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Abstract

In early design stages, virtual system integration at aircraft level can provide a crucial understanding of cross-
system effects. Thereby, cost-intensive and time-consuming redesigns after hardware integration tests are
less likely. A particular challenge is modeling landing gear loads and their cross-system effects within virtual
system integration tests. This paper presents a virtual test environment for the automatized analysis of landing
scenarios. Within this test environment, virtual research aircraft models are used for system integration tests.
The multidisciplinary model of the research aircraft, including aerodynamics and fundamental system dynam-
ics, is extended by a co-simulation of the landing gear, optionally including structural dynamics. The relevance
of landing gear structural dynamics for system integration tests is discussed. Finally, the applicability of the test
environment is discussed for two use cases, the development and evaluation of a landing gear loads observer
as well as the determination of target values for active load alleviation functions.
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1. INTRODUCTION of Hamburg (TUHH). VIPER enables the virtual inte-

Due to the high complexity of modern commercial air-
craft, some cross-system effects can only be iden-
tified or examined in detail by expensive and time-
consuming hardware integration tests in late devel-
opment stages of the classic V-model development
process. In the worst case, this leads to complex and
costly design changes or not optimized overall sys-
tems.

Model-based virtual methods extend and improve the
V-model-based development process. By expand-
ing the V-model to include early virtual validation
and verification, cross-system effects can already
be recognized and investigated in the preliminary
design stages of the subsystems. During this virtual
aircraft-level system integration, various physical and
hence model domains must be linked. The usage
of multidisciplinary simulation models enables the
connection of specialized simulation methods for dif-
ferent subsystems. Often these specified simulation
methods are created in their own software environ-
ments. In these cases, co-simulations are a powerful
option for linking software tools and multidisciplinary
simulation models. Based on the interaction of these
subsystems, realistic behavior of the overall model,
including cross-system effects, is achievable.

This principle is used within the virtual integration plat-
form VIPER (Virtual Integration Platform for Education
and Research), developed by the Technical University
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gration of aircraft systems within virtual research air-
craft via system and component libraries as well as
co-simulations. In this way, novel systems can virtu-
ally be coupled with adjacent systems. They can be
analyzed towards their behavior within the overall sys-
tem and towards coupling effects across systems, in-
dependently of the individual system designer and do-
main. In addition to the modular integration and sim-
ulation within virtual research aircraft, VIPER offers a
comprehensive test, evaluation and visualization en-
vironment for the detailed virtual analysis of the over-
all system and its simulation results [1]. For example,
in VIPER, the integration of electric flight control ac-
tuators (EMA) and the effects of a multifunctional fuel
cell as a replacement for the auxiliary power unit or
the ram air turbine at the overall aircraft level were
investigated [2] [3].

A particular challenge modeling multidisciplinary
system couplings is the simulation of interactions
of precise landing gear dynamics with system and
flight dynamics. Multidisciplinary simulation models
are a substantial prerequisite to achieve a precise
analysis of the complex landing gear loads within
various operating states [4]. These multidisciplinary
simulations form a basis for optimizing the design of
landing gear dependent components and systems.

In order to realize those potentials of VIPER, this pub-
lication presents the extension of the test environment
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by an extensive virtual landing gear model. Both, a
landing gear model with and without structural dynam-
ics are generated to evaluate the necessity for these
model fidelities at system integration. Furthermore,
this publication demonstrates the subsequent utility
of the virtual test environment for two use cases. At
first, the test environment is demonstrated for gener-
ating realistic sensor data and corresponding landing
gear loads to design and test loads observer meth-
ods. Additionally, the capability of the test environ-
ment to define an evaluation basis for load alleviation
functions is shown by determining landing load cases
for a holistic load envelope. Although the test environ-
ment can be used for arbitrary operating states, this
paper will focus only on the landing impact.

First, the modeling and the coupling techniques for
the simulation of the complex movement of the air-
craft at landing touchdown are presented in chapter
2. To evaluate the extension of the presented test en-
vironment, the simulation models are analyzed, and
two use cases are discussed in chapter 3. This paper
closes with the conclusions in chapter 4.

2. METHODOLOGY AND MODELING

Virtual Research Aircraft (VIRAC) are used at the
TUHH for virtual system integration. The VIRAC
models are generally based on actual aircraft con-
figurations in order to make the system integration
analysis more representative, although they do not
represent the exact real-world counterpart. There-
fore, basic models are assembled using FlySim
library elements. The in-house FlySim library at the
FST consists of various models for subsystems with
different model fidelities and standard interfaces.
Thereby, the fidelity of the simulation can be adjusted
for each subsystem according to the needs of the
current analysis. This enables the optimization of the
ratio between model fidelity and computation effort.
Section 2.1.1 presents the basic model used for this
paper.

