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Abstract

:

Variable-rate technology (VRT) may reduce input costs, increase crop productivity and quality, and help to protect the environment. The present study was conducted to evaluate the performance of a variable-rate fertilizer applicator for rice (Oryza sativa L.). Three replications were conducted, each of which was divided into four plots. Field performance of the system was assessed at different nitrogen levels (N1 to N4, i.e., 75, 125, 175, 225 kg ha−1), growth stages (tillering, panicle initiation, heading), and heights (40, 60, 80, 100 cm) of the sensor from the crop canopy. Fertilizer rate was at minimum 12.59 kg ha−1 at 10 rpm of drive-shaft rotational speed and at maximum 50.41 kg ha−1 at 40 rpm. The system response time was within the range of 3.53 to 4.93 s, with overall error ranging between 0.83% to 4.92%. Across different growth stages, when fertilizer rate was increased from N1 to N4, NDVI increased from 0.49 to 0.69. Hence, drive-shaft rotational speed is decreased from 25 to 7 rpm to shift the application rate from 30.83 to 9.15 kg ha−1. There was a 45% reduction in total fertilizer rate applied by the system, with respect to the recommended rate.
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1. Introduction


One of the main aims of sustainable agriculture and agricultural studies is to keep the environment safe, while increasing yield production using agrochemicals, i.e., fertilizers, pesticides, and herbicides. Therefore, it is vital to optimize field chemical-application rates based on adjusting the crop needs at different zones in order to enhance agrochemical-use efficacy [1,2,3,4,5,6,7,8,9,10,11,12,13,14,15]. Precision agriculture using spatial data on plant status and soil characteristics can be described as an integration of techniques and equipment to predict the crop’s requirements and apply those needs at the right time and accurate place, in order to optimize fertilizer-use efficacy and raise both crop quality and productivity [16,17,18].



Conventional methods apply fertilizer uniformly, which is problematic, especially with N fertilizer, in that it may cause under and over fertilization in some areas of the farm. Under fertilization can result in yield losses in some standing crops, such as rice and wheat, whereas over fertilization can lead to lodging during harvesting and cause environmental damage [19]. Moreover, inappropriate application of the N rate negatively affects the indirect and direct mechanisms of crop defense [20]. Therefore, site-specific variable-rate fertilizer-application technology, which can identify the individual needs of each area and apply N fertilizer accordingly, is of great importance. Applying the right amount of N is one of the key factors for increasing crop production, since currently N deficiency causes about 77% of the global farm-production gap [21]. N management is a significant issue in the production of many crops and is one of the main constraints on rice production [22,23,24]. N deficiencies often decrease leaf area, photosynthesis, and biomass in rice, resulting in reduced crop production. However, a surplus of N can have detrimental environmental impacts as well as potential economic and health problems, which should also be considered [25]; for example, when extra N is used, soil becomes vulnerable to leaching, which can pollute groundwater and air [26,27,28,29,30]. When choosing the amount of N, the farmer needs to strike a balance between achieving the most profitable economic yields and minimizing the harm to the environment. Sound N management can simultaneously increase productivity and yield quality and keep the environment safe.



Knowledge about the variability of different soil characteristics in a field is important for the management process. The ideal amount of N will vary based on the soil, weather, and history of crops grown in previous years, since mobile nutrients such as N are used, lost, and stored differently, as these factors vary. For example, coastal plain soils vary in texture, type, water-holding capacity, and other properties that influence crop yield and impact fertilizer-management plans. The failure to characterize soil quickly and cheaply is still one of the main limitations of precision agriculture [31]. The soil mineral nitrogen is presently measured via costly labor-intensive field sampling methods followed by laboratory analysis [32].



In order to remain competitive in the international market, it is vital for farmers to offset additional costs incurred to achieve high crop yields by decreasing input expenses. For instance, a 20% decrease in N application could save USA corn farmers over USD 1.2 billion annually [33]. Several researchers across the cotton- and corn-producing USA have developed algorithms for N fertilization based on optical sensors [34,35,36,37]. These algorithms were taken into account considering N fertilization as the main factor.



Managing crops’ N requirements entails careful consideration of resources, places, times, and amounts [38]. To optimize N usage, producers must know the different sources of N available to the crop besides fertilizer and how to reduce N loss. Traditionally, many farmers have been manually trying to distinguish between over and under fertilized areas, based on the greenery of the crop’s leaves, to apply N fertilizer as needed. The vegetation of the rice crop can be used to identify the status of the N availability of the crop [39,40]. The main factor in control of crop photosynthesis is the chlorophyll content of plant’s leaves, which plays the key role in crop growth and crop yield [41]. Furthermore, crop N status affects chlorophyll content, while a lower or higher N rate results in a lighter and darker green colour in the plant’s leaves, respectively [42,43]. One of the available techniques to identify the N status of the plant via the amount of crop chlorophyll content is to categorize crop vegetation via different wavelengths of the crop canopy, using the Normalized Difference Vegetation Index (NDVI), which responds to slight changes of plant chlorophyll content and N content [44,45,46]. Moreover, the NDVI data of a plant can be attained using a Greenseeker optical sensor [47]. Furthermore, the major factor for rice-crop development and its production is N [48,49,50]. To this end, Punjab Agricultural University also has recommended the use of a Greenseeker handheld active sensor in the university’s research, through the Package of Practices for the Crops of Punjab’s Guidelines [51,52]. Variable-rate fertilizer application, based on the Greenseeker’s readings, has the potential to improve fertilizer-use efficiency, increase income, and reduce environmental damage.



Traditionally, soil-test-based fertilizer application is done in the field manually by farmers, which means the fertilizer can only be applied uniformly [51,52]. An ideal, more efficient method, which is known as the basis of precision agriculture, would be to apply fertilizer as a per plant requirement through variable-rate technology (VRT) [53]. VRT with the help of maps of various soil properties, applies agrochemicals, crop seeds, etc. [54]. Map-based, via prescription maps, and sensor-based, via on-the-go sensors’ feedback, are two types of VRT [55]. Ess et al. [56] stated map-based methods can be considered as a commonly approached type of VRT, due to insufficient accuracy of the sensors used for soil and crop environments. With VRT machines, the NDVI of a crop can be used to specify the optimal dosage and location of application precisely as per the requirement of the crops. This can maximize crop productivity by raising the output and the quality of farm produce. A variable-rate applicator for fertilizer is essential for effective, precision farming. Thus, an electrically mechanized apparatus capable of quantifying and changing the amount of fertilizer to be applied on the go and in real time is required [57].



