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Featured Application: A more objective assessment technique is proposed to lessen the reliance on
expert opinion in the health evaluation procedure of the landing gear hydraulic retraction and ex-
tension system.

Abstract: The health of the landing gear retraction and extension hydraulic system may be assessed
using fuzzy comprehensive evaluation (FCE), however the traditional FCE method depends solely
on human assessment by specialists, which is excessively subjective. To address the issue of exces-
sive human subjective variables in the assessment, an improved FCE model based on enhanced risk
coefficient is provided, which includes four consideration indexes: failure probability, failure sever-
ity, failure detection difficulty, and failure repair difficulty. To reduce subjective human judgment
errors entirely due to expert experience, the improved FCE takes into account the likelihood of fail-
ure using a statistical method, the severity of failure using a fault simulation analysis based on the
LMS Imagine.Lab AMESim simulation platform, and the difficulty of fault detection and repair us-
ing the aircraft manufacturer's professional maintenance information. As part of the evaluation
model, the range of health assessment values and accompanying treatment methods are included,
making it easier to implement on a daily basis in aircraft maintenance. As a final step, the simulation
is evaluated and the simulated faults are calculated.

Keywords: health assessment; landing gear retraction and extension hydraulic system; improved
risk coefficient; fuzzy comprehensive evaluation; fault simulation; maintenance manual

1. Introduction

As demonstrated in [1-5], in modern civil aircraft, the landing gear system is the pri-
mary takeoff and landing device, and the landing gear's performance is critical for flight
safety. Hydraulic retraction and extension of the landing gear is one of the most crucial
subsystems on the landing gear, and if it fails during the landing phase, it is easy to cause
a serious accident in which the landing gear cannot launch, posing a serious threat to
takeoff and landing safety. A LOT Polish Airlines 767-300ER with the registration number
SP-LPC made a forced landing in 2011 due to a hydraulic system failure, resulting in the
landing gear not being able to be lowered during landing and making a forced landing.
This incident was recorded under NTSB number DCA12WA009.

In the study of health assessment of landing gear hydraulic system for civil aircraft,
Yang Yang [6] established a landing gear retract and release health assessment control
system based on Functional hazard analysis (FHA), Functional hazard analysis (FMEA)
and Fault tree analysis (FTA). To construct a set of health management techniques for
aviation landing gear retraction and extension control system, a Diagnostic prediction and
health management (DPHM) system for landing gear retraction and extension control sys-
tem was established based on these analytical approaches.

© 2022 by the author(s). Distributed under a Creative Commons CC BY license.
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In a number of studies, models have been used to assess the health of aircraft hydrau-
lic systems and associated components. He Lin et al [7] used the LMS Imagine.Lab
AMESim simulation platform to create a simulation model of the landing gear retrac-
tion/extension hydraulic system and provided ideas for the health assessment of the hy-
draulic landing gear retraction/extension system of a new generation of aircraft by ana-
lyzing the impact of component performance changes on the system's working perfor-
mance. Zhang Ming [8] et al. designed a dual actuator for a large civil aircraft turning
system by analyzing the control principle of the landing gear front wheel turning electro-
hydraulic servo system and evaluating the performance of the designed dual actuator
mechanism by building a test bench to test the designed product and verifying that the
system's performance meets the design requirements. Huang Chen [9] et al. proposed an
improved controlled variable speed retraction/extension actuator design that uses inertial
forces to reduce peak loads and shocks on the actuator cartridge during landing gear re-
traction and extension.

In addition to the model-based analysis methods commonly used by researchers,
both Boeing and Airbus [10,11] have used the LMS Imagine.Lab AMESim simulation
platform for preliminary work in the aircraft system design and development phase,
demonstrating its excellent performance for electromechanical and hydraulic systems. Tu
Yi [12] et al. employed the fluid system modeling program Flowmaster to create a simu-
lation model of the hydraulic connection of the aircraft landing gear retraction/extension
control system, and conducted a simulation analysis of the landing gear retract-up process
under normal flight circumstances.

In the health assessment of other aircraft systems, Chen Jie [13] provided a data-
driven health assessment approach for the flight control system based on fuzzy integrated
evaluation and rough set reduction, with some case computations of flight data to demon-
strate the method's performance. Tang Liang [14] and colleagues created an improved air-
craft failure emergency management system that can be linked into the IVHM system ar-
chitecture to provide real-time airborne health status assessment and automated emer-
gency management. Ray Bond [15] et al. offer two case studies of alternative structural
health monitoring technologies intended to decrease the risk of aircraft maintenance as
well as the expense of frequent, lengthy inspections. In order to compensate for the ab-
sence of deterministic crack expansion analysis, Youngjun Lee [16] et al. designed and
assessed a random crack expansion analysis approach. Robert G. Batson [17] and others
used the Monte Carlo simulation approach to quantify the uncertainty in possible appli-
cation benefits and aircraft assessment. For the issue of high failure rate and high danger
of failure of hydraulic pump source systems in civil aircraft, Baohui Jia [18] et al. devel-
oped a solution approach combining hierarchical analysis (AHP) and fuzzy comprehen-
sive assessment al-gorithm. Syed Haider [19] adds to the debate over the efficacy and fea-
sibility of model-based systems engineering methodologies for performance verification
of essential aircraft systems like flight control systems.