The extension of this basic model by a multibody
model of the landing gear is also based on this library
approach. Therefore, the aircraft model must be ex-
ecutable with and without the multibody landing gear
model, i.e., the landing gear model is another optional
subsystem within the FlySim library. This generates
special requirements for the coupling strategy of
the models. Section 2.1.2 presents the multibody
simulation model of the landing gear. Section 2.1.3
and section 2.1.4 present the runway model and
the coupling strategy for the co-simulation of the
landing gear model, respectively. Finally, section 2.2
introduces the test environment for the simulation
and analysis of high numbers of operating states.
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2.1. Multidisciplinary model for flight mechanics,
system dynamics and landing gear dynam-
ics

Within this publication, the flight mechanical and sys-

tem dynamics model VIRAC-1 is coupled with a multi-

body simulation model of the landing gear. ViRAC-1
describes an aircraft configuration based on the VFW-
614-ATD by Fokker. The VFW-614 is a short-range
aircraft with a seating capacity of 40 to 44 passen-
gers and above the wings mounted engines [5]. The

ATD-Version was equipped with a fly-by-wire system

and used as a technology demonstrator by Airbus [6].

A flight mechanical model in MATLAB/Simulink for the

basic aircraft was already generated and validated in

previous works at the FST [7]. Therefore, this model
is used for the generation of the test environment.

2.1.1. Flight mechanical model with flight con-

troller and basic system dynamics

The main part of the virtual basic model VIRAC-1 is a
flight mechanical model for the simulation of the equa-
tions of motion covering all 6 degrees of freedom of
the aircraft. Inputs to the equations of motion are the
forces and moments from the aerodynamics, the in-
ertia, the gravity, and the engines. In addition to the
flight mechanical model, the basic model by default in-
cludes some basic aircraft system models, e.g. mod-
els of the flight control actuator dynamics. In total, the
basic model comprises the following components:
« 6 degrees of freedom equations of motion
« Nonlinear 1-point aerodynamic model including
time delay effects of the wing downwash at the
horizontal tailplane
Stall model according to Jategaonkar [8]
« Ground effects on aerodynamics
« Actuator dynamics
« Nonlinear engine model-based on a nonlinear cal-
culation of the N1 shaft dynamics
« Interface for the connection of landing gear systems
Additionally, the model includes a flight controller
model with various autopilot modes and a simulation
of fly-by-wire control logic. Within this work, an instru-
ment landing system (ILS)-based automatic landing
function was added to the flight controller. In the first
phase of the ILS approach, the aircraft is vertically
guided along a glideslope and laterally guided along
a localizer signal. Position deviations from the lateral
approach path are settled by means of heading
changes using coordinated turns. Combined with
continuous disturbances, e.g. crosswinds, this results
in a crabbed approach. Altitude deviations from the
glideslope are settled by a change in pitch angle. The
approach speed is controlled via an automatic thrust
system. The controller changes into flare mode after
descending below the pre-defined flare height. This
mode gradually reduces the sink rate until touchdown
by spline interpolation between the sink rate at flare
activation and the desired touchdown sink rate.
For the simulations in this work, the de-crab function
was not used. That means lateral deviations during
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the flare are still corrected by coordinated turns, i.e.,
sideslip is avoided. This enables drifted landings, as
the aircraft’s longitudinal axis is neither aligned with
the runway centerline nor with the direction of flight in
crosswind scenarios. The amount of drift can be de-
fined by the approach speed and the crosswind com-
ponent. After touchdown, the controller changes into
rollout-mode. At activation of this mode, the spoilers
are extended, the engines are set to reverse thrust,
and the wheel brakes are activated. As only the land-
ing impact is analyzed in this publication, the wheel
brake function was disabled. During the rollout mode,
lateral deviations from the lateral approach path are
settled by means of combined deflections of the nose
wheel steering and the rudder.
Additionally to the aircraft model, the environmental
model is also part of the basic model and is composed
of FlySim library components analogously. The envi-
ronment model comprises the following components:
« Model of the atmosphere according to the interna-
tional standard atmosphere (ISA) [9] plus the option
of temperature deviations
« Earth, gravitational and magnetic field model using
the definitions of WGS84 [10] and EGM96 [11]
« Runway reference point at the runway threshold
with selectable elevation above mean sea level
« ldealized ILS system with selectable glide slope an-
gle and threshold crossing height
« Various wind models for continuous wind, discrete
wind gusts, wind shear and stochastic turbulence
fields according to [12]
Within this publication, only static crosswinds were
used. The approach simulations are initialized at pre-
defined trim points. Additionally to the trim points, the
flight controller settings and target values must be de-
fined initially. Due to the automated changes in con-
troller mode from approach to rollout, no further inter-
vention of the test management is necessary after the
simulation start for most scenarios.

