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ABSTRACT Tethered UAV is composed of a UAV platform, tethered cable and winch. The UAV platform
and tethered cable are an interactive whole, and the movement of the UAV platform will change the
configuration and tension of the tethered cable. Under extreme external conditions (such as strong airflow)
or unprofessional operation, the UAV platform will be prone to extreme movement, which will impact the
tethered cable, and in serious cases, the tethered UAV will not work normally. To study the influence on
the tethered UAV due to impact, equations for the relation between impact stress and impact parameters are
derived and numerically solved to determine the dangerous area of the tethered UAV based on two failure
criteria. The obtained results reveal that a smaller elastic modulus and cross-sectional area will lead to less
failure of the tethered UAV, and the breaking strength of the cable is vital to the tethered UAV when it is
impacted. Engineering suggestions are also provided to make tethered UAVs safer.

INDEX TERMS Tethered UAV, impact, dangerous area.

I. INTRODUCTION
Because of the clear advantages of static hovering and sta-
bility, UAVs have been widely used in resource exploration,
anti-terrorism monitoring, civil aerial photography, and other
fields. However, UAVs have the problem of poor endurance,
and the information transmitted by UAVs wirelessly is also
easily hijacked. Therefore, the UAV platform can be con-
nected to an optoelectronic composite tether to make it work
for a long time and ensure the efficiency and safety of infor-
mation transmission. This type of UAV is called a tethered
UAV.

Compared with ordinary UAVs, tethered UAVs have the
advantages of long hovering times and abundant power and
have broader application prospects. Due to these advantages,
tethered UAVs are widely used in the fields of bridge safety
detection [1], forest firefighting [2], and maritime emergency
communication [3].

Ordinary UAVs and tethered UAVs mainly operate in low-
altitude and ultralow-altitude environments. In this area, UAV
platforms are vulnerable to various types of impacts, which
will greatly affect their operation. Under the impact, the UAV

The associate editor coordinating the review of this manuscript and

approving it for publication was Rosario Pecora .

will not only greatly move but will also be damaged by
the impact, which will greatly influence its operation. Vari-
ous studies have mainly focused on the impact on ordinary
UAVs. Chi Chen et al. conducted a numerical simulation
of a UAV falling at different heights. He found that the
heading angle, pitch angle, and velocity of the UAV during
collision had a significant effect on the impact load between
the UAV and the impacted object [4]. Akhilesh Kumar Jha
et al. focused on the numerical modeling and simulation of
a two-pound bird impact on composite structures of a UAV
using ABAQUS/Explicit with impact velocities ranging from
40 m/s and 60 m/s [5]. Xiaohua Lu et al. analyzed the impact
of birds and UAVs on aircraft head through finite element
models, and the obtained results showed that for UAVs and
birds of similar quality, the former would cause greater dam-
age to the aircraft head [6]. Zhang et al. built a high-precision
UAV model and verified the accuracy of the model through
drop experiments. Then, he evaluated the impact process,
possible damaged components, and failure modes of the UAV
at different angles and speeds. The obtained results showed
that under certain angles and speeds, the UAV would be
irreparably damaged after being hit, and the UAV battery
would be at risk of fire [7]. Eamon T et al. estimated the range
of injury risks to humans due to the unmanned aerial system

121152
This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License.

For more information, see https://creativecommons.org/licenses/by-nc-nd/4.0/ VOLUME 10, 2022

https://orcid.org/0000-0001-6560-2588
https://orcid.org/0000-0001-9802-4809


T. Ye et al.: Dangerous Area of Tethered UAV Due to Impact

(UAS) impact, and live flight tests were observed to be less
severe than falling impact tests [8]. Meng et al. simulated the
dynamic response of the horizontal stabilizer during UAS air-
borne collision, and the obtained results showed that the UAV
impact at the airliner cruising speed may cause some damage
to the horizontal stabilizer front spar, in which the hardness
of drone components rather than kinetic energy is a decisive
factor [9]. Choon et al. presented a weight threshold study
based on the impact of the drones on the human head, and the
weight and height of the UAV are determined according to the
energy required for a skull fracture, which provides a design
basis for the UAV flying at a low altitude [10]. Hu Liu et al.
not only studied the damage caused when the UAV collided
with the aircraft engine but also considered the impact of the
UAV debris on the engine after it was inhaled by the engine
and judged the impact of the aircraft by the percentage of the
engine thrust loss [11].