Worldwide experts and academics have largely focused on two types of health as-
sessments for civil aircraft landing gear retraction and extension hydraulic systems:
model-based and data-based. Although the two kinds of analysis and research approaches
have distinct foci, in the real-world airline application scenario, both ignore the challenge
of fault detection and maintenance and instead concentrate on fault simulation or basic
data analysis.

The purpose of this study is to determine the health of the hydraulic system that
retracts and extends the landing gear. For detecting and maintaining difficulties that must
be considered in the daily operations of airlines, an improved risk coefficient is proposed
based on the traditional risk coefficient [20]. According to fuzzy mathematical theory, the
four major evaluation indices for the improved risk factor are the probability of failure
(P), the severity of failure impact (S), the difficulty of detection (D) and the the difficulty
of maintenance (M). Instead of the subjective judgement of experts used in the classic FCE
model, the upgraded FCE model considers data statistics and failure simulation data
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while building the model. The appropriate measures and recommendations are then pre-
sented based on the value interval of system health.

2. Basic principle of landing gear hydraulic retraction and extension system

Landing gear retraction and extension hydraulic systems include the nose and the
main landing gear retraction and extension hydraulic system. Among the key components
of the system are the landing gear transfer valve, landing gear selection valve, fran-gible
fitting, hydraulic fuse, transfer cylinder, uplock and downlock actuator, retraction /exten-
sion actuator, and many accessories [21]. The schematic diagram of the landing gear re-
traction and extension hydraulic system is shown in Figure 1.
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Figure 1. Basic schematic diagram of landing gear retraction and extension system.

The tricycle type distribution configuration is used for the landing gear of contem-
porary civil airplanes. The concept of landing gear retraction and extension, for example,
is the same on Boeing series aircraft. The logic, on the other hand, is the polar opposite, as
is the component activation sequence. The main and nose landing gear actuation circuits
are separated. All three landing gears work together to lift the aircraft off the ground and
land it safely. The left and right primary landing gears are fully symmetrical in their
retraction and extension.

Figure 2 shows the logic for extending the landing gear actuation sequence. Hydrau-
lic fluid enters the pressure transmission cycle first, causing a delay so that the landing
gear locking mechanism can be released first. After that, landing gear actuation may be
released.
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Figure 2. Logical sequence of extending.

3. Improved risk coefficient

The landing gear retraction and extension system has a variety of failure scenarios,
and the risk coefficient may be used to assess the danger level of a given system. The
traditional risk priority number( RPN ) refers to the product of the probability( P ), sever-
ity(S'), and detection difficulty( D ) of the failure, RPN can be expressed as:

RPN =PxSxD (1)

In aviation maintenance, the maintenance difficulty is divided into route mainte-
nance, workshop maintenance, and base maintenance. Thus the maintenance difficulty
must be considered. Introduce the evaluation index of maintenance difficulty( M ). There-
fore, the improved risk coefficient is defined as:

RPN-M =PxSxDxM )

Utilizing the four evaluation indices described above, one can determine the danger
degree of the fault model of the landing gear retraction and extension system. Compara-
tively, the traditional FCE model obtains index measurements entirely through experts'
questionnaires. To reduce human subjective factors as much as possible, the improved
FCE model obtains index measurements from statistical data, fault simulations, and pro-
fessional maintenance data. The acquisition methods of the four indicators are as follows:

(1)The probability of failure( P ) is obtained from general maintenance statistics.

(2)The severity(S ) is obtained by the deviation degree of the fault mode in the fault
simulation from the normal working condition.

(3)The detection difficulty( D ) is obtained through the maintenance manual and
other professional materials of the aircraft manufacturing company.

(4)The maintenance difficulty( M ) acquisition method is the same as the (3).

4. FCE model for landing gear hydraulic retraction and extension system

There are several aspects that influence the system's failure mode, the majority of
which are qualitative rather than quantitative factors with extreme fuzziness, necessitat-
ing quantitative investigation utilizing appropriate fuzzy mathematics methodologies.
Fuzzy comprehensive evaluation is a method of solving certain difficult-to-quantify prob-
lems. For a variety of uncertain issues, FCE can convert qualitative analyses into quanti-
tative analyses [22-25]. It is based on the membership theory in fuzzy mathematics.

Five phases are commonly used to examine the influencing elements of the system's
fault model: identifying the comment set, determining the factor set, calculating the
weight of all factors, finding the fuzzy comprehensive discrimination matrix, comprehen-
sive assessment, and so on. The procedures used to create this scenario are detailed below.
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4.1. Determine the system comment set

In order to facilitate the subsequent health calculation, according to the RPN -M
coefficient, among all the designed grades, grade I is the most problematic grade, and
grade V is the most desirable grade.

FMEA and reliability research theories commonly categorize failures into five stages
from A to E [26]. The likelihood of failure occurrence assessment level is so created, with
the evaluation feature being the percentage of the probability of failure occurrence in the
entire chance of failure, rather than the probability of failure occurrence itself. The assess-
ment degree of failure severity is developed, according to the definition of weapon and
equipment severity categories [27]. From the improvement risk factor, the design failure
detection difficulty evaluation level and the failure repair difficulty evaluation level are
derived. As shown in Table 1, the overall situation is rather complex.

Table 1. RPN — M 's evaluation level.

