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The manipulator is the key component of the anchor drilling robot to automatically complete the anchoring operation underground. Due to the complexity of its motion equation and the limitations of its control strategy, the real-time pose and the positioning accuracy of the manipulator are inferior, which seriously restricts the safety, efficiency, and speed of roadway excavation. In order to improve the positioning accuracy and realize the optimal efficiency of the manipulator, this article designs a manipulator structure with four degrees of freedom. With the help of the D-H method and the intelligent parameter setting method, this article carries out the basic theoretical research on the kinematics and the fractional order FOPID control algorithm of the manipulator of the mining roof bolter, and formulates a manipulator motion control strategy. At the same time, combined with numerical simulations and field experiments, we explore the robustness and control efficiency of the hydraulic system of the manipulator under the working conditions of a harsh environment and limited space, and reveal that the intelligent optimization algorithm can control the motion state of the manipulator more accurately and stably after the parameters of the fractional order FOPID controller are positively determined. This study effectively solved the dynamic model uncertainty caused by time-varying internal parameters and external loads of the hydraulic servo system, optimized and reconstructed the structure and motion coefficient parameters of the manipulator, and revealed the control mechanism of a precise spatial positioning and online trajectory planning of the hydraulic servo system of the manipulator. Compared with the traditional PID control algorithm, this algorithm has a faster response speed and better expected track tracking ability. This research lays a theoretical foundation for the precise positioning and automatic support of the manipulator, and also provides a reference for the design of similar motion control algorithms.
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1 INTRODUCTION
The intellectualization of coal mines is the core technical support for the high-quality development of China’s coal industry (Wang et al., 2019; Liu et al., 2021). Intelligent equipment and support technology of mining are key factors for coal intellectualization, and the roadway support theory and technology have always been the core of the coal mine strata control (Kang, 2007; Wang et al., 2018; Wang et al., 2020; Yang et al., 2022). In the “Catalog of Key Research and Development of Coal Mine Robots” (Author Anonymous, 2019; Li et al., 2019; Ge and Hu, 2020), it clearly points out the need to vigorously advance the research and development of coal mining, tunneling, transportation, safety control and rescue, and 38 kinds of coal mine robots, which is an important way to achieve the coal mines’ intellectualization. It is a key method to solve the problems of roadway excavation, support imbalance and high labor intensity to use the manipulator of anchor drilling robot on accurate location, and the completion of the automatic anchoring work, replacing the traditional manual completion of automatic positioning and support work of the drilling frame (Zhang et al., 2019; Zhang and Li, 2019).
Compared with developed countries, the ineffective bolt support in some coal mines in China has led to many roof falling accidents. While the main reason is that the existing support operations still rely on manual demolition, with the installation of drill pipes or bolts, bolt fastening, and other processes, with a great danger. The Guiding Opinions on Accelerating the Intelligent Development of Coal Mines clearly points out that the development of an anchor drilling support robot is an effective way to solve the key problems of slow speed and high labor intensity of roadway excavation.
Based on the guidance of the support theory, the bottleneck problem to be solved is to complete the automatic anchoring work with the use of an anchor drilling manipulator for precise positioning, replacing the traditional manual to complete of the drilling frame space positioning, and automatic support work. Since presently, the drivage speed and coal quantity have increases, so new requirements have been put forward for the way of the operation, process time, and the safety of the anchor drilling manipulator. Especially in harsh or limited spaces, manipulator ends need to accurately find the 22 mm diameter hole in the roof, effectively avoid the grid reinforced at the same time, and ensure that the drilling time does not exceed 3 min. However, in the process of drilling and anchoring by a manipulator-replacing manual operation, due to limitations in the formulation of control strategy, the real-time pose and positioning accuracy of the manipulator are inferior, essentially because the research studies are not sufficient in the fields of structural design, motion law, and control mechanism of the anchor drilling manipulator.
