/
oo Resmurch
0.00 Publishing

International Journal of Modern Nonlinear Theory and Application, 2018, 7, 77-87
http://www.scirp.org/journal/iimnta

ISSN Online: 2167-9487

ISSN Print: 2167-9479

The Application of Coupled Three Order
Cumulants’ Differential Feature in Fault

Diagnosis

Wenbing Wuy, Jinquan Xiong, Yupeng Wu, Rihua Liu

Department of Mathmatics and Computer Science, Nanchang Normal University, Nanchang, China

Email: wwbysq@fjnu.edu.cn

How to cite this paper: Wu, W.B,, Xiong,
J.Q., Wu, Y.P. and Liu, RH. (2018) The
Application of Coupled Three Order Cu-
mulants’ Differential Feature in Fault Diag-
nosis. International Journal of Modern Non-
linear Theory and Application, 7, 77-87.
https://doi.org/10.4236/ijmnta.2018.72006

Received: April 29, 2018
Accepted: June 26, 2018
Published: June 29, 2018

Copyright © 2018 by authors and

Scientific Research Publishing Inc.

This work is licensed under the Creative
Commons Attribution International
License (CC BY 4.0).
http://creativecommons.org/licenses/by/4.0/

Abstract

Complex three-order cumulant has different definition forms. Different forms
conclude different information. For studying the effection of frequency in the
coupled signals to fault diagnosis, the differential method to the three order
cumulants of coupled signals is adopted. By using the differential of complex

1
three order cumulants before and after respectively, then their 15 dimen-

sional spectrum is calculated, and the results are used to fault diagnosis. The
experimental results show that, the increase frequency item in three order
cumulants after differentiated impacts on the results of fault diagnosis and the
degree of effection is relative to the differential times. And the correct rate of
fault diagnosis can be raised by changing the differential times of three order
cumulants.

Keywords

1
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1. Introduction

The High-order statistics method which has very good inhibition for various
noises is gradually becoming a new hot spot in signal processing. It is not only
nonsensitive to additive noise of auto-correlation, and also is nonsensitive to
non-Gauss colored noise. So it plays an important role in non-Gaussian, non-linear,
non-minimum phase, non-stationary, Gaussian colored noise processing.

At present, the study of High-order cumulants has been very popular in me-

chanical fault diagnosis. For instance, Shao Ren-ping and others have applied
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bispectrum to gear damage detection [1] [2] [3], and Huang Yijian and others
have applied trispectrum to fault diagnosis of speed regulating valve [4] [5],
which has obtained better effects.

The applications of high-order spectrum above are in the range of real num-
ber signal, W. R. Raghuveer and Chinese scholars such as Wang Shuxun have
made an intensive study of high order cumulants of complex signal in the
amount of coupling properties, and explicitly pointed out the different definition
forms of coupling characteristics of all kinds of complex high order cumulantes
[6] [7] [8]. The literatures [9] and [10] use the coupling properties for the fault
diagnosis of hydraulic valve. On this basis, the paper adopts the method of diffe-
rential of three-order complex cumulant, in order to change the proportion of

the frequency information in the amplitude of the coupled three-order cumulant.
1 1
Because 15 dimension spectrum can well response signals’ coupling, if 15

dimension spectrum differentiated is applied to the fault diagnosis, the perfor-
mance of three-order cumulant before or after it is differentiated can be studied.
The experiments are carried out on many types of fault, and most results im-
prove with the increase of differential times in a certain degree.

