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In this study, the stability parameter range of a tethered quadrotor unmanned aerial vehicle (UAV) under the action of the
transient wind field is numerically analyzed, which can provide a theoretical basis for the design and application of such systems.
+ree factors affecting the stability of tethered UAV system are determined, namely, cable tension, cable elongation, and UAV
vibration velocity, and the corresponding judgment criteria are obtained. Specifically, the priority of the three criteria sequentially
decreases. According to these criteria, the stability parameter range of the tethered UAV is examined under the cable parameters
such as length, diameter, and elastic modulus and the environmental parameters such as the amplitude and period of the wind
field. +e results show that for designing the tethered UAV structure, by reducing the length of the tethered cable and increasing
its diameter and elastic modulus, the working stability of tethered UAV system can be improved.

1. Introduction

+e velocity of the transient wind field [1, 2] rapidly changes.
When a tethered unmanned aerial vehicle (UAV) encoun-
ters such a wind field during operation, the impact load
imposed by the field can affect the working stability of the
system. Moreover, the flight control of the system cannot
maintain stable control, which may lead to instability and
even crash of the UAV. By appropriately designing the
mechanical structure parameters, the motion stability of the
system can be improved and the energy consumption can be
reduced. +erefore, it is crucial to study the structural pa-
rameters of tethered UAV system and find the parameter
range of stable operation, which can provide theoretical
reference for the structural and flight control design of the
system.

Tethered UAVs have been extensively examined over
recent years. Li et al. [3] used the sliding mode control
algorithm to design the flight control system of the tethered
UAV system. +e flight control system showed certain ro-
bustness under the variation of aircraft mass and moment of
inertia. Xie [4] explored hover control and trajectory
tracking of a tethered quadrotor unmanned helicopter based

on the proportional-integral-differential (PID) algorithm
and achieved a good control effect. Sandino et al. [5]
designed a scheme to connect an unmanned helicopter and
the landing point with a tethered cable to ensure a smooth
landing of the helicopter. It was found that the tension
exerted on the tether had a stabilizing effect on the hovering
unmanned helicopter. Marco et al. [6, 7] designed a stabi-
lizing control law for an aerial vehicle, which was physically
connected to a ground station through a tethered cable to
simultaneously control the UAV flight and maintain cable
tension, and they suggested that the tensioned cable can
maintain UAV in a stable state. Furthermore, Tognon and
Franchi [8] and Tognon et al. [9] designed a nonlinear
controller, which could track the position of a tethered UAV
with the lower end connected to a mobile platform. Mfiri
et al. [10] examined the automatic landing control of a
tethered quadrotor UAV at an altitude of 15m. Tethered
UAV system has been widely used in engineering applica-
tions, flood control and drought reduction, hydrology and
water resource monitoring, water and soil conservation
monitoring, river monitoring and supervision, water con-
servation project monitoring, relay communication, emer-
gency mapping, etc. [11–17]. However, the existing studies
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on the tethered UAV system mainly focus on the relevant
control algorithm. To boost the applications of tethered
UAV, it is necessary to further explore their dynamic sta-
bility from the perspective of mechanical structure.

In the study of tethered aerostat, the dynamic stability
of the system plays an important role. Wang et al. [18]
established static and dynamic models for a tethered
airship. +e results showed that the internal tension
gradually increased along the tethered cable from the
ground and reached its peak at the connection with the
airship. Rajani et al. [19] investigated the dynamic stability
of a tethered airship under atmospheric disturbance. Yang
et al. [20] analyzed the effects of wind power on the
stability of the platform in the ground environment. +ey
found that the tethered balloon was relatively stable in the
vertical direction, and its stability was mainly determined
by the static load of the hot-air balloon and the strength of
the cable. Aglietti [21] considered the bending stiffness of
the tethered cable to examine the dynamic response of a
tethered balloon system at a high altitude under the a
transient wind field. +e results indicated that the theo-
retical results might be larger than the actual ones because
the material damping of the cable was neglected in the
theoretical model. Redi et al. [22] utilized the finite ele-
ment model to develop an algorithm for simulating the
dynamic response of a tethered balloon under transient
wind field. +e simulation results were found to be in
agreement with the theoretical ones, validating the ef-
fectiveness of the proposed algorithm in the preliminary
evaluation of the technical feasibility of a high-altitude
tethered platform system. Kang and Lee [23] established a
model to simulate the vibration response of a tethered
airship under a transient wind field. +e statistical data of
the tension, mean value, and standard deviation of the
cable indicated that the proposed model could reasonably
predict the dynamic behavior of the airborne vehicle.
Stanney and Rahn [24] proposed a theoretical model to
predict the dynamic response of a tethered airship under a

