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Abstract

The German Aerospace Center (DLR) is currently developing a fixed-wing solar-powered high-altitude platform
which is supposed to be stationed in the stratosphere for 30 days carrying payload of up to 5kg. The project
also involves a comprehensive low-altitude flight test campaign. This paper deals with a flight mechanical
investigation of the high-altitude platform considering uncertainties. The aircraft has a wing span of 27m and a
total mass of around 140 kg. Therefore, it has a delicate structure and is highly flexible. In order to increase the
probability of a successful first flight test campaign, several analyses dealing with the aircraft’s flight dynamics
and controllability have already been performed using the flexible flight dynamics model implemented within
the project. However, in practice, it is to be expected that the actual aircraft’s flight mechanical properties will
differ from those of the model due to modelling assumptions, limitations of the analysis methods used and
due to manufacturing inaccuracies. Therefore, it must be ensured that the aircraft still has acceptable flight
mechanic properties if the actual behaviour deviates in an unfavourable way. In a first step, weight and balance
and aerodynamic parameters are varied sequentially in order to determine their respective influences. The
results show that model uncertainties tend to have the largest effect at lower altitudes and for eigenmodes that
are already close to the real axis. In case of the phugoid mode, a variation of the mass and the main wing lift
curve slope have an opposing effect at low altitudes and low airspeeds compared to high altitudes and high
airspeeds. For the Dutch roll it is observed that at low altitudes, where this eigenmode is strongly damped,
coupling derivatives between roll and yaw have the strongest influence. At higher altitudes, however, the mode
is weakly damped and it is more dependent on roll damping, weathercock stability and static roll stability. In
a second step, all parameters are varied randomly at the same time. In this investigation, no critical case is
identified.
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1. Introduction

The German Aerospace Center (DLR) is currently developing a complete high-altitude platform (HAP)
system in the context of the project HAP. The HAP system includes the fixed-wing HAP aircraft
itself, the flight control system and the complete 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
aircraft is designed to perform Earth observation missions carrying either a high-definition camera
or a synthetic aperture radar. The aircraft development process has just passed the detail design
phase. Within the further project term, the manufacturing and a comprehensive flight test campaign
will follow. The flight permission for the flight test is obtained based on the specific operational risk
assessment (SORA) [1] developed by the Joint Authorities of Rulemaking on Unmanned Systems
(JARUS) and endorsed by the European Aviation Safety Agency (EASA) [2].

Flying in the lower stratosphere, HAPs are located above commercial air traffic and thus bring bene-
fits with respect to several use cases, which usually lie in the field of satellite applications. Compared
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to satellites, the trajectories of HAPs can be chosen more freely while a satellite’s position and its
associated passing times are dependent on its orbit. Thus, combining the advantages of satellites
with those of air vehicles, HAPs represent excellent candidates for general Earth observation mis-
sions [3], surveillance in case of humanitarian crises or natural catastrophes, support for agricultural
tasks, or health monitoring and telecommunications [4].

For these reasons, research work on HAPs has increased significantly in recent years with several
projects dealing with HAPs of different types [5]. Some of the most prominent HAP-related pro-
grammes are the NASA ERAST programme [6] producing a great number of aircraft, including the
Helios aircraft which holds the current altitude record among HAPs of 96,863 feet [7], the Solar Im-
pulse programme [8], which realised a fully solar-powered manned flight around the world, covering
a distance of around 26,718 miles in 2016 [9] and the Airbus Zephyr programme [10] featuring the
Zephyr S which recently broke its own endurance record among HAPs of nearly 26 days in 2018 [11]
by a 64 days continuous flight performed from June to August 2022 [12].

The BAE Systems PHASA-35 [13] or the UAVOS ApusDuo [14] are other 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. Therefore,
detailed scientific results and analyses of HAP aicraft are rarely published. Hence, 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 already developed by industrial companies.

However, while there are a few HAP aircraft that have performed successful flights on the one side,
there have been numerous mishaps that involve HAP aircraft on the other side [12, 15, 16, 17, 18].
Several factors make the design and operation of HAP aircraft a very challenging task. For fixed-wing
aircraft, the goal of high endurance requires a very low weight and a very high aspect ratio to realise
high aerodynamic efficiency. This leads to a high structural flexibility. Furthermore, the operating
speeds are very low with the allowable speed band being very narrow. As a consequence, these
aircraft are very susceptible to wind and take-off and landing are critical with respect to a loss of
aircraft.

In order to increase the probability of a successful flight test campaign in the context of the project
HAP, a careful and thorough investigation of the aircraft’s flight physics is thus indispensable. In
fact, detailed flight mechanic investigations have already been performed for an earlier version of the
aircraft [19], allowable wind conditions for different operating tasks have been determined based on
pilot-in-the-loop simulations [20], and the landing capabilities have been considered carefully, both
using a landing controller [21] and based on pilot-in-the-loop simulations [22].

