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Abstract: Automatic control technology is the basis of road robot improvement, according to the characteristics of construction equipment and functions, the research will be input type perception from positioning acquisition, real-world monitoring, the process will use RTK-GNSS positional perception technology, by projecting the left side of the earth from Gauss-Krueger projection method, and then carry out the Cartesian conversion based on the characteristics of drawing; steering control system is the core of the electric drive unmanned module, on the basis of the analysis of the composition of the steering system of unmanned engineering vehicles, the steering system key components such as direction, torque sensor, drive motor and other models are established, the joint simulation model of unmanned engineering vehicles is established, the steering controller is designed using the PID method, the simulation results show that the control method can meet the construction path demand for automatic steering. The path planning will first formulate the construction area with preset values and realize the steering angle correction during driving by PID algorithm, and never realize the construction-based path planning, and the results show that the method can control the straight path within the error of 10 cm and the curve error within 20 cm. With the collaboration of various modules, the automatic construction simulation results of this robot show that the design path and control method is effective.
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1  Introduction

With the development of engineering technology, vehicle operation tends to be automatic. However, at present, construction vehicles are still mainly operated by hand, and there are some problems in manpower, such as work efficiency needs to be improved, high employment cost and harsh working environment. Therefore, unmanned driving has become a necessary technology in project operations [1]. In the research on unmanned driving of construction vehicles, steering control, scene perception, and path planning are the three key technologies [2]. This study integrates machine intelligence technology to upgrade the equipment [3]. The upgraded equipment has the ability of autonomous operation, which can meet the growing construction demand [4]. However, this process is accomplished with the cooperation of various modules, of which scene perception, remote control implementation, and path planning are the main parts. In conventional automatic driving, there are some problems, such as blurred visual angle of scene perception and difficult positioning of remote driving. And in order to separately engineer these problems, the study will be designed while maintaining the construction parameters, adding advanced positioning technology and unmanned autopilot technology to the design, and transforming the road construction robot through modular settings to finally meet the construction needs and provide road construction as well as civil engineering to provide new ideas. The practical contribution of this research is to provide an optimization method of automatic driving in engineering construction by improving the positioning module and adjusting the parameters. The purpose is to use automation equipment instead of manpower to protect the safety of construction personnel.

2  Related Work

Namazi et al. used intelligent perception systems for traffic management, solving the vehicle localization problem through deep learning and image processing methods to achieve coordinate estimation in the presence of mounted cameras, and demonstrated the dynamic perception of vehicles through real data measurements [5]. Guindel et al. also used scenario-aware technology for transportation, building a deep learning framework to simulate traffic scenarios, and the results demonstrated that the perception system can cope with various scenarios and provide an effective basis for traffic decisions [6]. Xia’s experimental team used scenario-aware technology for carbon emission optimization in the energy industry, where grid state information was The results of the deep perception provide reference for grid load demand to optimize the flexibility and control of the grid, and the simulation results of the linear system prove the effectiveness of the method [7]. Fu et al. optimized the scene perception technique itself, and in order to reduce the influence of distractors such as smoke on the scene perception, deblurring was achieved through the mathematical inversion of the atmospheric scattering model [8], combining optical and Soni et al. considered text detection and localization to be important in scene perception, for which they proposed a new text perception model and detection method, and established an algorithm that removes mixed pixels from the edges of blurred images to distinguish associated characters, and the results of data simulation of natural scenes showed that the method achieved optimization of results such as accuracy and recall [9]. Scholars such as Fu et al. assembled scene perception by augmented reality and optimized automatically triggered commands by understanding the context to reduce the cognitive load on the operator, and the results showed that their proposed method improved the performance of the assembly and reduced errors [10].