2. Three Order Cumulant and Its Differential Properties
2.1. Real Three Order Cumulant and Its Differential Properties

Let {x(n)} be a real, discrete, zero-mean and k-order stationary random

process, its three order cumulant can be defined as:

¢, (1,7,) = E{x(n)x(n+7,)x(n+1,)} (1)

. | . . .
where 7, =7, =7, then its 15 dimensional spectrum is defined as the Fourier

transform, Z.e.:

B(w)= i e, (7,7)e "

3
Let x(n) in expression (1) be coupling signal, Ze: x(n)=ZA, cos(a),.n+¢,.) ,
i=1

where ¢, =¢, +¢, and o, =, +o,, so X(n) is a coupling signal, its three-order

cumulant is

¢, (7,7,) :E{x(n)x(n+rl)x(n+72 )}

= % ’ [Cos(a’lrz oy )+ cos(7 — 0, )

(2)

+cos(o7, +w,7, ) +cos( w7, — ,7,)
+cos(m7, — o7, )+ cos (@1, — oy, ) |
where its diagonal three-order cumulant is:

cs, (r,r)=#-[cos(a)lr)+cos(a)21)+cos(a)3r)] (3)
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For x(n) Differential after:
3
dx(n)/dn = ZAia)l. cos(a)in +¢ +%]
i=1

where its three-order cumulant becomes:

_ A4 Ao0,0;

n n
e, (7,.7,) = R [cos(a)lz'2 +o,t, +Ej + cos(a)Br1 -0, +Ej

T T
+ cos(a),z'1 +w,7, +Ej + cos(a)ﬂ'1 - w,7, +Ej

T T
+ cos(wlz'1 -7, +Ej + cos(cozz'l -7, +Eﬂ

For x(n) ktime’s differential after its three-order cumulant is:

k_k_k
Al AZ A3a)l a)Z 0)3

kn kn
2 -| cos a)lz'2+a)2rl+7 +cos a)3z'1—wlz'2+?

C3y (TI’TZ) =

km km
+cos a)lrl+a)272+? +cos a)3rl—w212+7

km km
+cos a)lrl—a)3z'2+7 +cos a)zrl—a)3z'2+7

its diagonal three-order cumulant is:

A A, Ay o kn kn kn
¢, (7,7) =—2="—=="| cos OT +=~ |+ 08| @, +—~ | +C08| BT+~

4
(4)

Because of the three order cumulant of formula (3) can be considered as a

function of 7 so that it can directly be differentiated by 7, the result is:
A A A, T T T
¢, (7,7) == | @008 @7+ |+, co8| @7+ |+ @y 08| T+

after ktimes differentiation, its diagonal three-order cumulant is:

A4 [, ), Y km
e, (7,7) =22 of cos| o7 +— |+ @, cos| @,T +— |+ @) cos| 0,7 +—
2 2 2 2

©)

2.2. Complex Number Three-Order Cumulant and Differential
Properties

In Equation (1), assume that x(n2) is a Complex signal, which is
3

x(n)=Y A exp(j(@n+4)),

i=1
where ¢, =¢, +¢ and o, =0, +w,, so X(n) is a coupling signal. According to
literature (7), x(n) takes its conjugate or not, its third-order cumulant will have
different definitions, different definitions will contain different types of coupl-
ing information, seeing Table 1. In Table 1, whatever the definition, ampli-
tude of third order cumulant does not contain frequency information, taking
into account the important role of frequency information in fault diagnosis, let
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Table 1. Three order cumulant of x(n).

y(n)=dx(n)/dn, then in Table 2, cumulant of y(n) is shown in Table 1, let

1
7, =7, =7, three-order cumulant diagonal slice ¢, (7,7) can be got, and 1—
2

dimension spectrum is defined as follows:
B(w)= Y ¢y, (7,7)e™ (6).

As can be seen from the comparison of Table 1 and Table 2, after first time
differential, the amplitude of three order cumulant changes from 44,4, into
A A, A,m0,0, in two different modes of definition. Through the same analysis,
when differentiated two times, the amplitude of y(n)’s three-order cumulant be-
comes AA,Aw o,0; . So, let z(n)=dx*(n)/dn" , the amplitude of z(n)’s
three-order cumulant becomes 4 A4,4,0 wiw; in Table 3. In summary, with
the increase of differential times, the effect of frequencies in coupling signals to

the amplitude of third-order cumulant becomes greater, and the effect is the

Denfi;ti:n Definition of three-order cumulant Three-order cumulant Diagonal of three-order cumulant
Definition 1 E{x(n)x(n+7)x(n+1,)} 0 0

Definition 2 E{x"(n)x(n+1,)x(n+7,)} Ad A exp j(or +or,)+exp (o7, +ar,)] 244,4,[exp j(o7)]
Definition 3 E{x (n)x(n+7,)x (n+1,)} A4 A4[expj(or -o7,)+expj(or -or,)]  AdA4[expj(or)+expj(mr)]

Table 2. Three-order cumulant of y(n).