transient wind field, and it was found that the impact load
imposed by pulse airflow on the system could cause large
tension fluctuation in the cable and even lead to cable
failure. For investigating a tethered UAV, we should not
only predict the dynamic response of the system through a
theoretical model but also establish measures to improve
its structural parameters, which can improve its working
stability.

In this study, a tethered quadrotor UAV in a hovering
state is taken as the research object, and a numerical
method is proposed to analyze its stable working pa-
rameter range under the action of transient wind fields
with different amplitudes and periods. Combined with the
basic requirements of stable operation of tethered UAV
system in engineering practice, three criteria are obtained
for the stable operation. Based on the three criteria, the
stable working ranges of different system parameters and
environmental parameters are obtained. Accordingly,
some measures to improve the system parameter design
are established, which can serve as a theoretical reference
for the structural and flight control design of tethered
UAVs.

2. Mathematical Model

Due to the geometrical symmetry of the tethered quadrotor
UAV, only the in-plane motion of the system should be
considered. Figure 1 shows a schematic of the tethered
UAV system, where V is the speed of the wind field. +e
displacement u of the system is decomposed into com-
ponents u1 and u2 along the tangential e1 and normal e2
directions. θ0 and θ represent the angles between the
tangential direction and the horizontal direction in the
initial configuration R0 and the dynamic configuration Rf

of the cable, respectively. +e differential equation of
motion of the tethered UAV system [25, 26] is expressed as
follows:

ρu1,tt � (P + EAε) 1 + u1,s − Ku2  
s
− K(P + EAε) u2,s + Ku1  − ρg sin θ0 + Ft, (1)

ρu2,tt � (P + EAε) u2,s + Ku1  
s
+ K(P + EAε) 1 + u1,s − Ku2  − ρg cos θ0 + Fn, (2)

s � 0: uj � 0, j � 1, 2, (3)

s � l: mu1,tt(l, t) � FL sin θ0(l) + ϕ  − mg sin θ0(l) + FD cos θ0(l) + ϕ  − PT(l, t) 1 + u1,s(l, t) − K(l)u2(l, t) , (4)

mu2,tt(l, t) � FL cos θ0(l) + ϕ  − mg cos θ0(l) − FD sin θ0(l) + ϕ  − PT(l, t) u2,s(l, t) + K(l)u1(l, t) , (5)

where u1,s and u2,s indicate zu1/zs and zu2/zs, respectively. ρ
represents the cable line density. K denotes the static
equilibrium curvature of the cable [27]. PT is the internal

tension of the cable, expressed as PT � P + EAε, where P is
the static equilibrium tension of the cable [27], EA is the
axial stiffness of the cable, and ε is the dynamic component
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of the Lagrangian strain, which is calculated as

ε � u1,s − Ku2 +
1
2

u1,s − Ku2 
2

+ u2,s + Ku1 
2

 , (6)

whereFt and Fn are the tangential and normal wind loads
acting on the cable, respectively. +ey are expressed as
follows:

Ft �
1
2
ρfCdtd V cos θ − u1,t  V cos θ − u1,t


,

Fn �
1
2
ρfCdnd −V sin θ − u2,t  −V sin θ − u2,t


,

(7)

where ρf represents the air density; d represents the cable
diameter; and u1,t and u2,t represent zu1/zt and zu2/zt,
respectively. Cdt and Cdn indicate the wind resistance
coefficients along with the cable’s tangential and normal
directions, respectively. According to the experimental
verification, Cdt is an order of magnitude smaller than Cdn

[28]. +us, the tangential wind force Ft is ignored in the
subsequent calculations.