However, in all these investigations, only the nominal configuration, as determined based on aerody-
namic and structural aeroelastic design analyses, was investigated. In practice, however, the actual
aircraft’s flight characteristics will most likely differ from those of the flight dynamic model. This is both
due to modelling assumptions (e.g., a Vortex Lattice Method was used to calculate the aircraft base-
line aerodynamics and linear models were used for the calculation of the aeroelastic parameters)
and due to manufacturing inaccuracies. Therefore, it must be ensured that the actual aircraft still has
acceptable flight mechanical properties. In case of flight control clearance, bounded uncertainties
are usually applied to different parameters in such a way that the worst case is obtained followed by
an assessment on whether the controller still performs adequately [23].

Since the aircraft is supposed to be piloted remotely, it needs to be investigated whether uncertain-
ties have an adverse effect to the aircraft’s handling characteristics. While a determination of the
respective worst-case combinations of uncertainties with respect to flight dynamics is also planned
for future work, the work presented in this paper focuses on the effect of single uncertainties by solely
varying chosen weight and balance and aerodynamic parameters. This is crucial to understand the
effect different parameters have on the aircraft’s flight dynamics. This is particularly true since previ-
ous investigations have shown that the aircraft’s eigenmodes differ largely from those of conventional
fixed-wing aircraft [19]. The results can then be used to motivate further investigations aiming at
reducing the uncertainty level of the parameters which most impact the HAP aircraft behavior. This
could involve more thorough investigations by using more sophisticated methods or by ensuring that
the manufacturing process will precisely match the desired properties. As a result, the respective
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uncertainty with respect to this parameter could then be reduced within the consecutive worst-case
assessment.

Hence, this paper deals with a sensitivity analysis of the effect of different parameters on the DLR
HAP aircraft’s open-loop dynamics. Section 2 briefly presents the investigated aircraft, and section 3
presents the flight dynamic model and the approach used to model the structural dynamics. Section 4
outlines the varied parameters and their variation range and shows the process of how the analysis
is followed. Section 5 provides the results with respect to the aircraft’'s eigenmodes. It presents the
nominal eigenmodes, shows the sensitivity analysis and finally shows the effect of parallel parameter
variation. Section 6 concludes the paper and section 7 gives a short outlook.

2. The DLR HAP Aircraft

This section presents the DLR HAP aircraft. A sketch of the aircraft is depicted in Figure 1. The
vehicle is an ultralight aircraft with a high aspect ratio and outer wing sections with 12° dihedral. The
aircraft nose section contains a compartment used to stow the payload. The aircraft is equipped with
two propeller engines and has two ailerons, an all moving horizontal stabiliser and a rudder. The
aircraft has a total mass of around 140 kg, a wing span of 27 m and a wing area of 36 m?.

Figure 1 — Sketch of the DLR HAP aircraft

The aircraft’s flight envelope is defined by four characteristic airspeeds, which are mainly based on
the aeroelastic design speeds as described in [24]. These airspeeds define an outer and an inner
envelope. The outer envelope must not be left at any time, because serious damage to the aircraft
structure or entering an uncontrollable flight condition would be very likely. This outer envelope is
defined by:

+ Stalling speed Vs (6.5m/s at sea level): The airspeed shall never fall below this speed (while
attempting to sustain its weight) because otherwise stall occurs.

* Never-exceed speed Vy: (14.5m/s at sea level): This airspeed shall never be exceeded, oth-
erwise structural damages might occur.

In addition, an inner envelope is defined, which is called the operation envelope. During nominal flight,
excluding take-off and landing, the airspeed should not leave the operation envelope. Nevertheless,
externally provoked excursions, e.g., due to gusts, are acceptable. However, whenever this happens,
a primary concern is reentering the operation envelope. The associated airspeeds are:

* Minimum operating speed Vo .., (9.1 m/s at sea level): This is the lower limit of the operation
envelope.

+ Maximum operating speed Vo .., (11.0 m/s at sea level): This is the upper limit of the operation
envelope and thus should not be exceeded deliberately.

At higher altitudes the respective true airspeeds scale according to density such that the equivalent
airspeeds remain constant. It should however be noted that at very high altitudes the stalling speed
slightly increases while the minimum operating speed slightly decreases due to Reynolds number
effects, leading to a smaller safety margin. Figure 2 shows the respective true airspeeds for all
aforementioned speeds. Furthermore, it depicts the design manoeuvring speed V4 and the design
cruise speed V¢, which Vg i, and Vo ... are deviated from. V; is an intermediate speed between V¢
and Vyg and Vi i, @and Vg 4 are the respective minimum and maximum allowable landing speeds.