The development of technology applications in road construction is also very broad, and various aspects of road construction have been optimized to some extent with the improvement of the level of intelligent control technology and sensor technology. In terms of cost control, the scarcity of natural resources in Skp A and Gb B has a great impact on pavement construction, and they first assessed the feasibility of pavement material optimization schemes as a basis for aggregate replacement, and in order to get the best mixing ratio, they conducted experiments on various ratios of optimization schemes, and the results proved that a certain percentage of recycled asphalt pavement materials have good performance [11]. Sung and other scholars believe that Drone technology has made significant progress and has a wide range of applications in various fields, but it has failed to be involved in road construction, so they investigated the use of drones in Korean road construction and made recommendations on the use of drones at construction sites to promote the application of drone technology in civil engineering and construction [12]. Jung et al. used a variety of visual techniques with three-dimensional technology to assess road roughness and construct the road surface in three dimensions through UAV photography and LIDAR, their results show that LIDAR performance is close to the real situation, while they believe that the accuracy of related measurements will improve with the growth of UAV technology [13]. Gebretekle’s experimental team used digital technology in project management of road construction, they proposed a framework that can support decision makers in construction organizations, which integrates fuzzy mathematics and linguistic assessment to quantify the assessment of experts for subsequent construction management [14]. Kavitha et al. studied pavement landslides during road construction, they used remote sensing and GIS to plan landslide prone areas, the process starts with the determination of visible physical and chemical properties of the pavement. The factors were then assigned weights and integrated through data techniques to obtain the susceptible zone rating, and the results were validated by simulations of the actual data collected, which showed that the method is suitable for landslide hazard mapping and planning [15].

In the driving of automatic construction equipment, the scene perception technology of the existing model is still insufficient, and the positioning problem of the equipment also urgently needs to be solved. Scene perception technology has been widely used in various fields, and scholars are optimizing the technology itself. There is sufficient space for the application of scene perception in the road construction process, which not only can avoid the danger and complexity of manual work, but also the intelligent data analysis results have the advantage of accuracy unmatched by manual decision making. Therefore, the application of scene perception technology to road construction is of positive significance to cost control and construction requirements. The study will design and optimize road construction robots to support road construction according to the actual situation of road construction.

3  Scene Perception Realization Path and Control Design of Road Construction Robot

3.1 Scene Perception-Based Control Scheme for Construction Robots

In addition to having key control technologies, construction robots replacing manual labor also need to drive in real scenarios. Despite the technological breakthroughs in driving, most of them are based on a single driving task, and they still need to be planned to fit the construction needs in construction scenarios. The research will upgrade and modify the existing pavement construction equipment to include various modules for automatic control, and for this purpose, the compacting road roller will be selected as the basis for the automatic robot. The original roller setup has a good design for engineering applications, so the upgrade focuses on realistic perception and decision control, reducing changes to its own construction modules. Designed according to the division of labor, the control scheme for scene perception consists of real-world measurement and remote management, where the main purpose of real-world measurement is to obtain the location information of the construction robot as well as the road condition information. The positioning system will use PTK combined with GNSS to obtain high-precision positioning. In the process of PTK positioning, a positioning base station will be used to differentially process the position information received from the base station and the phase information of the satellite signal to obtain more accurate positioning information. The position of a single GNSS antenna is obtained by linking more than four groups of satellite signals. The accuracy of positioning base station is generally higher than that of the mobile base station, and the accuracy of positioning can be improved by eliminating the interference of the signal from the atmosphere. The two high-precision positioning settings make the differential computing performance improved and the operation speed accelerated to meet the positioning requirements.

The automated robot will make decisions when the live measurement signal completes processing, and the operational implementation of this process will rely on a remote control solution. The overall logic of the control module is to connect the operator’s control device to the wireless network at the construction site [16]. The signal commands from the control device will be relayed through the industrial router, and if the distance is too long the router will be added to bridge the signal. When the construction robot receives the signal, it will be converted and processed, and the command will be sent to the sub-controller through the bus, and then the whole vehicle will be finally controlled through a parsing process. The network equipment of remote control needs to consider the environmental factors of road construction interference and should choose the equipment model suitable for the industrial environment, and the bridging routers need to be evenly distributed to ensure the signal quality. The signal conversion process for the industrial robot will establish a serial transmission for fast access, so a serial device with a specific protocol format will be selected as the signal conversion hardware solution. The control device that provides decision making and emits control will be selected as a touchable tablet computer with sufficient performance [17]. The communication protocol of this module is the network basis for ensuring accurate and reliable hardware sending and receiving signals. The study will use hexadecimal bytes to design the communication protocol data string format by bit, and the test signal for smooth serial communication will be used as the data header as a partition to detect the status, and the subsequent bytes will be arranged according to the functional partition. The partition corresponding to each byte signal will single map the functional area of the construction robot, and this design will classify the signals into whole vehicle control signals, braking, construction, and emergency braking. The network state response of the construction robot includes two-dimensional spatial information, heading, speed, working condition, construction scene serial number, and necessary time stamps.

