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Abstract


Agricultural unmanned aerial vehicles (UAVs), which are a new type of fertilizer application technology, have been rapidly developed internationally. This study combines the agronomic characteristics of rice fertilization with weighted coefficient learning-modified single-neuron adaptive proportional–integral–differential (PID) control technology to study and design an aerial real-time variable fertilizer application control system that is suitable for rice field operations in northern China. The nitrogen deficiency at the target plot is obtained from a map based on a fertilizer prescription map, and the amount of fertilizer is calculated by a variable fertilizer application algorithm. The advantages and disadvantages of the two control algorithms are analyzed by a MATLAB simulation in an indoor test, which is integrated into the spreading system to test the effect of actual spreading. A three-factor, three-level orthogonal test of fertilizer-spreading performance is designed for an outdoor test, and the coefficient of variation of particle distribution Cv (a) as well as the relative error of fertilizer application λ (b) are the evaluation indices. The spreading performance of the spreading system is the best and can effectively achieve accurate variable fertilizer application when the baffle opening is 4%, spreading disc speed is 600 r/min, and flight height is 2 m, with a and b of evaluation indexes of 11.98% and 7.02%, respectively. The control error of the spreading volume is 7.30%, and the monitoring error of the speed measurement module is less than 30 r/min. The results show that the centrifugal variable fertilizer spreader improves the uniformity of fertilizer spreading and the accuracy of fertilizer application, which enhances the spreading performance of the centrifugal variable fertilizer spreader.
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1. Introduction


Granular fertilizers, which are considered an effective method to provide adequate amounts of various nutrients during the reproductive cycle of high-yield crops such as rice, account for a large proportion of current agricultural production. The effective application of fertilizer can improve crop yield and quality, which plays an important role in food production security and agricultural efficiency [1,2]. Traditionally, uniform fertilizer application is used in the management of rice fields. However, ignoring significant differences in nutrient requirements and the practice of overfertilization both cause a reduction in crop yield [3]. Notably, inadequate fertilizer application limits the uptake of nutrients by crops, leading to poor quality [4,5,6,7]. Variable fertilizer application, which is one of the most effective methods for the rational distribution of fertilizer nutrients, is an important part of precision agriculture. Tractors and other ground equipment for traditional mechanical fertilization methods carry and apply fertilizers to supplement the nutrition of crops. In recent years, the efficiency and uniformity of ground mechanical fertilization have been significantly improved, but there are still some shortcomings. However, the ground mechanical fertilization cannot adapt to the growing environment of rice to complete the fertilization operation [8]. Previous studies have shown that high-yield crops such as rice with unique growth behavior during the fertilization stage are difficult to fertilize using ground mechanical fertilization, and achieving non-contact and non-destructive fertilization is a challenge. During the fertilization process, it is easy to roll ground machinery at varying degrees, which can lead to a reduction of the crop [9].



Testing the nutrient content of individual fields and applying meaningful variable inputs can significantly reduce chemical costs and environmental pollution in modern precision agriculture [10,11]. Agricultural unmanned aerial vehicles (UAVs), which are a new type of agricultural machinery, have recently attracted increasing interest for applications in agriculture-related operations [12]. UAVs have been widely applied in spreading fertilizers, and unlike ground machinery, aerial operations can improve the efficiency of fertilizer application on the target plot without touching the crop canopy and the crop surface [13]. In addition, the payload and stability of agricultural UAV technology have been greatly improved, which increases their spreading performance [14,15,16,17]. In China, applying for airspace through relevant departments can obtain the right to use agricultural drones in this airspace according to the working requirements. Thus, aerial variable fertilizer application technology is highly efficient for fertilizer application. Additionally, aerial application allows for more stable plant growth, and also decreases the environmental pollution caused by the less well-controlled application of nutrients by traditional fertilizer application technology [18,19]. Compared with other closed-canopy crops, rice has a weak root system during the early stage of growth. Thus, using high-powered ground machinery to fertilize rice can collapse or reduce the root system. The amount of fertilizer applied by manual spreading is dependent on subjective judgment, which makes it difficult to ensure the accuracy of fertilizer application [20,21]. Therefore, the construction of an agricultural UAV platform equipped with modular integrated centrifugal spreading machinery for variable fertilization, which integrates precision spreading devices and high-precision control systems, has become an important research direction [22,23].



Two prevalent methods for guiding variable fertilization are based on the research of fixed-point variable fertilization techniques: (1) the method of detecting soil nutrient content, which uses high-precision instruments to acquire soil nutrient information at the target area [24]; and (2) the method of prescription maps based on spectral sensors, which make prescription fertilization maps based on the current growth of the crop collection [25]. Variable fertilization based on the soil detection method is expensive due to the acquisition of the nutrient data. This is time consuming and requires a large amount of work. However, variable fertilization based on prescription maps can collect information of nutrient deficiencies in the target area using spectral sensors, an approach that largely compensates for the problems caused by detecting the soil nutrient content. In recent years, leaf-based spectral remote sensing technology has been commonly used to obtain the nutrient status of rice, which promotes the development of prescription map-based variable fertilization technology [26,27].



The development of a precise variable fertilizer aerial intelligent fertilizer application system for rice would be a breakthrough to improve rice yield. Researchers are exploring real-time aerial variable fertilizer application technology based on prescription maps and the construction of modularly integrated centrifugal spreading machinery [28]. Many scholars have studied variable fertilizer application devices in recent years using the large-area farming model, which develops and improves relevant agricultural machinery to provide nutrient inputs for various crops and to reduce the chemical pollution in precision agriculture. Alameen et al. [29] modified the fertilizer application rate adjustment system of a manual ground seeding device, and it showed ±2.6% error in overall application rate. However, there was systematic bias when the cylinder of the device was in the response state, and it was necessary to further improve the application accuracy. Han et al. [30] developed a variable-rate applicator with a uniform spreading pattern to retrofit a commercial spreader. However, it did not have automatic variable speed spreading due to the lack of geographic information system (GIS). Chattha et al. [31] designed a variable-rate fertilizer applicator for wild blueberry plants. The prescription maps and automatic sensors were obtained using a color camera mounted in front of the tractor to detect the target area. This prevented the application of fertilizer to areas where weeds grew, but the overall system had delays, and the accuracy must be further improved. Azis et al. [32] designed a spiral metering device for an aboveground variable fertilizer applicator (VRFA). The dynamic performance of the VRFA and the experimental analysis were tested by a spiral device with a proportional–integral–differential (PID) controller. The results showed a linear relationship between fertilizer application and motor speed. The amount of fertilizer that was applied was related to the speed. Saleem et al. [33] built a variable fertilization platform and collected soil samples to assess the effects of variable and uniform fertilization on soil nutrients in areas where blueberries were grown. The results showed that the average fruit yield was higher and 39% less fertilizer was used with the variable fertilization treatment than the traditional method. Tang et al. [34] used a variable fertilizer control system with a digital signal processing (DSP) microprocessor as the control core to set each fertilizer element required for the target area based on a human–computer interface. The system was not validated in a large field environment, and the positioning accuracy for applications in large fields was not verified.