In recent years, three variable-rate technology (VRT) methods have been applied in precision agriculture to enhance crop productivity, crop quality, and protect the environment: the map-based method [58,59,60,61,62,63,64,65,66,67,68], the sensor-based method [69,70,71,72,73,74,75,76], and a combination of the map-based and sensor-based methods [77,78,79,80,81,82].



Variable-rate applicators use electronic, hydraulic, and pneumatic systems to regulate the rate of fertilizers and seeds. Such systems include: electric DC motors, which via voltage pulse modulation vary the drive-shaft rotational speed [83,84]; DC motor linear action, which regulates the position of adjustment lever via a DC motor [85]; DC motor linear action, which adjusts the exposure length of the fluted roller via a DC motor [86,87]; pneumatic motors, which regulate the position of adjustment lever via pneumatic cylinder [88,89]; hydraulic motors, which regulate the drive-shaft rotational speed via a pulse modulate flow valve [71,90]; and electric linear actuators, which adjust the exposure length of the fluted roller via a linear actuator [57].



VRT has been developed to control the application of crop inputs in order to manage in-field variability. Although growers have begun to adopt VRT to apply pesticides [91], chemicals [92], water [93,94,95,96,97,98,99], and seed [83,100,101] in different amounts across a farm, its role in N management remains uncertain [102,103,104,105]. Variable-rate fertilization aims to improve fertilizer-use efficiency and decrease environmental impacts by varying fertilizer rates according to the needs of each zone within a field [106]. Using VRT in N management improves soil health and reduces ground water pollution, by avoiding the use of extra fertilizer that gets leached and often enters the human food chain. For variable-rate fertilizer application, a suitable application system is required to apply fertilizer based on need.



The key factor of fertilizer unit operation is fertilizer metering. Different shapes of rotating components are used for a metering system, and a common type is the fluted roll. An investigation was conducted on different shapes of the fluted-roll type (helical and straight flute) that are compatible with fertilizer characteristics, to develop a fertilizer metering applicator. The study showed no significant change on the amount of application discharged by either type with 6, 8, 10, and 12 flutes [107]. VRT systems have been enhanced and implemented through several investigations [108,109,110,111,112,113,114,115,116,117,118,119,120,121,122,123,124,125,126,127,128,129,130,131,132,133,134,135,136,137,138,139,140,141,142,143,144,145,146,147,148,149,150,151,152,153,154,155].



A blow-head type and pneumatic granular fertilizer applicator have been developed by Kim et al. [156], and Ryu et al. [157] for rice fields in Korea. The VRT application system was then enhanced with the application rates via including a decision-making code [158], which can use combination of fertilizers for five various fertilizer rates. A VRT applicator using pneumatic cylinder to regulate the fertilizer rate has been developed with a response time between 0.08–1.0 s, with a ±6% overall error [89]. A development of an automatic control on the position of adjustment lever via a DC motor to precisely control the application discharge rate has been accomplished by Tola et al. [85]. The response time of their system to regulate the position of adjustment lever to discharge the aimed application rate was between 0.95–1.90 s, with a ±5% overall error. Forouzanmehr and Loghavi [61] developed and evaluated a map-based variable-rate granular fertilizer applicator by the placement of fertilizer in row crop. Its major result was on the precision of the consumption rate and forward speed, whereas the type of fertilizer had no major result. While the forward speed and consumption rate were increased, the accuracy of the consumption rate was reduced. The accuracy of the applicator for applying the targeted fertilizer rate was about 94%, with overall errors of 5.45% and 5.36% for TSP and urea fertilizers, respectively. Field examinations of the system revealed that the applicator was effectively capable of dispensing the requirement rate with little lag time and admissible reliability. Miller et al. [159] developed a compound map-based and sensor-based VRT fertilizer applicator for citrus, using a spinner-disc pull-type spreader. The applicator regulated the fertilizer rate based on the size of trees via a real-time sensor and prescription map. In this system, modulating control valves vary the hydraulic motor’s shaft rotational speed through the hydraulic flow rate to control the speed of the driven chain. The accuracy of the fertilizer-rate error was at an average of 7.7%. Koundal et al. [160] conducted an experiment for developing a variable-rate granular fertilizer. In this experiment, a PWM pro controller, with the help of a no-tillage fertilizer tool and hydraulic motor, was used. The evaluation showed that by modification of the Envizio-Pro II controller from 1000 to 4000, hydraulic motor speeds changed from 70 to 265 rpm, and the amount of fertilizer varied from 25.53 to 237.93 kg ha−1, respectively. The coefficient of variation (CV) for different modifications of the Envizio-Pro II controller demonstrated that the maximum and minimum CV were 11.35% and 3.69% at 4000 and 3500 modification, or 260 and 236 rpm of the hydraulic motor, respectively. Fulton et al. [161] developed uniform and variable-rate application models for simulating the variable-rate fertilizer application errors of a spinner–disc fertilizer applicator, with the help of experimental data. This allowed them to specify the fertilizer variability of the distributor and to examine the impact of amount changes through GPS monitoring. To specify growth changes in the fertilizer rate, a sigmoidal function was applied to the developed models, such that for changes in reduction rate a linear function was used. Mean transverse spreading patterns were applied to models increasing and decreasing in fertilizer rates. The CV of the application uniformity distribution was found above 20%. A VRT granular fertilizer control system was developed by Alameen et al. [88] using pneumatic cylinder to control the position of adjustment lever of the applicator in order to regulate the application rate. The applicator’s response time for targeted fertilizer rate was in the range of 6–11 ms, with ±2.6% overall error. May and Kocabiyik [162] developed a VRT applicator to control the rate of targeted microgranular fertilizer via varying a DC motor rotational speed controlled by a motor driver using the pulse-width modulation technique. Evaluation of the system for the desired application rate performed with about 98% accuracy and a ±2.43% overall error.