3
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Figure 2 — Design speeds of the DLR HAP aircraft

3. Flight Dynamics Model

The flight dynamics model used within this work is an extension of the 6-degrees-of-freedom-model
used and described within earlier works [19, 20]. This earlier model only included flexibility in a qua-
sistatic form. In comparison, the current model used in this work additionally includes the structural
dynamics based on the approach proposed by Waszak and Schmidt [25]. The rigid-body equations
of motion are thus extended by forces and moments due to the structural dynamics (denoted with the
index "Flex"):

= — — 1 — — — —
Vg = —Qg x Vg + " (RProp + RGrav + Raero +RFlex> ™)
ﬁK = £_1 <—§K X (iQK) + éPmp + QAer() + QFIEX)

In the model used here, the aerodynamic forces and moments Raero and Oy, are determined based
on a derivative approach. The influences of quasistatic deformation of the aircraft are included in such
a way that the aerodynamic derivatives are given for the deformed aircraft at different characteristic
airspeeds and for intermediate airspeeds, interpolation is performed. As an example, the equation
for the aerodynamic rolling moment then reads (for the complete equations please confer [19, 20]):

C; = Cig(Veas) - B +Cip(Veas) - p* +Cir(VEas) - 7" + Cie (VEas) ¥4 ke orr(VEas) +Cig (VEas) - € ke erpr (2)

where ke ¢ is the aileron effectivity due to flexibility and k; ., is the respective rudder effectivity.
For the calculation of the forces and moments Ry, and Q.. due to the structural dynamics in
equation (1) it must now be respected that the influences due to the quasistatic deformation are
already included in the equations of motion via the aerodynamic forces and moments. Therefore,
only the deviation from the respective 1g-steady-state flight, matching with the flight shapes for which
the derivatives are given, are used to calculate Rr/., and Qe
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Note that, in contrast to [25], no force coefficients are used but the structural dynamic model de-
scribed in section 3.1 is linearised at different flight points, directly yielding for the rigid-body accel-
erations due to flexible deformations and rates (iiy,, uy,, etc.). As these are dependent on the flight
shapes and altitude, interpolation needs to be performed for them as well:

tn, = f(Veas,H)
iy, = f(Veas,H)

i'f]Nmode,r*1 = f(VEAS7H)
i‘ﬁNmodes = ‘f(VEAS7 H)

Altogether, the 15 modes with the lowest frequency are used within the model, thus N,,,4es = 15. In
addition to the rigid-body equations of motion, the structural dynamics equations of motion are added
for each mode, again only respecting the deviations from the flight shapes:
A =~ Ay — 2Dy A+ ©

As the linearised system matrix and the input matrix of the structural dynamic model (section 3.1) are
available for all flight points, the generalised forces Q,;/m; can be obtained using the derivatives with
respect to the other modes’ deformations and rates and the rigid-body states and inputs:
% = My, Aua + 7, Ava + i, Awa + 1, Ap + i, Aq + 1), Ar + 11, AS + 1, Ay + 11, AS + Hi, AT

Nmodes . ]vmudes . . (6)

+ ) Ty A+ Y i, AN
J J

Note that these derivatives are again given for each flight shape and altitude:

i, = f(Veas, H)
fl2, = f(Veas, H) (7)

In this modelling approach, the airspeed, in principle, affects both the quasistatic aerodynamics given
for the 1g-flight shape (interpolated using Ve4s) and the excitation of the structural modes (use of
Auy, Ava and Awy in equation (6)). Thus, it has to be ensured that an excursion of the airspeed
does not lead to both a change of flight shape and an excitation of the modes at the same time,
otherwise the effect of flexibility would be included twice. In order to prevent this from happening,
a frequency-dependent separation is performed. For all interpolations in the equations (2), (4) and
(7) the low-pass filtered value of the equivalent airspeed Vgas.p is used instead of Veas. A cutoff
frequency of 0.5Hz is used. In contrast, in equation (6), the remaining high-pass portions are used
to calculate Auy, Avq and Awy.

Furthermore, the quasistatic aerodynamic derivatives are only given for the shapes at an unacceler-
ated 1g-flight and already respect the trim inputs at this flight point (aileron &, stabiliser iy , rudder §
and thrust T'). Hence, in order to correctly represent quasistatic flight conditions with a higher load
factor, excess thrust or a different stabiliser setting, the trimmed flight conditions for the respective
1g-flight shapes are used as a reference to calculate the delta values in equation (6).

3.1 Structural Dynamic Modelling

This section describes the structural dynamics model used within the project HAP. Please note that
this model is not directly used within this work. Instead, it was linearised at different flight points and
the flexible parameters of the linear model were used for modelling the structural dynamics in the
flight dynamics model described in section 3.

The finite element model (FEM) used to describe the structural dynamic characteristics is designed
for aeroelastic and loads applications [24, 26, 27, 28] and is now also considered in the flight me-
chanical analysis. The focus on aeroelastic aspects leads to a number of requirements which differ

5
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from a classical finite element model for stress analysis. The model should represent global elastic
characteristics such as wing bending and twist, which are of major interest for loads and aeroelastic-
ity. Local effects such as stress concentrations at sharp edges or at holes are neglected. This means
that all primary structural components, such as spars, ribs and skin, should be modelled.

