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Featured Application: In the research on fault detection of landing gear retraction/extension hy-
draulic system, bond graph linear fractional transformation technology and interval analysis theory
are applied to consider the uncertain negative factors in the system, thereby improving the accuracy
and sensitivity.

Abstract: Various factors, such as uncertainty of component parameters and uncertainty of sensor
measurement values, contribute to the difficulty of fault detection in the landing gear retraction/ex-
tension hydraulic system. In this paper, we introduce linear fractional transformation technology
and uncertainty analysis theory for the construction of the diagnostic bond graph of the landing
gear retraction/extension hydraulic system. In this way, interval analytical redundancy relations
and fault signature matrix can be derived. Using the fault signature matrix, existing faults of the
system can be preliminarily detected and isolated. Additionally, interval analytical redundancy re-
lations can be used to detect system faults in detail, and cases analysis can be carried out to deter-
mine if the actuator is externally or internally leaky, and if the landing gear selector valve is revers-
ing stuck. Compared to the traditional analytical redundancy relations, this method takes into ac-
count the negative factors of uncertainty; and compared to the traditional absolute diagnostic
threshold, the interval diagnostic threshold is more accurate and sensitive.

Keywords: fault detection; retraction/extension (R/E) hydraulic system; bond graph-linear frac-
tional transformation technique; interval analytic redundancy relations; uncertainty; fault signature
matrix; residuals; thresholds

1. Introduction

Boeing, Airbus, EASA (European Union Aviation Safety Agency), and ICAO (Inter-
national Civil Aviation Organization) [1-4] report more than 50% of fatal accidents occur
during final approach and landing phases. Landing gear performance is directly related
to aircraft takeoffs and landings due to its irreplaceability. To accomplish retraction/ex-
tension of the landing gear, the retraction/extension (R/E) hydraulic system is the key sub-
system. In order to ensure takeoff and landing safety, fault diagnosis of landing gear R/E
hydraulic systems is crucial. However, fault detection is the first step in fault diagnosis.

Research methods for fault diagnosis of complex nonlinear systems such as hydraulic
systems fall into three categories: knowledge-based, data-driven, and model-based [5]. In
knowledge-based methods, knowledge reasoning and long-term accumulated experience
knowledge are mainly used [6-8]. In data-driven analysis, a large amount of online and
offline data from the system is analyzed [9-13]. Based on a model-based approach, this
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paper examines whether there is a consistency criterion between the system's actual out-
put and its expected output. State estimation methods, parameter estimation methods,
and equivalent space methods are kinds of model-based methods.

Generally, state estimation methods compare the state output of the system model
with the output of the actual system to generate system residuals that are used as con-
sistency criteria. Observer and filter methods are used, with Kalman filter being the most
commonly used. Most of the studied systems are nonlinear systems, which are inevitably
affected by various factors such as the uncertainty of model parameters, the interaction
between components and systems, the interaction between environment and systems, and
noise. Therefore, most experts and scholars mainly focus on the robust state estimation of
nonlinear systems. In the research of observer method, Hu Zhenggao [14] proposed non-
linear adaptive unknown input observer, Liu Yingming [15] realized sliding mode control
of rolling mill using disturbance observer, and Xu Guosheng [16] realized sliding mode
control of excavator based on high-gain observer. In the research of Kalman filter, various
improved Kalman filters or their variants have been produced, such as extended Kalman
filter [17], multiple outlier robust Kalman filter [18], federated Kalman filter [19], un-
scented Kalman filter [20], distributed Kalman filter [21], etc.

In parameter estimation method, the estimated physical parameters are compared
with the nominal values in order to generate the system residual. This serves as a con-
sistency criterion for the core idea. There are two common estimation methods: joint esti-
mation and minimum error estimation. In the joint estimation method [22,23], the esti-
mated parameters are used as the extension of the state, and the state estimation method
is used to estimate the state and parameter. Despite its simplicity and speed, this method
may result in dimension disaster if the space dimension is too high after expansion. Com-
pared to the extended state space method, the method based on multi structure observer
and filter [24] has stronger robustness and lower computational difficulty. Further, the
minimum error method [25] is mostly used for off-line fault diagnosis, and its accuracy
depends on the completeness of data samples.

Core principle of equivalent space method is to use the residual between input and
output of the analytical model of the system as a consistency criterion. Using hardware
redundancy, multiple redundant sensors are set up and residuals are derived from the
measurement model for analysis. Although this method is simple and easy, it also requires
multiple redundant sensors, so its cost is high. As a consistency criterion of the core diag-
nosis idea, an analytical redundancy relations (ARRs) method builds the residual indi-
rectly through an analytical mathematical model. Using power bond graph and relying
on the energy conservation law, this method has some drawbacks, including parameter
uncertainty, sensor measurement uncertainty, environmental impact, and noise. As a re-
sult, the residual generated by the system will fluctuate, leading to misdiagnosis and
missed diagnoses. It is necessary to incorporate system uncertainty robustness into the
bond graph model to improve this problem. Bond graph-linear fractional transformation
(BG-LFT) is the most effective solution to this problem. On the basis of this technology,
Mo Haobin [26] proposed a fault diagnosis method based on interval analytical redun-
dancy relationships in order to avoid the interference of system uncertainty on diagnosis
results. Wang Fang [27] designed a robust diagnosis observer for hybrid systems, and
combined BG-LFT and proportional integrator to realize robust fault diagnosis and esti-
mation, which improved the detection effect. M.A. Djeziri [28] believes that all uncertain-
ties are cumulative in the diagnosis threshold of node residual. In this way, uncertainty
interaction will be ignored, which may lead to overestimation of the diagnosis threshold.

