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Abstract

:

This study’s goals are divided into two categories. The first is to design and build an excavator equipped with parallel electrical linear actuators. The second is to generate and test a PSO-based and a PFM-based path for this excavator in order to save energy by reducing energy consumption, improve the digging accuracy by minimizing the deviation between the desired and dug surfaces of the ground, and prevent colliding with subsurface objects. For this purpose, computer vision was employed to improve monitoring and verification. Five types of experiments were carried out in this investigation. The first two and the other three examined the impact of energy conservation in PSO- and PFM-based path generation, respectively. Finally, the results from these experiments were compared to identify and show the effect of optimal path generation.
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1. Introduction


One of the most important machines in the mining and construction sectors is the excavator. However, its operation labor cost is expensive, and there are possible hazards to the operator’s life, particularly in mines. An autonomous excavator can provide a solution to this challenge. Additionally, operators of non-autonomous excavators must rest in the middle of their shifts, take a lunch break, and spend time while changing shifts. However, autonomous excavators are require to stop only when their energy supply runs out.



Hence, there is a necessity to devise algorithms aimed at reducing energy consumption in autonomous excavators, thereby extending their operational duration. Moreover, since these excavators are required to ensure precision in excavation and prevent collisions with underground obstacles in order to achieve autonomy, it is imperative to incorporate these considerations into the algorithms governing their digging motions.



Nowadays, fossil fuels provide the majority of the energy required by excavators. Because this form of energy source is harmful to the environment, it is vital to utilize electric machines more frequently than previously [1,2,3,4]. The hydraulic excavator, in particular, uses a significant amount of energy even while not in motion [5]. The hydraulic pump operates throughout idle working time to maintain the necessary liquid pressure. Furthermore, hoses and valves waste energy in hydraulic excavator systems [6], which has prompted researchers to apply electric linear actuators. These actuators are generally powered by electric motors and a series of ball screws (or lead screws) that need to withstand large axial stresses while consuming no energy when not in motion.



Numerous studies have explored the application of electric actuators in excavators. In [7], a novel mechatronic system utilizing DC motors and transistor power transducers was proposed for mining excavators, aiming to achieve a 20–30% reduction in power consumption. Additionally, in [8], researchers aimed to alleviate the load on electric actuators in excavators by incorporating an additional elastic damping device into the excavator’s kinematic scheme. Furthermore, Volvo introduced the EX02 [9], a fully electric excavator equipped with electric actuators to reduce noise pollution at construction sites.



The low back-drivability of electric actuators drew us to develop an electric excavator with this property [10]. However, when compared to hydraulic actuators, electric actuators may generate less force in general [11]. As a result, the excavators that employ these actuators should be designed differently such that the actuators bear lighter loads under the same external load on the bucket tip. The load capacity of the electric excavator may be increased with this design. Simultaneously, having a reduced load on the actuators reduces their energy consumption.



The path generation algorithm, in addition to modifying the excavator design, can help reduce energy consumption for autonomous excavation. Several studies have been conducted on excavation path generation for excavators. In [12], the researchers used an impedance control to avoid objects. This strategy can decrease energy consumption throughout the excavation process by decreasing the applied force for digging. Also, in [13], before excavating, the researchers identified the soil properties. In this manner, the identified material properties can be incorporated into the path and motion to be generated.



In [14], a minimum torque and time variable trajectory optimization technique was applied to autonomous excavators by taking soil–tool interactions into account. The approach addresses geometric, kinematic, and dynamical restrictions while considering the excavation path as a trajectory optimization problem. The authors of [15] attempted to take the jerky and slow operator commands and transform them into quick and optimal motions for autonomous excavators using splines, which can contribute to reducing energy consumption and minimizing jerky motions. Also, in [16], the researchers developed an ideal bucket-filling algorithm for self-driving excavators to estimate the amount of soil in the bucket based on nonlinear and complicated models. This method allows the digging sequence to be optimized and more energy to be conserved. In [17], the trajectory for an autonomous excavator was generated using a nonlinear model predictive controller. They tested this strategy and confirmed its effectiveness using an excavator for grading.



