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Abstract: To overcome the problem of poor uniformity of solid-fertilizer-dissolving devices due
to lag of fertilizer dissolution, a closed-loop control system based on fuzzy proportional-integral-
derivative (PID) was designed and tested. A fertilizer concentration regulation model was then
established according to the results. In this system, the control core was an STM32 used to feed back
the fertilization concentration by detecting the electrical conductivity. For real-time adjustment of the
fertilizer flow rate and water flow rate, a fuzzy PID control algorithm was utilized to compare the
detected concentrations with the set concentrations. The linear relationships between quantities such
as the fertilizer rate and PWM frequency, water flow rate and PWM duty ratio of the direct-current
pump, and fertilizer concentration and electrical conductivity were all established to calibrate the
system. The influence of the fertilizer flow rate and water flow rate on fertilizer concentration was
determined by the control variable test method. The results showed a positive linear relationship
between fertilizer concentration and fertilizer flow rate, while a reverse linear relationship was
established between fertilizer concentration and water flow rate. After the introduction of the control
system into the self-developed solid-fertilizer-dissolving device, the fertilizer concentration fluctuated
near the set concentration in a range of no more than 1 g/L. After the disturbance of the fertilization
device, the control system fine-tuned the device with a steady-state error of about 0.55 g/L after the
system reached stability. The control system designed in this study was shown to run normally with
good stability, speed, and accuracy, and with improved fertilization uniformity of the solid-fertilizer-
dissolving device. This study lays the foundation for further study of fertilization control systems. It
also provides a reference for the development of precise and intelligent fertigation.

Keywords: fertilization uniformity; closed-loop control; single-chip microcomputer; fuzzy PID;
solid-fertilizer-dissolving device

1. Introduction

Fertigation is a planting technology combining irrigation with fertilization to achieve
precise irrigation and uniform fertilization according to the soil conditions, water require-
ments, fertilizer requirements, and nutrient contents of different crops [1–3]. The fertigation
technology can greatly improve the conservation of water and fertilizer, as well as en-
hancing the quality and yield of crops [4,5]. With the continuous development of modern
agriculture, fertigation is developing towards low energy consumption and intelligence [6].

In recent years, various fertigation equipment and control systems have been devel-
oped based on many technologies [7]. For instance, Leedy et al. [8] designed a fertilizer
distribution device for a sprinkler irrigation system to achieve fertigation. However, their
system required prior mixing of water and fertilizer in the device. Zhang et al. [9] designed
a control system to detect the temperature, humidity, illumination, and substrate moisture
content of crops in a greenhouse with real-time feedback. Using multi-information data
fusion modeling, the authors then designed a device that could dynamically control irriga-
tion and fertilization and achieve accurate control of the ratio of liquid fertilizer and water.
Yang et al. [10] proposed a fertilization device combining allocation algorithm estimation
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and a precision fertilization control model to ensure an optimal control process. Anthony
et al. [11] designed a liquid fertilizer fully mixed with water injected into the pipeline of
the spraying system to achieve uniform distribution of the fertilizer in water flow.

In terms of fertigation control systems, Wang et al. [12] adopted a segmented control
strategy to solve problems, such as lag and instability of EC values in the detection of water
and fertilizer mixtures during vegetable production to effectively overcome overshoot. Bi
et al. [13] integrated fuzzy PID based on grey prediction to control the fertigation process
and achieve precision irrigation of water and fertilizer. Wang et al. [14] developed a remote
automatic irrigation control system for strawberries based on PLC and configuration
software. Zhang et al. [15] proposed an adaptive nonlinear model identification control
algorithm for the integrated irrigation of water, fertilizer, and medicine in a greenhouse.
Peng et al. [16] designed an intelligent fertigation system using the Internet of Things, big
data, and other technologies to combine expert experience and agricultural technology
for providing the optimal irrigation scheme according to the collected information and
experience. Sun et al. [17] designed an integrated control system for water and fertilizer
based on neural network prediction and fuzzy control.

The traditional water and fertilizer control system is often suitable for small lags.
However, the stability of the control system greatly affects control systems with severe
lags [18]. PID control has defects that are greatly influenced by the external environment,
and the parameter settings are often complex. However, the operation of proportional-
integral-derivative (PID) control is simple and widely used [19,20]. Fuzzy control does
not require the establishment of mathematical models, but needs control rules to be set
according to control experience. However, since no integral part exists, the steady-state
error is often difficult to eliminate [21,22]. Therefore, PID control and fuzzy control can be
combined to obtain an accurate water and fertilizer control system [23].

