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Abstract

Aircraft hard landings can cause damage to a landing gear or aircraft frame which
in turn can cause a critical failure. As such, methods to detect hard landings have
been created in different ways, for example, based on a pilot’s judgment or adding
various sensors to a landing gear.

The aim of the thesis is to identify existing hard landing detection methods and
compare them in order to find a suitable concept to further evaluate in regards to
application in a commercial aircraft. The literature review of current hard landing
detection methods and interviews with aerospace engineers showed that using flight
data parameters was a promising concept.

A load predicting algorithm was created and tested in order to evaluate the concept.
To make the algorithm, a CAD model of an arbitrary main landing gear (MLG) was
first built for implementation in a multi-body dynamic model. This was then used
to create a database of landing gear responses for different drop test simulations.
Through sweeps over relevant parameters, longitudinal and normal tire forces were
obtained for a spread of drop tests.

The database was then used in the algorithm, based on an interpolation scheme, to
give tire longitudinal and normal forces as an output at three critical instances. The
outputs could in the future be used to decide whether a hard landing has occurred
or not by comparing them to limits. It became evident that a good database is
necessary for the algorithm to provide proper force estimations.

The algorithm was accurate for an assumed runway friction. However, for a lower
friction, the estimated forces were inaccurate. An alternative method using the an-
gular velocity of the wheel to estimate the longitudinal force independent of friction
was tested. While simplifications were made, it was shown that the method gave
better estimations for low friction.

Using aircraft flight parameters for detecting hard landings was proved to be a
concept with potential. For implementation in commercial use however, several
points were identified as requirements for it to be a reliable method with high fidelity
and functionality.

Keywords: Structural Health Monitoring, Hard Landing Detection, Drop Test Sim-
ulation, Aircraft Landing Gear
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1

Introduction

1.1 Background

In the aviation industry, many parts in aircraft design are made to be damage
tolerant where inspections are performed regularly to monitor the health and ex-
pected life until a critical service is issued. Damage tolerant design is the concept of
defining critical crack lengths and inspection intervals, making sure that cracks are
found during inspection before they become critical. The inspections are performed
through non-destructive testing (NDT), which can in some cases be cumbersome or
difficult in itself.

However, damage tolerant design is not of consideration in this thesis since it is not
used in landing gears due to impracticality. Landing gears are highly loaded yet
need to be light and possible to fold away, thus use of high strength materials and
single load path design is necessary. This will typically lead to small critical crack
lengths and short inspection intervals with burdensome techniques. Instead, a safe
life design is utilized, meaning that no crack initiation, or propagation for that mat-
ter, is allowed and the landing gear is replaced when this life is reached as mentioned
in SAE International AIR6813 [1] and Infosys publication [2]. The design is made
for the worst landing loads expected in service, see SAE International AIR5938A [3].
Landing loads can in extreme conditions such as a crash landing exceed the expected
limits used for design, where permanent damage would be expected. Overload detec-
tion of some sort is often implemented to alert for hard landings or other abnormal
loads which may lead to damage to any part of the landing gears.

Different types of damage that can occur during a hard landing are cracks, bent
parts and fluid leakage [3]. These can usually be seen during a visual inspection.
Further, overloads from a hard landing can induce residual stresses which are diffi-
cult to detect. Residual stresses can cause premature failure due to fatigue or stress
corrosion cracking [1] of landing gear components.

As a current standard, the detection of hard landings or other high load cases on
landing gears is not always effectively implemented. There are many implementa-
tions of monitoring systems that alert for certain overloads. They can be based on
aircraft sink rate, aircraft g-sensor readings, load sensors or strain gauges amongst
other methods. These are often used in combination with a pilot stating that a hard
or deviating landing has occurred to warrant an Aircraft on Ground (AoG) state
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1. Introduction

and an inspection for landing gear damage performed.

In some aircraft the data may actually lead to the waiving of some or all inspections
warranted after a hard landing declaration if the measured loads are below a certain
threshold, see SAE International AIR6168A [4]. In fact, in many cases the subjec-
tive pilot judgement is on the safe side and leads to unnecessary investigations, thus
grounding a capable aircraft as well as requiring staff to perform a service. These
aspects lead to an economic burden as discussed in Bradley [5].

There are also implementations of overload detection which are more complex, for
example layers of overloads, see ATR5938A [3]. It deploys levels of inspections,
where for extreme loads a grounding is issued directly and the load data is sent to
the landing gear manufacturer in order to evaluate the landing in combination with
an inspection to assess the damage. The second level for high but not extreme loads
is sending the data to the landing gear manufacturer and allowing the aircraft to
continue service for a limited time, or until the landing gear manufacturer has been
able to process the data to conclude if damage may have occurred and an inspection
should be performed.

Clearly, in order to avoid an unnecessary AoG state which leads to both loss of rev-
enue when an aircraft is not in service and expensive and time consuming services
to be performed, there is a need to implement some type of Structural Health Moni-
toring (SHM) of landing gears in aircraft. Implementing an SHM method which can
detect high load cases reliably such that AoG declarations could be reduced and an
aircraft may be utilized with fewer interruptions is not a new concept. The methods
mentioned in this chapter are some of many alternatives, but several concepts cho-
sen for consideration are described in greater detail in the next chapter of the report.

1.2 Aim

The aim of the project is to identify and evaluate the latest SHM approaches applica-
ble to an aircraft landing gear with the main objective of monitoring hard landings.
Further, options which can be evaluated for use on an actual aircraft should be pro-
posed. From the identified methods, one will be selected based on identified criteria
and further investigated to conclude complexity, usability and reliability amongst
other aspects of the method and if it is viable for use in aircraft.

The investigation entails creating an algorithm that should be able to detect a hard
landing overload and evaluating the reliability of detection. For investigating the
complexity and usability, the possibilities of implementing the concept in commercial
aircraft will be considered.
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1.3 Limitations

There will not be a prototype or test performed on existing components in order to
evaluate the functionality of the multi-body dynamic model or algorithm for overload
detection. Increasing fatigue life may or may not be included in the consideration
and evaluation of the selected method. A dummy landing gear model in combination
with arbitrary aircraft mass will be used for dynamic simulations of hard landing
events. The investigation will be performed based on a single landing gear, thus a
full aircraft model is not considered.

1.4 Investigated issues

o What current SHM techniques exist for landing gears and what are the pros
and cons? This includes aspects such as reliability, installation complexity,
service and maintenance required, implementation complexity, data manage-
ment and cost efficiency.

e From the identified concepts, formulate requirements for use in commercial
aircraft and evaluate based on identified criteria. Choose a specific concept to
investigate further.

o How is the landing gear behaviour determined in different landing scenarios by
multi-body dynamic simulations? Perform simulations for nominal and hard
landing cases in order to obtain the landing gear loads for these.

o Identify what type of algorithm that is needed for the chosen concept, in order
to have the measured data from the concept as an input and to provide an
overload statement as an output.

o Create an algorithm that, based on a specific concept, should be able to detect
overloads. Evaluate the algorithm based on complexity, usability and reliabil-
ity in commercial aircraft operation.

o (Can the specific concept be used in order to monitor fatigue life of a landing
gear? If so, is it necessary to measure all loads, accelerations or strains for
example, and perform fatigue life estimation of the landing gear in order to
prolong the safe life design? Could the fatigue life estimation be used to
indicate that the safe life design is an overestimation based on what loads a
specific aircraft has been subjected to during use?
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1.5 Social, ethical and ecological aspects

The lowered cost in servicing because of the SHM may pave way for safer and better
aviation. Hence, aircraft may continue to service longer with less environmental
effects while still enabling a connected world.

If the SHM technique is implemented but incorrect data is gathered, the landing
gear could suddenly fail.

If a way of measuring fatigue is implemented it can be used to prolong the life of the
landing gear which will lower the cost and the environmental effect of the landing
gear. It could also mean that a lower life than expected is detected which would
mean that an accident can be prevented.



2

Concept evaluation and selection

This chapter covers several existing SHM techniques for aircraft landing gears. From
the concepts, pros and cons have been identified, see table 2.1. An elimination of the
listed concepts has been performed based on formulated requirements. Further, an
evaluation has been conducted through a scored weighted decision matrix based on
identified criteria relevant to the thesis contents and aspects in the aircraft industry.
The listed concepts are grouped in order to simplify the elimination process. How-
ever, they are scored individually in the weighted decision matrix. More concepts
can be found in AIR6168A [4], from which the listed concepts of interest are also
retrieved.

2.1 Existing SHM techniques

Descriptions of some interesting existing SHM techniques, retrieved from AIR6168A
[4] are presented below. The concepts are divided into groups used in the following
concept elimination process.

2.1.1 Mechanical measurements

Purely mechanical methods of measuring overloads could be argued to be the least
complex available. These concepts are potential solutions if only one load is required,
and can easily give a visual indication if a design load has been exceeded without
the need for processing data. However, the general problem and main drawback
is that multidimensional loads, which is the majority of the critical loads, cannot
be completely captured and the information gathered by mechanical measurements
is for these cases generally low. Further, proper calibration and trigger levels are
usually difficult to obtain. Some mechanical methods are still listed, since the simple
systems could be useful, but they also provide a good understanding of why more
advanced systems often are implemented.

2.1.1.1 Permanent deformation mechanisms

There are examples of shock absorbers (S/A) where a hard indenter has been
mounted opposite to a softer material that would be marked by the indenter if
the shock absorber compression exceeds a nominal stroke. This could be used to
detect hard landings with higher than nominal decent rates or heavy landing weights
since the shock absorber would be compressed further than nominally.
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The benefits of this concept are the very easy implementation and the ease of detec-
tion when performing an inspection of the landing gear. The drawbacks, other than
the fact that a small number of critical loads can be detected, are that the softer
plate would need to be replaced after a hard landing and that an inspection for it
would need to take place. Further, the magnitude of the overload is not possible to
determine from an indentation and the general problems of shock absorber servicing
state (gas and fluid levels). This in combination with aspects such as potential gas
and oil dissolution and friction heating the damper fluid are parameters that can
affect the detection.

2.1.1.2 Structural ’fuses’

Introducing a structural element acting as a fuse in the landing gear is another way
of performing mechanical measurements. The concept is based on the fact that the
structural element fails noticeably when overloaded. An approach of this could be
to have a part that fails but another part that takes over as the load carrying part
that has sufficient load carrying capacity for the whole landing gear to not fail. A
specific approach is the Safran Landing Systems approach, described in AIR6168A
[4, Sec. 5.2], of a so called pin with a pin, where a thin shelled fuse pin fails when
overloaded while a backup pin inside it carries enough load for maintaining struc-
tural integrity. For these applications, a dye or some other visual indication can be
contained between the two pins such that a clear visual indication is given when an
overload has occurred.