In the real-world measurement and network control module built on the basis of the entire vehicle will be built on the control scheme, the control module is through the embedded controller instead of the original interactive signal box and steering control, the process still follows by as little change as possible to the construction module and the implementation of the control transfer, so the original circuit parameters will be used as the initial settings of the new control equipment. The engineering vehicle steering system consists of several inertial elements and springs and damping, mainly including the steering wheel, upper steering column, power motor, lower steering column, rack and pinion, and controller six components, the steering system principle model is shown in Fig. 1.
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Figure 1: Steering system model

The steering wheel as in Fig. 1 is the main tool for the driver to steer the vehicle, and the driver applies torque to the steering wheel and steering control to the steering gear through the steering column [18]. According to the force of the steering wheel and the mechanical equations, the steering wheel moment balance equation is obtained as shown in Eq. (1).


Jc×θ¨c+Bc×θ˙c+Ts=Td
(1)

In (1), 
Jc
is the steering wheel moment of inertia, 
Bc
is the steering wheel damping factor, 
θc
is the steering wheel angle, and 
Ts
is the torque measured by the torque sensor for 
Td
driver input torque. The torque sensor implements the steering torque sensing. The torque sensor transmits the detected torque signal to the electronic control unit. The electronic control unit realizes the closed-loop control of the steering motor after receiving the torque transmitted by the torque sensor and the driving speed obtained by the vehicle speed sensor. The torque sensor model is shown in Eq. (2).


Ts=Kc(θc−θe)
(2)

In Eq. (2), 
θe
is the steering shaft angle; 
Kc
is the torsion bar stiffness factor; and 
θc
is the steering wheel damping factor. The steering shaft is located between the rack and pinion mechanism and the torque sensor and is used to transmit the torque. The mechanical control model of the steering shaft is obtained according to the force transmission characteristics of the steering shaft as shown in Eq. (3).


Jc×θ¨c+Bc×θ˙c+Ke×(θe−xrrp)=Ts+Ta×G−Tw
(3)

In Eq. (3), 
xr
is the rack movement, 
rp
is the pinion radius. Suppose 
Ke
is the efficiency of torque transmission, and the steering column is modeled as in Eq. (4).


θe=xrrp
(4)


θe
in Eq. (4) is the steering column angle of rotation. After the above equations, the steering wheel model can be simplified to Eq. (5).


Jm×θ¨m+Bm×θ˙m+Ke×θc=Kcxrrp
(5)

The constructed steering model will be connected to the motor, and the process will be mediated by the embedded controller to realize remote control. The unmanned steering motor adopts the mainstream brushed DC motor, and the mathematical model is shown in Fig. 2.
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Figure 2: Mathematical model of steering motor

The motor and the steering shaft are connected by a turbine worm gear reduction mechanism. In which the turbine engages with a helical gear fixed on the steering output shaft to decelerate the rotational motion of the motor and then output it from the output shaft. The control model is shown in Eq. (6).


Jm×θ¨m+Bm×θ˙m+Ta=Tm
(6)

In Eq. (6), 
Jm
is the rotational inertia of the booster motor, 
θm
is the booster motor angle, 
Bm
is the booster motor damping factor, 
Ta
is the motor output torque, and 
Tm
is the electromagnetic torque of the motor. The motor parameters used in the study are shown in Table 1.
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The overall control of the robot is carried out under the sub-control of the above measurement module and network control module, while the details of the control are realized by the embedded controller, and the whole control logic is shown in Fig. 3.
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Figure 3: Overall control logic of pavement construction robot

The core controller in the control module of Fig. 3 is the module that implements the overall management of the system, and its role is to allow each controller to cooperate with the division of labor, so the corresponding I/O will be selected to connect with it. The purpose of the signal input and output module is to signal control all the control mechanisms except the steering device, while the total communication line interface takes over the signal control of the steering device and the measurement signals such as live view information.

