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ABSTRACT

To address issues related to fertilization accuracy and uniformity under field conditions affected by terrain
undulations and load fluctuations, an electric precision fertilization control system based on a Siemens S7-200
SMART PLC was developed. The system employs a stepper motor as the actuator and incorporates an
incremental encoder with 2,000 pulses per revolution to provide closed-loop speed feedback. A PID parameter
optimization method based on differential evolution (DE) is proposed, which performs global optimization using
fitness functions defined by tracking error and dynamic performance. Comparative simulations of DE-PID and
conventional PID were conducted in MATLAB, followed by field experiments in Dongying City, Shandong
Province. The results show that, under conventional PID control, the maximum relative error, average relative
error, and coefficient of variation were 4.2%, 3.68%, and 0.36%, respectively, whereas under DE-PID control,
these values decreased to 3.2%, 2.92%, and 0.23%, respectively. These findings indicate that the DE-PID
strategy effectively improves fertilization accuracy and uniformity, providing a reference for the precise control
of external-grooved wheel-type fertilization equipment.
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INTRODUCTION

Precision fertilization is an important technological approach for achieving green and efficient agricultural
production as well as reducing fertilizer inputs while improving nutrient use efficiency. Its core principle is to
realize quantitative and accurate fertilizer application according to spatial variability in soil nutrients, crop
nutrient demand patterns, and target yield requirements (Nan et al., 2024; Sharaby et al., 2019). Conventional
fertilization equipment typically relies on mechanical metering or simplified electronic control, and commonly
suffers from insufficient regulation accuracy of application rate, strong susceptibility to ground undulation and
load fluctuations during operation, and sluggish dynamic response. These issues lead to increased errors in
fertilizer application per unit area and reduced application uniformity, thereby causing fertilizer waste and
decreasing crop nutrient utilization efficiency (Deng et al., 2019; Han et al., 2024). Therefore, developing a
high-precision precision-fertilization control system for complex field conditions is of great significance for
improving fertilization quality. As a result, the relationship between discharge rate and roller rotational speed
exhibits certain nonlinearity and time-varying characteristics. When an open-loop control strategy is adopted,
it is difficult to simultaneously ensure satisfactory dynamic response and steady-state stability under different
target application rates and varying load conditions (Boac et al., 2014; Zhang et al., 2021).
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This often leads to overshoot in fertilizer discharge and increased steady-state fluctuations, ultimately
deteriorating the unit-time discharge error and application uniformity.

To address these issues, this study developed an electrically driven precision fertilization control system
for a fluted-roller fertilizer applicator based on a Siemens S7-200 SMART controller. In terms of control strategy,
given that conventional PID tuning relies heavily on experience and is difficult to adapt to complex operating
conditions, a Differential Evolution (DE)-based PID parameter optimization method was proposed (Wang et
al., 2017; Umeda et al., 2001). A performance index centered on tracking error and dynamic characteristics
was constructed to achieve global optimization and tuning of PID parameters. Finally, field experiments were
conducted to verify the unit-time fertilizer discharge error and fertilization uniformity of the proposed system,
providing a reference for improving the precision and intelligence of fluted-roller fertilization equipment (Huang
etal., 2024; Zhu et al., 2025). In response to this problem, some researchers have explored various precision
control solutions. Chen Man et al. designed an intelligent precision seeding—fertilizing control system for winter
wheat; the system adopted a speed-measurement method and PWM control to monitor and regulate the
fertilizer-metering motor speed in real time, thereby achieving precision seeding and fertilization (Huang et al.,
2025; Zhu et al., 2024). Umeda et al. developed a variable-rate fertilization machine for paddy fields; the
machine relied on sensors to acquire ground-wheel speed data in real time and, together with a preset
prescription map, enabled accurate control of fertilizer discharge for each grid unit in the paddy field. Building
on these studies, this work designed an electrically driven precision fertilization control system.