The primary benefits are the low complexity of implementation and the clear visual
indication when inspecting. The drawbacks are similar to the permanent deforma-
tion mechanisms, meaning that a visual inspection is needed and that the structural
member needs to be replaced. More drawbacks are the difficulty to calibrate when
failure should occur and of course the low information given by one-dimensional load
indications while most landing gear critical loads are multi-dimensional.

2.1.2 Dynamic measurements

Dynamic measurements such as accelerometers or potentiometers can generally pro-
vide better information than purely mechanical measurements. The reason is that
the dynamic behavior can be monitored and loads can often be detected in more
than one direction. Dynamic measurements exist with various complexities. Gen-
eral for most concepts is that a model is needed to interpret loads or strains from
the dynamic measurements. This may become a problem depending on the con-
cept. The models require approximations of some flight parameters such as aircraft
Center of Gravity (CoG), ground friction or shock absorber servicing state. This
means that some error in the estimated loads are inherent. Further, time stamping
could pose an issue when introducing several sensors, such that the measured data
may provide an incorrect state of an aircraft when combined. A few methods for
consideration are described in this thesis, however, AIR6168A [4] includes more.

6



2. Concept evaluation and selection

2.1.2.1 Using aircraft flight data recorder accelerometer

The main benefit of utilizing the already existing flight data instruments is that
no extra system complexity is introduced. But there are several drawbacks to this
simple dynamic method, mainly that the sampling rate of the accelerometers needed
for landing peak load detection may be higher than what is needed for aircraft
operation. The analysis to relate the aircraft accelerations to landing gear loads
may thus be complicated. As such, the use of this method has in early applications
been used to indicate a hard landing instead of providing information of the actual
overloads. More advanced concepts exist and one is covered in section 2.1.2.3. There
are potentials to use the data in combination with other methods, where the hard
landing indication may be done by the flight data. Further problems with this
concept are, as general with the dynamic measurements of detecting other than
hard landings, for example, ground maneuvering loads.

2.1.2.2 Multi-dimensional peak accelerometer

More advanced dynamic measurements include a system developed by Safran Land-
ing Gears described in AIR6168A [4, Sec. 5.1]. It detects hard landings based
on accelerations in three dimensions in combination with pitch, yaw and roll rates
gathered from several Inertial Measurement Units (IMUs) located on the landing
gear structure. The data gathered is combined for a complete approximation of the
loads. The data is compared to predetermined thresholds to detect if a hard landing
has occurred.

This system is easy to retrofit to any aircraft, which also means that the implemen-
tation to a landing gear is not too complex. Further benefits of the concept itself are
that the sensors used can be placed on the landing gear to capture the landing gear
behavior without interference from the aircraft’s structural dynamic properties and
that the hard landing indication is performed without the necessity of an inspection.
The main drawbacks of the concept are that the data gathered may not capture the
true loading behavior and the introduction of more sensors. This leads to higher
risk of sampling issues and more calibration. As for other dynamic measurements,
the concept may not be able to capture other ground loads such as taxi and tow
loads, and it may be difficult to detect take-off overloads.

2.1.2.3 Boeing patented method in use in recent aircraft

Boeing has patented a method of detecting hard landings which is in use on recent
aircraft. The concept is primarily based on flight parameters such as sink rate, CoG
vertical load factor, pitch, yaw, roll, gross weight and CoG position during landing.
The data is sent to the maintenance crew if the pilot declares a hard landing has
occurred. Calculated limits of the data provide thresholds for overload occurrence,
and these limits can be used to waive some or all inspections when a pilot has de-
clared a hard landing if the logged data is below certain thresholds.

Considering the number of flight parameters that are included in the logged data the

7
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estimation of the landing loads should be good, and the pilot’s judgment is the main
indication where the data is used in conjunction. Pilot indication is in most cases
on the safe side as discussed in Bradley [5] which makes the concept probable to
detect hard or abnormal landings where the data can be used for confirmation. The
drawbacks are primarily gathering knowledge of all flight parameters, mainly mass
and CoG parameters which vary for each flight. Other parameters that can affect
the loading without detection in the gathered data are for example shock absorber
servicing state and tire pressures. Also, unsure runway conditions may occur during
landing where a critical load may be experienced while not captured by the logged
data. Hence, it may be reasoned that it is not safe to waive inspection steps based
on that data.

2.1.3 Strain gauges

Strain gauges can be used to directly measure strain in a component of the landing
gear and they also allows for measuring strain in multiple directions. Nowadays
strain gauges are mostly used for testing since it has some drawbacks. But a few
concepts have been patented, for example attaching strain gauges to critical compo-
nents. Bradley [5] has a concept where strain gauges are placed on the wheel axle
to measure the ground loads in all directions with recommendations of placement.

Even though strain can be measured directly and in multiple directions there are a
few drawbacks. If adhesive bonding is used to attach the strain gauge it may de-
grade over time and thus has to be protected from the environment. Furthermore,
data will have to be processed and the strain gauges will have to be calibrated from
time to time. The strain gauges will also have to have an update frequency high
enough to capture the peak loads, generating large amounts of data.

Other types of strain gauges could be used with other pros and cons. One example
is the fiber bragg sensor where wavelengths in a fiber optic cable is used to measure
strain. This type of sensor gives an absolute measurement of strain and tempera-
ture change and does not have to be recalibrated. However, additional sensors are
required to measure temperature as mentioned in Bradley [5, p. 22] and thus is a
disadvantage because of the increasing amount of sensors. Further, while the optical
sensors have good reliability, other aspects of a system like this are prone to fail in
harsh conditions, such as fibre optic cables which are sensitive to sharp bending
radius and fatigue which apply for retractable landing gears. Other optical strain
gauges also exist and can be possible to utilize as mentioned in AIR6168A [4] and
Bradley [5]. But they are not considered for concept selection in this thesis due to
their even higher complexity.

2.1.4 Coatings

Coatings can be used as an indication of overload by applying a brittle paint, lacquer,
a film or foil on components of the landing gear. It will crack or give a color change

8
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when subjected to significant strain. The strain levels for cracking or color change
need to be designed for when specifying the coating properties. Of interest is that
some coatings can crack in the direction of the maximum principal stress meaning
that the strain direction may be noticed. For color changing coatings, micro-capsules
of color forming or developing materials are broken such that colored patches appear
where the pressure has been high enough to break the micro-capsules.

Coatings are simple and cheap methods and no data needs to be gathered or pro-
cessed to detect high strains, provided the coating properties are designed such that
the limits are correct. However, coatings are most commonly found in lab envi-
ronments and have not been thoroughly investigated in environments outside labs.
This makes it difficult to know if implementation on a landing gear in use would
be a viable option. Further, some materials are not fitting for coating use, such as
chrome, and fatigue properties of coatings are not known. Especially in the harsh
environments seen by aircraft landing gears and the temperature differences they
are exposed to.

2.1.5 Shock absorber monitoring

Using the shock absorber state to monitor loads can be done by measuring the fluid
and gas pressure in the shock absorber. Difficulties with monitoring loads by the
pressure level are that the friction within the damper needs to be considered and
that both the fluid and gas pressure is required to obtain the true loading on the
shock absorber. In order to monitor these pressures, a more complicated shock ab-
sorber design is typically needed by including valves, tubes and actuators which in
turn reduce the reliability of the landing gear. Further concerns are that the moni-
toring of the pressures only provides information of the load in the direction of the
shock absorber stroke and it is crucial to have a properly serviced shock absorber to
retrieve proper load calculations. For unseparated shock absorbers, it is particularly
difficult to measure the loads. This is because the gas is partly dissolved in the
fluid, and for increasing pressure levels, more gas may be dissolved in the fluid as
described by Henry’s law [8, p.417].

A currently proposed system based on this method is a concept marketed by Crane
as AirWeighs, see AIR6168A [4, Sec. 5.3.4]. The concept employs Nance’s method
where a certain volume of fluid is added to and removed from the damper whereby
the shock absorber is displaced and thus minimizing friction and stiction proper-
ties. These are crucial aspects to consider for shock absorber monitoring to obtain
proper measurements. This system allows for measuring shock absorber fluid levels
and monitoring landing gear shock absorber health and may be used to detect over-
loads, implemented by Airbus.

Shock absorber monitoring allows for more data and monitoring than only over-
load detection events and can thus be useful to implement when more aspects are
considered than the primary thesis objective of landing gear health monitoring and
overload detection. Drawbacks are the need to well know the shock absorber service
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state and that the shock absorber design is more complex, making it less reliable.
Further, the concept is one of the more complex concepts.

2.1.6 Load cells

Load cells are most often based on strain gauges, however, pneumatic and hydraulic
load cells are some other types. Load cells have the benefit over strain gauges in that
the electrical measurement retrieved corresponds to increased loads and not strains.
As such, load cells are force transducers, and in landing gear applications the most
relevant type of load cell are encapsulated force transducers in a load path. There
are load cell applications that use the landing gear as a transducer but it requires
expensive and complex manufacturing of the landing gear, and will not be consid-
ered in concept evaluation.

Instead, the focus is on a system developed by Safran Landing Systems based on
replacing conventional pins with load measuring pins in a landing gear. These load
measuring pins use strain gauges, but since the pin encapsulates the strain gauges
from the environment many of the drawbacks of strain gauge application may be
avoided. The load measuring pins can be mounted in several locations on the land-
ing gear, for example in the wheel axle or landing gear pintle pin to measure the
reaction forces of the entire landing gear.

The pros with load cells are that the loads are measured directly and in multiple
directions and if placed at certain spots the load throughout most of the structure
can be measured. The cons are that it could be expensive to implement if not
considered in the original development of the landing gear and a large amount of
data will have to be processed when using load cells. Further, for strain based load
cells there is a probability that recalibration may be necessary.

