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The article investigates the load spectrum of an unmanned aircraft, leveraging
autopilot logs from UAV photogrammetry flights over King George Island in Antarc-
tica. The recorded acceleration signals from these logs were converted into a load
factor time series, which served as the basis for processing the load spectra. Each
flight’s load signal was transformed into a sequence of local extremes of Load Levels
by dividing the range of operational load variability into 32 intervals. Utilizing the
Rainflow Counting Algorithm, a set of half-cycle arrays and the resulting incremental
load spectra were obtained. By analyzing the frequency of individual load increments
over one hour of flight, three representative load spectra for the entire flight session
were developed, each with varying degrees of conservatism. The most conservative
spectrum was created by enveloping a set of load half-cycle arrays from all flights.
To apply this load spectrum for fatigue tests, a computer program was developed to
reconstruct the load sequence from the input transfer array. Finally, fatigue life was
calculated, and the effects of applying each developed load spectrum were compared.
The article underscores the significance of the obtained load spectra for both fatigue
calculations and programming fatigue tests.

Nomenclature

NOTE: In all the designations mentioned below, the index "14" indicates that the given
value is related to 1 hour of flight.

aggregated LS (or LS_agg) an average load spectrum of the whole flight session
FC-array or FCA a full cycle array

HC-array or HCA a half cycle array
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HCA_1h_agg an array of the aggregated load spectrum from the whole flight
session

HCA_1h_env an envelope of the HCA_1#4 arrays from each flight of the flight
session

HCA_1h_wenv a weighted envelope of the HCA_14 arrays from each flight of
the flight session

ILS an incremental load spectrum; (ILSs = plural form)

LL_LE local extremes of the load signal

LS a load spectrum; (LSs = plural form)

LS envelope (or LS_env) an envelope of the load spectrum from the whole flight session

n_lh_A hourly number of load half-cycles calculated separately for the
currently considered ALL value

n_1h_ C hourly number of load half-cycles counted cumulatively, start-
ing from the highest ALL value down to the currently considered
ALL value

N-array an array of the number of cycles to failure

n, load factor

Ny max and N, min extreme operating load limits

Any a load factor increment

LL a load level (load represented as an integer number in 32-step
scale covering the operational load range)

ALL a load level increment, when a load signal transfers to a next
local extremum

PSE a principal structural element

tf time of an f-indexed flight

tr total time of the whole flight session

WALL weighting coefficient

1. Introduction

The interest of scientists and engineers in the durability and fatigue of un-
manned aerial vehicle (UAV) structures is gradually increasing alongside the grow-
ing popularity of this type of aviation [1-3]. The foundation of all fatigue testing is
the information on the load spectra acting on the aircraft’s load-bearing structure. In
manned aviation, these matters have been well-researched, beginning with studies
conducted in Germany before World War II [4], and extending through extensive
research on General Aviation aircrafts conducted from the 1960s to the 1990s by
NASA [5, 6]. As a result of these studies, standard load spectra for fatigue life
calculations and fatigue testing of aircraft structures have been developed. Addi-
tionally, numerical tools for programming fatigue tests have been created, featuring
the intriguing aspect of including probabilistic distributions alongside specific de-
terministic parameters. These distributions pertain to factors such as the number of
exceedances of various load levels due to maneuvers or gusts, making the generated
load programs resemble "natural" aircraft loads as well as the S-N curves [7]. An
example of a professional suite of such tools is SMART, developed at the University
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of Texas at San Antonio [8]. Research in this field is ongoing, as demonstrated by
selected works on aircraft load spectra. These efforts focus on reducing the time
and costs associated with full-scale fatigue testing through the use of "accelerated
load spectra" [9] and the publication [10] on simplification methods for multi-level
load spectra.

Studies on methods for determining the fatigue life of unmanned aircraft and
the standardization of these methods are in the development phase.

An example of a publication providing a comprehensive analysis of the fatigue
life of structures in large and medium-sized UAVs, based on load spectrum and
probabilistic cracking mechanisms, is referenced in work [11].