The power supply and information transmission of the teth-
ered UAV depend on the photoelectric composite cable. Since
the UAV platform and the tethered cable are an interactive
whole, the movement of the UAV platform will affect the
internal tension of the tethered cable. When the tension is too
large, the tethered cable will be damaged, which will also lead
to the failure of the tethered UAV. Therefore, it is not enough
to only pay attention to the dynamic response of the UAV
platform when it is impacted but also to consider the impact
of the UAV platform on the tethered cable. Many experts have
worked on the dynamic model and control rules to assure
the tethered UAV’s stable operation. When constructing the
control algorithm for a ship-borne tethered UAV, Wu Y et al.
simplified the tethered cable to the spring-mass-damping
model, neglecting the cable’s local bending [12]. Nicotra et al.
concentrated on developing a stabilizing control law for an
aerial aircraft connected to a base station by a taut cable
[13]. Muttin evaluated the ship-borne tethered UAV system
and constructed a nonlinear dynamic model, simplifying it
[14]. Ya L et al. examined the dynamic available wrench set
andmaximummaneuver acceleration before optimizing UAV
paths to keep the tethers taut [15]. Talke et al. considered
the mission of a UAV tethered to a small unmanned surface
vehicle (USV), extended the tether control reference model
based on static catenary theory, and decoupled the dynamic
motion of a USV from that of a UAV [16]. Wei H et al.
performed a numerical analysis of the stability parameter
range of tethered UAVs under the action of the transient
wind field and provided some suggestions for the practical
engineering design of tethered UAV systems [17]. O. M.
Bushnaq et al. achieved the maximum cellular coverage of
tethered UAVs in the user group and found that tethered
UAVs outperformed ordinary UAVs, given that sufficient GS
location accessibility and tether length were provided [18].
Ahmad Kourani et al. designed a novel robot system in which
the UAV connected the buoy through cables and controlled
the speed of the buoy [19]. Sandino et al. designed a scheme
to connect an unmanned helicopter and the landing point with
a tethered cable to ensure a smooth landing of the helicopter

[20]. These studies mainly focus on the dynamic response
and control law of tethered UAVs under a stable wind field
or slight disturbance, but there is no research on whether
tethered UAVs can work stably under impact.

A photoelectric composite cable is an important differ-
ence between tethered and ordinary UAVs. In addition to
the impact on the tethered UAV platform, the impact on the
optoelectronic composite cable will also lead to the failure
of the tethered UAV. This occurs because when the opto-
electronic composite cable fails, the tethered UAV platform
will encounter power failure and information transmission
problems, which may lead to the crash of the tethered UAV in
serious cases. Although there is no research on the dynamic
response of the tethered UAV when it is impacted, many
similar problems have been studied in other fields. Cable-
supported structures were widely used in deep-water moor-
ing, suspension bridges, and other fields. Some studies have
focused on the robustness of such structures to highly tran-
sient loading conditions. One of the key problems was the
damage or collapse of the whole structure caused by the
sudden destruction of cables [21], [22], [23]. When studying
the dynamic response of cable subjected to impact, the rela-
tionship between impact speed and impact force was often
found because the impact speed is invariant in an instant [24].
Therefore, the main concern of this work is the impact on
the tethered cable caused by the UAV platform. According
to the two failure criteria to ensure the normal operation of
the tethered UAV, the impact speed and angle that make the
tethered UAV in the dangerous working area are given.

