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Abstract tions; phase indexer and correlation measure.
The phase indexer is to separate flight data into
This paper proposes a new flight data preprocess-parts automatically in terms of flight phases and
ing method, which add time series data to flight stability. The flight phases are represented by
phase indexes. In addition, the method outputs ascending, descending, and horizontal flights,
values representing correlation strength among while the stability indicates how abrupt changes
different types of data. The generated informa- are measured. In addition to the phase indexer,
tion will greatly supports flight characteristics es- the proposed method has the correlation measure,
timation and fault detection, whose performance which provides a scale to indicate correlations
quite depend on the quality of their input flight between different kinds of data. For instance, a
data. The effectiveness of the proposed method is large scale value is observed for combination of
demonstrated with these two applications by us- rolling rate and deflection of fixed-wing aircraft
ing the real flight data obtained with fixed-wing aileron when a turning of the aircraft is started.
aircratt. The proposed method is initially motivated
by utilization for flight characteristics estima-
tion. The estimation generally identifies parame-
ters represented by aerodynamic coefficients and

Flight data represented by altitude, airspeed and stability derivatives for static and dynamic char-
acceleration is generally obtained in the form of acteristics, respectively. The accuracy of the esti-
time series data. The time series flight data is mated parameters quite depends on which flight
not suitable to be analyzed directly, because the Phase data is used and how strong correlation
data is too enormous to find appropriate parts re- is recorded on the data. In the worst case, a
quired by an application. Even if people try to se- technique that some parameters are intention-
lect the appropriate parts manually, it takes much ally fixed must be introduced to mitigate effect
time, and there seems to be error for the selection. ©f noise, which results in inappropriate estima-
Furthermore, existing automatic methods repre- tion. Thus, the proposed method, which enables
sented by pattern recognition have capability to Us to select the appropriate flight phases and the
extract the parts, however, they must prepare Spe_strongly correlated parts easily, will be effective
cific template experienced in past flights. There- for the estimation.

fore, a new preprocessing method to help the se- Fault detection has also been focused as an
lection without specific templates is proposed in application when the proposed method is studied.
this study. This is because the fault detection performance

The proposed method provides two func- depends on the quality of data to be analyzed like

1 Introduction
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the estimation performance of the flight charac- strengthy’ corresponding to time series data dur-
teristics. Especially, when priori information that ing a certain period is calculated as
multiple kinds of data are correlated in a normal

i—1 i—1
case has been already experienced, the fault is 2 Z+la(j K _ZZ a(j+k)
more easily detectable by monitoring the correla- & o (1)
tion rather than by monitoring original time series Yi(l) = oi ’

data carefully. This is clearly understood to con-
sider an example situation that changes of con-
trol column inputs of fixed-wing aircraft do not
invoke assumed pitching. Therefore, the capa-
bility to measure the correlation of the proposed
method also will be useful for the detection. AY (ilong: ishor) =Y iong ~Yicron (2)
Based on the aforementioned background,
the two functions are equipped with the proposed
method. In the following, the detail of the pro-
posed method is described in SBcThe method
is an extended version of the previous study of the
author, and is explained step by step. Then, the
effectiveness of the proposed method is demon-
strated in Sec3. The demonstration is performed
with real flight data. The specification of the
flight data, and the applications to both the esti-
mation of the flight characteristics and the abnor-
mal detection are elaborated. Finally, conclusion
remarks are summarized in Séc.

where subscriptsrepresents length of the period
to be focusedj indicates sample index, ards
time series data. When the signal strength differ-
ence between long and short periods

isincluded in a predefined threshold, the previous
method classifies a corresponding part as stable.

The computation of the signal strength is con-
tinuously and effectively performed with a mul-
tiresolution analysis (MRA) 4] block followed
by signal conditioner as shown in Fi@. The
MRA block decomposes signal into both time
and frequency domain based on Haar wavelet
transform techniques]]. The cascading applica-
tion of Haar wavelet transform in the MRA block
results in the low computational cost.