Current research dealing with fertigation control systems and equipment uses liquid
fertilizer or dissolves the solid fertilizer ahead of the application. In the present work,
a control system for the dissolution of solid fertilizer was designed using a fuzzy PID
algorithm to solve the lag of solid fertilizer dissolution. The control system was applied to
the self-developed solid-fertilizer-dissolving device to adjust the working parameters in real
time according to the set concentration. The results showed that the fertilizer concentration
could be stabilized around the set value, solving the problem of poor fertilizer uniformity
caused by the lag of solid fertilizer dissolution.

2. Design of the Solid-Fertilizer-Dissolving Control System
2.1. Structure and Working Principle of the Solid-Fertilizer-Dissolving Device

The structure of the dissolving device is shown in Figure 1. The system mainly consists
of the fertilizer-adding part, mixing part, and control part. The fertilizer-adding part is
mainly composed of a hopper, screw rod, and stepping motor, allowing the addition of
solid fertilizer according to the set rate. The mixing part consists of a direct-current motor,
a mixer, a filter, a mixing barrel, and a direct-current pump, all used to fully mix the
water and solid fertilizer. The filter is installed in the stirring drum and used to screen
the water-insoluble impurities in the solid fertilizer. The control part consists of a flow
sensor, EC sensor, and circuit board installed in the control cabinet. Meanwhile, the circuit
board in the control cabinet is used to control the stepping motor, direct-current motor,
and direct-current pump, as well as to process the signals collected by the flow sensor and
the conductivity sensor. Additionally, the water inlet pipe extends to the outer wall of the
filter through the mixing barrel. In this way, the water inlet pipe impacts the solid fertilizer
accumulated at the bottom to accelerate the dissolution of the fertilizer. On the other hand,
the fertilizer solution outlet pipe also extends to the outer wall of the filter through the
mixing barrel. The EC sensor is installed on the fertilizer solution outlet pipe to measure
the fertilizer solution’s concentration at the device outlet. Finally, a sewage outlet pipe is
used to discharge excess residual fertilizer solution.
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Figure 1. Schematic diagram of the solid-fertilizer-dissolving and -applying device: (1) hopper; (2)
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filter; (13) mixing barrel; (14) sewage outlet pipe.

2.2. Design of the Control System
2.2.1. Design of the Hardware System

The main controller of the solid fertilizer dissolution control system was an STM32,
used for processing and sending signals [24]. The hardware design of the control system
included three parts: (i) fertilizer flow rate control, (ii) water flow rate control, and (iii) fer-
tilizer solution concentration detection. The fertilizer flow rate control was achieved by
changing the speed of the stepping motor. In other words, faster speeds of the stepping
motor would yield faster fertilizer flow rates. The stepping motor turned the electric pulse
signal into angular displacement through the driver. Therefore, a PWM wave with a duty
ratio of 50% and adjustable frequency was set as a pulse signal input to the front end of the
stepping motor’s drive circuit, and the output of multiple pulse numbers was determined
through interrupt counting. In addition, a timer function was used to stop and start the
stepping motor.

The adjustment of the water flow rate was achieved by changing the motor speed
of the direct-current pump. To solve the problem of insufficient driving ability of the
single-chip microcomputer’s output signal, a full-bridge driving circuit was employed
to control the speed of the direct-current motor, which then controlled the direct-current
water pump [25]. The flow of the direct-current water pump was regulated by a PWM
wave with different duty cycles given by the single-chip microcomputer. After completing
the water supply, the timer was turned off to stop the operation of the direct-current water
pump. An input-level sensor was also used in this design for real-time monitoring of the
height of the fertilizer solution present in the bucket [26]. When the liquid level in the
fertilizer barrel exceeded the preset dangerous liquid level, the power supply of the device
was cut off automatically to prevent the fertilizer from overflowing. This design indirectly
detects the concentration of the fertilizer solution by estimating the EC value of the fertilizer
solution exported by the device. The EC value of the fertilizer solution was measured by
the conductance electrode. The detection circuit was mainly composed of an RC oscillator,
Schmidt trigger, and binary divider.

2.2.2. System Software Design

In the second part, reserved for adding the fertilizer, a stepping motor was used to
adjust the amount of fertilizer in real time to achieve precise fertilizer allocation. The
stepping motor drive flowchart is provided in Figure 2.

The stepping motor drive functioned as a timer. Firstly, the timer was initialized, and
the count started after assigning the initial value. The output pulse wave drove the motor
to rotate, and the encoder fed back the motor speed. The control system then fine-tuned
the stepping motor according to the relationship between the stepping motor speed and
amount of added fertilizer to control the fertilizer flow rate. At relatively fast speeds of the
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stepping motor, the pulse frequency was reduced; otherwise, it increased. After complete
addition of the fertilizer, the timer was turned off, and the stepping motor stopped running.
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Figure 2. Stepping motor drive control process flowchart.