This article focuses on the method of determining the representative load
spectrum for a photogrammetric mission of a lightweight unmanned aircraft. The
subject of the authors’ interest is the unmanned aerial vehicle PW-ZOOM (Fig. 1),
constructed at the Warsaw University of Technology [12]. Technical data of this
plane are displayed in Tab. 1. The PW-ZOOM was developed as a part of the
MONICA project implementation. This project was carried out between 2014 and
2016 under a Polish-Norwegian grant, dedicated to monitoring of Antarctic ecosys-
tems [13]. During three Antarctic expeditions, the PW-ZOOM aircraft covered a
distance of 3,641 kilometers, spending over 29 hours in the air and capturing
approximately 24,000 orthophotographs of Antarctic Specially Protected Areas
(ASPA 128 and ASPA 151) located on King George Island (the largest of the South
Shetland Islands), which were used to create orthophotomaps or numerical models
of the terrain. Despite the passage of time, this achievement remains notable for its
extensive use of unmanned aircraft in monitoring of Antarctic ecosystems.

One of the valuable remnants of the MONICA project is the collection of
autopilot logs from completed photogrammetric missions. The data for the analysis

Fig. 1. The PW-ZOOM - preparation for take-off from Antarctic Station Arctowski
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Table 1. Main technical data of the PW-ZOOM

Wing span 3.19m

Wing area 1.28 m?

Wing airfoil Eppler E-205

Optimal cruise speed 100-110 km/h

Max. speed of horizontal flight 160 km/h

Max. take-off weight 23 kg

Payload 35kg

Max. tolerable wind speed 23 m/s

Autopilot MP2128g

Telemetry communication range | 30 km

Engine 2-stroke 3.58 kW

Propeller 19x10”

Fuel 2.21 t'fmk or 4.51 ext.ended tar.lk with 95 octane
gasoline/2-stroke oil 30:1 mixture

Max. operational range 160 km (330 km with extended tank mounted instead
of parachute system)

presented in this paper comprised load spectra from 23 photogrammetric flights
conducted by the PW-ZOOM during Antarctic expeditions in 2014, 2015 and
2016 (Fig. 2 and Fig. 3). The PW-ZOOM aircraft were equipped with Micropilot

eaac A x

King/George Island §
Google/Earth ma#s

Fig. 2. GPS flight paths of 23 flights of PW-ZOOM over the KGI

W58.05
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Fig. 3. PW-ZOOM flight data chart

MP2128g autopilots that generate logs recorded at a frequency of SHz. These
autopilot logs contain a wealth of information regarding the dynamic behaviors
of the aircraft, such as spatial orientation angles, linear and angular velocities,
accelerations, and more. Additionally, they include flight paths recorded by GPS
systems, control signal logs, and other data. This study utilizes the acceleration
signal records along the z-axis (az acceleration). The time series of this acceleration
allow for the development of load spectra acting on the primary load-bearing
structure of the aircraft (i.e., wings and their attachment system to the fuselage).

2. Acceleration signal srocessing

Acceleration signal processing involves several steps (Fig. 4). The first step is
converting a sequence of real numbers, which represents the az acceleration values
recorded at a sampling frequency of SHz, into a sequence of integers ranging from
1 to 32. These integers represent the so-called Load Levels (LL). The conversion
from acceleration to LL adheres to the standard formula established by the pioneers
of using tabular forms for presenting load spectra [4]:

for n, maxLL =3 andfor n, mi,LL =31, (D)

where n, = a,/g. The range of permissible operational loads for the aircraft is
between 3 < LL < 31. The load levels LL = 1, 2 and 32 are reserved for recording
incidental-minor exceedances beyond the allowed operational range (which are
undesirable but may occur unintentionally against the aircraft operators’ will).
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Fig. 4. Diagram of the load spectrum derivation algorithm

The second step involves filtering the sequence of LL values into a sequence of
LL local extremes (LL_LE). In this sequence, for any three consecutive elements,
if the transition from one value to the next involves an increase in LL, then the
transition between the second and third value must involve a decrease in LL, and
vice versa.

