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Abstract

The life prediction method based on the power spectral envelope energy and Support
Vector Machine (SVM), which is the combination of time-domain and frequency-domain,
is proposed for the key component of aircraft’s (aircraft air refrigerator) life
unpredictable problems. By first, made a long-term test for aircraft air refrigerator
through aircraft-specific life testing platform, then got a lot of acceleration parameters
which characterize the health status of the aircraft air refrigerator. Through the analysis
of acceleration parameters’ power spectrum, its power spectrum envelope energy would
be obtained. Used the power spectrum envelope energy to construct feature vector, and
designed SVM life prediction model and using this model to predict aircraft air
refrigerator’s lifetime. The research results show that the life prediction method based on
the power spectral envelope energy and SVM can achieve a good life prediction of
aircraft air refrigerator, and laid the foundation for life prediction of air refrigerator in
aircraft engineering application.
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1. Introduction

Aircraft air refrigerator is one of the key components of the aircraft's air
conditioning system [1], and its working state directly affects the permitted
temperature range of the pilot and electronic devices. Once the air refrigerator’s
function is failure during the flight of plane, this is bound to affect the normal
operation of electronic equipment and pose a great threat to the safe operation of the
aircraft. So life prediction of aircraft air refrigerator has a very important
significance and research value.

Currently, air refrigerator temperature difference (difference between inlet
temperature and outlet temperature) or expansion ratio (ratio of the inlet pressure
and the outlet pressure) is directly seen as parameters to characterize their health
status in many documents during the research on life prediction of aircraft air
refrigerator. But these parameters can suddenly change and cause a big impact on
forecast accuracy at the moment of air refrigerator failure. So, In order to more
accurately forecast air refrigerator’s life, the life prediction method based on the
power spectral envelope energy and Support Vector Machine (SVM) is proposed.
Firstly, find out characteristics when the air refrigerator is failure by means of the
analysis on the frequency-domain, treating these characteristics as a basis for
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follow-up time-domain forecast and using SVM model to predict the life of the
aircraft air refrigerator.

2. Life Prediction Theories

2.1. The Power Spectral Envelope Energy

Power spectrum is an effective way to describe the product of random vibration.
In fact, it is translated the original description of the vibration in the time domain
into the description of the vibration in frequency domain [2]. It can be better extract

the signal characteristic. If “(Y) js a function that can be performed the Fourier
transform, then:

u(v)= [ u(tle e )

-

Because (") is a real function, in general ") s a complex function, they meet
Barcelona cutting formula:

dv (2)

If “(Y) as for vibration acceleration, then the left side of the equation represents

the total energy of vibration “(Y) on an infinite range. Integral on the right side is
called the energy spectral density function. It is a non-negative real number, which
means that the energy in unit frequency.

In practice and from the mathematical sense, most of “(Y) cannot be Fourier

u(t),|t|<T
i PO
transformed. If use the truncated function Lo > to intercept“(t) , then

for a limited duration truncated function “T () can be Fourier transformed.

uT (v) = J'ZUT (te'""dt = JT u(t)e'* "dt ©)

- -7

Likewise, it also satisfies the Barcelona cutting formula,

Ix u’T (t)dt:f

—® -

2

uT (v)‘ dv (4)

Contact the truncated function, both ends of the equation is divided by 2T and let
T tends to infinity, then:

Iimiruz(t)dt:jtlim i|uT (v)|dv (5)
Tow 2T -7 T Sw 2T

Correspond to the definition of power spectral density, the right side of (5) is
called the power spectral density [3], referred to the power spectrum, and denoted as
fallows.

