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Abstract: This paper proposed method that combined transmission path analysis (TPA) and empirical mode decomposition (EMD) envelope analysis to solve the vibration problem of an industrial robot. Firstly, the deconvolution filter time-domain TPA method is proposed to trace the source along with the time variation. Secondly, the TPA method positioned the main source of robotic vibration under typically different working conditions. Thirdly, independent vibration testing of the Rotate Vector (RV) reducer is conducted under different loads and speeds, which are key components of an industrial robot. The method of EMD and Hilbert envelope was used to extract the fault feature of the RV reducer. Finally, the structural problems of the RV reducer were summarized. The vibration performance of industrial robots was improved through the RV reducer optimization. From the whole industrial robot to the local RV Reducer and then to the internal microstructure of the reducer, the source of defect information is traced accurately. Experimental results showed that the TPA and EMD hybrid methods were more accurate and efficient than traditional time-frequency analysis methods to solve industrial robot vibration problems.
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1  Introduction

Industrial robot is a complex product that integrates the achievements of multi-disciplinary development. In recent years, the industrial robot has played an important role in industrial intelligence. It could be used to replace manual labor to carry out various complicated or dangerous tasks in many fields, such as medical treatment, processing, and manufacturing [1]. Because of its reliability and high efficiency, it has become indispensable equipment in the fields of assembly lines, manufacturing process, special maintenance and so on. Facing stability and reliability request of long-term operation, it is an urgent problem to improve the accuracy and durability of robots.

The research object of this paper is a six axis industrial robot of a certain brand. Its structural diagram is shown in Fig. 1. During the working movement of this robot, the arm has abnormal shaking. The vibration of the robot causes some problems such as poor accuracy, low reliability, and noise pollution. Researchers usually use two methods to study the relationship between vibration and structures [2]. The first is to simulate the vibration of industrial robots through a dynamic model [3], and the other is an experimental method. Researchers have created a series of research methods for robot vibration tests [4]. As a complex mechanical vibration system, industrial robots have many coupling components. The theoretical model is hardly matching the actual system. It is important to find the relationship between vibration problem and structure from the experimental point of view. The TPA method has brought a new approach to the experimental research methods of robots. Initially, TPA technology has been widely used in the optimization of vibration and noise in the automotive industry. Janssens proposed an improved Operational-Xtransfer Path Analysis (OPAX) method to use parametric models for identifying the operational loads. A simple model based on a small amount of measurement data is used for quick troubleshooting or increasing accuracy using a more complex model with additional measurements [5]. However, the traditional TPA analysis method has certain defects. In the process of load calculation, the ill-conditioned problem of the matrix will reduce the accuracy of the calculation result. Scholars such as Mo Chou improve the OPAX method through wavelet denoising processing and neural network algorithms [6]. Cheng et al. [7] introduced Tikhonov regularization technology in Operational Transfer Path Analysis (OTPA) to solve the ill-conditioned problems in OTPA calculation and improve the calculation accuracy of the OTPA method. TPA theory is a classic method for studying vehicle NVH problem. Aiming at insufficient accuracy in the traditional TPA method, this paper proposes an improved TPA method for robot vibration research that significantly improves the ill-conditioned problem.
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Figure 1: Robot structure model diagram

Researchers usually carried out three-dimensional model in the vibration research of RV reducer. The static performances of its main transmission components were analyzed, and the natural frequency and other performance parameters were calculated more accurately [8]; Some others established a mathematical model of the system dynamics to solve transmission error [9]; Some researchers simulated the actual operating conditions of the reducer in the vibration test [10]. The laws of RV reducer’s vibration were summarized by time and frequency domain analysis methods. However, some scholars have found that simple time-frequency analysis cannot fully explore the vibration characteristics of the reducer. Some try to introduce other methods to process the vibration signal of the reducer. Chen et al. [11] combined frequency spectrum and Kernel Principal Component Analysis (KPCA) to diagnose RV reducer faults. The signal recognition and noise reduction to vibration signals were done using wavelet transform theory and achieved good results [11,12].

