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Abstract. The two-dimensional full vector spectrum method is based on dual-channel 
homologous information fusion, which can only obtain the planar cross-section vibration 
information of a monitoring point. However, rotor vibration occurs in three-dimensional space, 
and it is impossible to describe the rotor's vibration conditions in three-dimensional space using 
only two mutually perpendicular dual-channels. Besides, this limitation may easily lead to the 
omission of key fault-feature information and result in misdiagnosis. A spatial three-channel 
homologous information fusion method is proposed to address the above issues. Firstly, the 
method proves that the rotor’s spatial vortex trajectory remains elliptical in three-dimensional 
space. Subsequently, the transformation from the spatial coordinate system to the two-dimensional 
plane coordinate system is achieved through quadratic coordinate transformation, and a specific 
mapping relationship between any point in the spatial coordinate system and its corresponding 
point in the two-dimensional plane coordinate system is established. Finally, based on the theory 
and calculation principle of the two-dimensional full vector spectrum, the extraction of spatial 
three-dimensional full vector spectrum feature vectors is achieved. The superiority of the spatial 
three-dimensional full vector spectrum over the two-dimensional full vector spectrum is verified 
through simulation and experiment.  
Keywords: vhomologous information fusion, two-dimensional full vector spectrum, spatial 
vortex trajectory, three-dimensional full vector spectrum, fault feature extraction. 

1. Introduction 

Comprehensive characteristic information might not be obtained when monitoring large 
rotating machinery (such as steam turbines and compressors) using only single-channel vibration 
information, which can easily lead to misjudgment. The main reasons for this issue are as follows: 
1) Single-channel-based signal-processing methods collect only local vibration information in a 
specific direction of the rotor; the obtained information is often one-sided and incomplete, and 
cannot reflect the true vibration state of the rotor. 2) Processing the information collected by each 
sensor separately not only increases workload, but also cuts off the connection information 
between the two sensors, which may cause the loss of informative characteristics. Information 
fusion methods are effective in solving the above problems. At present, research on information 
fusion and its applications is being conducted with unprecedented breadth and depth, but there is 
no unified classification method for the hierarchical structure of information fusion. The 
commonly accepted fusion hierarchy is divided into three levels: data-level fusion, feature-level 
fusion, and decision-level fusion [1]. Data-level fusion refers to the direct fusion of raw data 
collected by sensors without any processing. The advantage of data-level fusion is that it 
maximizes the preservation of data features and details. At the end of the last century, significant 
progress was made in research on information fusion at the data level. For example, Bently 
Company in America proposed a full-spectrum analysis method based on bidirectional 
information fusion of rotors with the same cross-section [2]. Qu from Xi’an Jiaotong University 
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proposed the holographic spectrum method for information analysis of rotating machinery [3, 4]. 
The vibration research institute of Zhengzhou university proposed the full-vector spectrum 
technology for homologous information fusion of rotating machinery [5, 6], which combines the 
advantages of both the full-spectrum analysis method and the holographic spectrum method. 
However, since the 21st century, there have been few reports on research of information fusion 
technology at the data level. Furthermore, rotor vibration occurs in three-dimensional space, and 
it is impossible to describe the rotor's vibration conditions in three-dimensional space using only 
two mutually perpendicular dual-channels. Unfortunately, there is currently a lack of fusion 
methods for three-channel homologous information at the data level. 

With the widespread application of deep learning and its powerful feature-extraction and 
classification capabilities, fault-diagnosis methods based on multi-channel information fusion and 
deep learning have made significant progress. Zhang [7] used wavelet time-frequency transform 
to convert one-dimensional signals into multi-channel time-frequency information, and proposed 
a rotating-machinery fault-diagnosis method based on multi-channel information fusion and deep 
transfer learning. Liang et al. proposed a gearbox fault-diagnosis method based on 
two-dimensional time-frequency information fusion and two-dimensional CNN [8]. He et al. 
proposed a gearbox fault-diagnosis method based on automatic encoding and fusion of 
multi-channel information [9]. Chen et al. proposed a fault-diagnosis method based on 
multi-channel fusion and multi-scale dynamic adaptive residual learning, which effectively 
improved the accuracy of fault diagnosis for wind-turbine planetary gearboxes [10]. Yang et al. 
proposed a multi-sensor fusion method based on convolutional neural networks and applied it to 
bearing fault diagnosis [11]. Chen et al. proposed a multi-condition fault-diagnosis method for 
planetary gearboxes based on deep fusion of multi-source information [12]. Hou et al. proposed a 
gearbox fault-diagnosis method based on weighted fusion of multi-channel data and a deep 
transfer model [13]. Che et al. proposed a rolling-bearing remaining-life prediction method based 
on complementary empirical mode decomposition and a multi-channel network model by 
constructing such a model [14]. Cao et al. proposed a complex-domain extension network with 
multi-channel information fusion to achieve life prediction of rotating machinery under different 
operating conditions [15]. Zhang et al. developed an intelligent fault-diagnosis model for bearings 
driven by dual-layer data fusion, which was successfully used for fault-diagnosis of rolling 
bearings under time-varying operating conditions [16]. Li et al. proposed a rotating-machinery 
fault-diagnosis method based on a multi-channel fusion covariance matrix and an improved flow 
model [17]. Bai et al. proposed a rolling-bearing fault-diagnosis strategy based on multi-channel 
convolutional neural network (MCNN) and multi-scale pruning fusion (MSCF) 
data-augmentation techniques [18]. Fan et al. proposed a fault-diagnosis method using 
multi-channel time-frequency information fusion and applied it to planetary-gear fault diagnosis 
with a small training-sample size [19]. He et al. proposed an integrated transmission convolutional 
neural network driven by multi-channel signals for intelligent diagnosis of rotating machinery 
[20]. Yan et al. proposed a multi-channel information-fusion fault-diagnosis method for 
wind-power drive systems based on multivariate singular spectrum decomposition and improved 
Kolmogorov complexity [21]. Ma et al. proposed a Lanczos quaternion singular spectrum analysis 
method for multi-channel information fusion, effectively overcoming the shortcomings of 
multi-source empirical mode decomposition methods [22]. However, the above methods all 
belong to information fusion at the feature level or decision level. Although their diagnostic 
performance is better than that of data-level fusion methods, their interpretability in 
feature-extraction ability is poor. Besides, their computational efficiency is low, and they are also 
likely to cause the loss of original information. Recently, as an innovative technology, 
physical-informed neural networks [24] combine the advantages of physical equations and 
machine learning to train the “small data” mechanism, effectively improving the interpretability 
of deep learning in extracting fault features of rotating machinery, they still fall short of data-level 
fusion methods. 

