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Abstract—The issues of automating the air-to-air refueling of unmanned aerial vehicle are considered
here. The focus is on the contact phase of the "floating-up" drogue with the refueling probe of the
refueling unmanned aerial vehicle. The paper discusses affairs of formation of a rendezvous trajectory
using a laser beam from a tanker's gyrostabilized optoelectronic system. In this laser beam must keep the
refueling unmanned aerial vehicle and the actively controlled refueling drogue. To eliminate the
unpredictability of the drogue's "floating-up" direction during the contact phase, the "offset aiming"
strategy and algorithms for countering drogue displacement caused by the bow wave effect are proposed.
An optimal contact trajectory in terms of approach speed is proposed. The proposed algorithms and their
modifications were investigated using mathematical modeling. Studies have shown that the proposed
algorithms for compensation of the drogue's "floating-up" effect are quite workable.

Keywords—Air-to-Air refueling; drogue; refueling probe; bow wave; floating up effect; vertical velocity
field; pitch-up; law of control; laser guidance system.

I. INTRODUCTION

Rapid advances in artificial intelligence and
unmanned aerial vehicle (UAV) technologies over
the past decade have made UAVs affordable and
potentially revolutionary air forces. And the
introduction of aerial refueling technologies,
significantly increasing range and endurance of
UAVs, is expanding their potential and making their
new missions feasible. This is why unmanned aerial
refueling technologies are becoming the focus of
numerous studies to improve UAV combat
capabilities.

Aerial refueling is divided into two main
methods: aerial refueling using a retractable
telescopic boom a "flying boom system" and a
"probe-and-drogue system" [1], [2]. Compared to
the "flying boom system", the "probe-and-drogue
system" has several advantages, including a simple
design, lower technical complexity, and the ability
to simultaneously refuel multiple UAVs. Therefore,
it is the basis for most autonomous UAV refueling
systems. However, this method also has some
disadvantages.

So, for example, at small distances to the drogue,
the so-called head wave effect begins to appear,
which is an area of increased pressure and and
disturbed flow in front of the nose of the aircraft
being refueled.The distribution of these disturbances
depends on the aecrodynamic shape of the nose of the
UAV, its configuration and position in the flow.
When approaching the drogue, the bow wave creates
additional, unevenly distributed aerodynamic forces
that act on the drogue. These forces cause unwanted

vibrations and displacements (deviations) of the
drogue from its established position in the flow
(Fig. 1), which determines the essence of the
phenomenon of "floating up" or "pushing away" of
the drogue from the refueling probe.

L—’ The bow wave effect

~

~
~ .
~
~

Fig. 1. The the phenomenon of "floating up"
of the drogue

Thus, the bow wave is an important factor
affecting the success of docking. Studying the
dynamic characteristics of the probe-and-drogue
system disturbed by the influence of the bow wave
and developing automated refueling control
algorithms that take this effect into account is an
extremely urgent task.

II. PROBLEM STATEMENT

The unmanned autonomous aerial refueling
(AAR) process involves three phases:

* the stage of approaching the UAV to the tanker
under the influence of atmospheric turbulence and
wake turbulence from the tanker aircraft;

* the docking stage, during which the impact of
disturbances from the nose of the refueled UAV on
the sensor drogueis observed (floating up of
drogue);
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* refueling stage (fuel transfer) — a joint flight,
during which it is necessary, while maintaining the
relative position of the UAV and the tanker within
certain limits, to ensure the winding of the hose,
preventing it from sagging.

This paper examines the approach and docking
stage, where the problem of maneuvering is solved
for the purpose of docking the probe with the
refueling drogue under conditions of the impact of
disturbances from the nose of the refueled UAV on
the drogue. The problem statement can be
formulated as the development and study of
algorithms for autonomous UAV docking for air-to-
air refueling in the presence of unstable drogue
behavior immediately before contact due to the
influence of the bow wave.

[II. PROBLEM SOLUTION

The work analyzed the trajectories of approach
of a UAV with a tanker. In order to avoid getting
into the turbulent wake of the tanker or the exhaust
stream of its engines, the trajectory of the recipient
UAYV approaching the tanker must pass below the
wake of the tanker.