The system uses a stepper motor as the actuator and establishes a mathematical motor model to
analyze the dynamic performance of the control system. Tuning was performed using the DE-PID algorithm.
Through simulation, the feasibility of the control system was verified using metrics such as rise time, peak time,
overshoot, and steady-state error of the response curve. In addition, field tests were conducted to evaluate the
actual control performance under different operating conditions based on real-world control accuracy and
response speed, thereby providing theoretical support and experimental evidence for improving the electric
precision fertilizer control system.

MATERIALS AND METHODS
Structure and Working Principle of the Fluted-Roller Fertilizer Applicator

The structure of the fluted-roller fertilizer applicator investigated in this study is shown in Fig. 1. The
fluted-roller fertilizer applicator is one of the most widely used quantitative fertilizer metering devices in
agricultural production. Its basic working principle involves a rotor with external flutes rotating within the
fertilizer bed, conveying granular fertilizer to the discharge outlet according to the volume of the flute cells, and
releasing it to achieve fertilizer delivery. Based on the conventional mechanical metering mechanism, the
precision fluted-roller fertilization system developed in this study incorporates an electric drive and a closed-
loop control unit. The overall structure can be divided into three subsystems: the control system, the actuation
unit, and the fertilizer metering and discharge mechanism.
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Fig. 1 — Schematic diagram of the fluted-roller fertilizer applicator

1 - Control System; 2 - Executive body; 3 - Fertilizer Application Mechanism

The control system of the fluted-roller fertilizer applicator mainly consists of an incremental encoder, a
Siemens S7-200 SMART PLC, a stepper motor, and the corresponding stepper driver. The operating principle
of the system is shown in Fig. 2.

During field operation, the fertilizer applicator is towed forward by a tractor. The incremental encoder is
mounted on the stepper motor shaft to acquire the motor speed in real time. In operation, the controller
calculates the target roller speed according to the preset fertilizer application rate and drives the stepper motor
accordingly.
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When the roller rotates in the working zone beneath the hopper, the fluted cells enter the fertilizer bed
and are filled with granules. As the roller continues to rotate, the filled cells move to the discharge outlet, where
the fertilizer is released under gravity and inertia and delivered into the soil through the delivery tube.
Meanwhile, the incremental encoder continuously feeds the shaft rotation information back to the PLC. The
PLC periodically computes the actual speed and compares it with the target value to obtain the speed error.
The PID controller then generates a control action based on this error to adjust the pulse frequency, thereby
maintaining stable roller speed even in the presence of disturbances such as load fluctuations and changes in
fertilizer flowability. As a result, the unit-time discharge error is reduced and fertilizer application uniformity is
improved.

*

Desired rotational DE-PID Stepper External Trough Wheel
speed Controller motor Fertilizer Applicator

Incremental
encoder

Fig. 2 — Working principle of the fluted-roller fertilizer applicator

Control System Design and Mathematical Modeling

The PLC controls the stepper motor by using high-speed pulse outputs to drive the PUL and DIR
terminals of the MA860 stepper driver (He et al., 2018; Zubrilina et al., 2019). A high-speed counter (HSC) is
employed to read the encoder pulse count within a sampling period of 100 ms. The system uses SMO0.1 to call
the initialization subroutine at power-on and SMO0.0 to invoke the interrupt routine. Because the Siemens S7-
200 SMART ST40 controller cannot modify the output frequency while the PLS instruction is being executed
(the frequency can only be changed after pulse transmission is completed or after a forced stop), the stepper
motor is driven using the motion control (wizard-based) instruction set instead of the PLS instruction. The
subroutine is used to configure/enable the high-speed counter, and the interrupt routine is used to read the
pulse count from the high-speed counter. The main program structure is partially illustrated in Fig. 3.
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Fig. 3 — Partial Main Program Diagram

The rotational speed measurement and calculation are described in Eq. (1). The rotational speed of
the stepper motor is determined by the input pulse frequency. With the driver configured to a microstepping
resolution corresponding to 1600 pulses per revolution, the motor speed can be accurately controlled. A
closed-loop control system is established by mounting an incremental encoder on the shaft of the fluted roller.
The encoder provides 2000 pulses per revolution for feedback.