2.1.2. Multibody landing gear model

The landing gear of VIRAC-1 is a typical nose gear
configuration. The nose landing gear and the main
landing gears have two wheels each (twin config-
uration). In order to achieve a sufficiently detailed
modeling of the landing gear components and the
inherent dynamics, the landing gear is modeled as a
multibody simulation model. This is done using the
multibody simulation software ADAMS (Automatic
Dynamic Analysis of Mechanical Systems) by MSC
Software. All three landing gear legs are simulated in
one model, as depicted in Fig 1.

The geometry was approximated using available data
from images, flight simulator models, and drawings
from the official VFW-614 handbook [13] [14]. The
main components of the landing gear are represented
as single bodies. An exemplary schematic structure
of a main landing gear is depicted in Fig 2. The
modeled components include the main fitting (MF)
and upper side stay (U-SS), connected to the air-
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FIG 1. Depiction of all components of the MBS model:
landing gear model (with deformations) and run-
way model as well as an airframe visualization

craft/airframe (AC), the lower side stay (L-SS), upper
torque-link (U-TL), lower torque link (L-TL), sliding
tube (ST), axle, and the two landing gear wheels
(W1 and W2). To connect those bodies, mechanical
joints are used. These Joints, represented by the
grey elements in Fig 2, are categorized as either
revolute (providing one rotational degree of freedom),
cylindrical (providing one translational and one ro-
tational degree of freedom), or fixed (providing no
degree of freedom). The selected type of the joint
is based on its required function. For example, the
connection between the upper and lower side stay
of the main landing gear is fixed to represent the
down-lock mechanism.

AC
rev rev
U-SS
fix
re
MF |5V s
rev
U-TL
cyl rev
rev
L-TL
ST
fix

rev rev
w w

FIG 2. Schematic representation of the bodies and
joints of a single main landing gear

In addition to the rigid multibody model of the land-
ing gear, a model including flexible bodies is gener-
ated to analyze and demonstrate the difference be-
tween a flexible and a rigid simulation of the landing
gear bodies. Therefore, Modal Neutral Files (MNF)
were generated for each component based on finite
element method (FEM) analysis using the software
ANSYS. In this work, only flexible components of the
landing gear were modeled. The remaining aircraft
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structure, like wings and the fuselage, are assumed to
be rigid. The effect of a flexible aircraft structure may
be analyzed in future work. When generating the flex-
ible landing gear components, modeling flexible ef-
fects of the shock absorber comprises a certain com-
plexity. Therefore, the flexible shock absorber is mod-
eled using the add-on LineCon for ADAMS of MSC
Software [15]. This enables the calculation of con-
tact forces and moments within the deformed shock
absorber. The translational force exerted by the oleo-
pneumatic shock absorber, denoted as Fs 4, and thus
the translational dynamics of the shock absorber, are
defined by equation 1. Here, Fy,,.;,4 represents the
force of the gas spring, which is included using a two-
dimensional lookup table as a function of the shock
absorber compression s and the ambient temperature
Toms. The term Fy,,,, depicts the compression and
recoil damping force, induced by the existence of oil.
The force is modeled using a one-dimensional lookup
table dependent on the shock absorber compression
rate s. The upper and lower stops of the translational
shock absorber compression are defined by the force
Fyistop- It is modeled as a function of the shock ab-
sorber compression s, its rate s, the lower and upper
stop of the compression s; and s, as well as the terms
k, e, cmae @and d defining the stiffness and damping
characteristics of the upper and lower shock absorber
compression stops.

(1) FSA = Fspring(Tambv S) + Fdamp(é)

+ Fbistop(57 3,581,82,k, e, Cmaxvd)

Tire dynamics, in addition to shock absorber dynam-
ics, significantly contribute to the overall behavior of
the landing gear dynamics. Therefore, it is crucial
to accurately represent tire dynamics using an ap-
propriate tire model [16]. ADAMS offers different ap-
proaches to include such models. A Fiala model mod-
ified for aircraft applications and supplied by ADAMS
is used in this case. The Fiala model is a brush-type
model-based on a physical description of the tire be-
havior. Compared with other tire models, the Fiala
model only requires the definition of a few physically
interpretable parameters. Besides good usability, this
enables the adjustment of specific model parameters
in order to study the effects of degraded tires, e.g.
a modification of the friction coefficient to adapt the
model properties to a worn tire. The tire parameters
for VIRAC-1, e.g. for the longitudinal, lateral and nor-
mal forces within the tire footprint or the rolling resis-
tance and reclining moments in longitudinal and nor-
mal directions, respectively, are estimated based on
extrapolation of available tire data. The fundamental
equations of the Fiala tire model are presented below.
For a detailed explanation, refer to [17]. The calcula-
tion of the normal tire force F, is conducted by

