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Abstract: This paper deals with the development of flight test manoeuvres that are defined
for low-altitude flight testing of high-altitude platforms (HAP). Due to such aircraft’s partic-
ularities, typical system identification manoeuvres are not always applicable and need to be
adjusted. In addition, novel manoeuvres are defined. The results show that classical doublet
manoeuvres are applicable when the time units are increased and/or comparatively strong con-
trol inputs are applied. A 13211-pitch manoeuvre is used instead of the better-known 3211 to
limit airspeed excursions and a 121-bank input is used in lieu of a bank-to-bank manoeuvre.
Frequency sweeps using aileron, stabiliser or rudder yield sufficient excitations of the structural
modes and rudder doublets are the most critical with respect to loads. A final exemplary system
identification test shows the general feasibility of the manoeuvres for obtaining adequate air-
craft parameters. The work presented in this paper is conducted within the project HAP-alpha,
in which the German Aerospace Center (DLR) is developing a flexible, solar-powered, fixed-
wing HAP. In the project, an extensive low-altitude flight test campaign is planned, which will
include dedicated test manoeuvres aimed at model validation and system identification.

NOMENCLATURE

Abbreviations

DLR Deutsches Zentrum für Luft- und Raumfahrt (German Aerospace Center)
HAP High-Altitude Platform
HTP Horizontal tailplane
VTP Vertical tailplane

Symbols

A Amplitude
A, B, C, D State-space matrices
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ai,j , bi,j , ci,j , di,j Entries of the state-space matrices A, B, C and D
c Mean-aerodynamic chord
Cl Rolling moment coefficient
CL Lift coefficient
ClX Derivative of rolling moment coefficient with respect to X
CLX Derivative of lift coefficient with respect to X
CηX Derivative of generalised force coefficient with respect to X
D Damping ratio
F⃗ Force vector
g Gravitational acceleration
I Inertia tensor
iHTP Stabiliser deflection
kζ,eff , kξ,eff Rudder and aileron effectiveness factors
m Mass
nz Vertical load factor
Ma Mach number
M⃗ Moment vector
p, q, r Rotational rates of roll, pitch and yaw
p∗, q∗, r∗ Non-dimensional rotational rates of roll, pitch and yaw
q̄ Dynamic pressure
Q Generalised force
res Residual
S Wing area
t Time
u, v, w Velocity components
u⃗ Input vector
V⃗ Velocity vector
VNE Never-exceed speed
VO,max Maximum operating speed
VO,min Minimum operating speed
VS Stall speed
VTAS True airspeed
x⃗ State vector
y⃗ Output vector
z⃗ Measurement vector
α Angle of attack
β Angle of sideslip
γ Flightpath angle
η Structural mode
∆ Difference
∆t Base duration
ζ Rudder deflection
ξ̂ Combined aileron deflection
Φ, Θ, Ψ Euler angles, i.e. bank, pitch and heading
Ω⃗ Vector of rotational rates
ω0 Natural frequency
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Indices
A Air-path value
Aero Aerodynamics-related value
Flex Flexibility-related value
Grav Gravity-related value
K Flight-path value
Prop Propeller-related value
x, y, z Value in direction of x, y or z

1 INTRODUCTION

HAP (high-altitude platform) aircraft are designed to operate in the lower stratosphere for a
prolonged duration, often including multiple days or weeks of flight [1, 2]. This makes them
suitable candidates for missions that typically lie in the field of satellite applications. General
Earth observation missions in the civil [3] and military field, as well as telecommunications [4],
are just two examples of their possible manifold use cases.

However, high-altitude long-endurance missions bring several challenges. The underlying air-
craft needs a very high aerodynamic efficiency, ultralight structural weight and an extremely
slow operating speed. Consequently, HAP aircraft are highly flexible and suffer from a signif-
icant susceptibility to wind disturbances. This is reflected by a number of mishaps involving
HAP aircraft both at higher altitudes and at sea level [5–8]. Hence, these aircraft are, at present,
primarily used as demonstration aircraft in the experimental context.

In order to pave the way for the operation of HAP aircraft on an ordinary and regular basis,
a profound knowledge about their flight physics is indispensable. However, these aircraft op-
erate on the verge of physical feasibility. Therefore, the applicability of common modelling
approaches and assumptions are not always guaranteed and must be ascertained first. The most
promising approach to tackle this issue is to perform flight testing. Using the recorded flight
data, the underlying models are validated and can, if they are parameter-based, be improved via
system identification. The resulting higher-accuracy models can subsequently be used for more
significant analyses, the generation of improved flight control systems and for pilot-in-the-loop
studies.

However, aircraft system identification requires the availability of flight test data of performed
manoeuvres that adequately excite the aircraft’s rigid-body and structural modes to a sufficient
extent. Here, it is crucial that different influences can be subdivided to estimate the parameters
correctly. The low-altitude flight physics of HAP aircraft pose a challenge here. As an example,
a rudder doublet is typically used to excite the Dutch roll mode. After having stopped the
control inputs, the aircraft continues to oscillate for a couple of seconds. Thereupon, it can be
distinguished to which extent a generated yawing moment stems from rudder input, yaw rate,
roll rate, angle of sideslip, etc. For fixed-wing HAP aircraft, however, the rigid-body modes [9]
and even lower-order aeroelastic modes [10] can be overcritically, or at least strongly, damped
at low altitudes. As a result, after reducing the control inputs, the aircraft returns relatively fast
to a rather steady flight condition. Hence, distinguishing between different influencing factors
becomes significantly more challenging. Therefore, a larger amount of rudder input would be
desirable. However, at the same time, it must be ensured that the associated limiting load cases
are not exceeded. In addition, the typical flight envelope of HAP aircraft comprises a rather
narrow airspeed band which must not be left either. Both of these safety-related aspects limit
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the allowable amount of control inputs again. Therefore, the applicability of classical system
identification manoeuvres is limited. Instead, such manoeuvres must be specifically tailored to
the aircraft’s particularities and need to account for the above-listed limits and challenges.

DLR (German Aerospace Center) is currently developing a solar-driven fixed-wing high-altitude
platform in the project HAP-alpha. The aircraft was initially intended and designed to perform
30-days-long non-stop missions in the lower stratosphere while carrying interchangeable pay-
load of 5 kg [11]. A comprehensive flight test campaign is planned for summer 2026, within
which low-altitude flight test manoeuvres are needed for model validation and system identifi-
cation. The manoeuvres developed and described in this paper will be performed in the context
of this flight test campaign.

