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Abstract
The German Aerospace Center (DLR) is currently developing an unmanned experimental solar-powered fixed-wing high-
altitude platform designed to be stationed in the stratosphere for several days and to carry payload for earth observation 
missions. This paper deals with a flight mechanical analysis of the aircraft within the preliminary design phase. For this 
purpose, it briefly describes all disciplines involved in the preliminary design and gives an insight into their methods used. 
Subsequently, it presents an assessment of the aircraft in terms of stability and control characteristics. Doing so, it first deals 
with a dynamic stability investigation using a non-linear 6-degrees-of-freedom flight dynamic model with a simple quasi-
stationary approach to account for flexibility, in which the aerodynamic derivatives are given for different airspeed-dependent 
flight shapes. The investigations show that the aircraft is naturally stable over the complete flight envelope. It does not have a 
typical short period mode. Instead, the corresponding mode involves altitude and airspeed changes to a large extent. At low 
airspeeds, the Dutch roll and spiral modes couple and form two non-classical modes. Second, it presents a control surface 
design evaluation process for the aircraft based on a flight mechanical requirement. This requirement addresses the neces-
sary control authority to counteract the aircraft’s responses due to gust encounters to not exceed afore-defined limits and to 
prevent the aircraft from entering a flight condition that it cannot be recovered from.

Keywords  High-altitude platform · Solar-powered aircraft · Flight mechanics · Preliminary design · Gust encounter 
simulations · Stability and control
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List of Symbols
b	� Span
c̄	� Mean aerodynamic chord
Cl,Cm,Cn	� Body-axes moment coefficients
CL,CD	� Lift and drag coefficients
CX ,CY ,CZ	� Body-axes force coefficients
Cx1x2

	� Derivative of x1 due to x2
D	� Damping ratio
e	� Oswald efficiency factor
e�	� Pitch attitude error
g	� Acceleration due to gravity
H	� Altitude
iHTP	� Horizontal tailplane deflection
Ix, Iy, Iz, Ixz	� Mass moments of inertia
kHTP,eff 	� Horizontal tailplane effectiveness factor
k�,eff 	� Aileron effectiveness factor
k� ,eff 	� Rudder effectiveness factor
K	� Flight controller gains
m	� Mass
ny	� Body-fixed lateral load factor
p, q, r	� Body-fixed rotational rates
p∗, q∗, r∗	� Non-dimensional body-fixed rotational rates
q̄	� Dynamic pressure
s	� Semispan
S	� Reference area
t	� Time
T	� Engine thrust
uK , vK ,wK	� Inertial translational velocities
uW , vW ,wW	� Wind component velocities
VEAS	� Equivalent airspeed
VNE	� Never-exceed speed
VO,max	� Maximum operating speed
VO,min	� Minimum operating speed
VS	� Stalling speed
VTAS	� True airspeed
xHTP	� Longitudinal distance between horizontal 

tailplane neutral point and wing-body neutral 
point

x′
HTP

, z′
HTP

	� Longitudinal and vertical distances between 
horizontal tailplane neutral point and centre 
of gravity

x′
WB

, z′
WB

	� Longitudinal and vertical distances between 
wing-body neutral point and centre of gravity

x, y, z	� Positions
ŷ	� Measured state vector
�	� Angle of attack
�	� Angle of sideslip
�	� Flight path angle
��∕��	� Downwash angle change due to change of 

angle of attack
�	� Downwash angle
�0HTP	� Downwash angle at HTP for � = 0◦

Λ	� Aspect ratio ( Λ = b2∕S)

Φ,Θ,Ψ	� Euler angles
�	� Air density
�	� Time delay
�l, �r	� Left/right aileron deflection
𝜉	� Combined left and right aileron deflection
�	� Rudder deflection

Indices
0	� Initial, reference or sea level value
A	� Air path value
b	� Body-axis coordinate system
cmd	� Commanded
dyn	� Dynamic
dr	� Dutch roll
K	� Flight path value
max	� Maximum value
meas	� Measured value
min	� Minimum value
ph	� Phugoid
r	� Roll
ref	� Reference value
s	� Spiral
sp	� Short period
W	� Wind value
WB	� Wing-body

1  Introduction

A high-altitude platform (HAP, pl. HAPs), sometimes also 
referred to as high-altitude long-endurance (HALE) aircraft, 
is an air vehicle operating at high altitudes and usually for a 
prolonged time span. Unmanned solar-powered HAPs can, 
in theory, even be operated permanently or, in practice, at 
least for several weeks before landing becomes necessary 
again [1]. Flying in the lower stratosphere, HAPs are located 
above commercial air traffic and thus do not interfere with 
most passenger aircraft. In recent years, research work on 
HAPs has increased intensely and several projects about 
HAPs of different air vehicle type have been launched [2].

HAPs bring benefits with respect to several use cases. 
While they can be operated continuously for a much 
longer time span than conventional air vehicles, their 
trajectories can mostly be freely chosen in contrast to 
satellites whose positions along with the associated passing 
times are dependent on their orbit. Thus, combining the 
advantages of satellites with those of air vehicles, HAPs 
represent excellent candidates for general earth observation 
missions [3], surveillance in case of humanitarian crises 
or natural catastrophes, support for agricultural tasks or 
health monitoring for, as an example dykes. Furthermore, 
the lower altitude compared to satellites allows for higher 
resolution observation images and no space debris is left 
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after the HAP’s decommissioning. Other use cases include 
telecommunications. Thanks to the flexible usability, 
HAPs can be used to provide internet and radio network 
both to areas with bad telecommunications infrastructure, 
e.g., conflict areas or regions where natural disasters 
have occurred, and to places where additional bandwidth 
is needed transitionally, for instance due to events like 
music festivals. Moreover, a HAP’s higher altitude allows 
for a better coverage compared to usual radio masts 
while enabling much shorter signal paths than satellites. 
Hence, the introduction of an additional HAP-based 
telecommunications system supporting and connecting 
the terrestrial and satellite-based systems seems highly 
beneficial [4].

The progress in structural design and ultralight 
construction, battery technology and solar devices has 
forwarded the research and development of HAPs since 
the late 90s. Some of the most prominent HAP-related 
programmes are the NASA ERAST programme [5] 
producing a great number of aircraft, including the Helios 
aircraft which holds the current altitude record among 
HAPs of 96,863 feet [6], the Solar Impulse programme [7], 
which realised a fully solar-powered manned flight around 
the world, covering a distance of around 26,718 miles in 
2016 [8] and the Airbus Zephyr programme [9] featuring 
the Zephyr S which recently broke its own endurance record 
among HAPs of nearly 26 days in 2018 [1] by a 64-day 
continuous flight performed from June to August 2022 [10].

However, the design and operation of HAPs are a 
challenging task, as a broad number of mishaps prove 
[11–14]. For fixed-wing aircraft, the goal of high endurance 
requires a very low weight and a very high aspect ratio for 
realising high aerodynamic efficiency. At the same time, the 
necessary batteries to store enough energy for maintaining 
a minimum altitude over night brings a considerable weight 
penalty. A harmonisation of these factors imposes an 
ultralight structure which leads to a very flexible aircraft. 
Another issue is the very large flight envelope with respect 
to altitude ranging from sea level to the lower stratosphere 
in combination with the absence of a high-lift system due to 
aircraft weight restrictions. As a consequence, the allowable 
speed range is very small. As the aircraft operates unmanned 
and beyond the line of sight, it needs to be equipped with 
a termination system, which brings another weight penalty. 
In order to not have to terminate the aircraft immediately if 
the communication between ground segment and aircraft 
is interrupted for a couple of seconds and in order to save 
control energy, the design of a naturally stable aircraft is 
advantageous. In sum, the development of a HAP needs 
thorough flight mechanical investigation, analysis and sizing.

In the context of the project High-Altitude Platform 
(HAP), the German Aerospace Center (DLR) develops 
a HAP system designated to perform earth observation 

missions carrying a payload of up to 5 kilogrammes. For 
these missions either a high-definition camera or a synthetic 
aperture radar (SAR) is to be used. It was decided a priori 
that the underlying vehicle should be a fixed-wing aircraft 
that dynamically generates lift rather than an airship. First, 
this choice is based on the need for station-keeping for the 
missions. Due to performance reasons, airships typically 
have a lower airspeed, wherefore at higher wind speeds, 
their ability to stay above a certain point over ground is 
limited. Second, for a payload of 5 kg, the required airship 
size would be significantly higher than for an aircraft [15]. 
The HAP system includes the aircraft itself, the flight 
control system and the full operational concept, the ground 
segment, the flight termination system and the two use 
case instruments. The development of the HAP aircraft 
contains the conceptual, preliminary and detail design 
phases, the aircraft fabrication, a flight test campaign and 
final high-altitude mission demonstrations using the use case 
instruments. Flight permissions are planned to be obtained 
based on the specific operational risk assessment (SORA) 
[16] developed by the Joint Authorities of Rulemaking on 
Unmanned Systems (JARUS) and endorsed by the European 
Union Aviation Safety Agency (EASA) [17].