Although the aboveground-based variable-rate granular fertilizer-spreading device (GFS) has been widely accepted and studied, the applicable limitations of ground-based machinery should be considered. Several UAV-based variable-rate fertilizer application devices for crop nutrient supplementation have emerged and attracted widespread interest. UAV systems showed advantages in precision operations and environmental monitoring with the improvement of image processing technology, flight cost, flight time, battery life, and new model design. Yuan et al. [35] used Gaussian process (GP) regression to identify the variable fertilization process and a genetic algorithm (GA) to optimize the fertilization control sequence, which improved the fertilization accuracy and uniformity by weighting and transforming. The results of field trials showed that the average error was reduced by 4% and that the fertilizer application response time was shortened after optimizing the control sequence. Zhang et al. [36] optimized the control sequence of rotational speed and feed wheel length for a slotted-wheel dual variable fertilizer applicator, which was paired with the developed fertilizer application model to create a fertilizer application rate map for the variable fertilizer applicator and effectively improved fertilizer application performance and, ultimately, the accurate management of the crop. Ishola et al. [37] developed an RFID-triggered variable speed pneumatic fertilizer application system that was independent of GPS signals under an oil palm canopy. It was equipped with a speed feedback mechanism to effectively avoid wasting fertilizer. Grafton et al. [38] tested the boundary delivery efficiency of a computer-controlled aircraft delivery system for bulk solids and showed that the delivery system improved the efficiency of fertilizer utilization, increased forage production, and reduced the loss of fertilizer to the environment. Li et al. [39] designed a hollow-rotor UAV for the efficient spreading of rice seeds. Field trials showed that the coefficient of variation, 12.15%, was smaller than that of manual spreading. The average yield of unmanned direct seeded rice was 7705.5 kg/hm2, which further demonstrated that the direct seeding of rice by UAV was feasible and inspired further study. Wen et al. [40] used a closed-loop PID control algorithm to shorten the time to reach steady state by the system. The results showed that variable spraying operations with different spraying requirements were achieved when the square-wave duty cycle was in the range of 40–100%. However, the system used a simple PID algorithm, which affected the stability of the system when applied in the variable spreading of solid granular fertilizers, after considering electromagnetic interference. Although PID control is easily affected by external disturbances, it is still a widely used method in industrial control. Song et al. [41] designed a variable fertilization system by combining fuzzy PID with genetic algorithm optimization. The system had a certain response speed and strong robustness, although fuzzy control rules need to be established. In addition, the variable fertilization based on expert experience will be a lengthy process and will consume a lot of time. Moreover, only a simulation of the model was conducted, which did not further verify the stability of the control effect in the actual operation. However, single-neuron PID can effectively solve this problem, and the system response time can be greatly shortened by learning correction.



In this study, an aerial centrifugal disc variable fertilization system for the efficient fertilization of rice crops in modern agriculture was designed and developed based on the above research and the efficient collection of spectral information and data from rice fields as well as prescription mapping technology. The system had a highly integrated variable fertilization platform with hardware and a variable fertilization platform for real-time feedback of data for the amount of spreading, which improved the efficiency of manual fertilization and avoided the damage of plants by fertilization using ground implements in the process of rice production. The system was paired with a single-neuron PID variable algorithm based on a weighted coefficient learning correction, which worked with prescription maps to complete the variable operation and thus changed the amount of fertilizer in different management areas. Notably, the prescription map data used in the experiment were collected from preliminary field trials, and the focus of this study was on the aerial variable spreading system for accurate variable fertilizer application based on the available prescription map data. The prescription map studies were not the core of this study. The sensor and control system were equipped to transmit feedback on the current speed and position of the spreading mechanism in real time, and the data were transferred to the central processor multipoint control unit (MCU) for unified processing. The DC motor speed was adjusted by outputting different pulse width modulation (PWM) square-wave signals, which could distribute a specific weight of fertilizer in the target plot. Therefore, the aims of this study were to (1) develop a variable-rate control system (MVRG) for the designed centrifugal GFS to adjust the fertilizer application according to changes in the prescription map, (2) evaluate the response characteristics and overall performance of the control system through indoor simulated bench tests and field tests, and (3) evaluate the application accuracy of the system under different fertilization modes by the modified single-neuron control algorithm based on weighted coefficients combined with orthogonal tests and ANOVA.




2. Materials and Methods


2.1. UAV Variable Fertilizer Application System


The modified eight-rotor agricultural UAV (MG-1P, DJI Innovative Technology Co., Ltd., Shenzhen, China) supported the variable fertilizer application system, and the variable test was completed under a self-developed variable fertilizer application device (Figure 1). The dimensions of the UAV were 1460 mm × 1460 mm × 578 mm, and the diagonal length of the arm was 1.8 m. The maximum loads of the fertilizer tank and take-off weight were 15 L and 23.7 kg, respectively. The flight height range was 1–6 m, the height range of agricultural drones. In order to ensure the effect of the fertilization and reduce the error of the fertilization, three gradients of 1.5 m, 2 m, and 3 m were selected for the outdoor test. The flight speed range was 2–12 m/s, considering that the resistance gradually increases at different flight speeds. Thus, in order to ensure the accuracy of the data, the flight speeds of the three levels were set to the minimum value (2 m/s), and the effective endurance was 20 min. The spreading device was 30 cm from the ground and located in the lower part of the UAV fuselage, and the effective spreading width was 2–5 m. The RTK positioning module was above the UAV, which was used at the ground base station to provide a bird’s eye view of the operation area and a real-time view of the flight trajectory. After the prescription map data were imported, the fertilizer discharge quality was changed by adjusting the speed of the fan-shaped spreading disc driven by the DC motor and the opening of the discharge flap by the MCU to achieve precise variable fertilizer application. The granular fertilizer for rice was considered the object of the spreading operation in the later simulation analysis and prototype testing sections for the convenience of describing the parameter preference.