Optimization algorithms have been used for path generation to optimize parameters for reducing energy consumption or path error reduction. In [18], the ant colony optimization (ACO) approach was employed to create an ideal route that consumes less energy and provides more accuracy in digging. The particle swarm optimization (PSO) technique was used by the researchers in [19] to create a route for an autonomous mobile robot. A novel fitness function that meets the obstacle avoidance and optimal path traversal requirements was modeled in this work, in which the robot travels toward the particle with the best fitness values. The potential field method (PFM) has been used as another method for autonomous mobile robot path planning [20]. Also, in [21], the authors developed and tested an energy-saving strategy with PFM-based path planning that utilized optimum sequence selection on a six-degree-of-freedom robotic manipulator. The authors of [22] used the PFM to build another method to keep robots from heading toward a local minimum or dead end. The extra energy required to return from a local minimum or dead end can thus be conserved.



None of the mentioned studies have considered all three aspects—energy savings, object avoidance, and tracking errors—simultaneously. Specifically, the existing state-of-the-art studies have focused on just one or two of these factors independently, but have not comprehensively investigated the combination of all three factors for an autonomous excavator. In this work, two distinct PSO-based and PFM-based techniques for integrating these three components were created and compared. The PFM excels in real-time applications due to its simplicity, efficiency, and decentralized control, making it ideal for dynamic environments. By simulating attractive forces toward the goal and repulsive forces from obstacles, PFM enables smooth trajectory planning while dynamically avoiding obstacles. Its decentralized nature allows each agent to make autonomous decisions based on local information, fostering scalability and adaptability in multi-agent systems. Moreover, PFM exhibits robustness to noise and uncertainty, and its parameters can be easily tuned to optimize performance for specific scenarios, while PSO generally requires a few parameters to be tuned, making it easy to implement and apply to different optimization problems. Finally, the capabilities of the PSO and the PFM algorithms in energy consumption reduction were tested using a designed test platform with electric linear actuators.




2. Design and Fabrication of an Electric Excavator


The excavator’s conventional design (Figure 1) includes three actuators connected in series. As a result, the actuators are subjected to a significantly high load from the ground.



The arm and bucket actuators, on the other hand, are in parallel in the suggested new design (Figure 2). They may share the load and thus minimize energy usage. Our study focused on the design modification of arm and bucket actuator configurations for this purpose since the main function of a boom actuator configuration is to hold the connected arm and bucket for stable excavation against gravity. The sizes of links for the fabricated prototype are presented in Table 1.



One notable distinction between the conventional excavators and this new design is the employment of two actuators operating in parallel. This arrangement facilitates load distribution between them. Unlike conventional excavators, where three actuators on their manipulators operate in series, our design has the arm and bucket actuators functioning simultaneously to evenly distribute the load [24].



This study proposes a novel design for an electric excavator utilizing linear lead screw actuators, leveraging their low back-drivability to conserve energy during idle periods and lower load capacity than hydraulic actuators. Specifically, the parallel arrangement of the linear actuators in the new design aims to decrease the load distribution on them [24].



The simulation results in Figure 3 indicate that the actuators in the new design do not encounter more than the acceptable load under a 300 N vertical load on the bucket tip, which is calculated based on the volume of the bucket. In the identical condition for the traditional design, however, the arm and boom actuators experience more than the permissible load (Figure 4).



The proposed excavator and an indoor testbed, as shown in Figure 5, were fabricated in this study to evaluate the performance of the suggested trajectory development algorithms.



The first three actuators mounted on the excavator are electric linear actuators (Figure 6) for the boom, arm, and bucket motions, while the fourth is a geared rotary DC motor for manipulating swing motion. A rotational DC electric motor is linked to a lead screw through a series of pulleys and a belt in the electric linear actuator. The motor is also linked to a rotary potentiometer, which provides feedback on the length of the actuator. In addition, the linear actuators in this excavator are connected to an electric grid as a power source.



The dynamic load capacity of the chosen linear actuators is 2000 N, and they all move at a speed of 20 mm/s. The boom link can be raised higher with the assistance of two enormous extension springs (Figure 7). These springs have a maximum force application of 70 kgf. The structure of the excavator was fabricated with laser-cut 2D sheets of aluminum and stainless steel. The boom and arm links of the excavator were made of aluminum and were assembled using M12 bolts (Figure 8).