Based on the above, to solve the problem of the two-dimensional full vector spectrum cannot 
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describe the spatial vortex characteristics of a rotor, and to utilize the advantages of data-level 
information fusion over feature-level and decision-level information fusion in real-time state 
monitoring, this article proposes a three-channel homologous information fusion method at the 
data level. The proposed method is not only a further extension of the two-dimensional full vector 
spectrum technology into three-dimensional space, but also exhibits better performance in 
fault-feature extraction compared with the two-dimensional full vector spectrum technology. The 
main innovations of this article are as follows: 

1) Extend the two-dimensional full vector spectral feature-extraction algorithm to 
three-dimensional space, and realize the theoretical derivation and implementation of the 
three-dimensional full-vector spectral feature-extraction method.  

2) Compensate for the lack of fusion research on three-channel homologous information at the 
data level, which overcomes the shortcoming of the two-dimensional full vector spectrum in 
describing the rotor's vibration conditions in three-dimensional space. 

3) The proposed three-dimensional full vector spectrum homologous information fusion 
method has been verified through simulation and experiments to be more comprehensive in 
extracting fault features of monitoring objects compared to the two-dimensional full vector 
spectrum method, thereby effectively improving diagnostic accuracy. 

The remaining chapters of the paper are arranged as follows: Section 2 briefly introduces the 
theory and algorithm of two-dimensional full vector spectrum. Section 3 provides a detailed 
introduction to the three-dimensional full vector spectrum and its algorithm implementation. 
Sections 4 and 5 present simulation and experimental results respectively, which verify the 
superiority of the three-dimensional full vector spectrum over the two-dimensional full vector 
spectrum in fault-feature extraction. Section 6 concludes the paper. 

2. Two-dimensional planar full vector spectrum 

The Jeffcott rotor-sliding bearing system is taken as the research object, and the rotor model 
is shown in Fig. 1. Dual-channel non-contact eddy-current sensors are arranged in a V-shape, and 
the arrangement direction of the two sensors is shown in Fig. 2. The 𝑥 and 𝑦 channels are called 
same-source, and the data collected by the two channels are called dual-channel homologous 
information. 
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Fig. 1. Rotor model diagram 
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Fig. 2. Installation method of two sensors 

The rigid rotor with steady-state vortex motion at angular velocity 𝜔 can be equivalent to the 
disk shown in Fig. 1, and the motion equation at the center of the disk can be written as follows: ൜𝑥 = 𝑋 cos(𝜔𝑡 + 𝜃௫) = 𝑥௖ cos𝜔 𝑡 − 𝑥௦ sin𝜔 𝑡,𝑦 = 𝑌 cos(𝜔𝑡 + 𝜃௬) = 𝑦௖ cos𝜔 𝑡 − 𝑦௦ sin𝜔 𝑡,  (1)

where 𝑋 and 𝑌 represent the displacement amplitudes of the rigid-disk center in the directions of 𝑥 and 𝑦 respectively (the motion schematic diagram of the rigid-disk center is shown in Fig. 3), 
and 𝑋 = ඥ𝑥௖ଶ + 𝑥௦ଶ, 𝑌 = ඥ𝑦௖ଶ + 𝑦௦ଶ. 𝜃௫ and 𝜃௬ are the phase angles in the directions of 𝑥 and 𝑦 
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respectively, and 𝜃௫ = arctan ቀ௫ೞ௫೎ቁ, 𝜃௬ = arctan ቀ௬ೞ௬೎ቁ. 
Eliminating 𝜔𝑡 in Eq. (1) yields the following motion equation of the disk center: (𝑦௖ଶ + 𝑦௦ଶ)𝑥ଶ + (𝑥௖ଶ + 𝑥௦ଶ)𝑦ଶ − 2(𝑥௖𝑦௖ + 𝑥௦𝑦௦)𝑥𝑦(𝑥௦𝑦௖ − 𝑥௖𝑦௦)ଶ = 1. (2)

According to Eq. (2), the motion trajectory of the disk center is an ellipse, as shown in Fig. 4. 
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Fig. 3. Motion schematic diagram of the disc center 

xo

y

a

x1
y1

Ra

Rb

 
Fig. 4. Elliptical motion trajectory of the disk center 

The rotor exhibits vortex phenomena under the combined action of various harmonic 
frequencies, and its vortex trajectory is a superposition of a series of ellipses, which represent the 
axis trajectory of the rotor under different rotational harmonics. At each rotational harmonic, the 
two-dimensional planar full vector spectrum defines the major semi-axis of the ellipse as 𝑅௔, 
called the principal vibration vector at that harmonic. The minor semi-axis is defined as 𝑅௕, called 
the auxiliary vibration vector at that harmonic. The angle between the principal vibration vector 
and the 𝑥-axis is 𝛼, and the phase angle is 𝜙 when the axis moves along an elliptical trajectory. 
The motion trajectory of the rotor axis under a single harmonic can be uniquely and accurately 
determined by the above four parameters. The calculation equations for the four parameters are 
shown in Eqs. (3-6): 