Evaluation Grade
Indicators I I Il v Vv
Probabili
robability Extremely high High Medium Low Extremely low
features
Proportion
of total 20%< p 10% < p <20% 1% < p <10% 0.1%< p<1% p<0.1%
failure
probability
D f
egree o Disastrous Fatal Critical Mild Unhindered
severity
S Personal death ~ Serious personal =~ Minor personal Slight damage to .
L. . .. . . the system, un- Almost no im-
Definition  and serious sys-  injury and sys-  injury and slight .
planned mainte- pact
tem damage tem damage system damage
nance
Degree of . .
e Incapable High Medium Low Extremely low
difficulty
Insuffici - Regular i -
b . st icient de Detection may Capable of de- eguiar mnspec Easily found at
Definition  tection technol- ) . tion can be .
not be possible tecting any time
ogy found
D f
epree Impossible High Medium Low Extremely low
difficulty
M Simple mainte-  No maintenance
Definition System scrap Overhaul Minor repair P

nance

required

4.2. Determining the set of influencing factors

The index factor formula (3), which affects the overall functioning of the landing gear
hydraulic retraction and extension system, is established according to the RPN -M co-
efficient (2). They correspondto P, S, D,and M, respectively.

U:{Ul,Uz,U3,U4} 3)

Based on statistics and a review of literatures [28-31] and some fault report data from
The Aviation Herald (www. avherald. com) for a specific year, Table 2 displays the most
frequently occurring faults affecting the hydraulic retraction and extension of the landing
gear. Defect frequency and component failure rate for the same kind of fault may be used
to characterize the probability of occurring.

The number of times this sort of failure occurs in a particular period is called failure
frequency. In reliability theory, failure rate refers to the chance of failure per unit time
after a period of time when a component has not failed. It is characterized as follows:
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Statistics are used to determine the failure frequency, and theoretical analysis is used to
determine A . There is no direct connection between them.

Table 2. Statistics of landing gear failure modes.

Failure mode Frequency A1107°

Oil contains wear particles 11 17.3425
Oil mixed with air 8 13.3574

Oil temperature too high 13 15.9331
Oil temperature too low 5 10.3027
Oil filter blocked 21 32.8652
Stuck reversing valve core 12 19.7201
Actuator internal leakage 17 11.0435
Actuator external leakage 13 12.2826
Pipe joint leakage 23 38.4022
Pipeline wear 18 28.0083

Oil string 32 35.8233

According to the statistical Table 2, landing gear extension and retraction are affected
by a wide variety of factors. Because hydraulic oil makes up the bulk of the hydraulic
system, a malfunction affecting the working medium refers to a failure caused directly or
indirectly by hydraulic oil. The performance degradation of functional components is the
cause of a defect affecting working parts.

As a result, the faults are separated into two groups, and a fault mode fishbone dia-
gram is constructed, as illustrated in Figure 3. The top half of the fishbone depicts a hy-
draulic oil defect, whereas the bottom section denotes a component problem. Fault types
are defined as a set of fault type index factors in a fishbone diagram, as in equation (4),
and their representative meaning is shown in Table 3.

u:{ul,uz,m,---,ulo} (4)
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cleanliness of oil temperature
improper mixed
operation with air too high!
dust or
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transfer valve
fault
too low

Landing
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Figure 3. Failure mode fishbone diagram.

As the failure frequency and failure rate of components can be used to describe the
probability of failure, the description of the possibility of failure is fuzzy.
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Table 3. Indicator factor set wui .

Ui Failure mode and cause
u Oil contains wear particles
u2 Oil mixed with air

us Abnormal oil temperature
us Oil filter blocked

us Reversing valve spool stuck.
us Actuator external leakage
u7 Actuator internal leakage
us Pipe joint leakage

us Pipeline wear

U1 Oil intermingle in systems

4.3. Determining the severity of the failure modes
4.3.1. Simulation model of landing gear hydraulic retraction and extension system

The comprehensive simulation model of the landing gear hydraulic retraction and
extension system is constructed, as illustrated in Figure 4, using the LMS Imagine. Lab
AMESim platform and fundamental architecture of Figure 1. As the left and right main
landing gear components are identical, the super component function is used to create a
more compact simulation diagram. The signal library simulates the transfer cylinder's
pressure storage function as well as the proximity switch electronics unit's (PESU) control
function.

In civil aircraft, the hydraulic A and B systems are mainly supplied with engine
driven pump (EDP) and electric motor-driven pump (EMDP). Landing gear selector valve
is a three-position, four-way solenoid valve. From the hydraulic component library, the
landing gear selector valve selected a three-position, four-way solenoid valve. The P port
is closed, while the A, B, and T ports are all linked, giving the neutral characteristic. Pumps
do not unload and pistons do not unload, so pistons float and may move under external
pressure.

Transfer cylinders, which are hydraulic delay mechanisms, control the operation se-
quence. The pressure transmission cylinder and the delayed actuator are in a parallel con-
nection. In the delayed actuator's oil input pipeline, there is a throttle valve. The pressure
transmission cylinder is connected in parallel with the retractable actuator in the landing
gear's retractable and re-tractable system, delaying the retractable actuator's operation
and assuring the locking action. Be sure that the locking action of the cylinder is at the
front, and that the retracting/extending actuator barrel is at the back. Transfer cylinders
are straightforward to build, and they can be reduced to an actuator with a diameter of 0
mm on both sides of the piston rod.