By employing laser-cut metal sheets and M12 connecting bolts between the sheets, the aforementioned arrangement enables the power transmission links to be robust while being light and simple to produce. Welding was used in the production of the excavator’s bucket and bottom frame. A swing mechanism was constructed utilizing a geared DC rotary motor, a set of pulleys, and a drive chain since the excavated material must be deposited on the right or left side of the excavator. The driving chain has a 1:5 reduction ratio (Figure 9), and the entire excavator revolves around a 25 mm diameter stainless steel shaft (Figure 10).



A rotary potentiometer that is oriented with the rotation axis can also be used to gauge the rotation angle.



Four cut steel tubes were welded together with a steel sheet underneath to form the excavator’s bottom frame (Figure 11). This structure has four nonactive wheels to facilitate its movement. The excavator’s manipulator (Figure 12) was then mounted to the bottom framework utilizing two robust bearings.



For the indoor tests, the excavator was positioned at a height of 85 cm, and it was driven to remove a pile of sand from the main container and transfer it to the side container. The main container featured a transparent acrylic sheet that enabled comparisons between the actual path and the surface of the excavated earth at each dig. A RealSence depth camera [26], mounted at a distance from the main container’s transparent side and linked to a PC, was used for monitoring the sand’s profile in the container. The camera’s sensory data were post-processed using MATLAB R2021a software [27]. The first step of post-processing was to capture and crop the data, and then, the sand’s profile in the container considered as the ground shape was detected using the edge detection library in MATLAB. In the final step, the edge with the lowest height was selected as the ground edge. Using this method, the surface shape of the sand could be detected, as shown in Figure 13. Occasionally, when sand got stuck to the transparent acrylic sheet, the edges were manually trimmed.




3. Methodologies for Path Generation and Tracking Control


3.1. Path Generation


In addition to the use of parallel actuators that can save more energy by reducing the load on actuators, optimal path generation was also taken into consideration in this study to reduce the energy consumption of an autonomous excavator. For this purpose, the excavator bucket was viewed as a mobile robot that can move in 2D space and rotate around a single axis. These three DOFs (degrees of freedom) were controlled by the boom, arm, and bucket linear actuators. Figure 14 shows how the bucket and a mobile robot are comparable.



The obstacles can be pre-determined by the user or be detected using any real-time detection method. Various methods are available for detecting the presence and position of underground objects. Among them, Ground Penetration Radar (GPR) [28] and Electrical Resistivity Tomography (ERT) [29] have been widely recognized. However, these techniques are expensive and time consuming to implement and operate. An alternative study utilized cost-effective magnetic sensors affixed to the excavator bucket to detect and locate metal pipes and electricity-carrying wires based on their magnetic fields [30].



The excavator bucket moves along the designated route (i.e., path) while avoiding obstacles, like a mobile robot. However, to create an appropriate route for the reduction of energy consumption, energy conservation was included as a further component.



In this study, energy consumption was calculated using two methods. In the first method, energy can be calculated using Equation (1) for simulation scenarios:


  E n e r g y =  ∫  t = 0   t = T    F 1  ×  V 1  +  F 2  ×  V 2  +  F 3  ×  V 3   d t  



(1)




where   V 1  ,   V 2  , and   V 3   are the speeds of the boom, arm, and bucket actuators, respectively, and   F 1  ,   F 2  , and   F 3   are the calculated loads on each. Also, t represents the time, while T is the time at which the task is completed. In the second method, Equation (2) is used to calculate the energy consumption for actual excavator experiments:


  E n e r g y =  ∫  t = 0   t = T   V o  l 1  ×  I 1  + V o  l 2  ×  I 2  + V o  l 3  ×  I 3   d t  



(2)




where   V o  l 1   ,   V o  l 2   , and   V o  l 3    are the consumed voltages of the boom, arm, and bucket actuators, and   I 1  ,   I 2  , and   I 3   are the consumed electrical currents of each.



3.1.1. PSO-Based Path Generation


Particle swarm optimization (PSO) is a computational technique inspired by the collective behavior of animals like birds and fish. It is used to solve optimization problems by iteratively adjusting the positions and velocities of particles in a search space. PSO aims to find the best solution by balancing exploration and exploitation [19].