As a special gearbox structure, the RV reducer has certain nonlinear and unsteady vibration characteristics. At present, the most widely used method in the field of gearbox fault diagnosis is Empirical Mode Decomposition (EMD). Its principle is to decompose the signal into several intrinsic mode functions (IMFs) and a residual. In the process of decomposition, for it can make self-adaptive adjustment according to the law of the signal, the analysis result has a high signal-to-noise ratio. This method is continuously optimized and improved to gradually expand its application range such as bearing test, rotor test, machine tool rotation fault diagnosis, mechanical torsional vibration analysis, etc. Researchers expand the application range by combining EMD with other classic methods, such as wavelet, support vector machine and other comprehensive features extraction and diagnosis methods. Immediately afterwards, Shi et al. [13] introduced the envelope method into EMD fault diagnosis. Zhang et al. [14] obtained the envelope spectrum of the EMD decomposed IMF and extracted the fault feature vector. Li et al. [15] found that the gearbox vibration had an obvious modulation phenomenon. The envelope signal in the main IMF is analyzed to identify the characteristic frequency of the fault signal [16]. Chen et al. [17] used the EMD method to analyze vibration signals, obtain intrinsic mode functions (IMFs), and calculate the weight coefficients of each IMF. Then, the quantitative value of EMD generalized energy is determined by calculating the weighted sum of IMF energy. Finally, the safety threshold of EMD generalized energy is determined to distinguish the faulty parts. Chen et al. [18] proposed a fault diagnosis method based on the combination of EMD and target feature selection (TFs). Firstly, the fault signal is analyzed by EMD, and the fault feature is extracted. Then, TFs are used to delete redundant features and optimize feature subsets. Luo et al. [19] proposed a fault diagnosis method based on empirical mode decomposition (EMD), Hilbert envelope spectrum and kurtosis criterion for the nonlinear and nonstationary characteristics of rolling bearing fault signals, which was applied to the extraction of fault information. Xie et al. [20] realized fatigue estimation and fault diagnosis to centrifugal fan blades based on the Refined Generalized Multi-Scale Entropy method and obtained perfect results. The above research rarely combines single point analysis with multi-point path recognition and hardly locates the fault from the total system to the local accurate location. The method that combined TPA and EMD with Hilbert envelope is proposed to extract the vibration characteristics of the industrial robot in this paper. Compared with the single time frequency analysis, this method can diagnose the vibration problem of the RV reducer more effectively.

2  Industrial Robot and RV Reducer Test

2.1 Robot Vibration TPA Test

The object of this experiment is an industrial robot with six axes as shown in Fig. 2. The 1–4 axis joints of the robot are RV reducers, and the 5–6 joints at the end of the robot are harmonic reducers. The rated load is 12 kg. During the movement under certain conditions, the arm shook abnormally. The vibration performances of the robot are tested to trace the source of vibration. The experimental equipment is shown in Table 1 as below. The concrete experimental steps are as follows.
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Figure 2: Schematic diagram of robot structure and layout
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Firstly, the TPA analysis model is established. The excitation point is the active side of the suspension point of the permanent magnet synchronous drive motor. The transfer path is the 6 joint points of the robot arm, and each has 3 directions of X, Y, Z at load excitation point. A total of 18 transfer paths are calculated. Secondly, a test coordinate system is established. The direction of the robot arm pushing forward is the +X direction of the whole machine coordinate system. According to right-hand principle of coordinate system, the +Y direction is determined. The vertical direction vertical to the ground is +Z direction of the whole machine. Finally, the robot coordinate system, the coordinate system of three-axis acceleration sensors and the coordinate system set in the LMS Test.lab system are kept as the same. Before the test, the key position points are selected as Table 2. According to the inverse matrix method, additional reference points are usually selected near the load excitation point. In the test, a total of 6 reference points are selected. The location of the key points, corresponding points, and the location of the three-axis sensors are shown in Table 2 below.
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To simulate the actual working movement of industrial robots, two typical movement postures are selected as research targets. One is the inline movement of the robot arm end (translation along the X direction of the coordinate system), and the other is the simultaneous movement of five axes of the robot. The postures are shown in Fig. 3. To compare different experimental conditions, the robot run at a specified speed under rated load. The two working postures are divided into three operating conditions: in-line slow motion conditions, five-axis linkage slow operating conditions and one-shape fast working conditions.
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Figure 3: Schematic diagram of two typical robot motion conditions