Accessories like hydraulic fuses and frangible fittings aren't included in the simula-
tion since they only operate under specific circumstances. In the landing gear hydraulic
retraction and extension system's fundamental function realization simulation, the focus
is on whether each component's action sequence is logical.

Figure 5 depicts the total simulation model's simulation results. Figure 5 (a) shows
that the system preparation time ranges from 0 to 2 seconds, the uplock actuator retraction
time is 2 seconds, the main landing gear lowering action time is 7 seconds, and the down-
lock actuator retraction time is 4 seconds. The system preparation time is 0 to 2 seconds,
and the nose landing gear action time is 7 seconds, as shown in Figure 5 (b). In the ex-
tendsion and retraction logic, the lock actuator fulfills the logic of first extending, then
retracting, and ultimately extending and locking.

Figure 5 shows that the model follows the logic of each element of the landing gear's
action sequence and can complete the operation in 15 seconds, demonstrating that the
simulation model fits the standards for assessing the fault simulation.


https://doi.org/10.20944/preprints202204.0184.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 20 April 2022 d0i:10.20944/preprints202204.0184.v1

o Hydraulic

source

030

0.25

0.20

Length (m)
2

010

005

.00
o

030 T T T T T T

T T T T T
—— MLG actuator — Nose actuator
Uplock actuator 4 035 —— Lock actuator o

—— Downlock actuator

- 020

E
F - £ 015}
20
7]
-
8 - 010
- - 005 |
L L I L L 0.00 L
2 4 6 8 10 12 14 16 0 2 4
Time (s)
(a) (b)

Figure 5. Simulation results: (a) Each actuator when the MLG is extending; (b) Each actuator when
the NLG is extending.

4.3.2. Fault Simulation and Severity Assessment

Traditional severity evaluation is too reliant on expert determinants. Various failure
modes of the set of fault type index factors will be simulated and simulated to increase
the accuracy and confidence of the final findings, in order to reduce the effect of this sub-
jective human element on the final evaluation results. Under the assumption of no cata-
strophic failure, the general failure mode will vary as the severity of the failure increases,
the duration of landing gear extension will change, and the actuator's working speed will
become more unstable. The degree of variation between these two indications is a key
metric for determining the severity of the failure mode.

Multiple hydraulic cylinders are used as actuators in the hydraulic system. As an
example, consider the landing gear extension. The succeeding uplock actuator is the eval-
uation item for assessing different failure mechanisms since the uplock actuator functions
first in the sections of the landing gear.
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Define the action time change value as 7 :
y=[r -1 (5)

T is the operating time after being affected by the fault, and To is the operating
time without fault.
Define the percentage of actuation speed fluctuation as 7 :

qz(V;V‘)jxlOO% (6)

0

V' is the operating speed that the fault affects at a specific moment, and Vo is the
operating speed that the fault does not affect at the exact moment.

(1) Oil contains wear particles.

Because of the mutual friction of the reciprocating motion of different mechanical
components in the hydraulic system, various metal abrasive particles are formed. The size
and concentration of abrasive particles grow as the wear degree of mechanical compo-
nents rises, adversely influencing the system's pressure and flow, and potentially leading
to mechanical failure [32].

In this fault simulation, the filter was removed, and a large number of small-diameter
throttle valves were connected in series to simulate a fault with a greater concentration of
abrasive particles multiplied by the number of throttle valves, assuming uniform distri-
bution of the abrasive particles. Table 4 shows the parameters for establishing the number
of throttles for fault setting. Figure 5 shows the results of the simulation after it has been
conducted.

Table 4. Abrasive particle concentration under different working conditions.

g O012F

Parameter name Value
No abrasive particles /i 1
. Low concentration /ii 10
Condition number . .
Medium concentration /iii 50
High concentration /iv 100
T T T = T T 0.05 T T T T T T T
—— iv/High
= iii/Medium 0.00
ii/fLow | iv/High
— i /No E oot = i.'l.i.n"l\-'ledium i
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Time (s) Time (s)
(a) (b)

Figure 6. Influence of abrasive particles: (a) Piston displacement; (b) Piston Velocity.

(2) Oil mixed with air.

The volume percentage of the air contained in the hydraulic oil is called the air con-
tent. Under the specified conditions, a part of the air dissolved in the aircraft's hydraulic
oil does not affect the system. However, as the air content increases, it will significantly
impact the system work [33].

To investigate the impact of mixed air on the landing gear retraction mechanism,
varied air contents in the hydraulic oil were established in the simulation. Table 5 shows
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the parameter settings for various operating situations, with an incremental air content
gradient of 10%. Figure 7 shows the outcomes of the simulation.

Table 5. System air content under different working conditions.

Parameter name Value
i/% 0.1
.. ii/% 10.1
Condition number 0
iii/% 20.1
iv/% 30.1
0n.20 0,05
018 | — iv/301% ]
) — i /20.1% 0.00
016 | i /101% ]
014 b — i f01% =
- 005 |
— )
E [0 by E
éon.m L E 0,10 f
L]
E 0.08 - =
= 015 -
0o
— il f20.1%
o e — i 0%
0.0z | — i 01%
0.00 . ' . 1 . 025 . ; . ; . . 1
2 3 4 5 [3 7 8 0 2 3 4 5 [3 7 8
Time (s) Time (s)
(a) (b)

Figure 7. Influence of mixed air: (a) Piston displacement; (b) Piston Velocity.

(3) Abnormal oil temperature.

