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Introduction: The accurate analysis of Wire Stripping Operation of Power Distribution Robot is crucial for the automation and intelligence of power system maintenance operations. Therefore, a new design and control method for Wire Stripping Operation of Power Distribution Robot has been proposed.

Methods: Firstly, a wire stripping device suitable for Cylindrical Gear Transmission was designed. Then, kinematic analysis was conducted based on the Wire Stripping and Cutting Force to ensure the accuracy of the stripping process. Finally, to cope with changes in stiffness environments, an impedance control strategy based on Recursive Least Square method was introduced to improve the stability and adaptability of the control system.

Results: These results confirmed that the proposed method performs significantly better than traditional methods in force response tracking. When the wire stripping time was 1.9 s, the sinusoidal force responses of the research method, reference force, and general impedance force were −15.3 N, −15.4 N, and −8.2 N, respectively. The sinusoidal force tracking responses were −19.6 N, 6.5 N, 2.6 N to −18.2 N, respectively. The impedance force error curve of the proposed method shows no significant difference compared to the general impedance force error curve (P < 0.05). Meanwhile, the impedance force error curve of the research method was more stable, while the general impedance force error curve fluctuated greatly. Simulation analysis confirmed that the wire stripping surface of the research method was smooth and undamaged, demonstrating the rationality of the wire stripping device design and the superiority of the wire stripping control algorithm. The accuracy, efficiency, and stability scores of the proposed method are superior to the other three classical control methods.

Discussion: This study is crucial for improving the automation level and operational accuracy of wire stripping operations in power distribution robots.
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1 INTRODUCTION


Due to the continuous improvement of automation in the power industry, Power Distribution Robot (PDR) has played an increasingly important role in the maintenance and operation of the power system. Performing a Wire Stripping Operation (WSO) on cables is a fundamental and crucial step in ensuring stable operation of the power system. It requires precise removal of the outer protective layer of the cable to expose the inner conductor without damaging the conductor itself (Arastou et al., 2022). Traditional manual WSO often leads to low efficiency and potential security risks due to uncontrollable operational forces and environmental factors. In view of this, how to improve the accuracy of WSO and ensure safe and efficient completion of tasks has become a hot research topic. Cylindrical Gear Transmission (CGT) has been widely used in mechanical transmission due to its compact structure, high transmission efficiency, and strong adaptability. By utilizing the characteristics of CGT, PDR can execute WSO in a more precise and stable manner (Roberts and Florentine, 2021). However, the complexity of WSO requires robots to have a high motion control capability, which involves precise management of Wire Stripping and Cutting Force (WSCF) and in-depth analysis of robot kinematics. The WSCF control algorithm is a control technology specifically designed for WSO, which can dynamically adjust the cutting force based on specific parameters such as material and thickness, thereby avoiding damage to the conductor (Amin et al., 2020). This type of algorithm combines the advantages of CGT to achieve high-precision control of PDR wire stripping actions. The innovation of this study lies in the combination of WSCF control algorithm and Recursive Least Square (RLS) to better achieve PDR wire stripping motion. This study will delve into the wire stripping kinematics of PDR under CGT, with the goal of achieving high-precision and high stability WSO under different operating conditions through the combination of kinematic analysis and related control technologies. This study mainly consists of four parts. Firstly, there is a literature review that summarizes the research results on different robots and controls. Secondly, there is research methodology, including the design of PDR wire stripping and kinematic analysis of PDR wire stripping based on WSCF control algorithm. Then comes the result analysis, mainly conducting simulation analysis on the research methods. Finally, the conclusion summarizes the research findings and shortcomings.