2.2 Compilation of concepts pros and cons
From the descriptions of the concepts listed above, identified pros and cons are

gathered in a compiled list for a better overview in table 2.1 below. The list is used
to compare the concept groups in the concept evaluation process.
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Table 2.1: Concept groups, summarized pros and cons

Concepts

Mechanical
devices

Easy to implement

No need for processing data
Easy to detect at visual in-
spection

Generally only measures in
one direction

Provides a small amount of
information

Can be difficult to calibrate
Often needs to be replaced
in case of hard landing
May depend on the service
state of the shock absorber

Dynamic
measure-
ments

Make use of already in-
stalled devices in some cases
Continuous data

No need for visual inspec-
tion in order to detect hard
landing

Possibility of getting a reli-
able indication of overload

Not a direct measurement
of loads in the gear
Additional sensors increase
mass and complexity
Potential time stamping
problems

Model must be made based
on measurements

Errors of calculated loads
because of assumptions of
unknowns during modeling
Can be complex

Based on the assumption
that the service state of the
shock absorber is correct
Higher sampling rates to
detect load peaks

Difficult to interpret ground
loads from data
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Strain
gauges

Strain is measured directly
Load can be measured in all
directions

Continuous data

Must be encapsulated
Adhesive degradation

Can be difficult and expen-
sive to mount

Potential time stamping
problems

Need to process the data
Need to have a high update
frequency

Some strain gauges require
recalibration

Coatings

Simple

No need for processing data
Easy to detect during visual
inspection

May detect in multiple di-
rections

Provides a small amount of
information

Have to be replaced
Primarily used in lab envi-
ronment

Low knowledge of reliability
Low knowledge of fatigue
properties

Pressure in
Shock Ab-

sorber

Shock absorber health de-
tected as well

Measure vertical load di-
rectly

Continuous data

Required knowledge of the
amount of oil and gas
Complex system and diffi-
cult to replace sensors

Can only measure load in
one direction

Makes the shock absorber
less reliable

Must account for friction
and stiction in shock ab-
sorber

12
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o Can be difficult and expen-
sive to mount

o Load is measured directly o Potential time stamping
e Load can be measured in all problems
Load cells directions o Needs to process the data
e (Can be used as a part of the o Higher sampling rates to
landing gear detect load peaks

o May require recalibration if
strain gauge based

2.3 Evaluation of concepts

In order to support the choice of concept to use in the thesis, an elimination was
performed followed by a scoring using a weighted decision matrix [6] based on iden-
tified criteria. A viable concept was chosen based on the score as well as interviews
with aircraft engineers.

2.3.1 Concept requirements

In order to eliminate non-viable concepts before the evaluation, some requirements
were identified based on the literature study and these are stated below.

Ability to measure load or strain in multiple directions. Failure due to a hard
landing can occur in any direction and often due to a combination of loads.
It is therefore necessary to measure load in vertical, lateral and longitudinal
direction.

Ability to measure the magnitude of the load or strain. In order to get an
understanding of how severe the damage of the parts of the landing gear or the
attachments is, it is necessary to determine the magnitude of the load/strain.

No replacement of parts in the measurement system for a suspected overload.
No part of the measurement system should need to be replaced after detecting
a possible overload to keep the maintenance cost and time of the landing gear
low.

Other possible requirements could be maximum cost, maximum mass, installation
time, etc. However these are not considered as requirements for the thesis since
no hard boundaries are considered (which may be the case in a true commercial
process). Rather, these aspects are used for some of the identified criteria in order
to compare remaining concepts in the concept evaluation stage.

13
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Table 2.2: Elimination matrix
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2.3.2 Elimination of concepts

Based on the requirements a few concepts can be eliminated. In the elimination
stage, the concepts were still grouped as in table 2.1 since the concepts within the
groups are similar. The elimination matrix can be seen in table 2.2 where "-" means
the requirement is not fulfilled, "+" means the requirement is fulfilled and "?" that
more information is needed.

Since it can be difficult to measure load in multiple directions and to decide the
magnitude of the loads when using mechanical devices, these were eliminated from
further concept evaluation. Further for mechanical devices, parts usually need to be
exchanged when a hard landing is indicated.

Another concept not fulfilling the requirements is coatings since the magnitude of
the strain cannot be detected and the coating will have to be replaced with inter-
vals. Furthermore, most coatings have only been used in lab environment which
make them unreliable in the tough conditions to which landing gears are exposed.
It may be noted that more information would be needed to determine the multi-
dimension indication requirement. However, since the concept does not fulfill any
of the other requirements this was not investigated.

Regarding shock absorber measuring, the concept is eliminated since it can only be
used to measure load in the S/A stroke direction, not drag or lateral loads.

Concepts that fulfill all requirements were kept for evaluation using a weighted
decision matrix. These were dynamic measurements, strain gauges and load cells. In
order to generate a proper evaluation, a survey of interviews with aircraft engineers
was performed.
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2.3.3 Survey of potentials of concepts in aircraft

In order to perform an evaluation, further input than only from a literature study
was required. As such, the concepts retained after performing the elimination were
discussed with aircraft engineers in order to include experiences and opinions as well
as to find out if these engineers had any input on hard landing detection in general.

From the interviews, it was found that the most important aspect to consider is the
cost of the system which will influence the price for the customer. If a customer
does not save money in the product life cycle by increasing the cost of the monitor-
ing system, there will be no interest in the system all together. Another highlight
from the interviews was that a customer does not want to add steps in the aircraft
maintenance manual, since that would cause more work and more time spent on
maintenance.

An example was given that, for a strain gauge or load cell to be calibrated, an air-
craft would have to be put on jacks and the parts would have to be disassembled to
apply a known load to set a new zero value for the measured resistance to correlate
a correct strain. Further, it was pointed out that there are several benefits of using
flight data, pilot reports and maintenance reports to start with and add additional
sensors if needed to have a proper hard landing or overload detection system.

Another topic that was discussed is that in order to reduce the engineering workload
to declare if a hard landing has occurred, the detection system should be automated
so that an AoG statement does not have to be issued while investigating logged
data. This would drastically reduce the financial burden for the manufacturer in
terms of not having to investigate for each report, but also for the operator by better
utilization of the aircraft.

The experience and opinion from the aircraft engineers were used in combination
with what was found in the literature study to generate and weight criteria for
evaluation in a weighted decision matrix.

2.3.4 Weighted decision matrix

A weighted decision matrix is a concept evaluation matrix that use weighted criteria
to evaluate concepts. This was used to score concepts in correlation to each other.
The generated matrix is presented in table 2.3 where an increasing score is better.
The possible weights and scores were between 1 and 5. Note that aspects such as
part design burden and design work hours were not considered, and the matrix thus
evaluates the post-development aspects of each concept group.

The concepts were evaluated individually, contrary to the elimination step where
they were grouped. Concepts are referred to as:

A - Using Flight Data
B - IMU on landing gear

15



2. Concept evaluation and selection

C - Strain gauge
D - Load Cells

The identified criteria, including weights, were:

Reliability (Mechanical) is the mechanical reliability of the parts in the con-
cepts. The weight is set to 5 since it is important to get the correct data and
not have to maintain the system too often.

Data management simplicity is how much data which will have to be processed
and how simple it is to evaluate the data. The weight is set to 2 since the
remaining concepts do not differ drastically but data management has to be
considered.

Cost efficiency is how expensive the system is including its parts, installation and
maintenance but not the development cost. Here, a higher score means cheaper
concept. The score was set to 5 due to the previously mentioned importance
to keep the cost as low as possible.

System simplicity is a measurement of how many parts that are included in the
system and how they are connected to each other. The weight is set to 2
because system complexity needs to be evaluated, however, should not be a
deciding factor in itself but may rather be used as a finer evaluation for simi-
larly scored concepts.

Ease of detection (overload) is how easy the overload is to detect from a pilot
or maintenance personnel perspective. For example, if a visual inspection has
to be performed or if it can be shown on the pilot’s screen automatically. It
is also a measurement of how useful the information that is gathered is to
decide if a hard landing has occurred or not. The weight is set to 3 since it
is important that the data can be easily interpreted but not as important as
reliability, maintenance and cost.

Maintenance simplicity is how easy the system is to maintain and how often
maintenance is needed. The weight is set to 5 since the objective of the project
is to keep the maintenance of a landing gear low and it is therefore important
to have a system which is easy to service and with low maintenance. From
a selling point of view airlines rarely want to add additional features if the
maintenance will increase.

Possibility of fatigue estimation is how well fatigue can be estimated with the
concept. If fatigue estimation would not be possible to estimate, the score
would be set to 0. The weight is set to 2 since it is not the main target of the
system but it could be used and may be considered as a potential following
investigation in the thesis.
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Table 2.3: Weighted decision matrix

Ideal A B C D

Criteria W | v t v t vit | v |t | v |t
Reliability (mechanical) | 5 | 5| 25 | 5| 25 | 4 | 20| 2 [10| 3 | 15
Data management simp. | 2 | 5 10 | 4 8 214136 ]3]6
Cost efficiency 515125 | 5] 25 | 3|15 2 |10| 2|10
System simplicity 25110 | 5|10 24 2]4|3]6
Ease of detection 3151 15 |3 9 4 112 | 5 |15 5 | 15
Maintenance simplicity 5 b |25 | 5| 2 | 41202 |10] 2 |10
Fatigue estimation 2 15|10 | 2 4 316 |5 ]10] 5 10

Total scoring 351120 | 29106 | 22 | 81 | 21 | 65 | 23 | 72

As can be seen in the weighted decision matrix, the mechanical reliability of using
flight data is rated better than the other types since no extra system complexity
is added and is deemed to be a robust system. Strain gauges and load cells are
scored lower since the sensors and cables will be exposed to tough environmental
conditions. There is also the aspect of cable fatigue due to repeated retraction and
extension of the landing gears.

For data management simplicity, using flight data is graded 4 since no extra sensors
are added but the data will give the least amount of information of the proposals.
Using IMUs on the landing gear will add sensors and the management of data will
be greater than for load cells or strain gauges and is therefore scored lower than these.

With cost efficiency, flight data is given maximum points since no extra component
is added and no service cost is expected. Further, IMUs on landing gear require less
maintenance and need no calibration and are therefore cheaper to maintain than
load cells and strain gauges, which would require high maintenance frequency.

Load cells, strain gauges and IMUs on landing gear were given similar points for
system simplicity since sensors will have to be added and they will need wires for
connecting them. Using flight data is given a 5 since no sensors are added.

The ease of detection is graded 5 for load cells and strain gauges since the load or
strain is measured directly, while it is not for flight data and IMUs on the landing
gear. The IMUs on landing gear is graded higher than using flight data since the
data will be easier to interpret due to the fact that it is measured on the landing
gear. Flight data on the other hand requires a correlation between the aircraft ref-
erence frame to the landing gear dynamics.

For maintenance simplicity, the flight data is given the highest score since no addi-
tional maintenance will be needed while the IMUs on landing gear will need more
maintenance since parts are added. Further, the strain gauge and load cell will need
more maintenance since the attachment will degrade over time and recalibration will

be needed.
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Table 2.4: Flight data parameters available for consideration

Parameter Unit
Magnetic Heading Deg
Pitch Angle Deg
Roll Angle Deg
Body Pitch Rate Deg/s
Body Roll Rate Deg/s
Body Yaw Rate Deg/s
Body Longitudinal Accel g
Body Lateral Accel g
Body Normal Accel g
Pitch Attitude Rate Deg/s
Roll Attitude Rate Deg/s
Yaw Attitude Rate Deg/s
Vertical Acceleration g
Along Heading Acceleration g
Cross Heading Acceleration g

For fatigue estimation, it will be easiest with the direct measurement that load cells
and strain gauges entail, while it will be harder using IMUs and cumbersome mod-
eling with flight data.

