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Abstract: Safe and stable operation of the aircraft hydraulic system is of great significance to the
flight safety of an aircraft. Any fault may be a threat to flight safety and may lead to enormous
economic losses and even human casualties. Hence, the normal status of the aircraft hydraulic system
is large, but very few data samples relate to the fault status. This causes a data imbalance in the
fault diagnosis of the aircraft hydraulic system, which directly affects the accuracy of aircraft fault
diagnosis. To solve the data imbalance problem in the fault diagnosis of the aircraft hydraulic system,
this paper proposes an improved GAN-LSTM algorithm by using the improved GAN method, which
can stably and accurately generate high-quality simulated fault samples using a small number of
fault data. First, the model of the aircraft hydraulic system was built using AMESim software, and the
imbalanced fault data and normal status data were acquired. Then, the imbalanced data were used to
train the GAN model until the system reached a Nash equilibrium. By comparing the time domain
and frequency signal, it was found that the quality of the generated sample was highly similar to the
real sample. Moreover, LSTM (long short-term memory) and some other data-driven intelligent fault
diagnosis methods were used as classifiers. The accuracy of these fault diagnosis methods increased
steadily when the number of fault samples was gradually increased until it reached a balance with
the normal sample. Meanwhile, three different sample generation methods were compared and
analyzed to find the method with the best data generation ability. Finally, the anti-noise performance
of the LSTM-GAN method was analyzed; this model has superior noise immunity.

Keywords: aircraft hydraulic system; fault diagnosis; data imbalance; GAN; LSTM; anti-noise performance

1. Introduction

Safe and stable operation of the aircraft hydraulic system is of great significance to
the flight safety of an aircraft. Any fault may be a threat to flight safety and may lead
to enormous economic losses and even human casualties. According to statistics, the
probability of hydraulic system fault is greater than that of other systems [1]. Therefore,
many scholars and researchers have studied fault diagnoses of the aircraft hydraulic
system to explore effective methods to improve the accuracy of fault diagnosis [2—4].
Cui et al. built a grey fuzzy relation matrix by using grey fuzzy weight, membership, and
degree of greyness and obtained a grey fuzzy attribute value based on expert weight.
They determined the optimal maintenance decision of the aircraft hydraulic system based
on the grey fuzzy attribute value [5]. Lin et al. modeled the extension and retraction
problem of aircraft landing gear, selected the system output parameters, extracted the fault
characteristics, and evaluated the health of the system by using a conventional forward
neural network algorithm [6]. Wang et al. modeled the aircraft hydraulic pipe; they
analyzed the natural frequency of the degree of hydraulic leakage fault, selected the natural
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frequencies of the first five orders as the characteristic value of the fault diagnosis, and
conducted fault diagnosis by using a probabilistic neural network (PNN) [7]. Ma et al.
analyzed the reliability of the aircraft hydraulic system by using the GO method, compared
the calculated result of the GO method involving a feedback loop with the calculated result
of the fault tree analysis method, and verified the validity of the GO method for reliability
analysis and test evaluation of the aircraft hydraulic system [8]. In addition, some other
machine learning methodologies have been performed on real datasets in vessels and wind
farms [9,10]. Some researchers have studied the detection and isolation of sensor and
actuator faults in flight control systems other than the hydraulic system [11-14].

Although these methods in the above papers have achieved good results, it is worth
pointing out that most of the methods are data-driven fault diagnosis methods, which suffer
from data imbalance in the process of data acquisition. Moreover, concerning the actual
working status of the aircraft hydraulic system, the fault data and normal data are seriously
imbalanced, and the time in the normal flight status is much greater than that under the
fault status. In other words, in most cases, researchers encounter a fault data imbalance,
which decreases the accuracy of fault diagnosis. Some solutions have been proposed to
address the data imbalance in fault diagnosis [15-17]. However, the existing methods rely
heavily on oversampling. Although oversampling can solve this data imbalance, it is hard
to archive in real systems and costs too much money.

A GAN is an effective deep learning model that has two deep learning neural networks.
Through the adversarial training of two neural networks, use of GANs attempts to achieve
the goal of generating high-quality samples. Currently, GANs are used mostly in the fields
of image processing and sound processing. Some researches want to improve the effect
of GANs. Mao proposed the smallest two multiplication GAN (LS-GAN, least square
GAN). Their discriminator in the adversarial training of the neural network used the
minimum daily loss function, which increased the convergence speed and increased the
training speed [18]. In the process of generating data, there are some cases that need to be
generated in specific directions. Only using random vectors as generated inputs reduces the
effect of generating data and reduces the speed of data generation. To solve this problem
condition, GANs were proposed [19]. The network adds a specific label to the generator
and the discriminator, which can guide the generating specific data through the label. In
addition, there are many improved generating neural networks, including Pix2pix [20],
VAE-GAN [21], Star-GAN [22]. These studies are all towards the purpose of improving
CGAN to achieve guidance to achieve specific generated data.

Compared to the active results in the fields of image and sound processing, the
beginnings of GANs being used in fault detection were relatively late. Now, some research
has applied GANSs to solve the data imbalance of fault diagnosis [23-25]. Zhou et al.
improved the generator and identification device for generating adversarial networks to
use the global optimization solution to generate more discrimination fault samples. This
improved the accuracy and the effectiveness of the method was verified in an experiment
on rolling bearings [26]. DIXIT et al. used an auxiliary conditioning classifier GAN that
combined model-unrelated element learning (MAML). MAML was used to initialize and
update network parameters instead of conventional random gradient learning, and then it
was used to generate and classify the fault data set of bearings and air compressors [27].
AF et al. used a GAN combined temporal convolutional network (TCNN). Compared with
the machine learning method SVM and the feed-forward neural network (FFNN)), it was
found that the combination of GAN and TCNN was better than the two methods mentioned
above [28]. Wang et al. proposed a method of combining GAN and superimposed de-
no-encoded self-encoders (SDAE), using SDAE as a GAN discriminator to automatically
extract effective fault features from the input sample and judge their authenticity and fault
category [29]. There are some other researchers who have studied the application of GAN
in the field of fault diagnosis [30-32].