It is essential to note that in a typical hydraulic system using hydraulic oil as a work-
ing medium, the temperature of the oil will affect the characteristics of the oil flow. As the
temperature of hydraulic oil rises, its viscosity decreases, which subsequently affects the
system's performance.

By changing the hydraulic oil temperature, the simulation investigates the impact of
temperature on the landing gear retraction mechanism. Table 6 shows the parameter set-
tings for various operating situations, and Figure 8 shows the results after conducting the
simulation.

Because the influence is too small in the figure, multiple curves overlap, the curve
has been partially enlarged in Figure 11. It is true that the heat exchanger in the hydraulic
system raises the temperature of the oil somewhat, but it does not have much of an impact.
As a result of the heat exchanger, the hydraulic oil in the tank may transfer its heat to the
fuel in the tank.

Table 6. Oil temperature under different working conditions.

Parameter name Value
i/degC 30
i/ degC -30

Condition number iii/ degC %0

iv/ degC 120
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Figure 8. Effect of abnormal oil temperature: (a) Piston displacement; (b) Piston Velocity.
(4) QOil filter blocked.
There are three kinds of oil filters: suction line oil filters, return line oil filters, and
pressure line oil filters, with the pressure line oil filter having the best filtering accuracy.
The pressure line oil filter protects downstream hydraulic components while also filtering
contaminants, which is critical.
For fault simulation, the simulation specifies the diameter of the restrictor valve for
pressure oil reaching the actuator as well as the number of parallel orifices of the oil filter.
Table 7 shows the simulation parameters for the operating circumstances. Figure 9 pre-
sents the results after running.
Table 7. Oil filter blockage under different working conditions.
Parameter name Value
Aperture i/ mm 5.0
. Aperture i/ mm 4.0
Condition number p
Aperture iii/ mm 3.0
Aperture iv/ mm 2.0
020 . R 005 ———
018 iviZmm =
a6l ——iii/3mm| ] 0.00
ii f4mm
014 - —i /5 i —iv2mm
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Figure 9. Effect of oil filter blockage: (a) Piston displacement; (b) Piston Velocity.

The curve that isn't clearly visible in the picture is too small to overlap with the stand-
ard red curve, thus it's been enlarged in the figure. While the actuator's retraction time
and stability might be affected to a certain extent as the amount of blockage grows, it won't
cause serious problems if it's not completely blocked, as shown in the Figure 9. A clogged
filter element cannot be cleaned or reused and must be replaced at the appropriate time
during operation.

(5) Reversing valve spool stuck.
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Length (m)

020

The major cause of the valve core sticking is damping viscosity; that is, tiny particles
stuck between the valve core and the valve body due to different causes, increasing the
friction between the valve core and the valve body as it moves.

For fault simulation during the simulation, the opening of the adjustable flow valve
is modified. Because the friction will not be consistent, the opening is separated into four
working conditions and varies at random within a certain range. Table 8 lists the adjust-
ment settings, with 0 being the lowest and 1 representing the maximum opening. Figure
10 illustrates the simulation findings.

Table 8. Oil filter blockage under different working conditions.

Parameter name Value

0.9~0.7
0.7~0.5
0.5~0.3
0.3~0.1

Valve opening i
Val L7
Condition number ave open} el
Valve opening iii

Valve opening iv

018 -
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014 b

012 e

0.10 -

0.08 -

006 -
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0oz +

0.00
o

0.05

T T
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0.00

iv/0.3-0.1
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Figure 10. Effect of reversing valve spool stuck: (a) Piston displacement; (b) Piston Velocity.

L
3 5 7 &

(6,7) Actuator external leakage and internal leakage.

The actuator is the airplane hydraulic system's main executive component. During
the reciprocating action, mechanical wear will unavoidably occur, resulting in gaps. Leak-
age is the phenomena of hydraulic oil pouring out of the gap. Pressure and flow will be
lost if there is a leak. Internal leakage and external leakage are two types of actuator leak-
age. Figure 11 (a)[34] illustrates the principle.

Through connecting the throttle valve to the hydraulic circuit, the fault can be dis-
played in the simulation platform. The quantity of leaking is controlled by adjusting the
diameter of the throttle valve, as illustrated in Figure 11 (b). Table 9 shows the diameter
of the throttle valve in the leakage simulation, and Figure 12 shows the simulation results.

X

External
leakage

_____ Internal External

leakage

‘” T leakage

(a)

(b)

Figure 11. Actuator leakage principle: (a) Basic principles; (b) Simulation principle.
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Table 9. Leakage under different working conditions.

Parameter name Value
Aperture i/ mm 0.005
External leakage condition Aperture i/ mm 0.505
number Aperture iii/ mm 1.005
Aperture iv/ mm 1.505
Aperture i/ mm 0.005
Internal leakage condition Aperture i/ mm 0.205
number Aperture iii/ mm 0.405
Aperture iv/ mm 0.605
020 . . : : . . 0.05 ' : . . .
0,18 - — iv/1.505 mm -
016 L — iii/1.005 mm ] 0.00
. ii /0,505 mm —— iv/L505 mm
014 - — i j0.005 mm -] 005 — {ii/1.005 mm i
Toazl ] ) — ii f(L505 mm
= E —— | /L0055 mm
-E‘nl!.][l t - “:-.4].IU -
=] ™~
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Figure 12. Effect of actuator external leakage: (a) Piston displacement; (b) Piston Velocity;.
Effect of actuator internal leakage: (c) Piston displacement; (d) Piston Velocity.

