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Abstract: Compared to maximum state parameters, such as maximum altitude and Mach, the
number of hovers and S turns can be used as process parameters representing the complexity of
military aircraft maneuvers when classifying big flight mission data to compile flight load spectra
for structures. This study developed intelligent statistical algorithms based on yaw angle data from
flight parameters such as the number of hovers and S turns. Using the median-crossing de-redundant
function of Phase-Sensitive Detection (PSD) and analyzing the characteristics of 360° hovering flight
parameters, a statistical algorithm for the number of hovers during a flight profile is presented.
Using the split-half function of PSD, a triangle layering algorithm based on the yaw angle signal was
developed to count the number of S turns during a flight profile, where the signal of each sublayer is
segmented into median-crossing intervals to eliminate the redundant median-crossing marks from
the previous layer. Compared with artificial means, the statistical results of the flight example showed
that the developed intelligent algorithms are effective.
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1. Introduction

When compiling the full-scale load spectrum related to the rotor or bearing vibration
in military engines based on flight parameters, there are more than 13 flight parameters
on maneuvering operations involved in dynamic simulation analysis [1,2]. Because of the
serious coupling between so many flight parameters, it is feasible to make the actual flight
parameters of the flight mission the input for dynamic simulations so as to retain the actual
coupling relationships. To simplify the load spectrum compilation work while achieving
this goal, we need to classify the flight missions that are included in big flight data.

In Europe, Turbistan [3] first proposed a load spectrum compilation method related
to aircraft missions, where the middle section of the aircraft is decomposed into three
categories: air cruise, low maneuver, and high maneuver. In China, altitude and Mach
are two flight parameters commonly used to compile mission spectra [4-6]. However, the
yaw angle that represents the direction of flight maneuvers lacks attention, but we know
that the direction of the maneuver, along with the altitude and the speed, are the three
key factors in evaluating aircraft maneuverability. More than 7 out of 16 basic actions are
related to aircraft hover, and S turns in Reference [4], and there are specific introductions to
the load theory of turning actions in the pilot’s handbook [7], which implies that the flight
direction should not be ignored when classifying flight missions.

On the other hand, compilation methods for full-scale load spectra do not ignore
the yaw angle information, such as a severe spectrum [8-10], but the number of selected
subjects about full-scale flight missions may be far less than which of the actual subjects [10].
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The actual flight mission of military aircraft has very serious subject frequency mixing, and
there are many subjects for the same engine models under different service environments;
some subjects even include many subcategories generated at different flight altitudes and
speeds so that the actual subjects cannot compile full-scale spectra for the rotor, and the
dynamic simulations require further classification to flight subjects.

Hovers and S turns that reflect the directional changes in the flight process are closely
related to the complexity of maneuvers, and many violent maneuvering actions need
hovers or S turns as auxiliary movements, such as fancy somersaults, barrel rolls, etc. The
number of hovers and S turns—along with the maximum altitude, maximum Mach, and
flight time—are the feature parameters of flight mission classification for big flight data
of the same engine model; in this study, we focus on introducing the flight state denoted
by the number of hovers, and S turns into the compilation framework of load spectrum,
similar to the current maximum flight states. However, studies using flight turn counting
or detailed maneuvering actions to classify flight missions in big flight data are difficult
to find; therefore, this study investigated a statistical method to analyze the number of
hovers, and S turns by extracting the yaw angle features to create a pioneering exploration
in this field.

Hovers and S turns during aircraft cruising may not be ideal actions due to weather,
geographical conditions, flight operations, etc.; an aircraft often experiences occasional
changes in direction during hover or S turn actions, and yaw angle data during these
maneuvers often appear as violent jumps and weak fluctuations. This makes statistical
analysis of the number of hovers, and S turns difficult. The actual flight parameter data have
many weak fluctuations, so the peak—valley value method, which is suitable for calculating
the number of inflection points, cannot be used for counting the number of hovers and S
turns. Due to the instability of frequency, it is challenging for methods such as rain flow
filtering [11] and cyclic counting, which are often used in the compilation of aircraft spectra,
to accurately calculate the number of hovers and S turns in a flight profile, while other
methods such as time-delay correlation [12] and empirical mode decomposition [13], used
in the statistical analysis field of non-ergodic data, are highly dependent on frequency
information and are not suitable for calculating the number of hovers and S turns. Due to the
uncertainty of flight time history characteristics, methods that use theoretical fundamentals
to solve the distance between two maneuvering profiles, such as principal component
analysis [14], neural networks [15,16], or other types of machine learning algorithms [17,18],
are unstable when applied to the classification and statistics of such yaw angle data.