2.1.1. Control System Components


The control structure of the variable fertilizer application system consisted of three main units (Figure 2).




	(1)

	
Central processing unit









The MCU chip was the core processor of the airborne spreading system, which significantly shortened the response time of the variable fertilizer application system and improved the stability of the system. The wireless communication module was integrated into the ground side and the airborne side for wireless data transmission between the ground base station and the spreading volume control unit. The wireless communication module used spread spectrum technology to ensure the reliability and stability of the system data transmission. The corresponding PWM signal was output by the MCU to drive the spreading unit for the variable fertilization operation after decoding the prescription map generated by the simulation imported by the host computer.




	(2)

	
Ground base station unit









The communication of the ground base station was by the wireless transmission module, and the airborne spreading system after the prescription map was imported by the host computer, which was used to remotely monitor the operating status of the system and visualize as well as store the flight parameters (speed and altitude).




	(3)

	
Spreading volume control unit









The real-time fertilizer application data of the spreading mechanism were recorded, and the motor speed and current position of the current spreading device were viewed on the screen. The data were stored in the storage module, which was applied to analyze whether the target area completed the fertilizer application according to the prescription map information after testing.




2.1.2. Hardware Integration of the Variable Fertilizer Application System


The main acquisition and output data of the variable fertilizer application system included the acquisition of Beidou geographic information data and flight speed, the generation of the PWM duty cycle and its output, the feedback of the real-time spreading volume, the correction of the deviation of the five parts of the weighted coefficient learning correction PID, and the description of the working parameters of the main components, as shown in Table 1.



The speed sensor was selected to detect the actual rotational speed per minute with high sensitivity by magnetic field induction, and the signal was outputted by a comparator. The pulse frequency was outputted by the Hall element inside the module to calculate the rotational speed of the spreading disc in real time.



The spreading device was integrated, and it consisted of a DC motor, rudder, and spreading disc. The DC motor was a miniature DC gear motor, the rudder was a large torque metal standard rudder, and the spreading disc was a three-leaf fan-shaped disc with a single fan angle of 120°. The DC motor and rudder were used to control the spreading speed and degree of opening and closing of the hatch opening, respectively, which to control the amount of spreading (Figure 3).





2.2. Variable Fertilization Control System Algorithm Design


2.2.1. Working Principle of Variable Fertilization


The goal of the variable fertilizer application technology was to precisely and stably adjust the actual volume spread by the system according to the change in the set value. The STM32F103ZET6 output different PWM duty cycle signals to the drive amplifier module, which drove the DC motor. The actual speed of the spreading disc was collected by the speed sensor, and it was compared and calculated with the set target speed. The difference value was transmitted to the STM32F103ZET6, and the processor made a single neural network adaptive adjustment according to the speed deviation to calculate the KP, KI, and KD parameters of the PID controller to incrementally regulate the rotational speed, leading to the parameters converging to the target value. The current voltage of the spreading system in real time was detected by the voltage stabilization module to ensure that the DC motor worked in a safe and controllable voltage range for spreading. The sensor operation data were transmitted to the PC by a wireless transmission module to be stored in real time during the operation, which was used in the later analysis. The control process of the variable fertilizer application system is shown in Figure 4.




2.2.2. Design of the Improved Single-Neuron PID Controller


The current control quantity and the value of the last control quantity perform the difference by the incremental PID (INPID) controller achieved a more stable control effect with a shorter calculation time. The coefficients KP, KI, and KD were the proportional coefficient, integral coefficient, and differential coefficient of the PID controller in Equation (1), respectively. When electromagnetic interference occurred in the control circuit, it was difficult for the PID controller to complete the controlled quantity in time. At the same time, the neural network with an adaptive function was selected to combine with the INPID control algorithm to design the weighted coefficient learning correction single-neuron PID (SNPID) controller after considering the characteristics of variable fertilizer device nonlinearity and the mutual interference of the control loops. The neural network algorithm is written into a program that can be recognized and imported into the MCU, and the speed sensor as well as other modules can transmit the acquired data into the MCU. At this time, the MCU automatically runs the learning rules to calculate the data and obtain the results. The adjustment of the real-time variable was achieved by learning rules to adaptively adjust its weights.


  Δ u  ( k )  =  K P   [  e  ( k )  − e  (  k − 1  )   ]  +  K I  e  ( k )  +  K D   [  e  ( k )  − 2 e  (  k − 1  )  + e  (  k − 2  )   ]   



(1)






  u  ( k )  = u  (  k − 1  )  + Δ u  ( k )   



(2)




where KP is the scale factor; KI is the integral factor; KD is the differential coefficient; k is the digital sampling sequence number (k = 0, 1, 2); u(k) is the kth sampling actual speed value, r/min; e(k) is the kth sampling speed deviation, r/min.




2.2.3. Weighted Coefficient Learning-Modified Single-Neuron PID Control Strategy


The improved SNPID controller was adaptive and had autonomous learning capability to adjust the value of each component weighting coefficient    ω i    online, which can adaptively adjust the control intensity of proportional, integral, and differential links of PID. Single-neuron theory is an effective way to solve this problem for variable fertilization with strong coupling and natural instability [42]. The block diagram of the adaptive SNPID control system based on the learning correction of weighting coefficients is shown in Figure 5.



The weighted coefficient learning-modified single-neuron control algorithm and the adaptive learning algorithm are as follows.


    x 1   ( k )  = e  ( k )     e  ( k )  =  y  set   −  y  out       x 2   ( k )  = e  ( k )  − e  (  k − 1  )      x 3   ( k )  = e  ( k )  − 2 e  (  k − 1  )  + e  (  k − 2  )    



(3)




where e(k) is the deviation of the kth sampling speed;    X i   ( k )    is the amount of state required for learning (k = 1, 2, 3, …); and    y  out     is the output speed value.


   u   ( k )  = u  (  k − 1  )  + δ   ∑   i = 1  3      ω i   ′    ( k )   x i   ( k )     



(4)




where   u  ( k )    is the control signal of the controlled object input at the kth moment;  δ  is the neuron gain coefficient; and  δ  > 0;      ω i   ′    is the corresponding weighting factor at the moment    x i   ( k )   .