𝑅௔ = ඩ12 (𝑥௖ଶ + 𝑥௦ଶ + 𝑦௖ଶ + 𝑦௦ଶ) + ඨ14 [(𝑥௖ଶ + 𝑥௦ଶ) − (𝑦௖ଶ + 𝑦௦ଶ)]ଶ + (𝑥௖𝑦௖ + 𝑥௦𝑦௦)ଶ, (3)

𝑅௕ = ඩ12 (𝑥௖ଶ + 𝑥௦ଶ + 𝑦௖ଶ + 𝑦௦ଶ) −ඨ14 [(𝑥௖ଶ + 𝑥௦ଶ) − (𝑦௖ଶ + 𝑦௦ଶ)]ଶ + (𝑥௖𝑦௖ + 𝑥௦𝑦௦)ଶ, (4)

tan 2𝛼 = 2(𝑥௖𝑦௖ + 𝑥௦𝑦௦)(𝑥௖ଶ + 𝑥௦ଶ) − (𝑦௖ଶ + 𝑦௦ଶ), (5)tan𝜙 = 𝑥௖ + 𝑦௖𝑥௖ − 𝑦௦ . (6)

Based on Eqs. (3-6), it can be seen that the above four features of the two-dimensional full 
vector spectral can be obtained by obtaining 𝑥௖, 𝑥௦, 𝑦௖, 𝑦௦. 

The following equation could be obtained from Eq. (1): 𝑥 = 𝑥௖ cos𝜔 𝑡 − 𝑥௦ sin𝜔 𝑡 = 𝑥௖ cos𝜔 𝑡 + 𝑥௦ cos(𝜔𝑡 + 90∘). (7)

Apply the discrete Fourier transform (DFT) to Eq. (7) yields: 
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𝐷𝐹𝑇(𝑥) = 𝐷𝐹𝑇(𝑥௖ cos𝜔 𝑡 + 𝑥௦ cos(𝜔𝑡 + 90∘)) = 𝑥௖ + 𝑖𝑥௦. (8)

Similarly: 𝐷𝐹𝑇(𝑦) = 𝐷𝐹𝑇(𝑦௖ cos𝜔 𝑡 + 𝑦௦ cos(𝜔𝑡 + 90∘)) = 𝑦௖ + 𝑖𝑦௦ . (9)

The eigenvalues of the two-dimensional full vector spectral can be obtained by substituting 
the results from Eqs. (8-9) into Eqs. (3-6). 

3. The deduction and calculation process of three-channel space full vector spectrum 

The calculation process of three-channel space full vector spectrum is mainly divided into four 
steps, as follows: 

3.1. Step 1: necessity of studying three-channel spatial full vector spectrum 

In reality, rotor vibration is a spatial concept. To accurately reflect the spatial vibration of the 
rotor, it is necessary to add one axial sensor based on Fig. 2 for condition monitoring, i.e., three 
sensors are required simultaneously. Their specific layout positions are shown in Fig. 5. 

x

y

zRotation direction of rotor

 
Fig. 5. Installation method of three sensors 

Unfortunately, due to limited installation conditions for axial sensor, the three-sensors 
application scenario shown in Fig. 5 often has to be simplified to two sensors as shown in Fig. 2, 
meaning that only vibration information on a certain cross-section of the rotor can be obtained. 
That is, only dual-channel homologous information fusion can be achieved. However, it is 
impossible to describe three-dimensional space using only through two mutually perpendicular 
channels in the same plane. Therefore, three-channel information fusion study based on Fig. 5 is 
required. Correspondingly, a new spatial three-channel homologous information fusion method 
based on the two-dimensional full vector spectrum is proposed, and its specific processes are as 
follows. 

3.2. Step 2: proof that the axis trajectory of a rotor at any frequency is elliptical in 
three-dimensional space 

According to the theoretical basis of dual-channel information fusion, the motion equation of 
a rigid thin-disk rotor with steady-state vortex motion at angular velocity 𝜔 in three-dimensional 
space can be expressed as following: 

ቐ𝑥 = 𝑋 cos(𝜔𝑡 + 𝜃௫) = 𝑥௖ cos𝜔 𝑡 − 𝑥௦ sin𝜔 𝑡,𝑦 = 𝑌 cos(𝜔𝑡 + 𝜃௬) = 𝑦௖ cos𝜔 𝑡 − 𝑦௦ sin𝜔 𝑡,𝑧 = 𝑍 cos(𝜔𝑡 + 𝜃௭) = 𝑧௖ cos𝜔 𝑡 − 𝑧௦ sin𝜔 𝑡,  (10)

in which: 
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ቐ𝑋 = ඥ𝑥௖ଶ + 𝑥௦ଶ,𝜃௫ = arctan ൬𝑥௦𝑥௖൰ ,     ቐ𝑌 = ඥ𝑦௖ଶ + 𝑦௦ଶ,𝜃௬ = arctan ൬𝑦௦𝑦௖൰ ,      ቐ𝑍 = ඥ𝑧௖ଶ + 𝑧௦ଶ,𝜃௭ = arctan ൬𝑧௦𝑧௖൰ . (11)

To extend the two-dimensional vector spectrum to a three-dimensional vector spectrum, it is 
first necessary to prove that the axis trajectory of the rotor at any frequency is an ellipse in 
three-dimensional space. 