Because of the slender, beam-like structure of the configuration, mainly beam and bar elements are
used to model the structure. The element stiffness and material characteristics are converted to a
MSC.Nastran model using a combination of the parameterised model generator ModGen [29] and
Microsoft Excel.

Structural masses are derived from the element dimensions combined with material thickness and
density, and are complemented by the system masses. All masses are attached to the closest struc-
tural grid points as concentrated masses. Note that the structural models and mass models are
treated separately because some structural members (e.g., joints, adhesives, mountings, etc.) are
not included in the beam model but should be accounted for in the mass model.

The resulting structural model and the mass discretisation are shown in Figure 3. The volume of the
yellow spheres is proportional to the mass they represent and the large, transparent sphere indicates
the centre of gravity.
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(a) MSC.Nastran beam model (b) Mass discretisation

Figure 3 — Beam model and discretisation of masses

The eigenforms and eigenfrequencies characterise the structural dynamic behavior of an aircraft
and are important for aeroelastic and flight mechanical analyses. Figure 4 shows the four lowest
frequency flexible mode shapes, calculated for the unconstrained aircraft in vacuum.

4. Modelling of Uncertainties

This section presents the parameters that are varied in order to model uncertainties and the process
followed in order to calculate the eigenmodes of the aircraft being subject to uncertainties.

41 Varied Parameters

Table 1 summarises all parameters that are varied in the context of this work. In addition, it provides
the variation range. These variation ranges are defined together with the experts of aerodynamics,
structure and aeroelastics of the project HAP. They are partly based on engineering judgement, the
particularities of the HAP aircraft manufacturing, and on the underlying methods used to calculate
the underlying parameters.

In this work, all variations are applied to the parameters in Table 1 alone. This signifies that respective
dependent parameters are not changed accordingly. For instance, a change of the mass would
also have an influence on the structural dynamics and mass moments of inertia. However, these
dependent parameters are not varied as a result of a mass variation.

In the following, a brief explanation of the chosen limits are given:

» Mass m: The DLR HAP aircraft is an unmanned aircraft and therefore the payload only con-
6
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(a) Mode 1, first symmetric wing bending, f = 0.95Hz (b) Mode 2, first anti-symmetric wing bending +
fuselage torsion, f =2.25Hz

(c) Mode 3, first anti-symmetric wing bending + lateral (d) Mode 4, in-plane wing bending, f =2.99 Hz
fuselage bending, f =2.35Hz

Figure 4 — First flexible mode shapes

sists of the instruments. During the flight test campaign, the instruments will be omitted and
not all batteries are required. Therefore, mass uncertainties, e.g., due to manufacturing vari-
ances of different parts, can easily be counteracted by excluding a battery block and/or adding
supplementary masses. Therefore, the small but still conservative range of +5kg is used.

» Centre of gravity (CG) coordinates xcg, ycg and zcg: The majority of the masses is located in
the wing area, as also shown by Figure 3b. As the wing is in close proximity to the CG, shifts of
the latter are likely to be very small even in case of a higher deviation of the masses from the
nominal configuration. The chosen ranges are conservative.

+ Mass moments of inertia I, Iy, I.; and I;: For I, I, and I ; ranges of =10% are chosen, re-
specting both manufacturing and assembling uncertainties with respect to the mass distribution
and several effects that each lead to clearly smaller variations. Potential causes for a variation
of the mass moments of inertia are a variation of the total weight and deformations of the aircraft
in flight which lead to a variation of the CG and the mass distribution. For I, the larger range of
+20% is chosen because the baseline value is already very small and therefore differences in
the mass distribution lead to higher relative changes.

+ Lift derivatives for wing-body Cy,, and horizontal tailplane Ciq,: Since the longitudinal aero-
dynamics are described by a two-point model the lift curve slopes are varied here rather than
the pitching moment coefficients. The relatively low values of +5 % can be chosen because the
effect of the very slender fuselage is negligible and the characteristics of the high-aspect-ratio

7
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Table 1 — Varied parameters and variation range

Parameter  Variation type Lower variation limit  Upper variation limit

m relative —5% +5%
XcG absolute —10cm +10cm
YcG absolute —10cm +10cm
lole] absolute —10cm +10cm

Ly relative —-10% +10%

Iy relative —10% +10%

I, relative —10% +10%

I, relative —20% +20%

Crays relative —5% +5%
Cray relative —5% +5%
Cip relative —-10% +10%

Cip relative —10% +10%

C, relative —20% +20%
Cup relative —-10% +10%
Cp relative —20% +20%
Cur relative —5% +5%

lifting surfaces can be calculated with a comparably high accuracy even using Vortex Lattice
Methods.

* Rolling moment derivatives Cjg, C;, and C;,: Since the aerodynamic effect of the fuselage is,
as already mentioned, very small, C;3 mainly depends on the wing and vertical tailplane. C;,,
mainly depending on the high-aspect-ratio wing’s lift characteristics, can also be calculated with
reasonable accuracy. For both, the moderate uncertainty range of +10% is thus chosen. C;,, on
the other hand, involves yawing and rolling motion and is therefore more prone to uncertainties.
In addition, the baseline value is small. Consequently, +20% is chosen.