n=-Lx60 (1)
2000

where: n - represents the rotational speed of the stepper motor [r/min];
f - represents the number of pulses collected by the encoder [D].
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Mathematical model

In this study, a transfer function model of the control system was established (Hou et al., 2023; Inthiyaz
et al., 2021). An 86BYG250H stepper motor was selected as the actuator. The basic architecture of the PID
control system comprises three core components: the controller module, the actuation unit, and the feedback
sensing unit, as illustrated in Fig. 4. Specifically, the controller module performs the control algorithm
computations, the actuation unit executes the control actions, and the feedback sensing unit monitors the
system state in real time and provides feedback for closed-loop regulation.

Fluted-roller fertilizer

Control Stepper Stepper =:
signal => Driver => motor shaft

Fig. 4 — Block diagram of the PID control system

The single-phase equivalent circuit of a two-phase hybrid stepper motor is shown in Figure 5.
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Fig. 5 — Single-Phase Equivalent Circuit Diagram of a Two-Phase Hybrid Stepper Motor

The parameters of the stepper motor studied in this paper are shown in Table 1.

Table 1
Stepper Motor Parameter Table
Parameter
Parameter Name
value

Phase current / A 4.2
Mutual Inductance / mH 3.5
Moment of inertia / kg.cm? 2.7
Viscosity coefficient / D 0.25
Number of rotor teeth / Zr 50

Proportional component of the drive section:
G (5)=" =Ks=2 )

In the equation: G,(s) is the transfer function of the driver stage. G is the general symbol for the transfer
function; the subscript 1 corresponds to the first stage of the system (the driver stage); s is the Laplace
operator.Uin is the input to the drive section, i.e., the control signal voltage applied to the stepper motor
driver.Uout is the output of the drive section, i.e., the operating voltage supplied by the driver to the stepper
motor windings.Ks is the proportional gain of the drive section; here, its value is determined by circuit
parameters to be 2.

The selected stepper motor is a two-phase hybrid stepper motor. By establishing a mathematical model
based on the physical characteristics of this type of stepper motor, the back EMF for phases A and B is
obtained as follows:

U,=K w sin(Z6) (3)

Up=K w sin(Z0-m) 4)
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In the equation: K is the motor torque constant; w is the angular velocity of the rotor; Z is the number
of teeth; 6 is the mechanical angle of the rotor. According to Ohm's law, the phase voltages 4 and B can be
calculated as follows:

Va="4L+%2L, +RI, - Kosin(Z6) (%)
Vg =%L+%LM+RIB—Kwsin(ZG—n) (6)

In Equations 5 and 6: L is the mutual inductance between phases 4 and B; L, is the mutual
inductance between motor windings; R is the resistance; I, and Iz are the currents of phases A and B,
respectively; dl,/t and dlp/t are the rates of change of current in phases 4 and A4, respectively.

If the motor torque remains constant, where Tm is the motor torque and w = d6/dt, then the equation
of motion is:

T =) 50+ Dy + Ty (7)

J is the rotational inertia of the motor; D is the braking damping coefficient; Tz is the load torque. D,
is the dynamic resistance moment.

JE2dw/dt) + Dy, + Tp = Klysin(Z0) + Klgsin(Z0 — ) (8)

If the input to the stepper motor is the rotation angle 6; and the output is the actual rotation angle 6,
of the motor, then the transfer function is:

92(5)

Gy = —= 9

5 = oo 9)
When the torque of a stepper motor is zero, the motor is in an unloaded state, and its motion mode

is:
J% 4 Do — ZH sin(z6) = 0 (10)
When 6 is very small, then sin® = 8.