If the dynamic dip angle of the tethered cable θ is
denoted by θ0 [27], we have

sin θ � 1 + u1,s(s, t) − K(s)u2(s, t) sin θ0

+ K(s)u1(s, t) + u2,s(s, t) cos θ0,

cos θ � 1 + u1,s(s, t) − K(s)u2(s, t) cos θ0

− K(s)u1(s, t) + u2,s(s, t) sin θ0.

(8)

In this study, it is assumed that the lift forces generated
by the four rotors of the UAV are similar, while the rolling
motion of the UAV is not considered. +e initial rolling
angle of the UAV is set as ϕ to ensure that it is in an initial
equilibrium state.

+e air resistance FD of the UAV is expressed as follows:

FD �
1
2
ρfCDVD VD


, (9)

where the relative speed VD of the UAV and the wind field
can be obtained as

VD � V − u1,t(l, t)cos θ(l) + u2,t(l, t)sin θ(l) cos ϕ

− u1,t(l, t)sin θ(l) + u2,t(l, t)cos θ(l) sin ϕ.
(10)

+e total lift force FL generated by the four rotors
[29, 30] can be obtained as follows:

FL � 
4

i�1
FLi � 

4

i�1
2ρfA

�����

k1Ω
2
i

2ρfA




������������������������

V
2

+
k1Ω

2
i

2ρfA
− 2V

���������

k1Ω
2
i

2ρfA
sin ϕ








.

(11)

It is well known that the vibration amplitude of the
first-order and second-order modes is very large, while the
vibration amplitude of the third-order or higher-order
modes is extremely small and sometimes imperceptible
[31, 32]. +erefore, the first two modes of the system are
considered in both tangential and normal directions. +e
Galerkin method is used to discretize the dynamic equa-
tions (1)–(5) of the system. Furthermore, the first- and
second-order ordinary differential equations correspond-
ing to the system dynamics in the tangential and normal
directions are obtained [27].

3. Determination of StableWorking Criteria for
the Tethered UAV System

In practical engineering, tethered UAVs mainly have the
following three types of failures. First, the broken cable will
make the entire system completely inoperable. Second, when
the internal optical fiber of the tethered cable is stretched to
exceed the maximum elongation, the normal signal cannot
be correctly transmitted between the UAV and ground
control system. +ird, when the vibration velocity of the
UAV exceeds the operating requirements of the equipment
carried by the UAV, the system will fail to normally work.
From the three failure styles in engineering practice, it is
shown that cable tension, cable elongation, and UAV vi-
bration velocity are the most critical and direct factors for
system stable work. For a stable operation of the system, the
following three criteria must be met:

V

V

s = l

s = 0

u2 (s,t)
u1 (s,t)

PT (l,t)
FD (t)

FL (t)

mgθ (s,t)u (s,t)

θ 0 (s)

θ 0R0R f

e2

e2 e1

ϕ

e1

o

Figure 1: Schematic of the tethered UAV system.
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(1) +e maximum tension on the cable should be less
than its breaking strength so that the cable cannot
break.+is can guarantee the normal power supply of
the cable and the continuous flight of the UAV. +e
SEF-5A-6E composite cable produced by Hefei Ruihe
Intelligent Technology Co., Ltd. has been selected in
this study, and its breaking strength is 98.067N.

(2) If the elongation of the cable is less than the allowable
elongation, the optical fiber in the composite cable
cannot break to ensure the normal transmission of the
signal. On the one hand, the reinforcing unit of the
SEF-5A-6E composite cable is VICTOR fiber, which
has high tensile strength. On the other hand, when the
optical and electrical units of the composite cable are
twisted, the composite cable has an excess length. For
these two reasons, the maximum elongation of the
SEF-5A-6E composite cable does not exceed 0.5%.