After the preparation, the active sides of each joint are hit with a force hammer in a static state to measure the Frequency Response Function (FRF) of each joint. The sensor position and test system are shown in Fig. 4. Then the TPA process is done. The wide frequency band from 1 to 4960 Hz can be excited to provide a wide reference for studying the vibration transmission of the robot. At the same time, it is compared with the TPA results underthe motion excitation of the above three working conditions to ensure the accuracy of the experiment. The data of whole points are imported into the established model for TPA analysis. The TPA tests include two parts of data: (1) Data by the hammer excitation method. (2) Data on working condition: the robot was tested on normal operation. During the test, avoid the start-stop state. When the robot moves at a constant speed, data in uniform working condition is collected using the Signature Testing-Advanced module of LMS Test. lab software.
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Figure 4: Sensor location and test system

2.2 TPA Analysis

The data on working condition and FRF of each path has been obtained in the test. The vibration data at the target point, the FRF data from the excitation source to the target, and the FRF data from the excitation source to the reference are imported into the TPA model. The inverse matrix and Singular value truncation method were used to solve the TPA modal. The contribution of each transmission path to the target point and sort the contribution of the 18 paths to the target point in three directions are gotten as shown in Figs. 5–7. Among them, the three histograms under each working condition correspond to the contribution of 18 paths to the target point in the X, Y, and Z directions. The abscissa JILI1 in the figure: X refers to the X direction of the robot 1 joint, and the height of the histogram is the contribution of the vibration amplitude.
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Figure 5: TPA contribution in the XYZ direction of the straight-line low working condition

[image: images]

Figure 6: TPA contribution in X,Y, Z direction for five-axis linkage slow operating conditions
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Figure 7: TPA contribution in the XYZ direction of the straight-line fast working condition

From the histogram in Figs. 5–7, it can be found that the largest contribution to the vibration of the target point is the X direction of joint #3, the Y direction of joint #5, and the X direction of joint #3 during slow motion in a straight line. In the five-axis linkage slow motion, the largest contribution to the vibration of the target point is the X direction of joint #3, the Y direction of joint #5 and the X direction of joint #3. During the in-line rapid movement, the largest contribution to the vibration of the target point is the Z direction of joint #3, the Y direction of joint #5 and the X direction of joint #4.

In summary, by analyzing the spectrogram of the target point, only the frequency of the vibration amplitude of the target point can be obtained. At the same time, since the motion situation of each joint is unknown, it is difficult to find out the cause of high amplitude in a specific frequency band. The application of the TPA method can accurately find the path point that contributes the most to the vibration of the target point. From the results of TPA, it can be concluded that the vibration of the target point in the X and Z directions under the three working conditions mainly comes from the X direction vibration of joint #3. The Y-direction vibration of the target point mainly comes from the Y-direction vibration of joint #5, and the secondary source is the Y-direction vibration of joint #3. There is a large vibration at the target point of the robot, and the vibration mainly comes from the vibration of robot joint #3.

2.3 Vibration Experiment of RV Reducer

The RV reducer is a key component of robot motion bearing alternating load. Based on the results of the TPA analysis, this paper conducts an independent vibration study on the RV reducer of the robot’s third joint.

The information on the RV reducer and instruments required for the experiment are shown in Table 3 as below. This experimental platform is driven by a variable-frequency three-phase asynchronous motor that supports speed adjustment from 0–3000 r/min. The data acquisition system is National Instruments (NI-PXI-4472) dynamic data acquisition card. The system has a maximum sampling frequency of 102.4 kHz/s, which meets the needs of multi-channel high-precision signal acquisition. At the same time, the load of the RV reducer can be adjusted according to the needs.
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The essence of an RV reducer is a two-stage reduction transmission device. Their structure diagram is shown in Fig. 8. The reducer is a high-speed ratio reduction device composed of a two-stage reduction. The first stage is a planetary reduction mechanism, which consists of a sun gear located in the center and planetary gears evenly distributed around the sun gear. The second stage is a differential gear train composed of cycloid gear and needle teeth.
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Figure 8: Schematic diagram of RV reducer structure 1-Sun gear; 2-Planet gear; 3- Camshaft; 4-Cycloid gear; 5-Pin tooth; 6-Planet carrier; 7-Pin tooth shell