The remainder of the paper is organized as follows.
In Section 2, the equations between the impact stress
and impact parameters of the tethered UAV are derived.
In Section 3, the conditions for failure of tethered UAV
operation are given. In Section 4, the numerical simulation is
performed to analyze the dangerous area of the tethered UAV
due to impact. In Section 5, the engineering suggestions are
given based on the numerical results and the actual working
conditions. Finally, Section 6 concludes the paper.

II. THEORETICAL ANALISYS
The tethered cable is fixed to the ground at its lower end
and attached to the UAV at its upper end. The lower end
of the tethered UAV is determined by what it tethers. For
example, the lower end of a ship-borne tethered UAV or
vehicle tethered UAV’s motion is determined by the ship or
vehicle, and the tethered UAV that tethers to the ground has
a static lower end. The force diagram of the UAV is shown
in Figure 1, and the boundary condition of the upper end is
derived as follows:

where obxbzb is the body coordinate system in the plane
of the UAV, Vc is the horizontal wind speed, F is the total
lift of the UAV, θ0 is the inclination between obxb and the
horizontal direction, θ i (L) is the included angle between e1
and the horizontal direction,Mg is the gravity of the UAV, Pt
is the total tension of the cable to the tethered UAV, and FDx
and FDz are the aerodynamic forces received by the UAV in
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FIGURE 1. Force diagram of the UAV.

the obxb and obzb directions, respectively. The expression is:

FDx =
1
2
ρf CDxVx |Vx | (1)

FDz =
1
2
ρf CDzVz |Vz| (2)

where Vx is the component of Vc in obxb, Vz is the component
of Vc in obzb, and the expression is:

Vx =
(
Vc − UL

1,t cos θ
i (L)+ UL

2,t sin θ
i (L)

)
cos θ0

−

(
UL
1,t sin θ

i (L)+ UL
2,t cos θ

i (L)
)
sin θ0 (3)

Vz =
(
Vc − UL

1,t cos θ
i (L)+ UL

2,t sin θ
i (L)

)
sin θ0

+

(
UL
1,t sin θ

i (L)+ UL
2,t cos θ

i (L)
)
cos θ0 (4)

Therefore, the boundary condition of the upper end is:

MU1,tt (L, t) = (F + FDz) sin
(
θ i (L)+ θ0

)
−Mg sin θ i (L)

+FDx cos
(
θ i (L)+ θ0

)
−Pt

(
1+ U1,s (L)− κU2 (L)

)
(5)

MU2,tt (L, t) = (F + FDz) cos
(
θ i (L)+θ0

)
−Mg cos θ i (L)

−FDx sin
(
θ i (L)+ θ0

)
−Pt (L)

(
U2,s (L)+ κU1 (L)

)
(6)

When the tethered UAV is in equilibrium, the UAV is
stationary in its body coordinate system. The force diagram
of the tethered UAV in which the UAV platform is static is
shown in Figure 2.
The initial coordinates of the point of tethered UAV are

(s, 0), and the coordinates of this point at time t are (x, y) .x =
f (s, t), and y = g (s, t). Moreover, the two functions meet the
following conditions:{

f (s, 0) = s
g (s, 0) = 0

(7)

FIGURE 2. Derivation of equations for motion and stress of a tethered
UAV.

For the element of tethered UAV, the component of tension
at s and s+1s along the x − direction is:

T cos θ, T cos θ +
∂

∂s
(T cos θ)1s

The component of tension at s and s + 1s along the y −
direction is:

T sin θ, T sin θ +
∂

∂s
(T sin θ)1s

FromNewton’s Law, the following equations are obtained:

ρA1s
∂2x
∂t2
=
∂ (T cos θ)

∂s
1s (8)

ρA1s
∂2y
∂t2
=
∂ (T sin θ)

∂s
1s (9)

A is the cross-sectional area of the cable, and ρ is the
density of the cable materials.