In a VRT system, errors can be reduced by adjusting hardware and/or look-ahead time in the software, to make an adjustment between the applicator’s response time and the right application rate for the different specific areas [163]. An investigation stated applying the right amount of application should happen some seconds later than the response time of the controller’s action, due to the controller’s time transition with respect to the right area of application. This study specified that the transition time during the intersection of specific areas was 0.65 s, while changing one area to another takes about 2 s. Therefore, in software there was the consideration of 3 s as the initiation time of the system. The errors of this application system were ±2.5% [164]. Al-Gaadi and Ayers [165] specified that the maximum typical response time of a VRT system for herbicide was 2.2 s with 2.0% error, due to the transition time while changing from one specific site to another. Research has been conducted on the impact of the fertilizer rate on the applicator’s transition time, which revealed that there is no significant influence by the changing the fertilizer rate on application errors. In particular, there were no difference errors between an application rate of 0 and 166 kg ha−1. The study revealed that there was a variation in areas with needs of greater amount of fertilizer, and errors mostly occur when changing from one specific area to another [166].



The main factors for fertilizer/seed applicators are accuracy, uniform distribution of application, and response time. The coefficient of variation (CV) is one of the methods to evaluate uniformity distribution of seed/fertilizer [17]. One technique to evaluate the applicator and identify the operative swath width (as the distance between tracks work at CV of 15%) is via overlapping the distribution of application [167]. A study on the evaluation of a VRT applicator for assessment of the working swath of different fertilizer-distribution uniformity stated that the operative swath width of the rotary spinner disc varied with fertilizer-distribution uniformity. The response time of this system was 3.1 s for a low-to-high-rate change and 5.6 s for a high-to-low-rate change. Evaluation of this applicator was assessed as 27% saved in applying the fertilizer rate. The study stated that to reduce the errors of the applicator in the intersection management zones and transition time, considerations about different initiation times for the software of the system are needed [168]. Fulton et al. [169] has conducted an experiment for VRT applicators to examine the uniformity distribution of granular fertilizer using a rotary and pneumatic boom. This study revealed that CV was increased by an increase in fertilizer rate. The optimum fertilizer swath for the rotary one was found to be narrower than the one suggested one by the producer. The uniformity-distribution CV for the pneumatic boom was between 11.6% to 31.3%. In this research, for the level of fertilizer uniformity, an acceptable CV was considered to be 20%. In another study, the VRT applicators’ response rate for two spinner spreaders and two pneumatic boom types has been assessed for granular fertilizer using a sigmoid function to model the response rate. For spinner spreaders, the transition times was between 3.6 to 6.8 s, while for pneumatic ones it was between 0.4 to 12.4 s. The outcomes revealed that there was feasibility for one of the applicators to consider initiation time in its software system, as it had stable transition and lag times. However, the transition time in the other systems were affected by the change in fertilizer rates [163].



The present study was performed in order to supplement the work of similar lab studies. The goal was to evaluate the efficacy of a developed variable-rate applicator in detecting the real-time deficiency of N in the field and assess its capacity to apply fertilizer as per the requirements of the plots with controlled pre-N fertilizer levels.




2. Materials and Methods


2.1. Description of the VRT System


The schematic diagram of the automatic VRT system is shown in Figure 1. The system consisted of: (a) a Greenseeker, (b) a controller unit using Arduino Uno and Raspberry Pi board, (c) a PWM valve (d) a hydraulic circuit, (e) a hydraulic motor, (f) an indicator for sensing the rotational speed of the drive shaft, and (g) a fluted-rollers-type metering mechanism (Figure 2). In this experiment, to attain different fertilizer rates with a constant tractor speed, an 11-row zero-till seed cum fertilizer drill was used. It was tractor-operated and included fluted rollers as well as a changeable lever for fertilizer discharge, with the capability to vary the drive shaft speed of the metering mechanism. The total operating width of the applicator was 2.2 m, including the 0.2 m space between outlets. A high-clearance tractor with power of 35 HP, already developed in the Farm Machinery department of PAU, was used as the prime mover for the Greenseeker, which was mounted on the front of the tractor. The main parts of the applicator included a tubular steel section frame, a fertilizer hopper, and a fluted-roller-type metering mechanism. To drive the shaft of the metering mechanism, the tractor’s hydraulic system was used as a power source through sprockets, a chain, and a power transmission system via a hydraulic motor located on front side of the applicator. The field capacity, field efficiency, and fuel consumption of the machine were 0.3–0.4 ha h−1, about 75%, and 5.5 L h−1, respectively. The applicator cost about USD 700 to construct. The urea fertilizer that was used for the present study contained, on a dry basis, a minimum of 46% total nitrogen by weight, a maximum of 1.0% moisture by weight, and a maximum of 1.5% biuret by weight. Particle size was such that not less than 90% of the material was intended to pass through a 2.8 mm IS sieve, and not less than 80% by weight was intended to be maintained by a 1 mm IS sieve.



2.1.1. Mechanical System


One of the systems that is generally used for basal application of fertilizer consists of a fluted-roller-type metering mechanism attached to a seed drill. This system effectively facilitates a controlled variable rate of fertilizer application based on the requirements of the crop. Hence, the mechanical system was developed by using a fluted-roller-type metering mechanism, hopper, and outlet tubes. The major component in the mechanical system was designing the fluted-roller-type metering mechanism for variable-rate application of granular fertilizer.



For developing an NDVI-based variable-rate applicator, an existing fluted roller used in seed drills was selected for conversion into a variable-rate applicator for fertilizer. The furrow openers were eliminated from the drill and tubes were attached to control the flow of the fertilizer from the box to the crop. The fluted roller fixed in the applicator had 11 flutes. There are two potential ways to vary the fertilizing rate using a fluted feed roll type zero-till seed cum fertilizer drill: (a) varying the dynamic feed-roll length and/or (b) varying the fertilizer fluted drive-shaft speed. A variable-rate fertilizer applicator was developed by enhancing a controller system with the intention of controlling the speed of the fluted-roller-metering system, in order to vary the fertilizer discharge rate based on the NDVI readings on the go. The rate of fertilizer was varied by changing the speed of the fluted shaft via a hydraulic motor. The hydraulic motor was fixed at the end of one side of the fluted roller shaft to rotate it. The fluted metering roller was chosen as the fertilizing component, which regulates the amount of fertilizer discharged based upon its rpm, as controlled by the hydraulic system.




