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Abstract

So-called high-altitude platforms (HAP) are designed to operate at very high altitudes and are, in principle,
capable of staying airborne permanently. Nevertheless, in practice, regular landings remain indispensable due
to limited battery cycles and the need for maintenance and repair. Therefore, the safe operation of HAP aircraft
during landing under realistic wind conditions must be ensured. However, due to a high aerodynamic efficiency,
lightweight structure, extremely low airspeed and a very high susceptibility to wind disturbances, the landing of
such aircraft forms a very critical phase and therefore needs thorough investigation. DLR (German Aerospace
Center) is currently developing a solar-powered HAP in the context of the program HAP. The next step in the
project is a comprehensive flight test campaign of the developed aircraft. For the success of the latter, an
in-depth understanding of the aircraft’s landing capabilities is crucial as well. Therefore, this work deals with
landing simulations of the flexible DLR HAP aircraft. In doing so, a large number of landings of the aircraft is
simulated under different wind conditions and the aircraft is assessed with respect to its success rate. The test
cases comprise constant wind, wind shear and gusts, each from different horizontal directions between 0◦ and
180◦ with respect to the runway and encountered at different altitudes. Moreover, light continuous turbulence
is superimposed in all cases. The underlying aircraft model includes static and dynamic aeroelastic effects.
Furthermore, it features a ground effect model that includes influences in longitudinal and lateral-directional
motion, as well as the aeroelastic changes close to ground. The results show that safe landings are possible
at most moderate wind conditions. However, crosswind shear and tail gusts before touchdown are found to be
critical.
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1. Introduction
High-altitude platforms (HAP), also known as high-altitude long-endurance (HALE) aircraft, are de-
signed to be operated at high altitudes and for a very long duration, including over-night flight. This
makes such vehicles well suitable for typical satellite applications. These include Earth observation
missions [1], telecommunications [2] and many others. For this reason, the research on HAP has
significantly increased in the last decades [3–8].
Moreover, the use of HAP aircraft for such missions offers some remarkable benefits over the opera-
tion of satellites. The latter are always dependent on their orbit. Once launched, their ground track is
predetermined and their associated passing times over different Earth locations are fixed. In addition,
subsequent modifications of carried equipment is not possible any more. HAP, on the other hand,
are more flexible with respect to operation purposes. They can navigate to any location, only con-
strained by environmental conditions, especially available solar radiation. Furthermore, after having
completed a mission, these aircraft can be landed, inspected, equipped with different instruments,
relocated and used again for a subsequent mission. The economical and ecological advantages are
thus obvious.
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Nevertheless, this requires their safe operation during all flight phases. This also includes the land-
ing phase, which is supposedly the bottleneck for HAP aircraft. As HAP aircraft are designed for
extremely efficient flight at very high altitudes, they suffer from characteristics that bring significant
disadvantages with respect to landing. These are, first, a high aerodynamic efficiency, yielding low
achievable stable rates of descent. Second, they have an extremely low weight and third, operate at
very slow airspeeds. Fourth, due to the strict weight restrictions, these aircraft are usually designed
without air brakes. Fifth, a retractable landing gear would also impose an excess weight penalty.
Instead, small non-retractable gears are used. Altogether, these properties lead to a long landing
duration and an increased time of flight close to ground, high susceptibility to wind disturbances and
a low minimum ground clearance that impedes the continuous use of propellers. After descending
below a certain height above ground, a go-around is not possible any more. For these reasons, a
thorough investigation of the landing performance of HAP aircraft is indispensable to understand and
possibly mitigate landing risks.
The German Aerospace Center (DLR) is currently developing a HAP system within the program
HAP [9]. The underlying aircraft has a total mass of around 136 kg and was initially designed to
perform Earth observation missions in the lower stratosphere that take up to 30 days. The program
deals with the fixed-wing HAP aircraft itself, the flight control system [10, 11] and the full operational
concept, the ground segment, the flight termination system and two instruments used as payload with
a mass of up to 5 kg each. The payload consists of either a high-definition camera [12] or a synthetic
aperture radar [13], which can be installed, one at a time, inside the aircraft nose. The program
has passed the flight test readiness review and a comprehensive flight test campaign is planned in
the next step. It is designed as a series of multiple single flights, in which, besides others, system
identification manoeuvres will be performed [14]. Since the flight test campaign requires multiple
landings, a thorough understanding of the aircraft’s landing capabilities is thus a key for the success
of the complete flight test campaign.
For this purpose, this paper deals with the landing of the DLR HAP aircraft at different wind condi-
tions. It performs numerous landings at constant wind, wind shear and gust conditions, each from
different horizontal directions between 0◦ and 180◦ and encountered at different altitudes with con-
tinuous turbulence superimposed. The landings are realised by a control and guidance system for
longitudinal and lateral-directional motion. These follow a special landing procedure that was de-
signed for the DLR HAP aircraft [15]. Furthermore, the controller reduces the wind-induced lateral
offsets before touchdown. Every landing is then assessed with respect to its success based on a
number of predefined conditions.
This paper is structured as follows: section 2 presents the DLR HAP aircraft, as well as the flight
dynamics model and flight control system used to perform the landing simulations. Consecutively,
section 3 describes the simulation scenario, listing the test points with the different wind conditions
and presenting the conditions based on which single cases are assessed as success or failure.
Section 4 shows and discusses the overall results and section 5 concludes this paper.