Equations (8) and (9) can be simplified as follows:

∂2x
∂t2
=

E
ρ

∂

∂s

(σ
E
cos θ

)
(10)

∂2y
∂t2
=

E
ρ

∂

∂s

(σ
E
sin θ

)
(11)

The Hooke’s Law applied to the cable element is:

dS
ds
=

[(
∂x
∂s

)2

+

(
∂y
∂s

)2
] 1

2

=
1+ σ

E

1+ σ0
E

(12)

Because of
∂x
∂s
=
dS
ds

cos θ,
∂y
∂s
=
dS
ds

sin θ

It is observed that
∂x
∂s
=

1+ σ
E

1+ σ0
E

cos θ (13)

∂y
∂s
=

1+ σ
E

1+ σ0
E

sin θ (14)

From Equations (10) to (14), the following can be found:

∂2

∂t2

(
1+ σ

E

1+ σ0
E

cos θ
)
=

∂2

∂s2

(
σ

ρ
cos θ

)
(15)
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∂2

∂t2

(
1+ σ

E

1+ σ0
E

sin θ
)
=

∂2

∂s2

(
σ

ρ
sin θ

)
(16)

If the element of the tethered UAV moves parallel to itself,
Equations (15) and (16) yield the same condition for the
stress σ :

∂2σ

∂t2
=

(
1+

σ0

E

) E
ρ

∂2σ

∂s2
(17)

The longitudinal wave velocity is:

cl =

√(
1+

σ0

E

) E
ρ

(18)

Equations (15) and (16) can be transformed into the fol-
lowing equation:

∂2

∂t2
cos (θ − θ0) =

1+ σ
E

1+ σ0
E

σ

ρ
cos (θ − θ0) (19)

Here, θ0 is an arbitrary constant. The transverse wave
velocity is:

ct =

√
1+ σ0

E

1+ σ
E

E
ρ

(20)

Moreover, the ratio of transverse wave velocity to longitu-
dinal wave velocity is:

ct
cl
=

( σ
E

1+ σ
E

) 1
2

(21)

FIGURE 3. Diagram of a tethered UAV due to impact.

Figure 3 shows the diagram of the tethered UAV due to
impact. The tethered UAV is left-right symmetrical in the
plane; thus, it is only necessary to analyze the impact of the
half-plane. The tethered UAV is in equilibrium, and there
is prestress σ0 inside the cable at t = 0. At this time, the
tethered UAV will be impacted with impact velocity v0 and
impact angle β. At t = t0, the endpointO of the tethered UAV
moves to point P. The transverse wave reaches point Q, and
the longitudinal wave reaches point R. After being impacted,
the tethered UAV is divided into two linear parts, PQ and
RQ, and the rest of R remains in equilibrium. Because the
longitudinal wave velocity is greater than the transverse wave
velocity, Q obtains the displacement along the β direction,
and the particle at R obtains the displacement towardQ. After

the instantaneous displacement, no external force acts on the
two particles, moving at a constant speed. Because the cable
material is isotropic and the cross-sectional area is constant,
the momentum between R and Q is the same at any time;
thus, the stress of PQ and RQ is the same and constant. Q′

is the point corresponding to Q at time t = 0. The geometric
relationships between OP, OQ′, and OR are as follows:

OP = v0t0,OQ′ = ct t0,OR = cl t0 (22)

From t1 =
ct
cl
t0, the longitudinal wave reaches Q

′

, and Q
′

moves toward Q. t2 =
(
1− ct

cl

)
t0 is the time that Q

′

reaches
Q. Within t2, the longitudinal wave is also transmitted from
Q
′

to R. Therefore, the particle velocity of QRu is:

u =
σ−σ0
E

1+ σ0
E
cl (23)

The geometric relationship of OQ and PQ

OQ = OQ′ − QQ′ = ct t0 − u
(
1−

ct
cl

)
t0 (24)

PQ =

 v20 + c2t + u2 (1− ct
cl

)2
− 2u

(
1− ct

cl

)
ct

+2v0ct cosβ − 2v0u
(
1− ct

cl

)
cosβ


1
2

t0

(25)

Thus, the elongation of the tethered UAV cable ε = PQ−
OQ at time t = t0 can be obtained:

ε

l
=

ε

ct0
=

 v20 + c2t + u2 (1− ct
cl

)2
− 2u

(
1− ct

cl

)
ct+

2v0ct cosβ − 2v0u
(
1− ct

cl

)
cosβ


1
2

−

ct − u
(
1− ct

cl

)
cl

(26)

According to Hooke’s Law, Equation (12) can be found:

1+ σ
E

1+ σ0
E
=

 v20 + c2t + u2 (1− ct
cl

)2
− 2u

(
1− ct

cl

)
ct

+2v0ct cosβ − 2v0u
(
1− ct

cl

)
cosβ


1
2

−

ct − u
(
1− ct

cl

)
cl

(27)

We introduce c0 = (E/ρ)
1
2 and substitute Equations (18),

(20), and (23) into Equation (27), and the impact velocity v0,
impact angle β, and impact stress σ are connected by the
relation:(

v0
c0

)
+ 2

v0
c0

[(σ
E

) 1
2
(
1+

σ

E

) 1
2
−
σ − σ0

E

]
cosβ

= 2
σ − σ0

E

(σ
E

) 1
2
(
1+

σ

E

) 1
2
−

(
σ − σ0

E

)2

(28)
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TABLE 1. Parameters of the tethered UAV.

FIGURE 4. Tension distribution of the tethered UAV under different
impact velocities and angles.

III. TWO CRITERIA FOR DETERMINING THE DANGER
AREA OF TETHERED UAV
TetheredUAVhas two types of dangers when operating. First,
tethered UAV relies on cables for power supply and has a
small-capacity battery. Therefore, broken cable will make
the UAV lose power supply and will no longer be actively
controlled. Second, when the optical fiber inside the cable
is excessively stretched or even broken, the tethered UAV
will no longer be able to transmit signals normally. To ensure
the normal operation of the tethered UAV, it is necessary to
ensure that the maximum tension on the cable during impact
is less than its breaking strength. Second, the elongation of the
optical fiber should also be less than its allowable elongation.
The second criterion does not need to be considered if the first
criterion is not satisfied. The breaking strength of the cable is
98.067N, and themaximum elongation does not exceed 0.5%
[17]. The dangerous area of tetheredUAVoperation is studied
based on these two criteria.

The parameters of the tethered UAV according to [25] are
listed in Table 1. The tethered UAV will be in danger when
the impact velocity and angle reach a certain value. At this
time, the value beyond this range is a dangerous area for

FIGURE 5. The dangerous area of tethered UAVs with different diameters.

FIGURE 6. The dangerous area of the tethered UAV with elastic modulus.

the tethered UAV. To determine the dangerous area for the
tethered UAV under different impact velocities and impact
angles, it is imperative to determine the tethered UAV’s
dynamic response and analyze it in combination with two
failure criteria.

IV. NUMERICAL RESULTS FOR THE DANGEROUS AREA
A. DETERMINATION OF THE DANGEROUS AREA BASED
ON THE BREAKING STRENGTH
The tension distribution of the tethered UAV under different
impact velocities and different impact angles is shown in
Figure 4. It is observed that the smaller is the impact angle,
the greater is the impact force, and the greater is the impact
velocity, the greater is the impact force. The black contour
line represents the tension of 98.067 N. The part whose value
is greater than the black contour is the dangerous area. The
intersections of the black contour and the upper and right
axes represent the critical value of the dangerous area for
the tethered UAV when the impact angle is minimal and the
impact velocity is maximal, respectively. When the impact
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FIGURE 7. The dangerous area of tethered UAVs with different diameters
based on the second criterion.

velocity reaches 7.25 m/s and the impact angle is 0, the cable
begins to break.When the impact velocity reaches 20 m/s and
the impact angle is 5/6 π , the cable will also be broken, and
the tethered UAV is in a dangerous area.

The cable’s cross-section determines the transmission
power and influences the impact force. The dangerous area of
the tethered UAV within the diameter range from 0.0024 m
to 0.0054 m is shown in Figure 5.