This article presents the development of Phase-Sensitive Detection (PSD) statistical
algorithms to calculate the number of 360° hovers, and S turns in a flight profile. Upon
removing redundancy in the median-crossing marks of yaw angle data, the number of
hovers can be deduced; meanwhile, through the layering function of PSD and layer-by-
layer decomposition of the yaw angle signal, the number of S turns can also be obtained.
Finally, the effectiveness of the statistical algorithms presented in this article was verified
through a practical flight example.

2. History of Flight Yaw Angle

Figure 1 shows the time histories of the yaw angle obtained from two flight profiles.
The yaw angle histories during aircraft cruising have obvious non-stationary and non-
ergodic characteristics. There is a significant difference in hovering or turning time in the
figure. One hover may take 3.7 s, while the other takes 74 s, a 20-fold difference. The
angle rate of a hover is not constant but oscillates quickly or slowly throughout the process,
and the frequency of the yaw angle changes unstably. Each maneuver is not ideal either,
and many actions that change the yaw angle or angle rate are found in the hovering or
turning process. For example, an aircraft enters a hover from a level flight state with a
constant yaw angle or from an S-turn action with variable yaw angles and angle rates while
completing a hover with a turn or other actions. All the above shows that the profiles of
flight yaw angles do not have obvious time history characteristics. Thus, it is difficult to
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intelligently extract the number of 360° hovers, and S turns using signal analysis, but it is
easy to manually count them from the time history according to the concepts of hovers and
S turns. However, the latter is unsuitable for compiling flight service environment spectra
when there are a large number of flight profile samples; thus, signal processing algorithms
need to be investigated further to intelligently count the number of hovers, and S turns.
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Figure 1. Time history of yaw angles: (a) profile 1; (b) profile 2.

3. Phase Sensitive Detection

After clarifying the characteristics of yaw angle time history, this section details the
design of statistical algorithms for calculating the number of hovers and S turns based on
yaw angle data of the flight profile.

PSD is a signal demodulation method that uses equilibrium position processing of the
positive and negative phases of vibration signals. This method can be easily implemented
with diode circuits and is commonly used in hardware devices such as dynamic strain
gauges and wireless receiving devices. Since the angle time history vibrates near its median
during hover or S turn maneuvers, PSD algorithms with median theory can be used to
decompose the time history signal and process yaw angle time history data to count the
number of hovers and S-turns.

Let the yaw angle signal in a certain profile be as follows:

Yo = {¢o(1),¥0(2), - wo(i), - po(No) }, 1)

where (i) is the ith sample point in signal ¥y and Nj is the length of ¥.
The following subsections provide PSD algorithms for processing yaw angle signals,
including median retrieval, removing median-crossing redundancy, and signal splitting.

3.1. Median Retrieving Algorithm

Calculate the median ¥y of the yaw angle sequence ¥ as ¥op= [max (¥o)+min(¥o)]/2;
the sequence ¥’ is defined by

Y = TO 7?011><N0 = {4’/(1)’ 1/’/(2)/' t /¢,(i)r' o ,l/)/(No)}, (2)

where [, denotes a 1 X Ny row vector. The median of the sequence Y’ is zero.

Let Ty be the set of zero-crossing marks. For V¢'(i) € ¥/ (i = 2,3,--- ,Np), we set
Criterion 1:

Ify'(i—1)y'(i) < 0or¢/(i) = 0, then the yaw angle signal ¥’ passes through a value
of zero one time and i € Tj.