In this paper, an improved GAN method is proposed called ACWGAN-gp to solve the
data imbalance problem in hydraulic systems. Using real data, together with class labels,
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we guided the generator model to generate fake data samples. Then, the discriminator
judged the real samples and generated samples as fake or real. After training, a balance
was achieved between the discriminator and generator. At this time, the discriminator
could not judge whether a sample was fake or real. The generated samples were similar to
the real samples in the characteristics, distribution, and status. Subsequently, the fault data
were incremented by the generated data, and a balance was achieved between the fault data
and normal data through continuous expansion. This method solves the data imbalance in
the fault diagnosis of aircraft hydraulic systems. In addition, a LSTM method with four
other data-driven methods was used in fault classification. This method provides a way to
solve the data imbalance problem in the fault diagnosis of aircraft hydraulic systems. Our
simulation results show the effectiveness and superiority of the proposed method.

The remainder of this paper is as follows. Section 2 describes the development of the
proposed algorithm and fault detection method. Section 3 explains the fault data generation
process. Section 4 presents the validation of the generated data by applying them to the
LSTM fault diagnosis method together with four other methods, then compares them with
two different data-generated models, then analyzes the anti-noise ability of the model.
Finally, Section 5 concludes the paper.

2. Model Design of Fault Diagnosis
2.1. GAN Algorithm

The GAN (generative adversarial network) algorithm was proposed in 2014 to address
the data imbalance in fault detection [33]. The GAN consists of a generator and discrimi-
nator. The generator is guided by a small number of actual data samples and generates
data from random noise vectors to simulate the characteristics and status of the actual
data. The discriminator is used for iteration to improve the quality of the generated data by
discriminating the similarity between the generated data and actual data. The adversarial
training of the two networks continues until the Nash equilibrium is achieved. The quality
of the generated samples improves in the gaming of the generator and the discriminator.
The generated data are closer to the actual data, and the discriminator cannot distinguish
the data as actual data or generated data. Its loss function and objective function can be
defined as:

L(G, D) = Es~pyy, [10g D(5)] + Ey~p, [log(1 = D(G(y)))] @
Goal = argmin(G)max(D)[M(G, D)] (2)

In Equations (1) and (2), G denotes the generator, D denotes the discriminator, P,
denotes the real data, P, denotes a random noise vector, D(s) denotes the probability of s
based on the real data, E;. p4,, denotes the expectation of s on the real data distribution
Pgsta, and E,p, denotes the expected value of y, which is sampled from the noise. The
G objective function L (G, D) is minimized, whereas the D objective function L (G, D) is
maximized. G and D converge when they reach the Nash equilibrium. The simple structure
of GAN is in Figure 1.

‘ Real sample

‘ Generator ‘ ‘
> iscriminator
(G) N D ato

‘ Random noise ‘
N

vector (Y) >‘ Real/Fake

‘ Generate ‘
>
\ sample ‘

Figure 1. Simple structure of GAN.

The auxiliary classifier generative adversarial network (ACGAN) is an improvement
of the GAN. The classifier items are introduced to the ACGAN to assist the generator in
completing the data generation. The generator generates new samples, denoted as G (y, x),
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by using the random noise y and classifier label x~py. The discriminator is required to
recognize the generated samples and the correlated classifier items. Through adversarial
training, the ACGAN is finally optimized in terms of data generation [34]. The real data
and the classifier information should be processed; therefore, the objective of the ACGAN
consists of the correct source Lgoyrce and correct class Lg,ss- The loss function of this method
can be expressed as:

Lsource = Es~py, (10§ D(s)] + Ey~p, [log(1 = D(G(y)))] ®)

Lclass - ESNPdam [log Q(X = x|Qreal)] + Ey~py [log Q(X = X‘Qgenemted)} (4)

The optimization objective of the discriminator is the maximization of Lsoysce + Leigss,
whereas the training objective of the generator is the maximization of Lsyrce — Lejgss. Despite
being an excellent data generation model, GANs have certain limitations. The generator and
discriminator in the training have problems such as vanishing gradient, non-convergence,
and unstable training results, which reduce the effectiveness of the training.

To solve this problem, the WGAN was proposed by Arjovsky, which represents
an important progress in the stable training of GANs [35,36]. Arjovsky attributed the
instability of data training in the GAN model to an objective function in the form of |-
divergence and suggested evaluating the distance between the real samples and generated
samples by using the Wasserstein distance rather than the J-S divergence. The objective
function of the WGAN is:

Goalwgan = mgngg;{Eswdm [D(s)] — Ey~p, D(G(¥)) } ®)

where a denotes the set of the 1-Lipschitz function, which can be interpreted as a measure-
ment function whose slope never exceeds one. Its weight lies within the compact space
[—w, w]. Under the optimal discriminator, the value function of the minimized generator
parameters is equivalent to the minimized Wasserstein distance. Compared with the GAN,
the training process of the WGAN is more stable and faster.

Nevertheless, it sometimes fails to generate a high-quality sample or achieve conver-
gence. Gulrajani attributed the problem to the use of weight clipping in the WGAN to
execute Lipschitz’s constraint on the discriminator. Therefore, they proposed a method to
improve the WGAN by introducing the concept of gradient penalty, namely, WGAN-gp [31].
Its loss function and objective function are as follows:

La-gp = By [D(G)] = Eovpy [D(5)] + e [(19:DE) — 12 @)

Goalrygp = min max{ Ecepy, [D(5)] = Eznp. [D(G(2))] = Asys [(IV5D(8) 1 = 1)°] | )

where g =é&s + (1 — ¢) G (y), € is a constant between zero and one, and A represents
a penalty coefficient. The detailed derivation process can be referred from the studies by
Arjovsky et al. [35] and Gulrajani et al. [37].