JLly p o T4 (g2 — 1) (11)

where [ is the phase current, L is the mutual inductance, J is the moment of inertia, D is the viscosity coefficient,
and Z is the number of rotor teeth. Applying the Laplace transform to Eq. (11), the following expression is
obtained:

—b0 a9 LA (12)
26) T 915 wis) 2Js2+2Ds+Z2LI%A

It follows that the transfer function of the stepper motor is:

155
G = 13
2(8) T 5.4x10-9524 0.55 + 155 (13)

RESULTS AND DISCUSSIONS
Traditional PID Controller

As shown in Fig. 6, the PID controller is widely applied in motor speed regulation and the operational
control of agricultural machinery due to its simple structure, clear physical interpretation of parameters, and
ease of engineering implementation. For the fluted-roller fertilizer applicator, the control objective is to ensure
that the roller speed stably tracks the target value, thereby reducing fluctuations in the fertilizer discharge rate
and improving application uniformity. Based on the closed-loop control framework established above, the PID
controller uses the speed error as the input and the stepper motor drive pulse frequency as the output, enabling
real-time regulation of the actuator.

Ratio Section

) - y(t)
©

Differential
Linkage

Feedback
Detection

Fig. 6 — PID Controller Schematic Diagram
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Based on the schematic diagram, the system deviation is as follows:

e(t) =r)-y® (14)
The PID controller adjusts control parameters online based on system deviation, thereby generating
control actions for the target system as follows:

de(t)

u(t) = Kye(t) + K; fote(‘t)d‘r +Ka—,

(15)

By applying discretization and weighting to the integral term, the incremental PID formula can be derived:
Au(k) = Ky(e(k) — e(k — 1)) + Ke(k) + Ky (e (k) — 2e(k — 1) + e(k — 2)) (16)

In the equation: r(?) represents the system input; y(2) represents the system output. C (z-1) denotes the
control variable at time #; K, is the proportional coefficient; K; is the integral coefficient; K, is the derivative
coefficient.

DE-PID Controller

As shown in Fig. 7, the Differential Evolution (DE) algorithm is a population-based intelligent optimization
method for continuous variables. It features a simple implementation, good convergence performance, and
low requirements on the differentiability of the objective function (Cao et al., 2022; Chen et al., 2022). In this
study, the PID parameters were treated as decision variables, and the DE algorithm was used to perform
iterative searches within predefined bounds to obtain an optimal parameter combination that satisfies both
dynamic response and steady-state stability requirements, thereby forming a DE-PID controller. The overall
procedure of the Differential Evolution algorithm is illustrated in Fig. 8.

Differential Evolution

— Algorithm
Optimization

K, | AKi | Akd

N

Desired rotational ;® N PID Stepper
speed controller motor

Fig. 7 — DE-PID Controller Structure

Individual encoding: A set of PID parameters is treated as an individual.
x = [Kp, Ki, Kd] 17)
The population consists of NP individuals:
(X1, Xz, ., Xup} (18)

To prevent the algorithm from generating infeasible PID parameters and to avoid destabilizing the
closed-loop system, while simultaneously reducing the search space and improving optimization efficiency,
the following bounds are imposed on the PID parameters based on the electromechanical characteristics of
the stepper motor and the speed control requirements of the fluted-roller system:

Kp € [Kp,min' Kp,max] = [0' 30]
K; € [Ki,min' Ki,max] = [0' 1] (19)
K, € [Kd,min'Kd,max] = [0’ 10]
The key to the DE-PID method lies in the design of the fitness function. The optimization objectives of
this study include minimizing speed tracking error, achieving a fast dynamic response, reducing overshoot,

minimizing steady-state fluctuations, and ensuring smooth control output. Accordingly, a comprehensive
objective function is constructed as follows:
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] =wy *ITAE +wy * My, + wy * Tg + wy * u (20)
where: J is the value of the composite objective function;
wi, w2, w3, and wy are the weighting coefficients for each sub-performance metric, satisfying w; + w, +
ws+wy=1;
ITAE is the time-weighted integral of absolute error;
M, is the maximum overshoot of the system’s step response;
T, is the settling time of the system’s step response;
u is the cumulative absolute value of the control increment.
ITAE is a classic metric for evaluating the tracking performance of control systems. The discrete formula
for ITAE is:
ITAE = ¥N_ k* T = |ek | (21)
where: k is the sample time index, where k=1, 2, .....;
N is the total number of simulation steps;
T is the sampling period; in this paper, 7= 0.1 s;
e(k) is the speed tracking error at time £;
nou(k) is the actual speed of the stepper motor at time £.