     ω i   ′  =  ω i   ( k )  / δ   ∑   i = 1  3   |   ω i   ( k )   |   



(5)







In this paper, the supervised Hebb learning rule was applied in the weighted coefficient learning-modified SNPID controller, and the specific learning rule is shown in Equation (6).


      ω   1   (  k + 1  )  =  ω 1   ( k )  +  θ i  z  ( k )  e  ( k )   x 1   ( k )      ω 2   (  k + 1  )  =  ω 2   ( k )  +  θ p  z  ( k )  e  ( k )   x 2   ( k )      ω 3   (  k + 1  )  =  ω 3   ( k )  +  θ d  z  ( k )  e  ( k )   x 3   ( k )    



(6)




where    θ i    is the integral learning rate;    θ p    is the proportional learning rate; and    θ d    is the differential learning rate.



Comparing Equations (1) and (2) with Equation (6) shows that the formation of the expression was the same. However, the three coefficients were unchanged after the rectification was completed in Equations (1) and (2). The self-tuning function was accomplished by the learning rules in Equation (6)      ω i   ′   (i = 1, 2, 3). Therefore, the SNPID controller was a PID controller with variable coefficients.



Considering that the online learning of the PID parameters in the control process were mainly related to    e   ( k )     and    Δ e  ( k )   , the weighting coefficients were optimized by replacing    x i   ( k )    with   e  ( k )  + Δ e  ( k )   .


    ω 1   (  k + 1  )  =  ω 1   ( k )  +  θ i  z  ( k )  e  ( k )   [  e  ( k )  +  Δ e   ( k )   ]      ω 2   (  k + 1  )  =  ω 2   ( k )  +  θ p  z  ( k )  e  ( k )   [  e  ( k )  +  Δ e   ( k )   ]      ω 3   (  k + 1  )  =  ω 3   ( k )  +  θ d  z  ( k )  e  ( k )   [  e  ( k )  +  Δ e   ( k )   ]    



(7)




in the formula:    Δ e   ( k )    = e(k) − e(k − 1); z(k) = e(k);    ω i    is the weight factor.



The weight coefficients of the single-neuron network in Equation (7) were adjusted by the weighting coefficient learning correction, and    x i   ( k )    was replaced by e(k) + ∆e(k). The method effectively improved the control strength of the weighting coefficients of each component, eliminated stability errors, and improved the dynamic characteristics of the system. In addition, the anti-interference performance of the system was improved. The speed deviation signal e(k) collected by the variable fertilizer application system in the figure was converted as the input signal of the neural network, and the deviation between the actual spreading speed and the set value was used as the input of the SNPID controller by solving the deviation. Then, the parameters were adjusted through self-learning to make the current spreading speed close to the target speed. The detailed flow of the control algorithm is shown in Figure 6.





2.3. Indoor Experimental Design


To verify the effectiveness and reliability requirements of the variable fertilizer application control system in the SNPID control algorithm, the SNPID control algorithm was constructed using MATLAB software (Math Works, Natick, MA, USA). The step-response simulation analysis was performed and compared with the original INPID control algorithm.



2.3.1. Comparison Simulation of the Control Algorithm and Dynamic Change following the Test of Spreading Volume


The trial-and-error method was used to determine the proportional coefficient KP = 10.5, differential coefficient KI = 0.12, and integral coefficient KD = 4.5 of the INPID. The SNPID was adjusted by weighted coefficients to improve the learning rule. After nearly 30 debugging cycles, the neuron proportional coefficient δ was 0.12, and the learning rates of proportional–integral–differential θi, θp, and θd were taken as 0.5, 0.3, and 0.8, respectively.



To effectively verify the motor speed control in the system of the algorithm, a comparison test of dynamic following of spreading volume was conducted indoors. Considering the spreading width and the wide range of spreading volumes based on the prescription map to test, three kinds of rotational speeds were measured (100, 300, and 600 r/min) and set for 10 s. The two control algorithms were read into STM32F103ZET6: INPID, and the KP, KI, and KD values were 0.07, 0.003, and 0.20, respectively. The parameter δ was 0.5, the initial value of the neuron weights was 0.1, and the learning rates of integral differentiation θi, θp, and θd were 0.73, 0.008, and 0.27, respectively.




2.3.2. Testing the Effect of Different Speed Gradients and Baffle Gradients on the Dispersion Volume


To analyze the effects of the INPID control method and SNPID control method on the spreading volume in the variable process, it was feasible to test the spreading volume indoors using a bench test. When the speed of the spreading disc was faster, particle jumping was weaker, and the effect was less. Five gradients were selected for the bench test to simulate the spreading comparison test and compare the average value of the discharge volume at each speed. Two different shapes and sizes of urea (UR) and compound fertilizer (CF) were selected for the test, and the physical characteristics of the two fertilizers were calibrated. The resting angle was measured using the funnel method, and the sliding friction angle was measured using the plate tilt method. The measurement results are shown in Table 2.



A 3D printer (iBrider i341, Shanghai Xing xiu Intelligent Technology Co., Ltd., Shanghai, China) was used to make a prototype of the spreading device and conduct an indoor bench test (Figure 7). A certain amount of the material under test (compound fertilizer/urea) was first filled into the fertilizer tank, and the speed value of the spreading disc was set. The motor driver was controlled to rotate continuously for 20 s at the set speed, and the weight of the discharged granular material was recorded and converted into the discharge volume per minute (kg/min). To reduce the disturbance of pulsation and obtain an accurate discharge range as well as test results, the minimum speed was set at 200 r/min. Five levels (200, 400, 600, 800, 1000 r/min) and five baffle openings (2–10%) were set. The preliminary test was performed, and the baffle opening was set at 10%. When the baffle opening was set to more than 10%, a large amount of material was discharged, which caused serious errors and was not conducive to the test. The above parameters were repeated twice for each treatment to achieve accurate measurement and error reduction. The indoor test design is shown in Table 3. The instrument items used for the test included a DC motor controller, PWM speed regulator, electronic balance (weighing range 30 kg, accuracy 0.01 g, Shenzhen Anheng Weighing Electronic Co., Ltd., Shenzhen, China), nylon yarn mesh belt, plastic bucket, timer, and granular fertilizer.