2. The DLR HAP aircraft
This section presents the DLR HAP aircraft, and the flight dynamics model and the flight control
system that are used to perform the landing simulations

2.1 The Aircraft
Figure 1 shows a sketch of the HAP aircraft designed and developed by DLR within the last years. It
is a flexible fixed-wing aircraft with a wing area of around 36 m2, a wing span of approximately 27 m
and a total mass of around 136 kg. The wing is shaped without sweep and with outer parts with a
dihedral angle of 12◦. Figure 1a provides a sketch emphasising the aircraft’s control surfaces. Inputs
are applicable with two oppositely deflected ailerons, a rudder and an movable horizontal tailplane
(HTP), denoted as stabilizer in this work. Two electrically-driven propellers with a diameter of 1.7 m
are used.
The HAP aircraft has four non-retractable skids. Figure 1b shows the top view of the HAP aircraft
and illustrates their positions. The main skid (MG) is located in the aircraft centre line 40 cm ahead
of the centre of gravity (CG). Furthermore, wing skids are provided at the left wing kink (LWG) and at
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(a) Conceptual sketch with control surfaces
highlighted in orange [16]
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(b) Top view with skid positions, centre of gravity and
payload compartment, based on [15]

Figure 1 – DLR HAP aircraft

the right wing kink (RWG). Finally, a small tail skid (TG) is installed below the HTP quarter-chord line.
The figure also depicts the lowest part of the payload compartment (PC) located inside the aircraft
nose. Here, the highly sensitive instruments are stored. Therefore, it must not make ground contact
to prevent damage to the payload.
Figure 2 provides more information about the skids. The main skid is supposed to touch down first.
Together with with the payload-compartment-related condition, this yields a maximum allowable pitch
band, defined by ΘTD,min and ΘTD,max (Figure 2a). In addition, this yields a maximum allowable bank
angle |Φ |TD,max (Figure 2b).
It must be noted that these values form a general guidance to the controller or pilot on how the aircraft
is supposed to land. By touching down with the main skid first, followed by a controlled touchdown
of the tail skid and the wing skids as soon as the airspeed decreases on ground, a higher degree of
control over the tail and wing skid touchdown is possible. However, these condition are not used to
evaluate the success of a landing. Instead, the maximum occurring forces at each skid are tracked
directly.

  ΘTD,max � 0.8°   ΘTD,min � -2.5°

Main skid

Tail skid

Payload

compartment

(a) Side view of HAP aircraft with skids and pitch angles that define the target touchdown band, based on [15]

|Φ|TD,max � 1.8°

Flight shape at VTD,min"Flight shape" at VEAS < 4 m/s

Ground contact at � = 0°

Main skid

Wing skidWing skid

(b) Front view of HAP aircraft at different flight shapes with skids and allowable bank angle at touchdown

Figure 2 – Side and front view of DLR HAP aircraft showing target touchdown angle band

Furthermore, the wings bend downwards as soon as the airspeed decreases due to the lack of
dynamic pressure and thus aerodynamic forces. This allows all skids to have ground contact simul-
taneously below an airspeed of 4 m/s (Figure 2b, left side) at a bank angle of 0◦. At the minimum
touchdown speed VTD,min, the wing skids would touch down at bank angles with an absolute value
higher than 1.8° (Figure 2b, right side).
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2.2 Flight Dynamics Model Formulation for Flexible Aircraft
The flight dynamics model used within this work has, in most parts, already been described in previ-
ous works. Therefore, only a brief overview is provided here. For detailed information the reader is
referred to the respective works mentioned below. The rigid-body equations of motion are given by

~̇VK =−~ΩK ×~VK +
1
m

(
~FProp +~FGrav +~FAero,RB +~FAero,Flex +~FSkids

)
,

~̇ΩK = I−1
[
− ~ΩK ×

(
I~ΩK

)
+ ~MProp + ~MAero,RB + ~MAero,Flex + ~MSkids

]
,

(1)

where index K denotes the flight-path-related quantities, ~V is the velocity vector, ~Ω is the vector
of rotational rates and m is the aircraft’s total mass. The terms ~F and ~M represent the forces and
moments, where contributions due to the propellers (index Prop), gravity (index Grav), rigid-body
aerodynamics (Aero) and the skids (Skids) are considered. In addition, aerodynamic forces due to
flexibility is accounted for. Coupling between rigid-body motion and structural modes is realised as
proposed by Waszak and Schmidt [17] via the aerodynamic forces. Therefore, Eq. 1 includes the
forces due to the structural modes (denoted "Aero, Flex"). The according structural dynamics are
included using the structural normal modes ηi. The associated equations of motion for all modes
read