2.4 Choice of concept

The results from the weighted decision matrix, see table 2.3, gave an indication of
which concept to continue working with. The most promising concept seemed to be
using flight data followed by adding IMUs to the landing gear where the flight data
got 25 points more. From this, and the indications from the aircraft engineers, the
choice was made to continue the work with the flight data. It is possible to include
more sensors already existing on commercial aircraft if needed to get a good enough
fidelity of the hard landing indication.

The concept was chosen to proceed with, with the intent of creating an algorithm to
detect hard landings. The concept may include any combination of the parameters
listed in table 2.4 which are commonly recorded in operational aircraft. More inputs
than listed in the table are possible to include if it can be proved to increase the
reliability of overload detection.
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Figure 2.1: Flowchart of the steps to create the algorithm

2.4.1 Description of selected concept

To detect hard landings an algorithm that estimates the forces for a specific landing
will be created. The estimation will be performed by comparing the landing scenario
to a database of known force results and interpolating between these. The estimated
force can potentially be used to check if the landing was a hard landing or not.

2.4.2 Identified steps

For the intended hard landing algorithm to work by assessing forces for a specific
landing, a database of known force responses for varying landing scenarios is re-
quired. The database will be created by analyzing the dynamic behavior and the
forces of the landing gear by multi-body dynamics simulations.

In order to build the multi-body dynamic model used for creating the database, a
tire model, shock absorber model and a CAD model of an arbitrary landing gear
geometry is needed. These steps are covered in greater detail in the following chap-
ters. A flowchart of the necessary steps can be seen in figure 2.1. ’Input parameters’
connected to "Multi-body dynamic model’ represents parameter sets for the landings
simulated. The ’Algorithm input’ are assumed to already be converted flight data
that can be directly used in the algorithm.
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Geometry and properties

This chapter covers the landing gear geometry, design, materials and resulting land-
ing gear mass as well as assumptions and simplifications made of the landing gear
geometry.

3.1 Landing gear geometry

For the design of the arbitrary landing gear, a survey was first performed to find
inspiration of landing gear arrangement and dimensions. For an assumed aircraft
landing mass of 20 tons, existing aircraft designs indicate a total landing gear mass
between 700 kg and 1000 kg. The span is determined from Smith [8, Tab. 13.11]
for landing gear masses on aircraft with a total mass between 19 tons and 21 tons.

The general landing gear layout considered is a tricycle layout with two articu-
lated MLGs and a single nose landing gear (NLG), where each landing gear has two
wheels. Based on this and the common design practice of a front to rear landing gear
mass distribution between 5% and 14%, see Smith [8, p.288], one MLG should be
in the range of 301 kg and 475 kg when considering the total landing gear mass span.

3.2 CAD

The software used for creating the CAD model was CATIA V5 [9]. Since the thesis
is focusing on a simplified two-point landing through drop test correlation, only the
MLG is modeled. Hence, the NLG will not be considered in simulations. The MLG
is modeled with a retraction mechanism including a side stay for lateral stability.
Mlustrations of the MLG design can be seen in figures 3.1 and 3.2.

3.3 Materials and landing gear mass

In order to verify that the design is within the identified mass range, material selec-
tion was performed. As common practices and designs that may be found on aircraft
in service, material selection of the parts is compiled in table 3.1. Aluminium (AL-
7075) is often used in aerospace due to its high strength to mass ratio. Corrosion
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Figure 3.1: CAD of the main landing gear
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Figure 3.2: CAD of the main landing gear, additional view

Resistant Steel (CRES) is used when necessary and steel (S-4340) where applicable.
The same materials were used in multi-body dynamic simulations.

The calculated mass with added materials is 444 kg for one MLG which equals a
total landing gear mass of 986 kg if assuming that MLGs constitute 90% of the
total mass. This mass is close to the upper boundary of the previously presented
identified range. In this calculated mass, wheel and tire masses were assumed as
presented in table 3.2, which are based on distribution percentages of the total mass
as described by a typical component breakdown in Currey [10, Tab.11.3]. Brake
system mass is not considered as separate rotating parts in but is rather included
in the modeled CAD parts. Note that "CAD parts with materials’ constitute 71%
of total mass due to subtracting the MLG tire and MLG wheel masses from 90%

3.4 Design assumptions and simplifications

In order to make the CAD model within a reasonable time, accounting for that
CAD complexity is not the focus of this work, several assumptions were made al-
ready during the CAD design which may have effects in simulations. One significant
simplification, which will be covered in more detail in the shock absorber modeling
chapter, is the choice to not model the shock absorber end stop in CAD but rather
by using a shock absorber spring stiffness curve.
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Table 3.1: MLG material selection

Part Material
All pins S-4340
Cylinder (S/A) S-4340
Downlock AL-7075
Leg AL-7075
Piston (S/A) S-4340
Retraction cylinder | CRES
Retraction piston CRES
Side stay lower AL-7075
Side stay upper AL-7075
Trunnion AL-7075
Wheel axle S-4340

Table 3.2: Wheel and tire masses, including CAD mass for reference

Part Percentage of total | Mass per MLG
MLG tire 11% 54 kg
MLG wheel 8% 39 kg
CAD parts with materials 71 % 351 kg

Another simplification is that the side stay lock is just geometrically locking the side
stay. This means that the lock does not have an actuator for releasing the lock or
springs to keep it in place. This was made in order to reduce the complexity of the

CAD model since extension and retraction events will not be simulated.

Further, as mentioned the landing gear design is an arbitrary design. This means
that the parts modeled have assumed dimensions and follow a novel generic config-
uration rather than having a very detailed part design. This may have implications
for simulation results. Nevertheless, considering that all landing gears are designed
for a specific aircraft, variations may be expected. For the rigid body kinematic
aspect which is of consideration in the thesis, the implication may be argued to be

minimal. This is in contrast to if flexible bodies were to be simulated.
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Shock absorber model

In order to have the correct behavior in the multi-body dynamic model, a shock
absorber model is established to get the spring and damping behavior in the landing
gear.

4.1 Theory

This section covers the theoretical background employed for the shock absorber
behavior.

4.1.1 Flow rate through an orifice

The flow rate (volume per time) through a single orifice can be described as

2 Pu — Pd
Q = Aeffective\l ’p| Sgn(pu - pd) (41)

where () is the flow rate through the orifice, Acffeaive is the effective area of the
orifice, p, is the upstream pressure, p, is the downstream pressure and p is the fluid
density, see Smith [8, p.373].

4.1.2 Effective area

The effective area, Acffective is the reduced area which the fluid may pass through
due to the viscosity of the fluid. The relationship between the true area and the
effective area is

Aeffective = C’df4 (42)

where Cj is the discharge coefficient and A is the true area of the orifice [8, p.373].

4.1.3 Pressure relation Adiabatic process

The relation between pressure and volume at two instances in an adiabatic process
can be described as

PV = RV (4.3)

where P, is the pressure and V; is the volume at the first instance, P, is the pressure

and V5 is the volume at the second instance and v is the polytropic coefficient, see
Smith [8, p.406].
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Figure 4.1: Cross section view of the shock absorber and the loads acting on it.
The cylinder is blue, the piston is black and the floating piston is red.

4.2 Method

The section describes the method related to the shock absorber.

4.2.1 Shock Absorber Force

The shock absorber is a simple arbitrarily chosen shock absorber and the loads
acting on the shock absorber can be seen in figure 4.1. From force equilibrium of
the piston head in axial direction, in a time instance, the following equation can be
established:

F = plA — p1<A — Ap) = plAp (44)

where the friction has been neglected and Ap is the piston area. The volumetric
flow rate from the cylinder is equal to the volumetric flow rate through the orifice
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and secondary hydraulic chamber. The volumetric flow rate through the orifice can
therefore be described as:

Qorif = SA— S(A—A,) = SA, (4.5)

where S is the relative velocity between the piston and cylinder. The flow through
the orifice can also be described from Eq. (4.1) together with Eq. (4.2) as

24)

Qorif = CaAoriy (4.6)

By substituting Eq. (4.6) into Eq. (4.5) an equation of the pressure difference

upstream and downstream of the orifice can be obtained as

A A,
e N N (CA ) L1318, (4.7)

SA, = CyAonif

Now substituting in Eq. (4.7) into (4.4), the shock absorber force becomes

A3
F = S S + A, 4.8
The pressure py can be described with the pressure from the gas chamber onto the
floating piston that separates the oil from the gas. Here it is assumed that the

pressure on both sides of the piston will be the same. Using Eq. (4.3) with V; = V4,
Py = pgo and Vo =V — A,S with S as the stroke, p, can be described as

_ L ! (4.9)
P2 = Pao VO—APS . .

Substituting Eq. (4.9) into (4.8) gives the final equation of the shock absorber force
as

A v
F=— P20 1815 4 paod, (V0> . (4.10)

2(Cado)? Vo— 4,8

The force can be separated into a damper force and spring force as:

F= Fdamper + Fspring (41]—)

Fam er — A3SS 4.12

damp (CdAO) | | ( )
v v

Fspring = paOAp (Vb (;1 S) (413)

4.2.1.1 Shock absorber parameters

The shock absorber parameters are chosen based on typical values and tuning of the
parameters in the drop test described in Chapter 5 and can be seen in table 4.1.
The oil density is dependent on pressure and temperature but was approximated to
860 kg/m? through the whole process. D, and S, were chosen to be similar to
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4. Shock absorber model

the arbitrary landing gear described in Chapter 3. p,o was chosen based on similar
aircrafts and -y is typically 1.35 [8, p.407].

From the stroke, initial pressure and maximum pressure the initial gas volume Vj
could be calculated from Eq. 4.3 as

_ ApSmaa:pQ
P2 = Pao

Vo (4.14)

with v = 1 since the maximum pressure was based on the isothermic load case of a
1.7g bump which gave a pressure of py = mac - 1.7g/A,.

Cy is usually in the span between 0.65 to 0.97 [8, p.374] and a Cj in the span between

0.7 and 0.8 seemed reasonable. A more exact number was investigated during the
drop test simulation where also an estimation of the orifice diameter D, was done.

Table 4.1: Shock absorber parameters

Parameter Value Unit Explanation
mac 10 ton Half aircraft mass
Poil 860 kg/m? Density of the oil
Cq 0.8 — Discharge coefficient
Dy 9 mim Orifice diameter
D, 95 mm | Piston outer diameter
Pao 22.5 bar Initial air pressure
Vo 1.48-10° | mm? Initial air volume
v 1.35 — Polytropic coefficient
Somaz 189 mim Maximum stroke

4.2.2 Bottoming

In order to model bottoming and maximum extension, a very high force per stroke
was added to the spring curve at —1 < S < 0 mm and 189 < S < 190 mm. This
was done instead of creating the CAD details required and implementing a contact
formulation in the multi-body dynamic simulations. This corresponds to a penalty
formulation for contact. The force vs stroke of oil is approximated to be linear
between 0 < S < 2 mm since the compressibility of oil is very small compared to
air.

