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Abstract. High order spectrum is a powerful tool for processing the nonlinear and non-Gaussian
signals of rotating machinery. As one typical representative of high order spectrum, the bispectrum
analysis method has been used widely due to its advantages of low order and effective algorithm.
However, traditional bispectrum analysis method based on single channel information often
results in inconsistent fault feature extraction results while analyzing the phase coupling of
complex vibration signals collected from two different measurement directions at the same
measurement point, which will have great negative impact on subsequent rotor dynamic balancing
experiment requiring phase information or fault diagnosis. The full vector spectrum analysis
method based on dual channel homologous information fusion is an improved method of original
two classical homologous information fusion methods (holographic spectrum and full spectrum),
which could extract the dual channel fusion features while preserving the original information
effectively. To overcome the shortcomings of traditional bispectrum and take advantages of full
vector spectrum, a novel bispectrum analysis method based on full vector spectrum analysis is
proposed. The proposed method could integrate the dual channel signal information effectively to
display the secondary phase coupling comprehensively and accurately, fully reflect the nonlinear
feature information contained in the signal, and provide accurate and reliable basis for feature
extraction and fault diagnosis in the next step, whose effectiveness and advantage are verified
through simulation and experiment.

Keywords: bispectrum, dual channel homologous information fusion, full vector spectrum, phase
coupling, fault diagnosis.

1. Introduction

Vibration signal processing methods have been used widely in fault diagnosis [1]. However,
most of the vibration signal processing methods are based on single channel, and these methods
have the disadvantage of missing information, which leads to one-sided diagnosis results. To solve
the about problems, kinds of information fusion methods have been proposed, which could be
divided into two main categories: feature level fusion and data channel level fusion.

In terms of feature level fusion research, a feature extraction method for mixed faults of
inter-shaft bearing based on homologous information and Hjorth parameters is proposed [2]. A
multi-information fusion axial attention mechanism is proposed [3], which extracts the feature
channel information and the number axis location information simultaneously, retaining and
highlighting the response of key fault features while suppressing interference information.
Multimodal homologous features of the gearbox vibration measurements are first separated in
time, frequency and wavelet modalities, respectively, a Gaussian-Bernoulli deep Boltzmann
machine (GDBM) without final output is suggested subsequently to learn pattern representations
for features in each modality [4]. A multi-sensor feature-adaptive synchronous weighted fusion
algorithm for blade crack damage identification is proposed [5], which combines the advantages
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of data-level and feature level fusion. To solve the problem of the previous root cause diagnosis
methods ignoring the more crucial temporal information between multisensory time series, a novel
root cause diagnosis method named as multisensory time-series causality discovery is proposed
for industrial processes fault diagnosis [6]. Unfortunately, information fusion at the feature layer
is highly likely to result in the loss of key features buried in the original signal [7]. Besides,
machine learning is the necessary subsequent step of information fusion at the feature layer to
realize fault diagnosis, which leads to low efficiency and has great limitations in engineering
applications.