(3) +e movement of the tethered UAV should not
exceed the allowable movement range to ensure that
the pictures taken are clear and usable. Assuming
that the UAV carries a general camera, according to
the shooting speed and exposure time, the allowable
movement velocity of the UAV can be deduced
under the condition of acquiring clear pictures. It is
assumed that the focal length of the camera is
300mm, the length and width of the sensor are 6.4
and 4.8mm, respectively, and the resolution is
720×1280. Furthermore, the shutter speed of the
camera is considered to be 1/50 s. According to the
image conversion relationship, to obtain a clear
image, the maximum allowable tangential and
normal velocities of UAV are 0.374 and 0.184m/s,
respectively.

+e above three criteria are sequentially tested, and all of
themmust be met, i.e., if the first criterion is not satisfied, the
following two criteria need not be evaluated. On this basis,
the stable working parameter range of the entire system is
evaluated.

4. Stable Working Range Analysis of a Tethered
Quadrotor UAV under Transient Wind Field

4.1. Determination of the Stable Working Parameter Range
Basedon theCableTension. In this study, the flight control of
the UAV is ignored, and the stable working range of a
tethered quadrotor UAV is investigated under the transient
wind field. +e tethered UAV system operates in the Bohai
Strait, where the average wind velocity [33] is 5–7m/s, and
the wind level can reach 10 m/s. +e amplitude and period
ranges of the transient wind field are VA � 0–20m/s and
T� 0–10 s, respectively. +e specific parameters [34] of the
tethered UAV system are listed in Table 1, and these pa-
rameters are used to determine the stable working range of
the system.

V �
VA sin(2πt/t) 0≤ t≤T/2

0 t>T/2
 (12)

First, the influence of the transient wind field parameters
on the tension of the tethered UAV system is analyzed. +e
wind field period is set as T� 5 s, and the variation in the
calculated maximum tension of the cable as a function of the
wind field amplitude (VA � 0–10m/s) is shown in
Figure 2(a). It is clear from the figure that as the amplitude of
the wind field increases, the tension gradually nonlinearly
increases along the cable from bottom to top and reaches the
maximum at the connection between the tethered cable and
the UAV. +erefore, it is necessary to focus on improving
the tensile strength of the cable material at this position. In
the figure, the black contour line corresponds to a cable
tension of 98.067N. A vertical dashed line is drawn from the
leftmost end of the contour line. It can be seen that the left
half of the vertical line indicates the safe area, while the right
half denotes the system failure area. When the amplitude of
the wind field reaches 6m/s, the tension at the upper end of
the cable exceeds the breaking strength, and the tethered
UAV system fails.

Now, the amplitude of the wind field is set to VA � 5m/s,
and the tension of the tethered cable under different wind
field periods (T� 0–10 s) is calculated. +e results are shown
in Figure 2(b), which suggest that the distribution law of
cable tension varies with the position. For the wind field
periods from 1 to 4 s, the tension of the cable tends to in-
crease first, then decrease, and then again increase. For other
wind field periods, the tension gradually increases along the
cable from bottom to top. In general, the tension is always
within the safe operating range and the cable can safely
work. +e maximum tension of the cable is concentrated at
the upper end of the cable. +erefore, in the design of the
tethered cable, the tensile strength of the material in the
upper-end area of the cable should be emphasized.

Taking the length, diameter, and elastic modulus of the
tethered cable as the main research parameters, the stable
working parameter range of the tethered UAV system is
investigated based on the parameters in Figure 2. +e
variation in the maximum tension of the cable as a function
of the amplitude and period of the wind field for different
cable lengths (120, 140, 160, 180, 200, 220, and 240m) is
shown in Figures 3(a) and 3(b), respectively. In Figure 3(a),
the wind field period is T� 5 s; in Figure 3(b), the wind field
amplitude isVA � 5m/s. Taking breaking tension of 98.067N
as the standard, the range below the dotted lines in these
figures represents the stable working parameter range of the
system. For clarity, the corresponding stable ranges are
shown in Figures 3(c) and 3(d). In what follows, the stable
parameter range is obtained under variable cable diameter
and elastic modulus using the same method.