4.3 Result

The spring force curve F,,,, can be seen in figure 4.2 and the damper force curve
Fiamper in figure 4.3. The spring curve including the bottoming loads, which is the
spring curve implemented to the multi-body dynamic model, is seen in figure 4.4.
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Figure 4.4: Spring force, F§,ing vs Stroke including artificial stops and compression
of oil.

4.4 Simplifications and the impact of them

Having the same shock absorber force curve for both compression and extension of
the shock absorber is not true in practice. There is usually some hysteresis in the
spring and damper curve because of friction in the bearings and seals of the shock
absorber and the temperature change in the system. Even though a real case sce-
nario will not be achieved, the simplification to use the same shock absorber curve
for both compression and extension is good enough since the purpose of the model
is to be used as a tool to detect loads and not to model the perfect behavior of the
shock absorber.
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Multi-body dynamics model

In order to relate the flight data parameters to loads on the landing gear tire contact
patch, a multi-body dynamic model was built. The model represents a drop test
simulation where several parameters were varied to determine the influence of each
parameter on the loads. A reduction of the possible landing cases is thus made
by exclusively considering a drop test model, however, an initial evaluation of the
concept may still be made from this.

5.1 Creating the model

The multi-body dynamic model was built using MSC Adams [11], a multi-body dy-
namics simulation tool commonly used for various dynamic simulations including
landing gear analysis. MSC Adams uses an implicit method to solve non-linear dif-
ferential equations, see Adams solver default settings in Adams help documentation
[11].

Pre-processing of the model entailed importing the CAD geometry and constrain-
ing the parts. Materials were assigned according to table 3.1 for mass and inertial
properties and the wheels were given masses according to table 3.2 and inertial data
estimated from the CAD model. Further, a ground contact plane was created and
a point mass representing an aircraft drop mass was added which the gear was con-
strained to. The drop mass was constrained to only allow vertical translation to
mimic a drop test. The shock absorber model previously created was also imported
to Adams and a tire model was chosen with tire data as is discussed in subsection
5.1.1 below.

The Adams model can be seen in figure 5.1 where the red sphere represents the drop
mass. Relevant constraints are presented in table 5.1. A simplification was made for
the wheel to wheel axle joints, where it was assumed that there is no friction. The
result of this is that the longitudinal force on the tire contact surface was slightly
larger. But it also meant that the initial condition set to the wheel angular velocity
was valid when the tire contacted the runway regardless of the different drop heights
simulated. As such, no consideration needed to be taken to different times passing
before tire and ground contact, otherwise resulting in different reductions of the
angular velocity during the drop.
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Side stay

Shock absorber

Drop mass

Trunnion

Ground plane

Figure 5.1: Adams drop test model set up

Table 5.1: Constraints in the MLG model

32

ID Part 1 Part 2 Connection
1 Drop mass Mounts Fixed
2 Mounts Trunnion Hinged
3 Mounts Side stay upper Hinged
4 Trunnion Leg Hinged
5 Trunnion Cylinder Hinged
6 Trunnion Pin | Fuselage attachment Hinged
7 Piston Cylinder Prismatic
8 Leg Piston Hinged
9 Leg Wheel axle Fixed
10 Wheel axle Wheel Hinged
11 | Side stay upper Side stay lower Hinged
12 | Side stay lower Trunnion Hinged




5. Multi-body dynamics model

Table 5.2: Tire data for H27x8.5-14

Rim radius
Rated max load
Rated pressure

Static rated load radius
Vertical damping
Bottoming radius

Friction, max

Velocity, reference friction

7 inch (0.178 m)
13300 1b (6033 kg)
207 psi (14.3 bar)
11.4 inch (0.290 m)

6.3 1bs/inch (1100 Ns/m)

7 inch (0.18 m)

0.8

1000 inch/s (25.4 m/s)

Parameter Value Note
Radius 13.5 inch (0.343 m) -
Width 8.5 inch (0.216 m) -

Also used for inflation pressure
2.1 inch deflection from unloaded
1/1000 of vertical stiffness [11]
Assumed from similar tires
Static friction, regulated [7]
At which 36% of max applies,
for determining friction decay

5.1.1 Tire modeling

The Adams TRR64 tire model was used [11, TRR64 tire model], which has been
created specifically for aircraft tires and is a basic version of NASA TR-R64 on
aircraft tire mechanical properties, see Smiley & Horne [12]. For tire data, Miche-
lin Aircraft Tire Engineering Data [13] was used, specifically Michelin H27x8.5-14.
Relevant parameters extracted from the datasheet for this tire can be found in table
5.2. Other types of possible tire selections can be found in Goodyear Aviation Tire
Data Section [14] and more information on aircraft tires in general and practice can

be found in Dunlop Aircraft Tire General Practices [15].

The tire stiffness is calculated in the TRR64 model automatically, however for de-
termining the vertical damping, the vertical tire stiffness was estimated by the rated
load divided by the difference between the unloaded and rated load radius. Vertical
damping was then calculated as approximately 1/1000 of the vertical tire stiffness,
defined in Adams help documentation [11, TRR64 tire model]. For the bottoming
radius, since no value is entered for Michelin H27x8.5-14 in the tire data, a value
was assumed from similarly sized tires in [13][14]. The tire characteristics for a
bottoming case are handled by the tire model, specifically by a significant increase
in vertical stiffness. This bottoming stiffness curve can be manipulated, but the

standard values were kept.

Specific for the TRR64 model is the selection of 'Handling Mode’ and ’Friction
Mode’ where options 'Simple NASA TR-R-64" and ’Slip Velocity based Model A’
were used respectively. The Simple NASA TR-R-64 Handling Mode is the standard
simplified interpretation of the model and is thus chosen. Slip Velocity based Model
A Friction Mode is a decaying friction model, where the friction coefficient tends
towards zero for increasing slip velocity. A slip velocity to obtain a reference friction
was thus needed, and the value in table 5.2 was kept as standard in the model.
For further information and comparison with other types of handling and friction
modes, see Adams help documentation [11, TRR64 tire model].
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5. Multi-body dynamics model

5.1.2 Drop test

First, the drop test model was used to verify the tire and shock absorber behavior
to what can be expected in a real drop test. An actual drop test is performed by
constraining a landing gear in a rig which drops from a specific height to reach a
certain vertical velocity upon contact with the ground. As such, in the model, the
point mass was constrained such that it only allowed translation in vertical direction
and the only applied load was the drop mass corresponding to the aircraft mass.
However, the drop mass was reduced to half of the aircraft mass, since this is what
would be acting on each landing gear.

Moreover, since the lift force reduces the total vertical load a so called equiva-

lent weight was implemented. The equivalent weight was calculated according to
ARP5644 [16, sec. 12.2] as

h+(1—L)d

We=W
h+d

(5.1)
where d is the maximum vertical travel distance of carriage after the tire has made
contact with the ground, h the theoretical free drop height, L the aircraft lift to
weight ratio (set to 1 for drop test, which is the highest value it may have). The
equivalent weight W, was thus reduced from the true aircraft weight W, in this case
corresponding to a mass of 10 tons for one MLG.

The free drop height was determined by energy equilibrium according to

mu? v?

h=_—— h=— 2
mg 5 = % (5.2)

where a sought vertical velocity of 3 m/s (10 ft/s, see section 5.2.1) resulted in h =
458 mm. The distance d was initially estimated in order to obtain a first guess of
the equivalent weight. The calculated equivalent weight includes the landing gear,
but as the landing gear mass was included in the model, this was subtracted to get
the value to apply to the drop mass.

The initial guess of d = 300 mm consisted of 200 mm vertical (wheel) axis travel
(VAT), and 100 mm tire deflection. With this guess, W, corresponded to 6042 kg,
including the landing gear mass. When the drop test simulation was run with this
value it showed a maximum d = 285 mm, whereby the equivalent weight was up-
dated to W, corresponding to 6164 kg. With this equivalent weight, a maximum d
= 289 mm was obtained. This was deemed to have converged since it was a change
of 1.4 %.

In order to allow further intended use, the wheels were assigned a design variable
to change the initial condition of angular velocities. This to mimic longitudinal ve-
locities and to capture spin-up and spring-back phenomenons. This approach was
chosen since the landing gear or ground is not translating longitudinally. Further
design variables were added in Adams to easily edit the drop height and drop mass,
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5. Multi-body dynamics model

Table 5.3: Design variables in drop test model

Design variable Expression & Unit Comment
Drop mass, Mgyep Input [kg] Excluding MLG mass
Vertical velocity, v, Input [m/s] Linked to drop height
Drop height, h % [m] -
Heading velocity, v, Input [m/s] Linked to angular velocity
Angular velocity, w 7 [rad/s] Ryire unloaded tire radius [m]

Table 5.4: Batch run input parameters with ranges and increment sizes

Parameter | Lower limit | Upper limit | Increment size
Pitch, 0 1° 11° 2°
V. 1.0 m/s 4.0 m/s 0.5 m/s
Wheel -200 rad/s | -100 rad/s 20 rad/s
We 1000 kg 8500 kg 750 kg

such that batch runs could be performed. The design variables are compiled in table
5.3.

5.2 Parameter sweep batch runs

A requirement for creating the algorithm was building a database of simulation
results. This database was obtained by performing batch runs where the design
variables were varied by parameter sweeps. As such, large amounts of data were
collected from the drop test model. The parameters that were swept over were ver-
tical velocity, longitudinal velocity (represented by wheel angular velocity), aircraft
pitch angle and equivalent weight. The sweeps were performed by varying vertical
velocity, wheel angular velocity and drop mass for each specific batch. Each batch
was simulated for every pitch angle, which was varied by manually rotating the
landing gear without parameter involvement.

The batch runs were scripted using Python and the script was imported to Adams for
each pitch angle. The simulation results of forces acting on the tire, wheel angular
velocities and displacements (d) were saved for later use. From the force results,
Pareto surfaces were created for each pitch angle and vertical velocity combination,
such that the forces could be visualized in three-dimensional plots. An example of
one of the Pareto surfaces can be seen in figure 5.3 in the Adams result section 5.3.
The batch run input ranges and increment sizes are compiled in table 5.4, but are
also explained briefly in the following sections.

5.2.1 Varying vertical velocity

Vertical velocity is one of the most critical parameters driving the loads in the
landing gear. The chosen range of vertical velocities was between 1.0 m/s and
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4.0 m/s, as it was assumed that landings below 1.0 m/s are rare and not critical.
According to regulations [7, CS 25.473 (2)] a vertical velocity higher than 3.0 m/s
(10 ft/s) with designed landing mass is traditionally deemed a hard landing. The
upper limit of 4.0 m/s was thus chosen to ensure landings above the traditional limit
can be tested, however, extreme landings above 4.0 m/s may be argued should lead
to AoG or inspection regardless.