For unmanned autonomous air-to-air refueling,
the approach trajectory is proposed to be formed by
a laser beam from the tanker’s gyrostabilized
optical-electronic system (Fig. 2), in which the
refueled UAV and the actively controlled droguer of
the refueling system should be held. As an option,
the approach trajectory may coincide with the
continuation of the released hose.

An actively controlled droguer, equipped with
avionics, a laser beam guidance system, proximity
sensors like parking sensors, and aerodynamic control
surfaces (Fig. 3), is a small, controllable UAV.
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Fig. 2. The approach trajectory which is be formed
by a laser beam
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Fig. 3. The actively controlled droguer

The drogue's control system, using aerodynamic
control surfaces, stabilizes the drogue, countering
turbulent disturbances, and also ensures its guidance
over a laser beam to the recipient UAV's refueling
probe.

During the docking phase, targeting the probe is
complicated by the drogue's oscillation, which
appears as the nose of the UAV being refueled
approaches it.

The drogue's oscillations, which occur as the
nose of the refueled UAV approaches it, are ex-
plained by the deformation of the airflow and the
creation of a region of variable air velocities and
pressures near the surface of the UAV's nose (the
creation of a bow wave) resulting in aerodynamic
forces. The distribution of these forces depends on
the nature of the airflow around the fuselage, its
configuration, and its position in the flow. The
pattern of airflow around bodies is commonly
referred to as the aerodynamic spectrum.

To estimate the bow wave's impact space on the
drogue-sensor, it is necessary to know the flow
velocity gradients near the drogue as the nose of the
receiving UAV approaches. The vertical velocity
field in the UAV's symmetry plane, induced by the
nose of the fuselage, obtained through wind tunnel
testing is shows in (Fig. 4). The UAV's nose of the
fuselageis shown in light gray. Linear dimensions
along the axes are given in meters.

The velocity field can also be obtained by
analytically calculating the flow around a body of
revolution.

For example, to estimate velocities near the
forward fuselage, which is often approximated by a
semi-infinite body or a Rankine body, the velocity
potential @ is used, and the velocity field is
determined as the gradient of the potential:

V=Vo.
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Fig. 4. The vertical velocity field, induced by the nose
of the fuselage
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For the nose of the UAV, the vertical velocity as
a disturbed potential of the flow at the point (x, »)
can be expressed in the following form:

¢ _ a,(x) _ lR(x) dR(x)
or r r dx

Here (x) is the distribution of radii along the
length of the equivalent body of revolution
simulating the nose of the UAV.

In modern engineering practice, numerical
methods are used to obtain an accurate velocity field.

The dynamics of the interaction of the drogue-
sensor with the disturbance field from the nose of
the unmanned aerial vehicle is a complex process.
As the UAV approaches, the drogue successively
crosses zones with varying degrees of aerodynamic
disturbance. Initially, at a greater distance, the
impact may be insignificant. However, when
entering the immediate vicinity of the nose of the
fuselage (for example, at a distance of about 1 meter
from the drogue location), the drogue is subjected to
intense influence of variable pressure and velocity
fields. This leads to a sharp change in its trajectory
of movement and oscillations.

Therefore, it is quite important to form such a
trajectory of convergence that minimizes the
negative impact of the bow wave.

When analyzing the approach trajectories, it was
taken into account that the deviation in the position
of the probe and drogue during refueling in the
longitudinal channel are determined by the
coordinates of the centers of mass of the tanker X;
and the refueled UAV Xuav:

AX = X; — Xuav,

and in the vertical channel, also the coordinates of
the refueling devices.:

AY= Yi+Yi— YUAV_XprobeS,

where Y, is the position of the drogue relative to the
tanker's center of mass; Xprobe 18 the coordinate of the
probe tip relative to the UAV's center of mass; 9 is
UAYV pitch angle.

As the probe approaches the drogue, the Xprobed
component increasingly influences the elimination
of deviation in the probe and drogue positions AY.
Since the angular motion is faster than the center-of-
mass movement, it's easier to compensate for small
AY misalignments at short distances from the
drogue with a pitch maneuver.