2 LITERATURE REVIEW


With the advancement of technology and the growth of social demand, there have been many studies on robot cable stripping technology. Zhang et al. proposed a control method for a peeling robot based on kinematic analysis and error compensation. The experimental results show that the positioning accuracy of the robot in cable stripping is significantly improved, and the cutting error is reduced by 30%. However, research has not fully considered the impact of changes in meshing stiffness in gear transmission on stripping accuracy, and there may be significant errors in practical applications (Zhang et al., 2023). Bieze et al. proposed a real-time control method for peeling based on dual sensors, which maintains the stability of peeling quality under different tension conditions, with tension error controlled within 5%. But the system structure is complex and the maintenance cost is high (Bieze et al., 2020). Zhao et al. and other experts have proposed a real-time monitoring method for wire stripping force based on machine vision technology to meet the high precision requirements of the power industry for operation robots. This method controls the wire stripping error within 1 mm in practical applications and improves the wire stripping efficiency by 20%. But in complex environments, it may be affected by external factors such as lighting, which can affect recognition performance (Zhao et al., 2023). Xu et al. and other experts proposed an automated peeling system based on dual arm robots, which controls the cutting action through a distributed control system to ensure synchronous cable peeling and cutting. The results show that the dual arm robot can efficiently complete cutting tasks, with a 40% increase in efficiency compared to traditional methods (Xu et al., 2022). Brahmi et al. have proposed a feedback control based cable cutting robot to address the issue of inconsistent cable materials and thicknesses. The robot adjusts its cutting tasks in real-time using fuzzy algorithms to ensure the quality of cable stripping. The results indicate that this method has high accuracy in cutting cables made of high hardness materials. However, the system response is slow during the cutting process, and there is room for improvement in efficiency (Brahmi et al., 2020).

With the development of technology, especially in electronics, computing, and information technology, the demand for more complex and advanced control systems is constantly increasing. These systems aim to improve the performance and efficiency of various applications, including manufacturing, transportation, energy systems, biomedical engineering, and robotics. Li et al. proposed a causal control strategy based on optimized approximate transfer functions to address non-causal issues in wave energy control. These experiments confirmed that this strategy enabled the lift sink absorber to effectively extract wave energy up to 90% of the theoretical upper limit. Meanwhile, this controller had a certain sensitivity to the viscous damping effect caused by resistance and spectral bandwidth. However, its sensitivity to viscous damping effects also exposes certain limitations. Further research is needed to maintain the robustness of control systems under uncertain external conditions (Li and Gao, 2020). Jiang et al. proposed a hierarchical control strategy based on model free adaptive sliding mode control for path tracking and energy-saving control of six wheel independent drive unmanned ground vehicles. The upper and lower controllers adopted different methods to achieve effective combination of lateral torque and longitudinal force. These experiments confirmed that the control strategy exhibited good control performance and optimized energy-saving characteristics, which could ensure the vehicle stability. However, further research is needed on how to combine different levels of control strategies to achieve optimal system performance (Jiang et al., 2022). Stefenon et al. proposed a potential distribution evaluation method based on finite element method to address the reliability and potential optimization issues of intermediate obstacles in compact distribution networks. By analyzing the surface potential distribution on insulators, this method effectively improves the design and performance of distribution network components, but there is still room for optimization in the control accuracy and reliability of the system (Stefenon et al., 2022).

Through the above research, optimizing the control of robots can improve their related performance, but most of them focus on single application scenarios or specific task control. And there is no attention paid to the comprehensive control requirements of robot systems in multi task and multi scenario scenarios, especially the robustness and energy efficiency optimization of control strategies in complex dynamic environments. Therefore, in order to improve the motion control performance of PDR wire stripping action, this study conducted a detailed kinematic analysis of the wire stripping kinematics of PDR under CGT, aiming to further improve its operational efficiency and accuracy, and ensure the reliability and safety of power system maintenance operations. The research innovation lies in the design of a cable stripping device suitable for cylindrical gear transmission, combined with kinematic analysis based on cutting force control algorithm. Secondly, the study adopted an impedance control strategy based on recursive least square (RLS) method. The method not only shows more stable performance in force tracking error, but also performs significantly better than traditional methods in complex environments, effectively solving the control stability and adaptability problems in different stiffness environments. Compared to other methods, the research contribution lies in improving the accuracy and reliability of the stripping action, providing new solutions for the automation and intelligence of power system maintenance.




3 WIRE STRIPPING MOTION OF POWER DISTRIBUTION ROBOT BASED ON WIRE STRIPPING AND CUTTING FORCE CONTROL ALGORITHM AND RLS


The research focuses on the optimization of PDR wire stripping motion, especially its application under the CGT mechanism. Firstly, a PDR wire stripper adapted to CGT is designed, followed by kinematic analysis based on WSCF control algorithm. Finally, an impedance control strategy based on RLS is introduced to address challenges in different stiffness environments and improve the stability and adaptability of the control system.



