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Abstract: The transmission line tower will be affected by bad weather and artificial subsidence caused by the foundation and other factors in the power transmission. The tower’s tilt and severe deformation will cause the building to collapse. Many small changes caused the tower’s collapse, but the early staff often could not intuitively notice the changes in the tower’s state. In the current tower online monitoring system, terminal equipment often needs to replace batteries frequently due to premature exhaustion of power. According to the need for real-time measurement of power line tower, this research designed a real-time monitoring device monitoring the transmission tower attitude tilting and foundation state based on the inertial sensor, the acceleration of 3 axis inertial sensor and angular velocity raw data to pole average filtering pre-processing, and then through the complementary filtering algorithm for comprehensive calculation of tilt angle, the system meets the demand for inclined online monitoring of power line poles and towers regarding measurement accuracy, with low cost and power consumption. The optimization multi-sensor cooperative detection and correction measured tilt angle result relative accuracy can reach 1.03%, which has specific promotion and application value since the system has the advantages of unattended and efficient calculation.
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1  Introduction

Due to the limitation of installation conditions, transmission lines may be located in agricultural irrigation, landslide prone and other geological harsh areas. Once the inclined collapse is caused by the change of geological conditions or man-made external damage, and it cannot be detected and treated in time, it is easy to lead to power supply and even personal injury accidents and significant property losses [1,2]. At present, there are more studies on tower tilt and foundation state, especially on the reliability of single components such as transmission line structure, foundation and ground wire, while there are fewer studies on the structural reliability and optimal allocation of structural components such as the overall structure, foundation, wire and insulator of transmission line tower as a whole system [3]. According to the results of field investigation and analysis of transmission lines, the reliability of transmission line components, tower structure and the whole line structure system will directly affect the safe and stable operation of the power grid [4]. However, due to the limitation of structural design theory and design method, the existing research and measures on the overall reliability and disaster prevention control of transmission line system are not perfect.

To ensure the safe and reliable power supply of the power grid, it is a hot topic to study the reliability of the transmission tower structure system under certain constraints by using the optimal distribution method, to achieve the optimal matching of the reliability of the structure system. The optimal configuration of structural system reliability needs to consider various factors, namely constraint conditions, and carry out engineering design step by step from top to bottom from whole to part with scientific decision-making methods to finally determine the reliability of each subsystem, to ensure the reliability index of the whole system’s structural objectives [5,6]. Peng et al. [7] pointed out that the target reliability index of each subsystem component of the transmission tower can be reasonably determined by optimizing the distribution of the structural system reliability index, to ensure the reliability of each component in design, processing and operation. By understanding the reliability of each component, the reliability of the subsystem and the relationship between the reliability of each structure and the system, it can more comprehensively weigh the relationship between the functional requirements of the structural system, material consumption, cost and durability, get a more reasonable system design structure, improve the quality and level of the design technology of the structural system. Existing studies generally divide the reliability allocation methods of structural systems into two categories, namely the unconstrained allocation method and constrained allocation method [8–12]. The unconstrained distribution method is not affected by other constraints, which is quite different from the actual situation. In practical engineering, the distribution of structural system reliability is inevitably restricted under various conditions [13]. Mridha et al. [14] proposed a method for the dynamic monitoring of tower state, however, it lacks real-time analysis functions and is limited by the computing power of edge computing servers, making it difficult to effectively respond to emergencies. To address the issue of limited point cloud tower data, some researchers removed the tower base and used a vertical stratification method and a convex shell algorithm to determine the tower inclination [15], although this method focuses on 3D data presentation and does not respond in real time. Gao et al. [16] used an optical fiber sensing technology to monitor the stress deformation and tilting angle of the power tower, although the accuracy was not high. Hou et al. [17] proposed that the optimal allocation of structural system reliability is a global optimization problem, the core idea of which is to decompose and coordinate the constraint relations among tower components, but it remains in the theoretical simulation stage. Alotaibi et al. [18] determined the indexes of each subsystem according to experimental means and took the decomposition and coordination method as the leading idea to solve the optimization and distribution problem of reliability of the transmission line structural system. Aiming at the estimation of uncertain process and measurement noise covariance in nonlinear multi-sensor systems with statistical uncertainty of noise, Dong et al. [19] proposed an improved adaptive varied-DB Bayesian volume information fusion algorithm to jointly estimate the system state and uncertain noise covariance of nonlinear systems by using volume sampling method. In view of the limitation that the precision of multi-sensor joint detection is difficult to guarantee, Robertson et al. [20] proposed two efficient approximate formulas of multi-sensor label Dobernoulli (LMB) filter, both of which allow parallel calculation of sensor measurement updates. But these two filters have constant complexity in the number of sensors and linear complexity in the number of measurements and objects. This is an improvement on the iteratively corrected LMB (IC-LMB) filter, which has linear complexity in the number of sensors. When multiple sensors are used to track multiple variables, the filtering algorithm can effectively improve the detection accuracy.