This paper deals with the development of system identification manoeuvres for flexible fixed-
wing HAP and investigates which flight manoeuvres are adequate to perform system identifica-
tion for such aircraft. For this purpose, it uses time simulations from a flight dynamics model
(section 3, section 4) that accounts for influences of the flight shape-dependent aerodynamic
changes and the structural dynamics. Subsequently, these manoeuvres are analysed using a
dynamic aeroelasticity analysis to assess the associated loads and to limit control inputs (sec-
tion 5). Finally, surrogate flight test data are generated by simulating the manoeuvres with the
flight dynamics model including low-magnitude wind. Using these data, an exemplary system
identification test is performed using simulated surrogate flight test data to assess the manoeu-
vres’ suitability for system identification (section 6).

2 THE DLR HAP AIRCRAFT

The works described in this paper were performed using the DLR HAP-alpha aircraft. It is a
flexible, solar-powered fixed wing HAP that was developed in the context of the DLR-project
HAP-alpha. This section presents the aircraft.

2.1 The Aircraft

Figure 1 shows a sketch of the DLR HAP-alpha aircraft. It has a wing with high aspect ra-
tio, a span of 27 m, an area of 36 m2, and outer wing sections with 12° dihedral, as well as a
payload compartment located inside the aircraft nose. The aircraft has two electrically-driven
propellers. Its total mass is around 136 kg. Asymmetrically deflected ailerons and a rudder are
used to generate lateral-directional control moments. For longitudinal motion, a fully movable
horizontal tailplane is used. As such, it resembles a typical stabiliser of conventional aircraft.
Therefore, it is termed “stabiliser” in this work even though it is, besides trimming, also used
as an elevator.

Figure 1: Sketch of the DLR HAP-alpha aircraft with control surfaces highlighted in orange [9]
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2.2 Flight Envelope

As already stated, the very narrow speed band of the aircraft poses a significant challenge when
it comes to system identification manoeuvres, particularly in longitudinal direction. Table 4
shows the flight envelope at sea level. It consists of an outer envelope and an inner envelope.
The outer envelope is defined by stall speed VS and the never-exceed speed VNE. It must never
be left because otherwise an uncontrollable flight condition or structural damage might occur.

Table 4: Speed envelope of the aircraft at sea level

Stall speed Minimum
operating speed

Maximum
operating speed

Never-exceed
speed

VS VO,min VO,max VNE

6.5 m/s 9.1 m/s 11.0 m/s 14.5 m/s

The inner envelope is the operation envelope, which is defined by the minimum operating speed
VO,min and the maximum operating speed VO,max. During nominal flight, the aircraft is supposed
to stay within this envelope. Excursions are only allowed when externally triggered, for instance
due to gust encounters. As soon as the aircraft leaves this inner envelope, commands need to be
applied such that the aircraft returns to this envelope promptly. During flight test manoeuvres,
the aircraft should preferably remain inside this envelope. If leaving this inner envelope is
unavoidable, this should be as short as possible and the values should not significantly over- or
undershoot the limit values.

2.3 Structural Modes

The DLR HAP-alpha is an extreme lightweight aircraft with a high aspect ratio. Consequently,
it has a high degree of structural flexibility. Figure 2 exemplarily depicts the first two structural
modes of the aircraft with lowest frequency. These have been obtained after a model update
based on a ground vibration test [12]. As shown, the first mode is a symmetric wing bending
and the second mode is an asymmetric wing in-plane mode. The corresponding frequencies
are low compared to those of typical passenger aircraft. As a result, they are likely to interfere
with the rigid-body modes to a larger extent, which has to be taken into account when designing
system identification manoeuvres.

2.4 Flight Test Instrumentation

The flight test manoeuvres developed in this paper will be performed within the flight test cam-
paign of HAP-alpha. For this reason, the flight test instrumentation of the underlying aircraft
is briefly presented here. Even though the instruments are not used in the context of the system
identification test later in this paper, they give an idea about which quantities will be measured
during the flight test and thus need to be sufficiently excited. Therefore, the developed manoeu-
vres are strongly linked to the availability of different instruments and can only be understood
to the fullest against this background.

The aircraft is equipped with some instruments that provide the typical set of measurements of
rigid-body flight quantities. This includes an inertial measurement unit located approximately
2 m in front of the centre gravity, which provides accelerations and rotational rates, and, after
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(a) Mode 1, symmetric wing bending, 0.99 Hz (b) Mode 2, wing in-plane, scissor mode, 1.37 Hz

Figure 2: First and second structural modes after model update based on ground vibration test [12]

integration, velocities and Euler angles. Static and total pressure, airspeed and aerodynamic
angles are measured by a five-hole-probe. It is integrated into a boom, which is installed at the
wing leading edge approximately 4 m right of the aircraft centre line.

In addition to the instruments dedicated to measuring rigid-body quantities, several accelerom-
eters and strain gauges are included into the aircraft structure. Figure 3 shows the respective
positions of all accelerometers (red dots), strain gauges (green lines) and additional temperature
sensors (blue dots). While all accelerometers are, in principle, capable of measuring rotations
around and accelerations along the three body axes, only the more relevant signals are used to
reduce the amount of data. The sensors are supposed to measure the elastic response of the air-
craft while the strain gauges are additionally needed to estimate sectional loads. For this reason,
the flight test manoeuvres developed in this paper are not only expected to sufficiently excite the
rigid-body dynamics but also to cause larger deformations and loads. More information about
the aeroelasticity-related flight test instrumentation of the aircraft can be found in [13].