This study utilized the PSO algorithm to generate optimal pathways aimed at minimizing energy consumption during excavation while avoiding underground obstacles. The primary objectives were to reduce energy usage, reduce the deviation of the excavated ground shape of the desired profile, and increase the distance from underground objects. The algorithm endeavors to attain these objectives by minimizing the cost function specified in Equation (3). Throughout the optimization process, each iteration aims to identify parameters yielding the lowest possible value for the cost function:


     C o s t =       W 1  × G o a l D i s t a n c e +  W 2  × E n e r g y      +     W 3  ×  ( 1 / O b j e c t D i s t a n c e )      



(3)




where   W 1  ,   W 2  , and   W 3   are the gains in this optimization problem that reflect the priority of each element to be optimized. These gains for the used system were obtained through trial and error. MATLAB simulation results show that the PSO-based optimization process with energy saving (Figure 15) can lower energy usage by 18.5% compared to the same process without energy saving (Figure 16), while attempting to avoid the subsurface obstruction and achieving a closer path to the desired ground shape.




3.1.2. PFM-Based Path Generation


In the PFM algorithm, the environment is represented as a potential field in which a robot tries to reach the goal with the least possible potential. Consequently, a robot moves toward the neighboring locations with the least potential in each iteration, and it eventually finds an optimized path to the goal by traversing these locations. In the method, the goal generates negative and attractive potentials, whereas obstacles generate positive and repulsive potentials. Here, ‘potential’ is directly correlated with the cost function described in Equation (3).



The robot attempts to reach the target that pulls it in the PFM-based path planning (Figure 17). In contrast, an object that the robot is attempting to get away from pushes it away. The magnitude of the aforementioned pushing force vectors from the objects may vary depending on their size. Finally, the robot chooses the direction by summing these two vectors (force vectors initiated by the goal point and the object), and its speed is chosen based on the size of the total summed vector [31].



To create a motion for energy saving, an artificial object was built that can pull the robot in a direction that consumes less energy. This artificial object is referred to as the E-Object in this study. This E-Object, however, should be placed in the area so that the robot’s movement toward it does not increase the distance between the robot and the destination point (Figure 18). From several locations surrounding the robot, the E-Object will be chosen at the one that requires the least amount of energy to reach.



Figure 18 illustrates how the E-Objects that do not increase the distance between the robot and the goal point are selected. For reaching these E-Objects (shown with orange ovals in Figure 18) the robot does not need to get away from the goal point. In Figure 18 and Figure 19, it is assumed that E-Object-2 consumes the least amount of energy among orange candidates.



To adhere to the PFM’s core idea of obstacles pushing the robot, an artificial energy object (A-E-Object-2) is produced on the opposite side of the robot at the same distance from it (Figure 19).



The PFM algorithm will then determine the direction and magnitude of the robot’s speed, taking into account both real and artificial energy obstacles, as well as the target point.



In comparison to PSO, the PFM is generally less compatible with dynamic conditions. While PSO can adapt to changing conditions through the exploration and exploitation abilities of the particle swarm, PFM typically requires a static model for effective navigation.



During this study’s tests, sand was selected as a soil type, which exhibits fluid-like behavior due to its granular nature and lack of cohesive forces between individual grains. Therefore, sand grains can move fast with each other, resulting in a flow similar to a liquid when subjected to external forces such as gravity, vibrations, and shear forces.



Due to the aforementioned nature of the sand being excavated, it is difficult to determine the load on the bucket of the excavator accurately. Consequently, as the adjustment of parameters for the PFM algorithm is greatly influenced by system dynamics, the parameters tuned for simulating PFM were not aligned with those in real-world experiments. Hence, simulation results are omitted for PFM-based path generation.





3.2. Path Tracking Control


Path tracking is as critical as path generation. This is because the generated path should be tracked precisely to achieve the desired motion, which allows for consuming the least energy and has the least deviation between the followed and created paths. Two types of path tracking controllers were utilized and compared in this study to compel the excavator’s bucket tip to follow the designed path.



3.2.1. Proportional–Integral–Derivative (PID) Controller


The PID controller [32] was considered in this study since it has been widely used in industrial applications. This controller was employed to ensure that each actuator’s stroke follows its required value. However, before regulating this stroke, the desired stroke for each actuator must be calculated based on the generated trajectory. For each sampling time, the created trajectory contains three components: the bucket’s X and Z coordinates, as well as its orientation about the Y axis (  T h e t a  ).An inverse kinematic model [33] was used to convert this trajectory to the desired stroke for each actuator.