In view of the limitations of the current analysis and research on tower stability, this paper combined with a 220 kV double-circuit project in Northeast China and took the detection index as the constraint condition to study the monitoring technology of line attitude and basic state, structure, function state and main system reliability, and proposed that in the global coordinated optimization of transmission line system design, system reliability should be reasonably distributed to tower structure, foundation, grounding, insulator and hardware subsystems to achieve the optimal matching of transmission line system reliability. Through the data processing and comprehensive analysis of multiple sensors, the experimental results are consistent with the expected trend. The results show that the multi-sensor system can effectively improve the monitoring accuracy and avoid the false alarm caused by the fault of a single sensor during the monitoring process of the attitude and foundation state of the transmission tower, and the tower state curve can be formed according to the historical data for the reference of the inspection personnel.

2  Establishment of the Tower Foundation and Tilt Angle Monitoring and Calculation Model

The tower foundation is designed to ensure the tower is firmly secured to the ground. The foundation should be designed using the appropriate materials to ensure it can provide the necessary support to the tower. The design should also consider the effects of vibration, weather, and seismic activity. The foundation should also be designed to allow for easy installation and maintenance. The foundation should also be designed to ensure that the tower can tilt to the desired angle and remain at that angle.

The tilt angle monitoring and calculation model is used to monitor and calculate the tilt angle of the tower. This model can be used to determine the tilt angle of the tower in real-time and detect any changes that occur in the tower’s attitude. The model can also be used to calculate the maximum tilt angle of the tower and the time it takes for the tower to reach its maximum tilt angle. The model can also be used to analyze the data from the tower’s sensors to detect any changes in the tower’s attitude. The tilt angle is based on an accelerometer, using the triangle function between gravity acceleration and the sub-axis vector component. When the gravitational acceleration coincides with the Earth’s gravitational field, there is a functional relationship between the gravity acceleration component and the tilt angle.

2.1 Inclination Angle Calculation of Tower

The attitude of the tower in space is represented by three tilt angles in 3D space, which can be obtained by calculating the data of the accelerometer and gyroscope output in the inertial sensor. Let X, Y, and Z be the three axes of the reference coordinate system, x, y, and z be the inertial sensors of the pole and tower, and the angles corresponding to X, Y, Z and x, y, z are, and, namely, the tilt angle of 3D space. The relationship is shown in Fig. 1.
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Figure 1: Space structure of inclination angle

In this study, the basic principle of measuring tower tilt Angle is to use the trigonometric function relation between gravity acceleration and the corresponding axis and obtain, according to the parallelogram rule. The calculation relation of the corresponding inclination Angle is shown in Eq. (1).

{α=arctan (gx/gy2+gz2)β=arctan (gy/gx2+gz2)θ=arctan (gx2+gy2/gz)(1)

In the component of gravity acceleration in the three directions, gx, gy and gz, if the only factor affecting the acceleration is gravity acceleration in the ideal state, the inclination measurement accuracy is directly determined by the accelerometer’s accuracy. Still, the actual tower will receive the effect of wind factors, which will lead to the superposition of additional acceleration, thus affecting the measurement accuracy. The gyroscope measuring inclination is obtained from the initial angle plus angular velocity, as shown in Eq. (2).