5.2.2 Varying wheel angular velocity

The wheel angular velocity was varied between 100 rad/s and 200 rad/s in reverse
direction. This corresponds to a longitudinal velocity between 34.3 m/s and 68.6
m/s for an unloaded tire radius of 0.343 m. The limits were taken from nominal
stall velocities and maximum landing velocities, see [17, Aircraft category A & B].

5.2.3 Varying pitch angle

The pitch angle was varied between 1 degree and 11 degrees rearward in 2 degree
increments. The lower limit was set since 0 degree pitch equates to a three point
landing, no longer represented by a drop test. For pitches higher than 11 degrees
the risk of tailstrike may be imminent depending on specific aircraft design and is
thus not relevant. As an example, a Boeing 747-400 has a tailstrike angle at 12.5
degrees [18, Fig. 1] and a Boeing 777-300ER a tailstrike angle at 10 degrees [19].

5.2.4 Varying mass

Since flights are performed with different masses based on the number of passengers
and luggage as well as varying fuel usages, the mass was also varied as an input
parameter. The mass variation was performed by the equivalent weight added to
the drop mass in Adams. Since the true weight is a function of the equivalent weight
W, free drop height h and carriage travel distance d, a specific equivalent weight
does not equal the same true weight for all other parameter variations.

As such, for each drop test simulation in the batch runs, the true weight for that
simulation was calculated based on input W,, h and resulting d. As previously
mentioned the lift to weight ratio L = 1 was used for all drop tests. The range of
true weight was for masses between an upper value of 11 tons as a margin of the
maximum take-off mass (MTOM) of 10 tons considered in the thesis, and a lower
value at 80% MTOM, 8 tons, as an assumed design landing mass. The equivalent
weight was varied in a large enough range to ensure data for the sought true weight
for all batch runs. The lower limit for equivalent weight was for a mass of 1000
kg whereas the upper limit was for a mass of 8500 kg. Both limits were found by
testing extreme cases of parameter combinations in the model and calculating the
true weight for those.
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Figure 5.2: Tire forces, shock absorber force and drop mass travel vs time with
0 =5 degrees, v, = 2.5 m/s, w = —120 rad/s and W, = 5944 kg

5.3 Adams simulation results

Results from the multi-body dynamic model are presented and interpreted next,
both a single drop test example as well as a batch run example.

5.3.1 Single drop test simulation

An illustration of an example of the results during a drop test simulation can be
seen in figure 5.2. The figure shows the tire normal force, tire longitudinal force,
shock absorber force and drop mass travel distance, d. The tire normal force peak
seen in the figure occurs at the beginning of the landing. It occurs because of the
high velocity which is dampened by the shock absorber which induces the peak force
through the shock absorber and tire. The longitudinal force in the tire patch will be
increased until the tire is up to speed with the aircraft which is called spin up. After
the spin up, the force is reduced and its lower peak, called spring back, occurs when
the energy stored in the tire and structure is released which causes a movement of
the tire in the opposite direction [8, p.813].
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Pitch = 3, Vz = 2.5 m/s

Max Tire Normal Force [kN]

Figure 5.3: Maximum Tire Normal Force Pareto surface plot for batch run at pitch
= 3 degrees, plotted for all simulations at v, = 2.5 m/s

5.3.2 Batch run simulations

The batch runs of the drop test model result in a database which can be illustrated
for a specific pitch angle and vertical velocity as a Pareto surface in a three dimen-
sional plot. An illustration of one of the solution surfaces can be seen in figure 5.3.
The in plane axes are for wheel velocity and true drop mass whereas the out of plane
axis is the force, in this case, the maximum tire normal force. Some data points
are missing on the surface because some of the simulations failed when the batch
runs were performed. A noticeable increase in the force can be seen for the higher
masses, which is due to the shock absorber bottoming and resulting in higher peak
forces in the tire normal direction. An illustration of the tire longitudinal force for

the same batch can be seen in figure 5.4.
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Figure 5.4: Maximum Tire Longitudinal Force Pareto surface plot for batch run
at pitch = 3 degrees, plotted for all simulations at v, = 2.5 m/s
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Creating an algorithm

The final algorithm for hard landing detection is here covered in detail regarding
input, functionality and output. Several steps of evaluating the algorithm are pre-
sented, and the results of the algorithm prediction are covered. In this chapter, it
is assumed that the created models are valid.

6.1 Algorithm structure

The algorithm estimates the tire normal and longitudinal peak forces for a landing
event. It has several parameters for a moment prior to landing as initial conditions
and uses a database of known tire forces for a set of input parameters. These tire
forces are interpolated based on the input parameters to perform the estimation.

6.1.1 Inputs

The input parameters are converted from the flight data. The conversion is not a
part of the thesis but is discussed in section 8.2. The input parameters are presented
in table 6.1. Note that the range of the wheel angular velocity used in the batch run
simulations corresponds to longitudinal velocities between approximately 35 m/s
and 70 m/s with an unloaded tire radius of 0.343 m. In the batch runs, parameters
were as previously stated varied for nominal landing ranges discretely to cover the
expected values of input parameters. Based on the variations of the simulations the
algorithm has limits of inputs for which it can make tire force estimations. The
algorithm limits are also included in table 6.1.

6.1.2 Output

The algorithm output is mainly focused on the tire normal force and tire longitudinal
force but also the combined magnitude of these. These forces are estimated at three

Table 6.1: Input parameters with ranges and resolutions

Parameter | Lower limit | Upper limit
Pitch, 0 1° 11°
V., 1.0 m/s 4.0 m/s
Ve 35 m/s 70 m/s
m 8000 kg 11000 kg
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Tire Longitudinal and Normal Force over time
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Figure 6.1: Simulated tire forces vs time and the 3 critical instances, for pitch= 5
degrees, v, = 2.5 m/s, wheel velocity= —120 rad/s and equivalent mass= 5944 kg

instances in time where critical loads could occur. One of the instances is the peak
tire normal force. Another instance, called spin up, is when the tire longitudinal
force is at its maximum. There is also an instance when the tire longitudinal force
is at its minimum, called spring back. The instances for one simulation can be seen
in figure 6.1.

An example of the output of the algorithm, for a set of input parameters, can be seen
in figure 6.2. The continuous lines are the exact forces and the dots are estimated
forces from the algorithm.

6.1.2.1 Overload statement

In order to have the algorithm output as a binary yes or no statement to whether
an overload occurrence was noted for a specific landing, the estimated loads would
need to be checked against threshold loads. The checks would be performed for the
individual force components and the combined force vectors.

Since it is of interest to give an overload statement based on stresses in the landing
gear but the thesis does not cover any stress analysis, threshold loads are not con-
sidered. The thresholds would need to be based on the structural response of the
landing gear based on applied loads in varying directions.
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Tire forces and estimations
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Figure 6.2: Estimation of the tire longitudinal and normal force at critical in-
stances. Fp, is the longitudinal force and Fy the normal force.

6.1.3 Structure

The algorithm takes the inputs from a landing and locates the upper and lower
values in the database. These values are the tire normal and tire longitudinal forces
as well as the true mass, corresponding to the true weight, for each data point. In
total 16 data points are found, where the parameter combinations branch out as
illustrated in figure 6.3.

The forces extracted from the database are then linearly interpolated based on first
the aircraft mass, followed by the longitudinal velocity, vertical velocity and lastly
the pitch angle. The longitudinal and normal forces at the three critical instances
of a landing are thus obtained and an overload statement can in theory be issued
if comparisons of the forces to certain thresholds are made. A flow chart of the
algorithm can be seen in figure 6.4 and a pseudo code of the algorithm is presented
in algorithm 1.
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Algorithm 1 Pseudo code

IHPUt 0 ‘/Z ‘/x m Fdatabase
Output F
Oupper, iower < possible database upper & lower 6 of 0
V. uppers Vzlower <— Possible database upper & lower V, of V,
Vauppers Valower <— Possible database upper & lower V,, of V;
for euppera elower do
for ‘/:’c,uppem sz,lower do
for Mupper; Miower do
V. force append Interpolated Fygiapase based on m, mypper, Miower at the
3 instances
end for
V..force @append Interpolated V; ¢oree based on Vi, Vi uppers Vajower
end for
eforce append InterpOIated Vtz,force based on V;m ‘/;',uppera ‘/z,lower
end for
F' < Interpolated 0t,c. based on 0, Oypper, Giower

Table 6.2: Input parameters used for validation

Parameter Validation set
Pitch, 0 1,2,3,4,5,6,7,8,9]°
V. [1.0, 1.8, 2.7, 3.4] m/s
V. (39, 54, 59, 61.7] m/s
m(We) [1257, 4200, 5760, 7503] kg

6.2 Evaluating the algorithm

Evaluation of the algorithm functionality was performed in several steps. First,
the interpolation aspect was validated, followed by a sensitivity analysis of runway
friction which is assumed as described in section 5.1.1, and knowledge of shock
absorber servicing state.

6.2.1 Validation

Validation of the algorithm functionality and results was performed by running
more simulations of the multi-body dynamic model with other parameter inputs
than those used in the batch runs. The validation parameter inputs were also used
as inputs to the algorithm, and the output forces were compared with the exact
solutions from the multi-body dynamic model. The set of parameters used for vali-
dation can be seen in table 6.2.

It is important to note that in the validation runs where the resulting true mass
was outside the defined boundaries between 8 tons and 11 tons, the results were not
used for validation since the algorithm is not expected to function outside the limits.
While batch run data exist for some values outside, it is not guaranteed and the
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Table 6.3: Errors for different forces at spin up instance

Mean error | Largest error | Smallest
Tire Normal 7.62% 42.2% 0.01%
Tire Longitudinal 6.10% 21.9% 0.01%
Tire Magnitude 6.92% 34.8% 0.04%

batch run results are not expected to be correct since the landing gear is designed
for certain masses.

The tire longitudinal and normal forces at the three instances can be seen in figures
6.5, 6.6 and 6.7, where the forces are sorted from minimum to maximum exact force
for each instance separately. For the force magnitudes, see appendix A.1, A.2 and
A.3. The longitudinal force is sorted independently of the normal force which means
that the tire’s normal force at a certain x-axis 'data point’ does not necessarily cor-
respond to the same ’data point’ for the longitudinal force.

The main values considered were the errors, calculated as percentage differences
between the validation simulations forces and the algorithm estimated forces. The
largest error, smallest error and the mean of all errors were considered, for both
vertical and longitudinal forces and the force magnitude separately.

The results show that the estimated forces are following the same trend as the exact
forces, however with some errors. For the spin up instance, the longitudinal force
was estimated with a mean error of 6.10% and a maximum error of 21.9%, while
the tire normal force was estimated with a mean error of 7.62% and a maximum
error of 42.2%, see table 6.3. The better accuracy of longitudinal force estimation
was traced to large fluctuations of the normal forces in the database at some of the
relevant data points.