The signal conditioner amplifies the outputs
of the MRA blocks and delays their propagation.
The amplifier gain of the conditioner is tuned for
each period treated in the MRA block in order
to let the conditioner outputs, that is, the signal
strength, have a physical meaning. As E. (
shows, the signal strength corresponds to dif-
ference of averages, in other words, smoothed
. gradient. This makes determination of the thresh-
gram of the proposed method, and also indicates old easier, for example, the threshold for altitude

the previous ".“"‘th"d .indicated by the red bqr' is represented as the difference of rate of climb
dered square in the figure. In accordance with (RoC)

Fig. 1, the proposed method is explained in the
followings.

2 Method

This section describes the details of the proposed
method. The proposed method is an improved
version of the classifying method][studied by
the author previously. Figuré shows the dia-

The delay rate of the conditioner is also care-
fully configured for each period. This results
_ from that the calculation performed in the MRA
2.1 Previous method block for the longer period requires the more
samples. Consequently, the delay insertion en-
ables the conditioner outputs to be synchronized.
This synchronization feature is suitable for real-
time applications.

Firstly, the previously studied method, which di-
vides flight data into just two categories; stable
and unstable flights, is described. This classifica-
tion is performed by using values designated as
“signal strength” denoted by a symbylin the
figure. The signal strength indicates how quick
and strong changes are occurred in a certain kind The proposed method more actively uses the dif-
of data and during a certain period. Each signal ference between the long and short period signal

2.2 Proposed method
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Fig. 1 Processing diagram of the proposed method
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strength. The method newly provides two func- of the proposed method is evaluated. Compre-

tions; the phase indexer and correlation measure. hensive results of the two applications obtained
The phase indexer enhances the capability by utilization of the primitive results follow, and

of the previous method, which just divide data the total effectiveness of the method is discussed.

into the stable and unstable parts. Generally, the
stable parts can be easily labeled. For exam-
ple, ascending, descending, and level phases ar
easily recognized by monitoring altitude, espe-
cially when the altitude change is stable. By us-
ing this fact, the phase indexer determines which
flight phase current state is belonged to based on
predefined rules when changes of corresponding
time series data are recognized as sufficiently sta-
ble. The predefined rules can be simple, such
as, whether the change is increasing or decreas-
ing, because the stability of the changes has been
already compensated. Actually, the rules used
for applications of the proposed method to fixed-
wing aircraft, whose details are described in sec-
tion 3 are sufficiently simple as Tableshows.

The other function, i.e., the correlation mea-
sure, is the scale indicating correlation strength
between two kinds of time series data. A scale
value, which is indicated as a symlyslin Fig. 1,
is calculated by multiplying the signal strength
differences as

Y =Y item1 % &Y item2 3)

Why this value indicates the correlation strength
is clearly understood with a case that when
change of two correlated data set is occurred at
the same time, both the two signal strength dif-
ferences take large values, and the corresponding
scale value is also large. On the contrary, when
two data sets are uncorrelated, even if one of the
differences takes a large value, the other is small
and the index value will be small.

3 Application demonstrations

The effectiveness of the proposed method is
demonstrated with the two applications; flight

characteristic estimation and abnormal detection.
Firstly, the flight data used for the demonstration
is described. Then, primitive results obtained by
just applying the proposed method to the flight
data are shown, and the fundamental capability

3.1 Flight data and primitive results

®rhe flight data used for the demonstration is

collected by research aircraft “Hisho” shown
in Fig. 2 owned by Japan Aerospace Explo-
ration Agency (JAXA). This aircraft was orig-
inally Cessna 680 Citation Sovereign, which is
fixed wing, twin turbojet powered aircraft, and
has been modified for various research flight. As
one of the modifications, 270 kinds of data are
recorded during flight with network-based data
acquisition system]]. The representatives of the
data are navigation information such as position,
velocity and attitude, air data consisting of air-
speed, angle of attack, and pressure altitude, and
engine operating status captured with full author-
ity digital engine control (FADEC). Control in-
puts varying from control stick positions to con-
trol surface deflections are also acquired. Aircraft
weight and thrust force can be estimated with the
directly obtained data represented by fuel flow
and fan speed (N1) of FADEC. The sampling fre-
guency of the data varies among the data source,
and its maximum reaches 50 Hz for navigation
information. In this study, the data to be ana-
lyzed by the proposed method is down-sampled
to 10 Hz for reduction of computational load.

