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ABSTRACT
For a robotic heterogeneous complex (RHC) consisting of a ground wheeled robot (GWR) and an unmanned aerial vehicle 

(UAV) connected by a tether mechanism (TM) and subject to steady wind acting on the UAV, a methodology for selecting 
control parameters for UAV landing on the GWR is considered. Landing is proposed along the straight line connecting the 
tether attachment point on the UAV with its base on the GWR. A synthesis of control for the TM and UAV engines was carried 
out to ensure landing within a predetermined time. A corresponding mathematical model of UAV and TM motion was derived. 
It is shown that the UAV’s equilibrium positions along the line are stable, ensuring minimal engine energy consumption during 
landing. A synthesis of piecewise-linear damping coefficients in the control systems for the TM and UAV engines was performed 
by selecting moments of slope change based on synchronizing the instantaneous tether length and the distance from the UAV to 
the landing point. Simulation of the full equations of motion confirmed the feasibility of the proposed UAV landing methodology 
on the GWR and the validity of the assumptions made.
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INTRODUCTION

A heterogeneous system (RHS) consisting of a wheeled unmanned ground vehicle (UGV) and an unmanned aerial 
vehicle (UAV) connected by tether mechanism (TM) is undoubtedly an advanced development (Aleshin et al. 2020; 
Alonso Tabares and Mora-Camino 2017) for the purpose of monitoring the entire outer surface of an aircraft in its 
parking lot. With the help of such an RHS, monitoring is carried out simultaneously by cameras installed on both the 
UAV and the wheeled UGV (Cantelli et al. 2013; Kim et al. 2019; Wang L et al. 2020). When using such a wheeled UGV 
to inspect the aircraft surface, a critical factor is ensuring the operation of the TM, which guarantees the UAV collision 
avoidance with the aircraft under extreme wind impact conditions. In this case, both wind effects and TM forces act as 
external disturbances for the UAV, and its onboard control system must compensate them to a significant extent to ensure 
stable flight. The issue of compensation for external disturbances of UAV are widely covered in various studies (Liu et al. 
2024; Uzun and Oktay 2023). There are differential methods of wind impacts in the UAV control system. However, these 
methods have natural constraints associated with limiting the maximum propellers’ thrust of UAV (Chodnicki et al. 2022; 
Krishnakumar et al. 2015; Wang B et al. 2020). Generally, the UAV and the aircraft collision avoidance can be ensured 
if the aerodynamic force from the wind impact on the UAV is counteracted not only by the UAV propellers’ forces, but 
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also by the forces generated by the power-guided TM engine to a considerable degree. Moreover, it is assumed that the 
design of the TM is chosen so that the maximum force exerted by it is greater than the maximum force from the possible 
wind impact on the UAV.

A diagram illustrating the force distribution applied to a multi-rotor UAV when held by TM is shown in the Fig. 1 (Aleshin 
et al. 2020).
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Figure 1. Scheme of forces distribution applied to the UAV in the process of counteracting extreme wind impact. Oaxaza 
is a coordinate system (CS), rigidly connected with UAV (Oa is UAV’s center of mass, axis Oaxa is horizontal and applied 
normal to the UAV trajectory towards the outer surface of the aircraft, axis Oaza is applied to the position vertical); Oxz 
is CS centered at O in the wheeled UGV’s center of mass (its axes are parallel to the corresponding CS axes Oaxaza), O 
also coincides with the place of tether attachment in the TM; C is the starting point at which the UAV is located before a 
gust of wind and where it returns before landing, (its coordinates x0, z0); l0 is the tether segment length from the wheeled 
UGV to the UAV when it is located at the point C; Fw is the aerodynamic force created by the wind load on the UAV; Ft is 
the force acting on UAV from the tether side; Fpr is the thrust created by the rotors (Aleshin et al. 2020); mg is the UAV 
gravity (m is the UAV mass, g is the gravity acceleration); Fx, Fz is the drag force acting on the UAV, respectively, along 
the axes Xa, Za; α0 is the tether tilt angle with the respect to the horizon plane when the UAV is located at the point C.

