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Abstract

:

Automation and intelligent coal mining comprise the most important fields in coal mining technology research. The key to automation and intelligent coal mining is the automated mining of the working face, and accurate positioning of the shearer is one of the most important technologies in the automated mining process. However, significant defects in non-inertial navigation system (INS)-based methods have led to low positioning accuracy. In this paper, we propose a new shearer positioning technology to further improve the positioning accuracy of the shearer and monitor the shearer position in real time. The shearer positioning system proposed is based on the strapdown inertial navigation system (SINS). We conducted shearer positioning experiments with gyroscopes, accelerometers, and other inertial navigation instruments. The experimental results are thoroughly studied on the basis of error compensation techniques such as inertial instrument zero bias compensation and Kalman filter compensation. Compared with traditional shearer positioning technology, the experimental results show that the shearer positioning system based on SINS can achieve more accurate positioning of the shearer and can accurately reflect the running characteristics of the shearer working the mining face.
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1. Introduction


China is the largest coal producer and consumer in the world according to the World Energy Annual Report in 2018. In 2017, China produced 3523 million metric tons of coal, accounting for 46% of the world’s coal production, and China’s coal consumption accounts for 51% of the world’s coal consumption. This also led to China becoming the country with the most coal mine accidents and highest number of mining injuries and deaths, especially because >90% of China’s coal is produced in underground coal mines [1]. In view of the above problems, China is implementing intelligent mining technology in coal mines nationwide [2,3]. The goal of intelligent mining technology is to realize highly automated and efficient mining through intelligent sensing of the mining environment, intelligent decision-making, and automatic control of mining equipment [4,5]. Through automated and intelligent technology, miners can be transferred from the dangerous working face to the roadway or to the ground to work during the mining process, thereby greatly reducing casualties [6].



Currently, mechanization of coal mining equipment has been realized in most coal mines in China, but the automation and intelligence level of coal mining needs to be improved [7,8]. To achieve intelligent mining, it is necessary to deploy highly automated mining equipment at the working face [9]. The main equipment at the working face includes the shearer, hydraulic supports, and a scraper conveyor, with the shearer being the most important component. The shearer is the piece of equipment used for coal cutting and loading at the working face. During the mining process, the shearer runs on the track of the scraper conveyor, and the coal is transported to the roadway on the scraper conveyor. The hydraulic supports support the roof and isolate the goaf to provide working space for the shearer and scraper conveyor. The equipment layout of a typical fully mechanized mining face is shown in Figure 1.



Accurate position information of the shearer is the key to realizing automatic coal cutting and hydraulic support automatic shifting, and it is also the key to realizing shear memory cutting and adaptive cutting [10]. Therefore, precise positioning of the shearer is one of the most important technologies in intelligent mining. However, because most coal mines are underground in China, conventional ground positioning methods, such as radio navigation, satellite positioning, and astronomical navigation, cannot function [11,12]. Conventional shearer positioning methods, such as infrared radiation, ultrasonic reflection, gear counting, and wireless sensor network methods, do not meet the accuracy requirements for automated mining [13,14]. To achieve precise positioning of the shearer, a strapdown inertial navigation positioning method is proposed in this article.



Strapdown inertial navigation system (SINS) is a navigation system in which inertial devices are directly fixed onto the running carrier. The angular velocity and acceleration of the running carrier are measured by a gyroscope and an accelerometer, respectively, and, when these are combined with the initial inertia information of the running carrier, navigation information such as the speed, position, course, and attitude can be obtained by calculation [15,16]. SINS was developed on the basis of the platform inertial navigation system (PINS), which uses a mathematical platform instead of a physical platform, and has no complicated frame structure nor servo system. Compared with the traditional navigation system, SINS has the advantages of its light weight, small size, low cost, and high reliability [17]. Moreover, owing to the emergence of inertial devices such as laser gyros and fiber optic gyros, the rapid development of computer technology, and improvements in computational theory, the advantages of strapdown inertial navigation systems are more prominent. SINS can then be applied to the localization of the shearer in the coal mine environment [18].