2.1.2. Hydraulic System


The hydraulic system used to link the controller system via the hydraulic motor to the fluted-roller drive shaft to vary the fertilizer rate. The oil provided through the hydraulic pump of the tractor was usually delivered at a pressure of 13.78 to 20.68 kPa. The hydraulic motor selected for the system had a maximum power output of 16.1 kW. It had a maximum shaft speed of 480 rpm, and its torque ranged from 280 to 370 Nm. The motor transported the flow between pressure limits of 0.69 to 22.48 kPa, with a volume flow rate ranging from 9 to 19.8 L/min.




2.1.3. N-Sensing System


The sensing unit for plants consisted of a sensor or several sensors in groups with small electronic tools that permit the signal processing and interaction with any computer or device. Green crops absorb mostly red light and reflect mostly infrared light. The comparative advantage of using distinguished light is that it is a direct reflection of the concentration of the greenery in the sensor’s sight. The distinction between the reflected light signals is larger if the crop is darker and stronger. The sensing unit consists of a N sensor, a controller system to process the signal, and a triggering system for output. The Greenseeker handheld sensor (Trimble Inc., Sunnyvale, CA, USA) was used in this study as a N sensor. It is an active sensor with 660 and 780 nm wavelengths, which emits red and infrared light and then measures the amount of each type of light that is reflected from the plant. It was made to be used from a distance of 0.60–1.2 m height above the crop canopy and to sense a 0.25–0.50 m wide field zone. The sensor continues to sample the scanned area if the trigger remains engaged up to 60 s, and then it gives an average value of all readings. The sensor displays the measured value in terms of an NDVI reading (ranging from 0.00 to 0.99) on its LCD display screen. The NDVI was based on reflectance by the plant in Infra-Red (IR) and Near Infra-Red (NIR) regions as follows:


NDVI = (NIR − Red)/(NIR + Red)



(1)







As NDVI measures photosynthetic activity, it is also correlated positively with chlorophyll content and, in turn, nitrogen levels in plants.




2.1.4. Controller System


To process the NDVI data from the N sensor and regulate the control unit/PWM valve, a controller-based embedded system is required. The Greenseeker is directly connected to the controller system, which further gives commands to the PWM valve. The PWM valve controls the oil flow rate, which then varies the hydraulic motor speed. The hydraulic motor changes the speed of the fluted-roller shaft, to apply fertilizer as per the signal given by the Greenseeker for variable application of inputs. A schematic diagram of the VRT controller system is shown in Figure 3.



The Raspberry Pi 3 B+ (Raspberry Pi Foundation, Cambridge, UK) was coded in Python. The code specified the segregation of the NDVI values from the Greenseeker and then transmitted them to the Arduino board. The Arduino’s microcontroller (ATMEGA 328P, Atmel, San Jose, CA, USA) was coded in C. Its code processed the received values and generated a PWM signal according to the valve-control circuit. To generate PWM pulses, the average voltage is powered via battery-operated, effective time, and pulse cycle, using Equation (2) [170]:


Va = (te/T) × Vs = αVs



(2)




where Va is the average voltage (V); te is the effective time (s); T is the pulse cycle (s); α is the duty cycle; and Vs is the max voltage determined via the battery-operated (V).



The PWM values varied linearly and inversely with the received NDVI data from the Greenseeker. Therefore, the rotational speed of the hydraulic motor also varied linearly but inversely with the NDVI from the Greenseeker. Essentially, varying the α in Equation (2) means that varying the application rate.



The VRT applicator was developed to apply the fertilizer as per the requirement based upon crop N status, represented by the NDVI as measured by the Greenseeker. To adjust NDVI data into real time crop N status, a Greenseeker algorithm theory has been adapted from the Nutrient Management Spear Program of Cornell University [171]. In this algorithm, crops with a low NDVI less than 0.35 receive a small amount of N, as only a slight growth response is expected (minor growth because of other causes than N deficiency). When NDVI data rise beyond 0.35 into the mid-range, N suggestions rise, as a growth response to additional N is probable. Third, crop-production response to N no longer rises once NDVI is beyond 0.75. Fourth, N suggestions reduce with rising NDVI, since they are estimated to already have enough N for ideal crop growth. Hence, the variable-rate applicator was designed for application of N in the crops with an NDVI ranging from 0.35 to 0.75.



Variation in Metering-Mechanism Drive-Shaft Rotational Speed of the Variable-Rate Applicator with NDVI of Crop


The speed of the drive shaft was varied with respect to NDVI values provided through Greenseeker, based on Greenseeker algorithm theory, which was discussed in the controller-system section [171]. The drive-shaft rotational speed of the metering mechanism was used to vary the rotational speed from 0 to 40 rpm, as NDVI varied from 0.75 to 0.35. This was because a higher NDVI (maximum NDVI = 0.75) represents a healthier crop, and less fertilizer (minimum = 0 rpm) is required by the crop. Likewise, the lower the NDVI (minimum NDVI = 0.35), the more fertilizer (maximum = 40 rpm) is needed by the crop [71].






2.2. Field Evaluation of the VRT System


A real-time variable-rate fertilizer applicator was evaluated at the Research Farm of the Department of Farm Machinery and Power Engineering at Punjab Agricultural University (PAU), Ludhiana, India. The goal was to assess the amount of granular urea fertilizer discharged and see how well this aligned with the amount expected, based on the algorithm.



The amount of N fertilizer recommended by the university for rice crop was 225 kg ha−1. Fertilizer was applied at 5 different stages: basal dose, first dose 10 days after transplanting (DAT), tillering (40 DAT), panicle initiation (60 DAT), and heading (80 DAT). Initially, 25 and 50 kg ha−1 fertilizer were manually applied as a basal dose and first dose, respectively. The remaining 150 kg ha−1 of the recommended fertilizer was applied in three equally split doses of maximum 50 kg ha−1 by the applicator, during the last three crop-growth stages. It means that the maximum targeted fertilizer of each split dose was 50 kg ha−1, and applicator was set to apply 0 to 50 kg ha−1 based on plant’s N status through N sensor and no more than that.