(8) Pipe joint leakage.

Pipe joints are the elements that link the pipeline to the pipeline in an aviation hy-
draulic system, and both metal and flexible pipe joints face the issue of leaking easily. It is
difficult to examine and identify the leakage point by point in the pipeline due to the
change in leaking location.

Take the pipeline's middle position as an example; the simulation leak point is placed
here, and the adjacent pipeline sub-model is appropriately adjusted; the simulation prin-
ciple is shown in Figure 13, the simulation parameters adjustable throttle opening is
shown in Table 10, and the simulation results are shown in Figure 14.
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e

Figure 13. Simulation principle of pipe joint leakage.

Table 10. Pipe joint leakage under different working conditions.

Parameter name Value
Valve opening i 0
Condition number Valve open} ng 1 1 ) 0.1
Valve opening iii 0.2
Valve opening iv 0.3

0.05

— /03
—ilif0.2

i1
— i 1 005
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Figure 14. Effect of pipe joint leakage: (a) Piston displacement; (b) Piston Velocity.

(9) Pipeline wear.

Due to the general short installation spacing of hydraulic pipes in airplanes, contact
may occur due to vibration and noise in the hydraulic system, and the pipe-lines rub
against one other, causing wear. The space between parallel pipes must be more than
100mm to prevent such contact, vibration, and wear between pipes. Nonetheless, harsh
hydraulic pipe and hydraulic hose wear in airplane landing gear cabins happens from
time to time. Severe wear may cause pipe break due to the high pressure of the aircraft
hydraulic system.

(10) Oil intermingle in systems.

In hydraulic A and B systems, hydraulic oil is usually physically segregated. Oil in-
termingle in systems refers to the fact that oil is normally delivered by hydraulic system
A during normal landing gear retraction and extension. However, owing to the operation
of the landing gear switching valve, the oil will be delivered by hydraulic system B under
specific situations. The A hydraulic system will still supply oil during the next operation
of retracting and extending the landing gear, but hydraulic oil from the B hydraulic sys-
tem in the pipeline will enter the A hydraulic system, resulting in a significant difference
in oil volume between the A and B hydraulic systems. Oil intermingling in systems failure
does not usually have a significant effect, but it might influence fuel tank pressurization
and raise the cost of ground maintenance time.

The deviation degree of fault effect may be calculated using equation (5) (6), as shown
in Table 11, where w9 and w1 are only subjectively appraised since they do not include
flow pressure loss and cannot be studied using simple simulation. Due to a major internal
leakage, the actuator cylinder will display irregular movement in 1~2s, therefore the fuzzy
level is deemed to be suitably raised.
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Table 11. Deviation degree of fault influence.

Wi ¥ max 77 max
u 0.77 26.03%
uz 2.30 125.98%
us 0.01 28.11%
U4 0.23 8.25%
us 0.52 33.89%
us 0.20 17.30%
u7 0.01 25.40%
us 0.16 48.37%
uo - -

uio - -

4.4. Evaluation of Detection Difficulty

Only a few flaws in the aircraft hydraulic system may be detected immediately with
the naked eye, and the majority of errors need the use of specific detection methods and
technologies. As a result, in order to measure the total degree of system deterioration, it
is important to assess the fault kinds' detection difficulties.

The aircraft's maintenance manual contains specific and detailed instructions on in-
spection and maintenance procedures. According to the inspection methods for 10 kinds
of problems in the Boeing 737-600/700/800/900 aircraft maintenance handbook [35], As
stated in Supplementary Table S1, necessary statistics and analysis were done.

In Supplementary Table S1, the number of reference procedures reflects the opera-
tor's level of experience, the type of tool and equipment consumables reflects the opera-
tional process' complexity, and the number of preparation and implementation proce-
dures reflects the operational process' complexity. Sections not included in Supplemen-
tary Table S1 do not signify that no action is required and may be found in other mainte-
nance check documents such as maintenance checklists.

4.5. Maintenance difficulty assessment

It is crucial to strictly adhere to a maintenance manual when maintaining an aircraft.
Line maintenance, shop maintenance, and base maintenance are the three general mainte-
nance levels, and various kinds of maintenance need varying degrees of approved avia-
tion maintenance engineers to operate. The expense of maintaining an aircraft during
downtime will raise the airline's operational costs, hence the complexity of maintenance
must be examined.

In the aircraft's maintenance manual, instructions are given on how to carry out reg-
ular inspections and maintenance on the aircraft. The application provides necessary data
and analysis based on Boeing's 737-600/700/800/900 aircraft maintenance manuals [35],
service maintenance for 10 categories of problems. Taking the A hydraulic system as an
example, it entails the operation of the hydraulic source system.

Each parameter in Supplementary Table S2 has the same meaning as in Supplemen-
tary Table S1. The components that aren't included don't always suggest that no operation
is required; they might be found in other maintenance papers like maintenance check-
lists. Only the complexity of operations that must be re-placed is indicated here for repair
procedures in which components must be replaced, and it is determined by the degree of
deterioration of the parts and fluids.