η̈i +2Di ω0,i η̇i +ω
2
0,i ηi =

Qi

mi
, (2)

where Di is the damping of this mode and ω0,i is its natural frequency. Here, the generalised forces Qi

in Eq. 2 account for the forces and moments due to rigid-body flight quantities and due to the coupling
of the flexible modes. This completes rigid-body-flexibility coupling. The model accounts for aerody-
namic influences of the flight shapes, i.e. the steady deformation at a given airspeed in a horizontal
1g-flight. In doing so, different sets of aerodynamic parameters are given for different airspeeds. For
intermediate airspeeds, interpolation is performed [16]. The structural modes’ deflection in Eq. 2 is
defined relative to the current flight shape. This way, airspeed excursions affect both the structural
modes (through the generalised forces Qi) and the flight shapes (through interpolation). To cope with
this issue, a frequency blending is used with a cutoff frequency of 0.5 Hz. Here, the low-frequency
portion of the airspeed is used to apply flight-shape changes and the high-frequency portion is used
to excite the modes [14, 18].
All aerodynamic forces that account for rigid-body, flexibility and their coupling are modelled using
a derivative approach [14, 16, 18]. Aerodynamic forces are considered separately at main wing,
HTP and vertical tailplane (VTP). This allows to account for lag effects of downwash and wind distur-
bances. Furthermore, stall is modelled at the main wing and VTP [19]. The skids are modelled using
standard-linear solids with visco-elastic properties [15, 20].
Compared to earlier works [15, 20] on the landing of the DLR HAP aircraft, the ground effect model
was updated and broadly extended. It now considers steady and quasi-steady ground effect influ-
ences for longitudinal and lateral-directional motion, as well as the changes of the aircraft’s aeroelas-
tic properties when flying close to ground. In addition, influences due to a non-zero flight path angle
close to ground are considered, as such a flight condition is an unsteady-aerodynamics case due to
the constant change of circulation when approaching the ground or vice versa [21]. This way, the
complete flight mechanical changes during flight in ground proximity is reproduced. This is crucial
for the HAP aircraft as landing lasts clearly longer than for conventional aircraft. Consequently, flight
close to ground cannot be considered as a short transition phase any more as it is the case for more
conventional aircraft. This ground effect model accounts for a multitude of parameters, including
height above ground, angle of attack, angle of sideslip, pitch angle, bank angle, flight path angle, all
rotational rates and all structural-mode deflections and rates. It was obtained by using an unsteady
panel method that was particularly developed for flight in ground effect and by identifying a surrogate
derivative-based model from it. The full model as well as the approach to obtain it, will be published
separately in the future.
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2.3 Landing Controller and Guidance
A high number of simulations are performed to assess the DLR HAP aircraft’s landing capabilities at
the afore-defined different wind conditions, along with random variations of the encounter parameters,
respectively the turbulence seed. For this reason, a landing controller and outer guidance modules
are used to realise these landings instead of performing pilot-in-the-loop studies. However, landings
of the HAP should also be feasible in remotely piloted flight. Therefore, the controllers performance
is not supposed to exceed typical piloting capabilities. Consequently, the gains of the implemented
controllers were manually tuned and rely on relatively simple inputs with rather low frequency. An
earlier work has shown that pilots are indeed capable of landing the aircraft remotely in a similar
manner [20].
It must be noted here that the controllers described in this section are only used to enable landings in
this work. For the operation of the aircraft within the program HAP, different controllers are used [10,
11]. For flight testing, no landing controller is intended. Instead, landings will be performed remotely
by pilots, preferably in the augmented mode, which is a rate-command, attitude-hold controller.
Figure 3 shows a simplified sketch of the flight control system used in this work. The outer control
loop of the longitudinal controller is based on the well known philosophy of the total-energy control
system (TECS) [22–24], while the inner loop consists of a PID-pitch-controller [15]. Longitudinal
guidance is realised by an altitude- and airspeed-dependent input generator module. In doing so, the
module realises a landing that follows a specific landing procedure that is tailored to cope with the
HAP aircraft’s particularities. Its main purpose is to provide an additional decision altitude at which
the aircraft is stabilised before shutting off the engines and setting the propellers parallel to the wing
leading edge (called “to retract the propellers” henceforth for the sake of simplicity). Here, the desired
pitch angle at touchdown is established and a final decision about whether to perform a go-around or
to commit to land is made based on the current wind conditions. In addition, this procedure allows to
subdivide different pilot tasks. Within the simulations performed in this work, wind perturbations are
either encountered at higher altitudes (constant wind, first constant part of wind shear) or as soon
as the propellers have already been retracted (second constant part of wind shear, gust). Therefore,
this procedure is only of minor importance here. More information about this procedure can be found
in [15, 20].
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Figure 3 – Simplified sketch of flight control system used for landing simulations

The lateral-directional controller consists of an outer loop that is based on the principle of the total-
heading control system (THCS). However, the original concept basically uses sideslip and heading
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angle as measurement variables. The DLR HAP aircraft is sluggish and hard to control in the yaw
axis, especially at low airspeeds. Therefore, to reduce pilot workload during landing and to counteract
lateral drift until touchdown, a decrab maneuver is not foreseen. For this reason, the aircraft is
supposed to touch down with a crab angle in case of a crosswind landing. The use of skids as
landing gear allows this to a certain extent. Therefore, it is more convenient to use the track angle
instead of the heading angle as measurement variable. Accordingly, the THCS variant as proposed
by [25] is used. The lateral-directional inner loop consists of a PD-controller for roll and a yaw rate
controller. Lateral-directional guidance aims to reduce the lateral offset to the runway centre line
and to align the aircraft’s track, rather than its heading, with it. In doing so, lateral-directional control
inputs need to be limited to cope with loads restrictions. The according guidance module is based on
a geometric algorithm that uses a lookahead distance of 200 m on the runway centre line and aims to
intercept it. This allows for a smooth transition of the aircraft track with the runway. More information
about the according principle can be found in [26].