Compared with feature level fusion, data channel level fusion could preserve the original
information more effectively while providing comprehensive feature information. Holographic
spectrum [8], full spectrum [9] and full vector spectrum [10] are the typical representations of the
data channel level fusion. As pointed in reference [11], both the Holographic spectrum and full
spectrum have the limitations in expression of maps. Though full vector spectrum solves the above
shortcomings of holographic spectrum and full spectrum to some extent, it does not have the
ability of fusing nonlinear, non-stationary vibration signals due to the reason that it only takes
Fourier transform to obtain the fault feature information. To address the above issue of full vector
spectrum, kinds of nonlinear time-frequency analysis methods such as empirical mode
decomposition (EMD), wavelet transform (WT) and so on have been proposed based on or
combined with full vector spectrum: The local characteristic-scale decomposition is combined
with full vector spectrum for gearbox fault diagnosis [12]. A bivariate full vector envelope
technique by combining full vector spectrum with complex local mean decomposition is proposed
to extract fault feature of rotor [13]. Although its excellent virtues in nonlinear and non-stationary
signal processing, EMD has its own inherent problems such as lack of complete theoretical basis,
mode mixing, and long computation time etc. [14]. As for WT, it is a non-adaptive decomposition
method, whose basic functions and thresholds depend on subjective experience [15]. As one of
the non-stationary signal processing methods, high order spectral analysis is a powerful tool for
analyzing nonlinear and non-Gaussian signals. It can describe quantitatively the nonlinear phase
coupling in signals [16-17]. Among the high-order spectral analysis methods, bispectrum has the
lowest order and the simplest processing. Meanwhile, bispectrum contains all the characteristics
of high-order spectral, making it being the most widely used high order spectral method in fault
diagnosis [18-22]. Inspired by the aforementioned improved full vector spectrum methods and the
advantages of bispectrum, this paper attempts to combine the full vector spectrum with
bispectrum, and proposes a bispectrum analysis method based on dual channel homologous
information fusion. Feasibility and effectiveness of the proposed method is verified through
simulation and experiment. The main innovations of the paper are as follows:

1) The shortcomings of traditional single channel information based bispectrum analysis
method in analyzing phase coupling phenomenon existed in complex signal is verified.

2) Based on the concept of full vector spectrum, a novel bispectrum analysis method based on
dual channel homologous information fusion is proposed, which not only retains the ability of
bispectrum in analyzing nonlinear signals but also has effectiveness and advantage in analyzing
phase coupling phenomenon existed in complex signal.

The rest of the paper is organized as follows: Section 2 is the basic theory. Section 3 and
Section 4 are the simulation and experiment to verify effectiveness and advantage of the proposed
method. Conclusion is obtained at Section 5.

2. Basic theory
2.1. Full vector spectrum

The rotor exhibits vortex phenomena under the combined action of various harmonic
frequencies, and its vortex trajectory is the superposition of a series of ellipses, which represent

the axis trajectory of the rotor under different rotational harmonics. As shown in Fig. 1, the major
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axis of an ellipse is defined as R, under various rotational harmonics, which is named as principal
vibration vector. The short axis of an ellipse is defined as Rgj, which is named as auxiliary
vibration vector. The angle between the principal vector and the x-axis is @, and the phase angle
is ¢4 while the axis moves along an elliptical trajectory. The motion trajectory of the rotor axis
under single harmonic could be determined uniquely and accurately by the above four parameters.
The elliptical motion trajectory of the rotor under single harmonic can be regarded kinetically as
the synthesis of two circular trajectories with the same frequency but in opposite precession
directions. Among them, the circle that coincides with the precession direction of the rotor itself
is called the positive precession circle, and its radius is represented by X,;. The circle opposite to
the direction of rotor precession is called the anti-precession circle, and its radius is represented
by X.i. The initial phase angles of two circles are represented by ¢, and ¢, respectively. The
rotation frequency of the two circles is equal to the rotation frequency of the rotor itself.

Fig. 1. Axis trajectory of a composite ellipse with two circles

The relationships among the above-mentioned parameters are as following:

1
Pak = (Ppk, ( )

The numerical calculations of full vector spectrum are as follows:

Suppose {x,,} and {y,,} (n = 0,1,2, ..., N — 1) are the discrete sequences in x and y directions,
and their Fourier transforms (FTs) are represented by {X;} and {V;} (k =0,1,2,...,N — 1), in
which Xgpr, Xk, Yri, Vi are the real part sequence and imaginary part sequence of X, and Yy,
Then:

X = X {yck = Yrk»
k=012,...,N—1). 2

{xsk = X Ysk = Y ( ) @
Construct complex sequence {z,} by using {x,,}, {y,.}:

{Zn} = {xn} + ]{yn} 3)

Apply FT on Eq. (3), and the following equation could be obtained by using the characteristics
of FT:

1
Xk = E[Zk + Z;\}_k],
i (k=012,...,N —1). (4)
Y = _E[Zk —Zy-il,
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Let Zgy, Z;i represent the real part sequence and imaginary part sequence:

_ Zpk + Zr(n-k) 4 Zik — Zin-1

k > J > = Xpre + j X1 y
=012,...,N—1). 5
Zie+Zin-1y . Zrk — Zr(n-k) . ( ) ®)
k= 5 —J > = Yre + jYie

The following relationships could be obtained based on the above equations:

Zpk + Zrv-) Zik + Zyn-1
X =5 Yoo =——> . ]
=012,...,N—1).
= Zye — Zin—i) _ Zr(n-k) — ZRk ( ) ©)
sk — 2 i Vsk = 2 ’
Then:

Zric = Xck — Vsko

Zye = Xsk + Yero N

Zr(N—k) = Xcke + Ysro (k =01z,.. o T 1)’ )

Zyn—k) = Yek — Xskor

1, 1
Xpr = N ey tZp = N 1Z |,
1 [ - 1

Xk = ﬁ\/zR(N—k) +Zin-i) = 2N 1Zy—kl, N
! k=012,..,~—1), ®)

tgPpx = Z_ = t8¢Pq,

Rk
Zin-k
tg(prk = _Z(—)f
R(N=K)
1
R = Xpre + Xpe = WHZH +1Zy_il],
1 N
Reje = Xpie = Xpie = 51241 = 12y 41, <k = 0,12, 1). ©)
Par = (ppkl

2ax = Ppk — Pric
2.2. Bispectrum

Let {x(n)} be k order stationary stochastic process with zero mean, and its k order cumulative
is defined as:

Crex (T1) vy Ti—1) = cum{x(n), x(n + 74), ..., x(n + 731 . (10)
If ¢y (T4, .., Tx_1) is accumulative absolutely:
Z z |ckx (Taeer Thor )| < 0. (11)
T1==%©  Tg—1=-00

Then the k-order cumulant spectrum is defined as the k — 1 dimensional discrete Fourier
transform of the k-order cumulant, i.e:

JOURNAL OF VIBROENGINEERING. FEBRUARY 2025, VOLUME 27, ISSUE 1 8 1



BISPECTRUM ANALYSIS BASED ON DUAL CHANNEL HOMOLOGOUS INFORMATION FUSION AND ITS APPLICATION IN FAULT DIAGNOSIS.
BANGCHUN CHEN, HONGCHAO WANG

oo o0 k-1
Six(Wg, .0, Wp_q) = Z Z Cix (T1) ooy Ti—1)EXP [—jz w;T;| < oo. (12)
Ti=—c0 Tk—1=—® i=1
Bispectrum k = 3:
By(wy, w;) = Z Z Cax(Tq, Tp) e/ (1@1¥T202), (13)
T{=—00 Ty=—00
Bispectrum has the following characteristics:
1) Bispectrum is complex value, and it has amplitude and phase:
By (w1, w;) = |By(wy, wp)|expljpp(wy, w,)]. (14)
2) Bispectrum is double periodic function with period 27:
B, (w1, w;) = By(w, + 21, w, + 2m). (15)

3) Bispectrum has the following symmetric form:

By (w1, w;) = By(wy, ) = Bx*(_wp—wz) = Bx*(_wz, —w,)
= By(—w; — Wy, w;3) = By(wy, —w; — wy) (16)
= By(—w1 — Wz, w1) = By(wy, —w; — wy),

in which * represents complex conjugation.

Bispectrum estimation is an effective method for analyzing the quadratic phase coupling and
nonlinear characteristic information of random signals. However, the display of bispectrum
method is not intuitive enough and the computational complexity is relatively large. Therefore,
the concept of 1 (1/2) dimensional spectrum is proposed.

Let x(t) be random variable, and its third-order cumulants is represented by c5, (74, T,). The
one-dimensional FT of the diagonal slices of c5,(7q,7,) is defined as 1(1/2) dimensional
spectrum, that is C(w):

Clw) = foo wa(t)xz(t + 7)dt| e /®tdr. (17)

The Eq. (17) could be rewritten as:
C(w) = X" (w)[X(w) * X(w)]. (18)

The 1(1/2) dimensional spectrum is actually the diagonal slice of bispectrum, so it is also
known as the diagonal slice spectrum of bispectrum. It simplifies the calculation, reduces the
computational complexity, and makes the display more intuitive while retaining the excellent
performance of bispectrum in suppressing Gaussian noise.