Previous literature [29] published by us focuses mainly on evaluating failed systems,
which belongs to the belongs to the research after fault detection. In this paper, we focus
on the problems in the process of fault detection and make the following contributions:

e By combining bond graph linear fractional transformation technology and interval
analysis theory, the diagnostic modeling of uncertain interference factors landing
gear R/E hydraulic system is carried out.
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e  Using the fault signature matrix (FSM), the relevant landing gear R/E hydraulic fault
parameters are preliminarily detected and isolated.

e According to the analysis of fault cases, the proposed asymmetric interval threshold
has better detection accuracy and sensitivity than the traditional absolute threshold.
This paper is structured as follows:

Section 1: A brief review of the research areas related to model-based fault diagnosis.

Section 2: Landing gear R/E hydraulic system is modeled using power bond graph.

Section 3: Modeling of uncertainty diagnosis bond graph of landing gear R/E hydrau-
lic system based on bond graph-linear fractional transformation technology and interval

analytical redundancy relations. .

Section 4: Study on residuals and its uncertainty.

Section 5: Case analysis of the external and internal leakage of actuator and the stuck
reversing of the landing gear selector valve.

Section 6: Conclusion and prospect.

2. Overview of landing gear retraction/extension hydraulic system and its traditional
diagnosis bond graph
2.1. Basic system framework

Figure 1 depicts the basic framework of the landing gear retraction/extension (R/E)
hydraulic system. Power is provided by both an electric motor-driven pump and an en-
gine-driven pump, and combine with other accessories to form a hydraulic source. High
pressure hydraulic oil is distributed to the R/E hydraulic components of the left and right
MLG (main landing gear) and NLG (nose landing gear) by the hydraulic components of
the landing gear selector valve. Figure 1 only shows the most important parts of the func-
tion, and does not show accessories such as check valve, throttle valve and hydraulic fuse.
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Figure 1. Basic structure of landing gear R/E hydraulic system.

In the subsequent bond graph modeling, where the generalized potential variable e
in the hydraulic system refers to the pressure p, and the generalized flow variable f
refers to the flow rate QO [30]. All models must satisfy the fundamental requirements of
equal pressure at the common potential node (0-node) and equal flow at the common flow
node (1-node). State and variation quantities of pressure are located on the half-tip arrow's
side, whereas state and variation quantities of flow are located on the side without the tip.
The signal bond is indicated by the entire arrow, which denotes that there is a functional
connection between the parametric parameters at its two endpoints.
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2.2. Modeling of landing gear selector valve

Figure 2(a) illustrates the physical essence of the landing gear selector valve, which
is a Y-type, 3-position 4-way solenoid directional valve. The P-port closed A, B, and T
ports connected, the floating piston, ability to move in response to external forces, and
hydraulic pump does not unload are the characteristics that define its median function.
Figures 2(b) (c) (d) depict the landing gear selector valve's neutral, left, and right opera-
tional states. Figure 3 depicts the bond graph model of the landing gear selector valve.

Port P is the supply port, Port T is the return port, and Ports A and B are connected
to the subsequent pipes. 4 paths (PA, PB, AT, BT) are formed by the valve body and spool's
relative positions, and the corresponding fluid resistance are R,,, R,,, R,,,and R,, .

Neutral, left, and right working states have the following meanings [31]:

1) Neutral: Now that the high pressure source P port is disconnected from the system,
A and B ports are attached to the return port T. Hydraulic oil returns to the tank through
the hydraulic resistance R,, of the AT path and the hydraulic resistance R,, of the BT

path, respectively. At this time, liquid resistance R,, and R,, are not considered.

2) Left: Port A is connected to the return port T, whereas port B is connected to the
high pressure source port P. Through R,, of the PB path, high pressure hydraulic oil exits

from port B. Through R, of the path AT, hydraulic oil from the return line flows back
to tank. Liquid resistance R,, and R, are not taken into consideration at this time.