ζ(t+1)=ζ(t)+∫tt+1ωdt(2)

In the formula, ζ(t) is the inclination at time t, and t+1 is the angular velocity of ζ(t+1). However, the inevitable measurement error, temperature drift, vibration drift, and various interference of the gyroscope adopted by the inclination sensor will gradually become serious. The filtering algorithm can effectively eliminate external interference and reduce the data errors of the sensor collaboration. There are various filtering algorithms, such as Mean Filtering, Kalman Filtering, and others, which are suitable for different scenarios and can improve the accuracy of sensor data, thus reducing the errors of sensor collaboration systems.

From the above principle, analysis can see using the tilt Angle sensor to monitor the tower tilt state and calculating the foundation settlement method are some deficiencies. So it is necessary to process the original data, filter or reduce the interference and principle error, and consider the credibility flexibly adjust the weight to get closer to the actual value of the data.

2.2 Error-Processing Algorithm

The data processing algorithm has wavelet analysis and a Kalman filter [21,22]. This kind of processing algorithm is complex. Kalman filter calculation is an iterative process, large calculation, occupy the calculation time is long, put forward certain requirements for the processor, not suitable for the embedded real-time system, especially in low power consumption, low-cost edge computing system.

The tower is not static. Due to external factors such as wind, the line will dance to drive the Angle of the tower. The pendulum effect brought by the line dancing and the operating frequency electromagnetic interference in the working environment, the corresponding mechanical and electromagnetic signal interference will be applied to the attitude and the circuit of the sensor manifested as the numerical periodic fluctuation in the original data output by the sensor. And because the tilt Angle needs to calculate the gyroscope data, the integral calculation is more sensitive to significant fluctuations. If not eliminated, the spike may cause the error and need a long time to eliminate, so the original data to extreme average filtering preprocessing to reduce or eliminate periodic and spike interference initially. The angular velocity measured by the gyroscope used in this paper is usually accompanied by low-frequency noise, and the accelerometers are often accompanied by high-frequency noise. This paper uses the high pass filter and the low pass filter and adds different weights to obtain the processed inclination. A complementary filter is simple to calculate and efficient, very suitable for low-performance processor work, with mathematical expressions such as in Eq. (3).

φ=A∗ζω+(1−A)ζg(3)

φ is the calculated inclination. ζω and ζg is the inclination calculated by the gyroscope and accelerometer, and A is the complementary filter coefficient. There are special requirements for the inclination motion of the shaft, which requires the high precision measurement of the inclination error. The inclination rotation error of the rotation axis is superimposed on the installation error of the measurement system, which is generally much larger than the inclination rotation error. Therefore, the inclination rotation error cannot be directly measured by the Angle but separated by the error.

2.2.1 Error Measurement Principle Based on Coordinate Dystem Rotation

By establishing the reference coordinate system o0x0y0z0, the axis frame system o1x1y1z1, the axis frame system o2x2y2z2, and the electronic level base coordinate system o3x3y3z3, using the conversion relationship of the rotating coordinate system, the readings of the o3x3 direction and the o3x3 direction are:

m3−1=−Δαy2−[Δθy0+Δθy1(γ)]cos γ+[Δθx0+Δθx1(γ)]sin γ(4)

m3−2=Δαx2+[Δθy0+Δθy1(γ)]sin γ+[Δθx0+Δθx1(γ)]cos γ(5)

When measured by a horizontal electronic instrument, the verticality Δx2 and Δy2 facing the geometric axis of the horizontal axis is zero harmonics and the verticality Δx0 and Δy0 of the rotating axis to the horizontal surface is a primary harmonic. When solving the inclination rotation error Δx1(γ) and Δy1(γ), the partial elimination method is generally adopted to decompose the measurement data into Fourier series, and the zero harmonic and one harmonic are removed. Assuming that the measurement data obtained in both directions are f1i and f2i (i = 1, 2, …, n), and the corresponding inclination rotation error is f1i and f2i (i = 1, 2, …, n) in Eqs. (6)–(8):

f1i=y1j−1n∑j=on−1y1j−2ncos 2πin∑j=on−1(y1jcos 2πjn)−2nsin 2πin∑j=on−1(y1jsin 2πjn)(6)

f2i=y2j−1n∑j=on−1y2j−2ncos 2πin∑j=on−1(y2jcos 2πjn)−2nsin 2πin∑j=on−1(y2jsin 2πjn)(7)

The synthesis error is:

fi=f1i2+f2i2(8)

2.2.2 Error Measurement Principle Based on Geometry

Using electronic horizontal to vertical axis tilt error, if the base of the electronic level and the shaft end horizontally strictly parallel, electronic level reading is the tilt error. Still, the electronic level base and the shaft end, the shaft end, and the horizontal plane have a certain angle. The angle is generally much larger than the inclination rotation error. The functional relationship between the measuring value and the rotation angle is used. The difference between the measurement and ideal values is the vertical axis inclination rotation error.