3.1 Design of wire stripper for power distribution robot under cylindrical gear transmission


CGT is widely used in the kinematic analysis of wire stripping in PDR, mainly due to its high efficiency and accuracy, stability and reliability, smooth motion characteristics, adaptability, and ease of maintenance. These characteristics make CGT very suitable for high-precision and strict WSO requirements, ensuring that robots can perform tasks stably and accurately in complex working environments (Mozaffari et al., 2020). CGT can provide high efficiency and precise transmission ratio, which is crucial for ensuring precise control of the wire stripper during the wire stripping process. The structure of cylindrical gears is relatively simple and stable, capable of withstanding large loads, which is crucial for maintaining stability and reliability during the wire stripping process. CGT can usually provide smooth motion, which helps reduce possible vibrations and impacts during the wire stripping process, thereby improving the quality of wire stripping. CGT can adapt to gears of different sizes and shapes, allowing it to be flexibly applied in different designs of wire strippers. This adaptability is crucial for the design of PDR as it needs to adapt to different working environments and task requirements.

PDR is a comprehensive automated machine typically equipped with multiple robotic arms integrated on a mobile platform. Its main tasks include stripping of wire insulation layer, residual cleaning, application of conductive grease, installation of wire clamps, and design of end structures (Li N. et al., 2020). Meanwhile, robots need to be designed with insulation protection to ensure safe operation. Before manufacturing PDR, engineers will establish a virtual model for detailed simulation analysis and use it to construct the physical structure of the robot. Figure 1 is a schematic diagram of PDR tasks.


[image: Figure 1]



FIGURE 1 | 
Schematic diagram of power distribution robot arm operation.



The control principle of the robotic arm can be seen in Figure 1, before WSD, the robot arm reduces wire swinging caused by wind or other interference by grasping and fixing wires. This process laid a stable foundation for subsequent operations. Afterwards, the robotic arm two will perform the stripping operation. The complex work environment and requirements for control stability may lead to incomplete wire stripping or damage to the metal core of the wire (Pei and Sun, 2023). After stripping the wire, the robotic arm uses cleaning tools to remove any residue from the exposed parts of the wire. Next, it will be exchanged for tools for applying conductive grease to improve the efficiency of electricity transmission. Afterwards, the robotic arm 3 will assist in installing the wire clamp to ensure the connection between the main high-voltage wire and the drainage wire. The entire process requires multiple robotic arms to work together, using master-slave control technology to ensure coordination and consistency. Figure 2 shows the PDR task structure.


[image: Figure 2]



FIGURE 2 | 
Operation structure of power distribution robot.



From Figure 2, it can be seen that based on the control process of the robot arm in Figures 1, 2 further explores the operational structure of the robot. Especially in the scenario of how multiple robotic arms work together through master-slave control technology. The entire process requires the collaborative operation of multiple robotic arms to ensure task coordination and consistency. Specifically, Figure 2 shows robotic arms with different functions, including a Grab Robotic Arm for grasping, a Mechanical Arm for Stripping Robot for wire stripping, and a robotic arm for installing wire clamps. In addition, specialized tools and equipment were mentioned, such as cleaning brushes and special tools for applying conductive grease, which play an important role in preparing wire surfaces, ensuring good conductivity, and long-term performance. In the ever-changing environment of power distribution operations, the efficiency and quality of robots performing wire stripping tasks are significantly affected by the wire stripping technology they adopt. There are usually two main wire stripping technologies on the market, namely, straight cutting and rotary cutting. The direct cutting technique utilizes a pair of blades fixed inside the wire stripper to symmetrically cut the outer insulation along the wire in a 180° manner, and then rotate in the same direction once to loosen the layer. The rotary cutting stripping wire touches the wire at a certain angle through a single blade. The cutting tool in wire stripping moves slowly along the axial direction of the wire while rotating. But there are also challenges in controlling the stripping force, which usually rely on the operator’s experience for adjustment.