‘uT (v)

P (1)< fim

(6)

The power spectrum from the visible expression is a non-negative real number. It
is a volume in the frequency domain, which we can see from the derivation of the
power spectrum, and it directly responses the values at different frequencies
corresponding to the frequency domain.
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Determine the local maxima of the power spectrum P(V), the maximum points

connected by a cubic spline, to get the power spectral envelope. If Ju (o) as to the
energy density of the signal, then the power spectral envelope energy is:

e v av (7)

2.2. Support Vector Machine

SVM is a machine learning method based on statistical learning theory, which can
well solve the small sample, high dimension, over learning and local minimum
problems. It provides an effective solution for the prediction of time series [4]. The

basic idea of SVM to predict is that through a nonlinear mapping # to map the data

*into a high dimensional feature space F, and liner regression in this space, which
will transform the non-liner regression problem of low-dimensional feature into a
high dimensional feature space liner regression problem to solve. Regression
function determined by the statistical learning theory is as follows:

f(x)=(w,p(x))+b (8)

In which, ?:R" —F, ®<F ¢ js the nonlinear mapping from space R" to space

F.x e R", (W20 represents the inner product of w and “ | w is the weight
vector, ® € F b is the bias.

The traditional solution is to find a regression function f, make the empirical risk
minimization. SVM regression problem is solved by making minimal of the
experience risk and confidence risk, then the prediction model has a very good

function of approximation ability and generalization ability[5]. In (8), ?*) is

known, use the sample data (X' i ), by the following functional minimization can
be obtained the estimated values of w and b in (8).

Ro[f]1=R [f1+2]w] =T ce)+afof (9)
In which, "LV is the empirical risk, 1°I' is the confidence risk. €€ is the
experience loss of the model, €O is the loss function, & = "X =Y =" =Y js the

difference between the sample value of the predicted and the true value, S is the
sample size.
Solving (9) is equivalent to solving the following optimization problem:

1 R
min L = —WTW+CZ (& +¢)
2 j

i=1

[y - (wo(X)-b<e+e (10)
s.t.l (W,p(X ) +b-y <e+¢
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C=— .
In which, 2 % and ¢ are Lagrange multipliers. To facilitate solving,
transform the quadratic programming problem to its dual problem.
12 . .
maxJ =-=23 (a -a ) a ~a)e(X ) e(X))
2 4
+Za:(Yi—£)—Za‘(Yi+s) (11)

i=1

w=Y (a -a)p(X)

The result is i1 , “b” can be got by any one of the support
vectors into the evaluated, and then the non-linear function © will get.
F(0) =3 (a,-a)e(X,).0(X) +b (12)

Define the high-dimensional feature space transformation inner product operation

for kernel function of SVM [6]. < (X X) = @ X0 X)) "oy the variables in the
original low dimension doing kernel function operation can get its inner product in
high dimensional space, then nonlinear mapping of solving convex quadratic
programming problems is:

f(x)=3 (a, —a )K(X,X)+b (13)

3. Life Prediction Model for aircraft air refrigerator

In order to accurately predict the effective life of the aircraft air refrigerator, it should
be chosen the parameters that best characterize the air refrigerator’s health status, and on
parameters for efficient feature extraction, then use the effective feature extraction results
to the model for prediction. Finally get the remaining life of the aircraft air refrigerator.
Specific steps are as follows:

Step 1: Select parameters which could the best characterize the health status of the aircraft
air refrigerator, denoted as u(t) . Fourier transform to it, and by (6) obtained the power

spectral p(v) Ofu(t).
Step 2: The power spectral p(v) is non-negative real number, determine its local maxima,

with a cubic spline lines connecting the maxima, then obtained power spectral envelope.
By (7) obtained the envelope energy e (v) of the power spectral.

Put the power spectral envelope energy e (v) as characteristic sequence to predict the life

of aircraft air refrigerator. Contrast the e (v) change of aircraft air refrigerator in normal

operation and function failure, effectively extract the feature information of their health
status.
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Step 3: Reconstruct phase space of the power spectral envelope energy sequence, train the
SVM model and predict the life of the aircraft air refrigerator., there are three most
commonly used SVM kernel function are as follows:

Polynomial kernel: k (x,x )= (Xx,x )+t t>0,qeN

2

X - X
RBF kernel: k (x, x ) = exp(- ”—Z‘),a >0

20

Hyperbolic kernel: k (x, x ) = tanh(a(X, X ) + ), a,t IS constant.