In recent years, the way to control the motion of the manipulator is a research hotspot with great significance. Because of its uncertainties in parameter uptake and external interference, the manipulator is a complex research object featuring high non-linearity, multi-variability, and high coupling. In order to make the manipulator in a specific action, it is necessary to control the hydraulic cylinder and hydraulic motor at each joint of the manipulator to cooperate with each other to complete the corresponding rotation angle of each joint. Presently, the manipulator structure has become increasingly complex, and the [image: image] control method, with characteristics of independence on the system model, simple and flexible, is unable to meet the motion control of the current manipulator’s complex structure. In view of this practical need, many experts and scholars put forward some new methods based on the idea of control. For example, Chen Wei et al. (Chen et al., 2013) adopted the control method and designed the control algorithm of active and passive joints respectively, realized the underactuated manipulator with passive joints and flexible bars in a piecewise control, and the active and passive joints could effectively complete the operation tasks of the manipulator through the control method. Li et al. (Li and Xing, 2007) studied the skid situation of the left and right tracks of the underwater robot under the complex damping coupling action, and established a [image: image] control model for automatic tracking of the predetermined mining path with ADAMS/Hydraulics and MATLAB/Simulink, which confirmed that the maximum skid rate of the underwater robot in China was 15%. Jing Xuedong et al. (Jing and Pan, 2018) adopted the switch structure control method with acceleration feedback to improve the positioning accuracy of the manipulator. Compared with the traditional [image: image] control method, the fuzzy [image: image] control system has more advantages in overshoot and reaction speed. Zhang Tiemin (Zhang et al., 2002) et al. used the switch structure control method with acceleration feedback to reduce the vibration amplitude to 1/10 of the [image: image] control method and shorten the vibration attenuation time. Luo Yanlei (Luo et al., 2021) et al. established a model on the basis of MATLAB and the AMEsim software and designed a system method of fuzzy [image: image] controller, adopted fuzzy [image: image] controller strategy, which has increased the accuracy and working speed of the hydraulic blanking machine, and has advantages of a strong tracking ability and good robustness. However, in some special conditions, to quickly achieve the goal of spatial positioning and trajectory tracking with the manipulator, the effect of a traditional [image: image] control is not ideal, as the expected control goal is still not achieved even if the parameters are reset. Since the defects of integer order [image: image] control technology cannot be overcome in essence, it is difficult to thoroughly develop the control principle of a fast and accurate spatial positioning and trajectory planning of the manipulator control system. To sum up, in the process of realizing the control of the multi-degree of the freedom electro-hydraulic servo manipulator, a series of problems of complicated mechanisms, motion characteristics, hydraulic servo drive non-linear, feedback control characteristics, and energy characteristics, are critical points to fulfill the precision, stability, and efficiency of the motion control of the anchor drilling manipulator.
With the gradual development of artificial intelligence technology and its wide application in the industrial field, a large number of efficient optimization algorithms have emerged, such as the genetic algorithm (Zhang et al., 2002; Yin et al., 2014a; Luo et al., 2021), particle swarm optimization algorithm (Feng et al., 2015; Al-Saggaf et al., 2020; Feng et al., 2022), search algorithm (Wu and Huang, 2021), and whale algorithm (Li et al., 2021). Applying the intelligent optimization algorithm to controller parameter tuning can greatly improve the control effect. Whale algorithm is a kind of meta-heuristic optimization algorithm, which has the characteristics of strong robustness, simple structure, and few control parameters. Most scholars (Dalir and Bigdeli, 2020; Bushnaq et al., 2021; Nguyen et al., 2021) have applied the whale algorithm and achieved successful examples in the field of continuous domain problem optimization.
To sum up, many experts have conducted in-depth research studies on the method of the intelligent control PID parameter adjustment and achieved a lot of results, but the control method of the drilling and anchor manipulator completing automatic support operation underground needs further research. This is mainly due to some particularity of the drilling and anchoring manipulator working underground: 1) limited space and a complex environment; 2) The end of the anchor drilling mechanical arm is mainly connected with the automatic drill frame. Due to the dead weight of the end and the drilling force of about 20,000 n, the arm end will vibrate greatly, making it difficult to achieve accurate control; 3) Underground electrical parts need explosion-prevention treatment, especially sensors. Compared with sensors on the ground, many performance indicators are difficult to achieve, so it will affect the accurate positioning of the drilling and anchoring manipulator in the roadway space. It seriously restricts the application of intelligent control technology in an underground coal mine robot.