The weighting coefficients were determined based on the operational priorities of the fluted-roller
fertilizer applicator under field conditions. Tracking accuracy (w; = 0.5) was assigned the highest weight, with
the ITAE index receiving the greatest emphasis, as fertilization accuracy is the core objective; thus, the
optimization process prioritizes the minimization of rotational speed tracking error. Overshoot suppression (w2
= 0.3) was considered the second priority, since excessive fertilizer output directly leads to material waste and
must be strictly controlled. Response speed (w; = 0.15) ensures that the system can rapidly adapt to changes
in operating conditions, although it is of lower priority than accuracy and overshoot. Finally, control smoothness
(ws = 0.05) was included to limit abrupt variations in pulse frequency, serving as an auxiliary constraint with
the lowest priority.

Initialize
Population

|

Calculate
Fitness

y

Iteration
count

|

Variation
operation

|

Cross-
operation

l

Meet the
requirements

Qutput
optimal
parameters

Fig. 8 — Differential Evolution Algorithm Flowchart

MATLAB simulation

As shown in Fig. 9, the PID parameters for the controlled plant were selected using an empirical trial-
and-error tuning approach. The resulting parameters, Kp=17, Ki=0.02, and Kd=0.1, were used as the
parameter set for the conventional PID controller. A unit-step input (amplitude of 1) was applied, the simulation
duration was set to 10 s, and the sampling period was set to 100 ms. Under these conditions, the response
curves of the DE-PID and the conventional PID controllers are compared in Fig. 9. To evaluate disturbance
rejection performance, an instantaneous disturbance was applied to both models under the same settings, and
the corresponding responses were observed and compared.
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1.2

—— DE-PID
----PID

Response

Time

Fig. 9 — Comparison Response Curve Chart

Table 2
Comparison of Response Curves Table
Control Method Rise /s peak time/s Steady-state time/s Maximum overshoot/%
DE-PID 0.8 1.0 2.6 6.55
Traditional PID 0.9 1.2 3.8 13.25

The obtained results are comparable to those reported in previous studies on optimized PID-based
agricultural control systems. Previous relevant studies have demonstrated that intelligent optimization of BP-
PID parameters could improve fertilization control accuracy under variable operating conditions (Zhu et al.,
2023). In the present study, the DE-PID controller also showed clear advantages over the conventional PID
controller, reducing the maximum relative error, average relative error, and coefficient of variation to 3.2%,
2.92%, and 0.23%, respectively. Additional related research has shown that fuzzy PID control could enhance
the dynamic compensation performance of an agricultural metering system (Chen et al., 2016). Compared
with such optimized control approaches, the DE-PID method in this study also achieved a clear improvement
in transient response, with the overshoot reduced from 13.25% to 6.55% and the settling time shortened from
3.8st02.6s.

The reduction in overshoot and the improvement in system stability can be attributed to the global
optimization capability of the differential evolution algorithm for the PID parameters Kp, Ki, and Kd. By
optimizing these parameters under a composite objective function that incorporates ITAE, maximum overshoot,
and control increment, the DE-PID controller achieves a more appropriate trade-off among rapid response,
overshoot suppression, and control smoothness. In contrast to empirical PID tuning, this method avoids overly
aggressive proportional action and excessive integral accumulation, thereby mitigating transient oscillation.
Consequently, the system exhibits faster error attenuation, weaker sustained oscillation, and smoother control
output, leading to improved transient and steady-state stability.