Definition

mode Definition of three-order cumulant Three-order cumulant Diagonal of three-order cumulant
Definition 1 E{y(n)y(n+z)y(n+z,)} 0 0
A A A 00,0, [expj(a)lr, +a,7, +7/2)
Definition 2 E{y (n)y(n+7,)y(n+7,)} 24 4, A,0,0,0,] exp j(o7+1/2)]
+expj(wor +or, + n/2)]
AAAooo|expjlor —or, —n/2 A A, Aoo0o0|expj(o,r—mr/2
Definition 3 E{y*(n)y(n+rl)y”(n+rz)} oA 3[ (@, :=m2) B0, EI: (@ /2)
+expj(or —or, —n/2)] +expj(a),r—n/2)]
Table 3. Three order cumulant of z(n).
Definition . .
mode Definition of three-order cumulant Three-order cumulant Diagonal of three-order cumulant
Definition 1 E{z(n)z(n+‘r‘)z(n+‘r2)} 0 0
ol w0 | exp j(wz, + w,7, + kn/2
Definition 2 E{z (n)z(n+7)z(n+1,)} Ad Aol wof [ex i ] 2) 24, 4,4,0! 0,0 [ exp j(o,r +kn/2) ]
+exp j(@,7, + o7, +kn/2) | ‘ ‘
A A, A0 0l 0l | exp j(or, — o1, —kt/2 A A, A 0 0o | exp j(w, 7 —kn/2
Definition 3 E{z‘ (m)z(n+7)z (n+2'2)} 4 ’ I: (e 12) A4 ’ I: ( 1)
+exp j(o7, -0, 7k7[/2):| +expj(a)lrfk7t/2)]
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1
same in all above three definition ways. So do the affection to 15 dimension,

shown in Tables 1-3.

Through the above analysis, whatever the signal is either real or complex sig-
nal, the affect of the frequencies in coupling signals amplifies with the increases
of diffenential times in fault diagnosis, and this paper will make use of this cha-

racteristic in speed control valve’s fault diagnosis.

3. Volume Dimension

According to document [11], the box cover algorithm is used to calculate the
1
capacity dimensions of 15 dimension spectrum. The method to calculate the

similarity ratio is to let the object to be measured filled with boxes, the number
of boxes needed to fulfill the object is counted, then it is used to calculate the
object’s capacity dimension, the box size decreases from 0.1 to 0.002. If a ruler
with a length of r is used to measure a line segment with a length of Z, the ratio
of Lto ris N. For an object with Dc dimension:

N(r)x (qu S limN(r)= (lj

r r

After taking logarithm, capacity dimension is obtained:

log N (r)

D, =lim

4. Data Acquisition

The mechanical vibration component studied in the experiment is speed control
valve. Vibration signals are collected from this valve in normal state and different
fault states successively. In the experiment, 5 kinds of faults are set up artifically. In
every state, datum in each state collected depending on working oil pressure (1 - 5
MPa) is divided into 5 groups. 5 kinds of artifical faults are as follows:

Fault one: spring in back of throttle valve deformed;

Fault two: spring added with foreign objects;

Fault three: cylinder iron core pulled out in back of throttle valve;

Fault four: cylinder iron core replaced with a gasket;

Fault five: combined fault two and fault four.

The number of each group of datum used in the experiment is 1024 (Figure 1).