To improve the reliability of the approach
process and prevent the negative impact of
aerodynamic disturbances from the bow wave, a
strategy is proposed for targeting not the geometric

center of the drogue, but a point offset downwards
from the center, i.e., its lower part.

Targeting the bottom of the drogue is a proactive
strategy that takes into account known aerodynamic
effects and instabilities, rather than just reactively
responding to them. However, this strategy
implicitly assumes that the vertical size (diameter)
of the drogue mast be large enough so that when
targeting the bottom of the drogue, a successful
docking is still guaranteed after the UAV has
performed its final maneuver — pitch-up (Fig. 5),
eliminating the deviation AY — of the probe position
from the position of the drogue center. This strategy
is the following rationale.

=05m
The drogue _¢——»

2.Pitch-up & docking | T~ —— _ -

1 1. Aiming at the bottom of the drogue

The probe

Fig. 5. The actively controlled droguer

Firstly, it further reduces the effect of turbulence
on the receiving UAV. By positioning the recipient
UAV slightly lower, it can be removed from the
zone of the most intense vortex flows, thereby
reducing random fluctuations and facilitating the
task of stabilization and precise guidance.

Secondly, this approach eliminates uncertainty
regarding the direction of the drogue's floating-up.
As noted, the drogue tends to shift under the
influence of the vortex field of receiving UAV,
particularly under the influence of the bow wave of
the nose of the fuselage. The bow wave creates a
region of high pressure ahead of the receiving UAV,
which pushes the drogue away, and the direction of
this push is unpredictable. However, if the receiving
UAYV approaches the drogue from below, this push
becomes predictable, directed upward.

The "offset aiming" strategy is used by
experienced pilots during aerial refueling to
counteract the vertical cone shift caused by the bow
wave effect.

Table I show that the choice of "offset aiming"
strategy is a reasonable compromise between ease
of implementation and effectiveness in countering
key destabilizing factors.

By directing the UAV's probe toward the bottom
of the cone, the system "predicts" its floating-up.
When the receiver — UAV approaches the drogue
and its bow wave begins to act on it, the drogue,
rising, moves precisely in the direction of the probe
axis, which is located above the longitudinal axis, so
its upward displacement does not result in a miss.
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This creates a certain "go margin" for the drogue's
vertical movement.

The study of the "floating-up "effect of the cone
was carried out with different speed of approach and

TABLE I

different initial data.

ANALYSIS OF THE GUIDANCE STRATEGY AT THE BOTTOM OF THE DROGUE

Guidance strategy Advantages

Disadvantages

Impact on the "floating
up" effect

Guidance on the
geometric center of
the drogue

e Simplicity of
implementation of the
control law;

o Intuitively
understandable goal.

¢ Random direction of drogue
deflection under the action of
the bow wave;

e The risk of appearancea
“hunting” effect for the drogue.

Negative — the system is
forced to eliminate the
influence bow wave using
the deviation information,
and this can lead to a miss.

Guidance at
the bottom of the

e Reducing the influence
of turbulence;

¢ Final maneuver required;
e Efficiency depends on

Positive — the flo-ating up
of the drogue may even

drogue e It is possible to prevent
the drogue from floatingup | e
under the influence of the

bow wave.

drogue size;

Requires precise know-
ledge of the drogue's bottom
position.

facilitate reaching the
docking line before the
final maneuver of the
UAV.

The results of the studies showed that at a low
approach speed of about 0.2 m/s, the deviation of
the cone from the initial position is much larger than
at speeds of 1.5...2 m/s and is about 1 meter. This
shift is caused by long-term airflow around the nose
of the receiving UAV and has a significant impact
on the docking process itself.

Guidance errors lead not only to failed
connections but also to accidents during maneuvers.
Furthermore, a slow approach speed can cause to
fail the lock of drogue.

Possible meeting trajectories and the docking
result are shown in Fig. 6. The most effective
approach is a uniform approach aiming at the
bottom of the drogue at a speed of 1.5...2 m/s,
ending with a pitching maneuver to enter the cone's
skirt at a distance of 0.5 m from the drogue (option
A in Fig. 6).