Fig. 2 Research aircraft “Hisho”

For the demonstration, flights belonging to
two categories A and B are selected. Category
A flight is a normal flight, in which the aircraft
takes off an airport and lands to another airport
with ordinary maneuvering. Category B flight is
an experimental flight, in which the aircraft is in-
tentionally swayed in order to invoke characteris-
tic motion represented by phugoid and dutchroll.
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Table 1 Predefined rules for the phase indexer
Item (Symbol) Rules
if |Ah/At| < 100 fpmthen*level flight”,
Pressure altitudehf else if (Ah/At) > 100 fpmthen“ascending”,
else“descending”.
if |AVras/At] < 0.1 ktsthen“constant airspeed”,
True airspeed\ras) else if (AVras/At) > 0.1 ktsthen“accelerating”,
else“decelerating”.
if |Ay| <1 degthen“straight flight”,
True headingy)) else if AQ > 1 degthen“right turn”,
else“left turn”.

T Ax shown in the above table represents a difference between initial anx itast
period recognized as stabtes time, namelyAt is length of the stable period.

Many coordinated turns are also performed in the by the level straight flights with constant airspeed
category B flights. The numbers of category A is far higher in category A flights compared to
and B flights are 4 and 3, and the length are ap- category B Flights, which actually characterizes

proximately 11 and 13 hours, respectively. the both category flights.
Figures3 and4 are data obtained in one of the
category A and B flights, respectively. In the fig- Table 2 Length of indexed flight phase
ures, the time histories of pressure altitude, true ltem Flight category
airspeed, true heading and roll angle, which will A B
be analyzed with the proposed method, are de- (Total) 398679 465264
picted. The other category A and B flights, whose Stable 176003 61024
data are not displayed due to the paper space Level flight! 122753 40920
limitation, have the same tendency of change as Ascending! 8829 827
Figs.3 and4 show. Descending 5843 8814
The proposed method is applied with the Constant airspeet 125799 40275
predefined rules for the phase indexer summa- Accelerating? 4376 3540
rized in tablel to these flight data. In Figs3 Decelerating 4436 6746
and 4, the signal strength differences are also Straight flight3 172487 34419
indicated. The thresholds for determination of Right turn3 2302 13963
whether flight is stable or unstable are depicted Left turn 3 1214 12642

as horizontal dashed lines. The phase indexer

. . T Dimensions are in seconds.
results are shown as hatched area in each time

1 Level flight, ascending, and descending are

histories; colored areas are recognized as sta- displayed as green, blue and red colored areas
ble flights, and each color corresponds to each in the pressure altitude graphs of Figs?.

indexed flight phase. Tabl2 summarizes the ? Constant airspeed, accelerating, and deceler-
length of the flight phase labeled by the phase in- ating are displayed as green, red and blue

colored areas in the true airspeed graphs of

dexer. Figs.3-4.

According to Figs.3 and 4, it seems that 3 Straight flight, right, and left turns are dis-
the phase indexer of the proposed method suffi- played as green, red and blue colored areas in
ciently works. Especially, the difference between the heading graphs of Figs:4.
category A and B flights are highlighted by the . '
method recognizing category A flights are more The representative result obtained by the cor-
stable than category B flights. Tatealso sup- relation measure is depicted in Fig.The graphs

ports this fact quantitatively; the ratio occupied N the figure show a heading change in one of the
category A flights, which corresponds to the part
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surrounded by the red dashed box in HgThe
time history of the correlation strength of head-
ing and aileron position calculated with the cor-
relation measure is displayed in addition to the
time histories of heading, roll angle, and aileron
position. The time history of rudder position and
its correlation strength are also included in the
figure. The larger scale values are monitored
in the correlation strength between the heading
and aileron position compared to that between
the heading and rudder position when the head-
ing change is initiated and terminated, which in-
dicates that not the rudder but the aileron is ma-
nipulated to change the heading. This is natu-
ral maneuvering for the fixed-wing aircraft, and
shows the fundamental effectiveness of the cor-
relation measure of the proposed method.

According to the above results, the primitive
effectiveness of both the phase indexer and corre-
lation measure of the proposed method has been
sufficiently checked.