3.2 Wire stripping motion of power distribution robot based on wire stripping and cutting force control algorithm


The WSO of PDR is a crucial link in the maintenance of distribution systems, which directly affects the efficiency and safety of the entire system. WSO requires high precision and stability, as inaccurate wire stripping may lead to wire damage or safety hazards. Traditional wire stripping techniques rely on the skills and experience of operators, which may lead to inconsistent and inefficient results in some cases. Therefore, developing an efficient, accurate, and automated wire stripping method has become crucial.

In power distribution operations, the end stripper used by robots faces many challenges when stripping the insulation layer of wires, such as the wire core being easily damaged or leaving insulation residue, which can affect the effectiveness of power distribution (Chen et al., 2023). To address these issues, the study employs the WSCF control algorithm for control. The interaction between the end stripper of the robot and the wire is considered as a second-order dynamic system, and the dynamic principle is represented by Formula 1 (Li X. et al., 2020).


[image: image]


In Formula 1, [image: image], [image: image], and [image: image] are the inertia, damping, and stiffness matrices, which together determine the dynamic characteristics. [image: image] and [image: image] mean the parameter directions and actual directions of the end stripper, respectively. [image: image] and [image: image] are the expected direction and actual direction, respectively. [image: image] and [image: image] refer to the expected and actual direction, respectively. [image: image] and [image: image] are the reference contact force and actual cutting force in the contact between the end stripper and the wire, respectively. Before the wire stripper comes into contact with the wire, the contact force remains zero, and a position tracking operation is performed at this time. As the wire stripper begins to come into contact with the wire, the impedance controller adjusts the position control command based on the deviation signal of the cutting force to correct the position deviation and combine it with the preset target position. In this process, the interaction between the wire stripper and the wire can be described by the impedance model in Figure 3, which covers the impedance characteristics of both the wire stripper end and the wire system.


[image: Figure 3]



FIGURE 3 | 
Impedance model of wire stripper in contact with wires.



In the cutting stage of the wire stripper, this action can be regarded as a one-dimensional scenario. In this case, force tracking and impedance control can be achieved through the method described in Formula 2 for design (Wang et al., 2022).


[image: image]


In Equation 2, [image: image] represents the quality of the system; [image: image] is the actual location; [image: image] is reference positions; [image: image] representing the coefficient of friction; [image: image] and [image: image] represent the velocities of the actual position and the reference position respectively; [image: image] indicate the elasticity coefficient of the spring; [image: image] expressing external force; [image: image] indicate reference force. After filtering the contact force deviation of the wire stripper, the correction amount of its position is obtained. Combined with the reference position value, the position control command is obtained, represented by Formula 3 (Choudhury et al., 2022).


[image: image]


In Equation 3, [image: image] indicate the target location; [image: image] indicate the reference position; [image: image] indicate the location of the error. Finally, the position control command is converted into the driving voltage of the servo motor and implemented through the position controller. The servo motor responds to the driving voltage, precisely controls the PDR end effector, and implements meticulous wire stripping actions to ensure accurate execution and high-quality completion of the operation.




3.3 Impedance control based on RLS


To solve the inaccurate contact force caused by changes in environmental stiffness during wire stripping in PDR, an impedance force tracking control algorithm based on RLS is proposed. It can identify the insulation layer and core stiffness of the wire online, achieving precise force control of the wire stripper and smooth stripping of the wire. RLS is widely used in parameter identification due to its concise principle, efficient calculation, and ability to update parameters online. If the difference between the actual displacement and the assumed displacement is [image: image], and the difference between the actual environmental stiffness and the assumed environmental stiffness is [image: image], then Formula 4 can be obtained (Zhu et al., 2021).
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In Equation 4, [image: image] represents the difference between the actual displacement and the assumed displacement; [image: image] indicate actual displacement; [image: image] indicating assumed displacement; [image: image] and [image: image] represent actual and assumed environments respectively. From this, Formula 5 can be obtained (Zhong et al., 2023a).
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In Equation 5, [image: image] is the force deviation; [image: image] is the damping coefficient; [image: image] is the spring coefficient; [image: image] is the force deviation caused by the difference between the actual displacement and the assumed displacement; [image: image] represents the force deviation caused by the difference between the actual environmental stiffness and the assumed environmental stiffness. In the operation of PDR, the main sources of force deviation are environmental stiffness and positional errors. Due to the usually small positional error in this situation, the deviation is mainly caused by environmental stiffness. The stiffness information of the wire is obtained by real-time updating of the reference position [image: image] and utilizing online parameter identification technology based on RLS, achieving precise control of cutting force. In this framework, [image: image] and [image: image] mean the ideal and actual output signals of the impedance force controller, respectively, so that the signal error can be calculated, represented by Formula 6 (Xiao et al., 2022).