The measurement model is as follows: Xoy surface is the horizontal reference surface, and Xoy is the rotation axis surface. An object T is located in the axis plane, from the initial position X around the origin O radius r. The Angle between OX and OX is α, and the Angle between OX and the horizontal plane is β, denoted as T0 (r,α,β), the Angle between OA and the horizontal plane is θ, and the Angle between OA and OA0 is φ, denoted as A (r, (φ+α), θ). The function expression of the coordinate θ and the Angle φ turned when T is at any circle position is derived below (θ is the reading of the electronic level).

Available by geometric relationships:

rsin θ=rsin θ+[rcos α−rcos(φ+α)]sin α(9)

Approximal by a small angle

θ=sin αcos (φ+α)+sin β−cos αsin α(10)

Since θ Max, θ0 and φ0 are constants, the output model of the electronic level is

θ=a⋅cos (φ+b)+c(11)

where a, b, and c are constants. In this model, θ represents the reading of the electronic level, and φ represents the Angle at which the shaft is turned. A is related to the size of the dihedral angle of the base surface and the horizontal datum surface of the electronic level instrument; B is associated with the selection of the initial position; C is related to both the dihedral Angle and the initial position. This model is consistent with the coordinate system rotation method established, but the modeling process is more straight forward.

2.3 Multi-Sensor Structure System Reliability Optimization Allocation Model

Assume that the normal operation reliability of the transmission line system is P0, and the reliability and direct influence of the ith subsystem are Pi and Ki respectively. Establish the functional relationship between the reliability P of the transmission line system and the reliability Pi of each subsystem, P = F (Pi), and the functional relationship between the reliability Pi of each subsystem and its influence coefficient Ki, Pi = g(Ki). Then, the reliability optimization allocation model of the transmission line system based on economic indicators can be expressed as Eqs. (12) and (13) [23]:

Find K=[K1,K2,K3,K4,K5]T(12)

P=[P1,P2,P3,P4,P5]T(13)

The objective function is the max P. Constraints are: ∑i=15Ki≤K0

According to the above mathematical model of transmission line system reliability optimization allocation, two functional relations need to be established for optimal allocation of transmission line system reliability based on impact indicators: (1) The functional relationship between transmission line system reliability P and subsystem reliability Pi is P = F (Pi); (2) The functional relationship between the reliability Pi of each subsystem and its influence coefficient Ki is Pi = g(Ki).

Due to the lack of statistical data, it is difficult to establish a functional relationship between the reliability of the guide ground wire, hardware, and insulator subsystem and the respective cost. Therefore, when optimizing the reliability of the transmission line system, only the reliability of the transmission line tower structure and foundation is allocated. Therefore, the mathematical model of the reliability optimization distribution of the transmission line system can be simplified to Eqs. (14) and (15) [20]:

Find K=[KT,KJ]T(14)

P=[PT,PJ]T(15)

KT+KJ≤K0 objective function is the max P. The constraints are: KT and KJ influence tower structure and foundation on operating state; PT and PJ are the reliability of tower structure and foundation system, respectively.

After testing, with a fully charged battery, the calculation response time of the running terminal was 1.4 s, while the upload data time was 0.7 s when the 4G signal strength was −95 dBm. The total calculation and data communication time was approximately 2 s.

3  Design Scheme and Implementation of the Monitoring System

The hardware design of the tower attitude monitoring device consists of several components. These components include a main board to house the necessary electronics, the power supply, the microcontroller, the communications interface, the GPS receiver the tilt sensor and pressure sensor. The main board is designed to contain the necessary electronics, such as the microcontroller, to monitor the tower’s attitude. The power supply is used to provide power to the device. The communications interface is used to connect the device to a network the GPS receiver is used to provide location data. The pressure sensor is used to measure the pressure of the tower’s environment. The layout of the device is designed to ensure the components are securely attached to the tower and are easily accessible for maintenance.