* Yawing moment derivatives C,g, C,, and C,,: Similarly to the rolling moment derivatives, C,z is
barely affected by the fuselage for the given aircraft and thus the moderate uncertainty range
+10% is chosen. Similarly to C;,, C,, involves yawing and rolling motion and its calculation is
therefore subject to a higher uncertainty. C,, nearly exclusively depends on the vertical tailplane
and can thus be assumed to be relatively accurate. Therefore, a range of +£5 % is chosen.

4.2 Calculation Process

This section describes the calculation process followed to obtain the resulting eigenmodes for the
DLR HAP aircraft subject to uncertainties. As already described in section 3 the flexible model in-
cludes the reference conditions for the trimmed 1g-flight shapes for which the derivatives are given.
The flexible modes are excited by all parameters that deviate from these reference conditions. In
order to ensure that variations of the aerodynamic parameters are treated as uncertainties of the
aerodynamic properties at the given flight shapes, the underlying 1g-flight shapes need to be up-
dated in the model respecting the uncertainties. Figure 5 shows the associated flow chart.
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Figure 5 — Flow chart of the calculation process used to obtain the eigenmodes

5. Eigenmode Analysis

This section presents the DLR HAP aircraft’'s eigenmodes. First of all, the eigenmodes of the base-
line configuration are shown. Second, a sequential variation of parameters is performed, showing
the sensitivity of the eigenmodes to the parameter variations. Finally, a simultaneous variation is
performed that gives an idea of how strong the deviation from the baseline can be if all uncertainties
are considered.

5.1 Baseline Configuration

In[19], an extensive flight mechanics analysis has been presented for the DLR HAP aircraft. However,
there have been various updates as well of the aircraft and of the flight dynamics model used. Some
of the most important updates are:

» The structural dynamics are now included in the flight dynamics model.

» The mass distribution inside the wing has been changed leading to differences, particularly with
respect to wing deformation.

* The never-exceed speed was decreased from 15.5m/s to 14.5m/s to cope with sizing loads
issues.

For these reasons, an update of the eigenmodes of the nominal DLR HAP aircraft will be presented
here before showing the sensitivity analysis. Figure 6 provides the roots of the current DLR HAP
aircraft.

Figure 6a shows all roots of the nominal configuration, including rigid-body eigenmodes and the
flexible modes. These are given for the complete envelope of the aircraft. The different altitudes
are emphasised by a different colour, and the velocities are represented by different markers. The
design speeds shown in Figure 2 have larger markers, while intermediate velocities have smaller dot
markers. As shown, the roots are widespread over the complete pole plot.

Figure 6b provides a zoom of the pole plot, revealing the strongly decaying aperiodic roll mode and
the short period. As discussed in [19], the DLR HAP aircraft does not have a short period mode in
the classical sense. Instead, due to the low mass of the aircraft, the respective mode also involves a
change of altitude to a large extent. Figure 6b furthermore shows the first wing bending mode, having
a frequency of around 1Hz, which is in a similar order of magnitude as the short period mode. At
high altitudes, short period and first wing bending do not interfere. While the first is weakly damped,
the latter is aperiodic. However, at lower altitudes, the short period becomes stronger damped. At
FL 0 and FL 200, it is characterised by two stable fast decaying modes. The first wing bending mode,
on the other hand, becomes oscillatory at intermediate altitudes and low speeds.

As shown, at FL 200 and at high speeds (violet markers and close to Vyg), one of the previously
aperiodic modes of the short period and one of the first wing bending modes start to couple and form
a strongly damped oscillatory mode. However, time history analyses and pilot-in-the-loop studies
have shown that this mode does not have a recognisable effect on the aircraft’s flight behaviour.

9
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Figure 6 — Roots of the nominal configuration
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Figure 6¢ provides an increased zoom of the pole plot, showing the Dutch roll, the phugoid and the
spiral mode. The Dutch roll’s characteristics significantly depend on the altitude. At low altitudes, this
mode is very strongly damped and has a moderate frequency. At Vs the respective roots are already
close to the real axis. At high altitudes, on the other hand, this mode is weakly damped and has a
low frequency.

Similarly to the short period mode, the phugoid mode of the DLR HAP aircraft differs significantly from
the classical phugoid mode. It is strongly damped and has a high frequency, compared to the more
typical phugoid. This behaviour results both from the low weight of the aircraft and its low velocity,
leading to a lower amount of energy in the phugoid motion. It can be seen that this mode becomes
aperiodic at all altitudes at velocities close to Vyg. Nevertheless, none of the aperiodic poles become
unstable at any flight point.