In the last decades, DLR has been involved in the 
development of multiple HAP, respectively HALE aircraft 
in the context of several projects  [18]. However, since 
these works, the technology of the underlying systems and 
particularly the research on such aircraft progressed largely. 
Therefore, these works did not form a basis for the current 
HAP design. Instead, the aircraft was developed from scratch 
starting with conceptual analyses. Nevertheless, some of the 
experience and knowledge obtained within the prior projects 
proved to be helpful in designing the current HAP aircraft.

There are already a great number of current programmes 
worldwide that focus on the design and operation of HAP 
aircraft. The Airbus Zephyr [9], the BAE Systems PHASA-
35 [19] or the UAVOS ApusDuo [20] are only some 
prominent examples of aircraft that also already performed 
successful flights. However, current programmes are usually 
part of commercial projects, whose primary aim is to create 
business or military use cases. To the best of the authors’ 
knowledge, no publications are available that focus on 
detailed scientific results and analyses of HAP aircraft. 
Therefore, the primary aim of the DLR project HAP is to 
obtain, generate and publish knowledge about such aircraft 
rather than to compete with the HAP aircraft developed by 
industrial companies.

This paper focusses on the analyses of the HAP aircraft’s 
flight mechanics in the preliminary design phase. For this 
purpose, Sect. 2 briefly describes the steps performed to 
find an initial aircraft design, outlines the preliminary 
design process and presents the disciplinary methods and 
models used in the fields of aerodynamics, structures, 
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aeroelastics, flight dynamics and flight control to obtain the 
flight dynamic model of the aircraft. Section 3 deals with 
the flight mechanical analysis of the HAP. It starts with an 
investigation of the aircraft’s eigenmodes in the complete 
flight envelope. In addition, this paper proposes an approach 
on how to assess the need for control surface authority based 
on gust encounter simulations using a flight control system 
and applies it for the DLR HAP aircraft. Based on a defined 
requirement, the simulated aircraft reactions as well as its 
gust rejection capabilities are used to evaluate the control 
surface design. Finally, Sects. 4 and 5 close this paper with 
a conclusion and a brief outline of the future work.

The HAP aircraft dealt with in this paper represents the 
current configuration within the preliminary design phase. 
It will, therefore, be subject to further design changes 
as the project progresses and the design becomes more 
detailed. Nevertheless, the authors believe that the proposed 
configuration is feasible from an overall point of view and 
only minor design changes are expected. The results and 
the design decision methodology presented in this paper are 
representative.

2 � Design of the DLR HAP aircraft

This section presents the steps performed to develop 
the DLR HAP aircraft. It briefly presents the different 
disciplines involved in the preliminary design phase and 
shows the general interplay between the different disciplines. 
Furthermore, it describes some of the disciplinary methods 
and lists the assumptions and results that are fundamental for 
the flight mechanical analyses presented in Sect. 3.

2.1 � Initial aircraft configuration

First of all, an initial HAP configuration in terms of high-
level parameters like wing area, wing span, masses, etc. 
needs to be found, which is promising with respect to 
fulfilling all top level aircraft requirements (TLAR). The 
TLAR also include a specification that requires the HAP 
to be operated for at least 30 days at certain geographical 
earth coordinates carrying a payload of 5 kilogrammes 
and within respective time spans before landing again. 
Thus, besides using typical conceptual design methods to 
dimension the aircraft, a high-level mission simulation that 
takes into account the overall energy balance of the aircraft 
is performed. Based on the TLAR, user inputs like wing 
loading, wing span etc., geographic latitude and a starting 
time of the year, horizontal tailplane (HTP) and vertical 
tailplane (VTP) are sized, aerodynamic lift and drag is 
calculated and masses are approximated. The difference 

between the resulting aircraft mass and a target mass of 
140 kg is fully used to include batteries.

The aircraft is then regarded as a point mass and a simple 
kinematic mission is performed using a simulation step time 
of 15 minutes. The HAP performs a single flight consisting 
of a go-and-return track. At the same time, energy due to 
solar radiation is stored in the batteries respecting the local 
incidence angle at the respective solar cells and the degree of 
solar cell coverage on the wing. Having reached a predefined 
battery state of charge, a simple controller commands the 
aircraft to gain altitude using excess solar power. During 
night, altitude is first reduced until the minimum altitude is 
reached. Subsequently, the energy out of the battery is used 
to maintain the minimum altitude until solar energy is again 
available after sun dawn. During the times of the day when 
there is not much solar radiation available, particularly at 
dawn and before sunset, the HAP’s heading is adjusted in 
such a way that solar energy gain is maximised. The battery 
state of charge is monitored. If it has never fallen below 20 % 
during the complete mission simulation, the configuration 
(defined by wing area, wing span, tailplane size and battery 
mass) is classified as feasible.

Figure 1 shows an exemplary mission profile for a con-
figuration candidate. Part 1a shows the altitude pattern and 
part 1b depicts the battery state of charge over the complete 
simulation time.

2.2 � Preliminary design

In the context of the preliminary design phase, this initial 
HAP configuration is analysed and designed in more detail. 
Figure 2 shows a sketch of the interplay of all disciplines 
involved in the preliminary design of the DLR HAP aircraft, 
the main dependencies and the exchange of the most relevant 

Fig. 1   Exemplary mission profile
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aircraft data and results. Note that Fig. 2 does not present a 
general design methodology.

As shown, the fields of aerodynamics, structure, 
aeroelastics, flight mechanics and flight control are involved 
and strongly interdependent. As will be explained in detail 
in Sect. 3, control surface geometry choice will be mainly 
driven by gust rejection simulations using control surfaces. 
Therefore, a flight control system needs to be used and 
its implementation process is thus part of the preliminary 
design framework.

The design of a HAP aircraft is, due to its challenging 
TLAR, particularly driven by compromises between 
all disciplines. Therefore, the disciplinary tasks require 
thorough consideration and more detailed analyses than 
performed with typical preliminary design chains used for 
more conventional aircraft.

The complete design process consists of a consecutive 
series of design loops. For instance, a modification of the 
VTP leads to the necessity of a resizing of the structural 
masses, which imposes the need of re-calculating the 
design loads. Aerodynamic derivatives change and, as a 
consequence, the flight dynamic model needs to be updated. 
After adjusting the flight control system, the aircraft can be 
assessed again.

In the following, all involved disciplines are presented 
in more detail.

2.2.1 � Aerodynamic design and analysis

The aerodynamics of a HAP aircraft are characterised by 
the low wing loading and hence low flight speeds. The 
combination with the geometry and the wide range of 
operating altitudes requires relatively high-lift coefficients 
at low Reynolds numbers. The Reynolds number covers a 
range from man carrying sailplanes down to radio-controlled 
model aircraft. These low Reynolds numbers together with 
the desired lift coefficients in the order of 1.5 drive wing and 
airfoil design. Airfoil thickness and camber are limited due 
to Reynolds number and structural constraints.

Due to the unswept, high aspect ratio wing planform, 
classical methods based on potential theory are well suited 
for this task. In this case, the classical vortex lattice method 
(VLM) Athena Vortex Lattice (AVL), developed at MIT [21, 
22] was used. Besides the basic VLM this tool also offers 
very useful modules for trim and preliminary stability and 
control calculations.

First, AVL was used to determine a suitable twist 
distribution of the wing to achieve low induced drag and 
safe stall characteristics. The spanwise lift distributions at 
different flight speeds then served as requirements for the 
airfoil design.

Airfoils were designed with inverse design tools [23–25] 
taking the given ranges of lift coefficient and Reynolds 
number into account. Within the typical operating range of 
the DLR HAP, the airfoil sections of the main wing produce 
lift coefficients between 0.6 and 0.9, extending up to 1.6 

Fig. 2   Sketch of the preliminary design working group, the disciplinary interplay and the exchange of aircraft data and results
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at high-altitude stall speed and down to 0.2 at dive speed. 
The Reynolds number covers a range from man carrying 
sailplanes down to radio-controlled model aircraft. At 25 km 
altitude, the airfoils operate at Reynolds numbers less than 
200.000 while at the maximum operating speed at sea level 
they are operated at around 1.500.000. The airfoil design 
tried to minimise concave surfaces to simplify covering 
the wing with heat-shrink film. Furthermore, the pitching 
moment coefficient was constrained to limit torsional loads 
at higher flight speeds. To simplify the manufacturing 
process, only two airfoils were designed: one for the 
rectangular inboard wing and one with reduced camber for 
the transition to the wing tip. In all cases, turbulent flow on 
the upper surface due to the integration of the solar cells 
was assumed.

The aerodynamic design of the wing tried to combine 
low induced drag with the heavy structural constraints. 
Especially the torsion moment strongly affected the design 
of the tip airfoil and its reduced pitching moment resulted 
in weight savings in the inboard wing spar. To obtain a soft 
stall, the spanwise lift distributions at higher angles of attack 
were analysed and the design of the airfoil sections adapted 
so that wing stall should occur first on the inboard wing, 
minimising the risk of a stall induced roll or spin.