The third step is to apply the Rainflow Counting algorithm to analyze the
LL_LE sequence and generate a so-called half-cycle array (HC-array) with di-
mensions of 32x32. This array is a specific form of the transfer array, where the
subsequent transitions of the LL_LE signal are recorded according to the principle
"from the LL to the LL" (where "from the LL" refers to the row number and "to
the LL" refers to the column number shown in Fig. 4). In both arrays, the diagonals
connecting the cells with indices 1,1 and 32,32 are called the "zero-diagonal". The
HC-array differs from the regular transfer array by incorporating the Rainflow
Counting algorithm, which counts the resultant increases in the load signal caused
by the sequence of successive changes in the LL_LE signal [15, 16]. A common
feature of both arrays (besides having the same graphical layout) is that the sum
of all load signal transfers recorded in the cells of the transfer array and of the
HC-array is equal and corresponds to the total number of local extremes in the
LL_LE sequence minus 1. Also, the "active zone" of both arrays (defined as the
envelope of columns and rows containing at least one non-zero value, typically
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forming a rectangular shape) is identical. This property is used as one of the checks
for the correctness of the calculations performed. For the simplification of fatigue
calculations, the HC-array can be transformed into a full-cycle array (FC-array),
which contains the number of load cycles on only one side of the “zero diagonal”.
It is important to note that one full cycle consists of two half-cycles: one associated
with a load increase and the other with a load decrease. They are represented in the
HC-array as a pair of cells positioned on the opposite side of the "zero-diagonal”
(for example indexed as j,i and i, j).

The fourth step is to create incremental load spectra, which are very helpful
for comparing load spectra from different flights.

To successfully implement the 4-step signal processing procedure discussed
above, it needs to be integrated into a computer program. An example of such an
implementation is the SPECTRA program, developed in the LabVIEW environ-
ment [17].

3. Analysis of load spectra from PW-ZOOM aircraft photogrammetric
flights

The PW-ZOOM flights were conducted under varying atmospheric conditions.
The weather in the King George Island area is known for its rapid changes, neces-
sitating the identification of "weather windows" suitable for flying. Additionally,
the flights had to be scheduled around the breeding calendar of various penguin
species. Consequently, flights sometimes had to be carried out in less favorable con-
ditions, such as strong winds or lower cloud ceilings, which could cause increased
turbulence and affect the aircraft’s flight dynamics.

Due to the fact that the acceleration signal can be correlated with the aircraft
wing loads only in flight phases without contact with the ground [18], the analysis
presented in this article took into account only the time intervals from the moment
the airplane left the take-off catapult to the moment just before landing. Using the
algorithm presented in Fig. 4, calculations were performed for each flight, resulting
in 23 HC-arrays and corresponding FC-arrays. Using the normalization formula
(1), the following load factor limit values were applied: n, max = 5; n;_min = —3.

The FC-arrays were necessary to generate single-branch incremental load
spectra, which served as the basis for further analysis. Sample results for determin-
ing FC-arrays are shown in Fig. 5. They pertain to two flights conducted along
the same route under different atmospheric conditions. An increase in the so-called
"active zone" of the HC-array (marked here in yellow) due to turbulence caused
by strong winds is evident. Since it is challenging to clearly present the values of
the cells in a full-size 32x32 table, ASCII codes for LL load levels were used to
represent the "active zones" on the "zero-diagonals”, with A corresponding to 1, B
to 2, and so on.

A set of 23 HC-arrays and corresponding FC-arrays were used to develop
a load spectrum representative of an entire flight session encompassing all 23



www.czasopisma.pan.pl N www.journals.pan.pl
T
FOLSRA A ADEMIA NAUK

366 Mirostaw RODZEWICZ, Bartlomiej Jacek KUBICA

/‘-‘—rs&,m.m- B A: GPs flight path for the flight
/ Q conducted on: 2015-11-16

N (Wind 0.5m/s, 0°)

—

=S A
) 2
);

7 Tz Ig — 9, '
A 1} S s62°09" B B: GPS flight path for the flight
ErEtonstiegons RAWSH26. conducted on: 2015-11-10

PR (Wind 10m/s, 265°)