Before field evaluation, fertilizer-discharge rate was calibrated at different drive-shaft rotational speeds via an installed manual regulator valve in the hydraulic circuit, to determine application rate precisely. This valve controlled the oil-flow rate to generate a constant rotational speed of the hydraulic motor, which then controlled the fluted-roller drive-shaft rotational speed. The applicator lever, which manually regulated the rate of fertilizer discharge, was placed in a fixed position at the maximum N discharge rate (50 kg ha−1). This coincided with the maximum rotational speed of the fluted-roller metering-mechanism drive shaft (40 rpm). To evaluate the fertilizer-discharge rate and the variation among the discharge tubes, four different drive-shaft rotational speeds (10, 20, 30, 40 rpm) were chosen. The speed of the tractor was fixed at 3 km h−1. At each rotational speed, with three replications, fertilizer was collected in poly bags placed under the discharge tubes. The application discharge rate was assessed in (g s−1) and then converted to a fertilizer rate (kg ha−1).



2.2.1. Experimental Design for Test Evaluation of Variable-Rate Fertilizer Applicator


The different independent parameters selected for the study were N level (N1 = 75, N2 = 125, N3 = 175, N4 = 225 kg ha−1), sensing height above crop canopy (40, 60, 80, 100 cm), and crop growth stages (40, 60, 80 DAT): tillering, panicle initiation, and heading. Response time(s) and amount of applied N fertilizer (kg ha−1) were the two dependent variables in the study.




2.2.2. Experimental Field


The developed applicator was field-evaluated for rice during the dry season of 2019–2020 (June–October) on a loamy soil with pH 7.3, organic C [172] 3.2 g kg−1, 0.5 M NaHCO3 extractable P [173] 6.4 mg kg−1, and NH4OAc extractable K [174] 58 mg kg−1 at the research farm of PAU, Ludhiana, India, at 30.91° N, 75.81° E and with an average elevation of 244 m. Ludhiana has a subtropical, semi-arid climate and experiences an average of 774 mm rainfall annually. Approximately 80% of the yearly rainfall happens during rice season. The average temperatures during rice season range from 23.4 to 37.4 °C. Soil samples with 15 cm depth were collected before rice transplanting for all 12 plots for a total area of 51 × 56 m2 and an individual plot area of 17 × 14 m2. The experiment in the field was laid out in a randomized complete block design, as shown in Figure 4. Treatments, namely different N levels and different crop-growth stages, were selected for the study. There were three replications for each treatment combination. The research field was divided into three replications, each with three paths for the applicator that were divided into four plots (17 × 14 m2). Within each replication, each plot was randomly assigned one of four levels of N fertilizer (N1 = 75, N2 = 125, N3 = 175, N4 = 225 kg ha−1). The N fertilizer was uniformly applied in accordance with the level assigned to each plot. In other words, before using the applicator, fertilizer was initially applied by hand in all the plots to produce manual variation in the research field (levels of N1, N2, N3, N4), in order to evaluate the VRT system’s performance in a field with varied fertilizer conditions. In this case, the basal doses of 25 kg ha−1 fertilizer were applied manually for all N levels. Ten days after transplanting, the first doses of 12.5, 25, 37.5, and 50 kg ha−1 were also applied manually for levels of N1, N2, N3, and N4, respectively. Thereafter, the second, third, and fourth doses were applied by the applicator.




2.2.3. Sensing Height


Sensing height was selected as one of the parameters for field evaluation of the variable-rate applicator. The sensor was mounted on a tractor and was intended to be used at different farm locations and at different crop growth stages. Therefore, evaluation of the sensor height above the crop canopy was deemed important. The manufacturer of the Greenseeker recommended a range of height between 60 to 120 cm from the crop canopy. To determine the optimal mounting height for this study, an experiment was conducted, which collected NDVI data at different heights from 40 to 100 cm. The experiment was conducted on two different rice fields at PAU, Ludhiana (field 1, 30.90° N, 75.80° E; field 2, 30.90° N, 75.81° E), with loamy soil and the same N level, at the panicle-initiation and tillering-crop-growth stages, respectively.



The sensor was evaluated for NDVI reading at heights of 40, 60, 80, and 100 cm above the crop canopy. The heights below 40 cm and above 100 cm from crop canopy were discarded, as the sensor showed error beyond the error close (EC) and error far (EF) ranges. The NDVI was measured by keeping the sensor parallel to ground, in accordance with the recommendation of the manufacturer [175], and the required height was maintained by measuring from the crop canopy using measurement tape held vertically. The duration of each reading was set for 10 s and 20 readings per position were performed. The distance walked and the walking speed were 10 m and 1 m s−1, respectively.




2.2.4. Crop-Growth Stages


Three growth stages were used in the study: tillering, panicle initiation, and heading, which corresponded to 40, 60, and 80 DAT, respectively. The Greenseeker was mounted on the tractor, allowing it to move through each plot, while keeping the sensor parallel to ground and maintaining the required height measurement. The readings were collected at each crop-growth stage. For each stage, data were taken from 5 different points of each plot. These were selected randomly and data were collected 3 times at each point in order to check the variability of N levels within plots.




2.2.5. Response Time Evaluation of the Real-Time-Variable Fertilizer Applicator


Data from two different crop samples with two different NDVI values, representing desired fertilizer rates of 12.5 and 50 kg ha−1, were used to manipulate the Greenseeker’s NDVI values, in order to evaluate response time of the applicator. Then, to vary the fluted-roller drive-shaft rotational speed from low to high and high to low (10 rpm to 40 rpm), the controller system received the Greenseeker’s NDVI values and sent a command signal to the PWM. As stated above, for low to high transition, a crop with an NDVI corresponding to 10 rpm was placed under the sensor to initiate the transition. Then, after the drive-shaft rotational speed became fixed at 10 rpm, a crop with lower NDVI, representing 40 rpm rotational speed of drive shaft, was placed under the Greenseeker to get the corresponding NDVI. The timer of a stopwatch was started at the initiation of the sensing, while the rpm indicator simultaneously monitored the change in rotational speed to show 40 rpm and stopped the timer. The opposite of this procedure was used to attain the response time for high to low transition.