In the first design phase, no complete structure and mass 
model existed for generating the aerodynamic database. 
Nevertheless, it was desired to consider effects of flexibility 
over the range of design speeds. For this purpose, the flight 
shape of the rigid wing was bent and twisted according to 
the results of the preliminary aeroelastic analysis. Four 
different shapes were generated for the four design speeds, 
that will be presented in Sect. 3.1 and for each shape a set of 
aerodynamic derivatives was calculated using AVL.

For this work, a mesh transformation module, which 
had already been integrated into AVL, was used. This 
module transforms all vortex lattice grid points according 
to prescribed transformation schemes (shearing, rotating, 
bending, twisting) before the numerical analysis is 
performed. Thus, the same rigid input geometry can be used 
and is transformed to the desired shape for each flight speed.

The results comprise static and dynamic derivatives as 
well as control surface derivatives for the deformed, but 
rigid aircraft at four flight speeds. Similarly, derivatives 
for ground proximity were generated. It is clear that this 
approach represents only a rough static model of a quasi-
flexible aircraft, but this was considered to be acceptable 
for deriving a flyable configuration during the first design 
phase. Additional effects of flexibility were added later, such 
as a reduction of control surface efficiency. A fully flexible 
model of the aircraft is currently under development as 
described in Sect. 2.2.3.

Finally, limits for a stall model were derived from 
the development of the spanwise lift distribution when 
approaching stalling speed VS.

Besides the aerodynamic design of the vehicle, some 
effort was spent into the design of the propellers for the HAP 
aircraft. These must produce almost the same thrust over 
the altitude envelope, but with low power and rpm at low 
altitude and with high power and rpm at high altitude. The 
design was performed with an inverse design method based 
on the classical theory of minimum loss propellers [26–29] 
implemented in the blade element method tool PROPPY 
[30, 31], similar to the implementation in JavaProp [32]. 
This tool includes an inverse design module which generates 
the blade geometry for a propeller of minimum induced 
losses. Besides a small set of requirements (diameter 
flight speed, operating altitude and available shaft power 
and rotational speed) radial distribution of airfoil sections 
and lift coefficients are prescribed. The resulting geometry 
can then be analysed in off-design conditions or tweaked 
by changing twist or chord length distributions. Additional 
limitations like a torque limit of the electric motor were 
imposed when the performance of the propeller and the 
aircraft was evaluated later. This limitation is important for 
climb performance at low altitude where the propeller rpm is 
low (from ground to altitude the speed of the propeller varies 
considerably between 600 and 2000 1/min). Initial design 
studies with diameter and rotational speed were leading to 
the final propeller design as a compromise between propeller 
efficiency and motor mass. PROPPY was also used for the 
analysis of mission points, windmilling drag and power as 
well as for determining structural loads. The impact of the 
very low Reynolds numbers was taken into account by the 
application of adapted airfoil polars for the propeller blades.

The aerodynamic database for the fixed-pitch propeller 
consists of a set of characteristics in form of power and 
thrust coefficient vs. advance ratio.

2.2.2 � Structure

The preliminary structural sizing process aims to determine 
the masses, stiffnesses and moments of inertia of the primary 
airframe structural elements for the HAP aircraft. To achieve 
a low calculation time at this design level, the sizing is 
carried out with an algorithm based on analytical methods.

For this purpose, a beam model of the aircraft with all 
components, namely wing segments, longerons (fuselage, 
pylons) and tail segments, is generated. For discretisation, all 
wing and tail ribs as well as frame positions of the longerons 
define control points where section loads are calculated and 
exchanged with the aeroelastic load cases.

The mass calculation is performed by dimensioning 
the main structural elements according to Bernoulli beam 
theory, namely the wing and tail spars and the longeron-like 
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fuselage and engine nacelles. The masses of other elements 
like ribs, wing fairings including solar generators or joining 
elements are scaled volumetrically or two-dimensionally.

A tubular beam is chosen as the main structural 
element of the wing spars and as longerons. There are 
multiple reasons for this choice. First, the very low wing 
loading results in a very thin laminate thickness. Second, 
manufacturing aspects, e.g. winding technology vs. costs for 
shell tools or assembly considerations play a role.

The sizing criteria of the beam elements are material 
strength [33], stability [34] and demands on torsional and 
bending stiffness. The dimensioning parameters are the 
tube thickness, tube diameter, the rib or frame distance 
and material parameters (laminate stacking). As material 
model, a smeared winding laminate is considered, such that 
the thickness is the only design parameter, while different 
laminates with different smeared stiffness and strength 
properties are selectable. A minimum material thickness 
prevents non-producible wall thicknesses.

The design process between load calculation and 
structural sizing is realised iteratively, starting with an initial 
structural design, followed by several load and sizing loops.

2.2.3 � Aeroelasticity

The aeroelastic modelling of the structure, visualised in 
Fig. 3, uses a finite elements model with beam elements, 
which represent the long and slender structure adequately 
and are very close to the actual structural design. The beam 
model is discretised at every rib station along the wing 
and comprises a leading and trailing edge connected with 
rigid body links to the main spar. The main purpose is 
to investigate effects such as the wing torsion. Structural 
masses are derived from the thickness and density of the 

material. The non-structural masses of the wing include the 
solar generators, the battery packs and the engines. Since 
the torsional eigenmodes and eigenfrequencies of the wing 
are very sensitive, special attention needs to be put on the 
inertia properties about the y-axis and the location of the 
masses in x-direction. Both mass and inertia properties are 
then modelled as condensed masses, which are attached to 
the structural grid points of the finite elements model.

The flight speed is fully within the subsonic regime and 
panel methods such as the steady VLM using horseshoe vor-
tices yield an acceptable representation of the lifting sur-
faces. In a next step, the impact of the aerodynamic forces on 
the structure needs to be evaluated. Formally, the coupling 
can be handled using a transformation matrix which relates 
displacements of the structural grid to displacements of the 
aerodynamic grid. The forces and moments are transferred 
from the aerodynamic grid to the structural grid. More 
details on the aeroelastic model are given in [35]. With 
this basis, a number of aeroelastic analyses are conducted, 
described briefly in the following.

In a first step, a comprehensive loads analysis is 
performed, including manoeuvre loads, dynamic gust 
loads, landing loads and gyroscopic loads. The resulting 
section loads are used for the structural sizing. A heavier 
and/or stiffer structure results in a change in loads, which 
leads to an iterative process of loads analysis and structural 
sizing. After convergence is established, the desired flight 
shape is defined by the aerodynamic specialists for best 
performance in cruise flight conditions. In this regard, the 
wing twist is of principal interest with respect to a favourable 
lift distribution while the wing bending is negligible. Due to 
the elastic deformations, the jig shape needs to be adapted 
in such a way that the flight shape is matched. Also, the 
wing flexibility needs to be considered for lateral stability 
analyses as the elastic wing bending adds to the geometrical 
dihedral. The elastic behaviour of the empennage and the 
fuselage leads to a shift of the aerodynamic centre, which 
influences the longitudinal stability. Finally, the aeroelastic 
control surface effectiveness is evaluated, which is important 
for controllability and manoeuvrability.

The calculations are performed at selected operational 
conditions using MSC.Nastran SOL144 [36, 37] and the 
LoadsKernel [38] software. The data are then provided 
for use in flight mechanical analyses in a tabular form 
and intermediate values are interpolated. For the fully 
flexible flight mechanical model mentioned in Sect. 2.2.4, 
aerodynamic derivatives with respect to the elastic modes 
will be added to the dataset.

2.2.4 � Flight dynamic model

For the flight dynamic analysis within the HAP project an 
aircraft simulation model is used. The aircraft is described 

Fig. 3   Structural discretisation (blue), condensed masses (yellow) and 
aerodynamic panel mesh of the aeroelastic model
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by a classical non-linear six-degrees-of-freedom (6DOF) 
dynamic model. The model description below is mainly 
the same as also used for highly accurate simulator models 
meeting Level-D simulator certification criteria [39, 40].

The translational motion for a thrust vector T which is 
aligned with the body axis is given by

where the flight path velocity components are a sum of the 
air path velocity components and the wind:

The rotational motion for a symmetric aircraft about the 
xz-plane and, for the sake of simplicity given here for 
symmetric thrust aligned with the body axis, is described as

The longitudinal motion aerodynamics are based on a two-
point model, allowing a separate consideration of main 
wing and HTP aerodynamics, as described in [41, 42]. This 
model enables to account both for a lag effect of the wing 
downwash and for different passing times of oncoming 
longitudinal and vertical wind components at the HTP. This 
is particularly important for the modelling of a HAP aircraft 
since due to the aircraft’s low airspeed, the time lag is, with 
values up to nearly 1 second, relatively high. Herein, the lift 
coefficient is separated into a wing-body (WB) component 
and a component for the horizontal tail (HTP). These are 
calculated as

with the nondimensional pitch rate

The resulting lift coefficient is given by

(1)

u̇K = r vK − qwK +
q̄S

m
CX − g sinΘ +

T

m

v̇K = pwK − r uK +
q̄S

m
CY + g cosΘ sinΦ

ẇK = q uK − p vK +
q̄S

m
CZ + g cosΘ cosΦ,

(2)
⎡⎢⎢⎣

uK
vK
wK

⎤⎥⎥⎦
=

⎡⎢⎢⎣

uA
vA
wA

⎤⎥⎥⎦
+

⎡⎢⎢⎣

uW
vW
wW

⎤⎥⎥⎦
.