[image: image]


In Equation 6, [image: image] represents signal error. By incorporating the forgetting factor [image: image], real-time monitoring of the dynamic changes in environmental stiffness can be achieved. Based on this, the corresponding iterative formula [image: image] is adjusted, and further power series expansion is performed on [image: image] to obtain Formula 7 (Brunke et al., 2022).
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In Formula 7, [image: image] represents the sum of squared errors for the [image: image] th iteration; [image: image] representing the square of the error for the [image: image] th iteration; [image: image] represents the forgetting factor; [image: image] represents the square of the error for the [image: image] th iteration. In general, the coefficient of the squared series error is 1, indicating that if the forgetting factor is small, it is more inclined to balance the latest squared error, reducing the impact of earlier errors. In parameter identification, the identification effect is represented by error variance, and the mean error is used as the judgment threshold. When the error is less than the mean, it indicates that the system tends to stabilize. At this point, the forgetting factor [image: image] approaches 1, which helps to reduce identification errors. To improve the accuracy of stiffness parameter identification, theoretical analysis suggests that the optimal weight function must be determined. To achieve this goal, it is necessary to minimize the numerical value of the iterative function. By further simplifying this process, the final form of the weight function can be obtained, represented by Formula 8 (Ma et al., 2021).
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In Formula 8, [image: image] is the weight function for the nth iteration; [image: image] is the weight function of the [image: image] th iteration; [image: image] is the learning rate; [image: image] represents the error of the [image: image] th iteration. By using the above formula, the algorithm flow of RLS can be obtained in Figure 4.


[image: Figure 4]



FIGURE 4 | 
RLS algorithm process.



Both environmental stiffness and positional errors can cause deviations in force control, therefore real-time updating of environmental stiffness and positional information is crucial for accurate force control. The calculation of cable stiffness is shown in Equation 9 (Mamakoukas et al., 2021).
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In Equation 9, [image: image] represents the total bending stiffness of the cable; [image: image] indicate the elastic modulus of the [image: image] layer material; [image: image] representing the moment of inertia of the cross-section of the [image: image] layer material; [image: image] indicates the number of layers in the cable. When applying RLS for wire stripping in PDR, to reduce data errors, the study adopts the average value within the sampling period to represent the actual situation of the wire stripper’s cutting force. When the error between this average value and the predetermined reference force is less than 0.001, it can be considered that the RLS impedance system is approaching stability, and the calculation of the least squares method can be stopped at this time. Finally, an algorithm is developed to update the identification of RLS stiffness parameters for the reference position of the cutting force, represented by Formula 10 (Kristiyono and Wiyono, 2021).


[image: image]


In Equation 10, [image: image] indicate the position coordinates of the cutting force reference position at time [image: image]. [image: image] indicate the expected position at time [image: image]. [image: image] is the force or applied force representing cutting force. [image: image] is the equivalent stiffness parameter of the system at time [image: image]. [image: image] indicate the compensation position of the system. [image: image] indicate additional compensation positions. In automation and intelligent control, parameter identification technology based on RLS is crucial for accurately modeling the dynamic characteristics of systems. In this study, the RLS parameter identification strategy is introduced to construct an impedance control model to optimize the performance of PDR wire stripping, ensuring high accuracy and stability under different working conditions. Figure 5 is an impedance control model based on RLS parameter identification.
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FIGURE 5 | 
Impedance control model based on RLS parameter identification.