2.2. Fault Detection Method Proposed in This Paper

To solve the data imbalance in the fault diagnosis, this paper proposes a method called
ACWGAN-gp. The model can adaptively learn the original data distribution and then
generate new samples to augment a small number of data classes. Then, the augmented
dataset can be applied to a data-driven intelligent fault diagnosis method. The overall
framework mainly includes three parts: sample pre-processing, sample generation and
evaluation, and diagnosis of imbalanced faults. The flowchart is shown in Figure 2.



Aerospace 2023, 10, 164 5 of 26

Start Sample processing

The data of hydraulic system obtained by simulation

v/

Obtain experiment date by sampling on the simulation data set
\!
Convert time-domain signals to frequency spectrum by FFT
v

Choosing the training and test set

Establish ACWGAN-GP model and initialize parameters

~
7~

\

Training ACWAN-GP model

Sample generation

Generated satisfactory samples
\k

Evaluate the quality of generated samples

..........................................................................................................................................

Augment the training set and perform fault diagnosis

\

End Imbalance fault diagnosis

Figure 2. Flowchart of ACWGAN-GP.

ACWGAN:-gp is an improved GAN model to solve the data imbalance in the fault
diagnosis of the aircraft hydraulic system. Specifically, ACWGAN-gp builds a new GAN
model by introducing the Wasserstein distance and gradient penalty. The generator consists
of a random noise vector ¥ and a sample vector X with a specific classifier. The new samples
are generated through the generator. The new samples and real samples are imported
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X

(Label vector)

Y

(Noise vector)

Diagnosis result

I SVM. LSTM. RF.

into the discriminator for adversarial training. The discriminator is used to determine
the true or false state of the sample and recognize its class. After satisfying the similarity
criterion, the generated samples are applied to augment the original fault datasets to
perform fault diagnosis analysis of the aircraft hydraulic system. The system architecture
of the ACWGAN-gp algorithm is shown in Figure 3. Sy is a real sample set. 5S¢ is a data
sample set generated using the generator. Sc.r is a data sample set obtained using the
discriminator with the same nature as the real dataset.

Sz ‘ ' } Fake
Generator | - = Discriminator
e Real ‘
Fault diagnosis model.: \ } Seap ‘
Augmented

MLP. and CNN sampleset [ &,

Figure 3. Architecture diagram of ACWGAN-GP algorithm.

2.3. Design of Generator and Discriminator in the GAN Model

The generator and discriminator of the system were designed based on a two-dimensional
convolutional neural network (2D-CNN). The input of the generator includes a noise vector Y
and a classifier vector X. The input layer is linked to a fully connected layer having 1024 nodes.
The output of the fully connected layer is transformed into an image (2 x 2 x 256, i.e., width:
2 units, height: 2 units; number of channels: 256) by the reshape function. The fully connected
layer is followed by four consecutive two-dimensional deconvolution layers.

The first three deconvolution layers have 128, 64, and 32 filters, whereas the last
deconvolution layer has only one filter. After the four deconvolution layers, the input data
are transformed into a two-dimensional matrix. All pooling layers are removed. In the
G network, the transposed convolutional layer is used for sampling. In the D network,
convolution with stride is used instead of pooling. Before inputting to the discriminator,
the two-dimensional matrix is reshaped into one-dimensional data and normalization
is performed.

The structure of the discriminator is almost symmetric to that of the generator, and
the input data are first reshaped into a two-dimensional matrix (32 x 32). Through the
four convolutional layers, the data are transformed into 256 two-dimensional matrixes
(2 x 2). After the last convolutional layer, the two-dimensional data are transformed back to
one-dimensional data by the reshape function. Finally, the output layer is assigned a source
classifier and class classifier. The structure diagrams of the generator and discriminator are
shown in Figure 4.

Owing to the powerful sample generation performance of the GAN and powerful
characteristic extraction capability, ACWGAN-GP can generate high-quality fault sam-
ples with the classifier by using the imbalanced dataset, which is of great significance in
imbalanced fault diagnosis in actual hydraulic systems.
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Figure 4. Structure diagrams of the designed GAN generator and discriminator.

2.4. Model Description and Evaluation of ACWGAN-gp

Random noise vectors Py, where Y = (y1, Y2, ¥3, - - - , Ym), and classifier set X = (x1, x2,
X3, ..., Xy) are input to the generator for generating the synthesized sample S = G (y, x);
the data distribution Pg of the synthesized samples is similar to that of the actual sample
Pgata- Next, the new sample Sg is mixed with the original sample Sg = (s1, 52,53, ... , 5n)
and provided as input to the discriminator for true and false discrimination. The generator
and discriminator networks are trained alternately until a Nash equilibrium is reached.
According to the Equations (3), (4), (6), and (7), the objective function of ACWGAN-GP can
be obtained as follows:

®)

Lc =E; ©)

5~pPG

[log D(8)] + Eswpg logQ(X = (x[5))]

In the above equations, 5 is generated samples, s = es + (1 —¢) § ~ p, is the random
sample obtained by interpolation on the s and s lines; A is a gradient penalty coefficient; and
Q(X = (x|Qyear)) represents the conditional probability distribution on the classifier. To
verify this method, the quality of the generated samples and their effect on the diagnosis of
the imbalanced faults need to be evaluated. The validity of the generated data is examined
by comparing the spectrum of the fault data generated through simulation with that of the
original data.