In order to realize the goal of rapid spatial positioning and trajectory tracking of the manipulator, the intelligent control technology of the drilling anchor manipulator is studied. According to the spinor theory, the joint coordinate system and coordinate transformation matrix expression of the manipulator are established by using the D–H method, and the point cloud diagram of the manipulator workspace is solved by using the Monte Carlo algorithm. Based on the independent joint control theory, the single input single output system model of the hydraulic motor/cylinder at the joint of the manipulator is designed by using the MATLAB Simulink software and fractional order FOPID control technology. This article analyzes four intelligent optimization algorithms based on the genetic algorithm (GA), particle swarm optimization (PSO), whale algorithm (WOA), and search algorithm (GPS), evaluates the three dynamic indexes of standard deviation, overshoot, and stability time, and analyzes the effect of step influence under different control combination strategies of the hydraulic motor/oil cylinder. The simulation results show that the optimization ability of the [image: image] algorithm is obvious. For the fractional order controlled object, it can be stable in 0.19 s, and the overshoot is 3.49%, which shows that the controlled system has better stability and fully reflects the advantages of the [image: image] fractional order controller. Finally, the design and experiment are carried out combined with the manipulator control system of the anchor drilling robot.
2 STRUCTURAL DESIGN AND WORKING PRINCIPLE OF THE MANIPULATOR
Mining roof bolter is suitable for automatic support of the top and side walls of the mine tunnel in an underground coal mine, and can realize accurate identification and positioning technology of the manipulator hole location through binocular stereo vision. The structure of the machine is shown in Figure 1. The manipulator connected the frame with the translation pair and the rotation pair realizes the support work of the automatic drilling frame, and ensures the support work of the top and side walls of the roadway with different heights and widths in the mine environment.
[image: Figure 1]FIGURE 1 | Structural diagram of the mine anchor drill frame.
1-Variable frequency speed-regulating traveling mechanism, 2-Electrical control system, 3-Connecting rod, 4-Automatic drill frame, 5-Frame, 6-Driving operation and monitoring mechanism, 7-Rotary reducer, 8-Anchor rod silo.
During mining roof bolter into the mine roadway, firstly, it is driven to the work scheduled area, after being stable, the manipulator controlled by the hydraulic system to automatically drill stands up to the right height through the rotary gear reducer to adjust the automatic drill’s stand posture. Then, the automatic drill starts to work on the working surface, and finally completes the mine roadway support work.
3 KINEMATIC WORKSPACE ANALYSIS OF THE MANIPULATOR
The manipulator is the main working structure of the equipment to realize the automatic support of the top and side walls of the roadway. The positioning system of the manipulator is the important factor to ensure that mining roof bolter can meets the working requirements and work quality. It is required that the displacement working accuracy offset of the manipulator shall not be more than 5 mm, and the displacement working accuracy offset of the manipulator end shall not be more than 10 mm. In addition, as the bad environment in the mine roadway, frequent vibration, and changeable load, a manipulator structure with five degrees of freedom is specially designed to meet the actual requirements of the aforementioned working process. The manipulator is mainly composed of a connecting rod, rotary reducer, coupling, automatic drilling frame, and so on. Its structural diagram is shown in Figure 2.
[image: Figure 2]FIGURE 2 | Structure diagram of the manipulator.
1 - Frame; 2 - Connecting rod; 3 - Rotary reducer; 4 - Connection shaft; 5-Automatic drilling rig.
The frame is set at the lower end of the whole manipulator as the main body supporting the whole manipulator; the connecting rod is connected through the shaft, and the hydraulic cylinder provides power which can rotate [image: image] around [image: image] in the vertical direction; the rotary reducer is located at the top of the other end of the connecting rod. Through the shaft connection, the hydraulic cylinder provides power and can rotate [image: image] around [image: image] in the vertical direction. The connecting shaft is located in the middle of the rotary reducer and can rotate [image: image] around [image: image] in the horizontal direction; the automatic drilling frame is placed on one side of the connecting shaft, which can rotate [image: image], contrary to the position of the rotary reducer.
3.1 Kinematics model based on screw theory
In accordance with the principles and parameters of the [image: image] connecting rod coordinate system of the manipulator, the homogeneous transformation relationship between the joints of the manipulator can also be expressed by the rotation matrix and the translation vector, so the homogeneous transformation moments of the front and rear joints of the manipulator are shown in Figure 3.
[image: Figure 3]FIGURE 3 | Schematic diagram of the [image: image] model.
The homogeneous transformation matrix is expressed as [image: image] , the rotation matrix as [image: image] and translation matrix as [image: image] , then the homogeneous transformation matrix from joint [image: image] to joint [image: image] can be expressed as [image: image] , as shown in Eq. (1). Establishment of a joint coordinate system of the manipulator by using the [image: image] method, as shown in Figure 4.
[image: image]
[image: Figure 4]FIGURE 4 | Establishment of a joint coordinate system of the manipulator by using the [image: image] method.