The experimental bench picture is shown in Fig. 9. Firstly, the coordinate system of the reducer is set to be consistent with the coordinate system of the robot. The +X and +Z directions are the up and left radical direction of the reducer, and the Y direction is the forward axial direction of the reducer. After installing the acceleration sensors, the sensitivities are set according to the calibration value of each sensor. The acceleration sampling frequency is 4.96 kHz. Secondly, start Pre-rotation for 10 mins. Thirdly, speed of the input end is set to 605 rpm, loads of the reducer are 0%, 25%, 50%, 75%, 100%, 125%, 150% of the rated load. Maintain the stable operation of the reducer and collect test data for subsequent analysis. To compare the data of different working conditions, adjust the speed of the output shaft to 1210 and 1815 rpm. Repeat the steps three times and save all records. Finally, the collected data is sorted and analyzed.
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Figure 9: Schematic diagram of reducer test system 1. Reducer test bench 2. Coupling 3. RV reducer 4. Three-axis acceleration sensor 5. Torque sensor 6. motor 7. Display screen 8. NI data collection system 9. Data acquisition card

3  Time-Domain TPA Method Using Deconvolution Filter

The linear system response is the convolution of the excitation signal and the unit impulse response function [21]. When sound and vibration are considered at the same time, the noise in the car can be expressed as:

prec(t)=∑i=1lhrec,isb∗fi(t)+∑j=1nhrec,jvb∗qj(t)(1)

where t is the time variable, prec(t) is the total sound pressure contribution of sound and vibration, fi(t) is the excitation force of the i-th path of sound, hrec,isb is the unit impulse response function of the i-th path of structured sound, and l is the total number of sound paths. qj(t) is the volume velocity of the j-th vibration source, hrec,jvb is the unit impulse response function of the j-th path of vibration, and n is the total number of vibration paths. This paper focuses on the vibration transmission path, so h(t)=hrecsb.

In actual operation, it is difficult to apply an ideal impulse input signal. Usually, the transfer function of each path is measured first, and then the inverse Fourier transform is calculated to obtain the unit impulse response function of each path. The time history of excitation force and volume velocity under working conditions are obtained by the deconvolution method.

Firstly, a certain number of acceleration sensors are arranged on both active sides and passive sides of joints. A linear and time-invariant multiple-input multiple-output system with each excitation force is built. The relationship can be expressed as:

[a(t)]l×1=[h(t)]l×m∗[f(t)]m×1(2)

where a(t) is the column vector formed by the time histories of the acceleration response of l vibration indicator points; f(t) is the column vector formed by the time histories of the excitation force of the m paths; h(t) is the l×m dimensional unit impulse response function matrix.

The process of resolving the path excitation force vector f(t) from Eq. (2) is called deconvolution processing. For this reason, the acceleration response a(t) of the indicator point is passed through the time domain deconvolution filter system s(t), and the convolution relationship can be expressed as follows:

f(t)=s(t)∗a(t)=s(t)∗h(t)∗f(t)(3)

Obviously, for deconvolution to be able to obtain f(t), the following relationship must be satisfied:

s(t)∗h(t)=diag[δ1(t),δ2(t),⋯,δm(t)](4)

Eq. (4) is the deconvolution equation. Fourier transform is performed on both sides of Eq. (4) to obtain:

S(f)⋅H(f)=E(5)

where S(f) and H(f) are the Fourier transform of s(t) and h(t), respectively, and E is the identity matrix.

From Eq. (5), we know that S(f) and H(f) are generalized inverses of each other. Therefore, the FRF matrix H(f) of the vibration acceleration response from the excitation force of each path to the indicator point is measured. Then the FRF matrix S(f) of the deconvolution filter system is obtained through generalized inverse.

Because of some nonlinear characteristics of industrial robot structure, part of the FRF vectors from different path excitation forces to different indication points of vibration acceleration are nonlinear related. The FRF matrix H(f) composed of FRF vectors is often ill-conditioned, which has negative effect on the inversion. In this paper, the singular value truncation method is used to solve the frequency domain characteristic S(f) of the deconvolution filter.