(2) Fz = min(O, {Fz,spring + Fz,damp})7
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where I, spring and I, gum; represent the vertical tire
spring and damping forces, respectively. To compute
the longitudinal force F, within the Fiala tire model,
a distinction is made based on the magnitude of the
longitudinal slip ratio S, relative to the critical longi-
tudinal slip Scriticar- If Ss is smaller than or equal to
Seritical, iNdicating that the tire is in an elastic defor-
mation state, the longitudinal force can be expressed
as:

(3) F:r = _Cslip . Ss

using a linear estimation with a local linearization at
zero longitudinal slip. Alternatively, when |S,| exceeds
Seritical, Indicating that the tire is fully sliding in the
longitudinal direction, the equation

applies. The term U in the defined formula describes
the coefficient of friction.

(U'Fz>2

(4)  F, = —sign(S,) - (U - F, — ‘4. S Cor

The lateral force F, depends, among other fac-
tors, on the slip angle a and C,, representing the
partial derivative of the longitudinal force concerning
the longitudinal slip ratio at zero longitudinal slip [17].
Similar to the calculation of the longitudinal force, the
Fiala tire model differentiates between two scenarios
for computing the lateral force. In the case where the
tire is considered to be in an elastic deformation state
(o < aeritical), Fy is determined by:

(5) Fy=-U-|F.| - (1-H?)-sign(a),
where

_ (1 _ Caltan(e)]
© a= (-G

For the assumption of a lateral sliding state (ja| >
Qeritical), ¥y is computed as:

(7) F,=-U-|F,| - sign(a).

The calculation of the aligning moment M, within
the Fiala tire model also considers both elastic
deformation state (¢ < agririca) @nd sliding state
(la| > aeriticar)- In the elastic deformation state, M,
is determined by:

(8) M, =U-|F.| wyre- (1 —H)-H?- sign(a).
where wy;,.. denotes the tire width. Conversely, when
in a complete sliding state (|a| > acriticar), M, Simpli-
fies to:

(9) M, = 0.
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The rolling resistance moment M, is also considered
under two conditions, both dependent on the rolling
resistance R;;... When the tire rolls forward, it is given
by:

(1 0) ]\/[y = —Riire - -

In the case of backward rolling, M, is computed as:

(11)

In order to fully calculate the ground reaction of the
landing gear, the runway is also included in ADAMS.
The relative motion between the landing gear and the
runway is achieved by attaching the landing gear to
the inertial coordinate system and translational and
rotational movement of the runway. This separation
of motion is chosen to prevent numerical instabilities
and problems within the shock absorber model at the
sudden re-positioning of the landing gear at simula-
tion initialization.

In addition to the landing gear structure and the shock
absorber, as well as the tire behavior, a nose wheel
steering and wheel brakes are implemented. For the
nose wheel steering, the steering angle is defined by
an input variable and the resulting steering moment
is subsequently calculated by ADAMS. This enables
the independent modeling of a steering actuator out-
side of ADAMS. Analogously, braking moments for
the wheel brakes are defined by input variables and
the rotational speeds of the wheels are subsequently
calculated by ADAMS. The brake system or even a
direct drive system for the gears can be modeled in-
dependently of the MBS model.

My - Rti'r'e . Fz-

2.1.3. Runway model

In order to simplify the co-simulation with respect to
the interaction between the runway and the landing
gear, the runway is modeled within ADAMS, as this
significantly reduces the necessary amount of data to
be transferred. At the time of writing this paper, the
runway is implemented as a 2-dimensional flat plane
without bumps or curvature, as depicted in Fig 1. Nev-
ertheless, those parameters can easily be added for
further analysis of ground loads in the future. Other
data, e.g. runway stiffness and friction coefficients,
are defined within the tire contact model, described in
section 2.1.2.

2.1.4. Method of coupling

MATLAB/Simulink and ADAMS are both capable of
solving the aircraft's equations of motion. Thereby,
two basic options exist for the coupling of both pro-
grams. In order to maintain and optimally use the Ii-
brary concept presented at the beginning of chapter
2, here MATLAB/Simulink solves the equations of mo-
tions. The MBS model only provides additional forces
and moments, which are then included in the equa-
tions of motion. Hence, the landing gear model can
be seen as an optional subsystem of the total model.
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Another advantage of this coupling method is the ex-
cellent compatibility of the simulation with a test man-
agement using Simulink Test.