2.4. Outdoor Performance Test Design


The outdoor performance test of the variable fertilizer application system was conducted combined with the indoor research results, which were used to test the operation status of the fertilizer-spreading distribution and evaluate the uniformity of the accuracy of the fertilizer application volume of the agricultural UAV variable fertilizer application system. The test data and the setting of the spreading volume were transmitted to the upper computer through the wireless communication module.



2.4.1. Test Conditions


The test was conducted in April 2022 at the experimental station of Shenyang Agricultural University, Shenhe District, Shenyang, Liaoning Province (41°49′22″ N, 123°34′0″ E). The test site area was 300 m2 with clear weather, temperatures from 12 °C to 18 °C, average humidity of 5%, ambient wind direction (southeast), and wind speeds less than 2.0 m/s. The test fertilizers were compound granular fertilizers and urea used in the north (moisture content was 1.03%, and the particle diameter was 4.02 mm, Shenyang Massive Agrochemical Co., Ltd., Shenyang, China). The test method and indices were referred to GB/T 5262-2008 [43], and the test method of the centrifugal spreader specified followed ISO 5690 [44].




2.4.2. Test Method


The plastic tarp (China Shenzhen Chuangda Canvas Products Co., Shenzhen, China) was placed in the testing area during the variable fertilizer spreading for fertilizer recycling. The relevant viscous media was placed on the inner wall of the pellet collection box (Handan Ruheng Plastic Industry Co., Ltd., Handan, China) to reduce test errors caused by fertilizer jumping with the high-speed centrifugal force. The pellet collection box of 70 was arranged in a 10 × 7 matrix (30 cm × 15 cm × 10 cm) with a column interval of 1 m and row interval of 0.5 m. The variable fertilizer-spreading system entered the test area (identified by the plastic tarp) after starting in the operational stability zone. The system started spreading at a certain operating speed from the laterally symmetrical center, and for each group of tests, the fertilizer tank was adjusted to be greater than 70% of the total capacity, and the whole machine was calibrated in the corresponding operating state. After a single treatment, the mass of fertilizer particles in each collection bucket was weighed using an electronic balance to characterize the distribution of fertilizer particles and ensure the accuracy of the data for the measured area. A schematic diagram of the test protocol and performance tests is shown in Figure 8.



According to the design scheme, the range of flight height (h) was set from 1.5 m, 2 m, 3 m, the range of spreading disc speed (n) was from 400 to 800 r/min, and the range of baffle opening was from 4% to 8%. A three-factor, three-level orthogonal test was designed according to the baffle expansion, spreading disc speed, and flight height, and combined with the orthogonal test design principle (L9 (34)) [45]. (1–6 m is the height range of agricultural drones.) In order to ensure the effect of the fertilization and reduce the error of the fertilization, three gradients of 1.5 m, 2 m, and 3 m were selected for the outdoor test. To avoid errors, three sets of replicate trials were conducted with nine gradient treatments, and the number of flights was 27. The single gradient was set to 70 points. The particle data (bagged and labeled for preservation) were collected from each sampling site after the experiment and brought back to the laboratory for further analysis; the factor levels are shown in Table 4.




2.4.3. Evaluation Indices


According to the performance requirements of the fertilizer spreader in accordance with the GB/T 5262-2008 standard [43], the evaluation index was chosen to be the “accuracy of discharge volume”. The coefficient of variation of fertilizer particle distribution and the error λ of the spreading volume per unit area were calculated separately to evaluate the performance of the variable fertilizer spreader, and the average value was obtained by repeating the test three times. The accuracy of the discharge volume was expressed by the coefficient of variation of the actual discharge volumes at different rotational speeds of the centrifugal discs. The smaller the coefficient of variation, the smaller the error of the measured rotational speed in the discharge volume under the treatment, and the better the accuracy of the discharge volume. The test index was calculated as follows:


  CV =  n P  × 100 %  



(8)






  Ρ =  1 x   ∑   P n   



(9)






  n =    1  x − 1    ∑     (   P n  − P  )   2     



(10)




where P is the average value of the mass of granular material per unit time in a single treatment, kg;    P n    is the mass of particulate material measured for the nth time, kg; x indicates the number of repeated tests for each treatment, (x = 1, 2, 3…); and n denotes the standard deviation of the total mass of granular fertilizer measured in each treatment, kg.


   λ  =    |   K A  − G  |   G  × 100 %  



(11)




where λ is the error in the amount of fertilizer spread per unit area, %; K is the total mass of fertilizer particles in the test area, g; A is the area of the test area, m2; and G is the theoretical target fertilizer application rate, g/m2.





2.5. Data Processing


After the outdoor tests were completed, the arranged particle collection boxes were numbered and brought back to the laboratory for processing, and the weight was measured and recorded by an electronic balance. The collected weight data were analyzed and processed by Microsoft Excel 2019 software (Microsoft Corporation, Seattle, WA, USA), and used to calculate the mean of the two evaluation indicators to calibrate the best solution for the three-factor, three-level orthogonal test. After obtaining the data for Cv and λ, the best solution was further refined by designing an ANOVA. The data for the sum of squares, degrees of freedom, mean square sum, F test, and significance in ANOVA were jointly analyzed by SPSS 26.0 software (IBM Corporation, Armonk, NY, USA) and Origin 2018 software (Origin Lab, Inc., Northampton, MA, USA).





3. Results and Discussion


3.1. Indoor Evaluation of Simulation Effect of Control Algorithm and Comparison of Dynamic Characteristics


The simulation results are shown in Figure 9. The response speed and overshoot of the INPID were larger than those of the SNPID, and some overshoot was present in the INPID. Table 5 shows that the rise time of the system was 0.131 s with no overshoot and steady-state error for a given step signal under the control of the SNPID. The rise time of the system was 0.585 s with 0.15% overshoot under the control of the INPID. In summary, the delay time of the SNPID under the step response was short, which was suitable for the fast adjustment of the spreading flow rate under the high-speed moving conditions of the agricultural UAV with a good control effect. This verified that the response sensitivity of the system was improved compared with the INPID after adjusting the weighted coefficient of the SNPID by learning correction. Zhang et al. [46] designed a detection system of variable fertilizer application tractor lag time based on slotted wheels and reduced the lag distance using a lag distance compensation method based on planar coordinates. The time lag of the fertilizer application system was the main reason for excessive fertilizer application in ground machinery. Chen et al. [47] improved the time lag of the sensor-based variable fertilizer application system by adding a feedforward correction of 2.04 s to the control program. Compared with previous studies, the simulation results showed that the system quickly adjusted the current state of the controlled hardware within a short time using the SNPID algorithm, which substantially improved the stability of the system and effectively reduced the impact of the reduced time lag phenomenon on the spreading effect. Notably, the above test data were the result of the system simulation test without accessing the hardware (DC motor).