2.2.6. Amount of N Fertilizer Applied by Applicator


The amount of N fertilizer applied by the variable-rate real-time fertilizer applicator was collected by placing poly bags under the fertilizer-discharge tubes, as the applicator was moved along the paths in each of the three replications. All fertilizer discharged by the applicator was initially collected in bags and measured before being applied directly. The applicator was used in this manner for all four plots in each replication, which each represented different levels of nitrogen. Therefore, the experiment was done for a total of 36 sections.



The experimental trials were laid out in a randomized complete block design, and the data obtained from the field were analyzed to determine the impact of both the independent parameters separately and of potential-interactions effects on the dependent variables (response time, amount of N). Statistical analysis software (SAS) was applied for the analysis of variance and operation of means.



The accuracy index was determined, in order to specify the percentage of fertilizer discharged rate error, with respect to expected fertilizer discharged rate, via the following formula:


E = ((| Fa − Fe |)/Fe) × 100



(3)




where Fa is the applied fertilizer rate (kg ha−1), Fe is the expected fertilizer discharged rate (kg ha−1), and E represents the overall implementation error (%).






3. Results


3.1. Accuracy of Fertilizer-Concentration Control


The data of the effect of fluted-roll drive-shaft rotational speed on urea fertilizer rate and variation among fertilizer outlets are depicted in Figure 5. Data showed that the effect of rotational speed on the application discharge rate was linear and that the CV of the urea fertilizer distributed by different outlets was low, ranging from 2.16% to 5.31%. This reaffirms what has been found in past research, that the fluted-roller-type mechanism had a lower variation (CV ranging from 2.16% to 5.31%) in applied fertilizer rate, as compared to the spinner-disc-type fertilizer applicator, which typically has a CV ranging from 20.0–50.0% [161]. Fertilizer rate at 10 rpm was the minimum, i.e., 12.59 kg ha−1, and was the maximum, 50.41 kg ha−1, at 40 rpm of the shaft speed. This fulfils the requirement of a variable-rate applicator developed to change the fertilizer rate, with the change in the shaft of the metering mechanism.



Variation in the urea fertilizer at different fluted-roller drive-shaft rotational speeds (rpm) among fertilizer-discharge outlets (D1 to D11) decreased with the increase in rpm. Variation in the urea fertilizer discharge rate reached its maximum at 10 rpm and its minimum at the maximum fluted-roller drive-shaft rotational speed (40 rpm). This may be due to the smooth flow of fertilizer, with the higher agitation provided at higher speeds of the shaft of the metering mechanism.



Data for the error of fertilizer distribution rate at different levels of drive-shaft rotational speed are shown in Table 1. The applicator accuracy was, regarding the application of the recommended fertilizer rate, for the maximum level of rotational speed i.e., 40 rpm, when the applicator had better accuracy, with an error of 0.83%, whereas for the other levels the error was between 1.68 to 4.92%, with the least accuracy for the drive-shaft rotational speed of 10 rpm. Overall, with an increase in rotational speed, applicator accuracy was slightly decreased. This may be because of the increase in the number of revolutions per minute for the condition of the physical mixture, increase in application rate, and unfinished filling of fluted roll slots at higher drive-shaft rotational speeds, which similarly was stated in previous research conducted by Reyes et al. [90] as well as Forouzanmehr and Loghavi [61].




3.2. Effect of Greenseeker Height on NDVI


NDVI values recorded by the Greenseeker at different heights above the rice crop for field number 1 at the panicle-initiation crop-growth stage are shown in Figure 6.



Similarly, the NDVI values recorded by Greenseeker at different heights above the rice crop for field number 2 at the tillering crop-growth stage are shown in Figure 7. Statistical analysis revealed that the effect of height on NDVI was non-significant at the 5% level.



Based on the above discussion, it was concluded that NDVI was not affected by the height of the Greenseeker above crop canopy, which means the Greenseeker could be mounted on the tractor at any suitable height between 40 to 100 cm from the crop canopy.




3.3. Response Time of Real Time Variable-Rate Applicator


The second part of the experiment was conducted to specify the response time from the N sensor to the corresponding change in fluted-roller drive-shaft rotational speed, based on variation in different NDVI values, with the intention of examining the real-time fertilizer-adjustment efficiency. The response time of the applicator from the sensing unit to the change in the rotational speed of the drive shaft, for a low-to-high-rate change (from 12.59 to 50.41 kg ha−1) at 3 km ha−1 and for high-to-low-rate change (from 50.41 to 12.59 kg ha−1) at 3 km ha−1, is shown in Figure 8.



The control system was evaluated with respect to its response to transition time during the applicator’s experiments, when variation in the fertilizer rate was required. The data revealed that the response time of the control system to step-variation adjustments (the transition period from 12.59 to 50.41 kg ha−1) was within the range of 3.53 to 4.93 s for both the high-to-low-rate and the low-to-high-rate. Therefore, a look-ahead time takes into account, based on the applicator’s response time, the tractor forward speed (i.e., 3 km h−1) and the distance of the N sensor mounted on tractor from the fertilizer discharge outlets.




3.4. NDVI Values for Rice Crop at Different Crop Growth Stages


NDVI data were collected at different crop growth stages at different N levels (N1 to N4). As shown in Figure 9, the NDVI values have some small change at 40 DAT, while at 60 and 80 DAT they have significantly changed for the different N levels. This could be due to the time requirement of N uptake by plants and because of less of a crop canopy covering the ground, which causes an error in NDVI reading as some of N sensor’s emitted lights, instead of reflecting off the plants, are directly reflected from the ground and, thus, captured by the sensor.