Finally, Figure 6¢c shows the spiral mode. It is an aperiodic mode with a real part near zero. At all
velocities this pole becomes unstable at velocities close to Vs. However, the lowest time to double
amplitude of the spiral in the complete envelope is around 23 s. According to typical handling qualities
criteria for manned aircraft, as can be found for instance in MIL-STD-1797A [30], this value still
represents satisfactory handling from a pilot’s point of view. Indeed, the HAP aircraft is not a manned
aircraft and will be piloted remotely. However, in this case it can be assumed that the assessment is
transferable because it does not involve the pilot’s perception: it rather states that, with such a long
time to double amplitude, the pilot will counteract the spiral mode inadvertently while commanding
other manoeuvres. This is also applicable for remote flight.

In summary, the nominal flying qualities of the DLR HAP aircraft are acceptable.

5.2 Sequential Parameter Variation — Sensitivity Analysis

This section deals with a sensitivity analysis of the aircraft’s eigenmodes with respect to different
parameters. Contrary to performing a worst-case analysis respecting all parameter variations, such
an approach yields important qualitative information that can be used to decide which parameters
should be calculated with more accurate methods within the design process.

The sensitivity analysis is performed in such a way that all parameters summarised in Table 1 are
varied consecutively, i.e., one parameter at a time. The parameters are varied from the nominal value
until the minimum, respectively maximum values, with two equidistant steps each.

Figure 7 shows the influence of longitudinal parameter variations on the phugoid’s damping and
natural frequency at FL 0 and Vs (7a) and at FL 800 and Vo jax (7D).

First of all, it is notable that variations have a stronger effect at the lower flight point. The CG in x
coordinate has a relatively strong effect at both flight points, while an increase, i.e., a shift of the CG
aft, decreases damping and increases the frequency. A variation of the CG in z-direction (an increase
signifies a shift to the top) has a similar but weaker effect. It is interesting to note that the mass, having
a significant influence especially on the damping, has an opposed effect between both flight points.
While an increase leads to an increased damping at the lower flight point, it reduces damping at the
higher altitude. It has the same effect with respect to frequency. The effect of the wing-body lift curve
slope Crq,,, hOowever, is opposed with respect to damping and frequency. Nevertheless, its influence
is rather small at the higher flight point.

Figure 8 shows the influence of longitudinal parameter variations on the short period mode. At FL O
and Vs, where this mode is aperiodic, but still mostly unaffected by the first wing bending, the first
aperiodic mode (8a) and the second aperiodic mode (8b) are shown. Furthermore, Figure 8c shows
the parameter variation effect on the oscillatory mode at FL 800 and Vyg.

Comparing the aperiodic modes at the flight point, it can be observed that most parameter variations
have an opposing effect on both modes, both in magnitude and in direction. The effects suggest
that the first aperiodic mode involves a pitching movement to a large extent. This is reflected by the
strong influences of the CG in x-direction, the mass moment of inertia about the pitch axis I,,, and
CLay,- Compared to Cry,, Cra, Primarily has influences during a pitching movement due to its large
lever arm.

The second aperiodic mode, on the other hand, involves altitude change to a larger extent, which is
reflected by the stronger influences of the mass and Cpq -
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Figure 7 — Sensitivity of phugoid to variation of longitudinal parameters

At FL 800 and Vyg the aircraft has an oscillatory mode, which is more similar to a classical short
period mode. Accordingly, the CG-position in x-direction has a strong effect, whereas a shift aft
decreases damping and increases the frequency. Altogether, for the given ranges, the parameter
variation effects are moderate at this flight point.

Figure 9 shows the influence of lateral-directional parameter variations on the Dutch roll’'s damping
and natural frequency at FL 0 and Vs (9a) and at FL 800 and Vyg (9b).

As shown, the effects are, from a qualitative point of view, similar for most parameter variations and
as expected. An increase of the mass moment of inertia about the z-axis decreases damping and
frequency, C;3 decreases damping and G, increases damping.

However, it is noteworthy that the coupling derivatives C;, and C,;, play a much larger role at the lower
flight point and a variation of these parameters has a strong effect. At the higher flight point, the
damping derivatives C;, and C,, become more important.

Finally, it should be noted that a variation of I,,, I, and the CG in y-position have, at least in the given
range, hardly any effect.

Figure 10 shows the effects of lateral-directional parameter variations on the aperiodic roll mode at
FL 0 and V5. It can be stated that the results are not surprising for the roll mode of a very-high-aspect-
ratio-wing aircraft. The mass moment of inertia about the x-axis I, and the roll damping C;, are the
main drivers here. It is, however, interesting to note that the variations lead to large changes of the
root locations.

Finally, Figure 11 presents the variation influences on the spiral mode at FL 0 and V.

Most of the effects are as expected. This includes C;g and C,,, which both stabilise this mode. C,g
destabilises the spiral mode at this flight point. Nevertheless, C;, has the strongest impact on the
spiral mode, where an increase leads to a destabilisation. Indeed, with a variation range of +20 %,
this parameter was varied stronger than most other parameters. However, even a reduction by 10 %
already yields a stable spiral. This shows that this parameter, which was deemed to be more difficult
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Figure 8 — Sensitivity of short period to variation of longitudinal parameters

to calculate with a certain accuracy, is worth investigating in more detail.

