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Abstract—This paper presents a tele-operation system that
enables a MAV to be controlled on virtual surfaces by an
unskilled operator using high-level inputs. These virtual surfaces
can be placed relatively to the infrastructure to be inspected,
in order to ensure safety of the flight and repeatability of the
acquisition conditions of the inspection data (e.g. at a constant
distance from the infrastructure). The architecture, interface and
embedded controller of the tele-operation system are described,
and results from flight experiments in an industrial warehouse are
provided for three typical inspection scenarios of infrastructures.

Index Terms—Micro Air Vehicle, tele-operation, inspection of
infrastructures, geofencing, constrained motion, flight tests.

I. INTRODUCTION

Regular inspections of industrial infrastructures are neces-
sary for default detection, predictive maintenance or updates
of digital twins for Building Information Modeling. They
require data to be collected at regular time intervals, with
similar acquisition conditions and under coverage constraints.
Such missions can be difficult for human operators since
they can be time consuming, repetitive, and require accuracy
and concentration. In case of tall infrastructures, inspection
tasks are also prone to be dangerous for human operators
and additional time and cost consuming constraints have
to be imposed to ensure safety of the operations. In this
context, Micro Air Vehicles (MAVs) have naturally emerged as
promising tools for replacing or assisting human operators in
inspection missions [1]—[7]]. Different levels of automation can
be considered for the MAV, from being remotely controlled
by a telepilot to being able to perform autonomously the
mission. In the first case, the success of the mission still relies
on a human operator with almost the same constraints and
difficulties as mentioned before. In addition, it requires high
qualification of the operator (telepilot) to be able to perform
complex flights in possibly cluttered environments or close
to the infrastructures to be inspected. Finally, no guarantees
can be obtained on the accuracy or repeatability of the flight
trajectory and hence on the data collected. In the second case,
more complex perception and control architectures have to be
designed to enable automatic flight without (or with sparse)
intervention of a human operator. Some examples can be found
in [8]-[10] and in previous work done by the authors for
autonomous inspection of industrial warehouses [11]], [12].
In this case, accuracy and repeatability can be ensured, but
acceptance by other human operators and obtaining outdoor
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flight authorizations from legal authorities can be problematic
for autonomous vehicles. In addition, it can be useful in some
cases to leave some degrees of freedom to the human operator
for the control of the vehicle (e.g. to stop and take a picture
or fly back for doubt removal in case of default detection).
Therefore, assisted tele-operation [[13]-[|15] can be proposed as
an intermediate level of automation for the MAV and result in
a good trade-off between full automated and telepiloted flights.
In the EU FP7 project INCASS [16]], a control software was
proposed for the safe tele-operation of a MAV to carry out
the inspection of cargo vessels according to the Supervised
Autonomy paradigm which manages collision avoidance so
that the surveyor can remain focused on the inspection itself.
In a previous work [17] by the authors, a tele-operation
system has been developed where high-level inputs (speed
and yaw rate) are given by the operator (with no telepilot
skills) to easily and safely control the motion of a MAV
along a predefined reference trajectory. This assisted tele-
operation scheme is of huge interest for inspection missions
where repeatability is at stake. Nevertheless, in some cases
the assignment constraint to the reference trajectory may be
too stringent. For pillar or facade inspection for example, some
additional degrees of freedom can be profitable to the operator.
The contribution of this paper is a new tele-operation system
that enables a MAV to be controlled on virtual surfaces by
an unskilled operator. In geofencing or geocaging systems,
e.g. [18], [19], virtual surfaces are traditionally used to limit
the motion of the vehicle, forbidding entering or exiting
predefined flight areas or volumes. In this work, the motion
of the MAV is guaranteed to remain on the virtual surface
along which the operator can freely guide it. Two types of
surfaces, namely planes and cylinders, are considered in the
proposed system which can be used for numerous typical
inspection scenarios. Examples include inspection of pillars
by flying around on a virtual cylinder, of facades by flying on
a parallel virtual plane, and of more complex infrastructures
(buildings, vehicles) by using several virtual planes connected
together. The positioning of these surfaces with respect to the
infrastructure will enable to control the conditions of inspec-
tion (e.g. constant distance) and the safety of the operations
(motion restricted to a finite surface with limitations in its
dimensions). In this system, the high-level inputs (tangential
velocities and yaw rate) given by the operators are filtered to
ensure that the motion remains on the surfaces. Localization
of the MAV mainly relies on embedded vision, enabling uses
in GPS-denied or GPS-perturbed environments. Finally, in
case of virtual cylinders, a functionality is proposed to place
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Fig. 1. Virtual surfaces C, P and 7 and their parametrization.