Fan et al. [19] proposed a shearer positioning error analysis model of a SINS using the extended Kalman filter. However, in a coal mine environment filled with dust, noise and humidity, the SINS will suffer from the mechanical vibration of the shearer and lead to large measuring errors. There are many factors that can cause the mechanical vibration of a shearer, such as the cutting of discontinuous coal, inaccurate installation of the shearer drums and distributing the picks non-uniformly around the drum [20]. Moreover, the shearer breaks the coal with a rotary impact motion, which can produce vibration of the shearer fuselage and drums. Scholars have researched the dynamic model of shearers and analyzed their mechanical vibration. Dolipski et al. [21] described the dynamic model of a shearer cutting system and calculated the differential equations of the dynamic model using the Runge-Kutta iterative method.



Currently, the widely used SINS utilizes low-cost micro electro mechanical systems (MEMS) inertial sensors, which directly measure acceleration and angular rate [22]. Unfortunately, the gear eccentricity and manufacturing error and clearances at joints can cause angular vibration and linear vibration of the shearer [23]. The mechanical vibration of the shearer fuselage, including angular vibration and linear vibration, can reduce the accuracy of the measured acceleration and angular velocity, resulting in the positioning error of the SINS [24]. The angular vibration can lead to a coning error, which can affect the calculation of the attitude update [25]. Meanwhile, the angular vibration and linear vibration can lead to a sculling error, which will affect the calculation of velocity update and position update [26]. The study of these two errors is common. Since Bortz [27] proposed the theory of the rotation vector in 1971, the noncommutativity error of SINS has been effectively solved [28]. Kang et al. [29] proposed a direct coning mitigation algorithm based on the sinusoidal component of gyro measurements. This algorithm can be applied to the mitigation of sculling errors. Lai et al. [30] analyzed the SINS coning error for the vibration of unmanned aerial vehicles and proposed an integrated vibration model between sinusoidal angular vibration and random angular vibration. Meanwhile, the coning error is compensated by the multi-sample algorithm.



In this paper, we established a shearer positioning system for a fully mechanized working face based on the SINS [31], and we conducted an independent positioning experiment on the shearer. The experimental results show that the shearer positioning system based on SINS can accurately reflect the position information of the shearer.




2. Shearer Positioning System Based on SINS


2.1. Principle of the Shearer Positioning System Based on SINS


SINS is applied to the shearer to detect the position and attitude of the shearer. The angular velocity and acceleration of the shearer are also detected by using an inertial measurement unit (IMU). Then, the position and attitude information of the shearer can be obtained by calculations [32]. As shown in Figure 2, because the position and attitude of the shearer are three-dimensional, the IMU of the shearer positioning system is not a single-axis gyroscope and an accelerometer, but a three-axis gyroscope and a three-axis accelerometer, whose axes are orthogonal.



Shearer positioning entails actually determining the coordinates of the shearer relative to a certain reference coordinate system at a certain time [33]. However, the angular velocity and acceleration measured by the shearer positioning system are in the carrier coordinate system and cannot be directly used for the calculation of the position and attitude of the shearer. To solve the position and attitude of the shearer, it is necessary to convert the carrier coordinate system to the navigation coordinate system. Most mine maps are based on the geographic coordinate system. The geographic coordinate system is used as the navigation coordinate system; this will alleviate the need to convert the mine map coordinate information in the navigation coordinate system, reducing the calculation burden of the positioning system [34,35,36,37,38].



The attitude of the shearer is the orientation relationship between the carrier coordinate system and the geographic coordinate system. If we let the heading angle be φ, the pitch angle be θ, and the roll angle be γ, then the orientation relationship between the carrier coordinate system and the geographic coordinate system is as shown in Figure 3.