(3)

ṗ Ix − ṙ Ixz = q̄ S s Cl − q r
(
Iz − Iy

)
+ p q Ixz

q̇ Iy = q̄ S c̄ Cm − p r
(
Ix − Iz

)
−
(
p2 − r2

)
Ixz

ṙ Iz − ṗ Ixz = q̄ S s Cn − p q
(
Iy − Ix

)
− q r Ixz.

(4)
CLWB

= CL0WB
+ CL�WB

� + CLqWB
q∗,

CLHTP
= CL0HTP

+ CL�HTP
�HTP kHTP,eff ,

(5)q∗ =
q c̄

VTAS

.

(6)CL = CLWB
+ CLHTP

SHTP

S
cos

(
�dyn − �HTP + Δ�WHTP

)
,

where Δ�WHTP
 is the difference of the angles of attack due to 

wind between the HTP and the wing, calculated as

The term �WHTP
 describes the delayed wind component at the 

HTP, �W is the wind component applied to the aircraft wing 
and � is the time delay until a fluid element reaches the HTP 
after passing the wing:

The pitching moment coefficient is also composed of wing-
body and HTP components. It is calculated, neglecting the 
respective drag components, using the body-axis coefficients 
for wing-body

the body-axis coefficients for the HTP

and the respective lever-arms:

The angle of attack at the HTP is given by

The downwash angle �HTP describes the influence of the 
wing on the tail, where �0HTP is the downwash angle at the 
horizontal tail for � = 0 ◦ . The control surface effectiveness 
of the HTP due to flexible deformation as result of a change 
in angle of attack or stabiliser input is represented in (4) by 
kHTP,eff .

The drag coefficient is calculated via the simple polar 
equation

(7)
Δ�WHTP

= �WHTP
− �W

�WHTP
= �W (t − �).

(8)� =
xHTP

VTAS

.

(9)
CXWB

= CLWB
sin (�),

CZWB
= −CLWB

cos (�),

(10)
CXHTP

= CLHTP
sin

(
�HTP

)
,

CZHTP
= −CLHTP

cos
(
�HTP

)
,

(11)
Cm = Cm0WB

+ CZWB

x�
WB

c̄
− CXWB

z�
WB

c̄

+ CZHTP

SHTP

S

x�
HTP

c̄
− CXHTP

SHTP

S

z�
HTP

c̄
.

(12)

�HTP = � + iHTP + �dyn − �HTP + Δ�WHTP
,

�dyn = tan−1
(
q
x�
HTP

VTAS

)
,

�HTP = �0HTP +
��

��
�(t − �).

(13)CD = CD0 +
C2
L

e�Λ
.
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The body-axis force coefficients CX and CZ from (1) are 
finally derived from the lift and drag coefficient by

The coefficients of the aerodynamic forces and moments for 
the lateral-directional dynamics ( CY , Cl , Cn ) are described 
by a simple linear approach:

Here, the combined aileron deflection 𝜉 is defined as

and the nondimensional roll and yaw rates are

with the semispan

Aileron and rudder effectivenesses due to f lexible 
deformation as result of the control surface deflection are 
represented in (15) by k�,eff  and k� ,eff .

The aerodynamic data for a candidate HAP aircraft 
configuration are derived from AVL calculations and given 
in the form of a one-point aerodynamic model. Using an 
additional value for the HTP lift curve slope from AVL 
calculations, a separation of the longitudinal aerodynamic 
derivatives into wing-body and HTP contributions is 
performed in order to account for the two-point model.

In addition, a stall model as proposed in [43] and a ground 
effect model as described in [44] are implemented.

The HAP aircraft is a very light and flexible configuration. 
Its wing deformation is still in the linear elastic regime but 
during level-flight, the wing tip vertical displacement is 
around 6% to 7% of the aircraft’s semispan [45]. Although 
the static deformations of this aircraft are thus not expected 
to be as huge as e.g. in case of the NASA Helios platform, 
where the high flexibility led to an accident [11], flexibility 
needs to be respected to a certain degree in the flight 
dynamics model. During this stage of the development 
phase, a quasi-stationary approach with respect to dynamic 
pressure, respectively equivalent airspeed, is followed. 
Doing so, a full set of parameters is provided for the 

(14)
CX = −CD cos (�) + CL sin (�),

CZ = −CD sin (�) − CL cos (�).

(15)

CY = CY𝛽 𝛽 + CYp p
∗ + CYr r

∗ + CY𝜁 𝜁 ⋅ k𝜁 ,eff ,

Cl = Cl𝛽 𝛽 + Clp p
∗ + Clr r

∗ + Cl𝜉 𝜉 k𝜉,eff + Cl𝜁 𝜁 k𝜁 ,eff ,

Cn = Cn𝛽 𝛽 + Cnp p
∗ + Cnr r

∗ + Cn𝜁 𝜁 k𝜁 ,eff + Cn𝜉 𝜉 k𝜉,eff .

(16)𝜉 =
1

2
(𝜉r − 𝜉l)

(17)
p∗ =

p s

VTAS

,

r∗ =
r s

VTAS

,

(18)s =
b

2
.

characteristic airspeeds that will be presented in Sect. 3.1. 
These include the derivatives occurring in Eq. (4) and (15), 
the zero-coefficients CL0WB

 , CL0HTP
 and Cm0WB

 , the downwash-
related parameters �0HTP and ��∕�� in Eq.  (12) and the 
control surface effectiveness factors k�,eff  , kHTP,eff  and k� ,eff  . 
The zero-lift drag coefficient CD0 is additionally given for 
the specific airspeeds and different altitudes to account for 
Reynolds number effects. During runtime, interpolation is 
performed between the aerodynamic derivatives at each time 
step to account for the airspeed-dependent flight shapes.

At the present design stage, a representation of the 
flexible mode dynamics as described in [46, 47] is not yet 
implemented in the flight dynamic model. However, it will 
be pursued for the further design phases. It will be important 
to re-evaluate the results presented in this paper respecting 
the interaction between the flexible dynamics of the structure 
and the rigid body dynamics.

2.2.5 � Flight control

For simulation of manoeuvres and especially disturbance 
rejection scenarios (i.e. gust encounters), the use of a 
stability and control augmentation system is inevitable 
in the preliminary design phase of the investigated HAP 
aircraft. The low wing loading (< 5 kg/m2 ) and low inertia 
of the HAP lead to a high vulnerability to atmospheric 
disturbances. Due to the afore-mentioned properties, there 
is an increased risk that the HAP configuration deviates 
into stall or over-speed. Therefore, a stability augmentation 
and attitude control system is designed, which keeps the 
aircraft within a safe envelope when experiencing external 
disturbances. With the introduction of this control system in 
a relatively early design stage, a more realistic approximation 
of expected structural loads is enabled in addition, which 
is critical to allow the convergence towards a feasible and 
realistic aircraft design.

This section gives a brief overview of the used baseline 
control system which has been developed in [48]. Further 
development of this attitude control system will allow 
its use for augmented flight by a remote pilot as well as 
its employment as an inner loop for the fully automated 
electronic flight control system.

Design requirements
In a first step, stability and performance requirements 

for the baseline flight control system are derived. These 
result from design standards, e.g., [49], as well as the 
expected aircraft and actuator characteristics. The values 
include classical gain and phase margins for robustness, 
where the standard 6 dB, respectively, 45◦ are demanded 
for low frequencies and increased robustness margins for 
the frequency region starting from the first structural mode.

When defining the control bandwidth, fast responses are 
desired with the maximum control bandwidth lower than the 
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structural mode’s frequencies. This fits well with the time 
domain goal of rise times of less than 5 seconds which is 
suggested in [49] for attitude hold functions. An overview of 
the employed design requirements can be found in Table 1.

Controller architecture For the design of the baseline 
inner loop augmentation, it is common practice to consider 
longitudinal and lateral-directional axes as sufficiently 
decoupled to allow separate designs [50]. The architecture 
of the inner loop control system (Fig. 4) has, therefore, two 
independent subsystems with pitch angle Θ as a reference 
signal for the longitudinal axis and roll angle Φ for the 
lateral axis. For turn coordination, the lateral acceleration 
ny is used.

For control law synthesis, a 6DOF flight dynamic model 
is used, which is then truncated into longitudinal and lateral 
axis sub-models. The vector ŷ in Fig. 4 denotes the meas-
ured state vector of the aircraft. This attitude control inner 
loop design has proven as an intuitive manner of control for 
unmanned aerial vehicles [51] and has already been imple-
mented and tested in simulations for HAP [48].