Step 4: Put the failure time in actual test corresponding power spectral envelope energy as
the lifetime threshold of aircraft air refrigerator. In order to determine the validity of the

model compared the lifetime ™ of air refrigerator which predicted by the SVM model and

the lifetime " of the real test and according to (14) calculate the relative error.

T -T
O A (14)
-

2

4. Research on Experimental Verification

4.1. Acquisition and Pre-Processing of a Certain Type of Aircraft Air Refrigerator
Life Information

For a certain type of aircraft air refrigerator, do accelerated life test relying on a
dedicated test platform for its life prediction. Through the test, get a lot of whole life
characterization parameters of air refrigerator, including acceleration, speed, inlet
pressure, outlet pressure, inlet temperature, inlet flow, outlet temperature, outlet flow and
so on. As air refrigerator is rotating machinery, so make the radial acceleration as the
research object for the air refrigerator’s life trend analysis and forecasting, which can best
reflect the air refrigerator’s vibration. The original radial accelerations got in the test are
shown in Figure 1.
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Figure 1. The Original Radial Accelerations

In order to find a better life change trend, pretreated the original acceleration
information before, and removed significantly interfere fluctuation data during the test.

4.2. Power Spectral Envelope Energy

Calculate the power spectral envelope energy of aircraft air refrigerator’s radial
acceleration. First of all, dynamic grouping the original valid acceleration: fixed the
number of acceleration data is 300 in each group, the first group have 300 acceleration

Copyright © 2015 SERSC 69



International Journal of Advanced Science and Technology
Vol.84 (2015)

data, then slide backwards of 30 data, which constitute the second group, using the same
method, each time slide backwards of 30 acceleration data, finally received 131 groups of
full lifetime data of aircraft air refrigerator. Fourier transform for each group of data
respectively, and through (6) to calculate the power spectrum. The power spectrum of the
aircraft air refrigerator under the normal operation are basically identical, represented by
the first group of power spectrum, as shown in Figure 2; similarly, the power spectrum of
the air refrigerator in failure state is shown in Figure 3.

20

180

18
160

16
140

14

120
12
g S 100
T 10 T
8 g
g § s
8
60
6
4 40
2 20

c c c r c c c ? c ¢ ¢ c
0 50 100 150 200 250 300 350 400 450 500 0 50 100 150 200 250 300 350 400 450 500
Frequency(Hz) Frequency(Hz)

Figure 2. The Power Spectrum of Air  Figure 3. The Power Spectrum of Air
Refrigerator under the Normal Refrigerator under Function
Operation Failure

Comparing Figure 2 and Figure 3 shows, from normal operation to the function fails,
the power spectrum of aircraft air refrigerator is obvious different. Under normal

operation condition, when T =299 HZ it has obvious peak in the power spectrum, this
frequency represents the normal operation of the aircraft air refrigerator’s natural

frequency when it operate normally; when f =1%%H2 the function of the air refrigerator

was failure, its power spectrum is flat, which means the inherent frequency as the failure
of air refrigerator has been lost. This phenomenon shows that the power spectrum analysis
method can effectively extract the characteristics of the aircraft air refrigerator’s health
status.

As for the dynamic grouping of the acceleration, it makes the number of power
spectrum is more and analysis is more complicated. Therefore, it needed to further extract
characteristic of the power spectrum. Respectively using (11) for each power spectrum,
and then got the power spectral envelope energy, the power spectral envelope energy are
shown in Figure 4, a total of 131 data, and each power spectral envelope energy
representative within five minutes of health information. In Figure 4, the 123th point is
corresponds to the function failure point in the actual test of aircraft air refrigerator.
Therefore, regard the acceleration’s power spectral envelope energy equal to 50 as the
lifetime threshold line, when the power spectral envelope energy more than 50, it means
the aircraft air refrigerator function failure. Finally, used the power spectral envelop
energy as feature sequence to predict, then can obtain the predicted remaining life of
aircraft air refrigerating.
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Figure 4. The Power Spectral Envelope Energy of the Acceleration

4.3. The Test of Life Prediction Based on SVM

Make the power spectral envelope energy value of radial acceleration as a
characteristic sequence, using the SVM model for prediction of air refrigerator life of
aircraft. Specific steps are as follows:

Step 1: By phase space reconstruction of the power spectral envelope energy sequence,
and then get the input samples and output samples of SVM model.