5.3 Simultaneous Parameter Variation

After the previous qualitative analysis, which showed the sensitivity of different eigenmodes to pa-
rameter variations, this section deals with the question to which extent a combination of random
parameter variations inside the given ranges leads to an excursion of the nominal flying qualities. For
this reason, all parameters are varied simultaneously.

It should be noted that this approach does not replace the common worst-case analysis, in which the
parameter variations are chosen as such that they have the worst possible impact as described, e.g.,
in [23]. However, it gives an impression of the possible effects of combined parameter variations.
Furthermore, it also shows how likely significant deviations from the flying qualities of the baseline
configurations are.
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Figure 9 — Sensitivity of Dutch roll to variation of lateral-directional parameters

For this purpose, at each flight point (combination of characteristic airspeed and altitude) 50 different
cases are calculated with simultaneous normally distributed random parameter variations within the
ranges summarised in Table 1. The normal distribution is defined in such a way that the parameter
variation limits provided in Table 1 represent the 3o-limits. Figure 12 shows the results.

14



Flight Mechanical Analysis of a Very Flexible High-Altitude Platform Under Uncertainty Considerations

A Min. Value
Vv Max. Value
® Baseline Value|  Varied Parameter: m
@ 1
T
g 0 4
§ 1
-16 -15 -14 -18
Re (rad/s)
Varied Parameter: Ixx
@ 1
o
Sor 4 o ° e v
E,
-16 -15 -14 -13
Re (rad/s)
Varied Parameter: CI s
@ 1
T
go -
E,
-16 -15 -14 -13
Re (rad/s)
Varied Parameter: Cn 5
T\n\ 1
T
go *
E 1
-16 -15 -14 -18
Re (rad/s)

Figure
A Min. Value
V¥ Max. Value
@ Baseline Value|  Varied Parameter: m
@ 1
o
go *
E
-0.02 -0.01 0 0.01 0.02
Re (rad/s)
Varied Parameter: Ixx
@ 1
T
go *
E
-0.02 -0.01 0 0.01 0.02
Re (rad/s)
Varied Parameter: CI s
@ 1
T
® 0 vV © @ o A
E
-0.02 -0.01 0 0.01 0.02
Re (rad/s)
Varied Parameter: C'1 8
@ 1
o
® 0 A o 0 o vy
E
-0.02 -0.01 0 0.01 0.02
Re (rad/s)

Im (rad/s) Im (rad/s) Im (rad/s)

Im (rad/s)

Im (rad/s)

' ' '
- - -

'
-

Im (rad/s) Im (rad/s)

Im (rad/s)

—

o

Varied Parameter: Xeg

-16

—_

o

-15 -14
Re (rad/s)
Varied Parameter: Izz

voh

-16

—_

o

-15 14
Re (rad/s)
Varied Parameter: CI b

-16

—_

o

-15 -14
Re (rad/s)
Varied Parameter: Cnp

As@oy

-16

-15 -14
Re (rad/s)

and Vg

Varied Parameter: x

CcG
1
0 Acooy
0.02 -0.01 0 0.01 0.02
Re (rad/s)
Varied Parameter: Izz
1
0 w
0.02 -0.01 0 0.01  0.02
Re (rad/s)
Varied Parameter: CIID
1
0 -
0.02 -0.01 0 0.01  0.02
Re (rad/s)
Varied Parameter: Cnp
1
0 w
-1
-0.02 -0.01 0 0.01 0.02
Re (rad/s)

Im (rad/s)

N
L
o

Im (rad/s)

N
L
o

Im (rad/s)

N
L
e

Im (rad/s)

N
L
o

Im (rad/s)

Im (rad/s) Im (rad/s)

Im (rad/s)

—_

o

Varied Parameter: Yea

2 4

—_

o

-15 -14 -13
Re (rad/s)
Varied Parameter: IXz

*

—_

o

15 14 13
Re (rad/s)
Varied Parameter: CI .

Aoy

—_

o

-15 -14 -13
Re (rad/s)
Varied Parameter: Cnr

*

-15 -14 13
Re (rad/s)

10 — Sensitivity of aperiodic roll mode to variation of lateral-directional parameters at FL 0
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Figure 11 — Sensitivity of aperiodic spiral mode to variation of lateral-directional parameters at FL 0

and Vg

At this point, the complete pole plot as in Figure 6a is omitted and the zoomed plots are directly
shown. Figure 12a presents the zoomed pole plot, showing the roll mode, the short period, the first
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Figure 12 — Roots of the configuration subject to simultaneous parameter variations

wing bending modes and the oscillatory mode evolving out of the short period and the first wing
bending. It can be seen that the roots resulting from the uncertainties centre around the roots of the
nominal configuration. In most cases, the deviations from the latter are only moderate. The closer the
nominal root is to the real axis, or if it is even an aperiodic root, the stronger the possible deviations
tend to get. However, in none of the cases the uncertainties lead to unsatisfactory roots. Instead, the
variations have a similar effect as a change of the velocity of the flight point (compare Figure 6b).
Figure 12b shows an increased zoom and thereby depicts the Dutch roll, spiral and phugoid roots.
For the Dutch roll at low altitudes, the combined variations lead to relatively strong deviations from
the nominal case. Nevertheless, the latter is strongly damped, thus none of the cases are critical. At
higher altitudes, where the Dutch roll is less damped, the variations only lead to small deviations.