4.6. Determine membership degree

Calculating the affiliation degree and, as a result, calculating the judgment matrix
convey the ambiguous link between the factor set and the evaluation set. Since it is diffi-
cult to process all assessment data with equal standards due to the varying magnitudes of
the indices, and because all evaluation indices are negative, the relative deterioration
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degree is employed to define each indicator and calculate the affiliation degree. The eval-
uation index system's data is translated into a relative degradation degree in the interval

[0, l] , the smaller the better the relative deterioration function:

0 ySymin

d(y): m Y min < y < ) max
Y max— ) min
1 V> Y max

7)

Where, ymin is the minimum value of the considered index and yma is the maxi-

mum value. Different reference values are given the same weight in the actual computa-
tion, as indicated in Supplementary Table S3. It may be modified if there is adequate proof
that a reference amount has a greater weight.

The rising ridge-shaped distribution affiliation function is employed in the situation

of fuzzy level I:

0

d <0.90

Level I: A(d) =4+ L sin—Z— (4 -0.945) 0.90 < d <0.99
2 20 0.09

1

d>0.99

8)

The conventional ridge-shaped distribution affiliation function is employed for the

fuzzy levels ILIILIV:

Level II: A(d) = {

Level III: A(d) = :

Level IV: A(d) = :

0

L Yin " [a-0.775]
2 27 015

L LG 7 [a-0970]
0.04

L Lin 7 [a-0.725]
2 2 05

0

L L in " [a-0.175]
2 2 015

L G 7 [a—0425]
0.15

d <0.70 or d >0.99
0.70<d <0.85
0.85<d <0.95

0.95<d <0.99

d <0.40 or d >0.80
040<d <0.55
0.55<d <0.65

0.65<d <0.80

d <0.10 or d >0.50
0.10<d £0.25
0.25<d <0.35

0.35<d <0.50

)

(10)

(11)

The falling ridge-shaped distribution affiliation function is used for fuzzy level V:

1 .
Level V: A(d) = 5 ——si

1
1

2
0

d £0.01

n——[d-0.055] 0.01<d<0.10
0.09

d>0.10

(12)

Expert assessment is utilized to determine the degree of connection of each evalua-
tion indicator using a simple fuzzy statistical approach for indicators for which there are
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no data sources accessible. The principle of fuzzy statistics [32, 33] is as follows, let X be
the fuzzy evaluation set in the universe of discourse O, and any fault type u:; can corre-
spond to the fuzzy evaluation set X, which respectively satisfy this fuzzy evaluation:

X,={P1, Pu, Pu, Pv, Pv} (13)
Xs:{Sl,SH,SHI, SI\’,SV} (14)
Xp= {DI , Du, D, D, Dv} (15)
Xo={M1, Mu, Mu, M, Mv} (16)

Construct a set S with variable boundaries and can move randomly in the domain
O .Set S is a positive evaluation obtained through frequency statistics, fault simulation,
and data evaluation. Set S may or may not cover a subset of the fuzzy evaluation set X

Taking Xr as an example, assuming that » times of fuzzy statistical experiments
have been carried out, there are m timesset S covering a subset P: in the fuzzy eval-
uation set X, then the membership frequency A4 of P toset S:

4=" mes (17)
n

With the increase of fuzzy statistical tests n, the membership frequency 4 will
show stability. At this time, the stable value of the membership frequency is taken as the
membership degree:

AP)=limZ mes (18)
n—o0 n
The rest Xs, Xp, Xu are the same.

4.7. Entropy weight method to determine factor weigh

First, all evaluation values need to be standardized, where each u:; corresponds to
P, S, D,and M with a score value of xj, j=P,S,D,M .

X = {xu,xz/,m/,---,xlo;} (19)

Because the analysis involving faults are all negative indicators, the normalization
formula of negative indicators is adopted, which is:

maX{le,"',XWj}—Xij
Xij=

(20)

max {XU,' -, XIOj} —min {XIj,' -, XIOj}
Calculate the proportion of the sample value under each indicator to the indicator:

Xij

10
S @y
i=1

pi=

Where i=1,--,10, j=P,S,D,M . Then, calculate the entropy value of each indicator:
10

e -—kY_ pilnpj (22)
i=1

Among them, k isa constant, when py are equal, k=1/In10=0.434.
Calculate the index deviation degree, which is the information entropy redundancy:
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di=1-¢ (23)

Then calculate the weight of each indicator:

d.
W=————— (24)
dp+ds+dp+du
Finally, calculate the comprehensive score of the sample:
S,D,.M
Si= wiXi (25)
j=P

i=1,-,10; j=P,S,D,M .
Using the above method, the weight vectors w1 and w: of the first-level index and
the second-level index are obtained respectively.

4.8. Fuzzy Judgment

On the acquisition indications described above, first-level and second-level fuzzy as-
sessments are done, respectively. The first-level fuzzy judgment is performed by w: :

Br=w1x Rp
Bs=wix Rs 6
Bp=wi1x Rp (26)

Bu=wix Ru

The first-level fuzzy judgment may be used to get the second-level fuzzy judgment:

Br
Re Bs -
=\ B, (27)

Bu
B=w2xR (28)

4.9. System failure health assessment
Define the health of the landing gear hydraulic retraction and extension system as
HD (Health Degree).
HD=BxV' (29)

The value range of HD is [1.0000,5.0000]. Among them, ¥=[1,2,3,4,5].

By using the HD, the hydraulic retraction and extension of the landing gear can be
assessed, and appropriate remedies can be recommended. The intervals are separated in
such a manner that the intervals on both sides are tiny, while the intervals in the centre
are huge, as indicated in Table 14.