Figure 3: Distribution of sensors for determination of structural deformations and loads [13]
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3 FLIGHT DYNAMICS MODEL FOR FLEXIBLE AIRCRAFT
The initial design of all test manoeuvres has been made by first simulating common manoeuvres
with a flight dynamics model that accounts for aircraft flexibility and adjusting them according
to the time response. This section presents this model. It has, in most parts, already been
described in previous works [9, 10, 14]. Therefore, only an overview is provided here. The
rigid-body equations of motion are given by

˙⃗
VK = −Ω⃗K × V⃗K +

1

m

(
F⃗Prop + F⃗Grav + F⃗Aero + F⃗Flex

)
,

˙⃗
ΩK = I−1

(
−Ω⃗K × (IΩ⃗K) + M⃗Prop + M⃗Aero + M⃗Flex

)
,

(1)

where index K denotes that the values are the flight-path-related quantities. Here, V⃗ is the
velocity vector, Ω⃗ is the vector of the rotational rates p, q and r, I is the inertia tensor, F⃗
represents the force vector, and M⃗ the moment vector. The structural dynamics is included via
the modes. The associated structural equations of motion read

η̈i + 2Di ω0,i η̇i + ω2
0,i ηi =

Qi

mi

. (2)

Here, Di is the damping, ω0,i is the natural frequency and Qi is the generalised force of the
respective mode. The mode deflections ηi are defined with respect to the current flight shape,
i.e. the steady aircraft deformation due to the acting forces in a horizontal 1g-flight at a specific
airspeed. The coupling between rigid-body motion and structural modes is realised as proposed
by Waszak and Schmidt [15] via the aerodynamic forces. Therefore, Eq. 1 includes the forces
due to the structural modes (denoted ”Flex”). These are obtained by assuming quasi-steady
aerodynamics and considering influences due to the structural mode deflections and rates. In-
cluding the first 15 flexible modes ηi with the lowest frequencies, this yields, exemplarily shown
for the lift coefficient,

CL =
15∑
j=1

CLηjb
ηj +

15∑
j=1

CLη̇jb

η̇j c

2VTAS

, (3)

where c is the mean aerodynamic chord. In return, the generalised forces Qi in Eq. 2 include
influences due to flexible modes and due to rigid-body flight quantities:

Qi = q̄Sc

(
Cηiu∆uA + Cηiv vA + Cηiw ∆wA + Cηip p

∗ + Cηiq q
∗ + Cηir r

∗ + Cηiξ ξ̂

+ CηiiHTP
∆iHTP + Cηiζ ζ + CηiFProp

∆FProp +
15∑
j=1

Cηiηj ηj +
15∑
j=1

Cηiη̇j

η̇jc

2VTAS

)
.

(4)

Here, q̄ is the dynamic pressure, S is the wing area, c the mean aerodynamic chord, uA, vA, wA

are the velocity components with respect to the flow, ξ̂ is the combined aileron deflection, iHTP

is the stabiliser deflection where HTP denotes horizontal tailplane, ζ is the rudder deflection
and FProp is the propeller-induced thrust force. Note here that, in accordance with the fact that
the structural mode deflections are defined about the flight shapes, some quantities are included
as differences (denoted with a ∆). These represent the differences with respect to the required
deflections for a steady-state 1g flight, for which the corresponding flight shape is given. The
rigid-body aerodynamic coefficients are also given in the form of derivatives. Exemplarily
shown for the rolling moment coefficient, this yields

Cl = Clβ β + Clp p
∗ + Clr r

∗ + Clξ ξ̂ · kξ,eff + Clζ ζ kζ,eff , (5)
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where kξ,eff and kζ,eff are factors that account for elastic aileron and rudder effectiveness. All
derivatives included in the model are given in dependency of the flight shapes. In order to
obtain the values corresponding to the current flight shape, an interpolation over the equivalent
airspeed is performed. This way, airspeed excursions, in principle, affect both the structural
modes (e.g. Cηiu∆uA in Eq. (4)) and the flight shapes (through interpolation of derivatives) and
are therefore, in principle, represented twice. In order to cope with this issue and not doubly
include the influence, a frequency blending is performed with a cutoff frequency of 0.5 Hz.
Here, the low frequency portion of the airspeed is used to apply flight-shape changes and the
high frequency portion excites the modes about the flight shapes [10]. In order to account for lag
effects, forces are considered independently at main wing, HTP and vertical tailplane (VTP).
Furthermore, stall is modelled at the main wing and VTP [14].

4 DEVELOPMENT OF SYSTEM IDENTIFICATION MANOEUVRES

This section describes the system identification manoeuvres developed in the context of this
work for low-altitude flight testing of the DLR HAP-alpha aircraft. The development was done
in an iterative process, in which the manoeuvres were simulated, starting with typical test ma-
noeuvres. In the following, the manoeuvres were successively adjusted until they were deemed
adequate in terms of the aircraft response. Afterwards, a clearance with respect to the associated
loads was performed.

4.1 Requirements for Adequate Manoeuvres

Numerous prior works have focused on the design of system identification manoeuvres, cf. [16–
18] and references therein. Many of the prior works also aimed at optimising the manoeuvres,
usually with the aim of reducing the uncertainty bounds on the estimated parameters or reducing
the flight test time, see for example [19–23]. These works typically yield complex manoeuvres,
which do have adequate properties for system identification, but often require to be performed
via computerised inputs and were not considering very tight flight and loads envelopes.

The characteristics of the present vehicle and its flight envelope shifts a bit the focus away from
strong identifiability and the following hard requirements were defined:

• Limitation of loads: While some amount of flexible mode excitation and loads is desir-
able for comparisons of simulation results and flight tests, these should not be excessive
as modelling and manufacturing uncertainties may be present. Remaining within 50 %
of the target load envelope, which represents the loads that the aircraft was sized with,
was defined as an acceptable maximum. Complex manoeuvres exciting many modes at
the same time could yield very different peak load levels when considering uncertainties,
for example in mode frequencies and damping. Such complex manoeuvres should be
avoided, at least during the initial model validation.

• Remain within the flight envelope: The allowable speed band is very narrow. Excess
airspeed deviations thus directly increase the risk of a loss of aircraft. The manoeuvres
must be defined such that the aircraft will not come close to or exceed the limits of the
outer flight envelope (i.e. VTAS > VS or VTAS < VNE).
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The objectives (soft requirements) for the design of the manoeuvres are defined as follows:

• Sufficient and distinct excitations of the quantities of interest: To facilitate the identi-
fication process, the different desired flight quantities (e.g. angle of attack, yaw rate, etc.)
should be notably excited for a sufficient amount of time. In addition, a separation of the
excitations of different quantities is to be sought and preferred.

• Small airspeed excursions: The airspeed has a strong influence on the flight shapes and
thereby on the aerodynamic characteristics. Therefore, larger deviations would compli-
cate the subsequent identification process, as the derivatives vary more strongly over a
single manoeuvre. The risk of small short-term excursions of the operation flight enve-
lope (i.e. VTAS < VO,min or VTAS > VO,max) should be as low as possible.