3.2 Design Path of Construction Robot Based on Decision Control

Based on the clear overall framework, the decision control based on perception information will be carried out, and the control method and path will be the focus of the design, which is roughly divided into the analysis decision, remote control, and execution part. The remote control part is operated by human in the interaction interface, the analysis decision means to collect and analyze the information of the controller and interaction layer, and the execution part is the implementation of the driven operation. The sensing unit needs to obtain visual information and 3D spatial position, where the positional information will be realized by RTK-GNSS module, and the distributed position information is shown in Fig. 4.
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Figure 4: GNSS antenna deployment information

In Fig. 4, the roller is an articulated structure, and the direction of rolling has certain characteristics, so the GNSS main antenna is deployed in the middle of the axis line of the whole roller, and the secondary antenna is deployed in the front and rear vehicle axis lines. The direction setting of the heading line needs to consider the positioning role of the route where the main and secondary antennas are located, and the purpose of setting them parallel to the axis body of the robot is to facilitate the calculation of the heading angle. Setting the primary antenna at the geometric center of the robot and the secondary antenna at the ends is to facilitate the positioning of the robot and thus provides assistance for attitude angle determination. For the measurement system, the RTK-GNSS positioning module used in the study is a 3D coordinate system based on geodetic latitude 
B
, geodetic longitude 
L
, and geodetic elevation 
H
. If path planning is performed in the original coordinate system it will increase the computational difficulty, also the elevation 
H
is not necessary data for construction, so a conversion method will be used to convert the 3D coordinates to 2D [19]. The 3D coordinate system WGS-84 abstracts the earth as an ellipsoid for modeling, but the construction site section is not sufficient due to its surface effect, so it is necessary to adopt an elliptical cylinder after Gauss-Krueger projection method to cross-cut the sphere with the central meridian of the projection belt on the sphere, so that the longitude belt on both sides of the sphere is projected onto the cylindrical surface. In accordance with the positioning information required for construction, the projection will be made using a third degree band that does not span the band.

The geometric analysis of coordinates under Gauss-Krueger projection projects the coordinates of WGS-84
(B,L)
into the plane coordinate system, and the mapping relationship is shown in Eq. (7).


{x=X+Nl2sin⁡BcosB2+Nl4sin⁡Bcos3B5−tan2B+9η2+4η424+...y=Nlcos⁡B+Nl3cos3B1−tan2B+η26+...
(7)

The omitted part of Eq. (7) is the higher-order term expanded to the inner part above the accuracy, which is omitted due to the actual accuracy requirements of the construction. Where 
l
is the accuracy difference from the longitude coordinate to the meridian, X is the length of the longitude line from the equator to the location of the longitude coordinate, N is the radius of curvature of the Earth’s Urantia circle, 
η
is the auxiliary function, each parameter is calculated as shown in Eq. (8).


{N=a1−e2sin2Bl=L−L0η=e22.cos2B
(8)

The a of Eq. (8) is the long radius of the ellipsoid, e is the first eccentricity, 
e2
is the second eccentricity, and 
L0
is the meridian longitude value. Since it is a projection transformation, the process causes geometric distortions, but these errors create a symmetric nature about the meridian [20]. At the same time, these errors are within acceptable limits relative to the construction work requirements. For construction needs, the coordinate system needs to be transformed into a Cartesian coordinate system, at which point the horizontal and vertical coordinates need to be replaced, at which point the X and Y axes are set along the equatorial and meridional projection directions, respectively. At the same time, due to the geographical location of our country is far away from the intersection of equator and meridian, which leads to the result of excessive magnitude in the projection process, which will increase the unnecessary calculation cost, so the study will set the reference point to obtain the relative position, and the coordinates are expressed as in Eq. (9).


{ x1=x−x0y1=y−y0
(9)


(x1,y1)
in (9) is the coordinate of the relative position, and 
(x0,y0)
is the coordinate of the reference point. By setting the coordinates, the projected coordinate system is transformed according to Eq. (10).


[ x1y1 ]=[ 0110 ][ xy ]−[ 0110 ][ x0y0 ]
(10)

The projection coordinates are transformed from a Gauss-Krueger coordinate system to a Cartesian coordinate system in accordance with Eq. (10) for the actual drawing. After the construction positioning system and method is constructed will be constructed for the path planning, the process operator runs the planning based on the positioning information on the interactive device. The specific process requires first obtaining each boundary of the construction area, and after setting the speed according to the data, the computing process uses linear regression fitting combined with circular arc fitting to identify the boundary and obtain the good line contour of the construction area. The obtained contour will be used as the outer path of roller rolling, and uniformly set the acquisition points as the planning result of the embedded controller. The path planning based on the relative coordinate system will be saved to be used as a basis for remote control. The linear fit involved in this process will be used to calculate the analytic equation for the outer long edge of the straight road area, if there are 
t
location points in each group, then the analytic equation is shown in Eq. (11).