The real-time monitoring system comprises several tilt angle monitoring devices (node), tower base settlement monitoring devices, and an edge calculation host. The receiving host selects different configurations according to the communication mode of the system. The communication management machine of the wired communication station is directly used as the data receiving host and sent to the communication management machine. The system structure is shown in Fig. 2. The real-time attitude monitoring device of the tower is the key to the system. The installation installed on the tower of the device puts forward certain requirements on temperature, low power consumption, low volume, etc., so it is necessary to choose the components not lower than industrial level and with low power consumption characteristics. In order to reduce the volume and convenient arrangement of the tower tilt monitoring device, the 6-axis inertial sensor based on MEMS technology collects the acceleration and angular speed, which has the advantages of high integration, small volume, and low power consumption. The device takes the micro-controller as the core of data processing and control. After reading the inertial sensor data, it calculates the tilt angles of X, Y, and Z directions through data analysis and filtering. It then sends them to the communication management machine through the communication circuit. Data upload can be configured as one of LoRa and RS-485, selected according to engineering needs; the power supply is divided into wired direct supply and battery to meet the application requirements of different occasions.
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Figure 2: Schematic diagram of the system structure

3.1 Hardware Design and Layout of the Tower Attitude Monitoring Device

Because the tower is most prone to force tilt and vibration at the top of the tower and the waist at 2/3 from the ground, the tilt sensor is installed in a position prone to force tilt. The vibration sensor is installed at the vibration arm of the tower arm to reflect the tilt state of the tower from different positions and directions. Through the tilt, the vibration sensor detects the state of the transmission tower. It issues the alarm in time, which realizes the real-time online monitoring, early warning, and protection of the transmission tower tilt and vibration, effectively reducing the possibility of the tower dumping accident. The cloth point of the sensor rod tower is shown in Fig. 3a. A solid circle represents the position of the six inclination sensors fixed by the actual tower, and a hollow circle represents the position of the four foundation settlement sensors. The six inclination sensors are powered by solar panel + lithium battery storage mode. The data is transmitted through wireless LoRa, not affecting high-voltage lines’ standard transmission and distribution. To run the state of the reaction tower as accurately as possible, the sensor is installed at the tower arm as far as possible and is distributed symmetrically.

[image: images]

Figure 3: Transmission line tower tilting and foundation trend monitoring system ((a) Schematic diagram of sensors distribution, (b) Photos of monitoring device site installation)

When sensor battery power supply in northern China, the hardware design puts special requirements on low power consumption compared with wired power supply. To extend the battery life, low-power consumption devices should be selected as far as possible in the hardware design, and the low-power consumption strategy should be adopted in the software design to reduce the operating power consumption. The low-power microcontroller is selected as the control and data processing core of the tilt angle monitoring device. The microcontroller is connected with the 3-axis inertial sensor through the SPI interface to obtain acceleration and angular velocity and upload data via the RS-485 interface circuit or LoRa module. According to the working strategy, the power transformation and control part provides power supply to different functional circuits. The hardware design adopts the modular design method, and the welding-related components can be selected according to the system implementation to meet the different requirements.

3.2 Software Design

The software is divided into inertial sensor data acquisition, inclination calculation, communication, and parameter configuration modules according to its functions. After the system is powered up, read the dial switch status first to determine the configuration mode and different operation modes. The software’s working mode adopts different working mechanisms in the battery power supply and the wired power supply, and the software process in the battery power supply mode is shown in Fig. 4.
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Figure 4: Software process in battery power supply mode

The main work of the configuration mode is to set the initial parameters according to the field installation. Consider tower tilt measurement device installation is convenient. The installation of the tower has a fait accompli. It may not require the tower itself to be in a fully vertical ideal state. Still, because the monitoring devices need to be fixed on the tower, it is impossible to do monitoring device shell and monitoring device of six-axis inertial sensors and tower in three directions coincide. Due to manufacturing, installation, and other reasons, there will inevitably be a deviation from the ideal coordinate system, so it is necessary to measure the initial deviation Angle caused by these reasons. The subsequent measurement is modified so that the subsequent online measurement can obtain a relatively accurate tilt Angle and the change of the relative installation. The Angle variation relative to installation focuses on online monitoring of tower tilt, which indicates the attitude variation range of the tower.