3. Simulation Scenario
This section outlines the simulation scenario. It first presents the test points that are performed and
describes the different wind cases. Second, it lists landing success conditions that are used to assess
the landings and to obtain an overall success rate.

3.1 Test Points
The use of HAP aircraft on a regular basis requires that it can be reliably landed at moderate but
realistic wind conditions of different type. For this reason, multiple wind types are applied within the
simulations performed in this work. Figure 4 sketches the trends of all applied wind types. These are:

• Constant wind with a magnitude of 2 m/s: As shown by Figure 4, the constant wind is applied in
the form of a ramp. This trend is chosen deliberately as it is desired that the aircraft encounters
the wind at a certain height above ground and does not already start in a trimmed state adapted
to the wind. The ramp is chosen to reduce the dynamic aircraft reactions. This modelling
approach represents a case in which the aircraft a constant wind field while descending.

• Wind shear with a slope of 1 m/s2: It is defined in this work with respect to time rather than by
a spatial distribution. It is modelled as constant wind of 1 m/s from one direction that changes
its direction by 180◦, respectively to -1 m/s. Here, the magnitude of the slope is of minor im-
portance. It is chosen such that the dynamic aircraft response is still comparatively small but
still enabling a fast change of directions. This condition can be regarded as a worst case wind
shear.

• Discrete gusts with a peak velocity of 3 m/s and a wavelength of 50 m: This wavelength is
chosen as it has been found to be the most critical. Short wavelengths would indeed cause a
larger dynamic aircraft reaction but it would also fade away much faster.

t(h1) t(h2)

−1
0

1

2

3

t (s)

V W
(m

/s
)

Constant wind
Wind shear
Discrete gust

Figure 4 – Wind types used during landing simulations

Each wind type is applied from different directions ranging from 0◦ to 180◦ with steps of 45◦. For the
sake of simplicity, the runway is aligned with the North axis in this scenario. By varying wind between
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0◦ and 180◦ in steps of 45◦ both purely longitudinal, purely lateral-directional and combined wind is
considered. In all cases, light turbulence according to [20] is applied. Every case is repeated 100
times with randomly varied turbulence seeds to obtain a higher statistical relevance. Table 1 lists all
performed test cases.

Table 1 – Landing simulation test cases

Wind type Turbulence Encounter altitudes Wind #strength h1 h2 direction

Turbulence
& constant

wind

light 8 m 0◦ 100
light 8 m 45◦ 100
light 8 m 90◦ 100
light 8 m 135◦ 100
light 8 m 180◦ 100

Turbulence
& wind
shear

light 8 m 2 m – 4 m 0◦ 100
light 8 m 2 m – 4 m 45◦ 100
light 8 m 2 m – 4 m 90◦ 100
light 8 m 2 m – 4 m 135◦ 100
light 8 m 2 m – 4 m 180◦ 100

Turbulence
& discrete

gust

light 2 m – 4 m 0◦ 100
light 2 m – 4 m 45◦ 100
light 2 m – 4 m 90◦ 100
light 2 m – 4 m 135◦ 100
light 2 m – 4 m 180◦ 100

For every wind type, different altitudes of encounter are used. As shown, constant wind as well as the
first part of the wind shear are always encountered at a height above ground of 8 m. This ensures that
the aircraft has enough time to counteract the wind and to stabilise at an associated flight condition.
The encounter altitude of the change of direction of the wind shear, as well as the gust are varied
randomly, again with a uniform distribution, between 2 m and 4 m. This assures that the respective
disturbances are encountered after the propellers have been retracted such that a go-around is not
possible any more and the aircraft, instead, needs to land. This altitude is varied as neither of the
variation limits (2 m or 4 m) necessarily forms a worst case. In addition, this allows, if applicable, to
analyse the influence of the encounter altitude.

3.2 Landing Success Conditions
Since a high number of landings are performed, numerical conditions are required, that allow to
assess the success of each landing without a manual review of the results. The allowed band for pitch
and roll at touchdown and the order with which the skids are supposed to touch down presented in
subsection 2.1 only form soft requirements and provide a general guidance for the pilot, respectively
the controller, on how to land the aircraft. For an assessment about success or failure, different
requirements are needed.
For this purpose, the forces that apply at the different skids are monitored directly and the maximum
occurring values are used. As the HAP aircraft has an extremely delicate structure, none of the skids
can carry more than the full aircraft weight at any time. In addition, the forces at tail and wing skids
are additionally limited due to bending loads. The requirements are defined as follows:

• Maximum main skid force: FMG,max/(mg)
!
≤ 1.0.

• Maximum wing skid forces: FLWG,max/(mg)
!
≤ 0.5 & FRWG,max/(mg)

!
≤ 0.5.

• Maximum tail skid force: FTG,max/(mg)
!
≤ 0.3.