Based on Table 1, the transformation relation matrix [image: image] from coordinate system [image: image] to coordinate system [image: image] is firstly established according to the [image: image] principle, as shown in Eq. (2). Using the same method, the subsequent transformation relation matrices between the two adjacent coordinate systems are [image: image], [image: image], [image: image], and [image: image], respectively. The expressions of the five coordinate-change matrices are shown in Eqs 3-6:
[image: image]
[image: image]
[image: image]
[image: image]
[image: image]
TABLE 1 | [image: image] parameters.
[image: Table 1]All revolute joints of the manipulator in this article are represented by the [image: image] parameters related to position and pose. The motion of the manipulator in this article is chain motion. By multiplying the homogeneous transformation matrix [image: image] of each joint according to the subscript number, the total transformation matrix of the manipulator from the cloud platform to the end effector can be obtained, as shown in Eq. (7).
[image: image]
3.2 Motion space analysis of the manipulator
The simplified model of the manipulator of the mining roof bolter is shown in Figure 5. When the angle [image: image] of each joint is known, the end position [image: image] can be obtained; on the contrary, when the end position [image: image] is known, the angle of each joint can be obtained, so the inverse solution of the manipulator of the mining roof bolter can be obtained.
[image: Figure 5]FIGURE 5 | Five degrees of freedom manipulator.
To describe the working space of the manipulator of the mining roof bolter, the root of the manipulator is set as [image: image] , and according to the forward kinematics solution of the manipulator, [image: image] can be obtained. The random number is obtained by using the [image: image] function in [image: image] in accordance with the limit of each joint, and the random value is put into the forward kinematics equation to obtain the vector of the corresponding position. The working cloud diagram of the manipulator of the mining roof bolter is obtained, as shown in Figures 6–9.
[image: Figure 6]FIGURE 6 | Cloud diagram of the manipulator movement space.
From Figures 7–9, it can be seen that the working range of the manipulator of mining roof bolter is [image: image], [image: image], [image: image]; the working space of the manipulator of the mining roof bolter is approximately a part of the ellipse, and the simulated working space is compacted in the structure. Each joint of the simulated moving space is in line with the actual moving space, which can truly describe the working space of the manipulator.
[image: Figure 7]FIGURE 7 | Spatial cloud diagram of the ZOX surface motion.
[image: Figure 8]FIGURE 8 | Spatial cloud diagram of the YOX surface motion.
[image: Figure 9]FIGURE 9 | Cloud diagram of the ZOY plane motion space.
4 FRACTIONAL ORDER FOPID MOTION CONTROL ALGORITHM BASED ON WOA-FOPID PARAMETER TUNING
4.1 Fractional order control theory and the parameter tuning optimization process
4.1.1 Fractional order control theory
As a branch of the control field, fractional order control has been widely used in the design of different types of controllers (Yin et al., 2014b; Al-Saggaf et al., 2020; Sheng et al., 2021) for its advantages such as flexibility and precise parameter adjustment, increasing system stability margin and enhancing system robustness, etc. Fractional order [image: image] control was first proposed and demonstrated its superiority over the traditional [image: image] control by Igor Podlubny through the response analysis (Podlubny, 1999; Semmari et al., 2017; Cuong et al., 2020; Dalir and Bigdeli, 2020; Bushnaq et al., 2021; Musarrat and Fekih, 2021; Nguyen et al., 2021; Wu and Huang, 2021; Huang et al., 2022). The order parameters [image: image] , [image: image] of the fractional order [image: image] controller can be taken as any real number. In the [image: image] plane, values can be taken according to different controller parameters. The specific expression and range of values are shown in Figure 10.
[image: image]
[image: image] is the proportional gain; [image: image] is the integral gain; [image: image] is the differential gain; [image: image] and [image: image] are the fractional, differential, and integral order, respectively.
[image: Figure 10]FIGURE 10 | Order value range of the FOPID controller. The mathematical expression of FOPID is given.
Compared with the traditional [image: image] control, fractional order [image: image] control can better subtly reflect the transition process from proportional control to integral control and differential control, so as to achieve more precision, better stability, and stronger anti-interference control effect. Therefore, the author considers designing a fractional order [image: image] control (FOPID) for the electronic control system of the raise boring machine in this article.