The following is the transformation matrix from the carrier coordinate system to the geographic coordinate system [39]:


   C t b  =  C γ   C θ   C φ  =  (      cos γ    0    − sin γ      0   1   0      sin γ    0    cos γ      )   (     1   0   0     0    cos θ     sin θ      0    − sin θ     cos θ      )   (      cos φ     − sin φ    0      sin φ     cos φ    0     0   0   1     )  =  










   (      cos γ cos φ − sin γ sin θ sin φ     − cos γ sin φ + sin γ sin θ cos φ     − sin γ cos θ       sin φ cos θ     cos φ cos θ     sin θ       sin γ cos φ − cos γ sin φ sin θ     − sin γ sin φ − cos γ sin φ cos θ     cos γ cos θ      )   



(1)







Obviously, matrix    C t b    is an orthogonal matrix, then,


   C b n  =  C b t  =    (   C t b   )   T  =  (      cos γ cos φ − sin γ sin θ sin φ     sin φ cos θ     sin γ cos φ − cos γ sin φ sin θ       − cos γ sin φ + sin γ sin θ cos φ     cos φ cos θ     − sin γ sin φ − cos γ sin φ cos θ       − sin γ cos θ     sin θ     cos γ cos θ      )   



(2)







Matrix    C b n    is called an attitude matrix or a strapdown matrix. The angular velocity measured by the gyroscope can update the attitude matrix in real time, and the attitude matrix can be solved to obtain the information of the shearer attitude angle. The acceleration measured by the accelerometer also uses the attitude matrix to convert the system from a shearer coordinate system to a navigation coordinate system and calculate the velocity and position of the shearer. In brief, the shearer positioning system based on SINS is shown in Figure 4.



To further improve the accuracy of the positioning system, orbital odometer positioning technology is introduced to correct the SINS displacement signal [40,41]. The running distance of the shearer on the scraper conveyor is monitored by the travel gear sensor, and the running distance is calculated according to the circumference of the gear travel. The running distance obtained by the odometer is accurate, and the orbital odometer positioning technology is simple, reliable, and easy to implement.




2.2. Calculation of the Shearer Positioning System Based on SINS


After the attitude matrix is solved, the following formula can be used to determine the three-dimensional acceleration of the shearer in the geographic coordinate system [42]:


  a = C  a b   



(3)




where  a  is the three-dimensional acceleration of the shearer in the geographic coordinate system and    a b    is the three-dimensional acceleration of the shearer in the carrier coordinate system. The shearer positioning result is obtained from the following formula:


   S  k + 1   =  S k  +  V k  t +  1 2   a  k + 1    t 2   



(4)




where Sk+1 and Sk are the three-dimensional positions of the shearer in the geographic coordinate system at the kth and (k+1)th data sampling moments, respectively, Vk is the three-dimensional velocity of the shearer in the geographic coordinate system at the kth data sampling moment, t is the data sampling duration, and    a  k + 1     is the three-dimensional acceleration of the shearer in the geographic coordinate system at the (k+1)th data sampling moment.





3. Shearer Positioning System Based on SINS


Because the environment in which the shearer works underground is very complicated, high precision is required to meet shearer positioning needs. Before field application, it must undergo rigorous testing and experiments to determine whether it can meet the real-time, accuracy, and reliability requirements of underground positioning.



3.1. Motion Characteristics of the Shearer


Due to the limitation of the underground operating environment, the shearer can only operate in narrow space. At the same time, the working characteristics of the shearer also lead to the simple motion process. During the mining process, the shearer runs on the track of the scraper conveyor along the working face, and, vertically to the working face, the shearer is moved by the push of the scraper conveyor.