• Maximum force at payload compartment: FPC,max/(mg) !
= 0.0.
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• Lateral offset at touchdown: |∆yRWY|
!
≤ 7m.

These requirements depend strongly on the aircraft’s structural properties and skid parameters and
are specifically tailored to the DLR HAP. Moreover, the last requirement that limits the allowable lateral
offset during touchdown depends solely on the runway geometry. In this case, a landing on the
runway of airport EDBC, namely Magdeburg-Cochstedt, where the flight test campaign within HAP
is planned, is used as a reference. Accounting for its width of approximately 45 m and additionally
providing a safety margin of 2 m yields approximately 7 m of allowable offset. Due to its length of
2500 m, no maximum length is formulated as a requirement.

4. Results
This section presents the results obtained within the landing simulation series. It is divided into two
parts. The first part shows exemplary time histories of one complete landing. The second part
presents the distributions of key parameters taking into account all performed landings.

4.1 Exemplary Time Histories of One Landing
Here, a single landing case is presented in order to provide a profound understanding of landings
of the HAP aircraft. In addition, this serves to illustrate the landing procedure tailored for the HAP
aircraft. Indeed, it is of rather minor importance for the landing results presented in this section
because the dynamic wind perturbations are applied after the propellers are retracted. Nevertheless,
it is described here since it aims to increase landing safety especially at adverse wind conditions.
Figure 5 shows a landing at wind shear conditions with a final wind direction of 135◦ with respect
to the runway, which is assumed to be aligned with the North axis. Hence, the perturbations apply
both to longitudinal and lateral-directional motion. In addition, light turbulence is superimposed. The
shown landing represents one case of the full landing simulation series.
In the left column, Figure 5 shows time histories from top to down for height above ground h, true
airspeed VTAS, active phase of the longitudinal landing guidance “Phase”, angle of attack α, sideslip
angle β , bank angle Φ , pitch angle Θ , heading angle Ψ , number of revolutions of the propeller NProp,
combined angle of oppositely deflected ailerons ξ̂ , stabiliser deflection iHTP and rudder deflection
ζ . The right column provides the body-fixed wind components in all three axis uWb , vWb , wWb , the
lateral aircraft offset to the runway ∆yRWY, the first three structural modes with lowest frequency η1,
η2 and η3, and the normalised normal forces at the left wing skid FLWG,z/m, right wing skid FRWG,z/m,
main skid FMG,z/m, tail skid FTG,z/m and payload compartment FPC,z/m. The first structural mode η1
represents the first wing bending. For the HAP configuration used in this work, the second mode η2
is an asymmetric wing bending with fuselage torsion and the third mode η3 is an asymmetric wing
bending with lateral fuselage bending [18]. Please note that the aeroelastic model has been updated
in the meantime [27]: a ground vibration test has been performed and the structural properties have
slightly changed. As a consequence η2 and η3 have changed. However, these changes are expected
to have no significant influence on the landing dynamics.
The simulation starts at the obstacle altitude h of around 15 m and the aircraft descends towards the
decision height hTarget, which is set in this work to 5 m. Upon reaching the encounter altitude h1 of 8 m
(cf. Table 1), constant wind applies with a direction of 315◦, which is the opposite direction of the final
135◦ (at approximately 22 s). This wind is encountered as a combination of tail and right crosswind.
As a consequence, the respective wind components uWb and vWb increase in magnitude. The lateral
controller reacts with right rudder ζ and aileron ζ̂ input to counteract the resulting sideslip angle β .
As a result, a right crab angle is set up. At this point, it must be noted that the controller is tuned to
apply very small lateral inputs, as proverse rudder and sideslip form a very critical load case.
While further descending, the lateral offset ∆yRWY slightly increases. As soon as the aircraft reaches
the decision height hTarget, phase 2 is initiated, whereupon the aircraft captures and maintains this
altitude. Afterwards, it slightly decelerates (cf. VTAS) until the target pitch angle is reached. This angle
is chosen such that it is well inside the allowable pitch band at touchdown (cf. Figure 2a) but closer to
the less critical limit of ΘTD,max. After maintaining this pitch angle for 3 seconds, phase 3 is initiated.
In a remotely piloted flight, this would represent that the pilot assesses the current wind conditions as
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acceptable and commits to land the aircraft. Thereupon, the propellers are retracted and the aircraft
descends towards the ground (at around 37 s).
As soon as the randomly varied second encounter altitude h2 (cf. Table 1) is reached, i.e. in this case
at approximately 3.5 m (41 s), the wind changes its direction and is henceforth encountered from
front left, which again goes along with a reaction of the flight controller commanding the aircraft to
turn towards the wind. However, the aircraft initially has a flight condition to counteract wind from
the opposite side. As a result from the change of wind direction, it sets up lateral offset ∆yRWY to
the opposite side quite fast. Attempting to reduce the lateral offset again it turns towards the runway
until it ultimately touches down at approximately 56s, which is represented in all plots by a vertical
bar. At this point, it must be noted that the aircraft is not supposed to establish a wings-level flight
again before touchdown. This is due to the fact that it is very sluggish and levelling the wings would
take quite some time. Hence, this time is expected to be used rather to reduce lateral offset. The
associated bank angles are small anyway, wherefore the risk of a wing skid touching down first is still
low.
As desired, the main skid touches down first (FMG,z/m), followed by the tail skid (non-zero values
FTG,z/m and ΘTD,max reached). This is also accompanied by a small downstroke of the wings (repre-
sented by a negative peak of η1) In the following, the true airspeed VTAS decreases. The associated
loss of dynamic pressure causes the flexible dihedral to decrease, which leads to a ground contact of
the right wing skid (FRWG,z/m), followed by the left wing skid (FLWG,z/m). The maximum forces of at the
right skid are higher than at the left side. This is in line with the left crab angle with which the aircraft
touched down due to the left wind component. This is indicated by the negative heading angle Ψ .
Accordingly, a lateral skid-friction component occurs right after touchdown that leads to a small right
rolling motion further pushing the right wing skid to the ground. This causes the higher forces at this
side. While the aircraft comes to a standstill, the stick is slightly pulled (decrease of iHTP) to ensure
that the payload compartment does not make ground contact. This is implemented in the form of
an open-loop command that starts after the first ground contact. The payload compartment indeed
does not make ground contact, which is shown by the absence of non-zero values of FPC,z/m. It is
noteworthy that the landing shock at the main skid leads to much smaller values of FMG,z/m than in
standstill conditions in which the skid is just carrying a part of the aircraft weight. This is due to the
small vertical velocities at touchdown in such a nominal and successful landing case. This shows
that a flare is not required to reduce landing shocks for HAP aircraft, as opposed to conventional
passenger aircraft.