The simulated data of the dynamic characteristics comparison test are shown in Figure 10. The reason for choosing three gradients was that the lowest speed of the selected DC motor was 100 r/min. The second and third gradients were set to 300 r/min and 500 r/min, respectively, to investigate the variability of the continuously varying test data. The INPIN and SNPID were used to adjust the rotational speed, and the spreading disc speed was fed back by the speed sensor in real time. The reason for choosing 10 s in a single gradient (300 r/min) at 10–15 s to start the discussion was because the DC motor in the start and stop period had 1–2 s for a rapid step or 1–2 s for stopping quickly after the power failure. The response speed and rise speed had a certain error, which affected the measured data. Thus, the middle region was chosen as the main object of analysis to effectively avoid this situation. The overshoot of the INPID from a 100 r/min step to a 300 r/min gradient was larger than that of the SNPID algorithm. The motor jittered when the signal was transmitted to the DC motor. The average time delay of the jitter was 1 s through multiple steps. In contrast, the SNPID overshot by 0.23 s during the step-control process and then converged quickly. The DC motor had no significant jitter. In addition, the peak-to-valley difference of the INPID was large after contacting the ideal target 18 times, and all of them were overshot. However, the peak-to-valley difference of the SNPID was small with no overshoot, and the control effect following the ideal target was smooth.



The test data are shown in Table 6, and the following conclusions were drawn from three successive variable fertilization adjustments. A lag of 1–1.2 s resulted when using the INPID control algorithm, and the average rise time was 1.3 s. The maximum overshoot and absolute value of the average error at the third variable (500 r/min) were 9.85% and 11.43%, respectively, and the control effect was unstable. The fluctuation of the spreading volume compared with the set value was small for the SNPID control algorithm, which solved the problem of excessive overshoot caused by the INPID. The maximum overshoot was 3.85% in a single adjustment, which was less than that of the INPID control method. The algorithm regulation process had a time lag of 0.7–0.9 s, which was because the processor transmitted the relevant instructions after high-speed computing when the DC motor was controlled by the STM32F103ZET6 processor module in the SNPID algorithm. The response speed was better than that of the INPID, and the average rise time was 0.88 s. The maximum average absolute error during the adjustment process was 7.30%, and the control effect was stable. Both tests were conducted with wireless transmissions.



According to the indoor dynamic comparison, it was concluded that when the target speed was set to 100 r/min, the spreading disc had a strong pulsation disturbance. The longitudinal jitter was because when the speed was low, the pulse signal was weak for the SNPID control algorithm, and the rotation of the spreading disc could not be stably controlled. In addition, the lack of rotational speed led to the accumulation of fertilizer on the spreading disc at the discharge port. Thus, 100 r/min of the gradient was not considered in the following test.




3.2. Analysis of Indoor Test Results of Variable-Rate Control System


The purpose of the discharge test was to study the range of the discharge volume and the accuracy of the fertilizer discharge at each speed. The spreading disc and baffle plate at the discharge port had a strong restraint on the particle discharge, which significantly limited the slipping of the free particles. The discharge volume was adjusted by controlling the speed of the spreading mechanism. Figure 11 shows the test data from the indoor test program in Table 3. The measured fertilizer discharge volume increased with increasing speed. Furthermore, the baffle opening factor had a great impact on the discharge volume at the same speed. Two measured materials (compound fertilizer and urea) had large errors (the spreading volume exceeded the predicted value) at 200 r/min, and the baffle plate was greater than or equal to 4%. The material falling proportion increased with the increase in the baffle plate opening, and the slow speed (200 r/min) of the disc caused the granular fertilizer to not separate from the contact surface of the spreading disc in time, which resulted in the error. Additionally, the coefficient of variation (CV) of the particle distribution was 6.89%, which was the highest CV among all of the treatments and confirmed that the baffle opening was the primary factor affecting the spreading effect. The factor had increasing attention in the subsequent outdoor tests. In addition, the maximum discharge of all baffles varied widely in the tested speed range. The minimum discharge variation excluded the error when the baffle was 200 r/min, and the rest were small. The maximum displacement of each speed corresponding to the baffle discharging compound fertilizer was from 7.458 kg/min (2% baffle) to 13.833 kg/min (10% baffle), and the maximum displacement range of the discharge urea was from 7.856 kg/min (2% baffle) to 12.733 kg/min (10% baffle). All of the measured data met the requirements for variable fertilizer application by UAV. Combined with the above data, the 200 r/min treatment and the 2% baffle parameter were discarded to obtain accurate test data in the outdoor orthogonal test.




3.3. Performance Analysis of Outdoor Application of Variable-Rate Control System


To accurately evaluate the performance of the fertilizer dispersal after the optimization of the spreading device parameters, the influence of disc rotation speed and baffle opening on granular fertilizer spreading was considered. The main operating parameters that affected the variable fertilizer application included baffle retraction, spreading disc rotation speed, and drone height. The fertilizer particles in the test area were collected at fixed points, and the coefficient of variation of the particle distribution within the effective width of fertilizer spreading was used as the evaluation index. The Cv of the particle distribution within the effective spreading width was used as evaluation index a, which characterized the uniformity of the spreading distribution of the system. The error of the fertilizer application per unit area was used as evaluation index b, which characterized the accuracy of the fertilizer application per unit area.



The orthogonal test protocols and results of the outdoor test system performance are shown in Table 7; A, B, and C are the values of q, n, and h, respectively. Some differences were present in the significance of the effect of the three factors for different evaluation indicators from the extreme difference analysis (R value) in Table 7. When the evaluation index was prioritized with the coefficient of variation of spreading particle distribution, the order of influence was A, B, and C. The best combination was A2B2C1. In addition, the Cv increased with the increase in factor A, decreased with the increase in factor B, and decreased and then increased with the increase in factor C. When the evaluation index was prioritized by the spreading volume error λ, the order of influence of λ was B, A, and C, and the better combination was A1B2C2. The spreading error λ tended to decrease and then increase with the increasing factors of A, B, and C.



