, which is the
target of the collision avoidance strategy.

• A safety distance from the obstacle dsafe, under which
an emergency stabilization mode is triggered.

The position of the closest obstacle along the trajectory
is determined by considering all the positions

{
ξrk+i

}
i∈S of

the reference trajectory from the current reference position
(given by the current index i) to either the end of the
trajectory (if the desired direction is positive, S = S+) or
the start (direction is negative, S = S−). The vector to the
closest obstacle from a position ξ in inertial frame is denoted
by hobs (ξ), then the distance dobs (ξ) = ‖hobs (ξ) − ξ‖
and unit vector nobs (ξ) = hobs (ξ) /dobs (ξ) to the closest
obstacle are also defined. A collision risk is considered if
the following condition holds for a least one point of the
predicted trajectory:

nobs
T .

 d2des 0 0
0 d2des 0
0 0 (αzddes)

2

−1 .nobs ≤ 1

d2obs
(14)

This collision test is anisotropic: the parameter αz defines
the ratio between the desired avoidance distances in the hor-
izontal plane and the vertical plane (the latter one is usually
smaller, given the dimensions of multi-rotor MAVs). If a
position is found to be in collision, then the corresponding
trajectory point is denoted ξobs(k) at time k. Given the
current MAV position ξk, the current distance to the obstacle
is given by dmavobs (k) = ‖ξobs(k) + hobs (ξobs(k))− ξk‖.
If there is no collision foreseen on the trajectory in the
current direction, the current filtered velocity vf is not mod-
ified. Otherwise, this collision information about the closest
obstacle on the trajectory in the current direction considered,
the current MAV speed vc = ‖v‖ and a maximum braking
acceleration astop are taken into account to update the current
reference speed vf .

Given the current MAV speed vc and assuming a constant
braking at maximum acceleration astop, the minimal braking
distance is dstop = v2c/(2astop). To respect acceleration
constraints, the MAV will brake as soon as dstop is reached
(see v2 in Figure 2). If the MAV enters the activation zone
before reaching dstop, an early braking policy is preferred
to reduce acceleration (see v1 in Figure 2). Therefore the
stopping distance is computed as

dstop(k) = max

(
v2c (k)

2astop
, dact − ddes

)
. (15)

The reference speed vf is then determined as follows:
• if dmavobs (k) > dstop + ddes, no modification of vf
• if dstop(k) + ddes > dmavobs (k) > ddes,

vf (k) = s ·
(
vc(k)−

v2c (k) · ts
2dstop(k)

)
(16)

• if dmavobs (k) < ddes, vf (k) = 0

This is similar to the method of [13] for MAV fleets.

Fig. 2: Velocity filtering for collision avoidance. (v1 is the
limit case such that dstop(k) = dact − ddes).

This process is independent from the direction s (positive
or negative) along which the trajectory is followed. However,
it should be noted that the distance to the current obstacle
dmavobs (k) depends on the current direction being followed by
the MAV on the trajectory. Therefore, if the tele-operator
changes the direction when a collision avoidance procedure
is active and if the closest obstacle in this new direction is
farther away than dstop(k) + ddes, then there is no filtering
of the speed vf anymore. In other words, the tele-operator



has always the ability to manually increase the distance
to the obstacle by changing the direction of the velocity,
independently from the automatic braking process.

IV. IMPLEMENTATION ON THE MAV

A. MAV platform

The flight experiments were conducted on an Asctec Peli-
can quadrotor (Figure 2). The proprietary Flight Control Unit
(FCU) includes IMU, 3D-magnetometer and two ARM pro-
cessors dedicated to low-level control (attitude stabilization).
The FCU is linked to an embedded computer containing
an Intel i7 quad-core CPU (2.1 GHz) which handles the
complete perception and control architecture presented in
Figure 3. In addition to the IMU, the sensor setup includes
a 22 cm-baseline stereo-rig composed of two synchronized
USB2 cameras offering a 100° field of view, and a laser
telemeter pointing downward for altitude measurement (used
during automatic take-off and landing).

B. On-board navigation system

The ROS-based embedded architecture is presented in
Figure 3. This is an update of the one presented in [3].
Besides hardware related components (interface with sensors
or other computers), it consists of three main blocks.

Fig. 3: Overview of the on-board navigation architecture

The multi-sensor state estimation block (similar to [14])
provides at 100Hz position, linear velocity and attitude in
the inertial frame I, defined as the IMU frame at the initial
position. A linear Kalman Filter integrates accelerometer and
attitude measurements then corrects this prediction thanks
to the pose computed from stereo-images by eVO [15], a
keyframe-based visual-odometry algorithm which has been
successfully used on-board of MAVs in previous work [11].
The environment modeling task processes the stereo images
for updating a voxel-based 3D map. In a first step, the
ELAS (Efficient Large-scale Stereo) algorithm [16] is used

to compute a disparity map. Thanks to the current position
estimation, this disparity map is converted in a dense 3D
point-cloud (located in the inertial frame I) before inte-
gration in an Octree-based occupancy grid representation
named Octomap [17]. Since the obstacle avoidance system
requires the distance to the closest obstacle from any 3D
position, an Euclidean Distance Transform (EDT) [18] is
applied after each Octomap update. Based on the information
computed by the first two blocks, the Control task aggregates
the collision detection module, trajectory definition, mission
management, and the guidance algorithm (Section II). It also
processes the inputs of the tele-operator (Section III). Its
output is a control message (thrust, yaw rate, roll and pitch
angles) for the low-level controller.