In Fig. 1, the motion from the point C (after the beginning of the wind load action) to the point E and inversely occurs 
according to a certain algorithm given in Aleshin et al. (2020) and including mainly the operation of the TM engine with the 
withdrawing the tether to its maximum value at point E (located directly next to the surface of the aircraft) and the subsequent 
UAV return to the point C where it is in an equilibrium position.

The objective of this study is to analyze the possibility and synthesis of TM and UAV control systems under conditions 
of the unchanged direction of the wind impact, in which the UAV is pulled up to the landing place on the wheeled UGV 
along the line connecting the point C of the UAV’s initial location and the tether’s attachment place O. This is done by 
organizing its motion along a straight line OC to such a height in the vicinity of the point O from which the landing can 
be carried out without the participation of TM in accordance with the landing algorithm of the control system of the 
UAV itself.

Theoretical basis
The mathematical model of the RHS under the specified motion conditions can be considered as a combination of the motion 

model of the UAV’s center of mass and the TM’s mathematical model with a DC motor (Aleshin et al. 2020):
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where x,z are the coordinates of the UAV center of mass in the CS Oxz, α is the tether tilt angle with the respect to the horizon 
plane, U is the control voltage on the motor, I is the current in the motor drive winding, ωc is the angle rate of the shaft rotation 
of the motor with the coil (ωc > 0 when winding the tether on the coil), Mmet is the electromagnetic torque on the motor shaft, J 
is the moment of inertia of the motor shaft with the coil, ε is the torque coefficient of the viscous friction around the axis of the 
motor shaft’s rotation, Lc, Rc are the inductive property and resistance of the motor control winding, respectively, Ccef is coefficient 
of counter-electromotive force, n is the torque constant of the motor, and rc is the average radius of the coil with the tether.

The forces of aerodynamic air resistance Fx
a.r., Fz

a.r. directed by true airspeed are determined by the ratios:
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where cdi, vi are the non-dimensional aerodynamic coefficients and true airspeed in the corresponding axes’ direction, Si are the 
UAV’s effective surface areas normal to the corresponding axes, and ρ is the air density.

In the current study, the aerodynamic characteristics of the UAV were determined experimentally, but in general, this can also 
be done based on modeling (Xie et al. 2022).

METHODOLOGY

Determining the stable position line of the UAV during landing
As mentioned above, upon condition α = α0, the UAV is located at point C in the equilibrium position, while the required 

tether tension Ft and lift Fpr can be expressed in terms of a known wind force’s constant Fw as follows:
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It follows from Eq. 1 that the force Ft corresponds to a motor’s constant control voltage U0 equal to:
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From Eqs. 1 and 3, it is seen that when the UAV is located on a straight axis OC, the ratio is fulfilled for each of its points (x, z):
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x x
x z x z

=
+ +
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At the same time, the values of the forces Ft and Fpru will not change. Thus, at each point of the OС line, when performing 
Eqs. 3 and 5, the UAV will be in the equilibrium position. It must be shown that this position is stable. Figure 2 shows the forces 
acting on the UAV at the starting point C (Ft) and at its random displacement to the point C1 (Fw).
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Figure 2. Forces’ distribution when the UAV is displaced from C to C1.

Note that the absolute value of F1 is equal to the absolute value of Ft. In this case, a force F2 arises such that:

	 .= +t 1 2F F F � (6)

In its turn, F2 is decomposed into components – vertical F3 and horizontal F4, the impact of which returns the UAV to a straight 
line α = α0. Under the effect of these forces, oscillations occur simultaneously along the horizontal and vertical axes. With damping, 
the UAV will return to the equilibrium position at the angle α = α0, although the UAV’s coordinates may change both vertically 
and horizontally. This equilibrium position satisfies the Lyapunov stability criterion (Pukdeboon 2011). The system’s simulation of 
the first three equations in Eq. 1 was carried out when performing Eq. 3 to validate the stability of the UAV’s straight-line α = α0 
equilibrium positions, considering the introduction of damping terms.
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where ,kx kz   are the damping forces formed in the UAV engine control system when it is displaced along the corresponding 
coordinate axes. It is worth noting that to determine the tether tilt angle α in Eq. 7, it is necessary to ensure the determination of 
high-precision navigation parameters of the UAV and the wheeled UGV. In particular, robust inertial guidance algorithms can 
be used regarding to the use of the wheeled UGV and UAV near the aircraft’s surface, where there are significant distortions of 
satellite navigation signals (Antonov et al. 2017; Veremeenko et al. 2020; 2021; Zharkov et al. 2022).