The results of the ANOVA are shown in Table 8. The ANOVA of the Cv showed that FA > FB > FC, which indicated that factor A had the most significant effect, factor B had the second most significant effect, while factor C had the least significant effect (p < 0.05) on the Cv. The ANOVA of λ showed that FB > FA > FC, which indicated that factor B had the most significant effect, factor A had the second most significant effect, and factor C had the least significant effect (p < 0.05) on the fertilizer-spreading error λ, which was consistent with the results of the ANOVA. The ANOVA results showed that the optimal combination of factor levels was selected according to the evaluation indices, and the optimal combination A2B2C1 was selected when the Cv was preferred, and the Cv was 9.80% and λ was 7.65%. The optimal combination A1B2C2 was selected when λ was preferred; the Cv was 11.98%, and λ was 7.02%. Comparing the best combinations with different evaluation indices and referring to the requirements of the relevant standards for the operation of fertilizer-spreading machinery (Cv ≤ 15% and λ ≤ 10%), the better factor level combination was A1B2C2. The performance of the whole fertilizer-spreading system was best when the baffle retraction q was 4%, the disc speed n was 600 r/min, and the unmanned height h was 2 m.



The actual spreading speed and the target spreading speed were detected by the speed sensor during the outdoor test, as shown in Table 9. The system performed variable fertilization according to the target speed during the actual outdoor operation. The average absolute error between the actual spreading volume and the target spreading volume in the outdoor test was 3.51%, and the average rise time of the spreading system during the four outdoor variable operations was 0.81 s. The DC motor speed was effectively and quickly adjusted, and the response time was within 1 s. The overshoot was always maintained at a low level with increasing spreading speed, and the actual spreading speed was controlled to follow the target speed and achieve accurate variables.



Variable-rate control systems are used in ground machines. Zha et al. [48] designed a block-wheel screw fertilizer spreader and designed orthogonal simulation tests to evaluate its performance. The results showed that the minimum coefficient of variation of fertilizer uniformity was 19.27%. Jin et al. [49] designed a variable-rate control system for a ground variable spreader. The results of field trials with preset doses showed that the accuracy of fertilizer application was 94%. Reyes et al. [24] investigated the performance of a variable-speed fertilizer control system in a no-till drill based on prescription charts, which was equipped with a fertilizer application unit driven by a remote hydraulic system of the tractor. Constant and variable speed fertilizer application volumes in the field were measured. Compared with preset volumes, the overall error range of the fertilizer volume was from 12% to 14%. Compared with previous studies, the UAV variable spreading control system showed high accuracy, with a coefficient of variation of 9.80% and good performance in variable fertilizer application. In addition, UAV-based variable fertilizer application technology prevented contact with plants, which reduced the collapse of crops and can play an important role in improving yields.





4. Conclusions


An SNPID-based variable fertilizer application control system was developed to meet the requirements of the current rice variable fertilizer application operation. An STM32F103ZET6 was the core controller used to integrate the sensor data and coordination feedback information, and it was combined with the prescription map strategy model to respond to the target fertilizer demand. The fertilizer application amount in real time was adjusted by a DC motor, and the response characteristics and fertilization accuracy were evaluated by indoor and outdoor fertilizer discharge tests. At the same time, different types of DC motors will be compared and tested to ensure the accuracy of the test data in future research. Moreover, the use of higher-precision sensors and positioning systems will be used to reflect the real-time growth of crops to accurately predict the crop growth trend. Hence, the accuracy of the fertilization prescription map could be effectively improved, which would further complete the accuracy of the variable fertilization work [50].



The main conclusions of this paper are as follows.




	(1)

	
The simulations and comparison tests of the INPID and SNPID control methods were conducted by MATLAB engineering software. The results of the single-variable tests showed that the response speed of the DC motor was the fastest and showed little increase with time when using the SNPID control method; this was better than the performance of the INPID control method.




	(2)

	
The results of the indoor continuous variable process experiment showed that the SNPID adaptive control algorithm underwent little change during a short time compared with the fluctuation amplitude of the set value. The average rise time of the system was 0.88 s, and the system had good dynamic stability and tracking performance.




	(3)

	
The outdoor spreading performance test results showed that the three parameters of the fertilizer-spreader operation were significantly different, with different evaluation indices. When the coefficient of the variation of particle distribution Cv was the evaluation index of the target operation width (15 m), the main and secondary factors were A (baffle opening), B (spreading disc speed), and C (flight height), and the best combination of factor levels was A2B2C1. When the relative error of fertilizer application λ was the evaluation index, the main and secondary factors were B (spreading disc speed), A (baffle opening), and C (flight height), and the best combination of factor levels was A1B2C1. The overall best combination of factor levels was A1B2C2, and the value of q was 4%, n was 600 r/min, h was 2 m, the Cv was 11.98%, and λ was 7.02%. The spreading system showed the best performance of spreading fertilizer, and the spreading volume control error was 7.30%. The monitoring error of the speed measurement module was less than 30 r/min, which effectively accomplished accurate variable fertilizer application. This demonstrated that the designed centrifugal variable fertilizer application system improved the uniformity and accuracy of the fertilizer application, which provided technical support for traditional fertilizer application.









Overall, this study confirmed that the control system was fully functional and effectively controlled the amount of granular fertilizer applied, which can bring greater benefits than traditional methods to farmers and agricultural production. However, the spreading error mainly depended on the dynamic response of the UAV mechanical metering system and the calibration resolution error of the control system. Additional research is needed on the rate of fertilizer application variation, steady-state application error, and optimization of the metering device to improve the performance of the system.
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Figure 1. UAV variable fertilizer application system. 
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Figure 2. Block diagram of variable fertilization control system. 
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Figure 3. Control structure diagram of variable fertilizer application system. 1. Agricultural UAV 2. Fertilizer box. 3. Spreading granule. 4. Spreading device. 5. Voltage stabilization module. 6. PWM drive module. 7. DC motor. 8. speed sensor. 9. Central processor. 10. Power supply module. 11. Wireless communication module. 12. Data processing center. 13. RTK antenna. 
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Figure 4. Control process of variable fertilizer application system. 
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Figure 5. Block diagram of adaptive SNPID control system based on weighted coefficient learning correction. 
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Figure 6. SNPID control algorithm flow chart. 
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Figure 7. Schematic diagram of the bench test. 1. Support platform. 2. fertilizer box. 3. Fertilizer discharger shell. 4. Spreading disc. 5. Switching power. 6. Motor driver. 7. Funnel. 8. Receiving bucket. 
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Figure 8. Schematic diagram of particle collection box arrangement for each treatment. (a) corresponds to the sampling point arrangement method in a single treatment; (b) corresponds to the T1–T9 ground sampling point arrangement; and (c) corresponds to the actual T1–T9 test site. 
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Figure 9. Step response graph. Note: Y-axis is response to the output during a step response. 
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Figure 10. Response curve of continuous variable fertilizer application test. 
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Figure 11. Displacement at different speeds. (a) Compound fertilizer. (b) Urea. 
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Table 1. Hardware module selection and working parameters of variable fertilization control system.