3) Right: Port B is connected to the return port T, whereas port A is connected to the
high pressure source port P. Through R,, of the PA path, high pressure hydraulic oil

exits from port A. Through R, of the path BT, hydraulic oil from the return line flows
back to tank. Liquid resistance R,, and R, arenottakeninto consideration at this time.
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Figure 2. Landing gear selector valve and its working state: (a) Landing gear selector valve;

(b) Neutral function; (c) Left position status; (d) Right position status.
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Figure 3. Landing gear selector valve bond graph.
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2.3. Modeling of actuator

Actuator is a component used to reciprocate linear motion in a hydraulic system by
converting hydraulic energy into mechanical energy. Landing gear R/E hydraulics include
the main landing gear actuator, downlock actuator, uplock actuator, and nose landing
gear actuator and lock actuator [32]. Transfer cylinder can be regarded as an actuator with
a diameter of 0 on both sides of the piston rod. Since all actuators have the exact same
physical characteristics, only one modeling is needed. Although there are many actuators
in the system, by only using the R/E actuator as terminals, the analysis is made simpler.
The model is depicted in Figure 4, and Table 1 lists the definitions of the parameters for
the actuators.
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Figure 4. Actuator bond graph.
Table 1. Parameters definition of actuators bond graph.
Parameter name Meaning
Prodiess Prodiess Pressure and flow of rodless cavity
Prod Prod Pressure and flow of rod cavity
Apoiiess Frodtess Acting area and force of piston on one side of rodless cavity
Apoi Froa Acting area and force of piston on one side with rod cavity
% Piston velocity
R, , Hydraulic resistance effect of external leakage of actuator
Cro rodioss Crrod Liquid capacity effect of rodless cavity and rodless cavity
R, Hydraulic resistance effect of internal leakage of actuator
R, , Equivalent friction liquid resistance effect of reciprocating motion outside
the actuator
F _(x) Other external forces acting on external loads

2.4. Modeling rules and diagnostic bond graph

The system traditional diagnostic bond graph is shown in Figure 5. According to the
literature [33], the following guidelines were used to determine the causal relationship:

e  There is a sole causal relationship between the potential source and the flow source,
with the potential source's causality stroke on the side closest to the tip and the flow
source's causality stroke on the side farther from the tip.

e  Bothinertial and capacitive elements have precedence for defining integral causality,
but the causality of the inertial element is on the side closest to the tip, whereas the
causality of the capacitive element is on the side farthest from the tip.

e  The resistive component prioritizes admittance type causality; the causality stroke is
on the tip side, but coordination with other bond graph parts must be taken into


https://doi.org/10.20944/preprints202207.0247.v2

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 17 August 2022 d0i:10.20944/preprints202207.0247.v2

account throughout the designation process, and the causality is extended in the di-
rection of flow at the node.
Each bond and node is numbered according to the following principles:
e  Starting from number 1, each bond is numbered in turn, counterclockwise, centered
on the node, and the signal bonds are not numbered.
e  Starting from number (1), each node is numbered according to the direction of energy
flow, and the converter TF node is not numbered.

In Figure 5, the pre-defined fault nodes and the nodes where multiple bonds con-
verge in the system are chosen as the virtual sensor placement locations. To detect the
pressure signal, the pressure sensor SSp is placed at the common potential node (0-node),
and to detect the flow signal, the flow sensor SSQ is placed at the common flow node (1-
node). Table 2 displays the correspondence between the sensor's and analytical redun-
dancy relations (ARRs).

Table 2. Set virtual sensors and corresponding ARRs.

Pressure virtual sensor Flow virtual sensor
SSp, and SSp, : ARR, SSO, : ARR
SSp, and SSp, : ARR, SSQ, : ARR
Sp
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Figure 5. Traditional diagnostic bond graph of landing gear R/E hydraulic system.


https://doi.org/10.20944/preprints202207.0247.v2

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 17 August 2022 d0i:10.20944/preprints202207.0247.v2

3. Modeling method considering uncertainty
3.1. Uncertainty modeling of component parameters

Bond graph-linear fractional transformation technique (BG-LFT) [34] is a widely used
and effective method for research considering system uncertainty. Figure 6 is a general
model of the method.

M(s)
w z
A

Figure 6. General model of BG-LFT.

In figure 6, M(s) is an incidence matrix; A is the parameter uncertainty deviation
matrix; ¥ and y areactualinputand output vectors, respectively; w and z areaux-

iliary input and output vectors, respectively.

Under the premise of not changing the causality of the original bond graph model,
the uncertainty is expanded. Let the true values of the resistive element R, capacitive
element C and inertial element / of the bond graph model be 6 e {R,C,I}, the nomi-

nal value be 6, €{R ,C,,I,} and the uncertainty value be &< {AR,AC,Al} .Then each
value satisfies:

0=0+A0 (1)

Define & =A60/6 asrelative uncertainty. Taking the resistive element as an example,
specifically expressed as follows:

Impedance type: p, = OxR = Op (R, +AR) = Oz R, (1+ ;) = Pr, t Par

P _ P AR, @

: Pr
Admittance type: Q, =—= o
ype:Qr =" R,+AR R, R, +AR

Where, p, is the actual output pressure, O, is the actual input flow, p, is the

nominal pressure of the element, and p,, is the uncertainty pressure. The resulting im-

age is shown in Figure 7. BG-LFT models of capacitive elements and inertial elements can
be obtained by the same method, as shown in Figure 8 and Figure 9. Where Dp* and

DQ* are sensor virtual pressure source and flow source respectively.

—1 Or W 51/RW
Dp
0

P4ar * Q@ DQ*
| PRN | |_Prn \ R, PR\ N N R,
O | ( Or | 0 \ o

(a) (b)
Figure 7. BG-LFT model of resistive element: (a) Impedance type; (b) Admittance type.
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Figure 8. BG-LFT model of capacitive element: (a) Integral type; (b) Differential type.
— 0y W ] 51/1W
par Dp* Ou Do*
L PrN ] 0 L2\, JZBN N NA
) I ! o 0 | 0

(EY) (b)
Figure 9. BG-LFT model of inertial element: (a) Integral type; (b) Differential type.