In Eq. (10), the following can be obtained when 𝑧 =0: 

൝𝑥 = 𝑋 cos(𝜔𝑡 + 𝜃௫) = 𝑥௖ cos𝜔 𝑡 − 𝑥௦ sin𝜔 𝑡,𝑦 = 𝑌 cos(𝜔𝑡 + 𝜃௬) = 𝑦௖ cos𝜔 𝑡 − 𝑦௦ sin𝜔 𝑡,𝑧 = 0.  (12)

According to the theory of the two-dimensional full vector spectrum, the motion Eq. (12) 
describes an ellipse. Due to the symmetry of the coordinate axes of 𝑥, 𝑦, 𝑧, the projection of the 
three-dimensional axis trajectory of the thin-disk rotor on the coordinate planes 𝑥𝑜𝑦, 𝑥𝑜𝑧 and 𝑦𝑜𝑧 
is an ellipse. Therefore, the trajectory of the disk center must be an ellipse in space or an ellipse 
lying in a spatial plane. 

Let 𝜔𝑡 be equal to 0, 𝜋/2, 𝜋 respectively, and the three different points 𝑃ଵ(𝑥௖ ,𝑦௖ , 𝑧௖), 𝑃ଶ(𝑥௦,−𝑦௦,−𝑧௦), 𝑃ଷ(−𝑥௖ ,−𝑦௖ ,−𝑧௖) on the rotor trajectory can be obtained. These three points 
uniquely determine a plane in three-dimensional space, let its expression be: 𝐴𝑥 + 𝐵𝑦 + 𝐶𝑧 + 𝐷 = 0. (13)

Substitute 𝑃ଵ(𝑥௖ ,𝑦௖ , 𝑧௖), 𝑃ଶ(𝑥௦,−𝑦௦,−𝑧௦), 𝑃ଷ(−𝑥௖ ,−𝑦௖ ,−𝑧௖) into Eq. (13) yield: 

൥ 𝑥௖       𝑦௖     𝑧௖−𝑥௦  − 𝑦௦  − 𝑧௦−𝑥௖  − 𝑦௖  − 𝑧௖൩ ൥𝐴𝐵𝐶൩ + 𝐷 = 0. (14)

Three points determine a plane according to geometric theorems, meaning that Eq. (14) must 
have a solution. According to linear-algebra knowledge, the equation only has a solution when 𝐷 = 0. Therefore, without losing generality, the plane equation can be written as: 𝐴𝑥 + 𝐵𝑦 + 𝑧 = 0. (15)

Substitute 𝑃ଵ(𝑥௖ ,𝑦௖ , 𝑧௖), 𝑃ଶ(𝑥௦,−𝑦௦,−𝑧௦) into Eq. (15), the coefficients 𝐴 and 𝐵 are obtained 
as follows: 

൞𝐴 = 𝑦௖𝑧௦ − 𝑦௦𝑧௖𝑥௖𝑦௦ − 𝑥௦𝑦௖ ,𝐵 = 𝑥௦𝑧௖ − 𝑥௖𝑧௦𝑥௖𝑦௦ − 𝑥௦𝑦௖ . (16)

Substituting Eq. (16) into Eq. (15) yields the plane equation. If the axis trajectory is a planar 
figure, then any point on the trajectory satisfies Eq. (15). Therefore, substituting any point on the 
rotor axis trajectory from Eq. (10) into Eq. (15) gives the following simplified equation: 

൝cos𝜔 𝑡(𝑥௖𝑦௖𝑧௦ − 𝑥௖𝑦௦𝑧௖ + 𝑥௦𝑦௖𝑧௖ − 𝑥௖𝑦௖𝑧௦ + 𝑥௖𝑦௦𝑧௖ − 𝑥௦𝑦௖𝑧௖)      − sin𝜔 𝑡(𝑥௦𝑦௖𝑧௦ − 𝑥௦𝑦௦𝑧௖ + 𝑥௦𝑦௦𝑧௖ − 𝑥௖𝑦௦𝑧௦ + 𝑥௖𝑦௦𝑧௦ − 𝑥௦𝑦௖𝑧௦) = 0cos𝜔 𝑡 ∗ 0 − sin𝜔 𝑡 ∗ 0 = 0.  (17)

It can be seen that the plane Eq. (15) is satisfied by any point on the trajectory of the rotor axis, 
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so the trajectory of the rotor axis in three-dimensional space is a plane curve. 
Based on the above analysis, it can be concluded that the projection of the three-dimensional 

axis trajectory of the thin-disk rotor onto the coordinate planes 𝑥𝑜𝑦, 𝑥𝑜𝑧 and 𝑦𝑜𝑧 is an ellipse, 
and the axis trajectory is planar. Therefore, the three-dimensional axis trajectory of the thin-disk 
rotor is a spatial plane ellipse, and the dual-channel full vector spectrum theory can be used to 
obtain the three-dimensional axis trajectory. 

3.3. Step 3: transformation from the spatial coordinate system to the two-dimensional plane 
coordinate system  

In general, the installation directions of sensors are 𝑥 (radial horizontal), 𝑦 (radial vertical) and 𝑧 (axial). If the spatial plane containing the axis trajectory is 𝑥′𝑜𝑦′, and 𝑧′ is perpendicular to 𝑥′𝑜𝑦′ 
and passes through the center of the elliptical trajectory, then any point (𝑥,𝑦, 𝑧) in the coordinate 
system 𝑥𝑦𝑧 where the axis trajectory lies can be transformed into point (𝑥′,𝑦′, 𝑧′) in the coordinate 
system 𝑥′𝑦′𝑧′ after coordinate change, satisfying 𝑧′ = 0, that is (𝑥′,𝑦′, 0). If 𝑥′ and 𝑦′ are 
considered as 𝑥 and 𝑦 in dual-channel information fusion, we can use dual-channel full vector 
spectrum knowledge to calculate the three-dimensional axis trajectory. 
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Fig. 6. The two transformations from coordinate system 𝑥𝑦𝑧 to 𝑥′𝑦′𝑧′: a) the first transformation of 
coordinate system; b) the second transformation of coordinate system 