—S62°1012°
L ——

‘ Google Earth

Q 0 0 4[ The FC-array for case A

oR 518 102 May=3

0 0/S 841

0 0 oT

N 0 0 0 (4 0 0 0 0 0 4’_[

00 0 1 il 2 0 0 0 0 0 fnax:-‘zo
0|0 P 3 1 0 2 1 3 0 0
g g g 4 olR = Szg 2:; 1; cl. g ; The FC -array for case B
0 0 0 0 0[S 1872 8 0 0 1
0 0 0 0 0 o|T 0 0 0 0
0 0 0 0 0 0 oju 0 0 0
0 0 0 0 0 0 0 olv 0 0
0 0 0| 0| 0 0 0 0 ojw 0
0 0 0| 0] 0 0 0 0 0 0[X

Fig. 5. Zoom into “active zones” of the FC-arrays derived for two similar photogrammetry tasks
performed in different wind conditions

flights. This spectrum was created in three different forms. The primary form is the
aggregated load spectrum, which averages the load histories from the 23 flights and
relates the number of load change occurrences to one hour of the flight session. It
is represented by the HCA_1h_agg array, where the cell with indices i, j contains
the sum of the load half-cycles from the cells with the same indices in the set of 23
HC-arrays, divided by the total flight time 77 (see formula (2)).

F F
HCA_f; ; t
HCA 1hage,; = ) oo = Ylmean s, 2] @
= T = r

where i, j are the indices of the cells in a 32x32 array, and f is the flight index
relevant to a given HC-array (f = 1,2,..., F =23).

These indices pertain to formulas (2) through (5). The aggregated LS is pre-
sented below in the form of the FCA_1#4 array (Fig. 6).

The second form is the load spectrum envelope. Here, the number of load half-
cycles is also referenced to 1 hour of flight. In the HCA_env array representing
such an LS, the cell at index i, j contains the highest value found in cells with
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Fig. 6. The ,,active zone” of the FCA_1/_agg representing all 23 flights

the same indices in the set of 23 HC-arrays. These arrays contain the number of
half-cycles referenced to the flight time corresponding to the given HC-array.

HCA_1h_env; j = ,/f max(HCA_1h_f); ;. 3)

The third form is the LS weighted envelope. The HC-array representing this
spectrum contains the product of the values of the HCA_1h_env array cells and
the weighting coefficients way 1. These coefficients have constant values on lines
representing specific ALL values (i.e., lines parallel to the “zero diagonal” and
offset by the ALL value). The weighting coefficient value for a given ALL depends
on the number of flights in which load increments of that value occurred. It is
calculated as the ratio of the sum of flight durations, during which a specific ALL
value occurred, to the total time of all flights ¢7. Therefore, if a given ALL value
occurred in every flight, war 1 equals 1. If a given ALL value occurred in only one
flight, war L is the ratio of that flight’s time to ¢7, which is a small value.

HCA_] h_WCIlVl',j = HCA_I h_env,-,j WALL- (4)

For ALL = k , where k = 1,2,...,31 value of warr is given by the following

formula:
F

t
WALL=k = Z (Sgn(n_lh_A f)ALL:k_f) - (5)
It
f=1
A comparison of the incremental LS for the three forms described above is

shown in Fig. 7. It can be observed that the highest frequency of various ALL
occurrences per flight-hour for each ALL value occur in the LS-envelope. This
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Fig. 7. The ILSs representing the LS_14 envelope (blue line),
aggregated LS (red line), and LS_1/ weighted envelope
(green line) from all 23 flights

load spectrum is thus the most conservative, as it assumes that for each ALL in
every flight the highest frequency observed during the analyzed flight session will
occur.

In contrast, the lowest values of various ALL occurrences per hour of flight for
each ALL occur in the LS_agg. This load spectrum is non-conservative because it
contains frequencies of ALL occurrences averaged over the entire flight session;
there occurred flights where these numbers were higher. The line representing LS
weighted envelope for large ALL values coincides with the line representing the
LS_agg and converges with the LS envelope line for small ALL values. Therefore,
this spectrum is more conservative than the LS_agg and less conservative than the
LS_env.