That is, if the sign of the yaw angles ¢/(i — 1) and ¢ (i) are opposites, it can be inferred
that ¥’ passes through a zero point, and the number i (the time mark in this case) is put
into set Tj.

The number set Ty yielded by Criterion 1 is annotated as Ty = {¢(1),(2),--- ,t(i), - -,
t(ng)}, where t(i) is the ith term in the sequence and ny is the length of Tj and the number
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Yaw angle (°)

of zero-crossing points in ¥’. Due to the number of zero-crossing points must be less than
the length of the yaw angle time history (19 < Np), we know that Ty belongs to the natural
number field with Ty C {1,2,3,---, Np}.

Through these operations, PSD retrieves the median terms and can count the number
of median-crossing marks of the original signal Y.

3.2. Median De-Redundancy Algorithm

Mathematically, the time points and number of median-crossing marks from Criterion
1 are accurate, but for an actual yaw angle time history, it is necessary to remove the
redundancy in the zero-crossing mark set Tj. The reason for this operation is that, during
an aircraft flight, there are always some deviations in the angle history due to factors such
as weather conditions, geographic environment, etc.; however, these small deviations or
oscillations near the median cannot denote hovering or S turn maneuvers. A threshold
for such minor deviations will be set based on actual flight conditions so as to eliminate
redundancy of such time points in Tp.

Let the deviation threshold of yaw angles in a profile be ¢ and the zero-crossing set of
the yaw angle signal ¥’ be as follows:

Ty = {t(l),t(Z),”- ,t(i),' .. ,t(no)} = {f],fz,”' St ,tno}, t; = t(i), i=1,2,---,np. (3)

100

50

Then, we developed a de-redundancy algorithm that only retains the zero-crossing
marks with a yaw angle variation larger than c in a small interval.

As shown in Figure 2, for a segmental sequence {t;_1,;,tj11,tiso} € To(i=2,3,---,
np — 2), define a semi-open interval [t;_1,t;;2) C Nx where Nx is the positive natural
number field; then, the elements of the yaw angle within this argument interval partition
are as follows:

Yo = {¢ (tii0), ¥ (tia+1),--- ' (tia — 1)} )
7‘ ‘ ! I [ Y I
| (e, ' (8:) (tiv1, P (ti41)) | —e-MaevéiZ:ge
=+ |nterval
i (ti—1,¥'(ti-1)) 5 (tiy2, W' (tis2)) \.\
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Time (s)

Figure 2. The interval partition from zero-crossing marks.

Let As; = max(¥s;) — min(¥y;) and let the set of redundant zero-crossing points be To.
The criterion to judge whether zero-crossing points f; and t;, 1 are redundant is as follows:

Criterion 2: If Ag; < ¢, then t; and t; 7 are redundant and {¢#;,t;.1} C To.

Similar to obtaining set Ty through Criterion 1, set Ty can be yielded through Criterion
2. The meaning of Criterion 2 is that, for the zero-crossing points t; and t; 1, if the maximum
fluctuation value of the yaw angles near them is less than the threshold c, it is determined
that both of them are caused by small deviations in the yaw angles, but not the zero-crossing
points that can represent a hover or S turn.

Calculate the difference set Ty = To\\TO, where Ty and Ty are the zero-crossing set
and the zero-crossing redundant set, respectively; the symbol “\\” denotes the difference
operator, that is, removing the elements belonging to Ty from Ty we can write the following:

TO = {511521. o /fl‘/' o Ifﬁg} = {f(l)//t\(z)/ o /f(l)/ o /f(ﬁo)}/ z:1 - f(l),

where 7 is the length of To. Thus, A is the number of effective zero-crossing or median-
crossing marks in the yaw angle signal ¥/, as shown in Figure 3.
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Figure 3. The redundant median-crossing points.

3.3. Signal Splitting Algorithm

To use PSD to split the yaw angle signal in half, the calculation formula is as follows:

wli) ={ §OEOS g = { FOFOT0im125 8, 6

¥p={yp(1),¥p(2),---,¥p(i),---,Pp(No)} denotes the lower part after the yaw
angle signal is decomposed by PSD and ¥y = {¢u (1), Yu(2), -, pu(i), -, pu(No)}
denotes the upper part.