As shown in Fig. 6, the transformation from coordinate system 𝑥𝑦𝑧 to 𝑥′𝑦′𝑧′ can be carried 
out in two steps: 

Firstly, rotate 𝑦𝑜𝑧 by an angle 𝜑 around the 𝑥-axis to obtain coordinate system 𝑥′′𝑦′′𝑧′′ (𝑥′′ = 𝑥). 
Secondly, rotate 𝑥′′𝑜𝑧′′ by an angle 𝜃 around the 𝑦ᇱᇱ-axis to obtain coordinate system 𝑥ᇱ𝑦ᇱ𝑧ᇱ (𝑦′′ = 𝑦′). 
By finding appropriate intermediate parameters 𝜑 and 𝜃, the trajectory represented in the 

spatial coordinate system 𝑥𝑦𝑧 can be transformed onto the coordinate plane 𝑥′𝑜𝑦′ after the above 
two coordinate transformations. 

Transformation from 𝑥𝑦𝑧 to 𝑥′′𝑦′′𝑧′′: 
Let (𝑥,𝑦, 𝑧) be any point in coordinate system 𝑥𝑦𝑧, it becomes (𝑥′′,𝑦′′, 𝑧′′) after transforming 

from 𝑥𝑦𝑧 to 𝑥′′𝑦′′𝑧′′, where the 𝑥-axis remains unchanged and both axes 𝑦 and 𝑧 rotate 
counterclockwise by an angle 𝜑. According to the coordinate rotation theorem, the transformation 
relationship is: 

ቐ𝑥ᇱᇱ = 𝑥,𝑦′′ = 𝑦 cos𝜑 + 𝑧 sin𝜑𝑧′′ = 𝑧 cos𝜑 − 𝑦 sin𝜑., (18)

Transformation from 𝑥′′𝑦′′𝑧′′ to 𝑥′𝑦′𝑧′: 
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Let (𝑥′′,𝑦′′, 𝑧′′) be any point in coordinate system 𝑥′′𝑦′′𝑧′′, it becomes (𝑥′,𝑦′, 𝑧′) after 
transforming from 𝑥′′𝑦′′𝑧′′ to 𝑥′𝑦′𝑧′, where the 𝑦-axis remains unchanged and both the 𝑥 and 𝑧 
axes rotate counterclockwise by angle 𝜃. According to the coordinate rotation theorem, the 
transformation relationship is: 

൝𝑥′ = 𝑥′′ cos𝜃 − 𝑧′′ sin𝜃 ,𝑦ᇱ = 𝑦ᇱᇱ,𝑧′ = 𝑧′′ cos𝜃 + 𝑥′′ sin𝜃.  (19)

Combining the two transformations yields the overall coordinate transformation relationship: 

ቐ𝑥ᇱ = 𝑥 cos𝜃 − (𝑧 cos𝜑 − 𝑦 sin𝜑) sin𝜃 ,𝑦′ = 𝑦 cos𝜑 + 𝑧 sin𝜑 ,𝑧′ = (𝑧 cos𝜑 − 𝑦 sin𝜑) cos𝜃 + 𝑥 sin𝜃 .  (20)

Because the trajectory is planar, 𝑧′ = 0, i.e.: (𝑧 cos𝜑 − 𝑦 sin𝜑) cos𝜃 + 𝑥 sin𝜃 = 0. (21)

Then: 𝑧 cos𝜑 − 𝑦 sin𝜑 = −𝑥tg𝜃. (22)

Substitute Eq. (22) into Eq. (20) and simplify yield: 

൞𝑥ᇱ = 𝑥cos𝜃 ,𝑦′ = 𝑦 cos𝜑 + 𝑧 sin𝜑 ,𝑧′ = 0.  (23)

Substitute Eq. (10) into Eq. (23) gives the motion equations for 𝑥ᇱ and 𝑦ᇱ: 
൝𝑥′ = 𝑥௖cos𝜃 cos𝜔 𝑡 − 𝑥௖cos𝜃 sin𝜔 𝑡,𝑦ᇱ = (𝑦௖ cos𝜑 + 𝑧௖ sin𝜑) cos𝜔 𝑡 − (𝑦௦ cos𝜑 + 𝑧௦ sin𝜑) sin𝜔 𝑡. (24)

Suppose: 

⎩⎪⎨
⎪⎧𝑥௖ᇱ = 𝑥௖cos𝜃 ,𝑥௦ᇱ = 𝑥௦cos𝜃 ,𝑦௖ᇱ = 𝑦௖ cos𝜑 + 𝑧௖ sin𝜑 ,𝑦௦ᇱ = 𝑦௦ cos𝜑 + 𝑧௦ sin𝜑 .

 (25)

Then the motion equations of 𝑥ᇱ and 𝑦ᇱ can be written as: ൜𝑥ᇱ = 𝑥௖ᇱ cos𝜔 𝑡 − 𝑥௦ᇱ sin𝜔 𝑡,𝑦ᇱ = 𝑦௖ᇱ cos𝜔 𝑡 − 𝑦௦ᇱ sin𝜔 𝑡. (26)

3.4. Step 4: extraction of spatial three-dimensional full vector spectrum feature vectors 

Eq. (26) is the axis trajectory equation of the rotor on the trajectory plane, where 𝑥௖ᇱ , 𝑥௦ᇱ , 𝑦௖ᇱ, 𝑦௦ᇱ 
are independent of 𝜔 and 𝑡. Based on the dual-channel full vector spectrum theory, if 𝑥௖ᇱ , 𝑥௦ᇱ , 𝑦௖ᇱ, 
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𝑦௦ᇱ are regarded as 𝑥௖, 𝑥௦, 𝑦௖, 𝑦௦ in the dual-channel vector spectrum theory, the axis trajectory of 
the rotor in three-dimensional space can be calculated using the dual-channel vector spectrum 
formulas. The calculation formulas for the three-channel vector spectrum feature vector can be 
obtained as follows: 