Figure 5 shows the impedance control model based on RLS parameter identification, which includes seven parts: impedance controller, reference trajectory, trajectory correction mechanism, incremental position control, end stripper operation, RLS, and environmental stiffness perception. Specifically, the impedance controller is responsible for calculating the output signal based on the input signal. In this impedance control, the controller is designed based on the impedance characteristics of the simulated physical system, as shown in Equation 11.
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In Equation 11, [image: image] represents the applied force; [image: image], [image: image], [image: image] represents the position, velocity, and acceleration of the object, respectively; [image: image], [image: image], [image: image] represents the mass, damping, and stiffness of the object. The expected path provided by the reference trajectory to the control system serves as a reference; The trajectory correction part uses a PID controller to correct the deviation between the actual displacement and the reference displacement, ensuring that the system can move along the reference trajectory; The incremental position control part is a method of achieving the target position by continuously adjusting the position increment, used to adjust the control signal. The incremental position control equation is shown in Equation 12.
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In Equation 12, [image: image] represents the incremental position of the object; [image: image] is the target location; [image: image] is the current location. The end peeling operation is used to perform the actual peeling action, and the accuracy of peeling depends on the control model; The RLS part is used for online estimation of dynamic parameters such as wire stiffness, and the parameter evaluation formula is shown in Equation 13.


[image: image]


In Equation 13, [image: image] is the output of the system; [image: image] is the input vector; [image: image] is the parameter vector to be estimated; [image: image] is noise. The environmental stiffness perception part is used to monitor and provide feedback on changes in environmental stiffness. According to the derivation process of Equation 9, the control process of the control system is further analyzed from the perspective of practical application. Based on the derivation process of Equation 9, further analysis of the control process of the control system is conducted from the perspective of practical application. These together constitute a highly integrated and intelligent system aimed at achieving precise and stable wire stripping control.





4 KINEMATIC ANALYSIS OF WIRE STRIPPING FOR DISTRIBUTION ROBOTS BASED ON WIRE STRIPPING AND CUTTING FORCE CONTROL ALGORITHM AND RLS


A thorough analysis was conducted on the wire stripping motion of PDR under CGT. Through impedance control using WSCF control algorithm and RLS parameter identification, the effectiveness of these advanced technologies was first verified in a simulation environment. Then PDR wire stripping simulation analysis further confirmed the feasibility and efficiency of the entire system.



4.1 Impedance force control simulation analysis based on wire stripping and cutting force control algorithm and RLS parameter identification


After completing the necessary restrictions and startup instructions for the wire stripper, simulation experiments were conducted. The experiment used a cutting equipment model XYZ Precision Cutter Model XYZ1000 and a ForceSense FS-100 force sensor model for data acquisition. The environmental temperature control adopts THZ-300 constant temperature and humidity box. Collecting data specifically includes timestamp, cutting head position, cutting resistance, and environmental parameters. This experiment involved the contact and clamping of the wire stripper with the wire and the execution of the wire stripping task until it was completed. Then, the wire was released and restored to its initial position through a reverse rotating screw mechanism. The simulation duration of this process was a total of 13 s, with the wire stripping lasting for 4 s. This process could be modularized using Matlab/Simulink software. Figure 6 shows the sinusoidal force response and error curve based on the WSCF control algorithm and RLS parameter identification.


[image: Figure 6]



FIGURE 6 | 
Comparison of cutting force changes between uncontrolled and controlled conditions. (a) Sinusoidal force response curves (b) Sine force tracking error curve.



From Figure 6, it can be seen that under the control of the proposed method, the sinusoidal response force is smoother than without control. In Figure 6A, the proposed method shows that as the peeling time increases, the shear force varies within the range of [-8,18] without significant fluctuations. When there is no control force, the shear force curve fluctuates violently at 0.2 s, and the shear force fluctuates within the range of [-14, 20], which is 23% lower than the control force of the proposed method. This is due to the unevenness of the material and the fixed cutting parameters. As shown in Figure 6B, there is no significant difference in the error between the proposed method and the reference force (P < 0.05). The instability of shear force not only increases the risk of cutting errors, but may also cause damage to cutting equipment and the material being cut. Therefore, the results indicate that the dynamic adjustment mechanism of the proposed method ensures the stability and consistency of the cutting process. Afterwards, a comparison was performed on the constant force tracking response and error curve during stiffness sudden changes in Figure 7.
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FIGURE 7 | 
Tracking response and error curve with or without control force during sudden stiffness changes. (a) Constant force response tracking curve (b) Constant force tracking error curve.