Field trial

To evaluate the control performance of the proposed electrically driven precision fertilization control
system for the fluted-roller fertilizer applicator under complex field conditions, field trials were conducted to
compare the DE-PID strategy with the conventional PID strategy at different target fertilization rates, as shown
in Figs. 10-11. The trials were carried out on 20 December 2025 at the Agricultural High-Tech Zone in
Dongying City, Shandong Province, China (37.25° N, 118.69° E), and comprised five experimental runs. During
the tests, the tractor travel speed was maintained at 5 km/h, the fertilizer used was agricultural urea, and the
rotational speed of the fertilizer applicator shaft was set to 30 r/min. The experimental setup included an Omron
E6B2-CWZ6C encoder, a Siemens S7-200 SMART programmable logic controller (PLC), an 86BYG250H
stepper motor, an MA860 stepper motor driver, an electronic scale, a fertilizer weighing bin, 24 V and 48 V
switching power supplies, and a high-precision multimeter. The fertilizer applicator was towed by a Deutz-Fahr
1804 tractor.
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Fig. 10 — Field trial process Fig. 11 — Diagram of Weighing Instruments

Performance tests were conducted to compare the fertilization error and uniformity of the fluted-roller
fertilizer applicator under two different control strategies. The tractor speed was set to 5 km/h, and the rotational
speed of the fertilizer applicator shaft was maintained at 30 r/min. During each test, a weighing pan placed on
an electronic scale was used to measure the amount of fertilizer discharged over a period of one minute. The
electronic scale had a measurement precision of 0.1 g. The relative error between the theoretical and
measured fertilizer application rates, as well as the coefficient of variation, were then calculated.

_ Mi-Mg

F =214 % 100% 21)

d
where:

Fis the relative error of fertilizer application rate, [%];

M, is the measured fertilizer application rate, [g];

M, is the theoretical fertilizer application rate, [g].

A Siemens S7-200 SMART ST40 PLC was used as the controller. The control programs corresponding
to the two strategies were implemented in the PLC, and the experiments were conducted under identical
conditions for each strategy. The results were subsequently compared and analyzed.

Table 3
Field Test Comparison Table
Traditional PID Control DE-PID Control
Test Theoretical Measured Theoretical Measured
Number Fertilizer fertilizer Relative Fertilizer fertilizer Relative
Application application rate  error/% Application application rate / error | %
Rate / g /g Rate / g g
1 300 310.5 3.5 300 308.4 2.8
2 300 312.6 4.2 300 309.6 3.2
3 300 311.1 3.7 300 309.3 3.1
4 300 309.6 3.2 300 307.8 2.6
5 300 311.4 3.8 300 308.7 2.9

Under both the conventional PID controller tuned by empirical trial-and-error and the proposed DE-PID
controller, the fertilizer application rates were close to the target value. With conventional PID control, the
maximum relative error was 4.2%, the mean relative error was 3.68%, and the coefficient of variation (CV) of
the application rate was 0.36%. Under DE-PID control, the maximum relative error was 3.2%, the mean relative
error was 2.92%, and the CV was 0.23%. These results indicate that the DE-PID strategy achieves higher
fertilization control accuracy than the conventional PID, demonstrating its advantages in precision fertilization

control.

CONCLUSIONS

This study addressed the need for stable fertilizer discharge control in an electrically driven precision
fluted-roller fertilizer applicator under complex field operating conditions. A closed-loop fertilization control
system was developed, and a PID parameter optimization method was investigated. The main conclusions
are as follows.
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A closed-loop control system was established with a Siemens S7-200 SMART PLC as the core controller,
a stepper motor as the actuator, and an incremental encoder as the feedback element, enabling real-time
regulation of the fertilizer metering roller speed during field operations.

The proposed DE-PID strategy effectively overcomes the limited adaptability of empirically tuned PID
parameters. MATLAB simulations showed that DE-PID reduced the maximum overshoot by 50.6% and
shortened the settling time by 31.6%, resulting in significant improvements in both dynamic and steady-state
performance.

Field experiments further demonstrated that DE-PID achieved a maximum relative error of 3.2%, an
average relative error of 2.92%, and a coefficient of variation of 0.23%. Compared with conventional PID
control, these values were reduced by 23.8%, 20.7%, and 36.1%, respectively, indicating a substantial
improvement in fertilization accuracy and uniformity.
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