5. Spectrum

In order to identify fault, according to formula (2), the 21 groups of experiment
1

datum in normal state and fault state are used. All of their 15 dimension spec-

trum are drawn, and three of them are shown in Figure 2, and the Volume di-

1
mensions of these 15 dimension spectrum are calculated, as shown in Table 4.
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In Figure 2, X axis is circular frequency and the unit is 7 the vertical axis
represents the magnitude of normalized 1% dimensional spectrum, dimen-
sionless.

Then the 1l dimensional spectrum of the same above-mentioned three groups
of datum when differentiated 1, 4 and 8 times are shown in Figures 3-5. Because
the 1% dimension spectrum affected by the frequency components, as shown

above, with the increase of the differential times, spectrum peak of each data
become more and more concentrated, more and more acute. This should be the
result of frequency components affecting in three order cumulants with the in-

1
crease of differential times, the 15 dimension spectrum peak distribution of

location, density and strength have become more and more obviously distinctive
between two groups of datum in normal state and fault state.

Figure 1. Speed control valve.
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Figure 2. 1% dimension spectrum of primary datum in definition 2. (a) Normal state;

(b) Fault 1 state (3 MPa); (c) Fault 1 state (5 MPa).
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Figure 3. 1% dimension spectrum of datum differeniated in definition 2. (a) Normal

state; (b) Fault 1 state (3 MPa); (c) Fault 1 state (5 MPa).
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Figure 4. 15 dimension spectrum of datum after differeniated 4 times in definition 2.

(a) Normal state; (b) Fault 1 state (3 MPa); (c) Fault 1 state (5 MPa).
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Figure 5. 1% dimension spectrum of datum after differeniated 8 times in definition 2.

(a) Normal state; (b) Fault 1 state (3 MPa); (c) Fault 1 state (5 MPa).

Table 4. Capacity value of 1% dimension in both normal state and fault 1 state after

differentiated 8 times.

Normal
1.1910 1.1747 1.1796 1.1716 1.2193 1.1820 1.1178
state
Fault 1
tat 1.1513 1.2631 1.1052 1.1516 1.1470 1.1299 1.1636
state
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6. The Experimental Results

In order to effectively distinguish faults, fractal theory is used as a tool to calcu-
late the capacity dimensions of complex signals 15 dimension spectrum, and

all the datum which include above three different definition forms both in nor-
mal and fault state are calculated, the complex signals are obtained from original
signals through Hilbert transform [12].

1
1): In definition two, the capacity dimensions of dotum’s 15 dimension

spectrum (a total of 21 data, the 10 groups of normal state, 11 groups of fault one)
are calculated, as shown in Table 4. In order to effectively observe the results,
they are drawn with Excel Data Point-fold Line Chart in Figure 6. The X-axis of
Figure 6 represents the number of data, and the Y-axis represents the capacity
dimension calculated, dimensionless. As can be seen from Figure 6, the capacity
dimensions of signals in normal state and fault state are difficult to distinguish in
the whole. Then so do the definition one and definition three, the results are al-
most the same as Figure 6. Furthermore, the same steps are performed to real
signals (without Hilbert transform). The result is still the same. All the above
experimental results prove that, only depending on traditional spectrum analysis,
some faults are difficult to distinguish. Then the differential method is adopted,
after repeating the above steps, the results are shown in Figure 7. As shown, the
numerical values of capacity dimension in normal state and fault state are still
difficult to separate in the whole. Continue to increase the differential times,
Figure 8 shows the results of 4 times. As can be seen in Figure 8, the discerni-
bility degree of capacity dimensions gets better. In Figure 8, the fourth data of
normal state points is designated as threshold, that is to say, if capacity dimen-
sion is greater than or equal to 1.1747, this group of data is judged as normal
state, else judged as fault one state, According to this approach, the number
misjudged in normal state is 1, and in fault one state is 5, the correct rate in total
is 70%. When the differential times reach 8, the results are shown in Figure 9.
The same method is adopted as Figure 8, the tenth data point of normal state is
chosen as the threshold value, if capacity dimension is greater than or equal to
1.1558, this group of data is judged as normal state, else judged as fault one state,
the number misjudged in normal state is 1, and in fault one state is 2, the correct
rate in total is 85%. If continuing to increase the differential times, its correct
rate does not rise, or even declined. In the whole, diagnostic correct rate firstly
increases with the increase of differential times, reach a maximum, then even
drops.