2.3. Bispectrum based on dual channel homologous information fusion

By taking advantages of full vector spectrum and bispectrum, the bispectrum analysis based
on dual channel homologous information fusion is proposed, and its details are as follows:

Suppose {x,,} and {y,,} (n = 0,1,2, ..., N — 1) are the discrete sequences in x and y directions,
and their FT are represented by {X;} and {Y} (k = 0,1,2, ..., N — 1), Xpx, Xix»> Yrr» Yix are the
real part sequence and imaginary part sequence of X, and Y. Then the amplitudes and phases of
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the harmonics contained in signals {x,} and {y,,} (n = 0,1,2, ..., N — 1) are as follows:

_ 2 2 _ X
Ak = |Xp + Xy @xr = arctan|——), (19)
Xri
Y,
Ay = ’YRZ,C + Y35, @y = arctan (Lk>, (20)
Yric

in which Ay, Ay represent the amplitudes of harmonic k in X, Y directions, and @, @yx
represent the phases of harmonic k in X, Y directions.

According to the evaluation method of the full vector rotation energy spectrum, it is easy to
know that the fusion rotation energy of each harmonic is the sum of the fusion strength energy of
the main vibration vector R;; and the auxiliary vibration vector Rg; based on the harmonic
trajectory. Moreover, the sum of the squares of the main vibration vector R;; and the auxiliary
vibration vector Rgj, of the harmonic trajectory is equal to the square of the amplitude of the
signals in the X and Y directions, that is:

Let Eq. (22) be the amplitude information, and @, or ¢, be the phase information:

Ay = \/ng L RZ, = \/A,ch 22, (22)
X' = Ay X (oS, + isingyy,), (23)
Y'e = Ay X (cos@yy + isingy ). 24)

Apply inverse Fourier transform on {X';}, {Y'\} and the new discrete sequences {x',}, {y'n}
are obtained. The sequences {x',}, {y',,} are endowed with amplitude information fused with dual
channel homologous signals without changing the phase information contained in the signal,
which could reflect the energy intensity of each harmonic more accurately.

Apply two-dimensional discrete FT on c’3, (74, 75) and ¢'3, (74, T,) respectively, which are the
corresponding third-order cumulants of {x',} and {y',}, and the follows are obtained:

le(wl,w2)= Z Z C’3x(-[1’Tz)e_j(fla’i"'fzmz), (25)
T{=—00 Tp=—00
o o

B’y((ul,(uz): Z z C’3y(‘[1,Tz)e—j(f1w1+‘fzw2), (26)

T{=—00 Tp=—00

where B',(w;, w,) and B’} (w1, w,) are the bispectrum analysis results of {x,,} and {y,} based on
homologous information fusion, which could be estimated by using the following equations:

B (wy, wy) = X’(wl)X’(wZ)X’*(wl + w,), (27)
B'y(wy, w;) = Y @y @2y (w; + w,), (28)

in which X'(w), Y'(w) are the Fourier transform of new sequences {x',.}, {y',}, and * represents
complex conjugation.

3. Simulation

Bispectrum analysis preserves the phase and non-Gaussian information buried in the signal,
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and has a strong ability to suppress Gaussian noise. It is a powerful tool for processing a large
number of nonlinear and non-Gaussian signals of rotating machinery. However, there are still
shortcomings in bispectrum analysis. The traditional bispectrum analysis method only bases on
the single channel information processing, which will lead to inconsistencies in the structure and
energy of the bispectrum analysis results while analyzing signals from different channels of the
same origin. The following simulation verifies its above-mentioned shortcomings.