3.5. Application of Fertilizer at Different Crop Growth Stages Using Variable-Rate Applicator


Fertilizer was applied using a developed variable-rate applicator at different growth stages of the rice crop at 40, 60, and 80 DAT. NDVI, drive-shaft rotational speed (rpm), and the fertilizer rate applied by the applicator to plots with different N levels at 40 DAT are shown in Table 2. As the applicator moved from N1 plots to N4 plots and the fertilizer rate increased, NDVI increased from 0.49 to 0.54. Hence, the drive-shaft rotational speed decreased from 25 to 20 rpm, to apply the fertilizer at a corresponding rate ranging from 30.83 to 26.75 kg ha−1.



NDVI, drive-shaft rotational speed, and the fertilizer rate applied by the applicator to plots with different N levels at 60 DAT are shown in Table 3. As the applicator moved from N1 plots to N4 plots and the fertilizer rate increased, NDVI increased from 0.51 to 0.66. Therefore, the drive-shaft rotational speed decreased from 25 to 9 rpm, to apply the fertilizer at a corresponding rate ranging from 30.42 to 11.42 kg ha−1.



NDVI, drive-shaft rotational speed, and the fertilizer rate applied by the applicator to plots with different N levels at 80 DAT are shown in Table 4. As the applicator moved from N1 plots to N4 plots and the fertilizer rate increased, NDVI increased from 0.50 to 0.69. Therefore, the drive-shaft rotational speed decreased from 26 to 7 rpm, to apply the fertilizer at a corresponding rate ranging from 35.29 to 9.15 kg ha−1.




3.6. Savings in Fertilizer Application by Using Variable-Rate Applicator


The university’s fertilizer recommendation for rice crop was 225 kg ha−1. As shown in Table 5, the total fertilizer applied by the applicator at different N levels, N1 to N4, were 134.04, 130.87, 124.32, and 122.32 kg ha−1, respectively. So, instead of using 225 kg ha−1 as recommended by the university, the N usage was greatly reduced at all N levels and resulted in a maximum fertilizer savings of about 45% in N4.



The urea application rate has some small change in 40 DAT, while at 60 and 80 DAT it has significantly changed for different N levels. Since the application of urea is based on NDVI values sensed via the N sensor, and, as is mentioned above, this could be due to the time requirement of N uptake by plants and because of less of a crop canopy covering the ground, which causes errors in the NDVI reading as some of the N sensors emitted lights, instead of reflecting off the plants, directly reflected off the ground and were captured by the sensor. Therefore, at 60 and 80 DAT, the crop-growth stage urea application is significantly efficient.





4. Discussion


In this study, field-testing of a variable-rate fertilizer applicator for use in rice demonstrated that, by using VRT, we can optimize fertilizer output. Field-evaluation assessments indicated that the newly developed variable-rate real-time fertilizer applicator did a good job of responding to discharge-rate variability, with acceptable response time and accuracy. The fertilizer discharge rate was linear, with respect to drive-shaft rotational speed variation, and the CV of the fertilizer among the discharge outlets was low, ranging from 2.16% to 5.31%, in comparison to previous research conducted by Fulton et al. [169] on uniformity distribution CV, which for the pneumatic boom were between 11.6% and 31.3%, similar to one study by Reyes et al. [90], where the CV ranged between 5.4–27.8%. The CV has been applied extensively by several investigators in precision farming, as an index for changing the application rate in a targeted area [161,167,169,176,177,178]. This index can provide an assist to specify the existing variation in the operated area via the real-time VRT system and by applying the desired application rate across the operated farm area. The overall implementation error of the system was between 0.83% and 4.92%, which, when compared to previous studies (Sui, [59], with an error ranging from 1.3% to 6.5%; Reyes et al. [90], with an average error of 5.46%; Talha et al. [89], with a ±6% overall error; Tola et al. [85], with a ±5% overall error; Miller et al. [159], with an average error of 7.7%; Alameen et al. [88], with a ±2.6% overall error; May and Kocabiyik [162], with a ±2.43% overall error; Forouzanmehr and Loghavi [61], with an overall error of 5.36%; and Wang et al. [130], with an error ranging from 0.15% to 0.63%), this error system is reasonable. Data showed that the Greenseeker mounted on a tractor for taking crop NDVI could be placed at any suitable height between 40 to 100 cm from the crop canopy, which fit in the similar height range of previous studies [77,179]. The system-response time fell within the range of 3.53 to 4.93 s for both high-to-low rate and low-to-high rate transitions, which was suitable for the applicator as compared to previous studies. This response time was appropriate for the applicator, as compared to Jafari et al. [83], with a response time of 7.2 and 5.2 s; Tola et al. [85], with a response time of 0.95 and 1.9 s.; Kim et al. [17], with a response time of 1.5 and 3 s; Bahri [180], with a response time of 3 and 9 s; Talha et al. [89], with a response time of 0.08 to 1.0 s; Alameen et al. [88], with a response time of 0.006 to 0.011 s; Maleki et al. [181], with a response time of 0.14–0.65 s; Al-Gaadi and Ayers [165], with a maximum response time of 2.2 s; Anglund and Ayers [164], with a response time of 0.65 to 2.65 s; Forouzanmehr and Loghavi [61], with a response time of 0.15 s and 0.22 s; Molin et al. [168], with a response time of 3.1 to 5.6 s; and Fulton et al. [163], for spinner spreaders, with transition times between 3.6 to 6.8 s, and for pneumatic ones, between 0.4 to 12.4 s.



One of the interesting points of this study was the agronomic aspect. The NDVI values had a slight change in the tillering stage, while at the panicle-initiation and heading stages it had significantly changed at different N levels. It is interesting to see how the effect based on fertilization manifests itself in NDVI. It is also interesting to see the variation within and between stages of crop development. This correlation between NDVI values, different N levels, and different stages can be taken into account in a future study for monitoring and predicting of the N-uptake status of crop, crop yield, and crop response to and in different growth stages, as well as the level of N in specific zones, just as this approach was taken into account in previous studies [47,77,182,183]. The developed applicator applied N fertilizer, per crop N status and necessity. The urea-application rate has been applied as the maximum at the lowest N level (N1) by the applicator, as N1 had maximum deficiency in N fertilizer compared to the other N levels. While at the highest N level (N4), the minimum application rate has been applied, as N4 had minimum deficiency in N fertilizer compared to the other N levels. Ultimately, the developed applicator resulted in a fertilizer savings of 45%, which is a reduction in the N rate in comparison to the conventional rate and previous research on the evaluation of a VRT applicator, by Molin et al. [168] with 27%; Zhang et al. [62] with 32% in 2004 and 29% in 2005; and Stamatiadis et al. [70] with a 58% saving assessment in the applied fertilizer rate, which is significant. However, one limitation of the present study is the lack of yield data, which could be collected in future studies in order to reinforce the value of this outcomes.