3. Data Acquisition and Generation of the Aircraft Hydraulic System
3.1. Acquisition of Normal and Fault Data of Aircraft Hydraulic System

In this paper, the hydraulic system of a large passenger aircraft was adopted as the
simulation object, and LMS AMESIM was employed to build the hydraulic system model,
as shown in Figure 5. The hydraulic system of a passenger aircraft is composed of three
relatively independent systems: main oil supply system 1, main oil supply system 2, and
a back-up supply system. Main oil supply system 1 is powered by the left engine drive
pump (EDP 2); main oil supply system 2 is powered by the right engine drive pump (EDP
12) under normal conditions. When both systems are broken down, the hydraulic system is
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driven by the ram air turbine (RAT 14) in the case of emergencies. The three electric driver
pumps (EMP3, EMP13, EMP15) in the oil supply system are auxiliary energy; they help the
two EDPs finish the hydraulic targets.

Servo Actuator System

Service
actuator

s e s M i iy

| H

I ;

I 7R\ :
i @t
i

i

i

Main oil supply system 1 @ 16

4
|

Main oil supply system 2 | | Back up supply system :
L__

f— o ]

Figure 5. Simplified model of an aircraft hydraulic system by Amesim.

The main parameters used in the simulation are listed in Table 1. The numbers in this
table are the hydraulic components in Figure 5. The normal simulation model was built
considering stable conditions for the system. Under these normal operating conditions for
the system, supply system 1 (Figure 5) and actuator 11 (Figure 5) were employed for the
normal-mode hydraulic system in the simulations and analyses.

Table 1. Parameters of the simulation system.

No. Element Names Meaning Parameter Value
1 Booster tank Provides hydraulic oil Preset pressure: 50 psi
2 Engine-driven pump 1 Provides power for aircraft hydraulics Rpm: 5000 rec/min
3 Electrical-motor-driven pump 1 Auxiliary EDP1 oil supply Rpm: 5000 rec/min
4 Throttle valve Controls hydraulic flow /
5 One-way valve Prevents hydraulic oil backflow /
6 Hydpraulic oil filter Prevents impurities in hydraulic filtration /
. Reduces the pressure, Open: 3400 psi
7 Relief pressure control valve prevents too high pressure Close: 3200 psi
8 Hydraulic accumulator Reduces the pulse of pressure and assists Preset pressure: 1800 psi
energy supply
9 T.WO_POSItlon three-way Control PTU /
directional control valve
10 Tbree?posmon four-way Control actuator /
directional control valve
1 Actuator The mechanical Part of the aircraft /
hydraulic system
12 EMP2 Auxiliary EDP2 oil supply Rpm: 5000 rec/min
13 EDP2 Provides power for aircraft hydraulics Rpm: 5000 rec/min
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Table 1. Cont.

No. Element Names Meaning Parameter Value
14 RAT Provides an emergency power source for the Rpm: 4000 rev/min
aircraft hydraulic system
15 EMP3 Auxiliary oil supply Rpm: 5000 rec/min
16 Hydraulic oil Used to set the types ?md'parameters of Density: 1003 g/L
hydraulic oil
Three common faults, namely pump leak, actuator leak, and hydraulic oil pollution,
were selected for the fault insertion, and the fault status was set as normal, moderate, or
severe. The fault classification and fault parameter settings are shown in Table 2. The
specific parameter settings of the components in this table were referred from previous
studies [38,39].
Table 2. Parameters of the fault mode insertion.
C(l)\lrﬁﬁ:?;nt Type of Inserted Fault Fault Mode Parameters Normal Status  Moderate Fault  Severe Fault
2 Pump leak Equivalent aperture/mm 0.1-0.5 0.5-1.0 1.5-2
11 Actuator leakage Leak coefficient 0-0.01 0.05-0.09 0.1-0.15
16 Hydraulic oil pollution Gas content/% 0.1-03 5-10 15-20

The three types of fault data, namely actuator leak, hydraulic oil pollution, and pump
leak, were selectively acquired. The status was set as normal, moderate fault, or severe
fault. The acquired data simulated the extension and retraction process of the landing
gear. The total duration was set to 20 s, in which the actuator did not operate from 0 to 2 s,
performed the retraction movement of the landing gear from 2 to 7 s, stopped its operation
from 7 to 9 s, performed the extension movement of the landing gear from 9 to 14 s, and
shut down from 14 to 20 s. The sampling frequency was 100 Hz, and each simulation
generated a dataset with length of 2000. The pressure sensor was placed at the position of
the pump outlet. Figure 6 shows the time domain diagrams for comparing the acquired
normal status signal with the other six types of fault status signals.

3.2. Generation of the Aircraft Hydraulic System Fault Sample

Seven types of data were acquired through the AMESim hydraulic system. One
normal statue sample and six fault status samples were acquired. Firstly, 1200 normal
samples were acquired through the simulation. Of these, 1000 samples were randomly
selected as the training data, and 200 samples were randomly selected as the test data.
After that, six types of faults were simulated. The fault statue dataset was generated by
changing the range of the corresponding parameters in the simulation. Then, 300 fault
samples were acquired through the simulation, of which 100 fault data were randomly
selected as the training data, and 200 samples were randomly selected as the test data. Two
hundred samples were selected from the fault/normal status data samples as the test data.
In the training set, the normal status signal was regarded as the majority class set, and other
fault classes were regarded as the minority class set, causing a fault imbalance problem.
The attributes of the specifically acquired datasets are shown in Table 3.
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Figure 6. Time domain diagrams for comparing normal status signal with fault status signal. (a) Ac-
tuator inner leakage. (b) Oil pollution. (c) Pump leakage.

Table 3. Specific parameters and classifications of the generated fault datasets.