• Easy to perform by a human pilot: In the framework of the HAP-alpha flight tests, the
flight control system is planned to be used to execute the pre-defined system identification
manoeuvres. Still for maximum flexibility and as a fall-back solution, it was desired to
define manoeuvres which are already validated in terms of loads and airspeed excursions
and which could still easily be flown manually, if needed. Consequently, manoeuvres
which could be performed by a human pilot are preferred, which eliminates more complex
signals such as multi-sines e.g. [24] or wavelet-based multi-axis signals e.g. [25].

The following sections present the manoeuvres that were found to be most adequate. The ma-
noeuvres involving stabiliser deflections are shown first, followed by roll and then yaw manoeu-
vres. In addition, frequency sweeps are shown. In order to limit the occurring accelerations, a
maximum control surface deflection rate of 30 °/s is applied for all manoeuvres.

4.2 Stabiliser 13211 and Stabiliser Doublet

Manoeuvres with stabiliser, respectively elevator, inputs are commonly used to excite the short
period and the phugoid modes. Single-step or multistep inputs are quite commonly used for
this. Such manoeuvres are described by a few parameters: typically the duration and amplitude
of each step. In the case of multistep manoeuvres, the duration of the successive steps follow a
specific pattern and two parameters are then sufficient: the amplitude A and a base duration ∆t.

By varying ∆t, the whole spectrum of the excitation can be shifted in frequency. The frequen-
cies of the eigenmodes of interest are usually targeted by choosing the appropriate value for
∆t [17, 25]. Multistep signals with different durations can be used to spread out the excitation
in the frequency domain such that the excitation signal works robustly for a wider range of
frequencies and thereby system behaviours. These difference in behaviour may results from
modelling or manufacturing uncertainties, different masses or mass distributions (not relevant
for HAP-alpha), or flight conditions. At low altitudes, the short period mode of HAP-alpha
is overcritically damped and, instead, exhibits two strongly decaying aperiodic modes [9, 10].
For this reason, the usual derivation of the base duration ∆t as a function of the short period
frequency is not applicable, but the principle remains valid. In this work, the amplitude and
base duration were varied in simulation until the time response of that aircraft was deemed
acceptable.

The two selected manoeuvres are multistep manoeuvres: a 13211 and a doublet. The 13211
manoeuvre is a variation of the well-known 3211-manoeuvre [16, 26]. The original 3211 ma-
noeuvre is illustrated in Figure 4a (blue line) and consists of four consecutive steps of the same
magnitude but with alternating direction with durations of 3∆t, 2∆t, 1∆t, and 1∆t, respec-
tively. As pointed out in [27–29], it is one of the most common longitudinal input signals used in
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system identification, probably because it is effective and very easy to use. With the longer step
at the beginning of the manoeuvre, the aircraft starts deviating in altitude and speed early during
the manoeuvre and the sum of all control actions is also non-zero such that the aircraft tends to
execute most of the manoeuvre at a slightly different speed and to leave the current flight point.
This tendency can be reduced in different ways. By flipping the 3-2-1-1 signal, e.g. it becomes
a 1-1-2-3 signal which excites the higher frequencies first and limits this effect [17,30]. A mod-
ified amplitude can also be applied to each step to compensate the differences in duration, for
example by using steps of amplitude 0.8A, -1.2A, 1.1A, and -1.1A (with nominal amplitude
A) as mentioned in [17] and illustrated in orange in Figure 4a. In practice, such fine adjustments
of the step amplitude are not easy to do for human pilots, so adding a step of duration 1∆t at
the start of the manoeuvre provides an easier way to obtain a similar effect (cf. Figure 4b).

(a) original 3-2-1-1 input signal
(blue: with equal amplitudes,
orange: with modified amplitudes)

(b) 1-3-2-1-1 input signal (c) doublet input signal

Figure 4: Typical multistep input signals

Two variations of the 13211-manoeuvres were selected and are shown in Figure 5a along with
the simulated flight dynamics model response without wind. These are a longer manoeuvre
(blue solid lines) with a base duration of 1 s and deflections of ±2° relative to the trim setting
and a shorter one (red dashed lines) with a base duration of 0.5 s but stronger inputs of ±5°.
The first allows keeping a modified angle of attack for a longer duration whereas the second
allows reaching higher pitching rates q and accelerations q̇. In both cases, the airspeed variation
remains within about ±1 m/s, and reaches VO,min but does not significantly fall below this speed.

In addition, a stabiliser doublet (Figure 4c, Figure 5b) with a time unit of 1 s and a deflection of
10° is also selected. It allows reaching stronger vertical load factors and structural deflections
(shown in Figure 5b for the first symmetric wing bending structural mode η1), which is required
for the validation of the aeroelastic model. Second, this manoeuvre excites the phugoid mode
well, as can be seen by the oscillations of airspeed VTAS and the flight path angle γ after the sta-
biliser input is removed after 3 s. Note that the HAP-alpha’s phugoid mode has a comparatively
strong damping ratio and a high frequency due to its small weight and airspeed [9, 10].

All manoeuvres are to be performed in both directions, hence with first input down, respectively
up. In Figure 5, only the manoeuvres with initial downwards command, i.e. positive stabiliser
deflection are shown. Figure 10 will later show the opposite manoeuvres in the context of the
loads analysis.

4.3 Aileron 121 and Aileron Sine

Next, the aileron manoeuvres are presented. Typically, bank-to-bank manoeuvres are performed
using ailerons and, if applicable, spoilers to a certain extent to achieve larger roll rates and to set
up high bank angles, while at the same time keeping the yawing motion to a possible minimum.
This allows to identify the rolling-motion-related parameters. In case of HAP-alpha, such an
approach is not possible as the achievable roll rates are extremely low due to the high-aspect-
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(b) Stabiliser doublet, first down

Figure 5: Time histories for vertical manoeuvres performed with flight dynamics model

ratio wing and a very small aileron effectiveness. In addition, the allowed bank angle is limited
due to the risk of entering a spiral descent. In order to cope with these issues, a different
manoeuvre is envisaged as the primary system identification roll manoeuvre. It is a so-called
121-manoeuvre. Hence, the first step is to one side with a base duration of 1∆t, followed by
a step to the other side with 2∆t and a final step to the first side again with 1∆t. Figure 6
shows the aileron manoeuvres and depicts the 121-manoeuvre in Figure 6a. In the flight test,
all manoeuvres are performed to both sides. While, in theory, both yield equivalent results, this
serves to identify unintentional asymmetries of the aircraft and also allows a plausibility check.
Here, only the manoeuvres that start with a left input are shown.

