


Development and Evaluation of a Microcontroller-Based Precision Cotton Planter for Improved Seed Spacing and Metering Performance


Abstract
	Precision planting plays a vital role in improving crop establishment and optimizing input utilization in modern agriculture. The present study focuses on the development and evaluation of a microcontroller-based electronic control unit (ECU) integrated with a cotton seed planter to achieve accurate seed placement. The system utilizes a DC tachogenerator to sense tractor forward speed and a pulse width modulation (PWM)-controlled DC motor to regulate the seed metering mechanism. Laboratory evaluation was conducted using a sticky belt test setup at different forward speeds (1.5–3.0 km h⁻¹) and time delays (0.5–2.0 s). The results indicated that seed spacing increased with both forward speed and time delay, with optimum spacing close to the theoretical value achieved at 1.5 s delay and 1.5 km h⁻¹, and 1.0 s delay and 2.0 km h⁻¹. The quality of feed index (QFI) reached 100% at a time delay of 1.0 s across all forward speeds (1.5, 2.0, 2.5, and 3.0 km h⁻¹), and also at 1.5 s and 2.0 s delays for forward speeds up to 2.5 km h⁻¹. However, QFI decreased at higher forward speed (3.0 km h⁻¹) for longer delays (1.5–2.0 s), indicating sensitivity to operating conditions. The developed system demonstrated improved precision in seed placement, reduced mechanical losses, and enhanced operational efficiency compared to conventional planters. This study highlights the potential of electronic control systems in advancing precision agriculture for small and marginal farmers.
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1. INTRODUCTION 
Cotton (Gossypium hirsutum L.) is one of India’s most important commercial fiber crops and plays a significant role in the agricultural and industrial economy. Cotton consists of approximately 35–45% lint (fiber) and 55–65% seed, while the seed contains about 10–12% oil and 35–40% meal and hull. Cotton also serves as a primary raw material for the textile industry (Indian Council of Agricultural Research, 2013; Central Institute for Cotton Research, 2020; Food and Agriculture Organization, 2018).
The cost of cotton seed is relatively high, necessitating precise placement of a single seed per hill to avoid wastage and increased planting costs, which may result in significant economic loss to farmers. Conventional planters often fail to deliver one or two seeds per hill accurately, leading to higher seed rates and non-uniform plant spacing. Although precision planters are available for cotton sowing, their high-cost limits adoption among small and marginal farmers (Central Institute for Cotton Research, 2020; Indian Council of Agricultural Research, 2013; Food and Agriculture Organization, 2018; Koley et al., 2017).
Generally, cottonseed planting operations in India are carried out from early June to mid-July in red soils and from July to mid-August in black soils, depending on monsoon onset and soil moisture conditions. Recommended crop geometry varies with variety, and spacing such as 90 × 45 cm, 90 × 60 cm, 120 × 45 cm, and 120 × 60 cm is commonly followed for Bt cotton hybrids (Indian Council of Agricultural Research, 2013; Central Institute for Cotton Research, 2020; Reddy & Reddy, 2016).
Traditional manual sowing methods have several limitations, including uneven seed distribution, poor depth control, high labor requirements, and uncertain seed rate. In conventional pull-type planters, the operator must continuously monitor the rear side to maintain a straight line and uniform sowing, which increases operator fatigue. Typically, two persons are required for operation, one for pulling and another for balancing and guiding the implement. Field turning is also difficult, and such planters often fail to maintain proper row alignment and uniform sowing depth, resulting in poor crop emergence (Aware & Aware, 2014; Rajaiah et al., 2018).
Agricultural mechanization involves the use of various power sources and improved farm machinery, tools, and equipment to reduce the drudgery of human labor and draught animals, enhance cropping intensity, improve precision and timeliness of operations, ensure efficient utilization of inputs, and minimize losses at different stages of crop production. The primary objective of farm mechanization is to increase overall productivity at the lowest possible cost (Shanwad et al., 2004).