Secondly, after obtaining the frequency domain characteristics of the deconvolution filter, the frequency sampling method is used to design the deconvolution filter. The FRF matrix S(f) of the deconvolution filter system is sampled at equal intervals at the point N to obtain the amplitude response S(wk) of the ideal deconvolution filter system. wk is the sampling frequency, k=0,1,2,⋯,N−1. To make the designed deconvolution filter system have linear phase characteristics, its frequency response has the following form:

S(k)=|S(wk)|e−jτw(6)

where τ is a real number and τ=N−12. And w are the frequency values after the [0,2π] interval is equally divided into N points.

Then the discrete Fourier transform is performed on N point S(k) to uniquely determine the unit impulse response s(n) of the deconvolution filter system, namely:

s(n)=1N∑k=0N−1S(k)ej2πNkn(7)

From the interpolation formula in the frequency sampling theorem, we can also use these N frequency sampling values S(k) to obtain the frequency response S(ejw) of the deconvolution filter system:

S(ejw)=e−jN−12w∑k=0N−11NejN−1NπkS(k)sin⁡[N(w2−πkN)]sin⁡[w2−πkN](8)

Finally, after obtaining the unit impulse response s(n) of the deconvolution filter system, the deconvolution network can be written as follows:

s(n)=[s11(n)s12(n)⋯s1l(n)s21(n)s22(n)⋯s2l(n)⋮⋮⋮⋮sm1(n)sm2(n)⋯sml(n)](9)

The measured vibration acceleration signal of the indicator point is processed by the deconvolution network to obtain the time history of the excitation force. The convolution process of a(t) and s(n) can be shown in Fig. 10.
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Figure 10: Time-domain deconvolution network

According to the three working conditions described in the second section, the TPA test is carried out with the test system shown in Table 1. The data sets of excitations (force), active sides (acceleration) and passive sides (acceleration) are constructed according to Table 2. h(t) can be obtained between signals of active sides and passive sides. The convolution filter system of the excitation force to the target point is also designed by the frequency sampling method. The time history of excitation and the vibration of different joints are calculated through the constructed convolution filter system. The contribution of each transmission path can be presented and provide the basis for the next step of fault diagnosis.

4  Signal Processing and Analysis

4.1 Time-Frequency Analysis of Robot Vibration Experiment

The time-frequency analysis of the vibration data at the end of the robot arm shows that the vibration acceleration amplitude has reached 0.9 g in the time domain diagram. Performing Fast Fourier Transform (FFT) on the time-domain signal to obtain the frequency spectrum as shown in Fig. 11. It can be found that the main amplitude of the robot’s arm vibration is concentrated in the low frequency special below 500 Hz. Signals in low frequency domain is the main research object. On in-line slow motion condition, frequency domain features include 100 Hz fundamental frequency and its octave frequency. The peak values appear at about 11 and 18 Hz. When the robot is moving at a slow speed with five-axis linkage, it can be found that the peak value is around 13.7 Hz. On in-line high-speed motion, the highest peak appears at about 22.3 Hz.
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Figure 11: Time and frequency domain diagram of three working conditions

4.2 Time-Frequency Analysis of RV Reducer

According to the analysis results of TPA, a refined vibration test on the RV reducer is performed. The measurement points on the RV reducer are preliminarily screened to the representative measurement points. Then the time and frequency analysis of the vibration signal of the RV reducer is carried out. The waveforms under three representative working conditions are available as shown in Fig. 12.
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Figure 12: Vibration diagram of the typical working condition of the RV reducer

It can be found that the maximum vibration amplitude has reached 2 g, and the vibration amplitude is greater than the standard value of 0.1 g for the same reducer produced by the manufacturer of Nabtesco [22]. The frequency domain diagrams show an obvious modulation phenomenon. When parts of the tested object have some defects, the low-frequency and high-frequency signal would be modulated during the operation. It can be inferred that the abnormal vibration of the reducer is related to the defects of some rotating parts inside the reducer.

4.3 Reducer Analysis Using EMD and Hilbert Envelope Method

The time and frequency analysis of the vibration signal cannot accurately determine the cause of the abnormal vibration of the reducer. However, the EMD and Hilbert envelope method will make the vibration signal more refined. Combining the modulation phenomenon with the structural characteristics, the excitation sources mainly come from the non-concentric input shaft, the meshing force between the gears and the unbalanced moment of cam rotation. The meshing and rotation frequencies of the internal parts of the reducer are shown in Table 4 below.