As shown, a base duration ∆t of 5 s is used together with a strong aileron input of 10°. This
yields maximum roll rates p of approximately ±2°/s, which is a comparatively high value for
the aircraft. Accordingly, bank angles of Φ = ±5° are achieved. As a reference, above a bank
angle of approximately ±7° in turning flight, local stall is likely to occur at the inner-turning
wing at sea level for HAP-alpha. Therefore, it can be concluded that this manoeuvre already
leads to sufficient excursions even though for conventional aircraft these values would be very
low.
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Figure 6: Time histories for roll manoeuvres performed with flight dynamics model

However, the time histories also show that the aircraft has a very strong roll-yaw coupling.
This is particularly visible in the yaw rate r, which reaches higher values than the roll rate p
in this manoeuvre and the sideslip angle β, whose values and trends are similar to those of the
bank angle Φ. This can pose a difficulty when estimating the parameters as it hinders a clear
subdivision of the according effects. For this reason, an additional manoeuvre is added, whose
time histories are depicted by Figure 6b. It is an aileron sine input. A frequency of 1 Hz is used,
which is still well below the first asymmetric mode η2 (cf. Figure 2b). Accordingly, as it can
be seen, this mode is not resonant for the given inputs and only reaches comparatively small
values. On the other hand, the input frequency is high enough to prevent the sideslip angle β
from reaching larger values. The yaw rate is also small, while the roll rate at least reaches values
up to ±1°/s.

4.4 Rudder Doublet

In this section, the rudder manoeuvres are presented. Typically, rudder inputs are used to excite
the Dutch roll mode. However, similar to the short period mode, the HAP-alpha’s Dutch roll
mode is strongly damped and barely oscillates [9, 10]. For this reason, a signal sizing based on
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the Dutch roll’s characteristics is again not reasonable. Instead, the inputs must be designed in
such a way that the direct responses to the control inputs are distinct. Rudder doublets are used
in two different variants, as shown in Figure 7.
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Figure 7: Time histories for rudder doublets (first left)
performed with flight dynamics model

The first variant is a longer manoeuvre with
a base duration ∆t of 5 s and a magnitude of
5° (blue solid lines). As shown, after the in-
puts are completed, the aircraft returns fast to
a steady state which indicates that the Dutch
roll decays fast. With this longer manoeuvre,
a larger sideslip angle β establishes over time.
After the rudder is set back to zero, there is a
small overshoot visible in all quantities. In
addition, a short manoeuvre with a base dura-
tion ∆t of 1 s is used (red dashed lines). In
return, a large rudder input of 10° is used.
This manoeuvre is added to achieve larger
yaw rates r that are still existent for a larger
time span after the rudder input has been set
back to zero.

The approach of dividing the manoeuvre into
two variants in order to achieve either higher
sideslip angles or higher yaw rates is simi-
lar to that performed for the stabiliser inputs.
However, here the driver is not the airspeed
excursion. Instead, applying larger inputs for
a longer time span is limited by the associated
vertical-tail loads, as a strong rudder deflec-
tion with a larger sideslip angle of the same
direction is a critical load case.

4.5 Frequency Sweeps

Finally, frequency sweeps are chosen to ex-
cite a broader frequency range. It will be per-
formed separately using stabiliser, ailerons
and rudder. This manoeuvre is characterised
by a sinusoidal signal, which starts at a rather low frequency. Over time, the frequency is
gradually increased. Even though such manoeuvres are more common in the context of fre-
quency domain applications, experiments have shown that such manoeuvres are well applicable
in flight testing to excite the structural dynamics [31, 32]. Frequency sweeps are very pow-
erful and relatively easy to perform manually, but tend to require longer duration than many
other methods [33]. Figure 8 exemplarily shows the time history responses due to a stabiliser
frequency input.

For HAP-alpha, the frequency is varied from 0.2 Hz to 10.0 Hz to excite a high number of struc-
tural modes. In order to not exceed the afore-mentioned control input limit of 30°/s at high
frequencies, the deflection magnitude is limited to 1°. As shown by Figure 8, the rigid-body
flight quantities remain close to the initial flight condition. The airspeed VTAS deviates only by
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Figure 8: Time histories for stabiliser frequency sweep performed with flight dynamics model

around 0.5 m/s and the angle of attack α only responds to the first oscillation to a larger extent.
The corresponding pitch rate q is also comparatively low. In the bottom three plots of Figure 8,
the structural modes 1, 3 and 8 are shown, which are the symmetrical modes with lowest fre-
quency. Even though the asymmetrical modes are also excited by this longitudinal manoeuvre
due to the modes’ cross-coupling, the time histories of these modes are more interesting. Mode
3 is a symmetrical wing in-plane mode and mode 8 is a wing bending with fuselage bending.
Both are not shown in this paper but more information and plots are provided by [12]. As
shown, all modes are well excited by the stabiliser frequency sweep and resonances are visible
for mode 3 and 8.

4.6 Summary of Manoeuvres

Finally, this section summarises the manoeuvres that were developed for low-altitude flight
testing of HAP-alpha and have been shown in the previous sections. For this purpose, Table 5
lists them and provides the respective parameters. Recall that all manoeuvres are performed in
both directions even though for the lateral-directional manoeuvres symmetry is expected. Please
note that not only the above-described manoeuvres will be used for system identification. All
other flight data without dedicated manoeuvres might also be used. This involves particularly
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turns, take-offs and landings. In addition, some more manoeuvres that are not specifically
designed for the HAP-alpha might be included on demand. These are thrust step inputs and
doublets, as well as steady-heading sideslip manoeuvres.