4. Assessment of the conservatism of the load spectrum representative
for a given flight session, based on fatigue calculations

The distances between the lines in Fig. 7 demonstrate the quantitative differ-
ences in the frequencies of various ALL values across individual representations
of the load spectrum for the entire flight session. However, it is challenging to
predict how this will translate into the fatigue life of the structure subjected to
these load spectra. This chapter presents fatigue life calculations considering the
fatigue characteristics of the material. The calculations were conducted based on
the Palmgren-Miner hypothesis, whose application to estimating the fatigue life of
aircraft structures is detailed in Report AFS-120-73-2 [19]. This report posits that
the fatigue life of an aircraft structure is constrained by the fatigue durability of its
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weakest component within the main load bearing structure, named as the "Prin-
cipal Structural Element" (PSE). In this study, an updated calculation algorithm
was used, involving 32x32 array constructed similarly to the HC-array containing
the fatigue properties of the material. Consequently, the classical P-M hypothesis
formula was modified as follows:

NI HR

Symbol y is the coefficient equal to 1 or 0.5 depending on the kind of transfer
arrays used for calculations (i.e., a FC-array or a HC-array).

In this formula, N; ; represents a cell in the N-array containing the number
of load cycles (or half-cycles) to failure, while n; ; denotes a value identical to
the content of the HC-array cell. For the PW-ZOOM aircraft, the critical element
identified as the PSE is the wing connector, which is a metal tube made from an alloy
with similar fatigue properties to those described in Report AFS-120-73-2. These
properties are presented in the form of S-N curves, showing the number of cycles to
failure as a function of the amplitude of variable stress cycles and the mean value of
these cycles. When transforming the S-N curves into an N-array, it was assumed
that the stresses in the PSE are proportional to the n, value. It was estimated that for
n, = 1, the stresses are 26 MPa. Based on this, auxiliary 32x32 arrays were created,
containing information on the amplitude (Sa) and mean value of stress (Sm) in the
PSE. Based on these data and those from Report AFS-120-73-2, where S-N curves
for individual average values of variable stress are shown on a logarithmic scale as
a series of straight line segments, the number of cycles to failure for each cell in
the N-array was determined (Fig. 8). In the N-array, the yellow region signifies
interpolated values, which fall within empirically verified ranges. Conversely, the
white region indicates extrapolated values, extending beyond these verified ranges.
For accurate fatigue life calculations, it was crucial that all non-zero cells in the
HC-array correspond to the marked area cells in the N-array. The graph in the
Fig. 9 illustrates the results of the fatigue life calculations for each load spectrum
depicted in Fig. 7.

As one can see, the fatigue durability calculated for LS labeled as HCA_agg
is 3.5 times greater than the result obtained for HCA_wenv and over 30 times
greater than HCA _env. It should be noted that these proportions apply only to
the aircraft’s photogrammetric mission. To ensure the production of high-quality
orthophotomaps, the aircraft must maintain a smooth flight along the designated
photogrammetric route, avoiding any sharp maneuvers. When these conditions
are met, the load variations are minimal compared to the operational load range
considered during the aircraft’s design process. Higher load exceedances occur only
incidentally (e.g., due to encountering turbulence). If the flight session had been
dedicated to flights involving aerobatic elements or flights in strong turbulence
conditions, the obtained proportions would have changed and the differences in
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Fig. 9. Results of fatigue life assessment for three load spectra
representative of the PW-ZOOM photogrammetric flight session

calculation results for the considered types of load spectra representative of such
a flight session would have decreased, with a concurrent reduction in fatigue
durability.

5. Load spectrum for experimental validation of fatigue durability
Let’s assume hypothetically that we are tasked with confirming the fatigue

durability of an aircraft structure used exclusively for photogrammetric missions.
To prepare a fatigue test for the aircraft structure, it is necessary to develop a
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test program in the form of a sequence of loads to be applied on the test stand.
The simplest solution would be to "assemble" sequences of load local extremes
(LL_LE) that were generated while creating HC-arrays for all flights conducted
during the flight session. This approach would mean selecting a HCA_agg for the
fatigue test implementation.