4.2 Resulting Distributions
Next, the resulting distributions that take into account all simulated landings are presented. For this
purpose, Figure 6 shows the overall success rate. It is obtained by evaluating every landing with
respect to the success conditions defined in subsection 3.2. As shown, with values of 99 % – 100 %
the success rate is good for most test points. However, it is apparent that the crosswind shear forms
a critical landing case leading to a failure rate of more than 50 %. The tailwind gust leads to a failure
rate of 85 %. In the following, the landing results will be investigated in more detail.
Figure 7 shows the distributions of the maximum forces that occurred during the landings at every
skid. Figure 7a shows the normalised maximum skid forces, Figure 7b shows the forces at the
tail skids and Figure 7c shows them for the left (top) and right (bottom) wing skids. In addition,
the afore-defined success limits are displayed. It can be seen that the forces are well below the
limiting conditions in the great majority of cases. Dynamic tailwind conditions are the most critical
with respect to skid forces. The tailwind shear leads to increased maximum tail skid forces that are,
however, still below the limits. The tailwind gust leads to strongly increased tail skid forces that, in
some cases even exceed the limit. In addition, it causes larger maximum main skid forces in some
cases. Nevertheless, in the majority of cases, it yields forces that are comparable in size to all other
landing cases. This remarkable result will be discussed in more detail later.
Another noteworthy case is the constant crosswind, i.e. with 90◦. As shown, it leads to clearly in-
creased maximum forces at the right wing skid. This is due to the fact the the aircraft lands with a left
crab angle in these cases, wherefore the lateral skid friction force creates a right rolling moment that
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Figure 6 – Success rates for all landing cases

causes a higher skid load on this side. For combined lateral and longitudinal constant wind, i.e. with
45◦ or 135◦, this behaviour is identical but the effect is smaller since the lateral component is smaller
likewise. The wind shear shows the same characteristics but the forces are smaller, which is well in
line with the fact that a reduced wind magnitude of 1 m/s was applied in these cases. The induced
rolling moment after touchdown in the constant-crosswind case also leads to a delayed ground con-
tact of the left wing skid. For this reason, the main skid bears a higher force compared to a nominal
landing. In addition, the higher right wing skid force induces a stronger left rolling moment afterwards.
In some cases, this can also lead to increased forces at the left skid. In sum, the variation at the left
skid is higher compared to different landing cases.
Figure 8 shows the distribution of maximum forces at the payload compartment. As already stated,
no ground contact is allowed here. This signifies that zero maximum forces are required. As shown,
only the tail gust leads to a touchdown of the payload compartment in rare cases. This behaviour will
be discussed in more detail later in this section.
Figure 9 shows the box plots for the lateral offset at the moment of touchdown along with the accept-
able limit of 7 m. Here, it becomes apparent that this condition is the sole driver for the high failure
rate of the crosswind shear condition. Its median value already exceeds the success limit.
This case is particularly critical because the aircraft is configured to counteract wind from the opposite
side before the latter changes its direction. As a result, a strong offset is set up in a short time. It is
noteworthy that the wind shear in the direction of 135◦ leads to higher offsets with smaller variations
compared to the case with 45◦. In the latter case, the addition tailwind component leads to a clearly
faster touchdown with a stronger dependency on the encouner altitude h2. As a consequence, the
aircraft touches down before higher offsets are established. In the case of 135◦, the additional head-
wind component delays touchdown, which causes a higher offset in combination with the additional
crosswind component.
In the following, three cases will be investigated in more detail to reveal the main dependencies and
to analyse the influences of the encounter altitudes. These are

• crosswind shear,

• crosswind gust and

• tailwind gust.