𝑅௔ = ඩ12 (𝑥ᇱ௖ଶ + 𝑥ᇱ௦ଶ + 𝑦ᇱ௖ଶ + 𝑦ᇱ௦ଶ) + ඨ14 [(𝑥ᇱ௖ଶ + 𝑥ᇱ௦ଶ) − (𝑦ᇱ௖ଶ + 𝑦ᇱ௦ଶ)]ଶ + (𝑥௖ᇱ𝑦௖ᇱ + 𝑥௦ᇱ𝑦௦ᇱ)ଶ, (27)

𝑅௕ = ඩ12 (𝑥ᇱ௖ଶ + 𝑥ᇱ௦ଶ + 𝑦ᇱ௖ଶ + 𝑦ᇱ௦ଶ) −ඨ14 [(𝑥ᇱ௖ଶ + 𝑥ᇱ௦ଶ) − (𝑦ᇱ௖ଶ + 𝑦ᇱ௦ଶ)]ଶ + (𝑥௖ᇱ𝑦௖ᇱ + 𝑥௦ᇱ𝑦௦ᇱ)ଶ, (28)

tan 2𝛼 = 2(𝑥௖ᇱ𝑦௖ᇱ + 𝑥௦ᇱ𝑦௦ᇱ)(𝑥ᇱ௖ଶ + 𝑥ᇱ௦ଶ) − (𝑦ᇱ௖ଶ + 𝑦ᇱ௦ଶ), (29)tan𝜙 = 𝑥௖ᇱ + 𝑦௖ᇱ𝑥௖ᇱ − 𝑦௦ᇱ. (30)

According to Eqs. (27-30), obtaining 𝑥௖ᇱ , 𝑥௦ᇱ , 𝑦௖ᇱ, 𝑦௦ᇱ yields the three-channel vector spectrum 
feature vector 𝑅௔, 𝑅௕, 𝛼, 𝜙. Therefore, the parameters 𝜃 and 𝜑 need to be determined to calculate 𝑥௖ᇱ , 𝑥௦ᇱ , 𝑦௖ᇱ, 𝑦௦ᇱ. 

The calculation of parameter 𝜃: From the coordinate transformation process, 𝜃 is the angle 
between the intersection line of the trajectory plane 𝑥′𝑜𝑦′ with the 𝑥𝑜𝑦 plane and the 𝑥-axis. The 
equation for the intersection line of plane 𝑥′𝑜𝑦′ and coordinate plane 𝑥𝑜𝑦 is 𝐴𝑥 + 𝐵𝑦 = 0, so the 
angle 𝜃 can be expressed as: 

tg𝜃 = −𝐴𝐵, (31)

in which: 

൞𝐴 = 𝑦௖𝑧௦ − 𝑦௦𝑧௖𝑥௖𝑦௦ − 𝑥௦𝑦௖ ,𝐵 = 𝑥௦𝑧௖ − 𝑥௖𝑧௦𝑥௖𝑦௦ − 𝑥௦𝑦௖ . 
The calculation of angle 𝜑: Based on the coordinate transformation process, 𝜑 is the angle 

between the trajectory plane 𝑥′𝑜𝑦′ and 𝑥𝑜𝑦. The trajectory plane is obtained by coefficients 𝐴 and 𝐵. The equation for coordinate plane 𝑥𝑜𝑦 is 𝑧 = 0, and angle 𝜑 is obtained as: 

cos𝜑 = 1√𝐴ଶ + 𝐵ଶ + 1. (32)

At this point, all characteristic formulas for the elliptical motion of the rotor center along the 
spatial plane have been obtained. In addition, only 𝑥௖, 𝑥௦, 𝑦௖, 𝑦௦, 𝑧௖, 𝑧௦ need to be determined to 
obtain all the above-mentioned feature vectors of the three-dimensional full vector spectral. 

The following equation can be obtained based on Eq. (10): 𝑥 = 𝑥௖ cos𝜔 𝑡 − 𝑥௦ sin𝜔 𝑡 = 𝑥௖ cos𝜔 𝑡 + 𝑥௦ cos(𝜔𝑡 + 90∘). (33)

Applying DFT to Eq. (33): 
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𝐷𝐹𝑇(𝑥) = 𝐷𝐹𝑇(𝑥௖ cos𝜔 𝑡 + 𝑥௦ cos(𝜔𝑡 + 90∘)) = 𝑥௖ + 𝑖𝑥௦. (34)

Similarly: 𝐷𝐹𝑇(𝑦) = 𝐷𝐹𝑇(𝑦௖ cos𝜔 𝑡 + 𝑦௦ cos(𝜔𝑡 + 90∘)) = 𝑦௖ + 𝑖𝑦௦ , 𝐷𝐹𝑇(𝑧) = 𝐷𝐹𝑇(𝑧௖ cos𝜔 𝑡 + 𝑧௦ cos(𝜔𝑡 + 90∘)) = 𝑧௖ + 𝑖𝑧௦. (35)

The three-dimensional full vector spectral feature vector 𝑅௔, 𝑅௕, 𝛼, 𝜙 can be obtained by 
substituting the obtained 𝑥௖, 𝑥௦, 𝑦௖, 𝑦௦, 𝑧௖, 𝑧௦ into Eq. (25) and Eqs. (27-30). 