Design of inner loops
The design of the longitudinal and lateral inner loops 

depicted in Fig. 4 follows a classical PID control scheme, 
which has been used for other high aspect ratio flexible 
aircraft concepts [51].

As an example, the longitudinal inner loop uses the pitch 
angle Θ as a reference signal and the PID control law can be 
formulated according to

where KP(�) , KI(�) and KD(�) are the controller gains 
depending on the scheduling parameter vector � . In case of 
HAP, the parameter vector consists of equivalent airspeed 
and altitude, thus � = [V , h] . The pitch attitude error eΘ is 
defined as

where Θref  is the commanded reference attitude. A similar 
control structure is chosen for the lateral inner loop, which 
can be found in [48].

Design technique
The gains K of the fixed-structure control architecture 

described above are tuned within a constrained optimisation 
process as, e.g. proposed in [52]:

The optimisation employs the aircraft model presented 
within this work, which is linearised on a grid of steady-state 
operating points in the flight envelope. The model includes 
simplified actuator and sensor dynamics.

The used optimisation constraints g (hard requirements) 
in Eq. (21) correspond to the stability requirements (gain 
and phase margins), whereas the minimisation goals f are the 
performance requirements listed in Table 1. The algorithms 
used to solve the optimisation problem in Eq.  21 are 
described in detail in [52–54] and are available as MATLAB 
implementations.

The controller architecture presented in this paper only 
represents the inner control loop used for the DLR HAP 
aircraft. Within the project, it will be extended by an outer 
loop autopilot, which enables energy management and 
trajectory tracking. In [55], for instance, the inner loop only 
consists of roll, pitch and yaw dampers, while a total energy 
control system and a total heading control system are used 
as outer loops.

(19)iHTP = KP(𝜋) ⋅ eΘ + KI(𝜋) ⋅ eΘ + KD(𝜋) ⋅ Θ̇meas,

(20)eΘ = Θref − Θmeas,

(21)

min
K(𝜋)

(
max
i,k

(
f
(k)

i
(K(𝜋))

))

subject to max
j,k

(
g
(k)

j
(K(𝜋))

)
< 1

Kmin < K(𝜋) < Kmax

Table 1   Stability and performance requirements for the baseline 
flight control system

Name Value Frequency

Gain/phase margin 6 dB/45◦ [0; 4] rad/s
Gain/phase margin 8 dB/60◦ (4; inf) rad/s
Bandwidth 2 rad/s –
Max. overshoot < 10% –

Inner Loop

6DOF FDM

Lat Ctrl

Lon Ctrl

Θcmd

Φcmd

iHTP

ξ̂, ζ

ŷ

Fig. 4   Baseline inner loop control architecture Fig. 5   Sketch of the DLR HAP aircraft
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2.2.6 � Resulting aircraft

Figure 5 shows a sketch of the resulting aircraft design 
obtained within the preliminary design phase.

Some integral key parameters of the aircraft are 
summarised in Table 2 and Table 3 lists the mass breakdown 
of the HAP aircraft.

As already stated in Sect. 1, the aim of the project HAP 
is to obtain, generate and publish knowledge about such 
aircraft. The DLR HAP aircraft is therefore not supposed 
to compete with other HAP designs. However, at this point 
a short comparison of the DLR HAP will be made with the 
Zephyr S, which is one of the most prominent aircraft of 
this type. The comparison is based on the information found 
in [15]. Besides the visible differences concerning the type 
of tailplane (the Zephyr S is equipped with a T-tail and the 
DLR HAP has a conventional tail) and the use of ailerons, 
the DLR HAP has a clearly higher total mass (140 kg) than 
the Zephyr S (65 kg), while their wing spans are in a similar 
order (27 m of the DLR HAP and 25 m of the Zephyr S). 
The DLR HAP aircraft has a wing area of 36 m2 and the 
Zephyr S has a wing area of 28 m2. Therefore, the aspect 

ratios of both aircraft are in a similar order. However, with 
3,9 kg/m2 in case of the DLR HAP aircraft and 2,3 kg/m2 
in case of the Airbus Zephyr S, the wing loadings differ 
significantly. As a consequence, the DLR HAP will have a 
lower energy efficiency. First, the DLR HAP aircraft’s higher 
relative mass results from the components used. It is likely 
that the costs of some of the components, for instance the 
solar generator, played a more important role for the DLR 
HAP aircraft than for Zephyr S. Therefore, in some cases, 
heavier components might be used for the DLR HAP aircraft 
that, however, do not impede its usability as experimental 
HAP. Second, while designing the DLR HAP, a particular 
focus was put on risk mitigation during the flight test 
campaign. The use of ailerons leads to an additional weight 
penalty. In addition, the DLR HAP aircraft’s structural sizing 
is supposedly more conservative, which would signify a 
higher structural stability.

3 � Flight mechanical analyses

This section deals with flight mechanical analyses performed 
for the HAP aircraft within the preliminary design phase 
and with the design decisions made based on stability and 
control aspects.

It starts with a brief description of the initial flight 
envelope. Subsequently, this section presents the dynamic 
stability characteristics of the aircraft. Furthermore, a control 
surface design evaluation concept based on gust encounter 
simulations using the inner loop of the flight controller is 
presented. For this purpose, flight mechanical requirements 
are first defined that are used to justify the design choices. 
Second, exemplary gust encounter simulations are shown.

3.1 � Initial flight envelope and nominal mission 
envelope

At this stage of the design phase, the flight envelope is 
initially defined based on aerodynamic characteristics and 
aeroelastic design assumptions before the envelope will 
further be restricted based on flight mechanical limitations. 
The altitude ranges from FL 0 to the aircraft’s service ceiling 
of FL 800. The minimum allowable speed is limited by the 
associated altitude-dependent stalling speed VS , which 
results from the aircraft’s aerodynamic properties and 
mass. The upper speed limit is defined by the never-exceed-
speed VNE , which is deduced from the design diving speed. 
The design diving speed was defined based on engineering 
judgement and aeroelastic stiffness requirements.

In addition to the flight envelope, a nominal mission 
envelope is defined using nominal mission operation speed 
limits. Disregarding take-off and landing procedures, 
the aircraft is expected to perform its mission within this 

Table 2   Integral key parameters of the DLR HAP aircraft

Wing area 36 m2

Wing span 27 m
Dihedral Inner wing 0◦

Outer wing 12◦

 Sweep 0◦

Total mass 140 kg
Mass moments of inertia Ix 2500 kg m2

Iy 545 kg m2

Iz 3000 kg m2

Ixz 15 kg m2

Table 3   Current approximate 
mass breakdown of the HAP 
aircraft

Note that the breakdown 
represents a demonstrator 
configuration with reduced solar 
generator surfaces, which is 
intended only for a single over-
night flight

Elements Portion (%)

Wing 21
Longerons 6
Tail 3
Solar generator 3
Propulsion system 6
Devices 13
Payload 4
Batteries 44
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envelope. Its limits are defined by two operation speeds. 
The first is the minimum operation speed VO,min , deduced 
from the design manoeuvring speed, which is the lowest 
speed at which the aircraft can perform a pull-up manoeuvre 
with a load factor of 2. It was deduced by formal equations 
using the aircraft’s aerodynamic properties and mass. The 
second is the maximum operation speed VO,max , deduced 
from the design cruising speed, which was chosen such that 
a sufficient safety margin to VNE is provided.

Table  4 summarises these characteristic envelope-
defining airspeeds and gives the respective values at sea 
level.

With increasing altitude the characteristic true airspeeds 
increase in such a way that the respective equivalent 
airspeeds remain constant. The equivalent airspeed VEAS 
relates to the true airspeed VTAS at a given density � as

with the density at sea level �0 . The same equivalent airspeed 
thus leads, independently of the flight altitude, to the same 
dynamic pressure. In addition, the stalling speed and the the 
minimum operation speed further vary with the altitude due 
to Reynolds number effects. Thereby, VS slightly increases 
and VO,min slightly decreases at higher altitudes compared to 
their respective equivalent airspeed references.

3.2 � Dynamic stability

As an unmanned aircraft operating beyond the line of sight 
of the pilot, the HAP aircraft is supposed to perform its 
missions fully autonomously. However, a proper design 
of the aircraft in terms of natural stability, provided that 
such a design is not accompanied by a too high weight or 
aerodynamic efficiency penalty, brings some reasonable 
benefits. Some of the most important advantages are:

–	 Higher success rate of the complete mission: An aircraft 
with natural dynamic stability is capable of maintaining 
a trimmed flight and to counteract disturbances up to a 
certain degree passively. In case of a temporary loss of 
communication with the aircraft, it can not be verified 
whether the flight controller and the flight management 
system are still operative. While for an unstable aircraft it 
is not possible to anticipate the aircraft’s behaviour dur-

(22)VEAS =

√
�

�0
⋅ VTAS,

ing the communication loss, a naturally stable aircraft is 
more likely to simply continue the flight. Therefore, the 
standby time until the aircraft must be terminated can be 
extended.