4.1.2 Parameter tuning and the optimization process
There are many kinds of parameter tuning methods. With the development of intelligent and control technology, according to the regulation characteristics of the algorithm itself, it is mainly divided into a traditional method tuning and an intelligent optimization algorithm tuning, and the latter one is widely used for its adaptability. The four intelligent optimization algorithms, genetic algorithm (GA), particle swarm optimization (PSO), whale algorithm (WOA), and search algorithm (GPS), have been used for real-time parameter tuning to obtain the optimal value. The parameter tuning principle of the four intelligent optimization algorithms is shown in Figure 11, and the flow chart of the intelligent optimization algorithm for tuning the FOPID parameters is shown in Figure 12. The specific mathematical theories and related expressions of the four intelligent optimization algorithms such as the whale algorithm will not be repeated.
[image: Figure 11]FIGURE 11 | Parameter setting principle of the intelligent optimization algorithm.
[image: Figure 12]FIGURE 12 | Flow chart of the intelligent optimization algorithm for tuning.
4.2 Mathematical modeling and simulation test of the hydraulic cylinder/hydraulic motor at the joint of the manipulator
In this article, genetic algorithm [image: image] , particle swarm optimization algorithm [image: image], whale algorithm [image: image] , and search algorithm [image: image] are combined with [image: image] and [image: image], respectively, Through different combined control strategies, the control effect of the valve-controlled hydraulic cylinder is further analyzed and compared.
For the optimization algorithms used in different control strategies, an objective function is usually set to select the optimal value. The common error performance indicators include ISE (square deviation integral), ITSE (time square deviation integral), IAE (absolute deviation integral), ITAE (time absolute deviation integral), etc. In servo control, the ITAE (time absolute deviation integral) performance index weights the error, so that the error signal converges to zero as soon as possible. Therefore, this article takes the ITAE performance index as the objective function for parameter tuning (Semmari et al., 2017) as shown in Figure 11.
Here, the specific parameters of each algorithm are set as follows: [image: image] parameter settings: [image: image] , [image: image], [image: image] ; the [image: image] parameters are set as: [image: image] , [image: image] and the variation parameter is 0.8, and the variation probability is 0.75; The [image: image] parameter is set to: [image: image], [image: image], [image: image]; [image: image] is set to: [image: image], [image: image], [image: image] , the simulation time is second (s). The comparison of different combination strategies and control indexes is shown in Tables 2, 3. Figure 11 shows the comparison of the dynamic response curves of each combination strategy of the regulating system, [image: image] is the step-response diagram of each algorithm and [image: image] combination strategy, and [image: image] is the step-response diagram of each algorithm and [image: image] combination strategy. The comparison of the [image: image] algorithm-based [image: image] and [image: image] combined control strategies is shown in Figure 11. The numerical iteration curve of the[image: image] fitness function is shown in Figure 11.
(1) [image: image] mathematical modeling and simulation test of the hydraulic motor
TABLE 2 | Mathematical modeling parameter table of the fractional integer order of the hydraulic motor.
[image: Table 2]TABLE 3 | Hydraulic motor’s parameter table.
[image: Table 3][image: image] integer order mathematical model (Dasgupta et al., 1996; Maiti et al., 2008; Long et al., 2018; Caponetto et al., 2019; Wachholz et al., 2019; Do et al., 2020):
[image: image]
[image: image] fractional mathematical model of the hydraulic motor (Dimeas et al., 2017; Do et al., 2020; Ma; Higazy, 2020):
[image: image]
Fractional order [image: image] controller is expressed as: (Elkhazali, 2013; Maâmar and Rachid, 2014; Tolba et al., 2018):
[image: image]
Integer order [image: image] controller expression is: (Zamani et al., 2009; Ding et al., 2017; Ren et al., 2019):
[image: image]
Respectively, four types of the intelligent control algorithm are used for parameter tuning of the [image: image] controller—integer order parameter, the [image: image] controller—fractional order controlled object, the [image: image] controller—fractional integer order controlled object, and the [image: image] controller—fractional integer order controlled object. From Table 3 and Figure 13, according to the results of the simulation experiments, the [image: image] control is not dominant in a complex system compared to FOPID, overshoot amount at about 30%, and settling time floating around 0.7 s; According to the results of the data based on [image: image] algorithm parameters tuning of the system has a certain advantage, settling time reduced to 0.3 s.