Experimental verification of fatigue durability must involve conducting fatigue
tests using a load spectrum that is conservative enough to ensure that the probabil-
ity of encountering higher frequency of various ALL occurrences per flight-hour
during aircraft operation is minimal for all permissible load increments. Therefore,
the safest approach would be to use the HCA_env load spectrum for testing. Since
this array was developed through theoretical considerations and no flight with such
a load spectrum has occurred in practice, the main challenge becomes generating
aload LL_LE sequence suitable for this spectrum, which can be applied in fatigue
testing. This is essentially the reverse operation of creating HC-arrays.

Reconstructing the LL._LE sequence involves performing an algorithmic tra-
jectory that passes through all non-zero cells of the HC array [20]. This trajectory
features multiple loops that begin and end at the "zero diagonal" in cells desig-
nated as "transition gates." These gates are situated at the intersections of rows and
columns that contain at least one non-zero value, as illustrated by the pink array
cells in Fig. 10. The starting point can be any cell on the “zero diagonal” marked
in pink.

Sequence loop of load 123 456 78 91011

level local extremes 1
2 5 1
79 2
/2 \ 6 4 — 1
50 |1 4
5 }
11 g _
Y 7 1
4 v
7 8
\ 10 P 9 1le
10 1 \
& 1 1
an ,active zone” of the HC-array 1

Fig. 10. The trajectory of "exploring" cells on the HC-array allowing
for the reconstruction of the LL._LE sequence

Such a trajectory can be uniquely realized only in a specific case where each
column and each row contains exactly one non-zero cell, and the LL_LE sequence
forms a closed loop. In complex cases where multiple transfers are recorded in a
single row or column of a table, probabilistic methods, particularly Markov chains,
are useful tools. When using transfer arrays to reconstruct load sequences, we
deal with a hidden Markov chain, where each state is a pair (s, d); here, s repre-
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sents the load level, and d indicates the direction of change, taking binary values.
The nature of the process generating the LL._LE sequence is such that individual
changes are always alternating: if the load decreased in the previous step, it will
increase in the next one. Hidden Markov chains are widely used in fields like text
mining, biometrics, and especially automated image recognition [21]. Common
algorithms used for their parameterization include the Viterbi and Baum-Welch
algorithms [22].

In order to reconstruct the LL_LE sequence, a computer program (called
LOT.exe) developed by Dr. B.J.K. (the co-author of the article) was utilized. The
algorithm of this program is based on the theory of hidden Markov chains, and
it uses a random number generator, so the generated load LL._LE sequences are
partially similar but not identical, and each run of the program gives a different
result. Fig. 11 shows the operation diagram of the algorithm implemented in the
LOT.exe program [20].

Load the transfer array and the length of the
sequence to be generated from a file
v
Initialize the starting state (e.g., s =,,17"), the
direction of change (e.g., direction = "up"), and the
length of the generated sequence (e.g., length ="1")
1

v
Based on a pseudorandom number generator, generate a
new state from either higher or lower states than the current
one (depending on the current direction)

!

’ Update the state and reverse the direction ‘

v

’ Check the length of the generated sequence ‘

Has the sequence of the
desired length been
generated?

Compute the transfer array of the generated sequence

Fig. 11. The algorithm of the load sequence generation program

The sample results are displayed in Fig. 12. On the top is the array labeled
HCA_29h_in3, which served as input for the LOT.exe program. This array was
created by multiplying the HCA_1h_env array by the total flight time (77 = 29.0622
hours) and rounding the results up to the nearest whole numbers. On the bottom is
the array HCA_29h_in3_outl, which represents the load spectrum obtained from
the reconstructed sequence of LL._LE generated by the LOT.exe program.
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Fig. 12. Comparison of the HC-arrays: HCA_29h_in3 (i.e., input array) vs HCA_29h_in3_outl
(i.e., output array obtained from the reconstructed load sequence)

The sums of the numbers of half-cycles and "active zones" are identical in both
arrays, confirming the accuracy of the program’s algorithms. Despite differences in
cell values at the same indices, there is a notable topological similarity between both
arrays. Additionally, the sums of cell values representing individual ALL values
are comparable in both arrays. This can be verified by comparing the incremental
load spectra obtained from both arrays.