In Figure 3(a), the length of the tethered cable has a
minor influence on the tension when the amplitude of the
wind field is in the range of 0–3.3m/s. However, it has a
significant influence when the amplitude exceeds 3.3m/s.
Moreover, the longer the cable is, the larger the maximum
tension is. To reduce the tension of the tethered cable, it is
necessary to reduce the length of the cable. In Figure 3(c)
corresponding to Figure 3(a), we add a blue dotted line with
a wind field amplitude of 7m/s, as shown in the following. It
can be seen that when the wind field amplitude is lower than
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7m/s, there are still some unstable regions, and as the length
of the cable increases, the stable range of the system grad-
ually decreases. +erefore, the length of the cable needs to be
reduced. In Figures 3(b) and 3(d), the system is in a safe
operating range under all the wind field periods. In this case
also, the tension of the cable can be reduced by decreasing its
length.

+e diameter of the cable directly determines the
maximum transmission power, and it also affects the wind
load on the cable. When the wind field period is T � 5 s,
according to the diameter range of the actual cables, the
diameters of the cables are set as 0.0024, 0.0034, 0.0044,
and 0.0054m, and the stability parameter range of the
system is obtained, as shown in Figure 4. It can be seen in
Figure 4(a) that as the cable diameter increases, the stable
working range of the system initially decreases and then
increases with a cable diameter of 0.0034m as the in-
flection point. Figure 4(b) shows that except for a small
unstable working range within the diameter range of
0.0044–0.0054m, the system remains stable in all other
parameter ranges.

According to the elastic modulus range of the actual
tethered cable, the elastic moduli of the cable are set as
6.470×108, 1.257×109, 1.867×109, 2.477×109, 3.087×109,
3.697×109, and 4.307×109 Pa, and the stability parameter
range of the system is obtained. +e results are shown in
Figure 5. In Figure 5(a), as the elastic modulus increases, the
stability parameter range of the system initially decreases

and then slowly increases with the elastic modulus of
2.477×109 Pa as the inflection point, but the change is not
obvious. As the wind field period increases, the maximum
tension of the cable remains within the stable working range,
as shown in Figure 5(b).

4.2. Determination of the Stable Working Parameter Range
Based on the Cable Elongation. In the above subsection, the
cable tension was considered as the first judgment criterion
in determining the stability parameter range, and now the
elongation of the tethered cable is taken as the second
judgment criterion. Following the same method, the lengths
of the tethered cable are selected as 120, 140, 160, 180, 200,
220, and 240m to obtain the stability parameter range of the
system. +e results are shown in Figure 6. It is clear from
Figure 6(a) that the stability range of the system gradually
increases with the increase in the cable length; however, the
influence of the length of the cable on the elongation is not
obvious. In Figure 6(b), the system remains stable in the
entire parameter range.

Now, the diameters of the tethered cable are taken as
0.0024, 0.0034, 0.0044, and 0.0054m to obtain the stable
working range of the system, as shown in Figure 7. It is
evident from Figure 7(a) that the stable working range of the
system increases with the increase in cable diameter.
Figure 7(b) shows that only a small range with a diameter of
0.0024–0.0034m is unstable.

Table 1: Parameters of the tethered UAV system.