5. Conclusions


The fertilizer discharge rate was linear with respect to drive-shaft rotational-speed variation, and the CV of the fertilizer among the discharge outlets was low, ranging from 2.16% to 5.31%. The suitable height for the Greenseeker mounted on a tractor for measuring crop NDVI ranged from 40 to 100 cm above the crop canopy. The system response time was within the range of 3.53 to 4.93 s, with overall error ranging between 0.83% and 4.92%. In the lowest N level, more nitrogen has been applied due to more nitrogen deficiency than in all other N levels. A nitrogen fertilizer savings of 45% was achieved by using the developed applicator.



There are several important implications of cutting fertilizer usage nearly in half. In particular, these findings suggest that, if applied on a larger scale, variable-rate technology for fertilizer application could benefit farmers, the environment, and consumers. Economically, as fertilizer decreases, so too does the corresponding amount of money spent on it, increasing farmers’ income and allowing them to divert those funds for other purposes. Further, this could even have a meaningful impact for consumers, if it leads to a decrease in cost farther down the supply chain, which could make the products grown more accessible to lower-income individuals and families that may previously have been unable to access fresh foods due to the price. Environmentally, the reduction in fertilizer use decreases pollution, lessening the burden of farming on the surrounding ecosystem.



Both of these economic and environmental factors highlight the importance of this technology; however, more research is needed regarding how variable-rate fertilizer applicators can be optimized, particularly through the cross-fertilization of different key areas of research in precision agriculture. For instance, integration of soil and plant-status indicators into the sensing process, as well as combining them with prescription maps, could lead to even greater savings and precision. Previous research has largely focused on each of these individually; however, by combining these three, a more efficient model could be used to more accurately estimate the correct fertilizer amount to distribute. Furthermore, future studies can focus on developing a real-time soil-sensor-based VRT N applicator, combined with row-crop planters to enhance the distribution efficiency of the N fertilizer rate. This could help to protect the environment and avoid waste of extra fertilizer application, as well as reduce the use of machinery in the field by planting the crop simultaneously.
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Figure 1. Schematic diagram of VRT system. 
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Figure 2. View of the variable-rate fertilizer application system. 
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Figure 3. Schematic diagram of the VRT controller system. 
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Figure 4. Experimental field layout for rice crop (red dotted and blue lines represented divisions for different paths and irrigation channels, respectively). 
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Figure 5. Fertilizer distribution rate at different levels of drive-shaft rotational speed. 
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Figure 6. NDVI at different heights of Greenseeker in rice crop for field number 1 at panicle-initiation crop-growth stage. 
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Figure 7. NDVI at different heights of Greenseeker in rice crop for field number 2 at tillering crop-growth stage. 
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Figure 8. Response time (between the applicator sensing a change in NDVI and varying the rotational speed) for both high-to-low (from 50.41 to 12.59 kg ha−1) and low-to-high (from 12.59 to 50.41 kg ha−1) transitions at 3 km ha−1. 
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Figure 9. Average NDVI values for rice crop at different crop-growth stages. 
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Table 1. Fertilizer rate at different rotational speed and coefficient of variation among the outlets.
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	Drive-Shaft Rotational Speed (rpm)
	Overall Implementation Error (%)





	10
	0.83



	20
	1.63



	30
	3.56



	40
	4.92
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Table 2. NDVI, drive-shaft rotational speed, and fertilizer rates applied by applicator at different N levels in paddy crop at 40 DAT (tillering).
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	N Levels (kg ha−1)
	Mean NDVI Values
	Mean Drive-Shaft Rotational Speed (rpm)
	Mean Fertilizer Rate (kg ha−1)





	N1 = 75
	0.49
	25
	30.83



	N2 = 125
	0.50
	26
	30.91



	N3 = 175
	0.53
	21
	27.08



	N4 = 225
	0.54
	20
	26.75










[image: Table] 





Table 3. NDVI, drive-shaft rotational speed, and fertilizer rates applied by applicator at different N levels in paddy crop at 60 DAT (panicle initiation).
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	N Levels (kg ha−1)
	Mean NDVI Values
	Mean Drive-Shaft Rotational Speed (rpm)
	Mean Fertilizer Rate (kg ha−1)





	N1 = 75
	0.51
	25
	30.42



	N2 = 125
	0.55
	20
	25.58



	N3 = 175
	0.61
	13
	17.58



	N4 = 225
	0.66
	9
	11.42
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Table 4. NDVI, drive-shaft rotational speed, and fertilizer rates applied by applicator at different N levels in paddy crop at 80 DAT (heading).
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	N Levels (kg ha−1)
	Mean NDVI Values
	Mean Drive-Shaft Rotational Speed (rpm)
	Mean Fertilizer Rate (kg ha−1)





	N1 = 75
	0.50
	26
	35.29



	N2 = 125
	0.55
	20
	24.38



	N3 = 175
	0.62
	12
	17.16



	N4 = 225
	0.69
	7
	9.15
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Table 5. Application rate at all stages of rice crop.
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	N Levels (kg ha−1)
	Basal Dose
	First Dose (10 DAT)
	Second Dose (40 DAT)
	Third Dose (60 DAT)
	Fourth Dose (80 DAT)
	Total





	N1 = 75
	25
	12.5
	30.83
	30.42
	35.29
	134.04



	N2 = 125
	25
	25.0
	30.91
	25.58
	24.38
	130.87



	N3 = 175
	25
	37.5
	27.08
	17.58
	17.16
	124.32



	N4 = 225
	25
	50
	26.75
	11.42
	9.15
	122.32
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