An electronically controlled planter can eliminate many of the inefficiencies that occur in a mechanical planter and can significantly increase productivity and yield. According to the researchers, a seed metering mechanism powered by electric or hydraulic motors can effectively prevent the seed irregularities caused by wheel slippage on the ground and vibrations, thereby increasing the working speed and improving seeding accuracy (Li et al., 2016). Electronic planters work with a sensor-based electronic tracking system that increases the accuracy of the work. The machine's sensor system helps to properly sow the seed and thus further reduces the losses. The seed quantity can be easily controlled with the speed controller, and it can be used for different seeds by changing the seed metering plate.
2. MATERIALS AND METHODS
2.1 Development of Microcontroller-Based Electronic Control Unit for Precision Cotton Seed Dropping
Precision planting is the process of placing a single seed at a predetermined spacing and depth in the soil to create favorable conditions for crop growth and facilitate efficient intercultural operations. In conventional planters, the seed metering shaft is driven by the ground wheel through a sprocket and chain mechanism. Such mechanical transmission systems are often inefficient and prone to losses during field operation, and are subject to wear and tear due to vibration and friction. Additionally, ground wheel slippage caused by field irregularities and crop residues leads to non-uniform seed rate and spacing. To overcome these limitations, the conventional seed metering unit was replaced with an electronically controlled system consisting of a geared DC motor, DC tachogenerator, and microcontroller for precise seed delivery (Li et al., 2016; Aware et al., 2008; Kocher et al., 1998).
The DC motor was capable of varying its speeds according to the forward speeds of the tractor and providing enough torque to rotate the seed metering shaft of the cotton seed planter. Pulse-width modulation method was used for speed control of the geared DC motor. For that purpose, a PWM-based DC tacho generator potentiometer was used to vary the rotational speed of the DC motor. 
The electronic control units (ECU) should be widely used in agricultural fields to make the machines more efficient, compact, and light. Hence, an attempt was made to develop a microcontroller-based precision cotton planting system with the following components.
 Main Components of an ECU unit:
· Buck converter (step-down converter)
· DC tachogenerator
· Microcontroller
· Transistors
· Potentiometer (speed controller)
· NE 555 timer IC
· Pulse width modulation
· Resistors
· Capacitors
· Metal oxide semiconductor FET (MOSFET)
·  Relay module
· Geared DC motor
2.2 Working Procedure of the Developed ECU Unit
The developed circuit consists of various electronic components, which are used to control the seed metering mechanism by using a potentiometer and a DC motor with a pulse width modulation technique. The entire circuit received power from a 12 V battery. The required voltage is converted using a buck converter, which can be reduced from 12 V to 5 V for the operation of the circuit. The electronic circuit functions at a very low voltage. Explosive transducers mostly use the LM2596 IC to cover the voltage with inductors, diodes, capacitors, and switches. The plug converter's input side was linked to a 12 V battery power supply to lower the voltage needed to run the microcontroller.
A DC tachogenerator is used to synchronize the tractor's front wheel speed. The speed metering shaft is controlled by the geared DC motor, which rotates at the desired speed, stops when the tractor stops, and vice versa. The DC tachogenerator sends the signal to the microcontroller. The microcontroller receives the signal from the DC tachogenerator and sends the required signal to the relay module. MOSFET ICs regulate the voltage required to drive a geared DC motor at the desired speed. At the same time, pulse width modulation (timer NE 555) allows controlling the delay time of the speed of the seed metering shaft by delaying the distance between seeds, and to avoid continuous sowing.
The DC tachogenerator was mounted on the tractor front wheel via an anchor. As the tractor moves forward, the sensor moves and sends a signal to the microcontroller that helps to control the speed of the DC motor. The microcontroller program is only intended to drive the DC motor when the tractor is advancing. The DC motor does not operate when the tractor is in reverse direction or the stopping position. To accurately meter seeds at different forward speeds, the speed of the metering plate needs to be adjusted to match the desired seed rate. This was achieved using a rotary potentiometer. It involves calculating the theoretical speed of the plate based on the forward speed and desired seed spacing. The developed circuit is shown in Fig.1.
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Fig. 1. Microcontroller Circuit
Pulse width modulation settings and tractor forward speeds are varied to test the seed metering plates to achieve the required seed spacing and the seed rate. The required values, such as the mean spacing, missing index, multiple index, and quality of feed index, were measured using a steel rule. This procedure was repeated three times for each speed with different pulse width modulation timings. The developed circuit incorporates two provisions for seed metering that are based on:
1. Tractor forward speed 
2. Timer logic method
2.2.1 Based on Tractor Forward Speed 
A tractor's forward speed is used to control the speed of a geared DC motor, which in turn controls the speed of a seed metering shaft. This control is implemented through a microcontroller program, meaning the relationship between tractor speed and DC motor/seed metering shaft speed is programmed and can be accessed by the microcontroller. 