{k^=∑i=1txiyi.t−∑i=1txi∑i=1tyi∑i=1txi2.t−(∑i=1txi)2b^=∑i=1tyi−∑i=1txit
(11)


k^
and 
b^
in Eq. (11) represent the slope and intercept of the analytic equation of the outer edge of the line, 
xi
and 
yi
are the horizontal and vertical coordinates of the first i path point. Curve area will listen to the calculation of the arc fit, also set each group has 
t
position points, then the analytical equation about the circle solution formula as in Eq. (12).


{P(a0,a1,a2)=∑i=1t(xi2+yi2+a0xi+aiyi+a2)2P(a^0,a^1,a^2)=minP(a0,a1,a2)
(12)

The 
P(a0,a1,a2)
in Eq. (12) is the set of variables in the general equation of the circle. At this point, the best fit is obtained by taking the derivatives of the sets of variables separately and finally determining the coordinates of the center of the circle as well as the radius and curvature of the arc, as shown in Eq. (13).


{ xo=−a02yo=−a12r=a02+a12−4a32
(13)

The fitted long and short edges are coupled after completing the above lapping process to find the four vertex positions, and the number of path strips can be calculated based on the short edge length and overlap width as in Eq. (14).


s=d14dr+1=(x1−x4)2+(y1−y4)2λw+1
(14)

The 
s
of Eq. (14) is the number of paths, 
d14
is the length of the short edge, 
dr
is the overlap width, 
x1
, 
y1
, 
x4
, 
y4
correspond to the horizontal and vertical coordinates of the 1st and 4th vertices, 
λ
is the ratio of overlap width to wheel width, and 
w
is the steel wheel width. When the pavement data is pre-stored the pavement construction will be carried out, the process will design the pavement tracking algorithm, although the direct type trajectory control has high accuracy and fast convergence, but the control path is more complicated, so the research will use the line of sight guide method in the indirect type control algorithm. According to the principle of the method will be adjusted by the front vehicle attitude movement state, according to the above-mentioned analytical equation of the preset route can calculate the coordinates of the pre-direction anchor point, if the yaw occurs at this time, the yaw angle will be recorded and then use the PID algorithm to control. The algorithm needs to add the time variable into the deviation, and the incremental PID will output the incremental value of 
j
for the first time as shown in Eq. (15).


Δμ=Kp.(Δθj−Δθj−1)+Ki.Δθj+Kd(Δθj−2Δθj−1+Δθj−2)
(15)


Δμ
of Eq. (15) is the output value-added, 
Δθj
, 
Δθj−1
, and 
Δθj−2
are the deviations of the heading angle calculated at 
j
, 
j−1
, and, respectively, and 
j−2
Kp
, 
Ki
, and 
Kd
are the proportional, integral, and differential parameters of the algorithm, respectively. With this control algorithm, the value-added output quantity is corrected for the angle of flight.

4  Simulation and Testing of Control Performance of Pavement Construction Robot

The simulation experiment of this study is carried out in CarSim and Simulink platforms. The experimental contents include the steering system, path planning ability, and practical application in the construction of automatic robots. Before the experiment, the simulation interface needs to be adjusted to meet the experimental requirements, as shown in Fig. 5.

[image: images]

Figure 5: Digital analog interface

After adjusting the system parameters required by the experiment according to Fig. 5, the simulation experiment of steering automation for the whole vehicle model is studied. During the experiment, in order to ensure the real-time performance of the tracking control process, the researchers followed closely with a stopwatch. The scene design in the experiment includes forest and garden. In these two scenes, the steering angle of the car and the trajectory of the whole car are shown in Fig. 6.
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Figure 6: Steering control simulation results

According to the simulation results in Fig. 6, the actual steering wheel turning angle meets the ideal turning angle under the target path and the design path, which indicates that the PI controller meets the control accuracy requirements and the vehicle can steer according to the predetermined trajectory. The simulation of path planning will be carried out under the normal control of the steering wheel. The simulation also needs real-time data from the live monitoring module of the automatic construction robot, so the practicality of the relevant module will be tested in this session. The steel wheel width of the roller used in the study is 2130 mm and three rounds of road compaction are implemented, where the compaction of the straight path is shown in Fig. 7.
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Figure 7: Straight path planning results

According to the simulation results reflected in Fig. 7, the path planning results used in the study are always within the boundary of the zone fit, and all three sets of multiple compaction results are within the zone with 100% compaction, which indicates that the path planning method and the optimized path are effective, and the linear fitting approach works well for straight path planning. Simulation of curved paths in the same environment, the results are shown in Fig. 8.
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Figure 8: Curve path planning results