PSD decomposes Yy into the upper and lower halves by its median, with the upper
retaining the terms with ¥’ > 0 in their amplitudes and filling the others with the median,
while the lower half retains terms with ¥/ < 0 and filling the others with the median.
As will be seen later in this article, this signal-processing method can be applied to the
layer-by-layer counting of S turns.

The functions of PSD are shown in Figure 4.

200 y . - - 200 . x 3 . :
— \/‘4 Yaw angle — i n\\ ,"li ----- The upper
< 100 ¢ —o—Median |\ %o/ 100 : \ : The lower ]
(O] —7 ol H LT T
= - N H 1 ! "\ H
g 0 ® g 0 K ! : AN
2
& -100 E -100 |
‘ ‘B
-200 ' ' ' 200 . ' '
0 200 400 600 800 0 200 400 600 800
Time (s) Time (s)
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Figure 4. The functions of PSD: (a) marking the median-crossing points; (b) splitting signal into
halves using the median.

4. Statistical Algorithm for Hovers

After understanding the time history of the yaw angle and the PSD algorithm, this
section will introduce a statistical algorithm for 360° hovers. Using the median-crossing
retrieval and de-redundancy algorithms in Sections 3.1 and 3.2, we can obtain the zero-
crossing mark set Ty = {#,#, -+ ,#;,- -+, Fs, } that removed the redundant marks of ¥.
For the next step, we need to further count the number of hovers with the aid of the
sequence Tp.

First, based on the elements in Ty, ¥y is segmented into |#g/2] semi-open intervals,
where the symbol | - | denotes a downward rounding operator. For V{fi_l, fl-+1} C To, the
elements of the yaw angle within the segmental interval [f;_1,;,1) C Nx are as follows:

¥ = {o(tic), po(tica +1),- -, ¢o(tiza — 1)} € Yo, i =2,4,--+,2[A0/2].  (6)
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Let Agi = max(‘I’gi) — min(‘{’gi), and define the set H for 360° hover maneuvers and
set S for non-hovering maneuvers. Note that the angle change for a hover is 360°, and a
criterion for hover can be expressed based on this characteristic.

Criterion 3: If Agl. > 360 — ¢, then the aircraft does one hovering action i € H;
otherwise, i € S.

In Criterion 3, 360 represents a hovering angle of 360°, and ¢ represents the threshold
for deviation of the yaw angle; the purpose of this threshold is to avoid Criterion 3 failure
due to sampling errors of the yaw angle recorded in a discrete manner. The meaning of
Criterion 3 is that, for the zero-crossing mark #;, if the amplitude fluctuation of the yaw
angles near it is greater than the threshold (360 — ¢)°, it is inferred that the aircraft has
hovered once; otherwise, the action taken is not a hover, although the aircraft crosses
the median.

As mentioned above, if the length of set H is Ny, then Np is the number of hovers in
a flight profile.

5. Statistical Algorithm for S Turns

From Criterion 3 and the concept of S turns, it can be seen that S is actually a mark
set for S turn maneuvers in which the change in yaw angle is less than 360° (or (360 — c)°
when considering the threshold). Similar to set H, if the number of elements in set S is Ng, ,
then the aircraft takes S turns N g times near the median ¥y of ¥, where the superscript or
subscript “0” represents the S turn number obtained from the original signal Y.

However, in addition to S turns near ¥, an aircraft also turns in an S shape near other
yaw angles, as shown in Figure 1a, where the aircraft performs an S turn near a yaw angle
of 50°. Thus, statistical algorithms for the S turns of an aircraft near other angles rather
than ¥ will be studied in this section. The general thinking is that, with the help of PSD
splitting the signal into halves, the original signal ¥ is divided into several layers; then,
the S turns of each layer can be are cyclically counted, and at the end, statistical algorithms
for S turns of an aircraft in a flight profile were developed.