3.2. Uncertainty modeling of sensor measurement

Due to the negative factors such as environmental impact and noise, the measured
value of the sensor is often not the true value, and there is inevitable error [35,36]. Let the
true value of the sensor be S, € {SSp,,SSQ,}, the measured valuebe S,, € {SSp,,,SSO,,},

and the measurement error be AS € {{,,{, } - They have the following relationships:
S, =8, +AS 3)

Specific modeling of 0-node a is as follows:
Figure 10 (a) is a model without consideration of measurement uncertainty, and Fig-
ure 10 (b) is a model with consideration of measurement uncertainty.

1 Gy —4 L

4
2 3
}470(% }41 5 04{14{

7T

CSSp SSp T C SSp

(a) (b)

Figure 10. Uncertainty model of pressure sensor measurement: (a) Not considered; (b) Considered.

Therefore, considering the uncertainty of the measured value of the sensor, its true
value is:
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Py =D, =P =S5py

Py =Pyt S, =SSPy + s,
P2 = Ps + G5, =SSPy + s,
Ps = Ps + S5, =SSPy + s,

4)

Specific modeling of 1-node a is as follows:
Figure 11 (a) is a model without consideration of measurement uncertainty, and Fig-
ure 11 (b) is a model with consideration of measurement uncertainty.

(a) (b)

Figure 11. Uncertainty model of flow sensor measurement: (a) Not considered; (b) Considered.

Therefore, considering the uncertainty of the measured value of the sensor, its true

value is:
Ql = Qz = Q3 = SSQM
0 =0+ §SSQ =850, + §SSQ 5
Qz = Qs + §SSQ = SSQM + §SSQ ( )

O, =0, + fssg =880, + é:ssg

3.3. Model extension based on interval analytic redundancy

Taking the resistive element as an example, for any pressure variable p:
p=(R, +AR)(SSQO,, +Cs5p) = RSSO, +[(R, + AR)S g5, + AR -SSQ,, ] (6)

Therefore, p, =[(R, + AR){ s, +AR-SSQ,,] is defined as an uncertainty term. And

R SSQ,, is the residual term without considering the uncertainty.

Traditional analytical redundancy relations (ARRs) [37] are a constraint relationship
obtained from a system model based on energy conservation rules.

ARR, = f,(k,,0,) i=1-,n
ARRs =[ARR,ARR,,--,ARR ] ”
r;' =ARRI. :0

where i is the number of the ARR, £, is the system variable, 6. is the system pa-
rameter, and f, isa function of the &, and 6. r, is the residual generated by the sys-
tem node.

After introducing the theory of interval analytic redundancy, the traditional analytic
redundancy is extended. [5,]=[-A6,/6,,A6,/6,] is defined as the relative uncertainty of

parameter interval. For parameter uncertainty:

[0.0]=16,-46,.6,+46,]=6,0+[5,]) 8)
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Where, # and @ are the upper and lower limits of parameters respectively. —A8
and A@, are the left and right extreme values of parameter uncertainty respectively.

For measurement uncertainty:
(50,8, | =[S, —AS,.8, +48,]=5, +[] )

Where, S, and S, arethe upper and lower limits of true value respectively. —AS,
and AS, are the left and right extreme values of measurement uncertainty respectively.
Therefore, for pressure variable p, the expanded system level interval analytical re-

dundancy relations is:
p=|R.R|:[ 550,550, |= R,SSQ, +(R,SS0,[6,1+[R,(+[5,DI-[-AS,,AS,])  (10)

At this time, the uncertainty is expanded to (R,SSQ,,[5,1+[R,(1+[5;])]-[-AS,,AS,]) .
And R SSQ,, isthe residual term without considering the uncertainty.

After comprehensive consideration of the above uncertainties and negative factors,
the diagnostic bond graph of the uncertain landing gear R/E hydraulic system is estab-
lished, as shown in Figure 12.

[ | Sp | |
[ Legend | | Legend |
| | |
| I | | |
| | | - [
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} causality | o 'A 0 | Uncertainty |
| |

| ) [
S50,
Reyy 2 1.

) [ .,
30 — 0o —> F“(x)é|
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Since there is no such thing as an absolutely perfect system without degradation, the
fault-free modeling of the system takes into account a wide variety of potential leaky fluid
resistances and stuck fluid resistances, etc. In order to simulate and inject faults, only the
pertinent resistive element parameters need to be changed.

There are numerous ways to categorize defects, including minor, general, serious,
and deadly faults based on the degree of degradation of faults, and abrupt and
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progressive faults based on the degree of progression of faults. A, B, and C are the 3 typical
defects examined in this study. Table 3 lists the designed fault types. Define the Boolean
logic variable g that will be used to describe the system's operational state:

A=[ABC] (A/B/C=0o0r1) 1)

For example, S =[0,0,1] means that only type C fault exist and no type A and B.