The starting position of the shearer is on the roadway, and then the shearer cuts the coal along the working face. The common sumping modes of the shearer are inclined sumping at the end or in the middle of the working face. If we take the inclined sumping at the end of the working face as an example, the motion process is shown in Figure 5. It can be seen from the figure that the movement of the shearer mainly has two states: coal cutting along the working face and inclined-sumping coal cutting. This allows us to simplify the shearer movement into two states: linear motion and bending motion.




3.2. Experimental Design


To demonstrate the applicability of the shearer positioning system and the effectiveness of the data processing method, the actual movement of the shearer was simplified and the movement route of the experimental device was planned. The movement process of the shearer on the working face is simulated, the data output from the gyroscope and accelerometer is collected for data processing, and the characteristics of the motion path are recorded. Combined with the data output from the odometer, the positioning accuracy of the shearer positioning system was studied experimentally.



Under THE current conditions of mining technology, the length of a fully mechanized mining face is usually 200 m. The designed experimental route length is 2 m, and the length of the curved section of the scraper conveyor is 0.2 m. Because of different coal mining processes, the inclined sumping can be located in the middle or at both ends of the working face. Therefore, four routes were designed for testing, as shown in Figure 6.



When the shearer does not cut coal, the scraper conveyor is usually in a straight line shape. For this reason, a straight line running experiment is designed, as shown in Figure 6a, where the positioning device runs from A to B over a running distance of 2 m. In the experiment, four sets of experiments were performed using different motion velocities to test the time effect of the positioning effect. According to the different sumping positions on the working face, three experimental paths are designed, as shown in Figure 6b–d. Each moving path tests two sets of data at motion speeds to compare and analyze the positioning accuracy of different data processing methods.




3.3. Experimental Data Processing Methods


As can be seen from Equation (4), the shearer speed and position at each sampling time are derived from the speed and position at the last sampling time. If there is an error in the acceleration data measured at a certain time, the error will always exist in the later calculation, so the error of SINS positioning will gradually accumulate. Consequently, the positioning accuracy of SINS will decrease with time. To solve the problem of error accumulation over time, a Kalman filter algorithm is introduced to eliminate part of the positioning error [43,44].



The Kalman filter equations for shearer positioning are as follows. State transition equation:


   X  k + 1   =  Φ  k + 1  | k     X k  +  ω k  .  



(5)







Observation equation:


   Z  k + 1   =  H  k + 1    X  k + 1   +  ν  k + 1   .  



(6)







In Equation (5),    X  k + 1     is a state vector, given by


   X  k + 1   =    [       x  k + 1        v  x  |  k + 1          a  x  |  k + 1          y  k + 1        v  y  |  k + 1          a  y  |  k + 1          z  k + 1        v  z  |  k + 1          a  z  |  k + 1          ]   T   








where    [       x  k + 1        y  k + 1        z  k + 1        ]   ,    [       v  x  |  k + 1          v  y  |  k + 1          v  z  |  k + 1          ]   , and    [       a  x  |  k + 1          a  y  |  k + 1          a  z  |  k + 1          ]    are the actual shearer positioning, velocity, and acceleration, respectively,    Φ  k + 1  | k      is a state transition matrix, and    ω k    is a process noise vector.



In Equation (6), Zk+1 is an observation vector, given by


   Z  k + 1   =    [        x ′   k + 1         v ′   x  |  k + 1           a ′   x  |  k + 1           y ′   k + 1         v ′   y  |  k + 1           a ′   y  |  k + 1           z ′   k + 1         v ′   z  |  k + 1           a ′   z  |  k + 1          ]   T   








where    [        x ′   k + 1         y ′   k + 1         z ′   k + 1        ]   ,    [        v ′   x  |  k + 1           v ′   y  |  k + 1           v ′   z  |  k + 1          ]   , and    [        a ′   x  |  k + 1           a ′   y  |  k + 1           a ′   z  |  k + 1          ]    are the observation shearer positioning, velocity, and acceleration, respectively, where    H  k + 1     is an observation vector and    ν  k + 1     is an observation noise vector.