The vibration signal often exhibits strong nonlinearity when failure arises in mechanical
systems, and the quadratic phase coupling is a typical nonlinear phenomenon. Suppose that the
frequencies of three sine components are f;, f,, f3, and their phases are ¢, @,, @3. If
fz = fi+ 15 @3 = @1 + @,, then sine component 1 is generated by the quadratic phase coupling
of component 2 and 3, and this phenomenon is called quadratic nonlinearity. Therefore, the
problem of testing quadratic nonlinearity could be solved by determining whether there is
quadratic phase coupling, and bispectrum is one of the most commonly used methods for testing
quadratic phase coupling.

Supposing x and y represent two homologous signals being measured on the same location:

6
x(n) = ZAicos(anin + @),
. (29)
700 = ) BicosC@fin + 90,
i=1

where Ay =B, =A4,=B,=A,=B,=A;=B;=3, A3 =B =0.6, Ag=B; =45, f; =
30Hz, f, =80Hz, f;=fi + f, =110Hz, f, =45 Hz, f5 = 135 Hz, fg = fu + f5 = 180 Hz, ¢4,
@2, @4, @5 are the independent random variables distributed in (0, 2m), and @3 = @1 + ¢@,,
Pe = Q4+ @s.

It can be seen that both homologous signalsxandycontain 6 components with different
frequencies. Due to fa=fi+ f5, fo = fa+ f5, @3 = @1 + 92, P = @4 + @5, the component
with frequency f; is generated by component with frequency f; and component with frequency
f> through quadratic phase coupling, and the component with frequency f, is generated by
component with frequency f, and component with frequency fs through quadratic phase
coupling. In theory, all the frequency components f;, f», f3, f1, f5, f¢ participating in coupling
should appear on the bispectrum analysis result of signal x and signal y clearly.

20 @@. 20()....§ ........
© . .® . oe
g 100 .................................... E100 .......... Q; ,@ ............
Tl © 2 N ®
g [0 TR R R R R REREERRF R L:) 0,,, ............
2 ® o g ® B
2 100 2.10 ORI
D 100k i T\ ISR SR SRR
= I A
200} i SR S BT SO 200} i SR R
-200 -100 O 100 200 -200 -100 0O 100 200
Frequency f1/Hz Frequency f1/Hz
a) Bispectrum of signal x b) Bispectrum of signal y

Fig. 2. The bispectrums of signal x and signal y

The bispectrum analysis results of signal x and signal y are presented in Fig. 2(a) and Fig. 2(b)
respectively, and the bispectrum peaks of signal x appear at frequencies (45, 135) and (135, 45),
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which verifies that the frequencies involved in coupling are f;, fs and fg. The bispectrum peaks
of signalyappears at frequencies (30, 80) and (80, 30), which verifies that the frequencies involved
in coupling are f;, f, and f5. It could be concluded that the frequencies components of the two
signals x and signal y involved in coupling are not consistent based on Fig. 2(a) and Fig. 2(b).

In order to observe the bispectrum differences between signal x and signalymore intuitively,
the diagonal slice spectrum analysis of signal x and signal y are made and the corresponding
results are shown in Fig. 3(a) and Fig. 3(b), based on which the three spectral lines locating at
fa = 45 Hz, f; = 135 Hz, f, = 180 Hz are observed clearly on Fig. 3(a). Unfortunately, the
spectral lines locating at f;, f, and f; are not displayed fully due to too weak energy. Similarly,
the three spectral lines locating at f; = 30 Hz, f, = 80 Hz, f; = 110 Hz are observed clearly on
Fig. 3(b), and the spectral lines locating at f;, fs and f, are not displayed fully due to too weak
energy.