4. Simulation 

The same-source three-channel information of a large rotor in the same spatial section is 
simulated using Eq. (36), with signal unit in μm (micrometers). Assume the alarm value of the 
unit is 100 μm and the danger value is 130 μm, the highest analysis frequency is set as 200 Hz. 
The sampling frequency for the simulated signals is set as 𝑓௦ = 2.56×200 = 512 Hz, and the 
number of sampling points is set to 512: 

ቐ𝑥 = 20 sin( 2 ∗ 𝜋 ∗ 20 ∗ 𝑡) + 5 sin( 2 ∗ 𝜋 ∗ 40 ∗ 𝑡),𝑥 = 5 sin( 2 ∗ 𝜋 ∗ 20 ∗ 𝑡) + 15 sin( 2 ∗ 𝜋 ∗ 40 ∗ 𝑡),𝑧 = 40 sin( 2 ∗ 𝜋 ∗ 20 ∗ 𝑡).  (36)

The waveform, spectrum, planar dual-channel full vector spectrum, and spatial three-channel 
full vector spectrum of the three-channel simulation signals are shown in Fig. 7. The peak-to-peak 
(PP) values can be obtained from the three signals' waveform diagrams are 44 μm, 36 μm, and 
80 μm, respectively. According to the above alarm values, the vibration amplitude is below the 
alarm value, and the rotor is operating normally. The vibration amplitude also does not exceed the 
standard based on the two-dimensional full vector spectrum. However, based on the 
three-dimensional full vector spectrum, the vibration amplitude is 58×2 = 116 μm, which has 
exceeded the alarm value, consistent with the real situation. Furthermore, it is indeed easy to make 
misjudgments when analyzing from a single direction: the 1X amplitude of the 𝑥-direction 
vibration is dominant, suggesting an unbalance fault. The vibration in the y-direction is mainly 
characterized by 1X and 2X, and the amplitude of 2X is greater than that of 1X, indicating a 
misalignment fault. Besides, the possibility of misalignment appears higher based on the 
two-dimensional full vector spectrum. However, in this case, the axial vibration is particularly 
large, which largely indicates that the rotor has experienced an imbalance fault. From the 
perspective of the three-dimensional full vector spectrum, spatial energy is mainly concentrated 
at 1X, which is generally caused by rotor imbalance, bearing damage, etc. Considering that there 
are no high-frequency vibration components in the three-dimensional full vector spectrum, rotor 
imbalance fault is further diagnosed, consistent with the actual situation. 

Besides, the calculation time for the results shown in Fig. 7(e) and Fig. 7(f) are 4.8 seconds 
and 5.2 seconds respectively, both run using Matlab2016 on hardware with an Intel Core 
i7-10700K CPU and an NVIDIA RTX 3080 GPU. Through the above statistical comparison of 
calculation time, it can be seen that the proposed method does not cause a significant decrease in 
computational efficiency due to intermediate coordinate transformation. 

To verify the robustness of the proposed method against noise, random noise is added into the 
three-channel signals shown in Fig. 7(a). The signal-to-noise ratios of the three-channel signals 
after noise addition are 6 dB, 5 dB, and 8 dB, respectively. The time-domain waveform of the 
noisy signals are shown in Fig. 8 (a). The analysis process and final results of the proposed method 
are illustrated in Figs. 8(b-f). As shown in Fig. 8(f), the method can effectively extract its alarm 
features even under noise influence. 

In summary, the three-dimensional full vector spectrum can reflect the rotor’s vibration 



A NEW SPATIAL THREE-CHANNEL HOMOLOGOUS INFORMATION FUSION METHOD BASED ON TWO-DIMENSIONAL FULL VECTOR SPECTRUM AND 
ITS APPLICATION. HAIBO ZHANG 

 JOURNAL OF VIBROENGINEERING 11 

situation in space, which is very convenient for more reliable and accurate monitoring of the unit. 

 
a) 

 
b) 

 
c) 

 
d) 

 
e)  

 
f)  

Fig. 7. Three-channel simulation signals and their planar and spatial principal vector characteristics:  
a) time domain diagrams of the same source three-channel simulation signals; b) frequency domain 

diagrams of the same source three-channel simulation signals; c) the first rotation angle 𝜃 from 
three-dimensional coordinates to two-dimensional coordinates transformation; d) the second rotation  

angle 𝜑 from three-dimensional coordinates to two-dimensional coordinates transformation;  
e) principal vibration vector of 𝑥𝑦 dual-channel plane full vector spectrum; f) the principal  

vibration vector of the spatial full vector spectrum of the 𝑥𝑦𝑧 three-channel channel 

5. Experiment 

The picture of the rotor test bench is shown in Fig. 9(a), which is taken by the author in the 
school of Applied Technology, Huanghe Science and Technology University on October 5, 2025. 
A plastic cylinder is set up to generate rubbing faults, and the rotor of the test bench is driven by 
an asynchronous motor. The rotor system is supported by three sliding bearings with the same 
structure, and three disks are arranged in the middle of the rotor, which can be used to simulate 
single-sided and multi-sided rotor imbalance by adding unbalanced mass blocks on the disks. The 
natural frequency of the rotor is about 2600 r/min, and the natural frequency of the bearing system 
is 3600 r/min. Three eddy-current sensors of the same model are arranged at the shaft neck of the 
rotor test bench, the layout details are shown in Fig. 9(b). The power-supply range of the sensors 
is from –17.5 V DC to –26 V DC, with a linear measurement range of 2 mm and a sensitivity of 
7.874 V/mm. The relative displacement signals at the shaft neck are obtained through the 
acquisition instrument. The experimental speed is set as 1800 r/min, and the sampling frequency 
is set as 1024 Hz. 
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a) 

 
b) 

 
c) 

 
d) 

 
e) 

 
f) 

Fig. 8. three-channel simulation signals with noise and their planar and spatial principal vector 
characteristics: a) Time domain diagrams of the same source three-channel simulation signals with noise; 

b) Frequency domain diagrams of the same source three-channel simulation signals with noise;  
c) The first rotation angle 𝜃 from three-dimensional coordinates to two-dimensional coordinates 

transformation; d) The second rotation angle 𝜑 from three-dimensional coordinates to two-dimensional 
coordinates transformation; e) Principal vibration vector of 𝑥𝑦 dual-channel plane full vector spectrum;  

f) The principal vibration vector of the spatial full vector spectrum of the 𝑥𝑦𝑧 three-channel channel 