Table 3. Fault type and corresponding parameters.

Fault type number =~ Components involved Meaning
A R, , Internal leakage of actuator
B R, External leakage of actuator
C R,, R, R, Ry, Landing gear selector valve stuck

ARR at the co-potential node (0-node) can be summarized as " Same potential varia-
ble divides the flow variable ", and at the co-flow node (1-node) can be summarized as "
Same flow variable divides the potential variable ":

P=P,=P;=""D,

0 —node: n i =1,2,3,--
node =Z“,-Q,- i n (12)
i=1
Q] =Q2 =Q3 ="'Qn
1—node: n =1,2,3,---
ARR =Y e, i n (13)
i=1

where n is the node's bond excluding the virtual sensor; ¢, is the power flow co-
efficient, for the bond with the half-arrow pointing to the node ¢, =1 and for the bond
with the half-arrow departing from the node o, =-1.

According to Figure 5, analytical redundancy relations (ARRs) and residuals 7 are

obtained.
ARRi for node 0,:

Py =DPs = Do
0, —node: 14
v {ARR1:Q4+Q8_Q9:0 14)
- Sp — S
Q4:Q2:Q5:&:p2 Py _ PP P
R,, R,, R,,
SSO. d(SSp,) SSp
O =0, =0, +05 — 0y — Qs =550, + 1 2= Croa 4 = : (15)
Rod t RExfl
_ _ _ﬂng_PUZSSP]_PT
0,=0,=0, R, R, R,
- d(SS; SS, -
= Sp —SSp, +SS0, + S80, ~C,, ( p3)_ Py SSp—py (16)
Ry, Aoy dt R, R,
ARR: for node 0, :
P71 =P = Pis
0 ,, —node: 17
~ {ARRZ = Q7 _Q12 _Q16 =0 17
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- Sp — S8,
Q7:Q3:Q6:p6 _Ps7P; _9P I
Ry Ry Ry
Pis _ Po—Pu_ SSp,—pr
= = =—= = 18
0,=0,=0, R, R, R, (18)
d(SSp,)
Q16 =0, = Q23 +0,+ st =850, + ARodlessSSQZ + CRudless dt .
Sp—SSp, SSp,-p d(SSp,)
r2 = RPB L ;BT - S S Ql - ARad]esxSSQZ - CRndlexx d ¢ : (19)
ARRs fornode 1 ;):
1(13) —nOdG:{Qz} = Q21 = Q26 (20)
ARR; =pyy—p, =Py =0
Py =S5p;
Py =S8p, (21)
Dy =R, ;S50
r, =88, —SSp; —R,, ;,SSO, (22)
ARR: fornode 1,,:
1(14) —node:{Qy = st = Q29 (23)
4 =Py~ Py —DPp=0
Py _ SSp
Py = 2= :
ARod ARod (24)
D25 = Arottess P24 = Arotess SPs
Py = D3 T P35 = RqufSSQz +F,(x)
SSp.
Vs = Aroiiess SSPs — 2 _Rqu fSSQ2 —F,(x) (25)

Rod

Define the residual 7, which has no dimensions of its own. In accordance with the

correlation between parameters and ARRs, the fault signature matrix (FSM) is obtained.
FSM is shown in Table 4. For the elements M, , m is the number of rows, n is the

number of columns in the matrix, and the relationship is:

B {1 Parameter € ARR (1;) 26)

0  Parameter ¢ ARR (1,)

For any parameter corresponding to a lateral quantity such as
M, =M M, M,, -, M, ], detectability D, and isolatability I, are:

129

D :{1 M, =[M, .M, M, .M,]#[0,--,0] 27)
b O M],, :[M11’M12’M135""M1n]:[0:""0]

I = 1 M, =M, .M, M,;, - ,M,]is unique 28

"o M, =M, M, M;, -, M, ]is not unique (28)
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r=ARR, =0  No fault
(29)

r,=ARR, #0 Faulty

1

When a parameter in the FSM deviates from the nominal value, the detectability in-
dicates that the fault can be detected, but not all parameters are separable. The FSM's non-
zero elements have been identified by a distinctive hue that denotes the following;:

Red: residual elements in the matrix that are not 0.

Blue: detectability element that is not 0.

Green: isolability element that is not 0.

Table 4. Fault signature matrix of landing gear R/E hydraulic system.

N]
IS
U_N

Parameter 4 r

CRad
C

Rodless

Aoa
Apodtess
REq*f

£ (x) 0 0

SO O O O O O o o o o

O O B B O O O O ©o o o »m o o

4.2. Interval analytical redundancy relations method

Based on the traditional analytical redundancy relation method, the interval analyti-
cal redundancy relation method in Section 3 is introduced. According to Figure 12, the
residual derivation under the interval analytical redundancy relations is performed.

Taking residual 7 as an example, the new residual 7 after considering the nega-
tive effects of various uncertainties of the system is

. (1484,)Sp=(SSp, + <5, L S50, + 60,

+(SSQ, +
! (145, )Ry, PO D (30)
des e, B L) SSpHle,  (SShi+ls) =045, )y
Cros ) ROd dt a1+ 5REX—[ R, (1+5RAT )R ,;

Wherein, ¢ isthe corresponding of the parameter, and ¢ is the uncertainty of the
measured value of the sensor.

