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Abstract: Through-flight inspection of the outer surface of the aircraft is necessary to identify possible
damage to the surface of the aircraft caused by metal fatigue, lightning, birds collision, etc. The article
discusses the method of robotic inspection of the outer surface of the aircraft in its open air parking
area. The robotic complex (RC) consists of an unmanned ground vehicle (UGV) and an unmanned
aerial vehicle (UAV) interconnected by a tether mechanism (TM). The algorithm of the RC functioning
is presented. The main attention is paid to the formation of the TM control and the features of its work,
ensuring the prevention of collisions of UAV with aircraft during extreme wind actions on UAV. The
study of the most critical mode of the complex operation under extreme wind actions on an unmanned
aerial vehicle is carried out. The results of modeling the typical process of the RC operation in an
abnormal conditions of extreme wind exposure to UAV are presented.

Key Words: unmanned aerial vehicle, unmanned ground vehicle, tether mechanism, mathematical
model, wind action, modeling

1. INTRODUCTION

Through-flight inspection of the outer surface of the aircraft is a mandatory procedure. It is
carried out by engineering and technical personnel along a route pre-established by the
regulations [1], [2]. The main disadvantages of this approach to the inspection procedure are
the significant time and material work efforts, as well as the significant influence of the human
factor on the identification and assessment of the characteristics of detected defects on the
outer surface of the aircraft. In [3], a variant of automated inspection of the outer surface of
the aircraft with the help of a robot camera moving on the surface of the aircraft and held on
it by a special suction cup system is considered. An obvious drawback of this approach is the
relatively long inspection procedure.

In recent years, a number of companies began to use multi-rotor UAVSs to inspect the outer
surface of aircraft. So, the Airbus group company has developed a UAV that can be used to
inspect the upper part of the outer surface of the aircraft, but only in the hangar, because free
flights of UAVs in the airspace of the airfield are prohibited by the regulations [4]. The images
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received from the camera located on the UAV during its movement along a given route are
analyzed in the computer of the ground control unit. The use of UAV makes it possible to
accurately position and determine the parameters of damage to the aircraft surface. A similar
approach to the inspection of the outer surface of the aircraft is being developed by ST
Engineering Air NZ [5]. At the same time, this company is making attempts to change the
inspection schedule in order to use UAV free flight at open aircraft parking areas, which seems
problematic. According to the developers, the time of inspection of the outer surface of the
aircraft is reduced from six to two hours. In both cases, inspection of the lower part of the outer
surface of the aircraft is carried out by engineering and technical personnel. The possibility of
monitoring the entire outer surface of the aircraft with the UAV is indicated in [6], however,
the use of this approach is practically impossible, in particular, with a low location of aircraft
engines.

To solve the tasks of comprehensive monitoring of objects of the surrounding space, in a
number of works it was proposed to use UAV together with UGV as part of the RC. With the
help of such RCs, simultaneous monitoring is carried out by cameras mounted on both UAV
and UGV [7], [8], [9], [10], [11], [12]. In a number of RC implementation variants, the UAV
is connected to the UGV with a tether, which can be used both to provide the UAV with power
from the UGV and to keep the UAV from drift during large wind actions [13], [14], [15], [16].

The robotic complex, consisting of UGV and UAV connected by a tether mechanism, is
undoubtedly promising for the purpose of monitoring the entire outer surface of the aircraft in
its open air parking area. When using such a RC for inspection of the aircraft surface, a critical
factor is the operation of the TM, which guarantees the elimination of collisions between UAV
and aircraft in conditions of extreme wind actions on UAV.

The purpose of this work is to describe the method of robotic through-flight (predeparture)
inspection of the outer surface of the aircraft in its open air parking area. The robotic complex
used consists of UGV and UAV connected by a tether mechanism. The main attention is paid
to the formation of the TM control and the features of its work, ensuring the prevention of
collisions of UAVs with aircraft during extreme wind actions on UAVS.