1 ; ; ; ;
3 n I mE
2 X:45 : X:180
,_d- 5_ 444444444444444444444444444 Y: 759 4444444444 -
S :
<
0 50 100 150 200 250
Frequency f/Hz
a) The diagonal slice spectrum analysis of signal x
10 T T T T
Q | | : [ | o |
E X:30 X:80 X:110 :
%.4 S Y7632 Y764 Y7637 ................ .............. -
g : : : :
< : : JJL : :
. ; e
0 50 100 150 200 250

Frequency f/Hz
b) The diagonal slice spectrum analysis of signal y
Fig. 3. The diagonal slice spectrum analysis results of signal x and signal y

It could be found that there are significant differences in energy distribution and structure on
their bispectrum analysis results between the homologous signals x and y, which could not fully
express the secondary phase coupling information in the signals. These preliminarily verifies the
problem existing in traditional bispectrum analysis based on single channel information.

The same homologous signalsxandyas shown in Eq. (29) are analysed by using the proposed
method, and the corresponding results are presented in Fig. 4(a) and Fig. 4(b) respectively. It could
be observed that the coupling frequencies are same in Fig. 4(a) and Fig. 4(b), and their spectrum
peaks all appears at frequencies (45, 135), (135, 45), (30, 80) and (80, 30), which verifies that the
frequencies involved in coupling are the six frequency components contained in the same source
homologous signals x and y, and these fully complies with the expected theoretical results.

The diagonal slice spectrum analysis results of signals x and y after dual channel information
fusion are shown in Fig. 5(a) and Fig. 5 (b) respectively, based on which the six obvious spectral
lines locating on f; = 30 Hz, f, = 80 Hz, f; = 110 Hz, f, = 45 Hz, fs = 135 Hz, f; = 180 Hz
are observed, which further indicates that all the six frequency components participate in
secondary phase coupling, and these are completely consistent with the theoretical analysis results.
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Fig. 4. The bispectrums of signals x and y after dual channel information fusion
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a) The diagonal slice spectrum analysis results of signal x after dual channel information fusion
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b) The diagonal slice spectrum analysis results of signal y after dual channel information fusion
Fig. 5. The diagonal slice spectrum analysis results of signals x and y after dual channel information fusion

Based on the above analysis, it can be concluded that the traditional bispectrum analysis
method only stays on the basis of single channel information processing, which will lead to
structural and energy inconsistencies in the bispectrum analysis results of signals from different
channels of the same origin. The reason is that due to the combined effect of various harmonic
frequencies on the rotor, there is a vortex phenomenon, and its vortex trajectory is the
superposition of a series of ellipses. When collecting vibration information in different directions
on the same section of the rotor, significant differences in frequency structure and amplitude are
inevitably generated, which leads to inconsistent results in the bispectrum analysis of signals from
different channels, thereby affecting the accuracy and reliability of feature extraction and
diagnosis. The essence of the proposed method is to introduce the full vector spectrum, one of the
information fusion techniques, into the bispectrum analysis method. Firstly, the full vector
spectrum technology is used to effectively fuse the dual channel signals of rotating machinery.

Then, through bispectrum analysis, the nonlinear features contained in the signals are fully and
accurately reflected.
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4. Experiment

The test bench is shown in Fig. 6, in which the gearbox is secondary fixed axis cylindrical
parallel gear, and the parameters of the gears are given in Table 1. The rotating speed of the motor
is 1500 RPM, and the torque is 10 N-m. The sampling frequency is 10240 Hz with the sampling
length being set as 16384 points. Machining broken teeth on the 2nd level small gear. Install
sensors in both vertical and horizontal directions on the gearbox as close as possible to the faulty

gear, and the corresponding time domain waveforms of the collected data in two directions are
presented in Fig. 7.

Gearbox

Power part
Bearing box
Programmable

brake system
Torque

sensor

a) Test bench b) The broken gear
Fig. 6. Test bench and the broken teeth gear

Table 1. Parameters of test gears

Teeth number of the Teeth number of the Teeth number of the Teeth number of the
small gear on 1st level big gear on 1st level small gear on 2nd level big gear on 2nd level
29 95 28 90

= =
£ £
< ) ) , < . , .
0 0.2 0.4 0.6 0.8 0 0.2 0.4 0.6 0.8
Time [s] Time [s]
a) Time domain waveform of the broken teeth b) Time domain waveform of the broken teeth
gear in vertical direction gear in horizontal direction