Figures 7A, B show the constant force response tracking curve and tracking error curve, respectively. In Figure 7A, the constant force response tracking curve of the research method shows relatively small fluctuations, and compared to the control force, the 3-s fluctuations are larger in the absence of control force. In addition, significant fluctuations in response force occur within the time range of (Amin et al., 2020; Zhang et al., 2023), which may be due to the control system automatically increasing cutting force to maintain cutting speed as material hardness increases. In Figure 7B, there is no significant difference in the error between the proposed method and the reference force (P < 0.05). The results indicate that this method has a good control effect on stiffness abrupt changes. To further explore its performance, the WSCF control algorithm with sudden stiffness changes and the sinusoidal force tracking and error curve for RLS parameter identification were analyzed in Figure 8.
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FIGURE 8 | 
Comparison of sinusoidal force tracking and error curves with and without control. (a) Sinusoidal force tracking error (b) Sinusoidal force tracking response curve.




Figures 8A, B show the sinusoidal force tracking response curve and the sinusoidal force tracking error, respectively. From Figure 8A, it can be seen that the shear force of the research method is greater than that without control, and the curve is more stable. At a peeling time of 1.9 s, the maximum impedance force of the proposed method reached −19.6 N, an increase of 66.3% compared to uncontrolled conditions. This may be due to the sudden change in stiffness caused by the increase in material hardness, thereby increasing the control force of the control system. In Figure 8B, the impedance force error curve of the research method has high stability, always around 0 N. There was no significant difference in the error between the proposed method and the reference force (P < 0.05). The results indicate that this method has good control accuracy and stability for sudden stiffness changes. The WSCF control algorithm with sudden stiffness changes and the slope force tracking and error curve for RLS parameter identification were analyzed in Figure 9.
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FIGURE 9 | 
Slope force tracking and error curve of the proposed method. (a) Slope force tracking response curve (b) Slope force tracking error.




Figures 9A, B show the slope force tracking response curve and slope force tracking error, respectively. In Figure 9A, The impedance force of the research method almost matched the reference force, while the general impedance force had a significant difference from the reference force. After 2 s of wire stripping, the impedance force of the research method and the reference force were both 81.3 N, and the general impedance force had not stabilized until it stabilized at 3.0s, with an impedance force of 78.1 N. This indicates that the research method has better control effect than general impedance force, and can quickly respond and adjust resistance. In Figure 9B, the impedance force error curve of the research method tended to stabilize after 2 s, approaching 0N, while the general impedance force error curve had significant fluctuations. There was no significant difference in the error between the proposed method and the reference force (P < 0.05). This indicates that the research method can not only effectively control resistance, but also quickly stabilize the cutting process, reducing unnecessary fluctuations and errors.




4.2 Simulation analysis of wire stripping for power distribution robots


As automation and intelligence improve, PDR plays an increasingly important role in power system maintenance. Especially in the critical operation of wire stripping, efficient and accurate automation not only improves operational efficiency but also reduces the need for manual intervention. Through simulation research, new control algorithms and technologies such as WSCF control algorithm and RLS can be verified for their application in impedance control. This is very important for promoting technological innovation and improving practical applications. Table 1 shows the experimental parameters of PDR.





TABLE 1 | 
Experimental parameter settings for power distribution robots.

[image: Table 1]


When conducting wire stripping experiments, the wire stripper itself remains stable without component deformation or unstable shaking. During the WSO process, there was no damage or insulation residue on the surface of the wire, and the wire stripping control error remained within an acceptable range. These indicate that the structure of the wire stripper and the wire stripping control algorithm are both effective. Figure 10 shows the experimental and simulation data of PDR.
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FIGURE 10 | 
Comparison results between experimental data and simulation data. (a) Test data (b) SImulation data.




Figures 10A, B show the experimental and simulation data of PDR, respectively. The impedance force of the research method almost matched the reference force, while the general impedance force had a significant difference from the reference force. After 2 s of wire stripping, the impedance force of the research method and the reference force were both 81.3N, and the general impedance force had not stabilized until it stabilized at 3.0s, with an impedance force of 78.1 N. Meanwhile, the impedance force error curve of the research method tended to stabilize after 2 s, approaching 0N, while the general impedance force error curve had significant fluctuations. Figure 11 shows the results of the wire stripping test.
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FIGURE 11 | 
Stripping test results. (a) Wire stripping and cutting force control +RLS. (b) General wire stripping.