Configuration mode of the inertial sensor set in the first place set up the relevant register, read the acceleration and angular velocity data. Then the data is to extremum average filtering after calculating the initial value of tilt Angle in the X direction Angle ɑ. For example, set the initial value of, i is set to, i back to online monitoring, measured Angle is set to n. Then n−i is the actual change in inclination Angle and the inclination angle relative to the initial state. In addition, the inertial sensor and installation deviation, the initial value of i, and actual tower angle deviation may also exist in the project or requirement for high accuracy measurement of absolute angle. It can be in the construction site by the plumb line method, transit method such as artificial measure the actual Angle, measured Angle for φx, then ɑn +φx, −ɑi is the absolute Angle measured online. After confirmation, configuration mode to ɑi and φx, save these two parameters. Parameter confirmation communicates with the computer through the extended RS-485 or LoRa interface and sends the measured parameters to the computer through the customized communication protocol. The i, i, θi to install after X, Y, and Z in three directions from the Angle of inertial sensors to obtain the initial value. φx, φy, and φz are the measured initial Angle values of X, Y, and Z directions after installation. Each parameter is represented by double bytes. The computer uses serial debugging software to read and send correction data. After manual judgment, the Angle data and measured data transmitted by the single chip microcomputer are sent back to the single chip microbudget. After the single-chip microcomputer reads the data sent by the computer, the data is stored in the single-chip microcomputer for parameter calculation in operation mode. Suppose the difference between the Angle data sent by MCU and the measured Angle data is too significant. In that case, it can be considered that there is a certain problem with the inclination measuring device. The configuration mode of sending and receiving confirmation is conducive to timely detection.

Complementary filtering is an ideal choice for applications with limited resources, as it is computationally efficient, robust to noise and outliers, and can be easily implemented in an embedded system. It is capable of effectively combining data from multiple sensors and providing accurate and reliable real-time information, making it suitable for a wide range of applications, from error tracking to fault detection and failure analysis.

4  Result and Discussions

The tilt angle measurement and base monitoring system are divided into data acquisition and processing. The data collection section uses a combined 3-axis accelerometer and a 3-axis gyroscope. The edge calculation module can eliminate the inter-axis coupling bias by measuring the tilt angle and angular velocity, respectively.

The results show that the tilt angle measurement and base monitoring system have a high accuracy in measuring the tilt angle and angular velocity. The tilt angle measurement system can measure the tilt angle with a maximum error of 0.5° and angular velocity with a maximum error of 0.3°/s. The base monitoring system can measure the tilt angle with a maximum error of 0.5° and angular velocity with a maximum error of 0.5°/s.

The tilt angle measurement and base monitoring system also have good stability, which can effectively reduce the errors caused by external interference. The system can work stably under different environmental conditions, such as temperature, humidity, and vibration. The system has also proven to be efficient in terms of energy consumption. The system can operate for more than 8 days on a single battery charge.

4.1 Pole and Tower Tilt Measurement

Each node of the system monitoring device according to the following method: the tower tilt monitoring device is fixed on the test tower, determine the vertical line, cross two-level determine the benchmark plane, test tower movement in the process of shaking, which can simulate the wind caused by tower slight shaking, and when the inclination is too large can think the tower has collapsed or damaged, then lost the significance of online measurement. The tilt test is conducted for 0–60° in the XZ plane, and a measurement point is selected every 5°. The data of the tilt angle output by different units are shown in Table 1.

[image: images]

From Table 1, it is evident that the angle computed directly using the accelerometer exhibits significant errors. In contrast, angles derived through the complementary filtering method display reduced errors with varying coefficients. Notably, when assigning greater weight to the accelerometer’s inclination angle, the output angle from the complementary filter approximates the actual value more closely. This outcome aligns with the fact that the rod’s acceleration primarily comprises gravitational acceleration, which can be effectively mitigated through precise preprocessing. With a weight coefficient of A = 0.25, the measured data’s relative accuracy can be maintained within 1.40%. This level of accuracy satisfactorily meets the requirements for online monitoring of tower structures.