Classification of Sample Sets Sample Training Set  Test Set  Class Classifier
Length

Normal status 2000 1000 200 0
Actuator leak (mild) 2000 100 200 1
Actuator leak (severe) 2000 100 200 2
Hydpraulic oil pollution (mild) 2000 100 200 3
Hydraulic oil pollution (severe) 2000 100 200 4
Pump leak (mild) 2000 100 200 5
Pump leak (severe) 2000 100 200 6

The GAN model was trained to generate the six classifiers of the fault samples for the
aircraft hydraulic system data. The GAN network model was established according to the
method in Section 2 by using MATLAB, and the model was trained to finally achieve the
adversarial balance between the generator and discriminator. It could generate samples
with attributes similar to those of the real samples. In the sample generation process, the
recorded values of the loss function were used to characterize the performance of the model.
The training loss functions of the generator and discriminator are shown in Figure 7.

According to Figure 7, the loss curves of the generator and discriminator decrease
significantly at the beginning and then gradually increase as the number of iterations
increases. After approximately 1500 iterations, the generator loss converges to a constant
value less than one. After approximately 1000 iterations, the discriminator loss converges
to a constant near zero. After 4000 trainings, the discriminator discriminates the real
probability of the original sample as 0.5 and that of the generated sample as 0.5.
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At this time, the Nash equilibrium is reached. This indicates that the model is well
trained, and the generated sample can be regarded as the real sample. In the trained
GAN model, 800 fault samples were newly generated for each fault class. To compare the
similarity between the generated and original samples, the fault status of the actuator leak
was selected as “severe”. The comparisons of their time domain diagrams and spectrum
diagrams are shown in Figure 8.

Generator loss

6 T T T T T T T T

or .

0 500 1000 1500 2000 2500 3000 3500 4000
[teration
(a)

Discriminator loss
1.5 T T T T T T T T

05

Loss

05 i

2 L 1 1
0 500 1000 1500 2000 2500 3000 3500 4000
Iteration

(b)

Figure 7. Loss function curves of ACWGAN-GP model. (a) Generator loss function. (b) Discriminator

loss function.
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Figure 8. Comparison of generated actuator leak signal and original fault signal. (a) Generated
sample signals. (b) Actual fault signals.

Figure 8 shows that the fault samples generated using the trained improved GAN
model are highly similar to the original fault sample. In the time domain diagram, the
pressure waveforms of the generated signal and fault signal are highly consistent. In
the energy diagram and spectrum diagram, the generated signal and fault signal have
extremely similar energy distribution trends. Therefore, the generated samples can be used
as experimental data to conduct subsequent fault detection and analysis.

To further discriminate the similarity between the generated sample and real sample,
we calculated the Pearson correlation coefficient (PCC) [40] and cosine similarity (CS) [41]
between the generated and real samples. PCC represents the correlation between the
generated and original samples. In general, a PCC greater than 0.5 indicates a significant
correlation. Moreover, CS evaluates the similarity of the probability distribution of the data
by calculating the cosine of the angle between the two sample vectors. The values of PCC
and CS range between zero and one. The higher the value, the greater the similarity.

According to Table 4, the PCC values of the generated samples are all greater than 0.6, and
the CS values of the generated signals and original signals are all higher than 0.8, indicating that
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the distribution of the generated data is highly similar to that of the original data. According to
the above comparisons and analyses, the improved GAN model can generate new samples that
are highly similar to the original samples.

Table 4. PCC and CS values calculated for seven types of generated data.

Sample Class 0 1 2 3 4 5 6
PCC 0.725 0.738 0.652 0.803 0.665 0.692 0.745
CS 0.822 0.835 0.804 0.824 0.872 0.832 0.855

4. Comparative Analysis of Fault Detection Methods under Imbalanced Data
4.1. The GAN-LSTM Fault Diagnosis Method

To test the validity of the generated fault data as well as test the fault diagnosis method
under the data imbalance status and determine the relationship between its classification
ability and the data imbalance status, a GAN-LSTM fault diagnosis method was used to
analyze the change in diagnosis accuracy.

The LSTM neural network is a deformation of the recurrent neural network (RNN).
The internal structure of the RNN is a ring-shaped circuit structure that can retain a certain
degree of time information inside the network cycle.

Theoretically, it is at the point of time f; that neurons input their internal information
to the neurons at the next time position ¢;,; so that the input information and output
information of the neurons at the time point ; can hide the impact of all time points before
the previous time point, forming a feedback structure similar to a ring.

However, in the actual application scenario of the RNN, when the distance between the
time point f; and t;.;, is too large, t; is not able to map the input and output characteristics
of the point. This can lead to issues in RNNs called gradient disappearance, gradient
expansion, or explosion problems, otherwise known as long-term dependencies [42].

This problem is solved by the LSTM network algorithm proposed by Abadi [43]. The
LSTM network uses gate units. Through the door unit, they can control the transmission
rate in historical information dissemination in the RNN, which solves the problem of
gradient explosion caused by excessive distance. Now, this method is very popular in the
fault detected field [44-47]. The mathematical expression of the LSTM model is:

ft = O’(Wf'[xt, ht_ﬂ + bf)
ir = (Wi [xt, by 1] + b;)
0 = O'(Wo'[Xt, ht—l] + b0> (10)
¢t = tanh(We-[x¢, hy_1] + be)
ct = frkcp1+irxct
hy = o * tanh(ct)

In the formula, # is the time unit, x; is the input of the LSTM network, h; is the output of
the hidden layer of the network structure. ¢ is called the unit state; it is a unique structure
in the LSTM network. It is used to preserve information, forget information, or control
the flow of information to pass the information to the subsequent neuron cells. The first
three functions are the gate structure introduced just now, namely through the forgotten
gate f;, input gate i;, and output gate o;. They are used to assist ¢; through these three
gate units, realize, delete, or add information, and control the range of output limited
between 0~1 via the sigmoid layer. When the output is 0, this means that the information
is abandoned. When the output is 1, this means that the information is recorded. o is
the incentive function, W is the weight value of the network, and B is the offset of the
network. These two parameters are optimized during the network training process. The
symbols “.” and “*” here represent matrix multiplication and point multiplication between
same-dimensional matrices (corresponding point element to the product).
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It can be seen from the formula that in the LSTM network, the information at a certain
moment comes from the information contained in hidden layer output h;_; from the last
moment and input x; at this moment. Additionally, a certain unit status c;, is controlled by
the last moment unit status ¢; 1 and related state c;. ¢;_1 is related to the forgotten gate f,
and input gate i;. The output of the hidden layer h; is obtained by the current status ¢; and
the output gate o;. The internal unit structure of the LSTM network is shown in Figure 9.

co1 ¢

>

h t-1

| h;
>
N\ J

Xt

Figure 9. LSTM internal unit structure.