–	 Less power consumption: An aircraft without natural 
stability must be stabilised using the flight control 
system. The associated control surface deflections lead to 
additional drag. Moreover, deactivating single actuators 
for a certain period of time in order to save power 
might be a valuable option, which can be especially 
advantageous during night. For naturally unstable 
aircraft, this option is limited to the actuators that are 
not needed for stabilisation.

–	 Better handling during the flight test campaign: During 
the flight test campaign the aircraft should, at the 
beginning, be piloted by a pilot test team until the single 
control loops are connected. The design of a naturally 
stable aircraft is thus beneficial with respect to a reduced 
risk of a loss of the aircraft.

For the dynamic stability investigations of the HAP, the 
flight dynamic model described in Sect. 2.2.4 is trimmed 
and linearised around the respective flight points of the 
flight envelope. Dynamic stability investigations are 
performed for the complete envelope. This way, it is ensured 
that the aircraft still shows a tolerable dynamic behaviour 
if it temporarily leaves the nominal operation envelope 
inadvertently, e.g. due to gust encounters. For all analyses 
the ground effect as well as the stall model are deactivated.

3.2.1 � Longitudinal modes

This section presents the HAP aircraft’s longitudinal modes. 
The typical longitudinal modes are the phugoid mode and 
the short period mode. The classical phugoid mode is usually 
an oscillatory motion driven by an exchange of kinetic and 
potential energy. Aircraft drag characteristics and current 
airspeed most often have a strong influence on this mode. 
Typically, the short period is an oscillatory and strongly 
damped motion that involves mainly pitch rate and angle 
of attack, while altitude and airspeed just play a minor role.

In case of the HAP aircraft, the classification of the 
longitudinal modes as phugoid and short period can, strictly 
speaking, not be made without reservations. As will be 
shown later in this section, the aircraft indeed has a mode 
that has a similar shape as the classical phugoid but with 
a relatively high natural frequency. However, the higher-
frequency mode also involves altitude and airspeed to a large 
extent, and thereby differs from the classical short period.

Figure 6, showing simulation time histories, demonstrates 
this circumstance. For the simulations, the aircraft was 
trimmed in a stationary horizontal flight at 10 m/s equivalent 
airspeed and different altitudes. Compared to the trim values, 

Table 4   Characteristic airspeeds 
of the HAP aircraft at sea level VS 6.5 m/s

VO,min 9.0 m/s
VO,max 11.0 m/s
VNE 15.5 m/s
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an initial perturbation of 1 ◦ is applied to the angle of attack 
and the pitch angle. At the same time, the control surface 
deflections and thrust inputs are kept fixed at the trimmed 
values. The simulation is then run without any additional 
control surface or thrust inputs.

As illustrated, the initial angle of attack perturbation of 
1 ◦ decreases rapidly. However, this is mainly associated 
with an increase of the flight path angle � rather than with 
a decrease of the pitch angle Θ . Hence, the aircraft starts 
to climb first. After a longer time, i.e. after around 5 sec-
onds, the aircraft stops climbing and finally, the pitch angle 
perturbation has mostly vanished. The aircraft also shows 
an initial pitch reaction that subsides after a short time. 
Along with an increasing altitude, this initial climb reac-
tion becomes less distinct. Altogether, the mode differs from 
the classical short period eigenmode as it involves altitude 
and airspeed changes to a large extent. Therefore, in this 
paper the longitudinal modes will be called “short period”-
type and “phugoid”-type modes. The latter is visible in the 

Fig. 6 through the low frequency oscillations with a period 
of around 20–30 seconds, depending on the altitude.

Figure 7 shows the poles of the associated longitudinal 
modes for the HAP aircraft in the complete flight envelope. 
Part 7a illustrates the pole plot of the “phugoid”-type mode 
with the x-axis representing the real parts and the y-axis 
representing the imaginary parts. A negative sign of the 
real part signifies a stable dynamic motion. The results are 
provided for different altitude levels ranging from FL 0 to 
FL 800 and several different equivalent airspeeds for each 
altitude. Flight shape-dependent aerodynamic derivatives are 
available for four nodes, being the different airspeeds that 
define the envelope, namely VS (solid circle marker), VO,min 
(solid square marker), VO,max (solid diamond marker) and VNE 
(solid star marker). Derivatives for intermediate airspeeds 
are obtained using linear interpolation. To give an idea of 
these flight shapes, Fig. 8 depicts the spanwise elastic defor-
mation of wing and HTP in z-direction for different values 
of the equivalent airspeed.

Note that this way of modelling the quasi-stationary 
aeroelastic effects has an impact on the results shown in 
this section. It adds a gradient to the derivatives with respect 
to the equivalent airspeed. These gradients are constant 
between two nodes, e.g., VS and VO,min and change as soon 
as the flight point is located between a different combination 
of nodes, e.g., VO,min and VO,max . This effect is particularly 
perceivable in case of the “phugoid”-type mode, since this 
motion involves the airspeed to a significant extent. It can be 
observed in Fig. 7a, showing that the effect leads to a slight 
shift of the poles when the airspeed surpasses VO,min.

Part 7c shows, for the purpose of a better readability, only 
the real parts of this mode across the equivalent airspeed. 
The full squares represent the flight points that are located 
within the nominal operation envelope. As shown, at higher 
altitudes the equivalent airspeed VS increases slightly and the 
equivalent airspeed VO,min decreases. This is due to Reynolds 
number effects.

For a better understanding of these figures, it is helpful 
to understand that an increase of the equivalent airspeed at 
a constant altitude signifies an increase in dynamic pressure 
and a change in flight shape while an increase in altitude 
at constant equivalent airspeed signifies an increase in true 
airspeed and a reduction of density.

The “phugoid”-type mode of the HAP aircraft is stable 
and oscillatory at low airspeeds and comparatively strongly 
damped at low altitudes. Damping decreases along with 
the altitude but the mode is still damped at FL 800. At all 
altitudes, the poles approach the real axis with increasing 
airspeed. At FL 0 and FL 200, this even leads to this mode 
translating into two aperiodic modes. This aperiodic behav-
iour results from the aeroelastic HTP effectiveness in com-
bination with the low drag of the aircraft. At higher dynamic 
pressures the resulting lift curve slope of the HTP is reduced 
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due to a bending of the fuselage. A change in airspeed, thus, 
results in a change of HTP effectiveness.

Figure  7b shows the eigenvalues of the second 
longitudinal mode. This higher-frequency mode is similar 

to the typical short period mode, but it additionally 
involves altitude and airspeed to a significant extent. The 
associated poles of the HAP aircraft indicate two quickly 
decaying aperiodic modes at FL 0. At higher altitudes, 
this mode exhibits an oscillatory character but it is still 
comparatively strongly damped. Part  7d depicts the 
associated real parts. An increase in equivalent airspeed 

-0.45 -0.4 -0.35 -0.3 -0.25 -0.2 -0.15 -0.1 -0.05 0
Reph (rad/s)

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.8
Im

ph
 (r

ad
/s

)

0.8

0.56

0.4 0.28 0.2 0.14 0.09 0.04

0.8

0.56

0.4 0.28 0.2 0.14 0.09 0.04

FL 0
FL 200
FL 400
FL 600
FL 800
VS
VO,min
VO,max
VNE

(a) Pole plot of “phugoid”-type mode

-20 -17.5 -15 -12.5 -10 -7.5 -5 -2.5 0
Resp (rad/s)

-5

-2.5

0

2.5

5

Im
sp

 (r
ad

/s
)

0.995

0.98

0.955 0.91 0.84 0.72 0.56 0.3

0.995

0.98

0.955 0.91 0.84 0.72 0.56 0.3

FL 0
FL 200
FL 400
FL 600
FL 800

VS
VO,min
VO,max
VNE

(b) Pole plot of “short period”-type mode

6 7 8 9 10 11 12 13 14 15 16
VEAS (m/s)

-0.35

-0.3

-0.25

-0.2

-0.15

-0.1

-0.05

0

R
e ph

 (r
ad

/s
)

FL 0
FL 200
FL 400
FL 600
FL 800
Nominal Operation

(c) Real parts of “phugoid”-type mode

6 7 8 9 10 11 12 13 14 15 16
VEAS (m/s)

-25

-20

-15

-10

-5

0

R
e sp

 (r
ad

/s
)

FL 0
FL 200
FL 400
FL 600
FL 800
Nominal Operation

(d) Real parts of “short period”-type mode

Fig. 7   Poles of the longitudinal modes

0.1

-0.1

∆
z b

,H
T

P

(m
)

VEAS = 6.5 m/s
VEAS = 9.0 m/s
VEAS = 11.0 m/s
VEAS = 15.5 m/s

−15 −10 −5 0 5 10 15
0.5

0

-0.5

-1.0

yb(m)

∆
z b

,W
i
n
g

(m
)

Fig. 8   Elastic deformation of wing and HTP in z-direction for differ-
ent equivalent airspeeds, respectively the characteristic airspeeds at 
sea level

6 7 8 9 10 11 12 13 14 15 16
VEAS (m/s)

-40

-35

-30

-25

-20

-15

-10

-5

0

R
e r (r

ad
/s

)

FL 0
FL 200
FL 400
FL 600
FL 800
Nominal Operation

Fig. 9   Real parts of the roll mode



215Flight mechanical analysis of a solar‑powered high‑altitude platform﻿	

1 3

and thereby of dynamic pressure has a stabilising effect 
on all modes, both the aperiodic and the oscillatory ones.