Fig. 7. Time domain waveforms of the broken teeth gear in vertical and horizontal directions

Fig. 8(a) and Fig. 8(b) are the bispectrum analysis results corresponding to the horizontal signal
and the vertical direction signal. The bispectrum peaks in Fig. 8(a) and Fig. 8(b) mainly appear at
frequencies (215, 215) and frequencies (430, 430) respectively, and the peaks at other frequencies
are not obvious. Besides, it is easy to notice that there are significant structural differences in the
nonlinear phase coupling information displayed in Fig. 8(a) and Fig. 8(b), and it is difficult to
imagine that these two images come from a group of homologous signals. Fig. 9(a) and Fig. 9(b)
show the diagonal slice spectra of the two channel signals. In Fig. 9(a), it can be clearly seen that
the frequency component of 215 Hz is more prominent. Though there are high-order harmonics
appearing in Fig. 9(a), their amplitudes are relatively smaller compared to the amplitude locating
at 215 Hz. In Fig. 9(b), the frequency components of 431 Hz and 862 Hz are prominent, while
other frequency components are not obvious. It can be seen that the main frequencies displayed

in the two diagonal slice spectrals as shown in Fig. 9(a) and Fig. 9(b) also have significant
structural differences.
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Fig. 8. The bispectrum of signals collected from horizontal and vertical directions
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Fig. 9. The diagonal slice spectrum analysis results of signals collected
from horizontal and vertical directions

The above experimental results further demonstrate the problems existing in traditional

bispectrum analysis based on single channel information: Although the two channel signals are
homologous collected on the same point with different directions, their respective bispectrum
analysis results are not consistent and cannot fully express the nonlinear phase coupling
information contained in the gearbox signal. If we only use the result of bispectrum analysis based
on single channel as the basis for extracting fault features, different results may be obtained in
different channels, which may affect the accuracy and reliability of fault diagnosis result in the

next step.
Fig. 10(a) and Fig. 10(b) are the bispectrum analysis results of horizontal direction signal and

vertical direction signal after dual channel information fusion, based on which the peaks appear at
frequencies (215, 215) and frequencies (430, 430) simultaneously, and the slight difference
between Fig.10 (a) and Fig. 10(b) is only the energy intensity distribution. In order to express the
result more intuitively, the diagonal slice spectrum analysis results of horizontal direction signal
and vertical direction signal after dual channel information fusion are shown in Fig. 11(a) and
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Fig. 11(b) respectively, based on which the two main frequencies (215 Hz and 431 Hz) are
expressed clearly, and the virtues of the proposed method are further verified.
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5. Conclusions

The article proposes a new bispectrum analysis method based on dual channel homologous
information fusion, which is based on the idea of full vector spectrum. The traditional single
channel based bispectrum method usually has the problem of phase coupling phenomenon while
analyzing complex signals in two different acquisition directions at the same measurement point,
and this phenomenon not only can be manifested in the bispectrum time-frequency diagram, but
also could be revealed much more effectively by diagonal slice spectrum analysis method. The
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proposed method could overcome the above problem effectively, and the following conclusions
could be drawn from the analysis results of simulation and experiment:

1) The proposed method achieves almost identical feature extraction results when analyzing
the phase coupling phenomenon of complex signals in two different acquisition directions at the
same measurement point after fusing the same source information. This effect can be effectively
verified on both the bispectrum analysis results and the diagonal slice spectrum analysis results
after dual channel information fusion.

2) The proposed method could extract the frequencies features of the components participating
in secondary phase coupling, and the corresponding extraction accuracy could reach 100 % in
simulation verification. In experiment verification, the extraction accuracy will be decreased
slightly due to the interference of background noise.

This article currently studies the bispectrum analysis method based on the full vector spectrum,
and plans to investigate the bispectrum analysis method based on two other homologous
information fusion methods (holographic spectrum and full spectrum), as well as other
time-frequency analysis methods based on the full vector spectrum. It is expected to further
improve the research level in data channel level information fusion.
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