[image: images]

The EMD decomposition diagram and IMF envelope spectrum of each speed under no-load conditions are obtained as shown in Figs. 13–15 through EMD and Hilbert envelope analysis. The EMD decomposition of the vibration signal of the reducer is divided into 9 layers. The correlation coefficient of each layer is shown in Table 5. The closer the correlation coefficient is to 1, the greater the correlation. It shows that the relationship between the two sequences is weaker. According to Table 5, the correlation between IMF6~IMF9 is relatively small, and the correlation coefficient between IMF1~IMF5 is larger, which is the main component and has the greatest impact on the original signal. Since the correlation of each decomposed 9th IMF is already ridiculously small, the envelope spectrum of IMF9 is omitted when drawing.

[image: images]

Figure 13: EMD decomposition diagram and IMF envelope spectrum diagram of 605 rpm no-load condition
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Figure 14: EMD decomposition and IMF envelope spectrum diagram of 1210 rpm no-load condition
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Figure 15: EMD decomposition and IMF envelope spectrum diagram of 1815 rpm no-load condition
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Observing Figs. 13–15, the envelope spectrums show clear vibration characteristics. When the input speed is 605 rpm with no load, the frequencies that main amplitude obtained in IMF1-IMF5 are 10 and 20 Hz. When the operating condition is 1210 rpm with no load, the frequencies that the main amplitude obtained in IMF1-IMF5 are 10 and 20 Hz, with 20 Hz as the main. When the operating condition is 1815 rpm with no load, the frequencies that the main amplitude obtained in IMF1-IMF5 are 30 and 60 Hz. Corresponding to the excitation frequency of the reducer in Table 4, it can be found that the frequencies of main amplitudes are 10 Hz at 605 rpm, 20 Hz at 1210 rpm, 30 Hz at 1815 rpm. Corresponding to the input shaft excitation frequency in Table 4, it can be judged that the input shaft of the first-stage deceleration of the reducer has vibration problems. The problems lead to a modulation effect between the high-frequency meshing noise of the reducer and the excitation frequency of the input shaft during the operation of the reducer, which causes the vibration of the reducer to increase. The vibration performance of the reducer is greatly reduced. The frequencies of a series of minor peaks in the envelope spectrum are 3.6, 7.1, and 10.3 Hz that correspond to the meshing frequencies of the cycloid in Table 4, which caused by the meshing of the reducer gears.

4.4 Comparison of Vibration Performance between Different RV Reducers

A comparative test is done to reflect the influence of the performance of the reducer on the vibration performance of the robot. The RV reducer as the same model produced by Teijin, the most famous in the field of industrial robots, is used to replace the original reducer. To ensure the accuracy of the comparison test, in addition to the replacement of the third axis reducer, keep other structures of the robot and the experimental procedures unchanged. According to the test data, the peak frequencies of the vibration of the reducer under the three conditions are as follows:

(1)   The first working condition is a linear slow-motion condition. The vibration spectrum characteristics of the target point during slow motion are shown in Fig. 16. Before the reducer is replaced, the main vibration amplitude of the target point is concentrated at about 11 Hz.

(2)   The second working condition is a five-axis linkage slow motion condition. The frequency spectrum characteristics during slow motion are shown in Fig. 17. Before the reducer is replaced, the main vibration amplitude of the target point is concentrated at about 13 Hz.

(3)   The third working condition is a straight-line fast-moving condition. The vibration spectrum characteristics of the target point during high-speed movement are shown in Fig. 18. Before the reducer is replaced, the main vibration amplitude of the target point is concentrated around 22 Hz.

The following Figs. 16–18 reflect the comparison of the target point vibration frequency domain diagram of the robot before and after the improvement of the reducer for three typical test conditions. The left picture is the original target point vibration spectrum diagram, and the right picture is after replacing the joint #3 reducer Vibration spectrogram of the target point.
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Figure 16: Comparison on the straight-line slow motion conditions
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Figure 17: Comparison on five-axis linkage slow motion conditions
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Figure 18: Comparison on straight-line fast motion conditions

Through comparison of the frequency map before and after optimization, it can be found that the vibration performance of the robot has been significantly improved after replacing the reducer. For the in-line slow motion condition, the main vibration peak of the target point is around 11 Hz before the joint #3 reducers is replaced. But after replacing the reducer, 11 Hz is no longer the main peak frequency. The robot vibration peak is concentrated in low-frequency vibration, and the overall vibration amplitude of the target point is reduced, achieving the goal of robot vibration optimization.