2. ALGORITHM FOR FUNCTIONING A ROBOTIC COMPLEXWITH A
CORD MECHANISM

RC works as follows. Initially, the UGV with the UAV located on its landing place is in
the base. According to the signal from the ground control unit to the UGV, the UGV
travels from the UAV to the aircraft parking area at the turning point A of the S and T
UGV trajectories. Then, the UAV takes off to a point B in its trajectory R with
simultaneous regulation of the length [, of the tether segment connecting the UAV with the
UGV. This regulation in the normal mode both during take-off and in the subsequent flight
along the trajectory R, as well as during UAV landing on the UGV, is carried out so that, on
the one hand, the length of this tether segment slightly exceeds the current distance between
the UAV and UGV, and on the other hand does not exceed the value at which the UAV under
the influence of random external disturbances, in particular wind, can collide with the surface
of the aircraft.

With such a length of the connecting segment of the tether, it is possible to exclude its
tension, to exclude the force impact of the tether on the UAV and, therefore, to disrupt the
normal operation of its camera. Next, the UAV is flying under the control of its autopilot from
point B along the trajectory R with returning to this point while photographing all the elements
of the upper part of the outer surface of the aircraft in accordance with its three-dimensional
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model. At the same time, according to the specified program, the rotational orientation of the
UAYV camera installed in the gyrostabilized three-degree-of-freedom suspension is controlled.

The trajectory S, along which the UGV, under the control of its autopilot, accompanies
the UAV, is essentially a projection of the trajectory R onto the surface of the aircraft parking
area. After the synchronous return of the UAV to point B and UGV to point 4, the UAV lands
at the UGV landing place. Upon completion of the UAV landing, the UGV moves along the
trajectory T from point A with a return to this point while photographing all the elements of
the lower part of the outer surface of the aircraft in accordance with its three-dimensional
model. The accident-free passage of the UGV is supported by its system for detecting and
avoiding obstacles [17], [18].

At the same time, according to a predetermined program, the rotational orientation of the
UGV camera, also installed in a gyrostabilized three-degree-of-freedom suspension, is
controlled. Upon the return of the UGV from the UAV to point A, the photographs, linear and
angular coordinates of the UAV and UGV, as well as the rotational orientation parameters of
their cameras relative to the UAV and UGV, respectively, are transferred to the ground control
unit computer. This computer implements the analysis of photographs with the determination
of the coordinates of the location, nature and parameters of damage to both the lower and upper
parts of the outer surface of the aircraft. Then UGV with UAV returns to the base. Figure 1
shows a diagram illustrating the functioning of the RC during inspection of the outer surface
of the aircraft in its open air parking area.
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Fig. 1 — Diagram illustrating the functioning algorithm of the robotic complex

Figure 1 indicates: the border of the aircraft parking area; the actual aircraft; robotic
complex, including UAV (such as a quadrocopter) with cameras, UGV with cameras, tether
mechanism connecting the UAV with UGV; ground control unit; base of UGV with UAV; [,
is the current length of the adjustable cord segment, landing place (LP) of the UAV in the
UGV; R — UAV trajectory for inspection of the upper part of the outer surface of the aircraft;
S and T, respectively, are the trajectory along which the UGV accompanies the UAV, and the
UGV trajectory for inspection of the lower part of the outer surface of the aircraft. The location
parameters of the trajectory R of UAV, S and T UGV trajectories, program for changing the
rotational orientation of the UAV and UGV cameras during inspection are set based on the use
of information about the type of aircraft being inspected.
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One of the most important operating modes of the RC is its abnormal mode in extreme
conditions of external influences, in particular wind. In the normal operation, the aerodynamic
force of the wind action on the UAV is corrected by the thrust forces developed by the UAV
propellers when it is tilted, generally in roll and pitch. In abnormal conditions, to correct the
wind aerodynamic force of the thrust forces of the propellers is not enough and it is necessary
to use a controlled tether mechanism.