3.2.2 � Lateral‑directional modes

This section deals with the aircraft’s lateral-directional 
modes. Figure 9 shows the real parts of the aperiodic roll 
motion. As expected because of the HAP aircraft’s high 
aspect ratio, this mode is quickly decaying at all points of 
the flight envelope. An increase of altitude has a destabilis-
ing effect on the roll motion due to the lower air density, 
while an increase in equivalent airspeed has a stabilising 
effect.

The HAP aircraft has a Dutch roll and a spiral mode at 
most points of the flight envelope. At FL 0 and at very low 
airspeeds, however, it exhibits non-classical oscillatory and 
aperiodic eigenmodes. Figure 10 shows the respective poles 
for the HAP aircraft. In addition, Fig. 11 depicts the associ-
ated real parts. Figure 11a shows the spiral real parts for all 
altitudes except FL 0. The classical aircraft spiral mode is 
a slow aperiodic motion that involves mainly roll, yaw and 
sideslip angle. For the HAP aircraft, the spiral mode, where 
applicable, is decaying for all airspeeds and all altitudes. 
As shown, an increase in altitude has a slight destabilising 
effect on the spiral. A reduction of the airspeed, in turn, has 
a stabilising effect. This can mainly be attributed to the flight 
shapes. At low airspeeds, the elastic wing dihedral increases, 
which has an effect on the induced rolling moment due to a 
sideslip angle. The higher the dihedral, the stronger the left 
roll moment reaction as a response to a right sideslip angle 
gets. This aircraft behaviour, represented by the derivative 
Cl� , has a stabilising effect on the spiral.

The Dutch roll mode typically is a weakly damped oscil-
latory motion that includes excitations both around the roll 
and the yaw axes. As shown by Fig. 10, the HAP aircraft’s 
Dutch roll is stable in the complete flight envelope and oscil-
latory at all altitudes except at FL 0 for very low airspeeds. 

The Dutch roll is reasonably damped at low altitudes. At 
higher altitudes, damping of the rotational rates decreases 
due to the lower air density which leads to a reduction of 
Dutch roll damping. Nevertheless, at the most critical point 
of the flight envelope, being VS at FL 800, the Dutch roll is 
still slightly damped. Figure 11b shows the associated Dutch 
roll real parts.

At FL 0 and at very low airspeeds, Dutch roll mode and 
spiral mode start to interact and to exhibit non-classical 
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modes instead, as shown by Fig. 10. Figure 11c shows 
the associated real parts. At 7.5 m/s equivalent airspeed, 
respectively true airspeed, the Dutch roll mode is not oscil-
latory any more. Instead, the aircraft shows two aperiodic 
modes. While further reducing airspeed, the pole of one of 
these modes moves to the left side and the other one moves 
to the right side into the direction of the spiral mode pole, 
as shown by Fig. 10. At 7.0 m/s  the pole of the aperiodic 
mode that moved to the right reaches the spiral pole, which 
leads to the forming of a new oscillatory mode. The new 
oscillatory mode is a strongly damped motion with rather 
small natural frequency. Figure 12 shows the eigenvectors of 
these lateral-directional modes for some selected airspeeds 
at FL 0. The eigenvectors are normalised in each case.

Figure 12a shows the lateral-directional eigenvectors, 
excluding the roll mode, for VO,min at FL 0. At this flight 
point, the aircraft still has a spiral and a Dutch roll mode. 
The Dutch roll mode particularly involves yaw rate, yaw 
angle and sideslip angle to a large extent, while the roll rate 
and roll angle play a rather subordinated role. The spiral 
mode mostly involves the yaw angle and also sideslip angle, 
yaw rate and roll angle to a smaller extent.

At 7.5 m/s, the aircraft does not have a classical Dutch 
roll mode anymore. Instead, there are two aperiodic modes. 
Figure 12b shows these aperiodic modes together with the 
yet existent spiral mode. As shown, the first aperiodic mode 
has a similar shape as the Dutch roll mode at VO,min . The 
second aperiodic mode then almost exclusively involves 
sideslip angle, yaw rate and yaw angle. The spiral mode 
shape also changes in comparison to VO,min . In doing so, its 
shape becomes more similar to that of the second aperiodic 
mode.

At VS , the second aperiodic mode and the spiral mode 
have formed an oscillatory mode (Fig.  12c). It has a 
similarity to the Dutch roll mode at VO,min . However, in 
comparison, the yaw rate is less involved and the sideslip 
angle is the predominant state in this mode. The aperiodic 
mode involves, aside from the sideslip angle, the yaw and 
roll rates to a relatively large extent and thus forms a kind 
of a turning mode.

3.3 � Gust encounter simulations

Unmanned high-altitude platforms usually are operated as 
experimental aircraft. Classical flight mechanical certifica-
tion requirements, such as in the EASA CS-22 [56] certifica-
tion standards, for the most part are not applicable for such a 
configuration or would turn its application unrealistic. The 
JARUS guidelines on SORA only provide few guidelines 
that could directly be converted into aircraft flight dynamic 
requirements. In addition, typical handling qualities crite-
ria like those that can be found in MIL-STD-1797A [57] 
for manned aircraft, which are often used to extract and 
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derive aircraft characteristics, are not available for HAP 
aircraft. In absence of these certification requirements, new 
requirements need to be defined that are derived from mis-
sion assumptions for the aircraft itself, critical scenarios 
during its life time, and also from test range demands and 
constraints.

As already pointed out in Sect. 1, a significant number 
of HAP aircraft have already crashed during flight tests 
experiments. Their low airspeed and high flexibility make 
them particularly vulnerable to disturbances and their 
comparatively low agility hinders timely and effective 
countermeasures. In order to reduce the risk of an accident 
during the flight test campaign in the project HAP due to 
atmospheric turbulences and to facilitate manual piloting 
tasks, it has been decided that a demonstrator configuration 
will be used for the flight tests. This demonstrator 
configuration is supposed to be, from a flight physical 
point of view, as similar to the final aircraft as possible. 
Whether ailerons are necessary to control the aircraft under 
all circumstances needs to be investigated. The demonstrator 
will be equipped with ailerons but this might not be the case 
for the final configuration.

3.3.1 � Definition of control surface requirements

A multitude of requirements have been defined for the HAP 
aircraft. However, this paper only focusses on the require-
ment that addresses the HAP’s control surfaces. While the 
control surface design is usually driven by the mission-based 
need for agility, for the HAP aircraft those needs are not 
the most restrictive since the HAP aircraft is supposed to 
operate in a restricted area. Instead, its low airspeed makes 
it particularly vulnerable to gust encounters. Therefore, the 
control surfaces need to be sized such that they can be used 
to counteract reactions to gusts and to prevent a loss of the 
aircraft (Fig. 13).  The associated requirement reads:

This requirement solely addresses the nominal operation 
envelope of the aircraft. Date and time for take-off and 
landing of the HAP need to be chosen with the utmost care 
with respect to weather conditions, anyway. The design 
gusts are based on those defined in the EASA CS-25 [58]. 
However, the gust magnitudes are reduced by a factor of 
0.5, which is expected to be in accordance with the HAP’s 
overall service time. More background information on this 
magnitude reduction is provided by [35]. Table 5 shows the 
resulting gust magnitudes.

As shown, the gust velocities are of a similar order as the 
HAP’s cruise speed. Therefore, significant aircraft reactions 
cannot be avoided. The only aim in case of gust encounters is 
to use the control surfaces to prevent the HAP from entering 
a flight condition that it cannot be recovered from. Note 
that this requirement only addresses control surface needs. 
Therefore, no headwind or tailwind gusts are applied, which 
would be more critical with respect to airspeed deviations. 
However, in this regard, a change of the thrust settings would 
be the most effective and would need to be applied. For the 
same reasons, no altitude change restrictions are defined in 
this requirement. Furthermore, note that no restrictions on 
maximum rotational rates and accelerations are included in 
this requirement since these are covered by the gust and 
manoeuvre loads analyses.

3.3.2 � Simulation results

This section demonstrates the evaluation of the afore-men-
tioned gust encounter requirement in the complete envelope. 

The aircraft and its control surfaces shall be
designed in such a way that, at all altitudes and
at airspeeds between VO,min and VO,max, as a
result of

(a) a vertical gust encounter in both directions,
(b) a lateral gust encounter,
(c) an encounter with a pair of a vertical and a
lateral gust,

using the control surfaces to counteract, the

(a) airspeed does not fall below VS.
(b) airspeed does not exceed VNE.
(c) aircraft is able to return to a stabilised flight
condition.