The required output signal (i.e., voltage) for the controller was then produced by computing the error between the actual and target stroke values for each actuator.



This controller’s P, I, and D gains were fine-tuned through trial and error. Each actuator’s load exhibits different dynamic behavior, and therefore, distinct control gains were obtained. The controller’s P, I, and D gains were set to 100, 3, and 0.7 respectively.




3.2.2. Contour Controller (CC)


The contour error ( ϵ ) is defined as the smallest distance between the bucket tip’s actual current position of the excavator bucket tip and the planned reference trajectory (contour), as shown in Figure 20. To eliminate contour errors, the contour control approach was used to obtain the desired excavation surface.



There are three distinct components of the contour error, which include the error of the bucket tip’s X position, Y position, and angle.



In the CC [34], the error between the bucket tip’s desired and actual X and Y positions, as well as the error between its desired and real angles around the Z axis, are used as inputs to three distinct PID controllers (Figure 21). The outputs of these controllers are added to the desired values of X, Y, and   T h e t a  . Then, these combined values become the input to the inverse kinematic block in the control system. In Figure 22, which shows the entire control design, the inverse kinematic output is sent to the PID controllers, which regulate the stroke of each actuator [35].






4. Experimental Results


To evaluate the capability of the proposed path generation techniques on avoiding obstacles, a 16 cm diameter pipe was buried, as illustrated in Figure 23.



Until the bucket is full of sand, the bucket tip follows the designed trajectory. The excavator then empties the sand into the side container after rotating. A user-specified desired profile was used to evaluate the suggested path generation algorithms. All PFM-based and PSO-based algorithms were applied to produce the pathways while taking into account the underground pipe. The camera was then used to detect the surface profile of the sand in the container and compare it to the original path.



Test results using the PSO algorithm are shown in Figure 24 (Scenario A) and Figure 25 (Scenario B) without and with consideration for energy conservation. Figure 26 (Scenario C) and Figure 27 (Scenario D) also show test results for the PFM algorithm without and with the energy conservation component. In each of these cases, the autonomous excavator followed the target trajectory with the aid of a PID controller. But in Figure 28 (Scenario E), combining the contour and PID controllers with the PFM-based trajectory generator enabled the excavator to follow the target trajectory reasonably. The green line in each figure illustrates the contour of the earth when the digging procedure is complete. The desired digging profile and the original ground profile are indicated by the black and red lines, respectively. The yellow circle depicts the subterranean pipe, while the blue line shows the trajectory created by the path creation algorithm.



In Figure 29, the average deviation between the designed profile and the final ground surface for Scenarios A, B, C, and D was between 15mm and 20mm, while it was about 12 mm for Scenario E.



The PFM-based trajectory generation algorithm, on the other hand, allowed the excavator to use less energy than the PSO-based path generation method, as seen in Figure 30. In addition, both techniques consume less energy when the energy-saving mode is engaged, as seen in Table 2 and Table 3. However, the combination of the PID and contour controllers requires higher control effort than the PID controller alone to give enhanced digging precision, and thus, this consumes more energy.




5. Conclusions


A new design for manufacturing an electric autonomous excavator was proposed in this study, which uses two parallel actuators to distribute the load among them and lessen the stress placed on each of them. The designed electric excavator can apply greater force to the ground while consuming less energy. The proposed path generation approach employing the PSO and PFM algorithms was tested using the manufactured excavator. For this test, five separate scenarios were examined and compared based on the type of trajectory generator, the type of controller, and the state of the energy conservation mode.



For Scenario E (PFM-based trajectory generation with integrated contour and PID controllers), the smallest error between the designed profile and the final excavated surface occurs. This demonstrates that this control strategy is effective for an autonomous excavator to achieve a high excavation accuracy. On the other hand, the paths generated by the PFM algorithm require less energy than those with the PSO. If energy conservation in the PFM approach is taken into account, the amount of energy consumed can be significantly reduced. However, the contour controller plus PID controller uses more energy than the PID controller alone for the same proposed trajectory since it strives to maintain high precision and combines their control efforts.