When the fifth axis is linked with slow motion, the 13 Hz motion noise at the target point of the robot is no longer the main peak. The peak of the robot vibration is concentrated in low-frequency vibration, but the vibration amplitude of the target point is reduced overall, achieving the robot vibration optimization.

In the fast-moving condition of the straight line and the motion state of the robot remains unchanged. After replacing the reducer of joint #3, the vibration amplitude of about 22 Hz at the target point of the robot has been significantly reduced. The value changes from 22 Hz to about 9 Hz.

There is a certain error between the measured and the theoretical value in the experiment. The error within a certain range is acceptable. In the experiment, it can be found that when the main peak reduces, the peaks at other frequencies will reduce correspondingly. This is because of some other peaks are correlated with the order and envelope of the main peak. The vibration optimization of the mechanical system is a dynamic process. The overall vibration amplitude becomes smaller, which shows the vibration performance of the robot has been improved.

5  Diagnosis and Improvement

5.1 Analysis of Vibration Problem

The reducer structure and drive shaft are shown in Fig. 19. In the gear vibration analysis, scholars have pointed out that the frequency characteristics under stationary faults also contain various meshing frequency components. The vibration response signal contains two frequency characteristics: (1) Centering on the meshing frequency and its high-order multiplier, the faulty gear rotation frequency and its multiplication frequency are the modulation sidebands of the modulation frequency; (2) The faulty gear rotation frequency and its multiplier frequency are the low-frequency components [23]. Stationary failures are mostly caused by gear tooth profile errors, uniform wear, and incorrect design and installation.
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Figure 19: The physical diagram of the reducer structure and the drive shaft

Through the above analysis, it is found that the vibration problem of the reducer is a stationary failure. The vibration energy mainly comes from the frequency of the input shaft of the reducer. It is speculated that the input shaft of the reducer is abnormal. The RV reducer in this experiment is a brand-new reducer, and the input shaft and sun gear are integrated gears. After disassembling, it is found that the reducer has two problems:

(1)   The tooth profile error of the input shaft sun gear of the reducer.

(2)   The input shaft of the reducer is a cantilever beam structure. Because the rigidity of the input shaft of the reducer is insufficient, the input shaft of the reducer is misaligned during the input of fluctuating torque.

5.2 Suggestions for Improvement of RV Reducer

Through careful inspection, it is found that the input shaft of the reducer has insufficient rigidity. The fluctuating load generated by the motor caused the input shaft misaligned during operation. It will result in signal modulation in the frequency domain during the input shaft rotating and gear meshing. The vibration performance of the first-stage reduction mechanism deteriorates, which affects the vibration performance of the reducer and the robot.

In view of the above situation, the following 3 improvement suggestions are proposed for this type of reducer:

(1)   The strength of the input shaft should be appropriately increased to reduce the deformation of the shaft. Test verification should be carried out before mass production.

(2)   Properly reduce the length of the input shaft. Excessive length will reduce the stability of the input shaft and affect the vibration performance of the reducer. Test verification should also be carried out before mass production.

(3)   Adding a bearing seat and other supporting structures at the input end of the reducer or the output end of the shaft to increase the stability of the input shaft.

6  Conclusion

Through experimental research, it is found that the performance of the reducer at the robot joint will directly affect the vibration performance of the robot. The deconvolution filter time domain TPA analysis method is proposed. The main vibration source is quickly and effectively located on joint #3 of the robots. The defects of the RV reducer during the assembly and manufacturing process will be manifested in the form of vibration. The joint analysis method based on EMD decomposition and solving the Hilbert envelope spectrum can diagnose the fault of the reducer. Through the comprehensive evaluation of the modulation phenomenon and IMF component under different working conditions, it is concluded that there is a vibration problem in the input shaft of the first stage deceleration. After replacing the problematic reducer, a comparative test is performed to verify the accuracy of the above results. The RV reducer may have problems such as rotor misalignment and precision degradation during manufacturing, which will directly affect the performance of industrial robots. This paper proposes a fault diagnosis method based on TPA and EMD analysis of robot vibration problems. It is of great significance to improve the vibration performance of the robot and optimize the structure design of the robot and its parts. It also provides a reference for the subsequent online detection of robot fault and performance.
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Table 3: Experimental equipment of reducer