The simulation result for m = 6 kg, F = 30 N, cd = 0,15, cdx = 0,12, Sx = 0.04 m2, Si = 0.03 m2, k - 2 N·s, x0 = 20 m, z0 = 15 m, α0 = 0.6435 
rad and initial conditions x = 21 m, z = 15.5 m is shown in Fig. 3 (the quantities’ steady-state values are α = α0, x = 20.38 m, z = 15.29 m).
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Figure 3. Angle change α in case of accidental UAV’s deviation from the line α = α0.

Synthesis of TM control
Define the required additional control voltage ku·U0 on the TM engine in Eq. 2 corresponding to the desired UAV’s landing 

time tb on the wheeled UGV. Introduce the notations:
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where U0 and I0 are the steady-state values of voltage and current in the TM motor corresponding to the tether’s tension force in 
the equilibrium position at the angle I0 and ku, ki, kf are coefficients setting the corresponding control points. For clarity of further 
compilations, Eq. 1 is transformed by introducing the following terms: F0cosα0 – F0cosα0  in the Eq. 1 and F0sinα0 – F0sinα0 in 
the second one. Replacing now Fw = F0cosα0, Fpru = F0sinα0 and neglecting the aerodynamic forces’ influence, the following is 
obtained with regard to Eq. 8:
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For the landing time tb analytical determination, it is assumed that 0cL I =  and neglect (based on preliminary numerical 
estimates) the last term in the fourth equation. Then, the third and fourth equations in Eq. 9 can be considered separately from 
the first three. Adding to them the obvious ratio connecting tb with ωc and the tether’s length l0, get:
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Finding from the first equation in Eq. 10 and inserting it into the second gives:
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The solution of the linear differential Eq. 11 with ωc(0) = 0 is written as (Massera and Schäffer 1958):
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Inserting Eq. 12 into the last equation in Eq. 10 and integrating, obtain the desired dependence between the landing time and 
the voltage control coefficient from Eq. 8:
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Estimate the formal time of the UAV’s motion to the landing point in accordance with the first two equations in Eq. 9, assuming 
that the motion occurs along the line α = α0. Then, taking into account Eq. 4, it will be as follows:
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Since each of these equations is a projection of the UAV’s motion along the tether tension line on the corresponding axis, for 
the desired time td have the ratio:
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Calculations have shown that with the same UAV and TM parameters, the time of the UAV’s motion to the landing point in 
accordance with Eq. 15 is significantly less than the time tb of the tether’s winding off by the TM engine in accordance with Eq. 
10. This will lead to the tether’s sagging, subsequent oscillations of the UAV and a complete disturbance of the landing mode in 
question. To maintain the proposed landing mode, the value and direction of the UAV engines’ thrust were changed so that the 
times td and tb coincided. Studies have shown that it is advisable to form these additional forces as damping ones – as a function 
of the UAV velocities according to the corresponding coordinates. Then, Eq. 15 will be as follows:
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where fxd, fzd are the corresponding functions at which the synchronization of the current tether length obtained by solving Eq. 10 
and the current position of the UAV is carried out – the values of 2 2L x z= +  (the current distance from the position of the UAV 
to the point of intended landing) obtained by solving Eq. 17. The formation of forces fxdX and fzdZ, for example, for a six-rotor UAV 
occurs due to the total thrust vectoring (Arellano-Muro et al. 2013). For an anticipatory appraisal of the motion’s time of the UAV to 
the landing point, we will consider fxd as a constant value. In this case, the equations’ form of Eq. 17 coincides with Eq. 11, and the 
solution, for example, of the first equation in Eq. 17 at the initial value will be written as:
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Then for the coordinate x(t) at x(0) = 0 and t = td get:
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To simulate the landing process, it is necessary to set the time tb = td. When choosing it, the following factors should be taken into account. It 
should be more than the time constant ai in Eq. 11 and ci in Eq. 18, which will make it possible to consider the tether’s and the UAV’s motion in 
the landing process as quasi-stationary, acceptable for practical implementation. At the same time, the least (minimum) energy should be spent 
when generating voltage on the TM engine and in engines that create thrust. A detailed study of this issue is beyond the scope of the article.