C. Human-System Interface for tele-operation

The tele-operator controls the MAV through a Human
System Interface composed of a 14-channel radio-control
connected via USB to a ground station computer (Figure 4).
A multi-platform GUI is displayed here on an Android
smartphone, but any digital device embedding a web-browser
connected to the same local network as the ground station
can be used.

Fig. 4: Human-System Interface Hardware

The operator adjusts the velocity and orientation reference
inputs with the remote control. Two switches allow to toggle
between the two yaw control modes and to modify the
behavior of the GUI. A ROS component on the ground
station reads raw data from the remote control, then formats
into messages and broadcasts them in direction of the on-
board MAV computer using a WiFi router. The smartphone
displays a GUI which is an HTML web-page updated by a
JavaScript program from JSON messages generated by the
Rosbrige server [19] from a ROS topic pulled by the on-
board controller. The GUI layout is divided in four areas
(see Figure 5) displaying respectively information relative to
the velocity (real, tele-operator reference input and filtered
reference input), trajectory progress, yaw (real and reference
inputs) and distance to the closest obstacle.



Fig. 5: GUI overview. From left to right: velocity, trajectory
progress, compass and distance to closest obstacle.

V. FIELD RESULTS

The experiments took place in an industrial warehouse
belonging to the French national railway company (SNCF)
located in Sotteville-lès-Rouen. The authorized flight volume
is defined by a ground area of 25m by 50m with a 10m height
under ceiling. The objective of such automated inspections
would be to check structural health but also to monitor
stock evolution. During the experiments, the system has
been manipulated by unskilled tele-operators, some having
never piloted a drone. Three inspection scenarios have been
demonstrated with good collision-free tracking performance.

The first scenario consisted in a L-shaped trajectory along
a wall presenting a risk of collision at its end. The tele-
operator inputs were successfully filtered by the anti-collision
system. Figure 6 depicts the behavior of the collision avoid-
ance system through the evolution of MAV velocity and
distance to closest obstacle during flight. As soon as the
MAV gets closer than dact to the nearest obstacle, it slows
down despite the tele-operator order and stabilizes itself
between ddes and dsafe. In nominal mode, the MAV velocity
tracks accurately the tele-operator reference inputs.

The second scenario was a helix-shaped trajectory (radius
3m) around a pillar simulating a typical inspection mission
in railway and energy transportation industries. For this
mission, the yaw controller was set in relative mode and
a constant offset was added by the tele-operator, such that
the MAV always looks towards the pillar. Figure 7 shows
the evolution of the executed yaw angle and reference inputs
during the mission. The tracking error suffers from a constant
delay of 3 seconds, which is mostly due to the low saturation
value on the yaw rate so as to avoid errors in feature
tracking during quick rotational motion in this unstructured
environment.

The last scenario simulated a ”long range” trajectory
through two aisles. The flight was partially beyond the
line of sight of the tele-operator. Figure 8 depicts the 3D
environment model at the end of the mission and evolution
of velocity and yaw angle during the mission. The planned
trajectory includes two turnarounds reached at 96s and 186s.
At these instants, the observed yaw angle and the reference
input split because by design the controller applies the
opposite angle to the reference input, to avoid a quick
rotation. This behavior is active when the yaw controller is

(a) 3D map built online (with no prior information), reference trajectory
(green) and achieved one (red). A picture of the real scene is also
embedded. The green sphere corresponds to the last feasible point on
the trajectory. The collision avoidance systems stops the MAV before the
planned trajectory endpoint.
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(b) Speed evolution during mission. Gray background corresponds to
activation periods of the collision avoidance system.
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(c) Distance to closest obstacle during mission. The tele-operator went
back and forth to check repeatability of collision avoidance.

Fig. 6: First industrial use-case: Wall inspection

set in relative mode and the MAV moves at a velocity above
a small threshold. When the MAV slows down or stops, the
reference input then follows back the user input.

VI. CONCLUSIONS

A system for tele-operating a MAV along a reference
trajectory with collision avoidance has been reported in
this paper. It exploits embedded stereo-vision and IMU for
real-time localization and mapping, and thus enables non-
specialist users to safely carry out complex MAV inspection
missions. Future work will include the extension of this
strategy to both surfaces and 3D space with geofencing
constraints in such indoor cluttered environments.
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(a) 3D map built online, reference trajectory (green) and
achieved one (red), picture of the real scene.
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(b) Yaw evolution during mission. Gray background corresponds to
activation periods of the relative mode of the yaw controller

Fig. 7: Second industrial use-case: Pillar inspection
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