At the peak normal force instance the estimation has good accuracy except for a few
data points. The accuracy of longitudinal force estimation at the peak normal force
is lower, similar to what is noted at the spin up instance indicating that reliable
and dense enough solutions are important for good accuracy of the algorithm. The
mean error of the normal force is 1.04% while the longitudinal mean error is 25.9%,
with the largest error being 214%, see table 6.4. The largest errors in longitudinal
force were traced to missing data points in the database.

The accuracy of the spring back instance is the poorest, where the mean error of
the normal force was 14.9% and the mean error for the longitudinal force was 26.2%
with a noticeably largest error at 387%. For higher normal forces, an underestimat-
ing trend was noted, as well as for higher negative longitudinal forces. Further, all
estimated forces were not that accurate, again indicating the importance of a good
database. Further discussion of this can be found in section 6.2.4.
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Tire Force estimation, Spin Up
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Figure 6.5: Validation runs results comparison, spin up instance. F7, is the longi-

tudinal force and Fy the normal force.

Tire Force estimation, Peak Normal
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Figure 6.6: Validation runs results comparison, maximum normal force instance.

F7p, is the longitudinal force and Fx the normal force.
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Tire Force estimation, Spring Back
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Figure 6.7: Validation runs results comparison, spring back instance. F7, is the
longitudinal force and Fy the normal force

Table 6.4: Errors for different forces at peak normal force instance

Mean error | Largest error | Smallest
Tire Normal 1.04% 6.49% 0.01%
Tire Longitudinal 25.9% 214% 0.05%
Tire Magnitude 1.15% 5.59% 0.00%

Table 6.5: Errors for different forces at spring back instance

Mean error | Largest error | Smallest
Tire Normal 14.9% 55.8% 0.08%
Tire Longitudinal 26.2% 387% 0.22%
Tire Magnitude 15.5% 58.6% 0.25%
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Table 6.6: Errors for different forces at the spin up instance with = 0.6

Mean error | Largest error | Smallest
Tire Normal 16.5% 66.7% 0.77%
Tire Longitudinal 430% 759% 33.8%
Tire Magnitude 24.9% 84.2% 1.10%

Table 6.7: Errors for different forces at the peak normal instance with p = 0.6

Mean error | Largest error | Smallest
Tire Normal 3.96% 11.8% 0.06%
Tire Longitudinal 923% 22052% 5.36%
Tire Magnitude 4.91% 11.8% 0.25%

6.2.2 Effect of runway to tire friction

The algorithm was tested with respect to unknown runway friction and particularly
estimating the forces at lower friction. A validation set was simulated with = 0.6
instead of the regulatory p = 0.8. The reason was to understand whether it is of
interest to consider the true friction rather than the high u = 0.8, which is the
maximum friction that the gear will have to withstand during testing [7].

6.2.2.1 Result differences of reduced runway friction

Figures 6.8, 6.9 and 6.10 illustrate the estimated and exact normal and longitudi-
nal forces. The longitudinal force is significantly overestimated since the database
consists of force results where the friction is u = 0.8. Further, the error of the lon-
gitudinal force for all instances, see tables 6.6, 6.7 and 6.8, is extreme. This shows
that the longitudinal force is highly dependent on friction and moreover that the
friction will have to be known and included in the database and algorithm in order
to obtain proper results. Alternatively, another method will have to be used.

The tire normal forces are also overestimated but at the peak normal instance only
by a mean of 3.96%, see tables 6.6, 6.7 and 6.8. This shows that the tire normal
force at peak normal instance has a small dependency of friction, some for spin up
but large for spring back. One explanation for the large errors is not only the effect
of lower friction itself but also that spin up and spring back occur at different time
instances when the friction is changed. That means that the database peaks and
lower friction peaks are not at the same time instances. The conclusion is that the
tire normal force at peak normal instance can be estimated, while the estimation
at the other instances is poor. Similarly to the longitudinal forces, the friction will
have to be known to estimate these forces properly, or alternative methods will have
to be used to improve the algorithm.
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Tire Force estimation, Spin Up, u=0.6
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Figure 6.8: Low friction estimation, spin up instance. F7p, is the longitudinal force
and Fy the normal force.

Tire Force estimation, Peak Normal, u=0.6
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Figure 6.9: Low friction estimation, peak normal instance. F7 is the longitudinal
force and Fy the normal force.
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Tire Force estimation, Spring Back, u=0.6
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Figure 6.10: Low friction estimation, spring back instance. F, is the longitudinal
force and Fy the normal force.

Table 6.8: Errors for different forces at the spring back instance with u = 0.6

Mean error

Largest error | Smallest
Tire Normal 690% 3180% 8.62%
Tire Longitudinal 2386% 7706% 2.15%
Tire Magnitude 754% 3356% 0.64%
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Table 6.9: Errors for forces at the spin up instance with p,, = 18.5 bar

Mean error | Largest error | Smallest
Tire Normal 9.40% 39.9% 0.79%
Tire Longitudinal 7.59% 35.7% 0.66%
Tire Magnitude 8.90% 36.4% 0.76%

6.2.3 Effect of shock absorber servicing state

To test the effect of not knowing the shock absorber servicing state, a different spring
curve was calculated using a lower initial gas pressure. The lower pressure p,, = 18.5
bar compared to the proper at p,o = 22.5 bar, which the shock absorber was de-
signed for, was simulated with a validation set. Since the shock absorber model does
not have a metering pin, it is not possible to test different damping characteristics.
If the fluid is assumed to have leaked, however, the shock absorber would bottom
out earlier. This is effectively shortening the stroke since the static displacement is
greater than if the correct fluid amount is assumed. Since a bottoming would be
critical for the S/A in itself, this is not investigated further.

6.2.3.1 Result differences of shock absorber servicing state

The tire forces at the peak normal instance can be seen in figure 6.11 while the
tire forces at the spin up and spring back can be seen in appendix A.4 and A.5
respectively. The peak normal force can still be estimated by the algorithm with
similar results as with p,, = 22.5 bar, recall figure 6.6. This means that the peak
tire forces are not significantly affected by changing the gas pressure in the shock
absorber, at least for the lower initial pressure analyzed. This does not necessarily
mean that other parts of the landing gear do not experience a different force, espe-
cially considering throughout the landing occurrence.

The error of the force estimations, presented in tables 6.9, 6.10 and 6.11, show that
the spin up instance has an increased mean error and largest error for all estimated
forces. At the peak normal instance, the tire normal force and tire magnitude errors
are acceptable, however longitudinal error is increased, particularly the largest error.
In the spring back instance the error trends are similar to peak normal but magni-
fied. Evidently, the longitudinal forces are estimated with less accuracy, especially
the largest error for the spring back instance, which is at 679%.

While the errors for longitudinal force estimation are not sufficient, the tire magni-
tude error is similar to the tire normal, indicating that the longitudinal forces are
small compared to the normal. Thus, the tire normal forces are critical for overload
detection, and since these can be estimated with similar errors as with the intended
initial pressure there is no need for alternative methods. This does, however, not
conclude anything about the effect of damping.

52



6. Creating an algorithm

Tire Force estimation, Peak Normal, p,0 = 18.5 bar
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Figure 6.11: Low gas pressure estimation at peak normal instance.

longitudinal force and Fy the normal force.

FL is the

Table 6.10: Errors for forces at the peak normal instance with p,, = 18.5 bar

Mean error | Largest error | Smallest
Tire Normal 2.03% 4.79% 0.24%
Tire Longitudinal 18.0% 117% 1.22%
Tire Magnitude 1.97% 5.84% 0.07%

Table 6.11: Errors for forces at the spring back instance with p,, = 18.5 bar

Mean error | Largest error | Smallest
Tire Normal 15.3% 61.1% 0.38%
Tire Longitudinal 50.4% 679% 1.63%
Tire Magnitude 15.2% 61.8% 1.91%
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Tire Force estimation, Spin Up
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Figure 6.12: peak normal instance with reduced database. F7 is the longitudinal
force and Fly, the normal force.

6.2.4 Databse density

In order to investigate if the data points in the database were dense enough to not
induce errors, the algorithm was edited to exclude every other data point in regards
of vertical velocity, effectively half the database. While the reduction of the database
is significant for this test, it was performed to understand if a reduced database can
provide similar results, or if the errors are drastically increased.

A plot of the estimation at the spin up instance with a reduced database can be seen
in figure 6.12, with errors presented in table 6.12. When comparing with the full
database in figure 6.5 and errors in table 6.3, larger errors are recorded but not a
drastic change. This provides information that a dense database can estimate forces
with better accuracy.

Linear interpolation was used and is a key factor in the increase in error when reduc-
ing the database density due to the non-linear Pareto surfaces. To reduce the error

other types of interpolation methods could be investigated, for example Shephard’s
method [21].
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Table 6.12: Errors for different forces at spin up instance with a reduced database

Mean error | Largest error | Smallest
Tire Normal 11.1% 43.8% 0.00%
Tire Longitudinal 7.46% 37.3% 0.06%
Tire Magnitude 9.71% 37.0% 0.02%

6.3 Alternative method for tire longitudinal force

As noticed when testing a different friction coefficient, the longitudinal force is, as
expected, highly sensitive to the friction coefficient. One way of improving this
estimation is to use the wheel’s angular momentum to predict the longitudinal force
in the contact patch. Since most aircrafts are equipped with a wheel speed sensor,
this can be considered an already existing input just as the flight data used. This
method has been investigated for drop tests already, see Wang, Wu and Wang [22].

6.3.1 Theory behind wheel speed sensor as force prediction

The angular momentum of the wheel assembly can be described as
L = Iw(t) (6.1)

with L being the angular momentum, I the moment of inertia and w the angular
velocity of the wheel [20, p.9]. Further, the law of angular momentum [20, p.9] gives

SM=L. (6.2)

The torque of the wheel assembly at the wheel center from the tire longitudinal force
can be described as
M = F,R(t) (6.3)

where F), is the longitudinal force on the tire contact patch and R is the tire radius.
Combining equation (6.1), (6.2) and (6.3) gives the equation which describes the
longitudinal tire force as a function of angular velocity:

Fo(t) = I(@(t) — i) /R(2). (6.4)

6.3.2 Force estimation using wheel speed sensor

The use of equation 6.4 instead of the database was implemented in the algorithm to
calculate the longitudinal force, while the normal force was still estimated from the
database as before. Note that for this implementation, the assumptions of a time
constant moment of inertia and tire radius were made, simplifying the calculation.