Table 1. Hardware module selection and working parameters of variable fertilization control system.





	Hardware Name
	Optional Model
	Working Parameters
	Manufacturers





	Central Processor
	STM32F103ZET6
	32-bit ARM Cortex-M3 CPU; operating frequency: 72 MHz
	Long Yi Electronics, Technology Co., Shanghai, China



	Positioning Module (RTK)
	Beidou K823
	Single point positioning accuracy: H < 1.5 m.

V < 3 m (1σ, PDOP < 4)
	Sinan Satellite Navigation, Technology Co., Shanghai, China



	Speed measurement

Sensors
	YS-27
	Speed measurement range: 0–2000 r/min

Operating voltage 3.3–5 V
	Xinwei Technology, Development Co., Shenzhen, China



	DC Motor
	ZGA25RP
	Rated voltage 24 V.

Rated power 1.2 W.

Max. speed 1000 r/min
	Fujishaku Electromechanical Equipment, Co., Foshan, China



	Metal

Standard Servo
	MG995
	Working current 100 MA.

Working torque 13 kg/cm
	Desheng Intelligent Technology, Ltd., Dongguan, China



	Power Modules
	GS24002S1
	Capacity 2400 mh

Standard voltage 7.4 v
	Grip Battery, Ltd., Shenzhen, China










 





Table 2. Physical characteristics of the measured granular materials.






Table 2. Physical characteristics of the measured granular materials.





	Materials
	Average
	Particle
	Size





	CF
	3.0
	29.01
	33.95



	UR
	1.8
	24.97
	30.02










 





Table 3. Indoor test gradient design.






Table 3. Indoor test gradient design.





	
Treatment

	
Retraction of Baffle/%

	
Spreading Disc Speed (r/min)






	
T1

	
2

	
200

	
400

	
600

	
800

	
1000




	
T2

	
4

	
200

	
400

	
600

	
800

	
1000




	
T3

	
6

	
200

	
400

	
600

	
800

	
1000




	
T4

	
8

	
200

	
400

	
600

	
800

	
1000




	
T5

	
10

	
200

	
400

	
600

	
800

	
1000











 





Table 4. Orthogonal test factor levels.






Table 4. Orthogonal test factor levels.





	Level
	Baffle Opening

q/%
	Spreading Disc Speed

r/min
	Flight Height

h/m





	1
	4
	400
	1.5



	2
	6
	600
	2



	3
	8
	800
	3










 





Table 5. Key performance indicators of the step response.
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	Performance Indicators
	Rise Time/s
	Overshoot/%
	Steady-State Error/%





	SNPID
	0.131
	0.00
	0



	INPID
	0.585
	0.15
	0










 





Table 6. Error analysis of dynamic changes in spreading volume.
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Control Method

	
Set Speed

r/min

	
Overshoot

/%

	
Rise Time

/s

	
Average Absolute

Error/%






	
SNPID

	
100

	
3.85

	
0.9

	
5.74




	
300

	
3.03

	
0.9

	
6.45




	
500

	
2.91

	
0.85

	
7.30




	
INPID

	
100

	
8.56

	
1.2

	
8.96




	
300

	
7.64

	
1.1

	
10.56




	
500

	
9.85

	
1.4

	
11.43











 





Table 7. Orthogonal test design and results.
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Treatment

	

	
Test Factors

	
a

	
b




	

	
A

	
B

	
null

	
C






	
1

	

	
1

	
1

	
1

	
1

	
13.71

	
10.83




	
2

	

	
1

	
2

	
2

	
2

	
11.98

	
7.02




	
3

	

	
1

	
3

	
3

	
3

	
12.93

	
10.35




	
4

	

	
2

	
1

	
2

	
3

	
11.76

	
8.95




	
5

	

	
2

	
2

	
3

	
1

	
9.80

	
7.65




	
6

	

	
2

	
3

	
1

	
2

	
12.05

	
9.31




	
7

	

	
3

	
1

	
3

	
2

	
15.43

	
10.41




	
8

	

	
3

	
2

	
1

	
3

	
14.27

	
9.75




	
9

	

	
3

	
3

	
2

	
1

	
13.22

	
11.03




	
Cv

	
k1

	
12.88

	
13.63

	

	
12.24

	
A > B > C




	
k2

	
11.20

	
12.02

	

	
13.15




	
k3

	
14.30

	
12.73

	

	
12.99




	
R

	
3.10

	
1.61

	

	
0.91




	
λ

	
k1

	
9.40

	
10.06

	

	
9.84

	
B > A > C




	
k2

	
8.64

	
8.14

	

	
8.91




	
k3

	
10.40

	
10.23

	

	
9.68




	
R

	
1.76

	
2.09

	

	
0.93








Note: Test factors are four columns, and null is an empty column with no data in it.













 





Table 8. Analysis of variance.






Table 8. Analysis of variance.





	
Evaluation Indicators

	
Source of Variation

	
Square

	
Degree of Freedom

	
Mean Square

	
F

	
Significance






	
Cv

	
A

	
14.474

	
2

	
7.237

	
9.070

	
**




	
B

	
3.937

	
2

	
1.969

	
2.467

	
*




	
C

	
1.408

	
2

	
0.704

	
0.883

	
*




	
λ

	
A

	
4.674

	
2

	
2.337

	
3.357

	
*




	
B

	
8.095

	
2

	
4.048

	
5.814

	
**




	
C

	
1.469

	
2

	
0.734

	
1.055

	
*








Note: ** is extremely significant and * is significant.













 





Table 9. Outdoor test results.






Table 9. Outdoor test results.





	Set Speed/r·Min−1
	Overshoot/%
	Rise Time/s
	Average Absolute Error/%





	400
	5.62
	0.74
	3.62



	600
	6.10
	0.92
	3.94



	800
	6.57
	0.78
	2.98
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