The Kalman filtering process of shearer positioning is as follows:


    X ^   k + 1  | k    =  Φ  k + 1  | k      X ^  k   



(7)




where     X ^   k + 1  | k      is the predicted value of     X ^  k    and     X ^  k    is the optimal estimated state vector of    X k   . Also, the predicted value of    P k    is


   P  k + 1  | k    =  Φ  k + 1  | k     P k   Φ  k + 1  | k   T  +  Q k   



(8)




where    P k   ,    P  k + 1  | k     ,    Q k   , and    O  k + 1     are the covariance matrices of    X k   ,    X  k + 1    ,    ω k    and    ν k   , respectively, and    P k    is the covariance matrix of the state vector.



The filter gain matrix is


   K  k + 1   =  P  k + 1  | k     H  k + 1  T     [   H  k + 1    P  k + 1  | k     H  k + 1  | k   T  +  O  k + 1    ]    − 1    



(9)







The optimal estimated state vector of    X  k + 1     is


    X ^   k + 1   =   X ^   k + 1  | k    +  K  k + 1    (   Z  k + 1   −  H  k + 1     X ^   k + 1  | k     )   



(10)




and


   P  k + 1   =  P  k + 1  | k     (  I −  K  k + 1    H  k + 1    )   



(11)




where I is the identity matrix.



In this experiment, the data obtained after compensation are decomposed along the X- and Y-axis directions, and the distribution of the estimated points is determined according to the dead reckoning principle and formula fitting.





4. Analysis of the Experimental Results


4.1. Straight-Line Running Positioning Experiments


In the straight line running positioning experiment, we deployed four schemes according to different running times (37, 28, 22, and 12 s, respectively). According to Formula 4, we can get the positioning results of the shearer, but we need to process the experimental data through the Kalman filter in 3.3 firstly, and zero bias compensation and 10-point smoothing preprocessing are also used to process the experimental data. Figure 7 shows a comparison of the shearer coordinate distribution obtained by using the original data and after error compensation.



During the experiment, the odometer received a pulse signal output from the Hall sensor, and each pulse represented a distance of 0.3297 cm. The pulse data output from the odometer for the above four experimental schemes is given in Table 1. Because the shearer undergoes linear motion during the experiment, the trajectory equation of the shearer is Y = 0 (0 ≤ X ≤ 2). The positioning errors of the final point under different motion times are listed in Table 2.



Through the straight line running positioning experiment, the following can be concluded:




	
The estimated points of the integral calculation after error compensation accurately reflect the linear operation characteristics of the shearer. By comparing the positioning results obtained before and after compensation, it can be seen that, after 10-point smoothing preprocessing, zero bias compensation, and Kalman filter compensation of the output gyroscope and accelerometer data, the validity of the data increases greatly, and the error is significantly reduced. The position of the shearer estimated by the positioning system surrounds the actual trajectory;



	
The error of the position point on the X axis is greater than that on the Y axis. The maximum error measured along the direction of the shearer movement is 0.11 m. Therefore, there is an error in measuring the displacement of the shearer by relying solely on the accelerometer. The error is mainly related to the working principle of the instrument. The data measured by the accelerometer needs to be integrated twice to obtain the distance information. In practice, the map-matching technique can be used for correction;



	
The displacement accuracy measured by the odometer is higher than that of the accelerometer. The displacement measured by the odometer is less than the actual displacement. The main reason for this error is the slip between the walking wheel and the track. Moreover, slip is less likely to occur on the chainless shearer, so the odometer has higher reliability and can correct the acceleration integral result;



	
The number of isolated points is proportional to the running time. By comparing the four experimental schemes, it can be found that the longer the running time, the greater the number of isolated points and the greater the absolute value of the discrete quantities. This is related to the drift characteristics of the inertial meter over time. To meet the long-term positioning requirements, a more accurate instrument can be used. In the case of straight line running, the discrete amount of the isolated points in the Y direction can be corrected by map matching. By projecting the isolated points on a straight line map, it can be ensured that the shearer is positioned on the scraper conveyor and reducing positioning errors. The positioning results after the map matching is shown in Figure 8;