This mechanism, for example, may contain a coil with a tether wound around it, mounted
on the output shaft of a DC motor; the motor, in turn, is installed on board the UGV. The end
of the tether is fixed on board the UAV. With a small dead weight of the tether (made, for
example, of fiberglass), we can assume that the processes of unwinding and winding the tether
to the coil are carried out under the action of forces applied to it both from the UAV and from
the TM drive motor. TM control is carried out by forming a control voltage supplied to the
corresponding winding of the drive motor.

First, we determine the functional algorithm for the formation of this voltage in the most
critical situation when the wind load on the UAV is directed normal to its trajectory in the
direction of the portion of the outer surface of the aircraft, next to which the UAV is at the
current time. We assume that when an emergency occurs, the UGV stops; while the autopilot
levels and holds the UAV at the nominal altitude and heading angle. A diagram illustrating in
this case the distribution of forces applied to the UAV while holding it with the help of the
TM is presented in Figure 2.
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Fig. 2 — Distribution of forces applied to the UAV

This figure indicates: O, x, z, is the system of coordinates (SC), rigidly connected with
the UAV (0, is the center of mass (CM) of the UAV, the axis 0, x, is horizontal and normal
to the UAV trajectory in the side of the outer surface of the aircraft, the axis 0,z, is directed
vertically); Oxz is the SC with the center O in the UGV center of mass (its axes are parallel to
the corresponding axes of the SC 0, x, z, ); C is the starting point at which the UAV is in front
of a gust of wind (its coordinates are x,, z,); D, E are the UAV location points at which the
control voltage of the TM drive motor is switched; l;s, lisarer ltmax are the lengths of the
tether segments from the UGV to the UAV at its location, respectively, at points C, D, E; E,,
is the aerodynamic force created by the wind load on the UAV; F; is the force acting on the
UAV from the side of the tether; F,,. is the thrust force generated by propellers [19]; mg is the

UAV gravity (m — UAV mass, g — gravity acceleration) ; F*"™, E2" are the aerodynamic
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drag forces, respectively, along the axes x, , z,; a, is the tether tilt angle relative to the horizon
plane when the UAV is located at point C.

Immediately before the emergency operation, in accordance with Figure 2, the UAV is at
point C, the tether length is I, and the control voltage U is absent on the drive motor. In
abnormal conditions, the entire TM operation cycle can be represented as a combination of
several successive phases. In the first phase, under the influence of the aerodynamic force E,,,
the UAV moves toward the surface of the aircraft, the tether is unwound, the control voltage
U on the drive motor is still absent. When the tether reaches a certain threshold length ;44
the first phase of the emergency mode of the TM ends (point D, Fig. 2). The second phase
begins, at the beginning of which the control voltage of the maximum value U = U,,,, enters
the TM motor winding. The motor develops a moment that forms the force F; on the tether.
Under the action of the force determined by the sum of the projection onto the axis 0, x, of
the force F; (F;cosa), the force F,, and the force E*™, the UAV loses speed in the direction
of the axis O, x,.

At the time when this speed becomes equal to zero, the second phase of the cycle ends
(point E, Fig. 2); in this case, the unwinding speed of the tether becomes equal to zero, and its
length reaches the maximum value [;,,4,. Then, at the beginning of the third phase of the
cycle, the voltage U abruptly drops to an intermediate value Uy,, at which the force Ficosa is
such that the UAV will move in the direction from the surface of the aircraft, increasing speed
rather slowly. When the tether reaches the length s, 7. (UAV —in point D, Fig. 2), the third
phase of the cycle is completed. In the fourth phase, the voltage U is formed so that, under the
prevailing influence of F;, the UAV without significant overshoot along the x coordinate will
return to the same position that it occupied before the emergency operation (point C, Fig. 2).
In the fifth phase, the voltage U is formed in such a way as to ensure aperiodic attraction of
the UAV to the UGV landing place.