In case of the phugoid mode, the inclusion of uncertainties is not crucial either. Only at Vg, where the
roots are on the real axis, the locations of the roots deviate strongly from the nominal case. However,
in none of the cases, any of the associated modes becomes unstable (this cannot be verified in the
Figure 12b but it was checked within the investigations). At this point it must be noted that drag
parameters which have significant influences on the phugoid were not varied within this work.
Finally, the introduction of uncertainties has an impact on the spiral mode. In the worst case consid-
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ered here, it results in a time to double amplitude of the spiral mode of 21's, as opposed to 23 s in the
nominal case. This is still a sufficiently high value, leading to satisfactory handling qualities according
to [30].

Altogether, in the simultaneous parameter variation investigations performed here, no critical case is
identified.

6. Conclusion

The aim of this paper was to perform a flight mechanical analysis of the DLR HAP aircraft under
uncertainty considerations. For this purpose, different parameters were identified and, based on the
methods used to calculate these parameters within the design process and on engineering judge-
ment, associated expected uncertainties were defined. Consecutively, a comprehensive eigenmode
analysis was performed.

In a first step, the eigenmodes of the nominal aircraft were presented for the complete envelope using
a flight dynamic model that incorporates quasistatic flexible effects and the structural dynamics. As
shown, the eigenmodes were widespread over the pole plot. At intermediate altitudes the short period
interacts with the first wing bending mode, which is in a similar frequency range. The phugoid mode
has a comparatively low frequency and the Dutch roll is highly damped at low altitudes and weakly
damped at high altitudes. The spiral mode is unstable at all altitudes at Vs, while the minimum time to
double amplitude, thus in the worst case, is around 23 s. Altogether, the eigenmodes of the nominal
aircraft are acceptable.

In a second step, all chosen parameters were varied consecutively within the afore-defined limits to
show the sensitivity of these modes with respect to the uncertainties. Here, only one parameter is
varied at a time while all the other parameters are kept at their baseline values. Model uncertainties
proved to have a larger effect at lower altitudes and for eigenmodes that are already close to the real
axis. In case of the phugoid mode, a variation of the mass and the main wing lift curve slope have
an opposing effect at low altitudes and low airspeeds compared to high altitudes and high airspeeds.
For the Dutch roll at low altitudes the coupling derivatives C;. and C,, have a major effect on this
mode. At higher altitudes, however, this mode behaves more like a classical Dutch roll mode. Here,
it is more influenced by roll damping C;,, weathercock stability C,3 and static roll stability C;g. For the
short period mode, the sensitivity analysis was performed for a flight point where this mode has two
aperiodic roots. Both roots showed opposing sensitivities indicating that one mode primarily involves
pitching movements while the other one involves altitude change.

Finally, all parameters were varied randomly at the same time. For each altitude and the characteristic
altitudes in the complete envelope, 50 different uncertainty combinations were generated. In this
investigation, no critical case was identified, suggesting that the final manufactured and assembled
DLR HAP aircraft, subject to all uncertainties, will have acceptable flight characteristics.

The simultaneous parameter variation performed in this work demonstrates how a combination of all
uncertainties may lead to a deviation of the eigenmodes from the baseline configuration. However,
it does not guarantee that no critical combinations exist. In addition, only 50 combinations were
investigated per flight point. In order to clear the aircraft for flight testing, a worst-case analysis is
necessary and will be performed in future work. Nevertheless, the simultaneous parameter variation
already shows that the probability of adverse combinations is unlikely.

Finally, the results presented in this paper strongly depend on the chosen parameter variation ranges
and are only valid if the latter are realistic. The definition of such uncertainties is not an easy task,
especially for prototype aircraft, as, if at all, only few experience is available. However, for this rea-
son, the uncertainties were chosen conservatively. Therefore, it is to be expected that the actual
uncertainties do not exceed the ranges chosen here and the results are significant.

7. Future Work

The simultaneous parameter variation performed in this work merely serves as an outlook for future
work. As already described, for a final clearance of the aircraft for flight testing, a worst-case scenario
needs to be performed that demonstrates that all uncertainties combined actually do not lead to
critical cases. Therefore, the next step will be to perform such a worst-case analysis using anti-
optimisation.
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