	
The density of the coordinate points reflects the operating speed of the shearer. In the experiment, the cycle of positioning calculation is controlled by the system time. At the same sampling frequency, the slower the running speed, the more detailed the sampling data is. Therefore, the running speed of the coal shearer is related to the density of the coordinate points. The slower the shearer runs, the denser the coordinate points. Therefore, the positioning system can not only reflect the position information of the shearer in real time, but also display the speed in each operating section.









4.2. Inclined-Sumping Running Positioning Experiments


According to different running times and trajectories, six different experimental schemes are designed (see Table 3), and the sumping length is 0.2 m.



4.2.1. Identification of the Curved Section


Identification of the curved section of the scraper conveyor is the key to accurate positioning of the shearer. It is mainly determined by analyzing the output signal of the gyroscope. Both the angular velocity curve directly output by the gyroscope and the heading angle curve obtained after compensation in Schemes 5–10 are shown in Figure 9.



The angular velocity curve output by the gyroscope shows that, when the shearer moves in a straight line, the output signal of the gyroscope fluctuates around zero, the fluctuation range is small, and the overall change trend is also small. When the shearer enters the curved section, the output signal is significantly increased, which is obviously different from the signal when the shearer moves in a straight line. At the same time, the signal from the curved section is biased below zero first, and then biased above zero, showing obvious symmetry, which is consistent with the characteristics of the shearer sumping process. When the shearer exits the curved section, the gyroscope output signal keeps fluctuating around zero, and linear motion state characteristics are clearly reflected.



In the above six schemes, the data processing process still consists of 10-point smoothing preprocessing, zero bias compensation and Kalman filter compensation, and the heading angle curve is obtained after compensation. The change in the heading angle mainly includes three parts. The heading angle fluctuates around zero when the shearer moves in a straight line. When the shearer enters the curved section, the heading angle gradually changes to a negative number, then gradually changes to zero. Finally, the heading angle changes little and tends to be stable when the shearer moves in a straight line again. The theoretical value of the heading angle in the curved section is 5°, and the theoretical value of the heading angle at the endpoint is zero. The maximum values of the heading angles and the values of the heading angle at the endpoints of the experiments are given in Table 4.



It can be seen from Table 4 that there is an error between the heading angle measured by the gyroscope in the curved section and the theoretical value. Moreover, the errors in certain experiments are large. However, it is easy to judge whether the shearer enters the curved section via a comparison with the data result of the straight running experiment. There is also an error between the measured heading angle and the theoretical value at the endpoint, mainly because the experimental device does not use a thermostat to suppress the temperature change in the instrument; therefore, the zero bias caused by the gyroscope and the temperature variation cannot be fully compensated.




4.2.2. Analysis of Positioning Results


The positioning results of Schemes 5–10 are shown in Figure 10. The blue points represent the shearer position estimated by the positioning system, and the gray grid lines are the actual trajectories. It can be clearly seen from the figure that the estimated points can accurately reflect the trajectory of the shearer running, including straight line running, inclined-sumping running, and straight line running after sumping.



In the straight line running section, the estimated points are distributed around a straight line, reflecting the straight line running characteristics of the shearer, and the absolute value of the error is small. When the shearer is running in the curved section, the estimated points can reflect the position and angle of the turning movement. When the shearer turns, the error between the estimated points and the actual trajectory becomes larger, but the trend of the estimated points can still reflect the shape of the scraper conveyor. After the shearer exits the turning section, the error of the estimated points is larger than that of the initial straight line running section, mainly because the inertial navigation instrument fails to compensate completely.