An electromechanical component is an integrated part that receives an electrical signal to create a physical movement to drive a mechanical device that performs a certain action. The circuit was designed in such a way that, when the tractor's forward speed is measured with a DC tachogenerator, which is powered by the tractor's front wheel and sends the signals to the microcontroller. The microcontroller gives a command to the driving unit according to the synchronization with the tractor's forward speed. The driving unit transmits a motion to the seed metering device through a drive shaft.
2.2.2 Based on the Timer Logic Method
The rotation of the seed metering mechanism is controlled by the delay time of the geared DC motor to run the seed metering shaft. The operating speed of the planter is synchronized with the geared DC motor mounted on the planter frame.
Pulse width modulation for controlling the time delay of revaluation of the DC motor by adjusting the pulse width controller and NE555 timer. The pulse width modulation is calculated by using the stoppage time of the DC motor based on the theoretically calculated speed of the tractor and the sticky belt, such as 1.5, 2.0, 2.5, and 3.0 km h-1. The pulses were generated and noted as stoppage time with the help of the stopwatch as 0.5, 1.0, 1.5, and 2.0 s. Working procedure flowchart as shown in Fig. 2.
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Fig. 2. Working procedure flowchart of the developed circuit 
2.3 Integration of the Developed Seed Metering Mechanism and the Developed Electronic Circuit Unit
The planter worked with the help of a microcontroller that synchronizes with tractor speed by using a DC Tachogenerator attached to the tractor front wheel, which helps to receive the drive from the tractor front wheel and measure the forward speed of the tractor. The microcontroller receives signals from the DC Tachogenerator, and those signals are analyzed and transmitted to the DC motor through the relay module.
The developed cotton planter and electronic control units were integrated to work as a single unit for precisely planting cotton seeds at a required spacing and at a particular time. The developed electronic control unit was fitted on the cotton planter with suitable attachments. The step-by-step procedure used for the integration of the cotton seed planter and electronic control unit is given below:
· The geared DC motor was connected to the planter frame between two rows of the planter with angle iron rods by making a cross-section of a DC motor gearbox using nut and bolt arrangements.
· 12 V power is taken from the tractor battery to supply power to the ECU unit and DC motor.
· The ECU unit plastic box was fixed on the mudguard of the tractor rear wheel using nuts and bolts. 
A mechatronic planter is a combined electrical circuit and cotton planter. For laboratory testing, the geared DC motor and ECU unit were fastened to the sticky belt configuration using the appropriate nuts and bolts, as indicated in Fig. 3.
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Fig. 3. Integration of the developed ECU unit and seed metering mechanism to the sticky belt
2.4 Laboratory Evaluation of Developed Microcontroller-Based Precision Planter
Testing of the tractor-mounted Microcontroller-based precision cotton planter was done by following the BIS test code IS 6316:1993 (reaffirmed 1999) and IS 9164:1979.
A. Evaluation of Sticky Belt
A sticky belt setup is used to determine the quality of seed placement and seed uniformity under laboratory conditions. A seed hopper of the seed planter fitted on the sticky belt setup with the help of fasteners for calculating the mean spacing, number of seeds per hill, and multiple indices. The sticky belt is a continuous, lubricated belt of length 8 m, width of 0.4 m, and thickness of 0.003 m, which was traveling under the seed hopper. The seeds will stick to the belt by applying the grease or lubrication without any displacement. The sticky belt was rotating on 4 rollers with dimensions 0.86 m x 0.74 m placed at a distance of 1.0 m from each other. The rollers get drive motion from the variable speed motor with a variable speed of 1500 rpm and transmit to the drive with the help of chain and sprocket of 1:1 ratio. The seed metering plate will be run by a DC motor of 250 W at 360 rpm and 24 V power, which is inbuilt into the circuit. The Microcontroller-based electric circuit used for precision cotton planters has two conditions (Fig. 3).