Parameter Value Parameter Value
Line density of the cable ρ 0.0125 kg/m Cable stiffness E 1.867×109N/m
Cable normal resistance coefficient Cdn 1.2m2 Cable diameter d 0.0034m
Cable length l 200m Air density ρf 1.29 kg/m3

UAV quality m 5.8 kg UAV lift coefficient K1 6.134×10−5

UAV paddle disc area A 0.129m2 UAV rotor speed Ωi 482 rad/s
Air resistance coefficient of UAV CD 0.064m2 UAV inclination ϕ 5°
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Figure 2: Maximum tension distribution of the system under transient wind fields with different amplitudes and periods. (a) Maximum
tension distribution under transient wind fields of different amplitudes, where the wind field period is T� 5 s. (b) Maximum tension
distribution under transient wind fields of different periods, where the wind field amplitude is VA � 5m/s.
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Next, the elastic moduli of the tethered cable are con-
sidered as 6.470×108, 1.257×109, 1.867×109, 2.477×109,
3.087×109, 3.697×109, and 4.307×109 Pa to obtain the
stability parameter range of the system, as shown in Figure 8.
It is clear from Figures 8(a) and 8(b) that when the elastic
modulus is greater than 2.477×109 and 1.867×109 Pa, re-
spectively, the system is always in a stable state.

4.3. Determination of the Stable Working Parameter Range
Based on the UAV Velocity. Finally, based on the stability
criteria of the tangential and normal velocity of UAV, the
stability parameter range of the system is analyzed. +e
length of the tethered cable is considered as 120, 140, 160,
180, 200, 220, and 240m to obtain the stable working range

of the system, as shown in Figure 9. +e motion of the UAV
is always stable in Figures 9(a) and 9(b). However, in
Figures 9(c) and 9(d), the stable working range of UAV
decreases with the increase in the cable length.

Now, the diameter of the tethered cable is considered as
0.0024, 0.0034, 0.0044, and 0.0054m to obtain the stability
parameter range of the system, as shown in Figure 10. It can
be seen from Figures 10(a)–10(d) that the stability range of
the system basically increases with the increase in the cable
diameter.

+e elastic moduli of the tethered cable are taken as
6.470×108, 1.257×109, 1.867×109, 2.477×109, 3.087×109,
3.697×109, and 4.307×109 Pa to obtain the stability pa-
rameter range of the system, as shown in Figure 11. It can be
seen from Figures 11(a)–11(d) that as the elastic modulus of
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Figure 3: Stable working range with different cable lengths based on the cable tension. Variation in the maximum tension with (a) wind field
amplitude and (b) wind field period under different cable lengths. (c) Stable working range under different wind field amplitudes and cable
lengths. (d) Stable working range under different wind field periods and cable lengths.
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the cable increases, the stability parameter range of the
system gradually increases.

5. Engineering Design Suggestions

We have established three criteria for the stable working
condition of tethered UAV system: cable tension, cable
elongation, and UAV velocity. +e priority of these three
criteria sequentially decreases. According to these three
criteria, some suggestions for the design of tethered UAV
system in engineering practice are as follows:

(1) +e cable tension is the first priority based on the fact
that the cable should not break. +e results suggest
that to ensure that the cable tension does not exceed

the breaking tension of 98.067N, the cable length
should be reduced, i.e., l< 200m, and the appro-
priate cable diameters are d� 0.0024, 0.0044, and
0.0054m. Moreover, the elastic modulus E of the
cable should be smaller than 1.867×109 Pa or larger
than 2.477×109 Pa to reduce the tension of the cable.
By selecting these parameters, the fracture of teth-
ered cable can be avoided.

(2) +e elongation of the cable is taken as the second
priority to avoid the fracture of the optical fiber
inside the cable. To reduce the elongation of the cable
and ensure that it does not exceed 0.5%, the cable
diameter should be increased, i.e., d> 0.0034m, and
the elastic modulus needs to be increased, i.e.,
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Figure 5: Stable working range under different cable elastic moduli based on the cable tension. (a) Stable working range under different
wind field amplitudes and cable elastic moduli. (b) Stable working range under different wind field periods and cable elastic moduli.
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Figure 4: Stable working range under different cable diameters based on the cable tension. (a) Stable working range under different wind
field amplitudes and cable diameters. (b) Stable working range under different wind field periods and cable diameters.
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E> 1.867×109 Pa. +e length of the tethered cable
has little effect on the elongation, so there is no need
to change the length of the cable. By selecting these
parameters, the normal data transmission of the
optical fiber inside the cable is guaranteed.