The pulse data output from the odometer for the above six experimental schemes is given in Table 5. It can be seen from the table that the error between the measurement result of the odometer and the actual running distance is small, and thus the odometer is an effective device for measuring the running distance and has very high reliability.



Taking Schemes 5 and 6 as examples, comparing the positioning results of different running times of the same trajectory, the following rules are followed.



The longer the running time, the larger the positioning error, including the distance error and the angular offset error. The positive and negative of the distance error and the angle error are random and have nothing to do with the length of the running time. This is because the drift of the inertial instrument and the zero offset of the instrument is different after each startup or operation for a period of time. We know from other studies that the zero offset of inertial instruments will be affected by temperature and vibration [45,46], an effect which is shown by certain characteristics. But the use of threshold filtering and constant compensation cannot completely eliminate this error. Further research should be done on the filtering method of inertial instruments in future research.



From the above experiments, the following can be concluded:




	
Compared with the current shearer positioning technology, the shearer positioning system in this paper can not only accurately describe the shape of the scraper conveyor, but also provide information such as the sumping position and angle and length of the shearer and can achieve higher precision positioning of the shearer;



	
The random error of inertial navigation instruments cannot be completely eliminated. Methods to improve the accuracy of the system include the use of high-precision instruments and better data processing methods, including high-efficiency filtering techniques and map-matching algorithms;



	
The positioning accuracy of the inertial navigation instrument is related to the system running time. Periodic correction of the positioning data by the odometer can reduce the influence of time on the system. Initial calibration of the instrument can be performed when the shearer starts running, and the high-precision inertial navigation instrument can achieve the above function. Moreover, the odometer accumulates little error over time; therefore, the navigation data can be corrected by the odometer to achieve higher precision shearer positioning.











5. Conclusions







	
Based on strapdown inertial navigation technology, we analyzed the movement characteristics of the shearer on the working face, and we used inertial navigation instruments such as gyroscopes and accelerometers and the dead reckoning principle to propose a shearer positioning system on a fully mechanized working face;



	
In the shearer positioning experiments, the positioning system can accurately reflect the trajectory of the shearer running, including straight line running, inclined-sumping running, and straight line running after sumping. The experiments also show that the shearer positioning system based on SINS is indeed a very accurate shearer positioning technology;



	
To improve the positioning accuracy of the shearer positioning system and meet long-term positioning requirements, high-precision instruments and better data processing methods, including high-efficiency filtering technology and map-matching algorithms, can be used or an odometer can be used to correct the navigation data.









6. Limitations







	
Compared to an actual operating longwall operation (e.g., 200–400 m for 50–70 min), scale (2 m) and time duration (<120 s) of the experimental evaluation is indeed very small. This also leads to the fact that the experimental results may not reflect the actual situation very accurately. In the future, field experiments will be carried out in the coal mine to verify the conclusions in this paper;



	
Compared with existing commercially available solutions, such as Longwall Automation Steering Committee (LASC), Commonwealth Scientific and Industrial Research Organisation (CSIRO), Advanced Shearer Automation (ASA), Joy Global (JOY), etc., those listed may be better than the solutions in this article in terms of accuracy. However, it is well known that the SINS instruments can be used in military weapons, such as missiles, fighter jets and other weapons. An embargo has been imposed upon advanced SINS instruments in China. Even if there are SINS instruments that can be used in China, there are very strict restrictions on their use. On the other hand, the existing commercially available solutions are still too expensive and most coal mines in China cannot afford it. In the event that China cannot obtain advanced SINS instruments, it can look to improve the SINS accuracy based on algorithms, experiments and other aspects. We hope readers can understand the limitations of China’s scientific research in this regard, and also eagerly hope this article will attract the attention of relevant researchers around the world, and to obtain help and guidance from them to improve the theoretical and technical research of shearer positioning in China.
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Figure 1. Equipment layout of a typical fully mechanized mining face; (a) front view; (b) top view. 
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Figure 2. Shearer positioning system based on strapdown inertial navigation system (SINS). 