6.3.2.1 Result of using wheel speed sensor for longitudinal force estima-
tion

As can be seen in figure 6.13, 6.14 & 6.15 for the three critical instances during
landing, the longitudinal force can accurately be estimated with the wheel speed
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Table 6.13: Errors for tire forces at the spin up instance with p = 0.8 when using
the angular momentum to estimate the longitudinal force

Mean error | Largest error | Smallest
Tire Normal 7.44% 24.3% 0.30%
Tire Longitudinal 14.3% 25.1% 4.63%
Tire Magnitude 7.28% 22.8% 0.22%

sensor for the validation runs with p = 0.6. While the estimation is better, the
force is underestimated for all data points. This is a result of the assumed con-
stant undeformed tire radius. The tire radius is in reality decreasing with higher
loads during the landing event. The inertia properties are also changing due to the
unsymmetrical deformation of the tire, however not with the same impact as the
leverage arm of the tire radius itself.

This underestimation can also be seen when the regulatory friction is used, illus-
trated in figure 6.16. The mean error of the longitudinal force when p = 0.8 in the
spin up case is 14.3% which can be compared to the mean error of 6.10% when using
the database to estimate the force. This shows that higher accuracy can be achieved
using the database to estimate the longitudinal force if the friction is known for the
landing and in the database. Correct measure of the friction is however cumbersome
to obtain for each landing case.

Even though the estimation of longitudinal force based on the wheel acceleration
has worse accuracy than using the database for known friction, the error when the
friction is unknown is significantly decreased. This can be seen by comparing tables
6.14, 6.15 & 6.16 with tables 6.6, 6.7 & 6.8. There is an exception of one data
point in the spring back instance in figure 6.15. Thus, there is potential to use an
angular velocity sensor to estimate the longitudinal force, if the tire radius is known
or the deflection is small. One example to increase the accuracy of the method is to
approximate the radius from the vertical tire force and the tire vertical stiffness.

Aspects of special consideration opposing the alternative method of using wheel
speed sensors for estimating the longitudinal force is slip or skid of the wheel. In a
case where high slip occurs, the wheel speed would not represent the force without
additional terms in the expression which would be cumbersome to implement and
measure. Further, in a full skid scenario, say for example if a wheel has locked up,
the lateral force estimated would be zero, obviously not correctly estimated.
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Tire Force estimation, Spin Up, u=0.6
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Figure 6.13: Wheel speed estimation at spin up, low friction. F7p, is the longitudinal
force and Fy the normal force.

Tire Force estimation, Peak Normal, u=0.6
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Figure 6.14: Wheel speed estimation at peak normal, low friction. Fp is the
longitudinal force and Fly the normal force.
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Tire Force estimation, Spring Back, u=0.6
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Figure 6.15: Wheel speed estimation at spring back, low friction. F is the longi-
tudinal force and Fy the normal force.
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Figure 6.16: Wheel speed estimation at spin up, regulated friction. F7}, is the
longitudinal force and Fly the normal force.
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Table 6.14: Errors for tire forces at the spin up instance with p = 0.6 when using
the angular momentum to estimate the longitudinal force

Mean error | Largest error | Smallest
Tire Normal 16.5% 66.7% 0.77%
Tire Longitudinal 12.7% 17.8% 3.51%
Tire Magnitude 24.9% 84.2% 1.10%

Table 6.15: Errors for tire forces at the peak normal force instance with p = 0.6
when using the angular momentum to estimate the longitudinal force

Mean error | Largest error | Smallest
Tire Normal 3.96% 11.8% 0.06%
Tire Longitudinal 18.1% 44.4% 10.0%
Tire Magnitude 4.91% 11.8% 0.25%

Table 6.16: Errors for tire forces at the spring back instance with ¢ = 0.6 when
using the angular momentum to estimate the longitudinal force

Mean error | Largest error | Smallest
Tire Normal 690% 3180% 8.62%
Tire Longitudinal 66.2% 110% 1.96%
Tire Magnitude 754% 3357% 0.64%
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Discussion

From the results and discussions conveyed throughout the report, several aspects of
importance are covered below.

7.1 Lift force assumption

The assumption that the lift to weight ratio is 1, made in Section 5.1.2 is valid
during drop test but not necessarily during an aircraft landing, where the lift may
vary over time. Since the lift to weight ratio of 1 was used, the results are not
conservative since a lower lift would result in higher loads. A better estimation of
the force could be obtained by modeling the lift force instead and including it as an
input to the algorithm. This is also a requirement for a full aircraft model, as the
equivalent weight formulation is only valid for drop tests.

7.2 Stress in parts, dependent on S/A stroke

At the three instances during a landing, spin up, spring back and peak normal force,
the load has been estimated. To further extend the understanding, the next step
would be to estimate the stress at these instances. To make a good estimation of
the stress, the stroke will have to be known since the landing gear leg position has
a significant impact on the load application. This in turn affects the straining of
the individual landing gear parts. The stroke could potentially be estimated in the
same manner as the algorithm is estimating the tire forces currently. This would
mean to include the shock absorber stroke as a batch run simulation result in the
database.

7.3 Non-linear interpolation

It would be interesting to investigate whether a non-linear interpolation technique
or graph regression method, using several points in the database, could estimate
the tire forces more accurately. Since some simulations failed and the fact that the
database has non-linear solution Pareto surfaces, a non-linear estimation would be
expected to be more accurate. With a non-linear interpolation, the database could
potentially consist of less points, which means less simulation time and less data
to store. This would be of great importance if more parameters would be included
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as inputs. While a non-linear algorithm might need less data stored, the actual
estimation could take longer time.

7.4 Ground and taxi loads

With the algorithm created no ground or taxi loads can be estimated even though
these can be critical during not only landing but also towing or take off. This is
because the shock absorber is already compressed and the aircraft may be at MTOM.
The loads could perhaps be estimated by using a different method, for example if
accelerometers placed on the landing gear are used instead.

7.5 Fatigue estimation

No fatigue estimations have been conducted in the thesis but there is a potential for
fatigue estimation by saving the forces at the three instances and considering the
stresses in the parts of the landing gear. From the stress peaks, a load cycle could be
established and fatigue could be estimated over time. This fatigue estimation would
however only conclude the force peaks at these instances and would not include
any taxing or towing loads. With the algorithm created though, the forces could
indicate if the loads applied to the landing gear in general is higher or lower than
what the gear has been designed for, effectively indicating if the design assumptions
are conservative to give input to future landing gear designs.

7.6 Shock absorber force

In the algorithm, estimating the tire forces has been the focus since the load path
through the entire landing gear can be derived from these forces. Even though
the S/A force can be derived from the tire forces, an attempt to use the algorithm
to estimate it was done and showed promising results even though the S/A force
estimation gave large errors for high loads. The large errors were traced to the
S/A being close to bottoming out in many upper data points in the database, for
which the maximum loads were extreme. In a more dense database, the estimation
would be performed with respect to forces from data points where the S/A has not
bottomed out, from which more promising results are expected.

62



S

Conclusions

From the work that has been conducted in the thesis some conclusions can be drawn
about using flight parameter data for hard landing detection.

8.1 The algorithm

An algorithm has been created which estimates the force from a database. The data
has been created with multi-body dynamic simulations and interpolating between
data points based on input parameters. It was shown that the algorithm can esti-
mate the force somewhat accurate but that the tire forces were sensitive to friction,
especially the longitudinal force.

The algorithm was also tested for an assumed S/A leak, effecting the stiffness but
not the damping. The algorithm showed similar results to the case without leakage.
An even lower initial pressure could be tested to ensure that the estimation is valid
for extreme cases. But primarily to model a varying damping would be of interest,
which would require a different S/A model.

An alternative way to estimate the longitudinal force was also introduced because of
the friction sensitivity. This alternative used the angular velocity of the tire to esti-
mate the longitudinal force independent of the friction between the tire and runway.
It resulted in a more accurate method if the tire deformation is small and friction
is unknown, assuming that no slip or skid occurs.

In general, the tire normal force for different frictions can be estimated at the peak
normal case with the algorithm, while the estimation is deficient at the spin up and
spring back case. Using the angular velocity of the tire gave a better estimation of the
longitudinal force, while always underestimating it due to assuming an undeformed
tire radius.

8.2 Future work

The thesis was aimed at creating an algorithm for detecting hard landings. A part
of that was done but more work is needed in order to get a complete algorithm.
Other parts that would have to be implemented for the detection to work in com-
mercial use are to translate the data gathered in the flight data recorder (FDR),
not necessarily located at the drop mass as in the drop test model used, to initial
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conditions for the algorithm.

As discussed, a denser database would be needed for reliable use in commercial air-
craft. As an extent, the linear interpolation should be changed to a more accurate
interpolation method to reduce the error seen in the results. The tire deformation
would need to be included in the database or estimated in some manner to improve
the alternative method using wheel speed sensors for tire longitudinal force estima-
tion, for example by considering the tire vertical stiffness and tire normal force. This
is also true for the change in inertia which is expected to have an impact on the
alternative longitudinal force estimation, while not as significant as the tire radius
change.

Further, all landing gears should be modeled under real landing events instead of a
single landing gear under drop test scenario. This would not only extend to include
landings with aircraft roll, but also yaw, introducing lateral forces which would need
consideration. Not only this, but effects of accelerations in all directions will have
an impact on the loads, which would also need to be included as input parameters.

Another step would be to create an algorithm to decide if a combination of forces
actually is a hard landing, especially for combinations of forces resulting in force
vectors with different directions, relating to different stresses in the landing gear
components. This would entail structural simulations for a large amount of load
combinations to provide proper thresholds. Further, the stress in the landing gear
will be dependent on the stroke of the shock absorber, which means that the stroke
at the three instances would need to be known. This is a significant amount of work
as there are multiple failure modes that would need to be considered for example,
shear failure, bending, tension and compression.

A flow chart of an extended algorithm needed in order to implement the concept on
an aircraft is shown in figure 8.1, where the dashed line indicates the parts imple-
mented in this thesis. The box "Estimate forces" includes the flow chart presented in
figure 6.4. The pitch, 0, vertical velocity, V., longitudinal velocity V, and the mass,
m that the landing gear is subjected to, are initial conditions for the interpolation
algorithm. The angular velocity of the wheel, w, is the input to the alternative
method to estimate the longitudinal force.
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Figure 8.1: Flow chart of an extended algorithm needed for the concept to work
on an aircraft. The dashed outline indicates the parts implemented in this thesis.
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Appendix

Tire Force estimation, Magnitude, Spin up
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Figure A.1: Validation runs results comparison, force magnitude, spin up instance
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Tire Force estimation, Magnitude, Peak normal
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Figure A.2: Validation runs results comparison, force magnitude, peak normal
instance

Tire Force estimation, Magnitude, Spring back
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Figure A.3: Validation runs results comparison, force magnitude, spring back
instance
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Tire Force estimation, Spin Up, pso = 18.5 bar
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Figure A.4: Low gas pressure force estimation, spin up instance

Tire Force estimation, Spring Back, p,o = 18.5 bar
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Figure A.5: Low gas pressure force estimation, spring back instance
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