"
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Fig. 6. Trajectories of the approach and docking results

The advantage of this approach is the high
probability of docking and the ease of performing
the maneuver; the disadvantage is the short time
allotted for maneuvering.

Approaches at medium (option B), low and ultra-
low speeds lead to an increased influence of the bow
wave, causing the cone to deviate from a stable
position and sway Oscillations of the drogue cause

corresponding oscillations in the system of guiding
the probe to the drogue, which leads to an
unsuccessful docking The most dangerous and
unsuitable approach and docking trajectories are
low approach speeds — option C (0.2...0.5 m/s) and
ultra-low approach speeds — option D (0.1 m/s).

The danger of such contacts lies in the reaction
of the drogue, the fluctuations of which force the
system to begin to correct the trajectory too early,
which leads to the cone moving out of the
equilibrium position and, as a consequence, to an
unsuccessful docking.

Active control system of drogue at the approach
stage provides drogue stabilization in the laser beam
of the guidance system, parrying turbulent
disturbances. In particular, in the vertical channel
control is formed through the loop of normal
overload according to the PID controller law:

0, = Kny (ny L )s

-1 K . (D)
nydes = K_ {K‘bwm + K¢\=erl p + 7] Aq)vert .

ny

Here & is displacement of the aerodynamic control
rudder of the drogue in the vertical channel; n, is
excess vertical acceleration, measured by the
accelerometer; Ady, is the the vertical laser
guidance system error, accounting for the downward
shift of the targeting point.

Starting from a certain distance, the active
control system of drogue, "sensing" the approach of
the UAV by the signal of ultrasonic sensors, must
actively generate a control effect aimed at
compensating for the repulsive force of the bow
wave. Taking into account the fact that the
aerodynamic layout of the recipient UAV, in
particular the shape of the nose of its fuselage, as
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well as the height and speed of the stage of refueling
are known in advance, the nose wave floating-up
effect depends only [3] on the distance AD between
the drogue and the nose of the UAV and on the
speed of approach V.

The control law in the vertical channel of the
system of active control of drogue is transformed to
the form:

5, =K, (n,—n, )+u(AD,V, ), 2

u(AD,V, ) is

formed based on the results of blowing the nose of
the UAV fuselage in a wind tunnel. The key feature
of this approach is the smoothly modulated nature
of the control effect u(AD,V,,,). This is not just a

binary activation of the maximum counterforce, but
its gradual increase as the UAV approaches and the
effect of the bow wave increases. The control effect
of the drogue should gradually increase to the level
of the bow wave. This means that the drogue control
system must be able to estimate (directly or
indirectly) the intensity of the bowe wave or the
distance to the UAV that correlates with it, and
scale its response accordingly.

Research results show (Fig. 7) that the active
drogue control system is able to parry the floating-
up effect even without a compensatory component.
However, the resulting overshoot can contribute to a
miss when the probe enters the drogue skirt.

When contacting, information about the distance
between the fuel drogue lock and the probe tip is
formed by ultrasonic sensors. Sensors installed in a
circle in the rear part of the drogue skirt (Fig. 8)
measure dprobe — the distance to the probe tip, and the
distance AD from the drogue lock to the probe tip
additionally takes into account the value dlock — the
distance from the sensors to the drogue lock:

AD=d . +d

lock probe *

The compensation component

When the cone approaches the nose of the
recipient UAV, the velocity field around it does not
change in a jump-like manner. Therefore, and in the
control law of the longitudinal channel of the

drogue control system, the component of

compensation for the “floating up” effect

u(AD,V,,)) should be added gradually increasing:
w(AD.Vyy,)

5, = Kny(ny -y, )t

T,p+l
o, =K, (n.—n_),

here Ty is the time constant of the aperiodic link,
which ensures a gradual increase in the component

of compensation for the “float-up” effect to the level
u(AD,V, ) . In the horizontal channel, &, control is

implemented according to the same laws as in the
vertical channel.