2): The same experiments are done in definition one, and when the differen-
tial times is 5, the diagnostic correct rate reaches the maximum value of about
70%. The obtained results of definition three are better than that of definition

one, but worse than that of definition two.
7. Analysis of Experimental Results

1
According to Literature (7) and (8), 15 dimensional spectrum can reflect well
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the signal frequency coupling features, and capacity dimension is used to calcu-
late the similar ratio of complex graphics. In this paper, normal data or fault data

1
is considered as one group respectively, capacity dimension of 15 dimensional

spectrum which contains the coupling properties is used to judge the differences
in self similarity between the above two groups of datum. For fault one state, the
experimental results show that, according to definition two mode, the best effect
is reached, but in definition one mode is not so. As can be seen in Tables 1-3, in
definition one mode, both three order cumulant and its diagonal slice are 0, but

in definition two, diagonal slice of cumulantis 24,4, 4,0,0,0, [exp J (a)3r +n/ 2)} .

And with the increase of differential times, the amplitude becomes 4,4, 4,0 ®; ®; .
Because diagnostic results get best after differentiated eight times, so it can be
deduced that the frequency factors differented in amplitude do play a role in
fault diagnosis. Fathomer, it can also be inferred that the frequencies difference
must exist between normal state and fault one state, so with the increase of diffe-
rential times, the differences become more obvious. The same experiments are
carried out on other types of fault, and most results improve with the increase of
differential times in a certain degree, but for a few of the above faults, the correct
rates only improve little, even reduce. Considering the above experimental results,
it can be extrapolated that, because of the complexity of mechanical vibration
signals, only one coupling theory cannot fully explain their characteristics. Even so,
the differential method in this paper succeeds in a certain degree. Because diffe-
rential times are not limited, the methods provide an infinite choice of fault diag-
nosis. In Table 5, the highest correct rates comparison of three methods is listed.

8. Conclusion

The different definition forms of complex three order cumulants must contain

2 127

T 126 i

g 125 A\ - —

2 124 N\ ey S a

5 /\ / —~ — > B —— —e—normal state
E 1.23 = V va — < —a—fault one state|
> 1.22 - =

5 121

&

(=%

8 1 2 3 4 5 6 7 8 9 10 11

Datum (group)

Figure 6. Simulation result of primary datum both normal state and fault 1 state in de-

finition 2.
: 12
ERR S N |
g 123 — Ny |
3 1.20 = R G RN ~ A ‘
g 118 S\E=a / \Y/}" | |[—e—normal state
S } %461 Z \\ // | —=—fault one state
z 1.12 N
g 1.10 4
& 1.08
Q 2 4 5 6 7 8 9 10 11
Datum (group)

Figure 7. Simulation result of datum differentiated both normal state and fault 1 state in

definition 2.
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Figure 8. Simulation result of datum differentiated 4 times both normal state and fault 1
state in definition 2.
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Figure 9. Simulation result of datum differentiated 8 times both normal state and fault 1
state in definition 2.

Table 5. The highest correct rates comparison of three methods.

Method Method in literature 10 Method in literature 13 Method in this paper

highest correct rate 85% 80% 95%

1
different coupling information, which is bound to react to the IE dimension

spectrum derived from it. In the paper, differential operation is first performed
on complex coupling signals, then the amplitude of three order cumulants de-
rived from these differentiated signals includes the frequency components in the
primary coupling signals, and these components are enlarged with the increase

1
of differential times, afterwards, 15 spectrums are obtained. Fault diagnosis

1
based on computing capacity dimension of IE spectrum is performed, the re-

sults show that the frequency components included in three order cumulants af-
ter differentiated help to improve fault diagnostic correct rate.
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