The LSTM classification model used in this article was based on TensorFlow deep
learning architecture. During the training process, the adaptive momentum measurement
method was used to optimize network parameters. Network training and testing were
accelerated by the GPU. The specific network parameter settings are shown in Table 5. The
training sample of the LSTM network was chosen as a different data imbalance.

Table 5. The parameters of the LSTM network.

Parameter Number
Epoch 100
Lr 0.0001
Batch size 800
Optimizer Adam
Activation ReLu

During the LSTM training for fault classification, five hundred normal samples and
six fault samples were selected as the training dataset to simulate the imbalance between
the samples under the normal status and fault status. The signals to be classified in the test
set contained 200 samples for each type of signal. The specific parameters of the samples
are shown in Table 6.

Table 6. Data settings for fault detection under imbalanced data.

Sample Class 0 1 2 3 4 5 6
Training set 500 5 5 5 5 5 5
Test set 200 200 200 200 200 200 200

In this situation, the accuracy of the LSTM was 16%, unable to distinguish between
faults and the normal state, and it diagnosed all fault classes as the normal class. We can
say that the data imbalance led to a failure of the LSTM in fault identification.
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We examined whether the accuracy of fault diagnosis was affected by the data imbal-
ance. Therefore, after the sample sets were simulated according to the settings in Table 6,
the number of available training sets was increased by gradually increasing the number of
generated fault samples in the training sets, and then the increased fault dataset was used
for fault diagnosis.

The data generated each time improved the balance between the normal data and
fault data, defined as the balance ratio (BR) of the dataset. BR can be expressed as:

BR = Sampleyy, /Sampleps; (0 < BR < 1) (11)

In Equation (11), Spmaj and Syiin represent the majority and minority class samples
in the training set, respectively, which included the data from the normal status dataset
and those related to the six types of faults of the aircraft hydraulic system from the fault
status dataset.

BR was gradually improved by increasing the generated data samples to Syin. Thus,
BR indicated the change in performance due to data generation. Moreover, as BR became
larger, the data balance increased.

Subsequently, the relationship between the classification capabilities of the LSTM
algorithm and the data imbalance was tested again based on the data in Table 7 using the
different BR rate data sets to train the LSTM network. The confusion matrixes are shown in
Figure 10. The BR rates were 0.01, 0.04, 0.2, and 0.8.

Table 7. Range of variation of BR.

Generated Data 0 5 15 35 75 95 195 295 395 495
Training set 5 10 20 40 80 100 200 300 400 500
BR 0.01 0.02 0.04 0.08 0.16 0.2 0.4 0.6 0.8 1

According to Figure 10a, when BR = 0.01, all fault samples were discriminated as
normal, and the accuracy was 14.2%, that is, the LSTM algorithm could not discriminate
any fault sample and regarded all test samples, including the fault samples, as normal
samples. In Figure 10b, BR = 0.04, and the accuracy rate was 65%. The diagnosis accuracy
rate was significantly improved, indicating that with increase in the minority sets, the BR
was improved, and consequently, the accuracy was improved significantly.
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Figure 10. Cont.
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Figure 10. Confusion matrices classified by LSTM algorithm for different BR values. (a) BR = 0.01.
(b) BR = 0.04. (<) BR =0.2. (d) BR = 0.8.



Aerospace 2023, 10, 164

18 of 26

However, the figure shows that many fault data were still identified as normal data.
Because the 1-2, 34, and 5-6 faults were highly similar, the proportion of wrong discrimi-
nation was higher than that for other faults. In Figure 10c, BR = 0.2, and the accuracy rate
was 0.89. Thus, the accuracy rate was significantly improved. The fault data were no longer
recognized as normal data. Most of the recognition errors were related to the degree of
different fault. When BR = 0.8, the data in the training set reached a balanced status and
were fully recognized. It is worth it to say that when BR = 0.8, the LSTM method could
completely recognize all faults, and all samples were correctly discriminated, as shown in
Figure 10d.

When BR = 0.01, the extremely imbalanced training set could not provide sufficient
characteristic information of the fault classes. Hence, the LSTM diagnosis model could
not discriminate the fault status from the normal status and identified all fault data as
normal data. This indicates that when the normal and fault data are severely imbalanced,
the LSTM algorithm cannot perform correct fault diagnosis. As the generated data were
continuously added to the training set, the BR value continuously increased, and the data
imbalance continuously decreased.

The LSTM diagnosis model could obtain extensive fault-related information and
fault characteristics. Therefore, the diagnosis accuracy rate increased with the BR, which
established the validity of the generated data. With increase in the generated fault data, the
accuracy rate of the fault diagnosis continuously increased. When BR = 0.8, the datasets
with seven different classifiers were completely discriminated. This shows that the GAN
algorithm can effectively improve the accuracy rate of the LSTM fault diagnosis algorithm.

Thus, the GAN-LSTM method can solve the data imbalance problem in the aircraft
hydraulic system. This result is of great significance in the actual fault diagnosis of aircraft
hydraulic systems, because wide data imbalances exist in actual engineering scenarios.