[image: Figure 13]FIGURE 13 | Control effect and step response of different combination strategies of the hydraulic motor. (A) The intelligent control algorithm for FOPID controller - integer order parameter setting diagram of controlled objects; (B) Parameter tuning diagram of FOPID controller-fractional controlled object by intelligent control algorithm; (C) Intelligent control algorithm PID controller - fractional integer order controlled object parameter setting diagram; (D) The intelligent control algorithm for FOPID controller - fractional integer order parameter setting graph of controlled objects.
On the whole, the [image: image] controller has shown a better control effect on the fractional order-controlled object, and the overshoot has been reduced. According to the data results, the optimization ability of the [image: image] algorithm is obvious, which makes the controlled system have better stability. For the fractional controlled object, the stability can be achieved in 0.19s, and the overshoot is 3.49%. This fully reflects the superiority of the fractional order [image: image] controller, as shown in Figure 13.
In response speed, adjustment time, and steady-state accuracy, the fractional order [image: image] controller has a better control effect than the fractional order [image: image] controller, integer order [image: image] controller, fractional order [image: image] controller, integer order [image: image] controller, fractional order [image: image] controller, integer order [image: image] controller, and integer order [image: image] controller. In this study, the intelligent optimized whale algorithm [image: image] is directly applied to the systematic controllers of the oil cylinder [image: image] and [image: image] in the manipulator for parameter tuning, and the control strategies of different combinations are compared and analyzed (Table 4).
(2) Mathematical modeling and simulation test of the hydraulic cylinder [image: image]
TABLE 4 | Doa090470-1 (1) hydraulic cylinder parameter table.
[image: Table 4]The integer order mathematical model of the hydraulic cylinder [image: image] (Zhan et al., 2015; Dingyu, 2020):
[image: image]
[image: image]
Integer order [image: image] controller expression (Elkhazali, 2013; Maâmar and Rachid, 2014; Tolba et al., 2018):
[image: image]
Fractional order [image: image] controller expression (Zamani et al., 2009; Ding et al., 2017; Ren et al., 2019):
[image: image]
Figure 14 and Table 5 show that the [image: image] controller is not fit in complex systems, and the results show that it fails to fulfill fine-tuning, especially as the controlled object gradually stabilizes after 6.06s when the [image: image] fractional order acts. In the complex system, the [image: image] controller has a better control effect on the fractional order controlled object, and the overshoot is 8.672%, which can be settled in 0.02s. The[image: image] hydraulic cylinder parameter is shown in Table 6.
(3) Mathematical modeling and simulation test of the hydraulic cylinder [image: image]
[image: Figure 14]FIGURE 14 | [image: image] step response diagram of the control effect of different combination strategies of the hydraulic cylinder.
TABLE 5 | Comparison of different combination strategies and control indexes of the [image: image] hydraulic cylinder.
[image: Table 5]TABLE 6 | [image: image] hydraulic cylinder parameter table.
[image: Table 6]Integer order mathematical model of the hydraulic cylinder [image: image] (Zhan et al., 2015; Dingyu, 2020):
[image: image]
[image: image]
Expression of the integer order PID controller [41–43]:
[image: image]
Expression of the fractional order [image: image] controller (Zamani et al., 2009; Ding et al., 2017; Ren et al., 2019):
[image: image]
Figure 15 and Table 7 show that the [image: image] controller has a better control effect for fractional controlled objects, and the overshoot can reach 6.84% in 0.5s. On the whole, the [image: image] controller is more stable than the [image: image] controller, and the [image: image] control strategy shows almost the same control effect, which is about 20%. In the actual support work of the manipulator, if there is an overshoot in the oil cylinder displacement control system, it will lead to the inaccurate positioning in the drilling hole, which will take more time, and even influence the effectiveness of electronic components in the manipulator. If 16 bolts need to be installed in a roadway section, the mechanical arm takes one more minute for installation of each bolt due to the overshoot, and takes another 16 min in total to complete the support work of a section. Cost function vs. iterations is plotted for the mathematical modeling and simulation tests of the hydraulic cylinder, as shown in Figure 16.
[image: Figure 15]FIGURE 15 | WOA-FOPID–fractional transfer function unit step diagram.
TABLE 7 | Comparison of different combination strategies and control indicators.
[image: Table 7][image: Figure 16]FIGURE 16 | Cost function vs. iterations.