automatically the surface around the detected vertical infras-
tructure to be inspected, using 3D perception. The embedded
control architecture is presented in this paper along with field
experiments for three typical scenarios of inspection in an
industrial warehouse environment.

The paper is organized as follows. The next section presents
the developed controller for surface-constrained tele-operation.
The MAV platform, the tele-operator interface and the on-
board architecture also including perception and environ-
ment modeling functionalities are presented in Section III.
Section IV provides results from field experiments in an
industrial warehouse for three typical inspection scenarios
respectively using a cylinder, a plane and a multi-plane sur-
face to constrain the motion of the MAV. Conclusions and
perspectives are finally given in the last section of the paper.

II. SURFACE-CONSTRAINED CONTROLLER

A virtual reference surface S is specified by the user with
respect to a point P in an inertial frame 7 = (O; e,, ey, €;).
Three possible configurations (illustrated in Figure [T) have
been considered, each requiring a specific set of user-defined
parameters, as follows.

1) Cylinder C of radius r and height h.

2) Plane P of width w;, height w» and vectors uj, us.

3) Tunnel T as the junction of three planes, parametrized
by trapezoidal base lengths wy, w;, length L and longi-
tudinal vector Uaxis.

A frame (P;e,eq, e3) is attached to the surface. For C, it
identifies with the rotating cylindrical frame (P;e,,eq,ep),
and for P with the fixed frame (P;u; A ug,uy,us). For a
tunnel 7, each sub-plane has a frame defined similarly to P.
The basis (e2,e3) will also be mentioned as the tangential
basis in the following. The MAV current inertial position and
velocity in Z are respectively denoted by £ and v.

The surface controller computes a reference position &4
based on the current MAV position and the type of surface
considered. This reference position is a specific (constant-
altitude, boundary-constrained) projection of the current MAV
position on the reference surface, by keeping the inertial
altitude unchanged to avoid any height variation that can be
encountered when using classical orthonormal projection on
tilted planes (tilted cylinders were not considered here). The
projection also enforces &4, on the surface boundaries.

For a cylinder C, the reference position is expressed in the
cylindrical frame as

Eaes =T €7 + &g €0 + sat( (En) en, (1)

with 7 the cylinder radius, & and &;, the components of the
MAV current position in the cylindrical frame such that

E=¢6 e +&eg+ ey, )

and with
a, if z <a,

satZ(a:) =< b, if x>0, 3)
x, otherwise.

Note that since the radial component of £, is equal to the
cylinder radius, &4, lies on the cylinder surface.

For a plane P, the reference position is expressed in the
surface frame as
+3wi

1,
—twy

1
tg:z (6proj,2) us, (4)
where &pro5,1 and Eproj,2 are the components in the plane basis
of the unbounded and same-altitude projection of the MAV
position on the surface. This particular projection is computed
as follows. If P is a vertical plane, then the constant altitude
projection is equivalent to the standard orthonormal projection.
If P is an horizontal plane, then the constant altitude projection
is not suitable, and the standard orthonormal projection is used.
Otherwise, the projection is computed in the inertial frame by
horizontally translating the MAV position as follows.