4.2. Comparison of GAN-LSTM with Other Different Fault Diagnosis Methods

The GAN-LSTM method can solve the data imbalance problem in the aircraft hydraulic
system. In this section, four other data-driven fault diagnosis methods were selected to
compare with the LSTM method. The four methods are SVM, RF, MLP, and CNN. For the
parameter and structure of these fault diagnosis methods, refer to these papers [48-52].

In this simulation process, 10 sets of experiments were conducted for the four fault
diagnosis methods mentioned above. Each set of experiments expanded the fault data
by changing the value of BR so that the fault data and normal data in the training set
gradually reached a balanced status. The data size in the test set remained unchanged. The
relationship diagram between the BR and accuracy of the LSTM and the other four fault
diagnosis methods is shown in Figure 11.

In Figure 11, by increasing the number of fault data in the training set, a balance was
gradually achieved between the normal and fault data, and the fault detection accuracy of
the five types of fault detection methods shows a gradual upward trend.

This shows that the data generation method described above can effectively replace
actual fault data for fault detection and classification. Moreover, with increase in the BR,
the accuracy of fault detection was significantly improved, which verified the effectiveness
of the proposed method. Therefore, this method can be used to generate fault data in actual
engineering scenarios, and the fault dataset can be expanded to improve the effectiveness
of the fault detection method and achieve better detection results. According to Figure 11,
the GAN-RF algorithm was least affected by the data imbalance during classification.
Additionally, the GAN-LSTM has the best accuracy of the five different methods.
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Figure 11. Relationship diagram between BR and accuracy of fault diagnosis methods.

4.3. The Quality Comparison of Different GAN Methods

In order to evaluate the condition of generating samples, in this chapter, we used three
different sample generation methods to generate new samples. These three methods were
the GAN network, Conditional-GAN network, and ACWGAN-gp method. For unity, the
internal structure of the three GAN models was the same as the structure ACWGAN-gp
in Section 2.3, and the parameters of the three networks were the same too. The fault
classification method was LSTM. We used the three different generated samples to train the
LSTM classification method. The comparison of these three generated samples is shown in
Figure 12.

From Figure 12a,b, it can be seen that when the picture of different models generates
data and the GAN network enhances the data, the characteristics of the data generated are
often simple and rough, and the noise is large. In the face of a large amount of complex data,
due to insufficient simulation capabilities, the expanded features and the initial information
gap are very large. In addition, the specific details of the data generated by the GAN model
lack smoothness and have a large randomness. The overall features are relatively simple
for producing samples, so there is an overfitting phenomenon.

From Figure 12a,c, although the samples generated by Conditional-GAN can have
the characteristics of the original data in terms of details, the generating data are relatively
sharp and not smooth. Compared with actual data, the production of the data also lacks
characteristics that can be obviously identified.

From Figure 12a,d, the data generated by the algorithm of this article can match the
category of the original data as diversified data that conform to the data distribution, and
their characteristics are still prominent, the details are random, and the data types are
diverse. Even when encountering complex correlation characteristics, the algorithm’s good
simulation capabilities can produce new data types with more complex characteristics that
do not show overfitting phenomena.
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Figure 12. Comparison of different data generation methods-generated samples. (a) Actuator
inner leakage real sample. (b) GAN generated sample. (c) Conditional-GAN generated sample.
(d) ACWGAN-gp generated sample.

To ensure that the training of these modules achieved the best results, all the trainings
models conducted 4000 Epoch for them and used RMSE as the model evaluation standard.
The RMSE can be written as the function (10):

RvsE = /Ly 2 (12)

In this function, y; represents the real data, y; represents generated data, and m
represents the sequence length of samples.

The average value of the RMSE was tested multiple times for different models as the
final evaluation results. Table 7 lists the research results of the enhancement of the network
model RMSE and other GAN enhanced models. This article enhanced the RMSE column
diagram of the network model and other GAN enhanced models. It can be clearly seen
that the algorithm of this article is better at reducing the RMSE of generated data and real
data compared to other GAN-based algorithms.

It can be seen from Table 8 that compared with the other three models, the models
proposed in this article are the highest quality, the best effect, and the lowest RMSE value.
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Compared with the best results of data generated using other models, the algorithm of this
article reduced RMSE by 25.06% on the normal data and RMSE was reduced by 39.44% on
the fault data set.

Table 8. Different model RMSE results comparison.

Sample Set GAN Conditional-GAN ACWGAN-GP
Normal sample 0.2833 0.2423 0.1327
Fault sample 0.6967 0.4933 0.3023

In order to verify whether the model-generated data were effective for fault diagno-
sis, in this section, LSTM was selected for the fault classification model. The three data
generation methods GAN, Conditional-GAN, and the method in this paper were used as
generators of samples.

Only changing the data set used in the training LSTM network, we performed simula-
tions by changing the proportion of normal data and fault data. There were three different
training methods to train the LSTM networks by changing the data sets under different
ratios: the proportion of normal data to fault data being 2:1, the proportion of normal data
to fault data being 4: 1, and the proportion being 10:1.

Then, we expanded the faulty dataset through three different data generation models
until the faulty dataset was balanced with the normal dataset. Comparing the classification
accuracy rates of the three methods, the relationship between the number of training times
and accuracy is shown in Figure 13.

Proportion 10 : 1

Proportion 2 : 1 Proportion 4 : 1
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Figure 13. LSTM classification accuracy under different ratios of normal samples and fault samples.

From Figure 12, the accuracy curve of the first 500 iterations of the model of normal
samples and fault samples, it can be seen that the accuracy rate of data sets without data
expansion was low after training.

Comparing the performance of the network model of original data training to the
data generated using the GAN model for LSTM network training, the performance of the
network model decreased, and the training process was unstable. The performance of
the network model with CGAN generated data for training improved to a certain extent.
However, as the proportion of fault samples decreased, model performance decreased
more.The algorithm in this article is the best at training, as the training process is stable,
and it has a small impact on the proportion of the data set; therefore, the effect is better.