Table 14. HD grade and measures.

HD grade Evaluation criteria Measures
A 1.0000 < HD <1.5000 Grounded overhaul
B 1.5000 < HD < 2.5000 Workshop and base maintenance
C 2.5000 < HD < 3.5000 Route troubleshooting and replacement
D 3.5000 < AD < 4.5000 Route maintenance and general monitoring
E 4.5000 < HD < 5.0000 General service
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5. Calculation example

Assume you're evaluating the health of a fleet of aircraft's landing gear retraction
hydraulic system, the evaluated item follows the above four evaluation principles, and
the evaluation-related index parameters are listed in Supplementary Table S3. Fuzzy sta-
tistics are used as an auxiliary to the affiliation function in this study. To calculate the
affiliation degree of each fuzzy level, the data is rounded to three decimal places, and the
fuzzy evaluation matrix is calculated as Rr, Rs, Rpo, Ru.

0 0 0 0.500 0.500 | o 0 0.489 0511 0
0 0 0 0.495 0.505 0.502 0.498 0 0 0
0 0 0.507 0.493 0 0 0 0 0.507 0.493
0 0 0.510 0.490 0 0 0 0 0.498 0.502
Row 0 0 0488 0512 0 Re— 0 0 0.493 0507 0
0 0 0 0.502 0.498 0 0 0 0.507 0.493
0 0 0 0.491 0.509 0 0 0 0.494 0.506
0.493 0.507 0 0 0 0 0 0.497 0503 0
0 0 0.508 0.492 0 0 0 0.638 0362 0
10495 0.505 0 0 0 | 10 0 0 0.754 0.246 |
[0 0 0 1 0 | [0 0518 0482 0 0 |
0 0 0.834 0.166 0 0 0 0 1 0
0 00 1 0 0 0 0.509 0.491 0
0 00 0 1 0 0 0.505 0.495 0
Ry = 0 01 0 0 Ru = 0 0 0.511 0.489 0 (30)
0 0 0493 0507 0 01 0 0 0
0 0 0502 0498 0 0 0367 0.633 0 0
0 00 0.495 0.505 0 0 0.491 0.509 0
0 0 0.732 0268 0 0 0 0 0 1
|10 0 0 0.661 0.339 | 10 0 0 0.508 0.492 |
The weight vectors w1 and w: are obtained by the entropy weight method:
wi=(0.078,0.079,0.188,0.112,0.118,0.085,0.091,0.077,0.095,0.077) 1)

w2 =(0.258,0.131,0.219,0.391)

The order of the datain w: is from w1 to w0, and the order of the datain w: is
P, S, D, M.
Make a first-level fuzzy judgment on wr :
Br=wix Rr=(0.0761,0.0779,0.2583,0.4202,0.1675)
Bs=wix Rs =(0.0397,0.0393,0.1952,0.4700,0.2558)
Bp=wix Rp =(0,0,0.3410,0.4820,0.1770)
Bu=wix Ru =(0,0.1588,0.3456,0.3628,0.1329)

(32)

From the first-level fuzzy judgment, the second-level fuzzy judgment R can be ob-
tained:

Br] [0.0761 0.0779 0.2583 0.4202 0.1675
re Bs | |0.0397 0.0393 0.1952 0.4700 0.2558 .
I Br| |0 0 0.3410 0.4820 0.1770 (33)

Bu 0 0.1588 0.3456 0.3628 0.1329

B=w2x R = (0.0248,0.0873,0.3020,0.4174,0.1675) (34)


https://doi.org/10.20944/preprints202204.0184.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 20 April 2022 d0i:10.20944/preprints202204.0184.v1

HD =BxV' =3.6125 (35)

Among them V =[1,2,3,4,5], that is grades LILIIL,,IV,V.

As a result, the fleet's total landing gear retraction system is 3.6125. The health status
may be determined from Table 14 as D. As a result, the fleet's general state of health is
rather high. Only important portions need to be checked, so line maintenance may be the
major emphasis.

6. Conclusions

(1) The conventional risk coefficient RPN , which measures the chance of failure, the
severity of failure, the difficulty of failure detection, and the complexity of repair, is re-
placed with an enhanced risk coefficient RPN —M based on airline maintenance and op-
erating norms.

(2) A fuzzy comprehensive assessment model of the landing gear retraction system
is developed based on increasing the risk coefficient RPN —M to evaluate the health of
the landing gear hydraulic retraction and extension system and give suitable maintenance
recommendations for various health ranges.

(3) To develop the FCE model, the physical parameters of the retractable hydraulic
system of the landing gear are thoroughly analyzed. During the investigation, it was dis-
covered that hydraulic oil is the working medium of the aircraft hydraulic system, and its
quality directly affects the hydraulic system's performance. Hydraulic oil quality is di-
rectly or indirectly responsible for more than half of all hydraulic failures, hence main-
taining it is critical.

(4) By using fault simulations of ten common defects, the FCE model was proposed.
The mixing of hydraulic oil and air, as well as valve sticking, have a significant impact,
while other problems have varying degrees of impact.

(5) In order to analyze the simulation case's health, the proposed FCE model was
used. It would be more credible to have access to real-time monitoring data from relevant
systems.

Supplementary Materials: Table S1: Statistical table of detection difficulty; Table S2: Statistical table
of maintenance difficulty; Table S3: Simulation of case data parameters.
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