As future work, several possible approaches can be applicable to solving the same topic. For example, Vector Field Histograms (VFHs) can be used to determine possible directions for navigation, avoiding obstacles while heading toward a goal based on the created polar histogram of the environment. ACO (Ant Colony Optimization) could also be a valuable candidate method, as explained in the introduction. Additionally, the developed algorithms were tested for sand excavation using an indoor setup only. This limitation arises from the current excavator design, which lacks mobility and water resistance. Hence, it is imperative to incorporate active wheels and waterproof covers into the excavator’s design for future deployment. This consideration will enable experiments with diverse materials such as silt, clay, and gravel in outdoor environments. Moreover, this study employed a camera a distance away from the sand container’s transparent plate to monitor the ground profile, but this is impractical in an outdoor environment. Thus, an additional type of sensor such as Lidar will be required to deal with this issue and accurately measure the ground shape.
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Figure 1. The conventional CAT mini excavator [23]. 
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Figure 2. The proposed excavator design (the lengths of the boom, arm, and bucket links are 100 cm, 60 cm, and 40 cm, respectively) [24]. 
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Figure 3. The results of a load simulation on the new design (2000 N is the load capacity of the linear actuator selected for the prototype in this study). 






Figure 3. The results of a load simulation on the new design (2000 N is the load capacity of the linear actuator selected for the prototype in this study).



[image: Vehicles 06 00040 g003]







[image: Vehicles 06 00040 g004] 





Figure 4. The results of a load simulation on the conventional design (2000 N is the load capacity of the linear actuator selected for the prototype in this study). 
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Figure 5. The fabricated excavator and the testbed. 
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Figure 6. The components of the linear electric actuator [25]. 
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Figure 7. Two massive springs helping the boom actuator raise the manipulator. 
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Figure 8. The arm link of the excavator. 
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Figure 9. The drive chain for the swing motion. 
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Figure 10. Rotation axis and the associated rotary potentiometer. 
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Figure 11. The lower structure of the excavator. 
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Figure 12. The excavator’s manipulator part. 
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Figure 13. Detecting ground shape using RGB camera and MATLAB R2021a software. 
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Figure 14. Similarities between the bucket and a mobile robot [24]. 
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Figure 15. Path generation simulation while considering energy saving [24]. 
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Figure 16. Path generation simulation without considering energy saving [24]. 
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Figure 17. The principle of PFM. 
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Figure 18. Candidate points for creating E-Objects that reduce energy consumption. 
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Figure 19. PFM with energy-saving. 
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Figure 20. An example of the desired trajectory (contour) of the bucket tip (left) [34] and the contour error (right) [34]. 
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Figure 21. Contour controller working principle. 






Figure 21. Contour controller working principle.



[image: Vehicles 06 00040 g021]







[image: Vehicles 06 00040 g022] 





Figure 22. Block diagram of the entire control design. 
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Figure 23. A pipe (white circle) was buried underground to perform the role of an underground obstacle. 
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Figure 24. Test results for the PSO-based path generation without considering saving energy (Scenario A) and using a PID controller. 
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Figure 25. Test results for the PSO-based path generation considering saving energy (Scenario B) and using a PID controller. 
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Figure 26. Test results for the PFM-based path generation without considering saving energy (Scenario C) and using a PID controller. 
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Figure 27. Test results for the PFM-based path generation considering saving energy (Scenario D) and using a PID controller only. 
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Figure 28. Test results for the PFM-based path generation considering saving energy (Scenario E) and using both contour and PID controllers. 
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Figure 29. Path-following accuracy comparison between different scenarios. 
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Figure 30. Energy consumption comparison between different scenarios. 
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Table 1. The lengths of links in the proposed design prototype.
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	Link Name
	Boom
	Arm
	Bucket





	Link Size
	100 cm
	60 cm
	40 cm










 





Table 2. Energy consumption comparison between Scenarios A and B.
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	Scenario
	A
	B





	Consumed Energy (KJ)
	24.1
	22.6



	Energy Reduction Compared To Scenario A
	N/A
	6.22%










 





Table 3. Energy consumption comparison between Scenarios C, D and E.
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	Scenario
	C
	D
	E





	Consumed Energy (KJ)
	20.7
	16.9
	21.3



	Energy Reduction Compared To Scenario C
	N/A
	18.36%
	−2.9%
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