5.1. Layering Algorithm

As shown in Figure 5, the signal splitting algorithm in Section 3.3 is used to decompose
¥ into triangle sublayers. The first layer of decomposition obtains 2! = 2 yaw angle signals,
which are annotated as ¥1; and ¥1y; the second layer obtains 22 = 4 yaw angle signals,
which are annotated as Y1, Y22, Y23, and Yy4; if a total of / layers of decomposition are
carried out, the number of yaw angle signals in the last layer is 2/, annotated in sequence as
Tllr TZZ/ 11;13/' .o and ‘Pl,Zl‘

Layer 0 ¥,
/ \
Layer 1 Y, 7,
VANPAN
Layer 2 ¥, ,, b 2N b
Layer | ‘i’ll ‘i’,z '{’,3 Yluz'

Figure 5. Layering algorithm.

5.2. Statistical Algorithm

Using the first layer as an example to illustrate the S-turn statistical algorithm for each
sublayer signal, for the lower half signal ¥1;, based on the theory in Section 3.2, solve the
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set T31 = {f1,f5,- - B, -+ 13, }, which is the set of de-redundant median-crossing marks.
The subscript or superscript “11” represents the number of the solved sublayer and 7 is
the length of T&l. It should be noted that for the lower ¥1; of ¥y, there are hovering and
S-turning marks in set T&l which have already been counted by set H and set S. That is to
say, even T}! after removing redundant median-crossing points with yaw angle deviations
below threshold c for the sublayer sequence, there are still redundant points that have
been counted by the previous layers, as shown in Figure 6. Therefore, further redundancy
removal algorithms are needed for T}!.

200 " ,
!'i A I_,'E ! ! ;‘ ----- The upper
A L \ | The lower
100 H AR YA non \ ) ]
Hi ; i nod * —O— Previous median
] M 1

—O— Redundancy
—O— The needed

Yaw angle (°)
o

0 200 400 600 800
Time (s)
Figure 6. The redundant median-crossing points in a sublayer.
Before designing the algorithm, we noticed that an S turn has paired rising and falling

edges; therefore, one can mark an S turn using only the median-crossing point of its rising
edge, as shown in Figure 7.

0

The lower
—O— Median

—e—Rising edge

Yaw angle (°)
S
o

150 | ﬁ

0 200 400 600 800
Time (s)

Figure 7. The rising edge on a sublayer.

For Vi; € T}!, if the yaw angle at #; is in the rising edge, #; needs satisfy the following
inequality:
Yiu(ti+1) —¥nu(ti—1) >0 @)

Then, we can determine whether median-crossing mark #; of the rising edge is a
redundant point. From Figure 6, it can be seen that if #; is a redundant point, then, in
the open interval (#;,f;, 1), there exists one or more points of which yaw angle equals the
median of the previous layer, and because ¥1; is the lower half signal of the previous layer,
for the angle segment Y1 = {¥1;(f; + 1), ¥11(fi +2), -+, ¥11(fiy1 — 1) }, it must satisfy
the following:

max(¥;;) = ¥o. ®)



Appl. Sci. 2023, 13, 9435

8of 13

For example, fl- in Figure 8 will be removed from T&l. Upon removing the redundant
elements in set T}!, and retaining only the elements that satisfy Equation (7) but not
Equation (8), a set of median-crossing points can be obtained by removing the marks
related to the previous layer. The new set is annotated as Si7 if the length of S11 is N, él;
then, Ni! is the number of S turns in the current sublayer.

7y

'5011\ —The lower
N —O— Median
—#— Angle segment

o
o

>

N

i+1

N
01
o
_—t

Yaw angle (°)
o
o

R
o
o

200 400 600 800
Time (s)

Figure 8. The introduction for removing redundancy.

o

For the upper half signal Y15, in order to use the above algorithm of the lower ¥4, let
¥,/ = —¥1,; then, similar to ¥1;, the number N%z of S turns on Y15’ can be obtained as
well. Because Y15’ = — Y15, N%Z is the number of S turns in the upper half signal ¥1,.