The ILS plots derived from both arrays are shown in Fig. 13a. Furthermore, a
new plotis included (represented by the green line) that was generated from the load
sequence produced during subsequent execution of the LOT.exe program. Relative
positions of ILS plots prove that the load spectra derived from the reconstructed
load sequences are somewhat more conservative than the input load spectrum. This
is evident as the ILS-lines representing reconstructed load sequences lie above the
ILS-line representing the input array.

In order to assess the degree of conservatism, fatigue durability calculations
were conducted using the same method and computational model as previously
described in the text. When comparing obtained results (see fatigue life value in the
descriptions of the ILS lines in Fig. 13a) it is evident that the fatigue life values for
reconstructed load sequences are lower. Thus, using the load sequence generated
by the LOT.exe program as a fatigue test scenario will ensure a comprehensive
verification of the aircraft structure concerning fatigue life. It is worth noting that
in the generated load sequence none of the loads surpass the permissible operational
range. Each generated load sequence contains 385,559 terms, which is one less than



www.czasopisma.pan.pl P N www.journals.pan.pl
T

POLSKA AKADEMIA NAUK

374 Mirostaw RODZEWICZ, Bartlomiej Jacek KUBICA
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Fig. 13. Incremental load spectra comparison (a) and the fragment
of the generated load sequence (b)

the number of half-cycles in the input array, (i.e., fulfills a necessary condition for
a correct solution). The generated load sequence is quasi-stochastic, implying that
its application in a fatigue testing system would expose the tested structure to loads
comparable to those experienced during actual flights. A fragment of this sequence
is shown further in Fig. 13b.

6. Summary and final conclusions

The article outlines methods for determining load spectra representative of
unmanned aircraft flight missions. These methods are based on analyzing the
extreme frequencies of occurrences of specific ALL values within the load half-
cycle arrays from all flights in a session. This approach is more conservative than
the average load spectrum recorded during the entire measurement session.

It is important to note that the accuracy of estimating the frequency of various
load increases, based on a 32-level load scale, relies on the number of flights
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analyzed. This study analyzed 23 flights, which are notable due to their operation
in Antarctica — however, they do not constitute a sufficiently large data set from a
statistical perspective. It is anticipated that if the number of flights increases and
includes conditions with more turbulence than those experienced in the analyzed
session, the developed load spectra would likely be different.

For the completed flight session, the analytically determined load spectrum,
presented as an envelope of the load half-cycle arrays, is highly conservative.
This conservatism is manifested in the results of calculations of the fatigue life
of a structural element exposed to alternative load spectra, which show that the
calculated fatigue life is approximately 30 times lower than the result obtained from
the average load spectrum from the flight session.

Less conservative is the load spectrum presented in the form of the weighted
envelope of the load half-cycle arrays. If it is applied to the same structural element,
then the result of fatigue life calculation is 3.5 times lower than the result obtained
from the average load spectrum from the flight session.

The algorithm of a computer program presented in this work, designed to
generate quasi-stochastic load sequences from an input transfer array, leads to an
increase in the degree of conservatism when its input is provided with an array
presenting one of the developed representative load spectra. Two sample load
sequences generated by this program resulted in fatigue life calculations that were
1.04 and 1.23 times lower than those derived from the input load half-cycle array.
The main reason is that the program’s input data, which came from analyzing the
extreme frequencies of each individual ALL value in the set of load half-cycle
arrays from all flights in a session, were influenced by the Rainflow Counting
algorithm. As a result, these data included resultant increments in load levels due
to the integration of several smaller load level increments.

The variation in the numerical results mentioned in the study arises from the
implementation of a random number algorithm in the program, which ensures
different outcomes with each execution.

The test results indicate that the methods outlined in this study for creating
representative load spectra for a specific flight mission session are user-friendly
and provide substantial safety margins. These methods can be easily implemented
using Excel, provided there is reliable software available to support the application
of the Rainflow Counting algorithm on large datasets, along with a program capable
of generating a sequence of local load extremes from the input transfer array.
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