The metering unit was synchronized with the forward speed of the tractor with the help of a DC Tachogenerator. The developed metering device was tested in the laboratory for different forward speeds. The seed-to-seed spacing, missing index, multiple index, and quality feed index are calculated using a lubricated sticky belt. The developed prototype mechatronic unit was evaluated in the laboratory as shown in Fig. 4.
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Fig. 4. Flowchart of microcontroller-based seed metering system working on test rig

Pulse width modulation for controlling the time delay of the revolution of the DC motor by adjusting the pulse width controller and NE555 timers. The pulse width modulation is theoretically calculated by using the stoppage time of the DC motor, which is based on the forward speed of the sticky belt and that of the tractor, at 1.5, 2.0, 2.5, and 3.0 km h-1. The pulses are generated and noted as stoppage time with the help of the stopwatch at 0.5 s, 1.0 s, 1.5 s, and 2.0 s.
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Fig. 5. Isometric view of the ECU on the sticky belt setup
2.5 Development of Electronic Control Unit
An electronic control unit (ECU) was developed for precision cotton seed dropping at a required distance based on time by detecting the forward speed of the tractor with the DC tachogenerator, and this forward speed signal goes to a microcontroller for controlling the geared DC motor speed, which controls the seed metering shaft. 
The designed and developed cottonseed planter is a three-row planter. Hence, it consists of a DC motor for operating the three seed metering plates in the hoppers, and a microcontroller board for reading the forward speed of the DC tachogenerator. The signals from the tachogenerator activate both a relay module and the geared DC motor simultaneously. The process continues based on forward speed. The circuit of the developed electronic control unit is shown in Fig. 6.
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Fig. 6. The Circuit of the Electronic Control Unit
2.6 Working principle of the Developed Microcontroller-based Electronic Seed Metering System
The microcontroller-based seed metering system for the cotton planter is used for direct dry-land sowing, based on time delay using the NE555 timer and provides drive to the seed metering plate through a high-torque DC motor. The developed electronic circuit senses the ground speed of the tractor by using the DC tachogenerator and provides the signals to the microcontroller, and the change in speed is controlled manually by a potentiometer, which can change the speed of the high-torque motor. An automatic change in speed is controlled via pulse width modulation (PWM) by varying the width of the pulses generated by the NE555 timer.
The technique of pulse width modulation is used in an electronic circuit to control the speed of the DC motor, which drives the seed metering plate by a signal generated by the timer NE555. The pulse width modulation of the circuit is adjusted by a potentiometer to prevent continuous sowing of cotton seeds. The waveform shows how this controlled method works in both cases at the maximum (12V) and minimum (0V) signal voltages.
	A waveform signal has a gap ratio between the marks of 1:1. The signal is 50% of the time 12V, and the average voltage is 6V, so the motor is running at half of the maximum speed in the waveform. The signal's duty cycle is 3:1. This means the 12 V output is 75% of the time. This translates to an output voltage of 9 V, so that the motor is running at 3/4 of its maximum speed. In a waveform, the signal has a duty cycle of 1:3, and 25% of the time provides an output signal of 12 V. The average output voltage of the signal is only 3V, so the motor runs at 1/4 of its maximum speed. The conceptual layout of the Micro microcontroller-based precision cotton planter is shown in Fig. 7.
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Fig. 7. Conceptual layout of Microcontroller-based precision cotton planter
2.7 Evaluation of Microcontroller-Based Electrical Circuit
The developed microcontroller-based single-cell vertical seed metering plate mechanism was evaluated under laboratory conditions as explained in section 3.5.5. The average seed spacing and quality feed index at different forward speeds and different delays of PWM were determined. The overall circuit diagram of the developed microcontroller-based electronic control unit.
3. RESULTS AND DISCUSSION
3.1 Effect of Forward Speed of Sticky Belt and Microcontroller-Based Metering Mechanism on Seed Spacing
 A. Effect of forward speed of sticky belt and time delay of seed metering plate   on seed spacing
The mean seed spacing was evaluated at different levels of forward speed and time delay of the seed metering shaft using the vertical plate metering mechanism. Seed spacing increased consistently with an increase in both forward speed and time delay.