According to the simulation results in Fig. 8, the path planning process and demand of the curved road are more complex and non-linear fitting, but still shows good performance under the processing of circle fitting, and the results of path planning still do not exceed the fitting limits of the zone, and the three groups of multiple compaction still reach 100%. After testing the good path planning performance, the compaction of straight and curved roads will be analyzed in gradient according to the color shades, respectively, and the process index will be presented in this way, and the results are shown in Fig. 9.
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Figure 9: Compaction test results

As shown in the compaction test in Fig. 9, the compaction degree of both straight line and curved areas is better, and most of the area is in complete compaction, and both of the areas that are not completely compacted appear at the edges. From the data, the straight line area had the best compaction with an average compaction rate of 92.11%, and more than 95% of the area was above 96%, while 85.49% of the curved area had 100% compaction. This result fully illustrates that the route planning taken in the study can meet the compaction working condition requirements, and for road construction can be driven with the construction operation, and the best path during construction will be obtained according to the actual situation and planning method in the correct driving process. The path planning test will be followed by the analysis of the path error of the actual construction conditions to obtain the deviation value between the actual work and the preset heading. In practical experiments, the Random Forest (RF) algorithm, Extreme Gradient Boosting (XGBoost) algorithm, and Spotted Hyena (SH) algorithm are studied and compared with the algorithms proposed in the study. And the error will be calculated iteratively according to the PID control technique mentioned above, and the lateral error is shown in Fig. 10.
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Figure 10: Results of path deviation in the working phase

According to the path tracking error results in Fig. 10, it can be seen that both straight and curved paths the robot has a periodic error change, the error is larger in the region just at the moment of steering, but soon the error falls from the peak to the usual error, except for the peak of the error are not more than 0.6, the average lateral error throughout the process is always maintained within 20 cm, of which the straight path can be maintained within 10 cm. This data has the best performance among the four algorithms. The data of RF, XGBoost, and SH algorithms are 0.9, 0.75, and 1.28, respectively, and their errors are all above 50 cm. For road construction, the road error should be controlled within 40 cm. The number of error iterations fluctuates periodically under PID control for the straight road compared to the curved section, which is probably due to the fact that the driving speed of the curved road is affected when the time is taken into account for steering measurement and the time per generation is increased, but this error magnitude can fully meet the road construction needs, so this design is feasible.

5  Conclusion

In the era of intelligent technology development, driverless technology is becoming more and more mature, and using this technology for road construction can not only reduce human cost and construction risk but also get more accurate decisions based on intelligent calculation. The intelligent construction robot proposed in the study is based on a road roller, using remote control technology to take over the steering control, and setting a reasonable automatic steering control module through mechanical modeling and mathematical analysis; meanwhile, the environment monitoring module is divided into positioning perception and real-world measurement, and this module is to provide a basis for decision making and control; in terms of path control and setting, it is divided into straight and curved paths according to road characteristics, and linear and circular fitting are used respectively the over-path calculation is performed. The simulation results show that the turning angle of the steering controller can meet the path setting requirements; the fitting degree of path planning for straight and curved roads reaches 100%, and in the actual compaction process, the compaction degree of more than 95% of the straight road part is above 96%, while 85.49% of the curved road area reaches 100%; the simulation of path tracking shows that the heading error based on environmental data is within 20 cm The simulation of path tracking shows that it can fully meet the current road construction requirements. In the follow-up work, we will develop automatic technology for different functions of mechanical equipment to help road construction. However, in the experiments carried out in the forest and garden terrain, the weather is sunny. For the field construction site, the weather conditions are complex and changeable, so it is equally important to study the automatic driving in various weather conditions. In addition, the path selection is only for straight lines and circles. For the field construction site, the road conditions are complex and changeable. Therefore, it is also important to study the automatic driving of various curvature paths, which will continue in future research.
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Table 1: Motor parameters

Parameter Unit Numerical value
Motor rated power w 360
Motor inductance H 0.000238
Motor resistance Q 0.345
Rated speed of motor rad / min 1480
Maximum current provided by motor A 100
Motor moment of inertia kg o m? 0.00019
Damping coefficient of motor Nemes/rad 0.00009
Motor torsional stiffness N e m/rad 125
Back electromotive force coefficient Ves/rad 0.0506
Flectromagnetic torque coefficient Nem/A 0.0506
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