After obtaining the number of S turns of the lower ¥;; and the upper ¥, the total
number of S turns in the first layer can be expressed by NI = N 4+ N{2.

Thus, if ¥y is divided into / layers, the number of S turns during a whole takeoff-to-
landing profile of an aircraft is the sum of the numbers from the original signal ¥ and all
sublayers; that is, the total number of S turns on a profile is as follows:

1
Ns = Y N ©)
k=0

It should be noted that the number of signal layers should not be more than log, (|360/c]);
otherwise, when the median-crossing de-redundancy algorithm is applied to a layer with a
number larger than log, (|360/c|), 0 points passing through the median position will be
found, that is, the length of T&l will be 719 = 0, and thus, the statistical algorithm becomes
invalid.

6. Flowchart of Statistical Algorithms

Figure 9 shows the general flowchart for calculating the number of hovers and S turns
from the yaw angle time series during a takeoff-to-landing flight profile.

First, count the number of S turns in the original signal ¥Yy. Based on Criterion 1,
the sequence Ty that denotes the median of ¥ or the zero-crossing sequence of ¥’ can
be obtained. Then, by Criterion 2, the redundant terms To in Ty can be found. After the
operation Ty = T\ \ Ty that removes the redundant marks, the number of 360° hovers N
during the takeoff-to-landing profile can be worked out by the deviation threshold of the
yaw angle and Criterion 3. At the end of the above operations, the number N{ that denotes
the number of S turns near the median of the yaw angle can be obtained.

Next, count the number of S turns in the original signal ¥g. We set the number of
layers to be [, and use the signal-splitting property of PSD to decompose Y. Leti =1 and

j =1, for the lower signal ¥;;, calculate its de-redundant sequence Téj using Criteria 1 and 2.

ijs
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It should be noted that only the marks with a yaw angle deviation less than the threshold ¢
are removed from T/, while the marks that have been counted in the previous layer still
exist in T(;] . Therefore, use Formulas (6) and (7) to further remove redundancy so as to

obtain the effective set S;; of marks and the number of S turns N¢ of the jth sub-signal in
the ith layer. Then, count the number of S turns in the other decomposed signals in the ith
layer cyclically; if ¥;; is the upper half signal in the layer, ¥;; = —¥;;. When the counting
of S turns in each signal in the ith layer is completed, we can obtain the number of the ith

) i ..

ayer = . Next, update i =i + 1, and repeat these operations until i > [; then,

layer by Ni, N¢. Next, updat 1, and repeat these operat til i > [; th
j=1

Né(z' =1,2,---,1) can be obtained.

Time history ¥, of track angle in a flight profile =} Set the layer number | for ¥

}

‘ Solve %, and ¥’ to obtain the zeros” set T, by Criterion 1 ‘

}

‘ Set the threshold c and remove the redundancy in T, ‘

)

‘Get the de redundancy sets T, and T, by Criterion 2 ‘

}

l .
Finally, the number of S turns is Ng = }_ Ng.
i=0

¥, is the lower of its
previous layer ?

‘Obtain Hover set H and its length N,, by Criterion 3 ‘ ‘ Get the de redundancy set Ty by Criteria 1 and 2 ‘
‘ ]
¢ ! A
Get the number N, Get the number N¢ of S turn ‘ Remove the redundancy of T,' by Egs. (6)-(7) }<7
of hover for 360° from set S by Criterion 3

‘Get the set S; and its length NJ

k.

The end of the i
calculation for Hover ‘Get the number N{ of S turn in &,

. 2! ™
Get the number of S turn in layer i by Ng = Z Ngand set i=i+1

=

A,

|
Get the number of S turn by Ng =" N{

i=0

The end of the calculation
for S turn

Figure 9. The general flowchart.

7. Flight Example

Using the yaw angle signal shown in Figure 1a as an example, we determined the
number of hovers and S turns. Let the yaw angle deviation threshold ¢ = 22.5° and the
number of S-turn decomposed layers I = 2; the results are shown in Figures 10-13.
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Figure 12. The first layer of S turns: (a) lower part; (b) upper part.