£des = sat (é-proj,l) u; + sat

d
é.proj = 5 - ||7:1(||£2) ) (5)
where
dp(€§) = (e1, (£ —P)) (6)

is the signed distance between the MAV and P, and where
n= <e17ex> e, + <e17ey> €y, (7)

is the horizontal component of the plane’s normal e;. The
vector n can also be seen as the normal to the line at the
intersection of P and the horizontal plane at the current MAV
altitude. Therefore &,,,; is also the translate of the MAV posi-
tion along n, with a magnitude equal to the distance between
the plane and the MAV at constant altitude. For a tunnel 7, the
reference position is computed using the previous plane case,
applied to the sub-plane closest to the MAV current position.
This implicit transition between adjacent sub-planes of 7 was
efficient in practice as is, although small time delays have been
observed in some cases, see e.g. the middle plot of Figure [T1]

The tele-operation remote control provides at each time
instant a 2D desired velocity expressed in tangential basis as

t
Vies = Udes,2 €2 + Udes,3 €3, ®)

where each component is saturated and deadzoned such that

€ {0} U [Vmin;s Ymax) s @ € {2,3}, Umax > Umin >0
(©))
In addition to the boundary-constrained projection of the MAV
position on the surface, the desired velocity v/, given by the
tele-operator is filtered to make the MAV remain inside the
surface boundaries. The filtered velocity is denoted v, . and
is computed as follows. Let E be an outer edge of the reference

|’Udes,i
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Fig. 2. Velocity filtering close to surface edges. Depending on the MAV
distance to an edge, the filter acts on the tele-operator desired velocity
component normal to the edge according to (I3). Far from the edge, the
velocity is unchanged. Each velocity component is canceled if it is outward-
oriented. The normal velocity is set inward if too close to the edge.

surface and ug a unit vector normal to E and facing outward.
Both v/, and v, can then be expressed in an orthonormal
basis (ug,us) coplanar with the tangential basis (ez,e3).

(10)
Y

The distance between the MAV and the edge E is denoted dg
and d,¢; is the filter activation distance. The filtered veloc-
ity vi, for the edge E is then computed as follows.

t 1.1
Vdes = VE UE + Vg Ug,

~t ~ ~1 1
Vies = VE UE + Vg Ug,

Ug = UE, (12)
vrep(dE)7 lf dE S [07 dact/Q]a
g =< 0, if di € (dact/2, dact) and vy > 0,
v otherwise,
(13)
with the edge-repulsion velocity
2d
Urep(dE) = _krep Umax (1 - d E) P (14)
act

where k.., € (0,1] is a gain controlling the intensity of the
repulsive action. Consequently, the filter only acts if the MAV
is within the activation distance d,.t from an outer edge of the
reference surface (the top and bottom edges of a cylinder, all
four edges of a plane, and all eight outer edges of a tunnel),
else the tele-operator desired velocity is left unchanged. If
active, then the filter acts on the velocity component normal
to the edge in two different ways: either a repulsion effect is
applied when the MAV is too close to the edge, or the velocity
component toward the edge is cancelled (see Figure [2). The
complete filtered velocity is obtained after applying the filter to
each outer edges of the reference surface. Since this filtering
is applied on each component independently, the MAV can
”slide” along the edge of the surface. The 3D MAV reference
velocity vges is then computed by projecting the filtered
velocity v/, into the inertial frame 7.

The following discrete-time model with sampling period %

is considered for the MAV translation motion:
2

tS
£k+1 = 519 +tsvi + 5111@

Virl = Vi + ol (15)
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Fig. 3. MAV control loop for surface-constrained tele-operation.
with the standard definition u = —% Re.+ge, where m is the

MAV mass, g the gravity constant and R the rotation matrix
from body frame B to Z. As in [17], a state feedback controller
is directly used to track the filtered reference velocity v4es and
the surface-referenced position &, as

wy, = K (Vaes (k) = Vi) + Kp (§aes (k) — &x)

where the gain matrices K, and Ky can be shaped indepen-
dently in the horizontal and vertical axes.

Two orientation modes are offered. In absolute mode, an
arbitrary reference angle v;; is initialized at the current MAV
yaw .. In automatic mode, it has been designed as follows:

(16)

o For C, it is oriented towards the axis of the cylinder;
o For P and the lateral planes of 7T, it is perpendicular to
the tangential basis; For the upper plane of 7, the MAV
axis is taken colinear to u,y;s.
A yaw rate Wdes € [—Wmax, Wmax] 1S also provided by the
tele-operator so as to navigate around the yaw reference (for
inspection purposes) as

Yaes(0) = 0, (17)
q/}des‘.(k) = ’lpdes(k - 1) + Wdes * ts (18)

and the yaw proportional controller is directly
g () = ks (G + Ve (B) — (R))  (19)

The control input uy, is then decomposed into roll and pitch
angles {¢,0} and a thrust T, and given to the low-level
autopilot along with the yaw rate uy (k).