At a forward speed of 1.5 km h⁻¹, seed spacing ranged from 22 to 81 cm, with the minimum spacing observed at 0.5 s delay and the maximum at 2.0 s delay. The spacing of 61 cm obtained at 1.5 s delay was close to the desired theoretical spacing.
At 2.0 km h⁻¹, seed spacing varied from 30 to 111 cm, where the minimum and maximum values corresponded to 0.5 s and 2.0 s delays, respectively. A spacing of 57 cm at 1.0 s delay was found to be nearest to the theoretical value.
At 2.5 km h⁻¹, the seed spacing ranged from 35 to 166 cm, increasing with delay time. A spacing of 67 cm was recorded at 1.0 s delay, which was comparable to the target spacing.
At 3.0 km h⁻¹, seed spacing varied from 41 to 166 cm, with the lowest value at 0.5 s delay and the highest at 2.0 s delay. The results indicate that both forward speed and time delay significantly influence seed spacing, with higher values of these parameters leading to increased spacing (Fig. 8).
Statistical analysis using ANOVA revealed that the effects of forward speed, time delay, and their interaction on seed spacing were not significant at the 5% level of significance, indicating consistent system performance across the tested conditions.
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Fig. 8 Variation of seed spacing with different time delay and forward speed    of sticky belt
B. Effect of forward speed of sticky belt and time delay of seed metering plate on missing index
It was observed that the missing index increased for all conditions with the increase in forward speed. In comparison with four types of time delay, there is no missing index with 0.5 s, 1.0 s, 1.5 s, and 2.0 s time delay in the single cell opening vertical seed metering plate at all four forward speeds of the sticky belt. This was because of easier seed pickup and dropping at a particular distance. The range of missing index was observed as 0 to 100% at 3 km h-1 with four different time delays of the seed metering shaft. The maximum missing index was 100% at 2.0 s and 1.5 s of time delay. The minimum missing index was 0% at 0.5 s and 1.0 s of time delays. The missing index was increasing with the forward speed and time delay increases. 
C. Effect of forward speed of sticky belt and time delay of seed metering plate on multiple indices
The mean value of multiple indexes at selected levels of variables is forward speed and vertical seed metering plate, with the different time delays of 2.0 s,1.5 s, 1.0 s, and 0.5 s. The multiple index was observed at a 0.5s time delay of the metering shaft with all forward speeds of the sticky belt. The maximum 100% multiple index was obtained except for 3.0 km h-1 forward speed.  The multiple index was observed in all combinations of time delay and forward speed except 0.5 s time delay and 3.0 km h-1 (Fig. 9). The reason is seeds are placed accurately at an equal distance.
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Fig. 9. Variation of multiple index with different time delays and forward speeds of the sticky belt
D. Effect of forward speed of sticky belt and time delay of seed metering plate   on the quality of feed index
The quality of feed index is one of the parameters to evaluate the performance of a metering plate. In the electronic control seed metering plate metering mechanism, four different pulse control timings are discussed in the previous section.  The mean range of quality feed index was observed at 2 s delay of time as 100% for 1.5, 2.0, and 2.5 km h-1 forward speed of the seed metering plate. The lowest quality feed index 0% at a forward speed of 3.0 km h-1 as shown in Fig.10.  It was observed that the quality feed index decreased with an increase in forward speed of 3.0 km h-1.
The mean quality of feed index was observed at a 1.5 s delay of time as 100% for 1.5, 2.0, and 2.5 km h-1 forward speed of the seed metering plate. The lowest quality feed index is 0% at a forward speed of 3.0 km h-1 as shown in Fig. 10. It was observed that the quality feed index decreased with an increase in forward speed of 3.0 km h-1. The mean quality of feed index was observed at a 1.0 s delay of time as 100% for 1.5, 2.0, 2.5, and 3.0 km h-1 forward speed of the seed metering plate. The quality of feed index at 1.0 s time delay recorded at all forward speeds is at the same level, which is 100%.
The mean quality of feed index was observed at 0.5 s delay in time, as 0% for 1.5, 2.0, and 2.5 km h-1 forward speed of the seed metering plate. The highest quality feed index was 100% at a forward speed of 3.0 km h-1, as shown in Fig. 10. It was observed that the quality feed index increased with a decrease in forward speed of 3.0 km h-1.