(3) +e velocity of the UAV is the third priority to
ensure that the UAV camera can clearly shoot the
target. +e results reveal that to reduce the flight
velocity of UAV and ensure that the tangential ve-
locity and normal velocity do not exceed 0.374 and

0.184m/s, respectively, it is necessary to reduce the
cable length and increase the cable diameter and
elastic modulus, i.e., l< 200m, d> 0.0034m, and
E> 1.867×109 Pa. By selecting these parameters, the
camera can clearly shoot.

Considering the above three working criteria (1), (2), and
(3), when designing the tethered UAV system, the length of
the tethered cable should be reduced and the diameter and
elastic modulus of the cable should be increased to improve
the stability of the system.
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Figure 7: Stable working range under different cable diameters based on the cable elongation. (a) Stable working range under different wind
field amplitudes and cable diameters. (b) Stable working range under different wind field periods and cable diameters.
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Figure 6: Stable working range under different cable lengths based on the cable elongation. (a) Stable working range under different wind
field amplitudes and cable lengths. (b) Stable working range under different wind field periods and cable lengths.

8 Shock and Vibration



0
120 140 160 180

l (m)

V A
 (m

/s
)

200 220 240

1

2

3

4

5

6

7

8

9

10

Stable Range

(a)

0
120 140 160 180

l (m)

T 
(s

)

200 220 240

1

2

3

4

5

6

7

8

9

10

Stable Range

(b)

Figure 9: Continued.
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Figure 8: Stable working range under different cable elastic moduli based on the cable elongation. (a) Stable working range under different
wind field amplitudes and cable elastic moduli. (b) Stable working range under different wind field periods and cable elastic moduli.
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Figure 10: Continued.
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Figure 9: Stable working range under different cable lengths based on the UAV velocity. (a) Stable working range under different wind field
amplitudes and cable lengths based on UAV tangential velocity. (b) Stable working range under different wind field periods and cable
lengths based on UAV tangential velocity. (c) Stable working range under different wind field amplitudes and cable lengths based on UAV
normal velocity. (d) Stable working range under different wind fields of different periods, and cable lengths based on UAV normal velocity.
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Figure 10: Stable working range under different cable diameters based on the UAV velocity. (a) Stable working range under different wind
field amplitudes and cable diameters based onUAV tangential velocity. (b) Stable working range under different wind field periods and cable
diameters based on UAV tangential velocity. (c) Stable working range under different wind field amplitudes and cable diameters based on
UAV normal velocity. (d) Stable working range under different wind field periods and cable diameters based on UAV normal velocity.
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Figure 11: Continued.
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6. Conclusions

+e tethered cable can effectively improve the flight time,
signal transmission, and flight stability of the UAV. +e
primary objective of this study was to ensure the safety of
tethered cable. Under the dual action of UAV movement
and transient wind field, the internal tension of the tethered
cable can become extremely large, which causes the cable to
break, resulting in the crash of the UAV. Here, combined
with the engineering practice, the safe tension value of the
tethered cable was identified as the primary criterion to
judge the working stability of the system. Second, to ensure
that the optical fiber inside the tethered cable allowed
normal signal transmission, combined with the practical
application of optical fiber, the safe working elongation of
optical fiber was specified as the second criterion for the
stable operation of the system.+en, to ensure that the UAV
camera could capture clear images, combined with the
shooting performance of the existing general camera, the
stable working velocity of the UAV in tangential and normal
directions was specified as the third criterion for the stable
operation of the system. By changing the length, diameter,
and elastic modulus of tethered cable, the response of
tethered UAV system under transient wind field was nu-
merically examined, and the stable parameter ranges of the
system under transient wind field with different amplitudes
and periods were obtained according to the three proposed
stability criteria. Finally, based on the determined stable
parameter ranges, some suggestions for the practical engi-
neering design of tethered UAV system were provided.
Overall, this study can serve as a theoretical reference for the
flight control design and stability improvement of tethered
UAVs.
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