Figure 2. Shearer positioning system based on strapdown inertial navigation system (SINS).



[image: Applsci 10 02176 g002]







[image: Applsci 10 02176 g003 550] 





Figure 3. Orientation relationship between the carrier coordinate system and the geographic coordinate system. 
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Figure 4. Principle of the shearer positioning system based on SINS. 
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Figure 5. Motion characteristics of the shearer: (a) the shearer is at the end of the working face, the left drum is on the top, the right drum is at the bottom, and the scraper conveyor is in a bent state; (b) the shearer is inclined-sumping coal cutting, the left drum is at the bottom, the right drum is on the top, and the scraper conveyor is in a straight state; (c) the shearer returns to the end of the working face, the left drum is on the top, the right drum is at the bottom, and the scraper conveyor is in a straight state; (d) the shearer keeps cutting coal and runs towards the other end of the working face, the left drum is at the bottom, the right drum is on the top. 
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Figure 6. Motion path of the shearer: (a) straight motion path; (b) bending motion path with the bend in the middle of the path; (c) bending motion path with the bend in the end of the path; (d) bending motion path with the bend in the other end of the path. 
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Figure 7. Comparison of the shearer coordinate distribution obtained by original data and error compensation. 
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Figure 8. Map matching results at different runtimes. 
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Figure 9. Angular velocity curves and the heading angle curves after compensation. 
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Figure 10. Results of the inclined-sumping running positioning experiments. 
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Table 1. Pulse data output from the Hall sensor.
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	Scheme
	Number of Signals
	Running Distance (cm)
	Displacement Error (cm)





	No. 1
	601
	198.15
	1.85



	No. 2
	604
	199.14
	0.86



	No. 3
	603
	198.81
	1.19



	No. 4
	603
	198.81
	1.19



	Average value
	602.75
	198.73
	1.27
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Table 2. Error statistics from the straight line running positioning experiment.
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	Scheme
	Endpoint Coordinates
	Running Distance Error (cm)
	Angle Error (°)





	No. 1
	(2.03,−0.01)
	3
	−0.04



	No. 2
	(1.89,−0.01)
	11
	−0.25



	No. 3
	(2.04,0.01)
	4
	0.02



	No. 4
	(1.95,−0.01)
	5
	−0.03



	Average value
	—
	5.8
	0.085
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Table 3. Test scheme design of the shearer feeding operation.
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	Scheme
	Sumping Position (m)
	Running Time (s)





	No. 5
	0.2
	60



	No. 6
	0.2
	120



	No. 7
	0.9
	60



	No. 8
	0.9
	120



	No. 9
	1.6
	60



	No. 10
	1.6
	120
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Table 4. Data statistics for the heading angle.
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	Scheme
	Heading Angle in Curved Section (°)
	Angle Error in Curved Section (°)
	Heading Angle at the Endpoint (°)
	Angle Error at the Endpoint (°)





	No. 5
	−4.96
	0.04
	−0.23
	0.23



	No. 6
	−4.49
	0.51
	−2.82
	2.82



	No. 7
	−4.53
	0.47
	1.76
	1.76



	No. 8
	−3.62
	1.38
	−0.55
	0.55



	No. 9
	−3.53
	1.47
	−1.13
	1.13



	No. 10
	−4.94
	0.06
	−1.66
	1.66



	Average value
	—
	0.655
	—
	1.35
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Table 5. Pulse data output from the Hall sensor.
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	Scheme
	Number of Signals
	Running Distance (cm)
	Displacement Error (cm)





	No. 5
	605
	199.47
	0.53



	No. 6
	604
	199.14
	0.86



	No. 7
	604
	199.14
	0.86



	No. 8
	605
	199.47
	0.53



	No. 9
	605
	199.47
	0.53



	No. 10
	604
	199.14
	0.86



	Average value
	604.5
	199.305
	0.695
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