Figures 11A, B show the stripping test results of the impedance control method based on WSCF control algorithm and RLS, as well as the general wire stripping method, respectively. Under the WSCF control algorithm and RLS impedance control, the wire stripping surface was smooth and undamaged, demonstrating the rationality of wire stripper design and the superiority of wire stripping control algorithm. Although general impedance control experiments could also complete wire stripping tasks, the results were not ideal and had not met the high standards required for power distribution operations. To further validate the effectiveness of the proposed method in performing wire stripping tasks, precision, operational efficiency, and stability were used as evaluation indicators for robot control. And combined with 5 classic robot control methods: PID based Wire Stripping Motion Analysis (PID-WSMA), Fuzzy Logic based Wire Stripping Motion Analysis (F-WSMA), Neural Network based Wire Stripping Motion Control (NN-WSMA), B-spline Wavelet Neural Network based Wire Stripping Motion Control (BWNN-WSMA), and Logarithmic Sliding Mode based Wire Stripping Motion Control (LSM-WSMA), the results are shown in Table 2.





TABLE 2 | 
Comparison of control performance of various methods and measurement methods.

[image: Table 2]



Table 2 compares the performance of multiple wire stripping methods on three key indicators: wire stripping accuracy, wire stripping efficiency, and system stability. The proposed method is significantly superior to other methods in all aspects, with an accuracy of 98.5%, an efficiency of 1.6 m/min, and a system stability score of 9.5, demonstrating comprehensive performance advantages. In contrast, the accuracy of other methods generally ranges from 91.2% to 93.2%, the efficiency is between 0.9 and 1.2 m/min, and the stability score is between 8.1–8.8, showing similar performance but significantly lower than the proposed method. Among them NN-WSMA performs slightly better than other comparative methods in accuracy (91.9%) and efficiency (1.2 m/min), while BWNN-WSMA performs the worst in efficiency (0.9 m/min). Overall, the proposed method has significant comprehensive performance advantages in wire stripping tasks and is currently the optimal solution.





5 CONCLUSION


The stripping task of PDR in carrying out power line maintenance operations is a key link in ensuring the stable operation of the power grid, requiring precise stripping actions to prevent damage to the wires and ensure connection quality. This study combined the advantages of compact structure, high transmission efficiency, and strong adaptability of CGT to construct a PDR wire stripper design. Then the WSCF control algorithm was applied to the PDR wire stripping motion, and impedance control based on RLS was added. In the simulation results, whether in constant force tracking, sine force tracking, or slope force tracking, the impedance control strategy based on WSCF control algorithm and RLS parameter identification exhibited rapid and stable adaptability when the environmental stiffness encountered sudden changes. And its error continued to approach zero. After 2 s of wire stripping, the impedance force of the research method and the reference force were both 81.3 N, and the general impedance force had not stabilized until it stabilized at 3.0 s, with an impedance force of 78.1 N. The impedance force error curve of the proposed method shows no significant difference compared to the general impedance force error curve (P < 0.05). The efficiency and accuracy of this response demonstrate the effectiveness of WSCF control algorithm, RLS parameter identification technology, and impedance control algorithm. The control performance of the proposed method is superior to the three classic algorithms PID-WSMA, F-WSMA, and NN-WSMA, with an average score of 1.5%, 0.27 m/min, and 0.8 points higher in accuracy, efficiency, and stability, respectively. There are still some shortcomings in this study, such as the experiment only targeting a specific type of high-voltage wire. Different types of high-voltage conductors have their own insulation layer thickness and core characteristics, which increases the complexity of the operating environment and may introduce additional uncertainty factors into the control system. Although current control algorithms have shown effectiveness for specific wire types, to achieve widespread applicability, it is necessary to conduct scalability testing and experimental verification on multiple wire types. Due to the limitations of experimental conditions, discussing label noise and data dispersion can be considered as a future research direction to increase the generalization ability of the method.
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