RESULTS

To evaluate the effectiveness of the proposed UAV landing control system, simulation was carried out. The obtained data 
illustrate the necessary degree of synchronization between the UAV's movement and the operation of the tether mechanism, 
which in turn ensures the appropriate quality of the landing process.

Set:

	 tb = td = 60с.� (20)

For further calculations, the initial values of the UAV and TM parameters were assumed to be the same as in Aleshin et al. (2020): 
cosα0 = 0.8; J = 0.7 kgm2; m = 6 kg; cdz = 0.15; cdx = 0.12; ccef = 0.016 Vs/rad; Fw = 30 N; ε = 3·10-3 Nm/rad; n = 0.5 Nm/А; I0 = 25 m. When 
using the ratios Eq. 14 and Eq. 16 to achieve the minimum difference between td and tb, the following results were obtained for the conditions: 
Rc = 0.2 Ohms; Rc = 0.3 m, while td increased from 10 s to 28 s. For td = 60 s from Eq. 19, the value was determined numerically, based on 
the division method of the segment in half (Tikhonov et al. 1995), obtained fxd = 0.916 value and the following values in Eq. 8:
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	 U0 = 4.5 V; I0 = 22.5 А; F0 = 37.5 N; ku = 0.0102; kj = 0.0102� (21)

The graph of the UAV coordinate change obtained by solving Eq. 1 for the above parameters and values from Eq. 21 is shown in Fig. 4.
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Figure 4. Changing the coordinates of the UAV in the motion process to the landing point.

Note that the motion time is close to the one set in Eq. 20. Simultaneously, near the landing point, the UAV’s speed is unacceptably high.
Now, consider a situation where the wind force remains constant but its magnitude depends on the height above the Earth’s 

surface (absolute altitude). Obviously, in the vicinity of the landing point, the wind force will decrease so much as that only the 
regular UAV control system will be sufficient for further landing. Let, for example, the dependence of wind strength on height be 
given by the function (Turgut and Usanmaz 2016):

	 ( ) ( ) ( )( ) ( ) ( )( )/ 2 / 2 / 2 / 2
0 2 1 2/ ,n n n n n n n n

w wF z F z z z z− − − −= − − � (22)

where Fw, Fw0 are, respectively, the wind strength at the current height Z and the initial one Z1, Z2 is the height at which Fw = 0, 
and n is a coefficient that takes into account the temperature gradient in height. The dependence graph Eq. 22 is shown in Fig. 5.
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Figure 5. Wind strength dependence of an altitude (z1 = 3).
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Modeling of the landing process will be carried out according to the following algorithm. From height z = z1 to z = z3 (z3 > z1), landing 
occurs due to the attraction of the UAV along a line close to α = α0, while the formation of the value of the control voltage U = KuU0(Z) in Eq. 2 
is carried out in accordance with the ratio (Eq. 4) (for U0(Z(t))) and the coefficient ku is determined from Eq. 14 and is constant throughout the 
entire motion from z = z1 tо z = z2. The formation of coefficients fxd and fzd, as before, is made from the condition of ensuring synchronization 
of the current tether length and the UAV’s position. At altitude z = z3 only the voltage U = U0(z), corresponding to the wind force at altitude 
z = z3 is applied to the TM engine, while damping forces fzdz and fxdx continue to form in the UAV engines. In this case, the UAV’s speed 
gradually decreases and UAV’s position becomes stable due to the UAV’s stable position relative to the line α = α0. However, under the action 
of inertia, the tether continues to wind off. To synchronize the tether’s length with the UAV’s coordinates, an appropriate compensating voltage 
is formed on the TM engine. The UAV hovers, then further landing is carried out with the TM engine turned off only due to the operation 
of the standard UAV control system. Figures 6–9 represent the results of modeling. Figures obtained on the basis of integration (Eq. 1) with 
the corresponding forming of functions fxd and fzd in Eq. 17 for z3 = 5 m and the UAV and TM parameter values mentioned above.
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Figure 6. UAV coordinates.
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Figure 7. Variation of the tether’s length and modification in the current distance 
from the UAV to the presumed landing location 2 2L x z= + .
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Figure 8. UAV velocities projections.
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Figure 9. Variation in angle α (± 0,015 rad).