The tilt error of the rotating platform is 0.0068°, which is far lower than the precision requirement of 0.1°. The electronic level instrument used to measure the inclination perception end is a precision instrument for measuring the angular difference between two points on the same plane. It is composed of a level, a tripod, a bubble level, and a measuring head. The level has several leveling screws, which can be used to adjust the accuracy of the instrument. The measuring head can rotate 360°, and each angle is marked as a reference point. The bubble level is used to ensure that the instrument is always in a level state during measurement. The angle measured is the angle between the two reference points, and the accuracy of the angle measurement can reach 0.1°.

The measuring head is used to measure the angle between the reference point and the inclination perception end. The angle of the measured point is compared with the angle of the reference point. If the difference is greater than 0.1°, it means that the inclination perception end has an error. After the measurement is completed, the data is processed and analyzed statistically. The results of the error analysis are used to make corrections to the inclination perception end. Table 2 displays the measured and rectified outcomes.
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4.2 Upper Pull Measurement of Tower Foundation Settlement

Horizontal bearing capacity calculation horizontal bearing capacity of a single pile. Due to the foundation applied to the transmission line needing to bear a large upper load, under the condition of meeting the upper load requirements, the design value of the horizontal bearing capacity of a single pile in the four foundations of the pole and tower can be calculated through the following Eqs. (16) and (17):

Qh=α3EIvyχ0a(16)

α=mb0/EI5(17)

In the formula, Qh is the design value of the horizontal bearing capacity of a single tower foundation; α is the horizontal deformation coefficient of tower base; EI is the bending stiffness of pile body; vy is the horizontal displacement coefficient of pile roof; x0a is the allowable horizontal displacement; m is the proportion coefficient of the foundation soil, which can be determined by test; b0 is the calculated width of pile body, for micropile b0=0.9(1.5d+0.5).

The water calm load test was conducted on 4 single piles in this test. The m value of the horizontal resistance coefficient of the base soil can be calculated through the horizontal test results through the following Eq. (18):

m=(νyH)53b0Y053(EI)23(18)

The horizontal force of H-acting on the top of the pile in the formula; Horizontal displacement of the horizontal force action point of Y0.

Although the cap was made in the single base test, the bottom of the cap was fragile, so the hinge constraint was calculated by the νy value 2.441, and the m value was obtained through the reverse calculation of the test results of the Eq. (18), see Table 3.
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The design value of horizontal bearing capacity of micropiles can be calculated from the base soil Eq. (17). Calculation of horizontal bearing capacity of group pile, the design value of micropile group pile can be calculated by the design value of a single pile and the effective coefficient of horizontal bearing capacity group pile, that is, Eq. (18). The load and displacement curves of single pillar tower 4 are shown in Fig. 5, and the load and displacement curves of each pillar pile are shown in Fig. 6.
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Figure 5: Horizontal load and displacement curve of single base tower 4
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Figure 6: Horizontal load and displacement curve of each base tower pile under the joint action of multiple base towers

Four tower foundation placement sensors are designed to assess the strength and tilt of these towers. The settings of the four sensors can be calculated based on the force, load, bending moment, and soil bearing capacity of the designed tower. This design value can be used to determine the foundation structure of the iron tower, the foundation structure of the horizontal force, the safety factor of the iron tower, and the stability of the iron tower, it can be seen from Figs. 5 and 6 that the load-displacement curves of the piles of each foundation tower, when subject to the joint action of multiple foundation towers, are significantly more discrete than the load-displacement curves of the single foundation tower. This higher detection sensitivity makes it easier to determine the real tilt state of the tower from the results. The sensors at the foot of the four towers are also used to calculate wind loads, ice loads, earthquake loads, and other factors that may affect the tower, which is of great significance for the safe operation of transmission lines.