Both, MATLAB/Simulink and ADAMS have their own
solver and support the Functional Mock-up Interface
(FMI) standard for model exchange between different
software programs. FMI is an open-source standard
for co-simulation, independent of the software [18].
Both models are able to run as the FMI Master or FMI
Slave. In this case, MATLAB/Simulink simulates in
master mode, and ADAMS will calculate the result-
ing landing gear reaction in slave mode. The MBS
model of the landing gear is exported from ADAMS
as a Functional Mock-up Unit (FMU) of version 2.0
according to the FMI standard. The exported FMU is
then embedded into MATLAB/Simulink to enable the
latter to command the simulation. The concept of cou-
pling can be seen in Fig 3.

Using the FMI interface, current information on
the aircraft position is given to the landing gear
model. This includes the position [I,y,z]rTwy of the
attachment point of the left main gear to the aircraft
structure. This point is given in reference to the
runway reference point in the runway coordinate
system depicted in Fjig 4. Additionally, the aircraft
Euler angles [®,0,¥]" are transferred. The resulting
landing gear ground reaction is then calculated within
ADAMS, and the resultant forces [F}, Fy, FZ}ZDG and
moments [M:mMvaz]ch at the three landing gear
attachment points are returned to MATLAB/Simulink
using the landing gear coordinate system, depicted in
Fig 4. Thereby, the landing gear integration into the
aircraft’s equation of motion is achieved. In addition
to this primary coupling loop, secondary coupling
loops are generated for system interactions with the
landing gear. Therefore, further interface signals to
ADAMS are a braking moment for each wheel, the
steering angle of the nose wheel steering and the
ambient temperature. As secondary outputs, the
wheel rotational speeds, the steering moment and
the weight-on-wheel signals are returned to MAT-
LAB/Simulink. This enables an independent system
modeling of the brakes, potential electric taxiing or
the nose wheel steering actuator.

2.2. Test environment

Due to the high number of parameters to vary in the
process of development of landing gears (center of
gravity position, flap settings, airport elevation, etc.),
a great amount of test cases arise. Further use cases
for system integrations, e.g. the generation of sensor
data for various landing scenarios, provide a high
number and high variation of test cases, as well.
Therefore, a test chain for the automatized simulation
and evaluation of test cases based on Simulink Test
is presented in this section. An overview of this test
chain is given in Fig 5.

The main element of the test chain is the test man-
agement in Simulink Test (SL Test). SL Test is used
to simulate predefined scenario groups consisting
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FIG 3. Coupling concept for the co-simulation of MATLAB/Simulink and MSC ADAMS with primary in- and outputs

Connection Point
of Landing Gear

FIG 4. Reference frames of the co-simulation interface

of multiple test cases. The individual test cases are
defined in Test Files within Excel sheets. SL Test
extracts the initial values and settings for the current
simulation using the Scripted lteration option and
writes them into the MATLAB workspace via Post
Load Functions. All simulations in the context of this
publication were designed such that a complete defi-
nition by those initial values and settings is achieved
and no further intervention of SL Test during the
simulation is necessary, see section 2.1.1. After one
simulation has stopped, SL Test runs the following
three checks in order to ensure the plausibility of the
results:

1) Ground contact of the landing gear only between
the two runway thresholds?

2) Ground contact of the landing gear only between
the left and the right runway edges?

3) Sink rate at touchdown of the main landing gear
within acceptable limits with reference to the pre-
defined goal for the touchdown sink rate?

Afterward, all results are passed to the data man-

agement tool. The data manager collects all gen-

erated data, including e.g. the simulation metadata
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and the ADAMS results files of the MBS model and

generates a data table. Each row in this table rep-

resents one test case and contains all relevant data

for further evaluation. Those tables are then saved

on a data server. Finally, the results can be visual-

ized using a visualizing tool, which enables a synchro-

nized simulation replay in different software, including

a time-pacing function. The visualizing tool currently

includes the following components:

« Visualization of the total aircraft movement within
the flight simulator XPlane 10

« Visualization of arbitrary signals within the Simulink
Data Inspector

« Visualization of typical cockpit gauges using the
Aero-Toolbox of MATLAB

« Visualization of the MBS landing gear model within
ADAMS view

3. ANALYSIS AND EVALUATION

At the beginning of this chapter, the aircraft behav-
ior at the landing approach will be analyzed in sec-
tion 3.1. In section 3.2, a comparison of the flexible
and the rigid landing gear structural model is made in
order to evaluate the necessity of a model including
flexible structures for the simulation of different use
cases. Finally, in section 3.3, the application of the
test environment for two exemplary use cases is dis-
cussed.