It is observed that with the continuous increase in cable
diameter, the dangerous area of the tethered UAV also
increases. When the cable diameters are 0.0024, 0.0034, and
0.0044 m, even if the impact velocity reaches the maximum,
as long as the impact angle is less than π /2, the tethered UAV
is still in the safe working area. However, when the cable
diameter is 0.0054 m and the impact velocity is greater than
16.56 m/s, the tethered UAV will still be in the danger area
even if the impact angle is greater than π /2.
The dangerous area of the tethered UAV under different

elastic moduli based on the cable breaking strength is shown
in Figure 6. It is observed that with the increase in the
elastic modulus, the dangerous area of the tethered UAV also
increases.

B. DETERMINATION OF THE DANGEROUS AREA BASED
ON THE MAXIMUM ELONGATION
The dangerous area of the tethered UAV under different cable
diameters based on the maximum elongation of the optical
fiber is shown in Figure 7. It is observed that the different
diameters of the cable have no clear effect on the elonga-
tion of the optical fiber. Under this condition, cables with a
larger cross-sectional area should be selected because a larger
cross-sectional area can accommodate more optical fibers,
which is beneficial to signal transmission.

The dangerous area of the tethered UAV under different
elastic moduli based on the maximum elongation of the opti-
cal fiber is shown in Figure 8. It is observed that with the con-
tinuous increase in the elastic modulus, the dangerous area of

FIGURE 8. The dangerous area of the tethered UAV with an elastic
modulus based on the second criterion.

the tethered UAV increases. Compared with Figure 6, under
the same Young’s modulus, the dangerous area of the tethered
UAV based on the maximum elongation of the optical fiber is
smaller. This shows that when the impact speed and angle do
not break the cable, the elongation of the optical fiber will be
less than its maximum elongation.

V. ENGINEERING SUGGESTION
1) To ensure the normal operation of the tethered UAV, cables
with a smaller elastic modulus and smaller cross-sectional
area should be selected.

2) Whether the tethered UAV will fail when it is impacted
shall be judged mainly according to the breaking strength of
the cable.

3) According to [17], the average wind speed in the South
China Sea is 5∼7 m/s, and the maximum wind speed is
20 m/s. When the active control of the UAV is ignored, as the
wind speed suddenly changes, the speed of the UAV will not
be greater than the wind speed in a short time. Currently, the
qualified elastic modulus and diameter are 1.867 × 109 N/m
and 0.0024 and 0.0034 m, respectively. At the same time,
because a larger cross-sectional area of the cable can accom-
modate more optical fibers and provide more power, the cable
with an elastic modulus of 1.867 × 109N/m and a diameter
of 0.0034 m should be used.

VI. CONCLUSION
Starting with the impact stress of the tethered UAV under
impact, this study analyzes the impact angle and impact
velocity on the tethered UAV. Combined with the two failure
criteria of the tethered UAV, the range of danger areas of
tethered UAVs under different working conditions is given.
It was found that cables with a smaller elastic modulus and
smaller cross-sectional areas should be selected to ensure the
normal operation of the tethered UAV, and whether the teth-
ered UAV will fail when it is impacted will be judged mainly
according to the breaking strength of the cable. Combined
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with the actual working range of the tethered UAV, taking the
tethered UAVworking in the South China Sea as an example,
the safest material parameters of the tethered UAV are given
to ensure its normal operation.

Compared with previous research on the damage caused
by the impact of ordinary UAVs, this study focuses on the
impact of cables on tetheredUAVs. This is important because,
in actual operation, the cable is often impacted. If the cable
fails, the whole tetheredUAVwill not operate normally. In the
future, further research will be conducted on the response
of the tethered UAV when facing impact in more complex
environments. For example, ship-borne tethered UAVs face
end impacts (caused by ship motion) and multiple loads of
wind, waves, and currents. The corresponding tethered UAV
parameter range and engineering suggestions will be given to
ensure its normal operation.
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