5  Conclusion

The paper introduces a power line tower tilt measurement system that comprises of acceleration and angular velocity sensors, a transmitting module, and a receiving module. The advantages of using average and complementary filters for power line tower tilt measurement was discussed, such as their capability to suppress high-frequency and low-frequency noise, respectively, resulting in a more accurate measurement with less power consumption. Field test data is provided to demonstrate the high accuracy of the measurement system. The optimization of multi-sensor cooperative detection and correction measured tilt angle yield a relative accuracy of 1.03%, making the system suitable for unattended and efficient calculation. After testing, with a fully charged battery, the calculation response time of the running terminal was 1.4 s, and the upload data time was 0.7 s when the 4G signal strength was −85 dBm. The total calculation and data communication time was approximately 2 s. The results demonstrate that better measurement accuracy can be achieved by adjusting the parameters.
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Table 1: Comparison of tilt angle data under different filtering coefficients

Actual tilt Angular mean A =0.25 Relative A =0.5 Relative A =0.75 Relative
angle/° calculated from accuracy/% accuracy/% accuracy/%
acceleration/®
0 0.1 0.1 0.1 0.2
5 4.8 5.0 0.75% 4.9 2.2% 4.8 2.35%
10 9.9 10.1 1.06% 9.3 0.26% 9.9 2.11%
15 14.5 15.2 0.32% 15.2 0.76% 14.5 1.12%
20 20.0 20.2 0.11% 20.2 0.12% 20.0 0.12%
25 25.0 25.0 0.06% 24.9 0.08% 24.9 0.04%
30 29.9 30.0 0.14% 30.1 0.05% 30.0 0.01%
35 35.1 35.0 0.09% 35.0 0.01% 35.0 0.02%
40 40.2 40.0 0.08% 40.1 0.18% 40.2 0.01%
45 45.2 45.1 0.13% 45.1 0.13% 45.2 0.12%
50 50.1 50.1 0.13% 50.1 0.19% 50.1 0.11%
55 55.0 55.1 0.01% 55.0 0.23% 55.1 0.09%
60 59.9 60.0 0.01% 60.0 0.20% 60.1 0.02%
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Table 3: The proportional coefficient of the horizontal resistance coefficient of the base soil

No.  Test base number m/(kN/m*) Average value/(kN/m*)

1 S1 10359
2 S2 9632
44,
3 S3 8235 904475
4 S4 7953
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Table 2: Measurement and correction results

Position Measure  Measur Measure  Synthesis Error correction results

mentsin - emenisin menisin - error T e paxis  Synthesi

direction direZtion direction direction  direction  direction  error after

error error error correction

0 26.50 42.45 0.00 0.344 0.025 —0.016 0.035 0.043
20 49.42 55.65 0.04 —0.404 —0.065 —0.039 —0.075 -0.179
40 42.04 —56.91 0.03 —0.213 —0.092 0.001 —0.009 —0.100
60 —39.47 55.12 —0.03 —0.347 0.024 0.061 0.064 0.149
80 10.17 41.46 —0.04 —0.232 —0.009 0.051 —0.034 0.008
100 47.17 —25.63 0.03 —0.343 0.072 —0.063 0.016 0.026
120 23.31 —46.86 —0.06 —0.308 —0.060 —0.036 —0.024 -0.120
140 —48.87 23.59 —0.03 0.022 0.018 0.072 0.026 0.116
160 -9.06 49.00 —0.07 -0.371 0.031 0.049 0.093 0.173
180 —34.47 3.39 —0.09 —0.331 0.045 0.042 0.080 0.167
200 38.60 —15.25 —0.09 0.247 —0.098 —0.051 0.056 —0.093
220 41.16 —54.55 0.03 —0.236 0.085 0.012 -0.010 0.087
240 22.61 2.53 —0.08 —0.146 0.064 —0.065 0.080 0.079
260 45.58 —41.30 0.05 0.113 —0.084 —0.049 —0.026 —0.159
280 —58.62 40.45 0.02 —0.313 —0.092 0.049 —0.013 —0.056
300 —32.48 —45.63 0.05 0.400 0.028 0.014 —0.002 0.041
320 —1.69 -22.75 0.10 0.268 —0.068 0.069 —0.026 —0.024
340 —24.19 43.16 —0.03 0.177 —0.080 —0.066 —0.053 —0.199
Average 5.43 2.66 —0.01 —0.093 —0.01 0.00 0.01 —0.002

value
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