Since the power spectral envelope energy value was a single variable sequence, while
SVM model is suitable for multivariable prediction, then need the power spectral
envelope energy sequence to phase space reconstruct. The principle of phase space
reconstruction is to control the variable number of phase space reconstruction, that is to
say, using the sequence of 1~n to predict the number of n+1, using the sequence of 2~n+1
to predict the number of n+2, and so on, then can construct the input samples and output
samples of SVM.

The test was obtained 131 power spectral envelope energy values, for easy to predict,

make the variable number of phase space reconstruction " =5 . That is, using the
sequence of the first five to predict the sixth value, using the sequence of 2-6 to predict
the seventh value, according to this method, till using the sequence of 126-130 to predict
the value of 131th, specific as shown in Table 1.

Table 1. Input and Output Sample Initially Constructed of the SVM Model

Input samples X Output samples y
1~5 6
2~ 6 7
125 ~ 129 130
126 ~ 130 131

We can see from Table 1, the dimension of input samples is 126x5, the dimension of
the output samples is 126x1. Due to the result in test of the 123th power spectral envelope
energy point corresponding to the actual function of the failure point, in order to sample
the input and output samples closer to the actual test, repeating the five sets of relatively
flat power spectrum envelope of the input energy, then the dimension of SVM input
samples is 131x5, the dimension of the output samples is 131x1, and the 123th point
corresponding the output sample point of failure, as shown in Table 2.
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Table 2. The Input and Output Sample of SVM

Input samples x Output amples y
1-~5 6
5~9 10
1~5 6
118 ~ 122 123
125 ~ 129 130
126 ~ 130 131

Step 2: Determine the kernel function of SVM, and create the training set and test set of
SVM.

Through the study of three kinds of kernel functions commonly used in SVM model,
concluded that the radical basis kernel function best, so using it in the SVM model. After
several tests, decide to use the first 20 groups as training sample for SVM model, the rest
of the groups as test sample, to verify the validity of SVM model.

Step 3: Use the SVM model to predict the life of aircraft air refrigerator.
The result of aircraft air refrigerator’s life prediction based on SVM model is shown in
Figure 5, the relative error of the prediction is 7.29 %.
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Figure 5. The Result of Aircraft Air Refrigerator’s Life Prediction Based on
SVM

As shown in Figure 5, the power spectrum envelope energy e (v) =50 is the

lifetime threshold of the aircraft air refrigerator, when the prediction exceeds 50, the
air refrigerator is deactivated. From Figure 5 we can learn, at the 125th

point, e (v) > 50, since each point represents 5min information, then predict the
.. . . . . . 125 x 5min
remaining life of aircraft air refrigerator is 1 = —————=10.42n .
60 min
Step 4: According to the relative error, to determine the validity of the model.
Based on the SVM model obtained the remaining life of the air refrigeratort =10.42n, in
the test the real lifet, =10.33n, according to equation (14) can find its corresponding error
ho.42 -10.33]
wo el

x100% = 0.87%
10.33
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The relative error of aircraft air refrigerator between predicted life and real life is
0.87%. We can see that the life prediction model designed for aircraft air refrigerator is
feasible and effective.

5. Conclusion

In this paper, the life prediction method based on the power spectral envelope
energy and SVM is proposed for aircraft air refrigerator’s life unpredictable
problems. Treating the vibration acceleration as an important parameter for the
characterization of air refrigerator’s health status and using SVM model to predict
the life of aircraft air refrigerator. The research shows that the relative error between
predicted lifetime and actual lifetime is only 0.87%. So, the life prediction method
based on the power spectral envelope energy and SVM can achieve a good life
prediction of aircraft air refrigerator and has good applications prospects.
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