Table 5: Summary of all low-altitude system identification manoeuvres

Control
surface Manoeuvre Base duration/

frequency Magnitude Direction

Stabiliser

13211, long 1.0 s 2.0° First up
13211, long 1.0 s 2.0° First down

13211, short 0.5 s 5.0° First up
13211, short 0.5 s 5.0° First down

Doublet 1.0 s 10.0° First up
Doublet 1.0 s 10.0° First down

Frequency sweep 0.2 Hz – 10.0 Hz 1.0° First up
Frequency sweep 0.2 Hz – 10.0 Hz 1.0° First down

Ailerons

121 5.0 s 10.0° First left
121 5.0 s 10.0° First right

Sine 1.0 Hz 4.5° First left
Sine 1.0 Hz 4.5° First right

Frequency sweep 0.2 Hz – 10 Hz 1.0° First left
Frequency sweep 0.2 Hz – 10 Hz 1.0° First right

Rudder

Doublet, long 5.0 s 5.0° First left
Doublet, long 5.0 s 5.0° First right

Doublet, short 1.0 s 10.0° First left
Doublet, short 1.0 s 10.0° First right

Frequency sweep 0.2 Hz – 10.0 Hz 1.0° First left
Frequency sweep 0.2 Hz – 10.0 Hz 1.0° First right

5 LOADS AND AEROELASTIC ANALYSIS

As described in section 2, the aircraft is highly elastic and many design aspects are driven by
loads and aeroelasticity and even involve active load alleviation techniques [34]. The aeroe-
lastic modelling comprises individual models for aerodynamics, mass, stiffness and the flight
controller, coupled in the aeroelastic simulation software Loads Kernel [35,36]. The numerical
simulation models are described in detail in previous publications [37–39] while this section
focuses on the validation. For example, the aerodynamic panels methods, vortex lattice (VLM)
and doublet lattice method (DLM) [40, 41], are fully applicable due to the slow flight speed
leading to a low Mach number (Ma < 0.3) and the authors are confident in the aerodynamic
modelling as long as the geometry and airfoils are correct. In addition, results were com-
pared against higher fidelity simulations from the aerodynamic design team and showed a good
agreement. The mass model was checked by weighting all structural components and systems,
leading to a very close match with the total mass (residual res < 200 g) as well as centre of grav-
ity (res < 1.0mm). The structural model was updated based on results of a ground vibration
test, so that the agreement between the experimental and the updated finite element modes is
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very good and all relevant modes are included. Good correlation was achieved for a frequency
range of up to 15.0 Hz, which is more than sufficient for the intended aeroelastic applications.
However, the combination of aerodynamics, structure, mass and flight mechanics can only be
validated by flight test. In order to confirm that the manoeuvres sufficiently excite the structure
and do not exceed the already mentioned 50 % of target load, all manoeuvrers described in sec-
tion 4 were subject to a detailed loads analysis by introducing the control surface signals into
the Loads Kernel software and performing a time-domain simulation. The results are visualised
in Figure 9 as load envelopes.

(a) Wing root (b) Rear fuselage

(c) Horizontal tail (d) Vertical tail

Figure 9: Load envelopes from flight test manoeuvrers compared to the target loads

Figure 9 shows two quantities of interest at four different monitoring stations, in Figure 9a for
example the bending and torsional moments Mx and My at the right wing root. As a reference,
the target loads used for the final sizing of the primary structure are shown in grey. It can be seen
that in all four locations (Figure 9a - 9d), the loads due to the flight test manoeuvrers are well
within the target loads. For the rolling and yawing manoeuvrers, the amplitude and duration of
the control surface deflections were specifically designed and limited.

A deeper insight is given for the vertical manoeuvrers (Figure 10), were the top part of Fig-
ure 10a shows the stabiliser deflections iHTP for three different vertical manoeuvrers, followed
by the rigid body motion in terms of pitch rate q and Euler angle Θ. It can be seen that the
inputs and the aircraft motion is pronounced. However, the load factor in vertical direction re-
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mains between nz = 0.75 . . . 1.25, which is comparably low considering the aircraft is sized
for nz = 2.0. The reason is again, that both the amplitude and duration of the control surface
deflections were specifically designed and limited. Here however, the aircraft velocity was the
driving constraint. The bottom part shows the forward velocity component u and it can be seen
that the operational velocity envelope is already left, with occurring values slightly smaller than
VO,min an slightly larger than VO,max. This means that higher self-provoked load factors are
simply not achievable at low altitude. Nevertheless, as shown in Figure 10b, these vertical ma-
noeuvrers still provide a clear and pronounced time signal e.g. comparing the wing root bending
moments Mx to the initial value at t = 0.0 s from the horizontal level flight.

(a) Aircraft response (b) Wing root bending moments

Figure 10: Time histories for vertical manoeuvres from dynamic aeroelasticity simulation

6 SYSTEM IDENTIFICATION TEST

The flight manoeuvres described in section 4 are designed to excite the aerodynamic and flexi-
ble dynamic characteristics of the HAP-alpha as effectively as possible while meeting the men-
tioned limiting requirements. The virtual flight data obtained from simulation of these ma-
noeuvres will then be used in flight tests to determine the model parameters of the non-linear
simulation model. Methods for system identification will be employed for this purpose. This
section demonstrates the use of the manoeuvres for system identification. For the sake of sim-
plicity, a linearised version of the HAP flight dynamic model is used.

6.1 Model Setup

A simplified model setup was employed to demonstrate the efficacy of the developed flight
manoeuvrers for system identification. The non-linear flight dynamics model introduced in
section 3 was linearised at a representative operating point, characterised by an altitude of 100 m
and a true airspeed (VTAS) of 10 m/s. The original model comprises 40 states, encompassing
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both rigid-body and flexible modes. However, for simplicity, the model was further reduced to
include only the rigid-body modes and three flexible modes, resulting in a state vector x⃗ with
14 states. The linearised state-space model is represented by Eq. (6) and (7), which features the
state vector x⃗, the input vector u⃗, and the output vector y⃗.

˙⃗x = A · x⃗+B · u⃗ (6)

y⃗ = C · x⃗+D · u⃗ (7)

The input vector u was also reduced to the stabiliser iHTP, combined aileron ξ̂ and rudder ζ
deflection as inputs signals. The output vector y⃗ contains all the states and additionally the
accelerations at centre of gravity in the body-fixed coordinate system ax, az, ay. This leads to a
total of 17 outputs. The described model setup leads to the state-space matrices

A =


a1,1 a1,2 . . . a1,14
a2,1 a2,2 . . . a2,14

...
... . . . ...

a14,1 a14,2 . . . a14,14

 , B =


b1,1 b1,2 b1,3
b2,1 b2,2 b2,3

...
...

...
b14,1 b14,2 b14,3

 ,

C =


c1,1 c1,2 . . . c1,14
c2,1 c2,2 . . . c2,14

...
... . . . ...

c17,1 c17,2 . . . c17,14

 , D =


d1,1 d1,2 d1,3
d2,1 d2,2 d2,3

...
...