3.1. Analysis of the approach and landing phase

An autopilot, including an autoland mode based
on an ILS system, is implemented in order to sim-
ulate different load conditions of the landing gear.
Different crosswind scenarios can be simulated,
resulting in various landing gear side load conditions
and touchdown sink rates. This, in turn, leads to a
variety of vertical load conditions. Fig 6 shows the
landing approach paths with and without crosswind
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FIG 5. Test environment process chain for the automatized simulation and evaluation of landing scenarios

from the right side. Trim points with a lateral and
vertical offset from the ILS path are chosen as initial
aircraft positions to demonstrate the ILS capture
phase of the controller. For crosswind scenarios,
the flight controller adjusts the aircraft’'s heading by
coordinated turns to stay aligned with the runway
centerline. This results in a crabbed approach, where
the nose of the aircraft points into the wind, and no
aerodynamic sideslip is obtained, as depicted by the
aircraft symbols in the lower plot of Fig 6. Following
this, the de-crab maneuver can be disabled such that
no alignment of the aircraft’s longitudinal axis with
the runway centerline is made prior to touchdown.
This is used for high loads tests of the landing gear
as drifted landings result in high side loads. Due to
the drifted landing, the direction of motion changes
shortly after the touchdown. The rollout mode, acti-
vated at touchdown, then aligns the aircraft motion
with the centerline using a combination of nose-wheel
steering and rudder deflection. This can be seen by
the temporary deviation from the centerline between
approximately 900m and 1400m behind the runway
threshold for the crosswind case.

3.2. Comparison of simulations with and without
flexibility of the landing gear structure

In the following, results from landing simulations
using the model with flexible landing gear structure
(FlexLDG) and with rigid landing gear structure
(RigLDG), respectively, are compared. This gives
an estimation of the influence of landing gear flexi-
bility on the dynamic landing gear loads. Thereby,
a recommendation can be given on when to use
the FlexLDG-model. This evaluation is of particular
interest as the computation effort for a simulation
including the flexibility of the landing gear structure is
approximately 26.6 times higher than for a simulation
of the RigLDG-model.

As this paper only focuses on the landing touchdown,
the comparison is performed for landing scenarios
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FIG 6. Vertical and lateral paths for the ILS approach
with and without crosswind from the right side;
grey rectangle displays the runway; Aircraft
symbols qualitatively demonstrate the aircraft’s
heading

without wheel brakes. The results are presented for
the left main landing gear. Due to symmetry, they are
likewise applicable for the right main landing gear.
For the nose landing gear, qualitatively similar results
were observed. In particular the aircraft and flight
parameters listed in Tab 1 were used for the following
test cases.

aircraft mass mac 18500 kg
approach speed Vy,, 57m/s
touchdown sinkrate V, rp 1.83m/s
crosswind (Fig 9 only) Vi, cross | 6.35m/s

TAB 1. Aircraft and flight parameters for the example
landing simulations
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FIG 7. Vertical landing loads at the structure connection point of the left main gear

Fig 7 shows the vertical reaction of the landing gear
at touchdown. As can be seen, the vertical load
Fy at the connection point of the landing gear to
the wing structure for the RigLDG-model is almost
identical to the load calculated with the FlexLDG-
model. The measured peak load at touchdown using
the RigLDG-model is 0.12% higher than the load
using the FlexLDG-model. Therefore, the isolated
consideration of the vertical loads does not require
the usage of the FlexLDG-model.

Unlike the vertical reaction, the longitudinal response
at landing touchdown of the FlexLDG-model signifi-
cantly differs from that of the RigLDG-model, as can
be seen in Fig 8. As expected from the literature [16]
[19], the spin-up of the tire causes a significant drag
force at the wheel axle. This drag force leads to a
backward bending of the landing gear leg, as can be
seen by the longitudinal deflection AX of the wheel
axle from its unloaded position. After the wheels are
spun up, the bent leg springs back, which leads to
an oscillation of the first landing gear bending mode.
The RigLDG-model cannot predict this oscillation and
the resulting forces. Therefore, at system integration
simulations, when longitudinal oscillating forces are
essential for the system of interest, the usage of the
FlexLDG-model is necessary.