The time-domain waveform of the signals in the 𝑥, 𝑦, and 𝑧 directions are shown in Fig. 10(a), 
(c), and (e) respectively, and the corresponding spectrograms are shown in Fig. 10(b), (d), and (f). 
The 𝑥-direction signal is clearly dominated by 1X and accompanied by indistinct 2X and 3X 
features, consistent with the characteristics of unbalanced fault. The signal in the 𝑦-direction is 
mainly dominated by 1X and accompanied by obvious 2X and 3X features, consistent with the 
characteristics of a basic loosening fault. The 𝑧-direction information is mainly dominated by 1X 
and accompanied by obvious fractional harmonics. If fault-diagnosis is based on the features of 
the three channel signals separately, vastly different fault-diagnosis conclusions will be drawn. 
The principle vibration vector spectrum features by applying two-dimensional full vector 
spectrum analysis to the signals in the x and y directions are shown in Fig. 10(i), based on this, it 
can be seen that the 1X feature is further enhanced, and the 2X, 3X, and high-order harmonic 
component features are enhanced. However, to diagnose a rubbing fault, fractional harmonic 
features are still required. The three-dimensional full vector spectral principal vector features 
obtained by fusing the 𝑥, 𝑦, and 𝑧 channel signals based on the proposed method are shown in 
Fig. 10(j), based on this, not only the 1X and its high-order integer multiple harmonic components 
are extracted, but also the fractional-multiple harmonic components are effectively extracted, thus 
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obtaining the diagnostic conclusion of a rubbing fault. 

 
a) 

Channel x

Channel y

 Channel z

 
b) 

Fig. 9. The test bench and the layout of the three sensors: a) the picture of the test bench;  
b) schematic diagram of the three sensors’ layout 

To quantify the superiority of fractional-frequency features in Fig. 10(j), the energy ratio of 
the fractional harmonic components to the overall amplitude is defined, as shown in Eq. (37), 
where Fractional Harmonic Energy Ratio (FHER) is the sum of all amplitudes in the spectrum 
from 0-1X divided by the overall amplitude. After calculation, the Fractional Harmonic Energy 
Ratio value of Fig. 10(j) is about 9.6 times that of Fig. 10(i): 

𝐹𝐻𝐸𝑅 = Amplitudes[0 − 1𝑋]Over − all Amplitude. (37)

It should be pointed out that this experiment is a rotor-bearing rubbing experiment. In the 
two-dimensional and three-dimensional full vector analysis results, the fault characteristics of 
principal vibration vector are mainly 1X, and fractional harmonic components below 1X also 
appear (as shown in Fig. 10(i) and (j)). The simulation simulates the rotor unbalance fault, and the 
fault characteristics of principal vibration vector are mainly 1X (as shown in Fig. 7(i) and (j)). 
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e) 

 
f) 

 
g) 

 
h) 

 
i)  

 
j)  

Fig. 10. three-channel experiment signals and their planar and spatial principal vector characteristics:  
a) time-domain waveform of 𝑥 channel; b) frequency-domain waveform of 𝑥 channel; c) time-domain 

waveform of 𝑦 channel; d) frequency-domain waveform of 𝑦 channel; e) time-domain waveform  
of 𝑧 channel; f) frequency-domain waveform of 𝑧 channel; g) the first rotation angle 𝜃 from three-

dimensional coordinates to two-dimensional coordinates transformation; h) the second rotation  
angle 𝜑 from three-dimensional coordinates to two-dimensional coordinates transformation;  

i) the principal vibration vector of 𝑥𝑦 dual-channel plane full vector spectrum; j) the principal  
vibration vector of the spatial full vector spectrum of the 𝑥𝑦𝑧 three-channel channel 

Based on the above analysis, it can be seen that, on the basis of the original two-dimensional 
full vector spectrum analysis, the three-channel full vector spectrum features can effectively 
compensate for the problem of missing effective information in two-dimensional full vector 
spectrum by fusing 𝑧-channel information, and provide useful assistance in improving the 
accuracy of fault diagnosis for large rotating machinery. 

6. Conclusions 

This article first proves that the rotor space vortex trajectory remains a plane ellipse in three-
dimensional space through quadratic coordinate transformation, and derives the specific 
calculation formulas for the two flipping angles of the quadratic coordinate transformation. Based 
on the rotation angles, the relationship between the three-dimensional full vector spectral feature 
vector and the two-dimensional full vector spectral feature vector is established, and then the 
three-dimensional full vector spectral theory and algorithm are proposed. The following 
conclusions are drawn through simulation and experimentation: 

1) The simulation of rotor unbalance faults shows that the proposed three-dimensional full 
vector spectrum algorithm effectively integrates 𝑧-channel information based on two-dimensional 
full vector spectrum algorithm, which can more effectively enhance the characteristics of 
unbalance faults and improve the accuracy of fault diagnosis. 

2) The analysis results of the rubbing-fault experiment on the rotor test bench show that the 
proposed three-dimensional full vector spectrum analysis method effectively integrates 
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three-channel information. Compared with the two-dimensional full vector spectrum analysis 
method, it can not only effectively enhance the integer-multiple harmonic characteristics of 
rubbing fault, but also effectively enhance the fractional-multiple harmonic characteristics of 
rubbing fault. 

The three-dimensional full vector spectrum algorithm is not only an effective extension of the 
two-dimensional full vector spectrum, but also has higher computational efficiency compared to 
deep-learning feature-extraction methods, providing a new technology for accurate fault diagnosis 
in practical engineering of large rotating machinery. 
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