After considering the interval analytic redundancy method, ' becomes [’]'} .
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§S0, + |:é/SSQ ]

[rl'} _ [’i’z} _ (l+[5sp J)SP —(SSp, +[§ssm ]) (S50, +[§SSQ J)

(1+[3,, DRy, A+[8,, DA
@31)
d(SSp+[ S, ) S+ L, ] (SSp+[ S, D048, Doy
~(1+[ 3¢, Cr y - -
t 1+ [5,% ])REX_, 1+ [5,%_ ])RAT
[rz'], [r;], |:I”4,:| can be obtained according to the same method:
] [ ,—,} (143, pSp=(SSp, +[ S5 D (SSpa+[ &, D-01+[8,, D
nLo|=|hh -
- 1+, DRy, 1+ 8y, DRy
d(SSp, +| £
~(SSQ, +[ S, D=+ [ 84 D (S0, + [ S0, D=1+ 86, Do (p+[;])
[ = et | = 55,46, D550+ 65, D=8 IR (550, + 65 ) (32)
SSp; +[§ssp3]
V4 [ } (1+ e )AR satess (SSPy + |:§s5p4 J)—m
~(1+] 8y, PRy (SO, +[ Sssg, P=U+[ 8, DEL ()
See Table 5 for interval values in equations (37) and (38).
Table 5. Interval values in equations (37) and (38).
Parameter uncertainty Measurement uncertainty

(65, |=[-ASp, /Sp.ASp, /Sp]
[0, ]=[~ARw, [Ress ARy, /Ry, ]
[0 1= (M [ A M, [ A |
[, |=[~ACuu /Croa »AC, [Ct ]
[0, 1= [~ARec [Recis BRs [ Ret ]
[0, J=[-ARu [Rir ARy /R,y |
(5, ]=[-p: /P10, [ :]
[0, =[-AR0y /Ry AR, (R, ]
[0, 1= [~ARus [ Ry BRs, /Ry |
|=[-ARy, /Ry ARy, /Ry, |
o ] = [“AChutss [ Crotiss »AC ot [ Catss |
o = [ M, [ Ariss - Mg, [ Ariss |
[0, |=[-ARe, ; [Rey ARy, [Re, ]
(010 | = [FAFL (), [ (x), AF, (%), [ F (x)]

There are differential terms d(SSp, +[§ S50, } /dt and d(SSp, +[é’ S5, ]) /dt in equa-

tions (37) and (38), respectively. It is necessary to further calculate the first-order differen-
tial and the second-order differential by the backward differential method.

[ o5 |=[-ASSp, . ASSP, |
(55, | =[-ASSp, . ASSp, |
[Zs5, | =[-ASSp, . ASSP, |
(55, | =[-ASSp,, . ASSp, |
[Cos0 | =[-A850, 4850, |

(o0, |=[ -850, 4550, |
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d(SSps +[ &5, ) d(sspy) e d*(SSps +[ S, ) _ a*(S3py) )]
dt dt 555 dr’ dr* 555
(33)
d(SSpy + S5 ) d(SSp,) d*(SSpy +[ S ) d?(SSp,)
dt T a [’/SS"“ J ar’ T ar [’/SS’”“ J

Therefore, the uncertainty terms [u,], [u,], [us], [u,] corresponding to [rl'},
|:r2’] |:1”3’:|, |:I’4’:| can be obtained.

1+ 3, PSp—(SSp, +[ &5, D SSQ, +| ¢, |
= +[ ssg,] =2 LeSe ]

[”1 ] (I+ I:é‘RPA ])RPA ' (I+ [5%4 J)ARW’
SSp; + |:§SSp3 :| (SSp, + [gssp, :I) —(1+ |:§pr :|)pT
-1+ [(sc,z,,d :I)CRDd |:§SSp3 :I B 1+ |:§REH :I)REx—l - 1+ |:§RAT :|)RAT
] (1+[85, DSp=(SSp, +[ s, D (S50, +[Cs, P-01+[5, D
: (14 80, DRy (1+[ 8y, DR, (34)

~[Go0 |04 [ 8, Dies (550, +[ g, D=0+ [ e, Dt [€5,]
[1,]=[ Cs50 |- s |~ 0 1 (SO +[ Sis D= R [ S5 )
S+ (<5 |
A+ 8, DAn
[, |Rey 1550, +[ Cisg, D= Ray [ Sss0r |~[ 80 |Fua)

[”4 ] = [54,(0%“ ] Apoaress (SSp4 + I:; SSp, ]) + Apitess [§SSp4 ]

4.3. Diagnostic thresholds and data acquisition

Positive, negative, or 0 residuals are possible. It has no dimensions and no physical
significance. According to the literature [38,39], threshold deviation is defined as ¢, and
the absolute value type threshold is:

i i

Upper threshold =r, + &,
{ (35)

Lower threshold =1, — &,

i

, the absolute

After considering the negative factors such as uncertainty ¢ =A6, |u9‘

value type diagnostic threshold is:

Upper threshold = r, + A6, |u€, |
(36)
Lower threshold =r, — A6, |u9i|

The defined uncertainty value is shown in Table 6, and the uncertainty measure is
1% of the original value. And the measurement uncertainty error is defined as 0.1%.