4.4. Anti-Noise Performance Analysis of the GAN-LSTM

In the actual operating environment of the aircraft hydraulic system, there is relatively
serious noise pollution. Therefore, during the research of the fault diagnosis method, whether
this method had a certain anti-interference anti-noise ability was also an important indicator
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to measure the performance of the ACWGAN-GP method. If the generated data have
anti-interference ability, this method is more suitable for the application to real scenes. The
following Figure 14 is the pump outlet pressure signal collected from the normal state collected
from AMESIM. The length of the interception from the signal was 20 s, and the noise increase
signal comparison chart is shown after adding 90 dB and 50 dB noise to the signal.
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Figure 14. The pump outlet pressure signal under different signal-noise ratios. (a) SNR = 90 dB.
(b) SNR = 50 dB.

In order to verify the anti-noise performance of the ACWGAN-gp fault diagnosis
method, multiple groups of simulation experiments were performed in the real working
environment of the aircraft hydraulic system. In the simulation experiment, all datasets
were collected from the AMESIM aircraft hydraulic system, and all signals added different
signal-noise ratios (SNR) of white noise to imitate the environmental noise interference in
the aircraft hydraulic system in the actual work. We select different SNRs in addition to the
additional noise. In the environment of different SNRs, the ACWFGAN-GP was affected
by the noise. Among them, the SNRs of white noise in the simulation were 90 dB, 80 dB,
70 dB, 60 dB, 50 dB, 40 dB, and 20 dB.

In this simulation, the training sample was created using the expansion training set of
unbalanced training data sets. The selected expansion methods were GAN expansion and
ACWGAN-GP expansion. These two methods were used to generate new fault datasets,
and then the generated datasets were used to expand the imbalanced fault dataset to
a balanced dataset. The comparison was a real balanced dataset using all real samples.
Then, these three balanced datasets were used to train an LSTM network. The accuracy
comparison results in different noise environments are shown in Figure 15.
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Figure 15. Classification accuracy in different noise environments.

The accuracy of GAN was lower than using the real sample or the ACWGAN-gp.
When the noise was lower, SNR was from 70 dB to 100 dB. The accuracy of GAN, ACWGAN-
gp, and the real balance did not change too much. They all resisted the noise signals well,
and the accuracy did not decline significantly due to the addition of noise. When the noise
reached the noise environment of 60-40 dB, ACWGAN-gp generated data training networks
still had better anti-noise capabilities. At this stage, there was no significant decline in
accuracy. Instead, the real sample declined significantly at this stage of the network training.
Therefore, in the case of a high-noise environment, ACWGAN-gp generates data networks
that have better anti-noise resistance. When the environmental noise reaches 40, GAN no
longer has noise resistance. The accuracy declined sharply.

From Figure 15, the ACWGAN-gp generated signal is more suitable for an environ-
ment with higher noise, because the concentrated ACWGAN-gp training sample is itself
generated from random noise, which contains a certain noise component. It can be seen that
when the noise reaches a high level, such as the SNR being less than 40 dB, the classification
results are unreliable. This shows that this method is suitable for the actual environment of
the fault diagnosis of an aircraft hydraulic system, because in this environment, there is
often high noise pollution.

5. Conclusions

In this study, the ACWGAN-gp algorithm was combined with multiple data-driven
fault diagnosis methods to study the fault diagnosis of an aircraft hydraulic system under
the condition of data imbalance.

The structures of the generator and discriminator were designed, and the GAN algorithm
was improved. For validating the proposed approach, the original fault data and normal data
were acquired through modeling and simulation using Amesim software. The acquired data
were used to train the ACWGAN-gp model in MATLAB, and the validity of the generated
data was verified. Through comparison, the generated data and real data were found to be
consistent. This indicated that the generated data could be used as real data.

Simulation was conducted on GAN-LSTM fault diagnosis methods under the con-
dition of data imbalance. By analyzing the confusion matrix, it was concluded that the
accuracy rate increased with improvement in the data balance. The relationship between
the fault diagnosis accuracy and the BR under 10 conditions of data imbalance were ob-
tained by changing the BR of the training set. It can be concluded that with increase in the
BR, the accuracy rates of the LSTM and four other fault diagnosis methods used in this
paper were improved. This shows that the generated data were valid, which has immense
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research significance. Additionally, the GAN-LSTM method had a better accuracy than the
other methods.

To compare the different sample-generated methods, this paper used the GAN-LSTM
and CGAN-LSTM methods as comparable classes. Comparing the quality of the three
models, the REM value of the quality generated using this model had better performance
when generating normal samples and fault samples. The ACWGAN-gp method reduced
RMSE by 25.06% on the normal dataset and reduced RMSE by 39.44% on the fault dataset.
The ACWGAN-gp method in this article is the best in training LSTM networks, and the
training process is stable. Additionally, it has only a small impact on the proportion of the
data set, so the effect is better.

Finally, this paper considered the anti-noise performance of the GAN-LSTM. From the
simulation result, this method can resist noise if the SNR of noise is more than 40 dB. Using
the method-generated sample had a better anti-noise performance than the real sample.
The GAN-LSTM model is suitable for aircraft hydraulic system fault diagnosis when the
system is working in a high noise environment.

From this article, the improved GAN-LSTM algorithm provides an effective solution
to the data imbalance problem in the aircraft hydraulic system, and it has a good anti-noise
performance. However, this method was only verified by simulation data, not real data.
Therefore, in the case of experimental conditions, real aircraft hydraulic system failure data
should be verified in the future. At the same time, this method can accurately diagnose
faults only in a low-noise environment. When the environmental noise is too high, this
method cannot work stably, so in future work, we will consider finding a way to reduce
the system noise.
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