Number Equipment Quantity Remarks

01 RV reducer 1 Manufacturer: Shandong Shuaike, Linyi,
Shandong, China; Model: RV-20E,
Reducer ratio: i = 121

02 Reducer test bench 1 Manufacturer: Shandong Shuaike, Linyi,
Shandong, China; The component is
shown in Fig. 9

03 PX1-4472 dynamic data 2 Manufacturer: NI Co. Ltd., Austin,

acquisition card Texas; 8 channels/card, total 24 channels
04 Three-axis acceleration sensor 4 The same as Table 2
05 Data collection system 1 Manufacturer: NI Co. Ltd., Austin,

Texas; Software: LabVIEW
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Table 4: Main excitation frequency of RV-20E reducer

Item Parameters

Working Working Working
conditionl condition2  condition 3

Rotating speed (rpm) 605 1210 1815
Drive shaft frequency (Hz) 10.0 20.0 30.0
Planetary gear meshing frequency 87.3 175.5 263.7
(Hz)

Cycloid meshing frequency (Hz) 3.2 6.4 9.5
Pin tooth meshing frequency (Hz) 6.5 13.0 19.5
Pin tooth shell characteristic 0.2 0.3 0.5
frequency (Hz)

Cycloidal gear rotation frequency 0.1 0.2 0.3
(Hz)

Planetary gear rotation frequency 3.2 6.4 9.5

(Hz)
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Table 1: TPA test equipment

Number Equipment Quantity Remarks

01 Industrial robot 1 Manufacturer: Huashu Robot, Wuhan, China; Model:
HSR-JR612; Freedom: 6; Rated load: 12 kg;

02 Laptop 1 Pre-installed: Windows system and LMS Test.Lab
data acquisition software

03 Force hammer 1 Manufacturer: PCB Piezotronics, Inc., Buffalo, NY,

USA; Model: PCB 086c01; Sensitivity: 11.2 mV/N
Measurement range: + 444 N pk

04 Three-axis acceleration 6 Manufacturer: PCB Piezotronics, Inc., Buffalo, NY,
sensor USA; Model: 356A16; Sensitivity: 95-105 mV/g;
Range: 1000 m/s*; Frequency response range: 0.5-5000
Hz
05 Data acquisition system 1 Manufacturer: SIEMENS LMS, Berlin, Germany;

Model: SCADAS Mobile-SCM2EO05, 24 channels
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(a) Schematic diagram of straight-line (b) Schematic diagram of five-axis
operating conditions linkage operating conditions
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Table 2: Locations and corresponding names of key points

Definition Number Position
Hammer excitation point Jiliy, jili,, . . ., jilis Input terminal of reducer J1 to J6
(active side)
Target T, to T, X, Y, Z directions at the end of the
At the end of the robot arm robot arm
(MBD)
Reference point RP, to RP; At the passive side of the load
excitation point
Load reference point LRP, to LRP,, Active side and passive side of six

joints
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Table 5: Correlation coefficient between IMF component and original vibration signal

Worlf ' Rotating Correlation coefficient (%)
condition  speed IMFI IMF2 IMF3 IMF4 IMF5 IMF6 IMF7 IMF8 IMF9

61.82 61.53 3830 20.21 1095 0.75 029 —0.01 0.01
79.98 4424 2752 1897 7.16 060 0.0l —-0.01 —-0.01
82.31 36.16 27.49 25.07 188 0.01 0.03 —0.02 0.02
8589 36.81 2361 983 825 066 0.09 0.09 0.03
88.38 29.66 20.67 997 650 699 293 031 0.03
3 89.88 37.09 1226 987 6.76 089 021 0.04 0.01

Note: Working condition 1, 2 mean no load and full loaded; Rotating speed 1, 2, 3 mean 605, 1210 and 1815 rpm.
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