Figure 10 shows a cross plot of the lateral offset over the encounter altitude h2 for all landings with
crosswind shear. Here, the lateral offset decreases with h2. At an altitude of 4 m the offset is largest.
Even though not investigated here, the trend suggests that at higher altitudes the offset would de-
crease again. In other words, for encounters below 4 m, the aircraft is not able to reduce the resulting
offset. Instead, a lower encounter altitude is favourable as the smaller remaining time until touchdown
prevents the setup of higher offsets.
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Next, the crosswind gust is regarded. For this purpose, Figure 11 shows three cross plots. These are
the lateral offset over encounter altitude (Figure 11a), a measure for the crab angle at the moment
of touchdown over encounter altitude (Figure 11b) and touchdown bank angle over touchdown crab
angle (Figure 11c).
It was already shown before that the crosswind gust is neither critical with respect to the lateral
offset nor the maximum skid forces. As illustrated by Figure 11a, the lateral offset has a reversed
dependency on the encounter altitude compared to the crosswind shear. Here, a lower encounter
leads to an increased offset. The reason lies in the response of the aircraft to crosswind gusts. As
soon as the gust hits the aircraft, it turns into the gust direction due to its weathercock stability, setting
up an additional heading angle. This behaviour is augmented by the controller. This reduces the
lateral drift. In addition, as soon as the gust decreases again, the aircraft starts to reduce the lateral
offset since it is still headed towards the direction of the gust. For smaller encounter altitudes, the
aircraft touches down before it can reduce more offset. Nevertheless, due to its short length, the
overall lateral drift is small compared to the wind shear, even in this case. However, this also signifies
that the aircraft touches down in an unstable flight condition.
Against this background, it is astonishing that the resulting forces at the left and right wind skids
are comparatively low (cf. Figure 7c). Indeed, as shown by Figure 11b, the crab angle with which
the aircraft touches down is very high, especially at low encounter altitudes. In case of constant
crosswind, this angle was the main driver for increased wing-skid forces but this is not the case for
the crosswind gust. Figure 11c provides the physical justification. As shown, in cases in which the
aircraft touches down with high crab angles, this is always accompanied with higher negative bank
angles. A negative bank angle increases the tendency of the left wing skid to touch down before the
right skid. In some rare cases, it even touches down before the main skid (for bank angles below
-1.8◦). In sum, both effects thus balance each other and the resulting wing forces are moderate.
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Figure 11 – Cross plots for crosswind-gust landings, full ground effect model

Finally, a closer look is taken at the tailwind gust. This wind case leads to stronger variations of the
maximum forces at main skid and tail skid. In addition, with 15 % its failure rate is comparatively high.
Both the tail-skid-force limit and payload-compartment ground contact are drivers for the rather high
failure rate. Figure 12 shows different cross plots for this wind condition.
Figure 12a depicts the vertical inertial velocity wMG,TDo of the main skid at touchdown over the en-
counter altitude. It can be seen that for encounters below approximately 2.7 m, the vertical velocity
is strongly increased. This indicates that the aircraft touches down in a rather uncontrolled flight
condition in these cases, while for higher encounters the aircraft could recover from the gust before
touchdown. Nevertheless, as documented by Figure 12b, the according maximum forces increase
below an altitude of around 2.4 m in most cases, which is smaller than the afore-mentioned 2.7 m.
Figure 12c clarifies this mismatch. As shown, a distinct dependency of the maximum forces on the
vertical touchdown velocity only exists for larger velocities, i.e. starting at around 0.8 m/s. Only in
these cases is the landing shock the main driver for the maximum force. Here, the latter increases
with increasing vertical velocity. For smaller vertical velocities at touchdown, on the other hand, the
static skid forces due to carrying the aircraft weight at standstill is still higher, wherefore the strength
of the landing shock has no influence on the maximum force.
Figure 12d shows the pitch angle at touchdown over the encounter altitude. As a result from a
tailwind gust encounter, the aircraft initially pitches down. Therefore, the aircraft touches down with a
decreased pitch angle if the gust hits it below the above-mentioned 2.7 m. This is consistent with the
above-made conclusion, that the aircraft cannot recover from the gust encounter before touchdown
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if it is encountered at this altitude or lower. In the worst case, the associated pitch angle is at around
−1.7◦. This angle is still higher than the minimum allowable angle from geometrical relations that is
driven by a payload-compartment ground contact (cf. Figure 2a). However, as shown by Figure 12e,
this does not guarantee that the payload compartment makes no ground contact. Instead, due to the
dynamic processes right after touchdown, the payload compartment touches down for all landings
with a touchdown pitch angle of around −1.3◦ or smaller. Finally, Figure 12f shows the distribution
of maximum tail skid forces over encounter altitude h2. It resembles Figure 12a. Hence, if the gust
is encountered below 2.7 m, in other words if the aircraft does not have enough time to recover from
the gust, the associated maximum forces increases. Here, this even leads to a high probability of a
failure case.
Finally, Figure 13 shows box plots for the distributions of landing distances for constant wind with
a magnitude of 2 m/s in different directions. These box plots illustrate the distribution of different
quantities, where the green bar represents the median value. 50 % of the values lie inside the blue
box with 25 % above and 25 % below the median. The outer lines with horizontal bars at their end
represent the whiskers that each contain 23 % of the data. The remaining 4 % of data are directly
plotted with red dots in the form of outliers. For the present analyses, 100 simulations have been
performed. Consequently, two outliers are existent above and two below the whiskers.
As shown, the landing distances increase for wind conditions with tailwind components. This is ex-
pectable as the ground speed increases in this case, which leads to higher distances. It can be seen
that the increase is not proportional to the directions. For example, the landing distances decrease
smaller in average for headwind compared to pure crosswind than they increase for tailwind. This
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can be attributed to the fact that the aircraft needs some more time to stabilise after first encountering
the tailwind than the headwind and, according to the landing procedure, then initiates its final descent
later. For the same reason, there are two outliers in the case of directions of 0◦ and 45◦. In these
cases, the aircraft retracted the propellers unusually late.
Table 2 summarises the results. In the majority of cases, the landings are successful. Wind shear
with crosswind components increase the risk of an excess lateral offset at touchdown. In case of
pure crosswind, the success rate is at 46 %. Discrete gusts with longitudinal components, especially
tailwind, increase the failure rate. The according failure cases are excess tail skid forces and a ground
contact of the payload compartment. At very low encounters both cases most often occur during the
same landing.