If the component of the compensation for the
"floating-up" effect u(AD,V,  )does not exactly

correspond to the field of vertical speeds created by
the nose of the fuselage, then overcompensation or,
conversely, undercompensation of the float effect
may occur. 7o prevent such a situation, it is
proposed that the compensation for the "floating-up"
effect be carried out only in dynamic mode, by

including the component u(AD,V, )of the

isodromic link in the circle.

The control law in the vertical channel of the
drogue, which implements such a compensation
option, has the form:

app

T,p
8, =K, (n,—n, )+ 7

u(AD,V,_ ).
P+l

The research results show (Fig. 9) that knowing

the precise value of the compensation u(AD,V, )

signal obtained from blowing the nose of the UAV
fuselage in a wind tunnel for different approach
speeds is not necessary.

There is no need and for error-free compensation
for the floatsng-up effect, since the final precise
guidance of the probe to the center of the cone is
achieved during the final pitchsng maneuver of the
recipient UAV.
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03

il

-0.3

Diameter of
the drogue skirt

3 4 5 t, sec

Fig. 7. Research results on compensation
for the floating-up effect
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“Numerical simulations of KC-10 wing-mount aerial
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system,” 21-st AIAA Applied Aerodynamics

IV. CONCLUSIONS

Simulation results showed that during docking,
the bow wave disrupts the equilibrium of the hose-
cone system, causing the cone to deflect unforeseen
from its equilibrium position.
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M. K. ®inssmikin. CtuxyBanHsa BILJIA nJst 1o3anpaBkM B NOBIiTPi Mii BIVINBOM Io/10BHOT XBUJII

Po3rsiHyTO MUTaHHS aBTOMATH3AIlil 3apaBKy OE3IMIIOTHUX JIITAIBHUX anapatiB y moBiTpi. OCHOBHY yBary HpHUALICHO
(a3l KOHTAKTYBaHHS «CIUIMBAIOYOrO» KOHyca 13 3alpaBHUM 30HIOM OE3MIJIOTHOTO JITAIBHOTO amapary, o
3anpaBIisiETbCA. Y CTATTi PO3MIIIAIOTHCS NMUTaHHS (OPMYBaHHS TPAEKTOPii 30JMKEHHS 3a JIOTIOMOTOIO JIa3epPHOTO
NpoMeHs Bii TipocTaOini30BaHOT ONTOENEKTPOHHOI CHCTEMH TaHKepa. Y LbOMY JIa3epHOMY NPOMEHI IOBHHEH
yTpUMyBaTUCs OE3MIJIOTHHIA JTiTAbHUI anapar, 10 3alpaBiIsi€ThCsl, Ta AKTUBHO KEPOBAHUI KOHYC CUCTEMH JI03AIPABKH.
s ycyHeHHs Hellepe10adqyBaHOCTI HANIPSIMKY «CIUTHBAHHSD) KOHYCY ITifl 9ac (pa3u KOHTaKTY 3allpOIIOHOBAHO CTPATETi0
«3MIIIEHOTO TPUIUTIOBAHHD) Ta ANTOPUTMH IMPOTHIIT 3MIMIEHHIO KOHYCY, CIPHYNHEHOMY €(EeKTOM TOJOBHOI XBHIIL.
3anponoHOBaHO ONTUMAJIBHY TPAEKTOPIF0 KOHTAKTY 3 TOYKH 30pY MIBUAKOCTI 30T KEeHHS. 3alponoHOBaHI alTOPUTMH Ta
ix Moauikarii JociiHKEHO 3a JOIOMOI0l0 MaTeMAaTHYHOT'0 MOJICITIOBaHHsI. J{0CmiPKeHHS ITOKa3aly, 110 3alpOIIOHOBaHI
ANTOPUTMHU KOMIIEHCAMii eeKTy «CITMBAHHS KOHYCY € IIJIKOM Tpare3JaTHUMH.

KuiouoBi cioBa: po3ampaBka B IOBITpPi; KOHYC; IITaHTa CHCTEMH J03aMpaBKH, TOJOBHA XBWJS; €(EKT CIUITMBAHHS,
BepTUKAJIbHE M0JI€ MIBUIKOCTI; KaOpHUpPyBaHHS; 3aKOH KEPYBaHHS; JIa3epHA CHCTEMa HaBEACHHS.
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