...
d17,1 d17,2 d17,3

 .

(8)

The state x⃗, input u⃗ and output vector y⃗ consist of the signals

x⃗ =
[
VTAS α β p q r Φ Θ η1 η̇1 η2 η̇2 η3 η̇3

]T
,

u⃗ =
[
iHTP ξ̂ ζ

]T
,

y⃗ =
[
VTAS α β p q r Φ Θ η1 η̇1 η2 η̇2 η3 η̇3 ax ay az

]T
.

(9)

The elements of the matrices A, B, C, and D were initially obtained by a linearisation of the
non-linear model. Therefore, for this investigation, it was necessary to introduce uncertainties
to the model first. Consequently, 10 elements in matrix A, 6 elements in matrix B, and 4
elements in matrix C were selected according to their expected influence on the rigid-body
motion and altered. These modifications introduced errors of 50 % relative to the initial values,
corresponding to either a 50 % increase or decrease. As the shapes of the flexible modes are
assumed to be known, the introduced model errors were concentrated in the elements primarily
affected by rigid-body motion and body accelerations in the output vector. Specifically, the
following regions of the matrices in the state-space model were randomly modified:

• The first eight rows and columns of matrix A.
• The first eight complete rows of matrix B.
• The last three rows and first eight columns of matrix C.

The matrix D of the state-space model remained unchanged. The modified model served as the
basis for the subsequent system identification process.

18



IFASD-2026-0129

6.2 Process Description

The absence of real flight data from the HAP-alpha aircraft necessitated the generation of vir-
tual flight data for testing the system identification process. To this end, the non-linear flight
dynamics model was used to simulate various flight manoeuvrers, with the trim point (altitude
of 100 m, true airspeed VTAS of 10 m/s) serving as the starting point. In order to introduce some
measurement noise, a slight wind turbulence was introduced into the model input.

The simulated manoeuvres consisted of two short and long stabiliser 13211-manoeuvres to
both sides, hence four altogether, two aileron 121-manoeuvres with different directions, and
two short and long rudder doublets to both sides, i.e. four in sum. This set of manoeuvres
will also be part of the first flight of the flight test campaign within HAP-alpha. In this system
identification test, the frequency sweeps are excluded. This in in line with the flight test schedule
of HAP-alpha. Since these manoeuvres are considered more critical, they will not be part of the
first flight. Therefore, it is desirable that a system identification can be successfully performed
using the remaining manoeuvres alone. Moreover, it is rather intended to excite the structural
dynamics. In a first approach, this test run only addresses the rigid-body parameters.

In addition to the control deflections signals, all variables present in the output vector y⃗ of the
linearised state-space model were included as measured variables. The MATLAB-based tool
FITLAB [42], developed at the DLR Institute of Flight Systems, was employed to demonstrate
the system identification process. This tool enables the direct import of a state-space model and
the estimation of selected elements in the state-space matrices. The modified state-space model,
as previously described, served as the basis for parameter estimation. Table 6 in the appendix
lists all elements in the state-space matrices that were modified. The objective was to obtain
new estimates of the selected modified elements in the state-space matrices. The maximum
likelihood method was used to estimate the parameters, wherein the signals in the model output
vector y⃗ were compared with the measurement vector z⃗. The parameters selected for estimation
were determined through an iterative process, with the goal of minimising the model error or
the difference between model output y⃗ and the measurement vector z⃗.

Using this parameter estimation process, the simulated flight test data were utilised to re-
estimate the modified matrix elements. This approach simulates the process that will occur
during real flight tests, where an existing model with known errors is improved using multi-
ple system identification methods. By doing so, the effectiveness of the system identification
process can be evaluated and refined prior to actual flight testing.

6.3 Results and Evaluation

The results of the system identification process are presented in the time series plots of Figure 11
to Figure 13. Please note that not all used manoeuvres are displayed here (cf. section 6.2). In
Figure 11, the first plot depicts the stabiliser input. Subsequent plots in this figure show the
longitudinal output vector quantities. The virtual flight data are represented by blue lines, while
the response of the linear model with estimated state-space matrix elements is shown in red.
Similarly, Figure 12 illustrates the signals for lateral aircraft motion. The first two plots dis-
play aileron and rudder deflections as model inputs, while the remaining plots compare lateral
quantities from the simulated virtual flight test data (blue) against the linear model response
(red). Figure 13 presents time series plots for the generalised-coordinate state variables of the
first three flexible modes, again contrasting virtual flight test data (blue) with the linear model
response (red).
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Figure 11: Longitudinal flight parameters from selected flight manoeuvrers, non-linear-model flight data as refer-
ence in blue, response of the linear flight model with estimated parameters in red

Figure 12: Lateral flight parameters from selected flight manoeuvrers, non-linear-model flight data as reference in
blue, response of the linear flight model with estimated parameters in red
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Figure 13: Flexible modes from selected flight manoeuvrers, non-linear-model flight data as reference in blue,
response of the linear flight model with estimated parameters in red

In general, the virtual flight test data and the model output show good quantitative agreement for
variables relating to rigid-body motion. This indicates that the linear model, utilizing the newly
estimated elements in the state matrix, reproduces these variables effectively. In addition, the
simulated measurements and linear model output for the first and second wing bending modes
(η1, η̇1, η3, η̇3), as well as the first in-plane wing scissor mode (η2, η̇2), are in close agreement.

Only minor deviations become apparent when considering the maxima and minima of VTAS,
angle of attack α, pitch rate q, pitch angle Θ, angle of sideslip β, yaw rate r and bank angle
Φ. It is visible that the wind disturbances also lead to noticeable excitations but do not hinder
the identification process. The results of the estimated parameters are provided in Table 6 in
the appendix. This table lists the original, modified, and estimated values for the considered
state-space matrices elements.

At this point, it should be noted that most of the parameters of the linear model reach an esti-
mated value that is close to that of the initial linear model. However, this is not true for all cases,
e.g. ∂ṗ/∂p. At this point, it must be noted that the linear model, even though derived from the
non-linear model, differs from it to a larger extent. There are multiple reasons for it. First,
the non-linear model has a flight-shape dependency, which is lost in the linear model. This is
especially important as the flight shapes, and with it the aerodynamic derivatives, already vary
significantly between VO,min and VO,max. Second, as the name says, the nonlinearities are lost,
which is especially crucial for sideslip-angle-related effects at the VTP. Finally, most of the
flexible states were excluded for simplicity in the linear model. The time histories of the esti-
mated model demonstrate that the selected flight manoeuvres are, in principle, well-suited for
identifying a simple linear flight dynamics model. The inclusion of further manoeuvres, such
as frequency sweeps, will further improve the accuracy of the estimated model parameters.
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FITLAB also enables the determination of parameters for a non-linear model. Therefore, in
subsequent real-world flight tests with the HAP, the complete non-linear flight dynamics model
will be incorporated into the system identification process.