According to the diagnostic bond graph in Figure 12, as illustrated in Figure 13, the
diagnostic simulation model is created in the LMS Imagine.Lab AMESim simulation plat-
form. On the diagnostic bond graph, the sensor shown in the illustration is the same sen-
sor.

The premise of the model-based simulation experiment is to prove the validity of the
model. According to the professional maintenance manuals of Boeing and Airbus [40-42],
as well as the computer-based training videos of maintenance professionals, under nor-
mal circumstances, the retraction time of landing gear is 7.5s and the extension time is 10s,
which may vary slightly with different aircraft types.

Actuator action is opposite to landing gear body action. When the retraction/exten-
sion actuator is extended, the landing gear retracts; When the actuator is retracted, the
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landing gear is retracted. The results of the diagnostic simulation model are shown in
Figure 14. The retraction time of the actuator is from 2s to 12.86s, and the extension time
of the actuator is from 2s to 9.17s.

Introducing [43] sum of squares of errors (SSE), mean-squared error (MSE), and
model effect evaluation index R*.

SSE:Z(J’;‘ - j}i)z
=

MSE= 3 (2,3, (37)

_ SSE — MSE
SSE

RZ

Where y, and y, are the expected value and the actual value, respectively. MSE is

the error that cannot be explained by the model, so the larger R’ is, the better.
According to the model matching evaluation method, the R’ is 0.7676. Therefore,
the evaluation effect of this model is favorable.

Table 6. The defined uncertainty value.

Absolute value type uncer-

Parameter Nominal value Interval type uncertainty

tainty

Sp 2.0685x107 Pa(3000 psi) +2.0685x10° [-1.2000x10°,2.0685x10° |
ey 9.35x10°N -5/ m* £9.35x10° [~7.50x10%,9.35x10" |
Ry 3.40%10°N -5/ m" +3.40%10* [~1.80x10°,3.40x10* ]
R,, 2.0x10°N -5/ m’ +2.0x10" [-0.5x10",2.0x10" ]
R, 2.0x10%N-s/m’ +2.0x10" [-0.5x10",2.0x10" ]
R,; 7.8x10°N -5/ m’ +7.8x10’ [-5.0x107,7.8x10" ]
Ry, 7.8x10°N s/ m’ +7.8x107 [-5.0x107,7.8x10" ]
Pr 2500Pa +25 [-5.25]

Croa 8.30x10m* /N +8.30x107"° [-3.60x107°,8.30x107" ]
Crodtess 2.55x10"°m* / N +2.55%x107"° [-1.50x107™,2.55x10™" |
Apeq 0.0075m’ +7.50x10°° [-4.50x107,7.50x10" |
Aroatess 0.0125m> +1.25x10™ [-0.50x10,1.25x10™ |

Ry, 55x10"“ N -s/m’ +5.5%10" [-3.0x10”,5.5x10" ]

F, (x) 2.22x10° Pa +2.22%10° [-1.00x10°,2.22%10’ ]
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Figure 14. Simulation result of diagnostic model: (a) Actuator retraction; (b) Actuator extension.

5. Fault case analysis
5.1. Fault free operation of the system
The above output data is analyzed by the INTLAB interval operation toolkit under

MATLARB. Its operation rules can be seen in [44]. The residuals [rl'] , [rzl], [1’3'] , |:I”4,:|

under fault free operation are shown in Figure 15, wherein the diagnosis thresholds are
of absolute type (AT) and interval type (IT) respectively.

In general, the continuous deterioration of the residual will continue to extend in
either the positive direction or the negative direction. In the process of deterioration, it
will not suddenly change from a positive value to a negative value at a certain time, and
vice versa. Therefore, the trend of the residual can be understood through trial test. On
the basis of the diagnostic threshold method proposed above, the threshold can be appro-
priately reduced in the direction of the residual to further improve the diagnostic sensi-

tivity.
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Figure 15. Fault free system operation fault detection results: (a) [rl’] (b) [rzr] ;

]

It can be seen from Figure 15 that the residuals [”1’}/ [rz'}, [r;} and [;"4'} fluctu-

© [#]:@

ate up and down within a certain range of 0, and all do not exceed the diagnostic thresh-
old. This indicates that no fault is detected during normal operation of the system, corre-
sponding to S =[0,0,0]. Therefore, it can be proved that the uncertainty interference

modeling and analysis method proposed in this paper is correct and feasible.
5.2. External and internal leakage of actuator

One of the actuator's most prevalent failure types is leakage, as shown by the funda-
mental ideas in Figure 16. There is no escape from it; it is an inherent mode. Generally, it
is controlled by increasing tightness and performing regular inspections [45,46]. Figure 16
shows the leakage flow, which is represented by the red dotted line. There are two types
of leaks: internal and external. Internal leaks happen between the cylinder and piston,
while external leaks happen between the piston rod and cylinder. Take the piston rod
extension as an example. When high-pressure hydraulic oil forces the piston out of the
actuator cylinder, flow loss will occur between these two kinds of gaps.
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Pressure oil Oil return

Figure 16. Basic principle of actuator leakage.