True airspeed [k{]
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3.2 Flight characteristics estimation

In order to evaluate the effectiveness of the pro-
posed method, especially, the phase indexer, lift
CL and dragCp coefficients of “Hisho” are esti-
mated. The lift and drag coefficients are impor-
tant aerodynamics parameters to determine air-
craft performance, and their accurate estimation
by using flight data is also required. Generally, to
estimate these parameters, special flight tests in
which disturbance represented by gust is reduced
as much as possible are conducted. Thus, in order
to test the capability of the method, the category
B flight data, which does not suit for the use of
the estimation directly, is selected as the source
data for the estimation.

Figure6 is the results estimated with parts of
the category B flight data recognized as stable by
the method. The results are indicated in the form
of lift curve and drag polar, that is, the horizontal
axes show the angle of attackand drag coef-
ficient Cp, respectively, while both the vertical
axes illustrate the lift coefficien®.. The esti-
mation is performed sample by sample, and the
results are also shown sample by sample as the
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Fig. 5 Example correlation measurement
heading and aileron position

of

left graphs. In addition to these graphs, the right
graphs are their histogram, which depict the den-
sity of the results.

Based on the information obtained with the
phase indexer of the proposed method, the results
are divided into two categories; the source data
belongs to the level, straight, constant airspeed
phase, or the other phases. According to Big.
both the category results are reasonable, because
the lift curve and drag polar represent linear and
parabolic relations. However, there is difference;
the results obtained with the level, straight and
constant airspeed phase are concentrated on sev-
eral points, while those of the other phases are
spreed. This fact supports the capability of the
phase indexer. If a goal of the estimation requires
statistical accuracy, for example, comparison of
flight test results with other results of wind tun-
nel test results and computational fluid dynamics
calculation at design validation stage, the level,
straight, constant airspeed phase will be suitable
to be selected. On the other hands, when there
is another goal to obtain overall characteristics
covering flight envelop thoroughly such as mod-
eling for flight simulator, the other phase results
will also be utilized. Therefore, it is concluded
that the proposed method, especially, the phase
indexer is effective for flight characteristics esti-
mation.

3.3 Abnormal detection

The second demonstration is abnormal detection.
For the demonstration, the category B flights are
focused again. In the category B flights, the
dutchroll motion, which is abnormal in ordinary
flight, is intentionally invoked many times for ex-
perimental purpose by applying doublet input to
the rudder pedals. Figuréshows the time his-
tories of heading, roll angle, rudder position with
its correlation strength to heading. It corresponds
to the red dashed box area of Fiy. Compared
to the normal turn case shown in Fig.the cor-
relation strength between heading and rudder po-
sition takes far larger values.

By utilizing the correlation strength,
dutchroll maneuvering in the category B flights
is detected as a demonstrative fault detection
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application. Figures indicates the time histories
of the correlation strength in the all three cate-
gory B flights. The numbers of occurrence of the
comparative strong correlation in flight, which
excludes the first and last cases recorded on
ground, are 6, 8, and 7 for flight No. B160617,
B160618, and B160621, respectively. These
values are confirmed to be exactly identical to the
numbers of trials. Therefore, it can be concluded
that the proposed method will be useful for fault
detection applications.

4 Conclusion

This paper describes the new flight data prepro-
cessing method. The method add the flight data
in the form of time series data to the indexes rep-

resenting the flight phases. It also measures the

correlation strength of the multiple kinds of the
flight data.

The goal of the method is to provide useful
information especially for the two application;
flight characteristics estimation and fault detec-
tion. The capability of the proposed method has
been demonstrated with the real flight data. Ap-
plying the method to the normal and experimen-
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Fig. 8 Correlation strength between heading and
rudder in category B flights
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tal flights clearly characterizes the two category
flights, which shows the primitive effectiveness
of the method. For the demonstration of the flight
characteristics estimation, the phase indexer ca-
pability has been shown based on the compar-
isons with the lift and drag coefficients estimated
by using the level, straight, constant airspeed
phase and other phase data. The dutchroll in-
voked intentionally as abnormal motion has been
successfully detected with the correlation mea-
sure functionality of the proposed method.

According to the results, it can be concluded
that the comprehensive effectiveness of the pro-
posed method has been successfully checked. It
is noted that this work was supported by JSPS
KAKENHI Grant Number 15K06612.
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