7 CONCLUSIONS
This paper deals with the development of system identification manoeuvres for low-altitude
flight testing of the DLR-aircraft HAP-alpha. For this purpose, different control surface signals
are defined iteratively based on the time responses obtained by a flight dynamics simulation with
the flexible aircraft. In addition, a loads analysis is performed and a final preliminary system
identification test using a linear state-space model indicates that the manoeuvres are suitable for
this purpose.

The HAP-alpha aircraft differs significantly from conventional aircraft, especially at low al-
titudes, in terms of its overcritically damped short period, and a strongly damped Dutch roll
mode. Therefore, the sizing of test manoeuvres is different from the conventional approach,
and cannot simply be performed using the natural frequencies of these modes. In addition, the
roll performance of this aircraft is very low, which, together with a strong roll-yaw coupling,
impedes the feasibility of typical bank-to-bank manoeuvres. Finally, the allowable airspeed
band is very small and for reasons of risk mitigation, loads are required to be below 50 % of the
target loads during these manoeuvres.

Taking all of these conditions into account, a set of manoeuvres is found that sufficiently excites
all required rigid-body quantities and the aircraft’s structural dynamics. These manoeuvres, in
some part, differ notably from more typical manoeuvres. Three approaches are used to achieve
this satisfactory set:

1. Strong adaptations of base durations and/or magnitudes: To obtain sufficient excursions
related to strongly damped modes, either rather long inputs of small magnitude or very
short inputs with high magnitudes are used.

2. Use of single manoeuvres twice with different parameters: In some cases, simultaneous
pronounced excursions of steady and dynamic quantities are difficult to achieve. Here,
the same manoeuvre can be applied twice with modified parameters, while shorter input
sequences with stronger magnitude are used to increase the dynamic reaction and vice
versa.

3. Use of less conventional types of input signals: In order to account for the aircraft’s roll
performance, different signals are used like a 121 and an aileron sine input.

Altogether, a short and a long 13211-manoeuvre, as well as a doublet manoeuvre using the
stabiliser are found to yield satisfactory aircraft reactions in longitudinal motion. For roll, a
longer 121 and an aileron sine input are defined and a short and a long rudder doublet are used
to excite the yawing motion. Moreover, typical frequency sweeps are used about all axes, as
these have shown to sufficiently excite the structural dynamics.

The final system identification test using a linearised model and simulation results from the non-
linear model with light turbulence indicates that the manoeuvres are well applicable for system
identification purposes. However, it must be mentioned that, at this point, only the flight quan-
tities given at the centre of gravity were used and no sensor models along with measurement
errors were included. To attenuate this simplification, only a small number of the manoeuvres
were used for the identification test. Nevertheless, it must be admitted that the inclusion of sen-
sors with their positions and errors will further complicate the identification and also aggravate
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the reconstruction of single modes. Particularly the signal-to-noise ratio is crucial with respect
to the actual feasibility of the system identification. Therefore, the identification test performed
in this paper serves to provide an idea about the general applicability of the found manoeuvres.

8 FUTURE WORK

As already described, the system identification test performed in this work is a first step that
already gives an idea about the applicability of the developed flight test manoeuvres. The next
step is to include sensor models with measurement errors and to repeat the analyses to consol-
idate the findings of this work. Moreover, the flight test campaign in the context of the project
HAP-alpha is scheduled for summer 2026. The manoeuvres developed in this work will be
performed within the campaign. The according flight test data will then be used for system
identification and to validate and improve the available models.
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APPENDIX
Table 6: Results of parameter estimation

Parameter Linear Initial Estimated Standard Relative
model mod. value value deviation error

a1,8 ∂V̇TAS/∂Θ -9.8125 -14.7187 -8.1235 0.0375 0.46 %
a2,5 ∂α̇/∂q -0.1196 -0.0598 0.4049 0.0120 2.97 %
a3,4 ∂β̇/∂p -0.6784 -0.3392 -0.6415 0.0055 0.86 %
a3,6 ∂β̇/∂r -0.6468 -0.9702 -0.6709 0.0022 0.32 %
a4,3 ∂ṗ/∂β -2.7405 -1.3702 -3.9119 0.1230 3.14 %
a4,4 ∂ṗ/∂p -14.3473 -21.5209 -21.0412 0.6793 3.23 %
a4,6 ∂ṗ/∂r 3.0767 1.5384 4.1437 0.1285 3.10 %
a5,2 ∂q̇/∂α -8.7079 -4.3540 -11.9881 0.0681 0.57 %
a6,4 ∂ṙ/∂p -0.9006 -1.3509 -0.8866 0.0067 0.75 %
a6,6 ∂ṙ/∂r -0.4891 -0.7337 -0.4787 0.0014 0.29 %

b2,1 ∂α̇/∂iHTP -1.1638 -1.7457 -0.4832 0.0162 3.34 %
b4,2 ∂ṗ/∂ξ̂ -1.0721 -1.6081 -3.0840 0.0980 3.18 %
b4,3 ∂ṗ/∂ζ 0.0400 0.0200 0.1311 0.0101 7.67 %
b5,1 ∂q̇/∂iHTP -14.7876 -22.1814 -13.5980 0.0247 0.18 %
b6,2 ∂ṙ/∂ξ̂ -0.0012 -0.0018 0.0088 0.0007 7.83 %
b6,3 ∂ṙ/∂ζ -0.3859 -0.1929 -0.3755 0.0011 0.30 %

c15,8 ∂ax/∂Θ -9.8114 -14.7170 -9.4833 0.0450 0.47 %
c16,3 ∂ay/∂β -4.4762 -2.2381 -4.3482 0.0143 0.33 %
c17,1 ∂az/∂VTAS -1.9530 -0.9765 -1.9294 0.0205 1.06 %
c17,2 ∂az/∂α -100.82 -151.23 -106.63 1.1122 1.04 %
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