DISCUSSION

Under conditions of increasing wind force with changes in the UAV’s height, an algorithm for its landing has been 
proposed, including: attraction of UAV along a straight line connecting the points of attachment of the tether to the UAV 
and the wheeled UGV, achieved through the formation of a control voltage in the form of the sum of the main voltage, 
countering the wind force at each height and the voltage controlling the winding of the tether, which is proportional to the 
main voltage with a predetermined proportionality coefficient; and the formation of the lift in the UAV engines from the 
main constant force, compensating for its weight and the vertical component of the tether tension force, along with damping 
forces that allow synchronization of the current tether length with the distance from the UAV to the tether attachment point 
on the landing site of the wheeled UGV.
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Future research is planned to explore the effects of wind gusts, characterized by their known probabilistic properties, on the 
dynamics of UAV flight during takeoff and landing processes, following the methodology outlined in this paper.

The modeling results have confirmed the functionality of the proposed UAV landing algorithm on a moving platform under 
quasi-constant extreme wind conditions.

CONCLUSIONS

The analysis of the obtained results allows for the following conclusions:
•	 The UAV’s position on the straight line connecting the tether attachment points on the UAV and the wheeled UGV, under 

a constant wind effects, is stable according to the Lyapunov stability criterion. Thus, with an initial deviation of UAV of 1 m 
horizontally and 0.5 m vertically, after several oscillations, it returns to the equilibrium position at the coordinates related by 
the equation of the indicated line (Fig. 3);

•	 Based on preliminary numerical estimates, it has been possible to divide the initial general system of equations of motion of the 
UAV and TM into two independent systems. For each of these, an analytical solution has been obtained and, based on the desired 
landing time, preliminary control coefficients in the TM engine and damping forces in the UAV engines have been selected;

•	 For the simulation, the initial values ​​of UAV and TM parameters were taken to be the same as in (Aleshin et al. 2020): cosα0 = 0.8; 
J = 0.7 kgm2; m = 6 kg; cdz = 0.15; cdx = 0.12; ccef = 0.016 Vs/rad; Fw = 30 N; ε = 3·10-3 Nm/rad; n = 0.5 Nm/А; I0 = 25 m.

•	 The landing time has been selected considering: ensuring the UAV’s quasi-stationary motion during landing; acceptability for 
practical implementation; energy costs during the formation of voltage on the TM engine and in engines that create thrust;

•	 A simulation of the solution of the complete equations of UAV motion during landing has been carried out, and numerical 
synthesis of piecewise linear damping coefficients has been conducted by selecting the moments in time of change of their 
slope from the condition of synchronization of the current values ​​of the cable length and the distance from the UAV’s location 
during the movement to the point of the expected landing.
In this case, from the initial height z1 = 15 m to the height z3 = 5 m landing occurs due to the operation of TM by attracting 

UAV along a line close to α = α0, while forming the value of the control voltage U = kuU0(z) is carried out in accordance with the 
change in wind strength with height, and the coefficient ku is constant throughout the entire movement up to the height z2 = 3 m 
at which the wind force is practically zero (Fig. 5). In this case, the damping forces fzdz and fxdx, continue to form in the UAV 
engines to ensure synchronization of the current cable length and the UAV position. The speed of UAV gradually decreases and 
its position stabilizes due to the stability of UAV position relative to the straight line α = α0. The UAV hovers, after which further 
landing is carried out with the TM engine turned off, only due to the operation of the standard UAV engine control system. 
The corresponding Figs. of the change in UAV coordinates are presented in the Figs. 6–9.
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