Similarly, the lateral reaction at landing touchdown
differs between the FlexLDG-model and the RigLDG-
model, as shown in Fig 9. Here, a crosswind-landing

scenario is depicted, making use of the approach
mode and omitting the pre-touchdown de-crab ma-
neuver. Thereby, a drifted landing is generated, which
leads to a considerable side loading of the landing
gear structure. The first peaks until approximately
t = 100 s result from the drifted landing itself. The
slower oscillation from approximately ¢ = 100.5s
until ¢ = 102.5s results from steering controller
oscillation at the aircraft alignment with the runway
centerline using a combination of rudder and nose
wheel steering. Differences in the forces between the
two models mainly occur during the drifted landing-
induced peaks due to an oscillating bending of the
landing gear. The total maximum side load, when
including the landing gear flexibility in the simulation,
is approximately 12.3% greater than for simulations
with the RigLDG-model.

All in all, the RigLDG-model may be used for system
integration simulations only depending on the verti-
cal reaction of touchdowns and roughly approximated
longitudinal and lateral forces. When dynamic longi-
tudinal and lateral loads are relevant for the system
integration simulation, the usage of a model with a
flexible landing gear structure is recommended.

3.3. Future use cases of the test environment

In this section, the application of the virtual test envi-
ronment is briefly demonstrated for two possible use
cases. The first use case shows the potential applica-

T T 20
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50 Deformation, flexible LDG| | 1°
S €
ﬁx 0 =0 S
b <
-50 110
-100
| | | | | | | | | -20
98 98.2 98.4 98.6 98.8 99 99.2 99.4 99.6 99.8 100
Time [s]

FIG 8. Longitudinal landing loads at the structure connection point of the left main gear
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FIG 9. Lateral landing loads at the structure connection point of the left main gear

tion of the test environment to generate realistic and
plausible data sets for the development and validation
of a loads observer used for monitoring the condition
of landing gear structures. In the second use case,
the ability to generate landing load envelopes as an
evaluation basis for load alleviation functions is show-
cased. A detailed application and evaluation of the
test environment for those use cases will be made in
future work.

3.3.1. Use case 1: Realistic and plausible data set
for the generation and validation of a land-
ing gear loads observer

Structural components of landing gears are subjected
to various loads during take-off, landing and ground
operations of the aircraft. During these different op-
erating conditions, overloads can occur, e.g. at hard
landings. In addition, the loads of the mentioned op-
erating conditions contribute to constant fatigue of the
landing gear structural components. If all the loads
that have occurred on the landing gear during the air-
craft operation are known, the actual remaining useful
life of the landing gear components can be calculated,
which is a prerequisite for a condition based mainte-
nance.

In order to be able to evaluate possible overload inci-
dents on the one hand and to be able to monitor land-
ing gear fatigue on the other, landing gear loads ob-
servers are necessary. These loads observers usu-
ally use the aircraft sensors to determine the landing
gear loads without having to attach special load sen-
sors (e.g. strain gauges) to any landing gear compo-
nents. The loads observers can be validated using
flight test data, which comprises data from standard
aircraft sensors as well as additional data from sen-
sor hardware, which was explicitly used during flight
tests.

However, this flight test data is only available in very
late phases of the aircraft development process and
can be very cost-intensive and time-consuming to
generate due to the large number of tests to be
performed. The VIPER test environment presented in
this paper enables an early and cost-efficient test and
verification of the developed loads observers. With
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the included coupled flight dynamics and landing gear
model, it is possible to plausibly generate the test
scenarios, various operating states and dedicated
loads required for validating the loads observers in
the virtual environment.

Here, in addition to the recorded default aircraft in-
service sensor data, the actual landing gear loads are
calculated using the extensive multibody simulation.
The actual landing gear loads can then be compared
to the observer-predicted loads for verification.

3.3.2. Use case 2: Evaluation basis for load alle-
viation functions

Within the design process, the aircraft structure in
general is designed and sized based on the maximum
loads to expect during the life cycle. Load alleviation
functions (LAFs), e.g. gust load alleviation and
maneuver load alleviation, can be designed in order
to reduce specific load cases. Thereby, the structural
sizing is affected and a reduction in structural weight
can be possible [20] [21]. A possible evaluation
variable for LAFs is the load alleviation factor, i.e. the
ratio of the resulting load increment AL 4pqetive With
LAF and the total load increment AL, .. ar without
LAF of the same relevant load case compared to the
steady 1-g flight, as defined in equations 12, 13 and
14.