III. MAV TELE-OPERATION AND NAVIGATION SYSTEM

A DII Matrice 100 quadrotor (see Figure ) was used for
the flight tests. This platform has a built-in IMU which is
processed by a proprietary autopilot for attitude stabilization,
and offers a ROS interface [20]. An embedded computer
(quadcore Intel NUC7i7DNBE) handles the navigation ar-
chitecture described in Figure E} The state of the MAV, i.e.
position and velocity in Z as defined in (3], is estimated
at 100 Hz by a linear Kalman filter which combines the IMU
measurements (including a standard attitude filter) with the 3D
position computed by the eVO visual odometry algorithm [21]
using the synchronized images acquired at 20 Hz by a stereo-
rig comprising two USB2 cameras (100° fov) separated by a
baseline of 27cm. A laser telemeter also directly measures
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height during automatic take-off and landing phases. The
stereo images are also processed by the ELAS algorithm [22]
to compute a depth map. This information is converted into
a dense 3D point-cloud expressed in the inertial frame Z
thanks to the estimated position and orientation. In the case
of a cylinder-shaped inspection surface, a first pipeline ex-
ploits the PCL library [23] for fitting and locating a vertical
cylinder after ground plane removal. The virtual cylinder is
then positioned automatically along the axis of the detected
cylinder (Figure [7). This pipeline is activated before take-
off and requires a validation by the tele-operator. A second
pipeline, active during the entire mission, integrates the point-
cloud in an efficient TSDF-based map [24], [25] to provide a
3D reconstruction of the environment, which can be visualized
in real-time on the ground station (see e.g. Figure [§).

The tele-operator gives the high-level orders mentioned in
Section |l to the MAV (tangential and yaw velocities, orienta-
tion mode) with a 14-channel remote control connected to the
ground station computer via USB. Two stick mappings permits
to handle vertical or horizontal surfaces, and one switch
allows to toggle between the two orientation modes (Figure [6).
A ROS component on the ground station reads the raw serial

duplex

Fig. 6. Tele-operation remote control. Left: sticks configuration for cylinder
or vertical planes. Right: sticks configuration for tunnel surface.

data from the remote control, which is then formatted into
messages and broadcasted to the on-board MAV computer
using a Wifi router. A more secure wireless communication
scheme could be considered for critical operations.

IV. FIELD RESULTS

Indoor flight testsﬂ were carried out in a disused industrial
warehouse located in the ONERA center of Meudon, France.
The maximum linear velocity was set to 0.5 m s~ and angular
velocity to 0.5rad s~ 1. The velocity filter (T3)-(T4) was set to
activate within d,.; = 20 cm of a reference surface edge, and
with a gain k,., = 1, meaning the edge-repulsion magnitude
can reach the maximum velocity. During the experiments, the
system has been operated by skilled and unskilled pilots and
tested several times on test cases corresponding to the three
different types of virtual surfaces presented in Section [l

Cylinder test: The first use-case is the inspection of a
pillar, a typical mission in railway and energy transporta-
tion industries. At the beginning of the mission, the MAV
was placed on the ground with its stereo sensor facing the
targeted pillar. Despite its square section, it was correctly
located by the cylinder detector (described in Section [III)
and the mission began after the tele-operator had validated
the positioning of the virtual surface on the ground station.
In the illustrated example, the radius and the height of the
cylinder were respectively 4.5m and 7m with a 1m offset
above the ground. Figure [/| shows the inspected pillar and an
overview of the trajectory. Figure 0] shows the evolution of
different performance indicators. The first one is the distance
to the virtual surface. The proposed controller maintained the
quadrotor during the entire mission in a small neighborhood
around the virtual surface (80% of the time under 5 cm; more
than 99.5% of the time under 10 cm). The next two indicators
show the response of the controller to the velocity inputs
of the tele-operator. The tracking of horizontal velocity is
good with some small overshoots around stiff input transitions.
The observed quality of the vertical velocity tracking was a
little lower in this test, with a upward bias which could be

A video can be found at https:/tinyurl.com/surfaceteleop.
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explained by the particular conditions of this flight test where
a weight imbalance was present due to a heavy additional
camera payload (which was not embedded during the other
flight tests).