Figure 10 shows the statistical results for the number of hovers and S turns from the
original yaw angle signal Y. Using the statistical algorithm for 360° hovers, the set Tj of
the median, the set H of hover marks, and the set S of S turn marks near the median of ¥
were counted as shown. The hover marks and S turn marks were counted, and it can be
inferred that the number of 360° hovers of the aircraft during this profile was Ny = 10,
and the number of S turns in this layer was N2 = 6.

Figure 11 uses the median-crossing de-redundancy algorithm in Section 3.2 to elimi-
nate the redundant marks with a yaw angle deviation less than the threshold c = 22.5° so as
to verify the correctness of the algorithm. The signal selected to illustrate the algorithm was
the lower part of the original layer ¥y, that is ¥1. In the figure, the set T}! of the median is
shown as circle symbols, and the set T&l of the redundancy algorithm as diamond symbols;
then, the de-redundant set can be worked out using Tj! = Tgl\\fél.

Figure 12 gives the statistical results of the number of S turns in the two sublayers
Y11 and ¥, of the first layer. Using the de-redundancy algorithms in Sections 3.2 and 5.2,
the sets S11 and Sp, of S turn marks were obtained as shown. The number of S turn marks
obtained in both the upper and lower halves were Ni! = N12 = 4, resulting in a total of
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N} = NI + N1? = 8 S-turning maneuvers in this layer. Comparing Figure 12a to Figure 10,
we can observe that the statistical algorithm in Section 5.2 is correct.
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Figure 13. The second layer of S turns: (a) 1st sublayer; (b) 2nd sublayer; (c) 3rd sublayer; (d) 4th
sublayer.

Figure 13 shows the four sublayers ¥,1-%4 and the statistical results of the second
layer, where Figure 13a,b comes from ¥1; and the other two from ¥1,. Although there are
still many medians in each sublayer signal compared to the previous layer, there were fewer
effective marks for S turns. Using the de-redundancy algorithms in Sections 3.2 and 5.2,
the number of S turns with N2! = 2 and N2* = 1 are shown in Figure 13a,c, respectively,
and there were no S turning marks in Figure 13b,d, indicating that N3 = N2* = 0 or there

were no S turning actions in these two sublayers. Therefore, the number of S turns obtained
from Figure 13 was

4 .
N2 =Y N7 =3.
j=1

Summing up the number of S turns in all layers, the total of S turns in this flight
profile was

2 .
Ns=) N;=17.
i=0
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Upon observing the yaw angle history in each sublayer, the number of hovers and S
turns were also worked out artificially. The same results for the number of hovers and S
turns by both the PSD and artificial methods verified the effectiveness and programmability
of the PSD algorithm presented in this article.

8. Conclusions

In order to classify flight missions and compile load spectra for rotors or bearings,
which are related to many coupled flight parameters and big flight data profiles, this study
developed statistical algorithms to count hovers and S turns so as to introduce a process
parameter for flight maneuvering into the current mainstream methods that only consider
some maximum state parameters.

Based on the median-crossing de-redundancy and signal-splitting functions of PSD,
this article presented algorithms for counting the number of 360° hovers and S turns in
a flight profile. Using median-crossing de-redundancy of yaw angle data, the number
of hovers in a flight profile is obtained. With the help of the PSD layer-by-layer splitting
function, the yaw angle signal is decomposed into triangular forms and sublayers, with
the median of each layer acting as the boundary; thus, the number of S turns is calculated.
Applying the developed algorithm to an example flight yaw angle profile, the same results
for the number of hovers and S turns by both the PSD and artificial methods verified the
effectiveness of the statistical algorithms.

Although the number of hovers and S turns can be used as a supplement for maximum
Mach number or altitude when decomposing flight missions in big flight data, some more
precise details will be ignored by this operation, such as turning radius, action change, etc.
In fact, using the algorithms presented in this article, one can also obtain the time length
and time of occurrence of hovers and S turns and research more detailed actions of aircraft
within big flight data profiles. Additionally, these algorithms can be applied to compiling
other load spectra related to flight missions.
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