3. MATHEMATICAL MODEL OF A ROBOTIC COMPLEXWITH A
TETHER MECHANISM

Due to the forced stop of the UGV at point O (Fig. 2) and keeping it at this point, the equations

of motion of the UGV in the mathematical model of the RC for the abnormal conditions can

be omitted. By virtue of the assumptions made, the general mathematical model of the RC in

these conditions can be considered as a combination of the motion model of the UAV’s center

of mass in the xz plane and the mathematical model of the TM [19], [20], [21], [22], [23], [24].
The mathematical model of the UAV:

mi = F,, — F,cosa — E&™, (1)

mZ = F,, — Fisina — F*™ —mg, (2
_ X

a = arccos ﬁ, (3)

where x, are the coordinates of the UAV’s center of mass in the Oxz SC; « is the current tether
angle of inclination relative to the horizon plane. The aerodynamic drag forces FE*™, EAT,

directed by the velocity of the incoming air flow, are determined by the relations:
2

v.
FAT = cdipTlSi,i =X,z 4)
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where c4;, v; are dimensionless aerodynamic coefficients and free-stream velocities in the
direction of the corresponding axes; S; are effective surface area of the UAV, normal to the
respective axes; p is the atmospheric density.

The mathematical model of TM with a DC motor:

Ll + Rl = U = ceepwg, (5)
(I +mrA)de + Ewe = Myer — ((Fycosa — EF")cosa + (F,, —mg)sina)r, (6)
Mypetl
Mmet = nl, Fl’ = T_Ct, (7)
t
le=los =7 [ et ©
0

where U is the control voltage on the motor; I is the current in the drive winding of the motor;
w, is the rotational speed of the motor shaft with the coil (w, > 0 when winding the tether
onto the coil); M,,,.; is the electromagnetic torque on the motor shaft; 7 is the inertia moment
to motor shaft with a coil; & is the coefficient of viscous friction moment about the axis of
rotation of the motor shaft; L., R, — respectively, the inductance and resistance of the motor
drive winding; c. is the back electromotive force coefficient; n is the motor torque constant;
l¢5 is the tether length at the beginning of the current phase; . is the radius of the coil with a
tether.

Based on (1-8), we now consider the features of the mathematical model of the RC in
each of the phases of the abnormal conditions. In the first phase, for U = 0,z = z,, ¥ > 0 we
get:

mi = F,, — F,cosa — E&™, 9
E,r = Fisina + mg, (10)
x
a = arccos ——, 11
Jx2 +z3 (11)
L+ R, = —Ceef * W) (12)
T +mr.)d, + Ew, = nl + ((E*" — E,)cosa + (mg — By )sina)r, (13)
po= 14
= (14
¢
fe=bis =7 [ et 0<% 815 L(6) = lusape (15)
0

where t, is the time of the end of the first phase. In the second phase, at U = U, 45, Z = 2o,
x >0:

mx = E, — E*" — F;cosa, (16)
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By = Fisina + mg, a7
x
a = arccos ———, 18
Jx2 +z3 (18)
Lol + Rl = Uy — Ceer * W, (19)
T +mr,®)d, + Ew, = nl + ((EF" — E,)cosa + (mg — Eyy )sina)ry, (20)
po= 1)
t = 7'

t
le = bisage = e | @0, < €565 L(62) = lomas, (22)

t

1

where t, is the time of the end of the second phase. In the third phase, at U = U;,,, z = z,,
x <0:

miX = F, + E&" — F;cosa, (23)
By = Fesina + mg, (24)
X
@ = arccos ——, 25
Nerer ()
Lol + Rel = Upy. —Ceep * 0, (26)
I +mr®)d, + Ewe = nl — ((F*" + F,)cosa + (mg — E,, )sina)r, (27)
F= 28
= (29)
t
ly = limax — rcf wedt,t, < t<tg; l(t3) = ltsafe: (29)
t

2

where t5 is the end time of the third phase.
The choice of control voltage U, in order to minimize the speed of UAV flight through
point D, as analysis shows (25-29), can be done based on the ratio:

Umax > Uz > FEyR.r.cosap /n(1 — sinap), (30)

XD

N o
where x, is the coordinate of point D; aj, is the tether angle of inclination to the horizon plane
at point D.