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Fig. 10. Variation of quality of feed index with different time delay and forward speed of sticky belt
E. Effect of forward speed of sticky belt and seed metering plate on seed spacing
At different forward speeds of the tractor with respect to metering plate speed, no changes in seed uniformity were observed, because the forward speed of the tractor increases the DC motor speed. The minimum seed spacing was recorded as 60 cm at a forward speed of 1.5 km h-1 and maximum as 62 cm at 3 km h-1 forward speed. The changes in seed spacing are shown in Fig. 11.
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Fig. 11. Variation of seed spacing with different forward speeds of the sticky belt
Precision agriculture, a new concept, is being used for the sustainability of agriculture. It is defined as the application of technologies and principles to manage temporal and spatial variability related to all aspects of agricultural production. It enhances crop performance and environmental quality. The success of precision agriculture depends on how well it is applied to assess the current and potential capabilities of precision agriculture.
An electronics-supported experimental test rig was developed to evaluate the seed metering mechanism for their performance concerning seed spacing, seed rate, quality feed index, missing index, and multiple indexes at four different forward speeds of 1.5, 2, 2.5, and 3.0 km h-1. A total of 60 experiments were conducted using the experimental test rig with selected levels of design values

Results obtained with the timer logic method
1. The spacing increased as the forward speed and delay times of the geared DC motor increased. It was observed that a spacing of 61 cm at 1.5 s, for a forward speed of 1.5 km h-1, and 57 cm at 1.0 s for a forward speed of 2.0 km h-1 are closer to the theoretical spacing of 60 cm.
2. The missing index was observed at all combinations of the variables. Maximum missing index is 100% at 2.0s and 1.5s time delay of geared DC motor for a forward speed of 3.0 km h-1.
3. The multiple index was observed in all combinations of the variables. The maximum multiple index is 100% at a 0.5 s delay time of the geared DC motor for a forward speed of 1.5 km h-1.
4. The quality feed index was observed in all combinations of the variables. The maximum quality feed index is 100% at a 1.0 s delay time of geared DC motor for 1.5, 2.0,  2.5, and 3.0 km h-1 forward speeds.
5. The quality of feed index was observed at 3.0 km h-1 forward speed minimum of zero at 2.0 and 1.5 s delay times of geared DC motor, and a maximum of 100% at 1.0 and 0.5 s delay times of geared DC motor.
6. The seed rate slightly increased at a 5% level of significance. It was also observed that the seed rate decreased with the increase of forward speed up to optimum design values and increased thereafter. The seed rate of 2.17 kg ha-1 was observed at the optimum design parameters. 
The results obtained in this study are in agreement with earlier findings on electronically controlled seed metering systems. The increase in seed spacing with forward speed and time delay is consistent with the observations of Koley et al. (2017), who reported that improper synchronization leads to variation in seed placement. Similarly, Li et al. (2016) demonstrated that electronically driven seed metering mechanisms improve uniformity by reducing dependency on ground wheel drive, thereby minimizing slippage-related errors. The observed improvement in quality of feed index and reduction in missing index under optimal operating conditions indicate better precision, which aligns with the findings of Aware et al. (2008), who reported enhanced performance of sensor-based metering systems.

4. LIMITATIONS OF THE STUDY
· The study was conducted under laboratory conditions (sticky belt setup), which may not fully represent actual field variability. 
· Only a limited range of forward speeds (1.5–3.0 km h⁻¹) and time delays were evaluated. 
· The system was tested on a specific crop (cotton) and seed type, limiting generalization to other crops. 
· Field conditions such as soil resistance, moisture, and residue were not considered. 
· Long-term performance, durability, and field-level validation of the ECU system were not assessed.
5. CONCLUSION 
[bookmark: _GoBack]The study showed that both forward speed and time delay significantly affect the performance of the microcontroller-based seed metering mechanism. Seed spacing increased with higher speeds and longer delays. Among all treatments, a 1.0 s time delay gave the best results, with uniform seed spacing, 100% quality of feed index, and minimal missing and multiple indices. The system maintained good synchronization and consistent performance under laboratory conditions. Overall, the electronically controlled metering mechanism proved effective for precise seed placement, though further field testing is needed for practical application.
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