5 EXPERIMENT
In order to verify the correctness and effectiveness of the control strategy in the manipulator control system of the mining roof bolter, the ground training and industrial tests were carried out in the underground roadway, as shown in Figure 17 and Figure 18. The test platform is the underground roadway, with a section height of 2.8–4 m, a width of 3.8–5.6 m, a maximum inclination of 20°, and a maximum drilling depth of 8.3 m. All of them are in a gas-free working environment. The test lasted a total of 9 days. In the first test, there were 14 anchor cable holes of 8.3 m, with a total of 116 m; 46.3 m anchor cable holes, 25 m in total; 124 m anchor cable holes, 48 m in total. In the second test, there were 6 anchor cable holes of 4 m, with a total of 24 m; 6.3 m anchor cable holes, totaling 37 m; 122.5 m anchor cable holes, 30 m in total.
[image: Figure 17]FIGURE 17 | Ground experiment.
[image: Figure 18]FIGURE 18 | Downhole experiment.
5.1 Composition of the control system
The plan of an electric–control system is shown in Figure 19. The control system adopts a modular design, and each functional module runs independently without interference, so as to avoid whole equipment paralysis due to a single failure. The electric control system can be divided into five modules: main circuit unit, power unit, protection unit, signal conditioning isolation unit, and logic control unit. The block diagram of the control system module is shown in Figure 20.
[image: Figure 19]FIGURE 19 | General scheme of an electric control system for the mining roof bolter.
[image: Figure 20]FIGURE 20 | Composition of a control system module.
The main circuit module defines the main structure of the system, and the isolation switch is applied as the switch of the main circuit power supply of the electrical control box to control the oil pump circuit. In terms of control, a vacuum contactor is used in the oil pump circuit, and installed the resistance and capacitance absorption device, to absorb the high voltage generated by the motor in the vacuum contactor disconnection. There are three current transmitters on the cables of each circuit to complete the acquisition of analog quantity.
The power module is mainly composed of a main transformer and four air circuit breakers. The main transformer has three voltage ranges of the input tap: 1,250, 1,140, and 1,025 V. When the voltage is unstable in the coal mine, the transformer tap can be adjusted with the voltage change to ensure the stability of the output voltage, and then ensure the reliability of the control loop. A 24 V tap provides power for the lamp, 220 V for the contactor coil and power modules, and 127 V for the intrinsic safe power supply.
The short-circuit protection of the main circuit and the transformer circuit is realized by a circuit breaker. The motor over-current, overload, and phase break of each driving mechanism are prevented by the [image: image] controller. Leakage locking, leakage monitoring, and overheating are prevented by using an integrated protector. Signal acquisition of the main circuit and the control circuit by a current transmitter and protection unit on each branch cable is processed and judged by an electronic circuit and controller program.
The signal isolation module and the signal conversion module together constitute the signal conditioning isolation module. The isolation module realizes the conversion of (non) intrinsic safety signal, the input and output of various controllers and peripheral devices in the control system. The logic control unit is the core part of the entire electrical system, which can complete various protection functions and communication functions of the motor, and also realize the corresponding control functions: the actual running state of each motor is judged through the calculation and processing of the collection parameters of the system; if a fault occurs, appropriate trip instructions are issued according to the type of fault.
5.2 Hardware structural design of the control system
The control cabinet consists of a PLC controller module, HMI module, and a receiver module. Each working condition monitoring unit and input/output driving unit cooperate with each other to ensure the stable operation of each control function of the system. The hardware structure block diagram of the control system is shown in Figure 19. Digital input drive unit, analog input drive unit, and the antenna are the control center of the main input module, in which the knob and switch sensor units input information to the digital input drive unit; the handle potentiometer and analog sensor input information to the analog input drive unit; the remote transmitter inputs information to the receiver module through the antenna. The digital output drive unit comprises of a light, an indicator light, and a switching electro-magnetic valve; the analog output drive unit includes a variable pump and a proportional electro-magnetic valve. The hardware structural block diagram is shown in Figure 21. In addition, this study carried out the design of the power circuit and selection of the main components.
[image: Figure 21]FIGURE 21 | Hardware structure block diagram of the control system.
5.3 Control system software composition
The software system is composed of an operation signal processor, video signal processor, fault information alarm software, equipment parameter setting software, data display and analysis software, data storage and analysis software, and signal output control software. Its structural block diagram is shown in Figure 22.
[image: Figure 22]FIGURE 22 | Control software and hardware structures’ block diagrams.