In the fourth phase, the UAV returns to the initial point C at z = z, (Fig. 2); while the
tether is wound, reaching [, = ;. The law of formation of the control voltage on the drive
motor U has the form:

(dp=4arccos
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t
U= kup (lt - lts) + kudlt + kui (lt - lts)dt' (32)
t3
t3 < t <ty le(ts) =l (33)
where ki, kyq; ky; are the control parameters that largely determine the dynamics of the

UAV movement in the fourth phase; t, is the time of the end of the fourth phase.

In general, the mathematical model of the RC in the fourth phase, taking into account (32,
33), is identical to its model (23-29) in the third phase. In the fifth phase, when implementing
an aperiodic UAV landing at the UGV landing place, we will form control U in the form:

U = U+ kiply + kigly, (34)

where U, is the control voltage on the TM engine, equal to its value at the end of the fourth
phase; k;,,, k4 are the control parameters.

The mathematical model of the RC in this phase when the UAV moves in the direction of
the tether winding, taking into account (34), has the form:

mi = F,, — F,cosa + E&T, (39)
mZ = E,, — Fisina + F*™ —mg, (36)
X

Qa = arccos —, 37
1/x2 + ZZ ( )
Ll + Ro = Uy + kyple + kgl — ceepwr, (38)
I +mr2)d, + Ewe = nl = ((F*" — Fy)cosa + (mg — EA™ — Ey, )sina)r,,  (39)
F= 40
= (40)

t
lt=lts—rc-f(l)cdt,t4< tSt5,lt(t5)=0 (41)

t

4

where tz is the time of the end of the fifth phase and the completion of the RC operation in an
abnormal conditions in general.

4. MODELING THE ROBOTIC COMPLEX OPERATION IN ABNORMAL
CONDITIONS

The purpose of the modeling was to verify the effectiveness of the adopted technical solutions,
as well as to determine the rational parameters of the TM motor control as applied to the
operation of the RC in an abnormal conditions. Modeling was carried out in accordance with
models (9-41). In the modeling process, the following characteristic parameters of UAV and
TM were used: m = 6kg; Upgx = 300B; L. = 3+ 107> H; R, = 0.16 om; Ccer = 0,016 B/
rad; 1 =03m; J=07kg/m? E=3x10"3nm/rad; n= 05n/A; .=
25m; ligqre =30m; E, =30n; p=12 kg/m3; c4, = 1.15: ¢4, = 0.12. The rational
control coefficients found in the process of modeling in the fourth and fifth phases are,
respectively, ky,, =40V /m;kyq =35V /ms; ky; = 1Band  ky, = 15.7V/m, ki3 =
1.5 V/ms, and the control voltage on the TM motor winding in the third phase is U;;,, = 200B.
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The results of modeling the typical process of RC operation in an abnormal conditions of
extreme wind exposure to UAVs are presented in Figures 3-6. The initial conditions of this
process are: x(0) = x, = 20 m; z, = 15m; x(0) = 0; w,(0) = 0. Figures (3-6) indicate the
time t; ... t5 of the end of the corresponding phases of the process.
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Fig. 6 — Forces applied to the UAV

It is seen that when using the adopted algorithm for the formation of the control voltage
U the TM effectively operates in all phases of the abnormal conditions.

5. CONCLUSIONS

A method is proposed for implementing the procedure for through-flight (predeparture)
automated inspection of the outer surface of an aircraft in its open air parking area. The
hardware implementation of the method is based on the use of a robotic complex, including
an unmanned aerial vehicle and an unmanned ground vehicle that are flexibly connected by a
tether mechanism. A variant of the functioning of the complex in the inspection process is
considered. The study of the most critical mode of operation of the complex under extreme
wind actions on an unmanned aerial vehicle was carried out. It is shown that the proposed
algorithm for the formation of control voltage on the drive motor of the tether mechanism
ensures the prevention of collisions of an unmanned aerial vehicle with an aircraft and a soft
landing of this device on the landing place of an unmanned ground vehicle.
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