External leakage and internal leakage of the actuating cylinder are a pair of simulta-
neous failure modes. To simulate the leakage fault of the actuator, set the external leakage
parameter R, , and internal leakage parameter R, , in Table 4 and 5 to meet the fol-
lowing relationship:

R, ,=9.35x10°-[1+0.08(t—2)] 2<r<I15

Ex—1

6 (38)
R, , =340x10°-[1+0.05(¢-2)] 2<r<I5
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Figure 17. External and internal leakage of actuator fault detection results: (a) |:I’i’j| (b) |:I"2’:| ;
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Figure 17 (a) shows that the residual [rl'} exceeds the interval type (IT) lower
threshold at 4.83s, and external leakage of actuator cylinder is successfully diagnosed.
However, the residual [”1’} does not exceed the absolute type (AT) lower threshold not
tested, resulting in missed diagnosis.

Figure 17 (c) shows that the residual [r}'} exceeds the interval type (IT) lower
threshold at 7.05s, and internal leakage of actuator cylinder is successfully diagnosed.
However, the residual [r;] does not exceed the absolute type (AT) lower threshold not
tested, resulting in missed diagnosis.

The residuals [FZ’J and |:I”4,:| in Figure 17 (b) and (d) are basically no different from

the normal operation of the system, which proves that the two threshold methods do not
cause misdiagnosis. This also corresponds to 4=[1,1,0].

5.3. Landing gear selector valve reversing stuck

Landing gear selector valve has 3 operational states [47]: Neutral, Left, and Right.
Using the left as an example, we can see from the analysis above that at this moment, we
do not take the liquid resistance R,, and R,, into consideration, they are constant fixed

values, the fault diagnosis object is the liquid resistance R,, and R,,. R, corresponds
to [rz'}, R,, corresponds to [”1’] Shifting to the right reverses the object of research

and control invariant liquid resistance. Set the liquid resistance R,, and R, in Table 4
and 5 to meet the following relationship:

Ry =2.0x102-[1+035(:-2)] 2<r<15
(39)

R, =78x10°-[14+0.20(-2)] 2<¢<I15

Figure 18 (a) shows that the residual [rl'} exceeds the interval type (IT) lower

threshold at 3.50s and the absolute type (AT) lower threshold at 5.92s. Both of them suc-
cessfully detect the preset fault, but the AT has better sensitivity.

Figure 18 (b) shows that the residual [rz'] exceeds the interval type (IT) lower
threshold at 4.42s, and landing gear selector valve reversing stuck is successfully diag-
nosed. However, the residual [FZ’J does not exceed the absolute type (AT) lower thresh-
old not tested, resulting in missed diagnosis.

The residuals [r;] and [1@1’] in Figure 18 (b) and (d) are basically no different from

the normal operation of the system, which proves that the two threshold methods do not
cause misdiagnosis. This also corresponds to 4=[0,0,1].


https://doi.org/10.20944/preprints202207.0247.v2

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 17 August 2022 d0i:10.20944/preprints202207.0247.v2

2.5 LA L B B B B B S B B S L B 15 T T T T T T T T T T T T T T T T T T T T T T
-1 | AT upper threshold -~ AT upper threshold [
20k AT upper threshold AT lower threshold 4 L IT upper threshold IT lower threshold
***** ~IT upper threshold IT lower threshold 10k i
15} i
1.0 - / T 0.5 F b
SR 1 =
! I -
0.0 i 0.0 fmmn
-05 .
\ 05|
-1.0 i
\
-15 T R TP P T TP P T 1 1.0 1 TP SRR TP S RO U R | TP SR R B
o 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 o 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Time (s) Time (s)
() (b)
L e L o e e o e L mn L e L L o e e e e e
fffff AT upper threshold ------ AT lower threshold [r] -~~~ AT upper threshold ------- AT upper threshold [r,]
===~ 1T upper threshold IT lower threshold 0.6 [ ——IT upper threshold IT lower threshold 4
0.6 |- - i
04 f‘”"""/ g
/ -
02 b /——'——“'—""'4 i
5 =
0.0 bt ———
-02 | 4 i
04 | \\\ i
‘-.“‘
—0.6 1 1 1 1 1 1 1 1 1 1 1 1 1 1
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Time (s)
() (d)

Figure 18. Fault free system operation fault detection results: (a) [rl’] (b) [rzr] ;
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6. Conclusions

Landing gear retraction/extension hydraulic system is a nonlinear dynamic system.
Without considering the uncertainty of component parameters and sensor measurement
values in fault diagnosis research, missed diagnoses and misdiagnoses are likely to occur.
In order to model the uncertainty diagnosis of the landing gear retraction/extension hy-
draulic system, bond graph linear fractional transformation technology and interval ana-
lytical redundancy relations are used. According to case analysis, the diagnosis method
proposed in this paper has higher detection accuracy and sensitivity than both the method
without considering interference factors and the traditional absolute value threshold anal-
ysis. Nevertheless, this paper only isolates a preliminary fault based on the fault signature
matrix, and further research is required.
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