Fig. 13   Requirements on the HAP’s control surfaces

Table 5   Gust magnitudes in m/s 
for different altitudes and gust 
wavelengths as considered in 
the simulations

Gust wavelengths (m)

9.0 33.5 58.0 82.5 107.0

Altitude FL 0 4.37 5.44 5.96 6.32 6.61
FL 200 4.64 5.78 6.33 6.72 7.01
FL 400 5.37 6.68 7.33 7.77 8.11
FL 600 6.07 7.56 8.28 8.78 9.17
FL 800 5.19 6.46 7.08 7.51 7.84
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Figure 14 shows the HAP aircraft along with its control sur-
faces that are to be evaluated. The aircraft is equipped with 
an all moving stabiliser, which is used for trimming and for 
applying pitch commands, a rudder and, as discussed above, 
ailerons. The high flexibility of the aircraft causes a decrease 
of aileron effectiveness along with the spanwise position, 
due to the local pitching moment caused by the aileron 
deflection. This is a well-known effect that also affects other 
categories of aircraft such as jet aircraft at high Mach num-
bers and possibly could lead to aileron reversal [59]. As a 
consequence, the ailerons of the DLR HAP aircraft need to 
be placed relatively close to the aircraft centreline to achieve 
a compromise between effectiveness and lever arm.

Figure 15 shows the time histories of an application of the 
requirement exemplarily for a pair of a downwind gust and a 
lateral gust at two different flight points. The gusts are varied 
in wavelength and maximum speed, whereas the variation 
is done simultaneously for both gusts. The quasi-stationary 
6DOF model described in Sect. 2.2.4 is used for the simula-
tions with the stall model activated and the ground effect 
model deactivated. This signifies that the lateral components 
of the gust are supposed to act on VTP and wing simulta-
neously while for vertical and horizontal components the 
transport lag takes effect. Here, part 15a shows the results at 
FL 0 and at airspeed VO,min . Five simulations with different 
wavelengths are illustrated together in the same plots. They 
are distinguishable by colour and style of the lines.

The control surface deflection commands are produced by 
the inner loop of the flight controller described in Sect. 2.2.5. 
As shown, the gust speeds are of a similar magnitude as the 
airspeed of the aircraft. As a consequence, the aircraft shows 
severe reactions. The stabiliser input iHTP is even temporarily 
at its deflection limit while reducing the aircraft response. 
The lateral component of the gust is counteracted using 
the ailerons to decrease the roll rate p and using the rudder 
to turn into the wind to reduce the sideslip angle � and 
thereby vW,b . This can also be observed in the longitudinal 
body-fixed wind component uW,b , which also shows the 
characteristic gust shape even though no longitudinal gust 
was applied. It can be observed that the airspeed VTAS gets 
near the defined lower limit but does not violate it.

Part 15b shows the simulation results at FL 600 and at 
airspeed VO,max . As shown, due to the comparatively high 
airspeed (for this aircraft type), the control surface deflec-
tions become less relevant. Instead, the pure aircraft reaction 
due to the gust is predominant. As a consequence, the result-
ing rotational rates are higher in this case than in the other 
case, where the airspeed is sufficiently low such that the con-
trol surfaces can be used more effectively to counteract the 
responses. The pitch rate forms an exception here because 
the stabiliser was at its limit at FL 0 and VO,min . Therefore, 
the potential to reduce the resulting pitch rate could not be 
used to its fullest. In return, the resulting deviations of air-
speed and the aerodynamic angles are lower than at FL 0 
and VO,min for most gust wavelengths. All in all, the case at 
FL 600 and VO,max is more relevant for loads analyses than 
for the control surface evaluation.

Given that the wind speeds are in the same order of 
magnitude as the airspeed of the HAP aircraft, it might not 
seem intuitive that the aerodynamic angles, with maximum 
values for � of around ±10◦ and for � of around ±20◦ are 
comparatively low. It must be noted here, that the HAP 
aircraft is extremely light and therefore tends to move 
along with the wind rather than to show dynamic reactions. 
However, for the sake of better perceptibility, the flight path 
velocity components are not presented here.

In these simulations, actuators are modelled as second-
order systems with rate limits of ±20  ◦/s. This value 
represents the worst case of the aerodynamic load-dependent 
rate limits and is therefore very conservative.

In all gust encounter simulations, the HAP aircraft was 
able to return to a stabilised flight condition. Finally, Fig. 16 
shows the minimum and maximum values that occurred dur-
ing these simulations in the complete envelope and for all 
gusts. The first plot shows the values for equivalent airspeed 
along with the respective limits. Note again, that the stalling 
speed, which forms the lower limit, is altitude-dependent 
due to Reynolds number effects. The equivalent airspeed 
never leaves the boundaries, even though the minimum val-
ues are close to the lower limits a couple of times. Here, 
the additional use of thrust to counteract the gusts would be 
beneficial to further reduce the airspeed deviations and make 
the gust encounters less critical.

The second plot illustrates the angle of attack. Relatively 
large values are obtained that already lead to main wing stall. 
However, as demonstrated by the sixth plot, the maximum 
and minimum HTP lift coefficients are still moderate; 
therefore, the aircraft is always able to return from these 
conditions. This can be attributed to the dynamic HTP angle 
of attack caused by the pitch rates.

As already mentioned, the altitude deviations, particularly 
due to vertical gusts, are very high if only the control sur-
faces are used to counteract the gusts. This is shown by the 

Fig. 14   Sketch of the HAP aircraft with control surfaces emphasised 
with orange colour
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fourth plot. The large absolute values illustrate the need to 
include thrust inputs in case of gust encounters.

To conclude, the control surfaces used for the gust 
rejection simulations are adequate, since the afore-defined 
requirement is met using them.

4 � Conclusion

The aim of this paper was to present the flight mechanical 
analyses performed within the preliminary design phase 
for the HAP aircraft that is currently under development 
by the DLR in the context of the project HAP. Therefore, 
the paper gave an overview of the different disciplines 
involved in the preliminary design and presented some of 
the associated methods and results. Subsequently, different 
flight dynamic analyses using a non-linear 6DOF flight 
dynamic model that included the results of the other 
disciplines were shown.

The first analysis comprised a detailed investigation 
of the f light dynamic modes in the complete f light 
envelope. All eigenmodes proved to be naturally stable. 
In the longitudinal motion, the HAP aircraft had two 
eigenmodes that were oscillatory at nearly all flight points 
and somewhat similar to the classical short period and 
phugoid modes. However, the “short period”-type mode 
involved altitude and airspeed to a significant extent. As a 
consequence, a small angle of attack perturbation already 
caused the aircraft to climb or descent significantly. 
A transition of the “phugoid”-type mode from a stable 
oscillatory mode to two stable aperiodic modes at higher 
airspeeds was observed. It was mainly driven by low 
drag of the aircraft and reduced HTP effectiveness due 
to aeroelastic effects. At FL 0 and very low airspeeds, 
the Dutch roll translated into two aperiodic modes, one 
of which approached the spiral poles forming a new 
oscillatory motion. Altogether, due to the large range of 
flight points, particularly in terms of the altitude, the poles 
were widespread in the complete envelope.

It should be noted that no flexible mode dynamics were 
included in the flight dynamic model. Instead, a quasi-
stationary approach was used. Due to the high flexibility 
of the aircraft it may be assumed that some of the lower 
frequency modes are in the same frequency range as 
the rigid body dynamics. An extension of the model 
by the flexible mode dynamics and a re-analysis of the 
HAP eigenmodes is therefore highly recommendable to 
investigate coupling effects.

The second analysis dealt with a control surface 
evaluation based on gust encounter simulations. On terms of 
a newly defined requirement, the HAP aircraft was subjected 
to vertical and lateral gusts, as well as to a pair of both, 
in the complete envelope. The gusts were varied in speed 
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and wavelength. Control surface deflection commands were 
set by the inner loop of the flight controller to counteract 
the aircraft responses. The control surfaces were required 
to be designed such that the aircraft did not enter a non-
recoverable flight condition. This indeed was not the case 
in the complete operational envelope. Gust definitions were 
mainly based on the CS-25 specifications that address larger 
passenger aircraft but with a gust magnitude reduction by 
a factor of 0.5. It is possible that for the HAP aircraft the 
minimum wavelength might need to be reduced to a domain 
where no gust spectrum data is available. However, the 
performed simulations give an impression of how the issue 
of control surface sizing can be treated for HAP aircraft. In 
sum, the obtained control surfaces are likely to be adequate 
to counteract the responses of lower frequency gusts.

5 � Future work

The obtained results presented in this paper are used 
within the further course of the project HAP. From a flight 
mechanical point of view, several steps still need to be 
performed in the project. Here, one of the most important 
steps is to integrate the flexible mode dynamics into the 
flight dynamic model instead of respecting flexibility in a 
quasi-stationary form using interpolation between different 
flight shapes. Subsequently, the analyses described in 
this paper should be repeated to investigate e.g. coupling 
effects between the rigid body dynamics and the flexible 
dynamics. Finally, the aircraft must be manufactured and 
the flight test campaign needs to be thoroughly prepared 
and executed.
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