Table 2 – Summary of results

Wind type Direction Representation Success
rate Failure cases

Turbulence
& wind shear

45◦ Tail- and crosswind 99 % Lateral offset
90◦ Crosswind 46 % Lateral offset

Turbulence
& discrete gust

0◦ Tailwind 85 %
Maximum tail skid forces
Payload compartment ground contact

135◦ Head- and crosswind 99 % Maximum tail skid forces
180◦ Headwind 99 % Maximum tail skid forces

All other cases 100 %

These results show that the DLR HAP aircraft can be landed with a certain degree of reliability.
This confirms that the flight test campaign within the program HAP can be performed as planned.
However, special care must be taken to mitigate the two critical failure cases, being crosswind shear
and tailwind gust. The results presented in this paper suggest, for instance, that the wind should be
monitored along the runway and not only at a single point to detect changes of the wind direction. In
addition, it can be beneficial to reduce the height above ground at which the propellers will finally be
retracted.

5. Conclusion and Outlook
This paper analyses the landing capabilities of a high-altitude platform. For this purpose, a high
number of simulations are performed using a flight dynamics model of the flexible aircraft with landing
skids. It includes a detailed ground effect model that accounts for longitudinal and lateral-directional
motion and the interaction of flexible modes with each other and the rigid-body motion. In these
simulations, different wind cases are considered. These are constant wind, wind shear and discrete
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gusts. At all test points, light turbulence is superimposed and the wind direction is varied. Altogether,
100 simulations are performed for every test point, in which wind parameters are varied at random
using a uniform distribution. Longitudinal and lateral-directional guidance and controllers are used to
realise the landings, counteract disturbances to a certain extent and to align the aircraft’s track with
the runway.
Furthermore, a set of landing success requirements are defined, which refer to maximum forces that
occurred at the skids and the aircraft’s payload compartment as well as to the maximum lateral offset
from the runway centre line at touchdown. The results show that landings are possible in all constant-
wind cases. In addition, most wind shear conditions and discrete gusts are tolerable. However, two
critical wind cases are identified. The first is the crosswind shear that led to a low success rate of
only 46 %. If this wind type is encountered in an altitude band between approximately 3 m and 4 m,
the associated lateral offset is larger than 7 m. In addition, the tailwind gust is a critical case that
led to a success rate of only 85 %. If encountered below 2.4 m, the aircraft touches down in a rather
uncontrolled condition. This is associated with the exceedance of tail skid forces or a ground contact
of the payload compartment. Main skid forces are also increased in these cases. However, the
associated rate of descent with which the aircraft touches down is still low compared to conventional
aircraft. Therefore, even in these cases the main skid limit is not yet exceeded.
The landing success conditions that are formulated in this work are specifically tailored to the DLR
HAP aircraft and depend especially on the chosen skid parameters. In addition, the allowable offset
is chosen for a landing on the airport Magdeburg-Cochstedt (EDBC). Hence, the overall success
assessment might change if different requirements apply. However, especially the distributions of key
parameters in this paper can be used, e.g. for skid sizing for different HAP aircraft or for choosing
appropriate landing fields. For example, the rather high lateral offset at crosswind shear suggests to
use a rectangular field for landing instead of a conventional runway.
A logical next step would be to review the most critical wind cases, i.e. crosswind shear and tailwind
gusts, in more detail. As an example, it could be investigated to which extent higher control inputs
would be applicable to reduce the lateral offset during landing. In this work, control inputs were
restricted for the sake of loads limitations. However, the reduction of lateral offset during landing
could instead also be used as an additional load case. Moreover, the benefit from changing the
target touchdown pitch angle could be assessed. Here, it would be interesting to analyse whether
this could reduce the maximum skid forces in case of the tailwind gust. Finally, wind disturbances
were only included from a qualitative viewpoint in this work with a fixed magnitude for every wind
type. Instead, the magnitudes could be varied. This would yield a wind envelope for landing.
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