ALLAFactive

12
( ) ALnoLAF

K=1-

(13) ALLAF(LCI‘,’M}P, = LLAFn,ctive - ng

(14) ALnorar = Lporar — ng

Thereby, an alleviation factor of K = 1 corresponds to
an alleviation function reducing the loads at the cur-
rent load case to the level of the equivalent 1-g flight.
Likewise, an alleviation factor of K = 0 corresponds
to an ineffective load alleviation function. Active load
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alleviation functions often require an additional sys-
tem effort, such as faster actuator rates or additional
control surfaces on the wing. Hence, a good knowl-
edge of the total system mass increment for differ-
ent load alleviation factors is important for evaluating
LAFs during preliminary aircraft design.

With respect to weight reduction, a higher load alle-
viation factor of a specific load case is only beneficial
when this load case still defines the outer shape of the
load envelope of a structural element. Only thereby,
a structural weight reduction is enabled. For exam-
ple, the total reduction of the wing bending moment to
the level of the steady 1g-flight case during gust en-
counter is not reasonable, as the structure must still
be designed for the loads at landing touchdown. A re-
liable reduction of the loads at landing touchdown is
very complex to achieve. Therefore, those loads can
be used as an upper limit for the aimed load allevia-
tion factor.

The evaluation of specific local loads due to landing
touchdown is a particular use case of the here pre-
sented virtual test environment. A reasonable set of
landing test cases, including all the extreme landing
scenarios the aircraft shall be certified for, can be
used to estimate those local loads. For demonstra-
tion, Fig 10 shows the local loads at the connection
point of the left main gear to the wing structure for
touchdowns with different flap settings and crosswind
components up to a maximum crosswind component
of 25m/s. The here used variations of aircraft and
flight parameters are listed in Tab 2. The approach
speed is calculated to fit the respective center of grav-
ity position, flap setting and aircraft mass. Those lo-
cal loads at the landing gear connection point can be
used in future work to estimate landing loads at arbi-
trary points within the aircraft structure when the total
aircraft structure is modeled as a flexible body.

As a second option for a faster estimation of the limit
loads at touchdown, the aircraft model within the test
environment can easily be reduced to depict the basic
landing load requirements of the certification speci-
fication CS25 (CS25.471 — CS25.485, [22]). In this
case, the aerodynamic model is reduced to a sin-
gle predefined lifting force and the simulation is ini-
tialized shortly before touchdown at specified speeds
and configurations according to CS25.473 [22]. Both
options are implemented within the virtual test envi-
ronment, enabling its use for this use case in future
work when further structural dynamics of the aircraft
are included.

-50 .
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-150 .
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FIG 10. Touchdown induced load envelope of the left
main landing gear for a variety of crosswind
components and flap settings

4. CONCLUSION

The virtual integration platform VIPER enables an
early verification and validation of aircraft systems
within the design phase. Especially the investigation
of cross-system effects at these early design stages
can reduce the required effort for an optimized overall
system design. For system integrations at aircraft
level within VIPER, virtual research aircraft are used
as testbeds. In this work, the virtual research aircraft
VIRAC-1 has been extended by a co-simulation of a
multibody landing gear model using MSC ADAMS.
This is a substantial prerequisite to achieve a precise
analysis of the complex landing gear loads within
various operating states. Lastly, this enables system
integration tests of landing loads-dependent systems.
By comparing landing touchdown-induced loads, it
has been shown that the inclusion of landing gear
structure dynamics is relevant for the modeling of
longitudinal and lateral loads. For modeling vertical
loads only, a model with a rigid representation of
the landing gear structure is sufficient. As the con-
sideration of the structural dynamics of the landing

aircraft mass mac

CoG position z¢a

flap configuration ng
touchdown sinkrate V., rp
approach speed Vy,,
crosswind Vi, cross

]
]
]
[0.61m/s,1.83m/s,3.05m/s]
]
]

[16000 kg, 18500 kg
[0.8428 m, 10.3483 m
0°,1°,14°, 35°

[63m/s..96 m/s
[0m/s...25m/s

TAB 2. Aircraft and flight parameters for landing loads envelope generation
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gear in the simulation increases the simulation time
by more than a factor of 25, a careful evaluation of
the requirements at system integration is needed.
The analysis of landing loads scenarios leads to a
high number of test cases due to the many variables
involved, like airport elevation, wind, temperature,
glide slope angles, center of gravity positions, etc.
Therefore, a test chain has been implemented for the
automatized simulation and evaluation of test cases
based on Simulink Test. The test chain includes all
steps from test case definition to results visualization.
The application of the test environment has been
demonstrated for two future use cases. First, the
generation of plausible data sets for the development
and validation of loads observers for the landing gear
structure was discussed. In contrast to data sets
from real flight tests, the virtually generated sets can
already be made available during the design phase,
enabling a concurrent development of the observer.
Additionally, the applicability of the test environment
for the estimation of target performances for load
alleviation functions has been demonstrated.
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