5.4 Control principle
The electronic control system adopts the Siemens 200 series [image: image] host and its corresponding expansion module (analog output/input), and communicates with the remote control receiving unit through the [image: image] host’s own [image: image] communication interface [image: image] , so as to precisely conduct motions, such as pump motor start and stop, large manipulator movements, expansion of the front and rear top tightening cylinders, forward and reverse rotations of the rotary motor, cylinder’s forward and backward, horizontal rotary positively and negatively, vertical rotary positively and negatively, adjustment of the oil cylinder, cylinder of gripper opening and closing, upper rod of manipulator sending, opening and closing of manipulator, drilling rod storeroom forward and reversing rotary, pin hydraulic cylinder opening and closing, water valve opening and closing, detection and protection of the hydraulic system through the acquisition of oil tank temperature and hydraulic system pressure sensor signals, and the display on the remote transmitter screen through [image: image] communication. A position sensor is installed to detect the position of the mainframe and the drilling rod store to ensure the precision control of automatic drilling/un-drilling. Motor intelligent integrated protector can display the real-time voltage and current of the system, with protection functions avoiding over voltage, under voltage, overload, short circuit, circuit break, phase break, leakage, display, and store alarm fault in real time. A proportional electro-hydraulic valve can adjust the hydraulic valve opening and pressure value through the [image: image] output signal of the [image: image] analog expansion module and proportional amplifier. Manual/automatic control of a locomotive can be realized by an internal ladder diagram program operation. Automatic control adopts the one-button operation, where the equipment can automatically complete the drilling/un-drilling process and have the suspension function and the one-button emergency stop function for the operator to deal with the emergency situation in the process of an automatic operation.
5.5 Implementation plan
A hydraulic anchor rod drill truck was carried out to the ground training drill from August 22 to August 23,2019, arrived to the coal mine on August 24, on August 25, in 11,505W, the transport lane carried out an industrial test, on August 26 implemented fire debugging, operation, and on August 28 began an advanced supporting anchor cable test behind the excavator. The periodic summary is as follows:
As of September 9, 38 holes were drilled, among which 35 were anchored, 3 holes were drilled during the test, respectively 3.0, 5.0, and 5.5 m, without anchoring.
With a 6.3 m grouting anchor, it takes about 4 min on average to move forward to adjust the position of the drill truck, 14 min on average to drill, 8 min on average to withdraw the drill, 4 min on average to install the anchor cable, and 30 min on average in total. Fourteen representative boreholes in the early experimental period were selected for analysis, as follows in Table 8.
TABLE 8 | Test record of the anchor rod drill truck.
[image: Table 8]According to the experimental conclusions:
(1) After the control system design is completed, it is debugged and applied on the roof bolter. The control system realizes the remote pump station start–stop control, hydraulic cylinder position control, and meets the requirements of the process operation. The experiment proves that the [image: image] control strategy in an electro-hydraulic drive control system of effectiveness. The control strategy can make the electric hydraulic drive control in good real-time performance, accuracy, and rapidity. The manipulator can achieve high precision control in the underground roadway and can be used as a new control method for roof bolter.
(2) The automatic support system of the manipulator of the mining roof bolter breaks through the technology of automatic transportation of anchoring agents and the technology of transportation bolts and cables, and realizes a real automatic support working line without man-made interference. The manipulator can automatically drill bolt holes, cable holes, cut top holes, coal powder detection holes, water injection holes, and 360° all-round drilling. In the later stage, the automatic support working line can be combined with the automatic tunneling cutting, and the unmanned driving face can be built.
6 CONCLUSION
To find whether the mining roof bolter can realize precise hole positioning, in a complex environment, this article uses [image: image] control fine-tuning features in a non-linear control object, proposes a method based on the whale algorithm [image: image] for [image: image] parameter tuning. Through establishing the electro-hydraulic coupling model of the hydraulic motor and hydraulic cylinder at four joints of the manipulator of the mining roof bolter and the simulation analysis in [image: image] , the following conclusions can be obtained:
(1) From the model built from [image: image] and the objective function [image: image] numerical iteration process, it can be found that the [image: image] has good optimization ability and convergence performance, which verifies the excellent performance of [image: image] in the control parameter tuning. The [image: image] control strategy has a certain anti-interference performance, and can be timely corrected when the electro-hydraulic coupling model of the manipulator is disturbed, so that all parameters can fluctuate in a small range, which has a good engineering application prospect.
(2) The effectiveness of the [image: image] control strategy in the electro-hydraulic drive control system can be verified by the industrial test on the mining roof bolter. The control strategy can make the electro-hydraulic drive control in good real-time performance, accuracy, and rapidity.
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