Fig. 7. MAV trajectory on cylinder and 3D model of the inspected pillar.

Fig. 8.

Tele-operation on a virtual plane in an industrial environment.
Top: picture of the environment after take-off. Bottom: MAV trajectory and
3D model of the environment.

Plane test: The second scenario illustrates a standard use-
case, the inspection of a planar surface like a wall, a cliff or
a facade. Here, the mission consisted in observing a storage
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Fig. 9. Performance indicators for Cylinder mission. From top to bottom:
distance to the virtual surface, horizontal velocity tracking, vertical velocity
tracking. Background color indicates if the tele-operator input is purely
vertical (yellow), purely horizontal (green) or mixed (blue).

area under a mezzanine. A virtual plane of length 19m and
height 5m was positioned 1m above the ground. Figure [§]
gives an overview of the environment and the MAV trajectory
accomplished during the mission, which shows a correct
positioning constrained on the virtual surface. It is confirmed
on the first performance curve of Figure the MAV flies at a
distance less than or equal to 5 cm during 90% of the mission
time (and 99.8% under 10 cm). From the 340" second, the
MAV is asked to spin around. Small disturbances between the
decoupled yaw and position controllers generate some limited
sinusoidal variations in the distance to the virtual surface. The
system however successfully tracks the tele-pilot inputs, as
shown on the 2" and the 3™ curves of the same figure. The
main exception is around the 105" second when the fencing
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Fig. 10.  Performance indicators for Plane mission. From top to bottom:
distance to the virtual surface, horizontal velocity tracking, vertical velocity
tracking. Background color indicates if the tele-operator input is purely
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mechanism prevents the drone to go outside of the virtual
surface by the top-right corner, zeroing the velocity inputs
provided to the controller. A second activation of the fencing
mechanism also occurs as expected at the 205" second.
Tunnel test: The third scenario was inspired by another
common mission in railway industries, i.e. the external ex-
amination of trains from above and from the sides to detect
impacts or defaults. A test was conducted with a structure
of length 16.5m, height 3m, and trapezoidal base lengths of
8 m (bottom) and 5 m (top). Figureﬂ;fl shows the tele-operated
trajectory under two different viewpoints and the distance to
the surface. The MAV is correctly constrained on the three-
planes surface, remaining under a distance of 5cm during
66% of the mission time (and 88% under 10 cm). Transitions
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Fig. 11. Performance indicators for Tunnel surface. Top and middle: Refer-
ence and achieved trajectories during the mission (top left: 3D map of the
inspected structure). Bottom: distance to the virtual surface (spikes are due to
plane switching generating a reference step).

between the planes at maximal speed created some overshoots
(of maximal size 40cm). This is due to the instantaneous
character of the proposed controller (T6)), which has to react
to a sudden change in the reference velocity. This could
be improved by considering for example a model predictive
control scheme [11]], to better anticipate and design a
smooth transition between the two velocity directions.



V. CONCLUSIONS

In this paper, a new assisted tele-operation system has
been presented which enables a MAV to be controlled on
virtual surfaces by an unskilled operator. The motion of
the MAV is guaranteed to remain on the pre-defined virtual
surface along which the operator can freely guide it using
high-level inputs (velocities along the surface and yaw rate).
Planes and cylinders are considered as elementary virtual
surfaces that can be directly useful by themselves or combined
together to address many different types of inspection missions
of industrial infrastructures (pillars, facades, vehicles, etc.).
The performance of this embedded MAV system has been
evaluated in flight tests performed in an industrial warehouse
for three typical inspection scenarios. Such a system allows
safe and repeatable inspections of industrial infrastructures to
be carried out by operators with no specific piloting skills.
Future work will include additional flight tests for end-users
on industrial sites and with inspection payloads as well as
comparison of results (repeatability, accuracy of the acquired
data) with respect to flights performed manually by profes-
sional telepilots.
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