The direct-current water pump in the water supply section was adjusted by PWM
and enabled the signal given by the single-chip microcomputer. The current signal was
generated upon water flowing through the flow sensor, while the voltage signal was
obtained through the I/U conversion circuit. The single-chip microcomputer was used
to measure the average voltage after sampling several times, followed by converting the
water flow rate according to the relationship between voltage and flow rate. This would
adjust the PWM duty cycle, thereby controlling the water flow rate.

To produce signal acquisition conductance electrodes through the design of a signal
conditioning circuit and a stable output voltage signal, the ADC was sampled many times
by the single-chip microcomputer to calculate the average voltage. To reduce the error, the
EC value of the fertilizer solution was calculated according to the numerical relationship
between the voltage and the electrode range. Finally, the fertilizer solution concentration
was converted according to the functional relationship between the fertilizer solution
concentration and the electrical conductivity calibrated experimentally. The program
flowchart of fertilizer solution concentration detection is depicted in Figure 3.
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2.2.3. Design of the Closed-Loop Feedback System Based on Fuzzy PID

Since the dissolution and application of water and fertilizer occurred in real time,
great uncertainty should be expected. To obtain better control of the water and fertilizer
dissolution, a simplified dynamic model of dissolution was thus established to analyze
the changing characteristics of the dissolution process by ignoring other interfering factors
and assuming mixed fertilizer barrels with an unchanged liquid level. Moreover, the
liquid fertilizer product remained the same, and the input of the whole fertilizer mixing
process for solid fertilizer and water supply after the solid fertilizer and water were mixed
adequately yielded a uniform fertilizer solution concentration. The latter was used as the
output for the solution of mixed fertilizer. The dynamic model of the composting process
established in this paper is illustrated in Figure 4.
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According to the principle of fertilizer balance, Equation (1) can be obtained when
the system reaches dynamic equilibrium. This can be accomplished by following the
conservation of fertilizer quantity. Furthermore, Equation (2) can be obtained by following
the conservation of fertilizer solution volume in the fertilizer mixing barrel.

d[V(t)Cout(t + τ)]

dt
= Cq(t)− Qout(t)Cout(t + τ) (1)

dV(t)
dt

= Qin(t) + q(t)− Qout(t) (2)

Equation (3) consists of the following hypothetical condition:

Qin(t) + q(t) = Qout(t) (3)

After substituting Equations (2) and (3) into Equation (1), the dynamic expression of
the fertilizer mixing process can be obtained:

V(t)
dCout(t + τ)

dt
+ Qout(t)Cout(t + τ) = Cq(t) (4)

where Qin(t) is the water flow rate (m3/h), Q(t) represents the fertilizer addition rate
(kg/min), C is the nutrient content of the fertilizer, Qout(t) denotes the flow rate of the output
fertilizer solution (m3/h), Cout(t) is the concentration of the output fertilizer solution (g/L),
and V(t) refers to the volume of the fertilizer solution in the fertilizer mixing barrel (L).

Equation (4) is a simplified dynamic model of solid fertilizer dissolution and the
application process integrating water and fertilizer. Based on this model, PID control and
fuzzy control were further adopted in this study to set the control parameters of both
fertilizer flow rate and water flow rate in the software program, so as to accurately adjust
the fertilizer concentration at the outlet of the mixing equipment. Fuzzy control includes
three processes: (i) fuzzy, (ii) fuzzy control rules, and (iii) defuzzification [27]. Such a
design achieves several features: The first consists of fertilizer solution concentration values
as input variables in the system. The second concerns the preliminary test data as the
fuzzy rules to detect the fertilizer solution concentration as the feedback variable system.
The third deals with input variables after variable feedback by defuzzification to adjust
the fertilizer solution concentration until meeting the preset fertilizer solution density.
According to the deviation e(t) between the given value r(t) of the system and the output
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response c(t), the PID controller uses the PID algorithm to calculate the control quantity
and adjust the concentration of the fertilizer solution. The control law can be expressed
as follows:

U(t) = Kp

{
e(t) +

1
Ti

∫ t

0
e(t)dt + Td

de(t)
dt

}
(5)

among the following quantities:

e(t) = r(t)− c(t) (6)

where Kp is the proportional gain, Ti represents the integral time constant, Td is the differen-
tial time constant, e(t) refers to the control deviation (g/L), r(t) is the set fertilizer solution
concentration (g/L), and c(t) denotes the actual fertilizer solution concentration (g/L).

In the actual control process, sampling the concentration of the fertilizer solution at
different times was necessary to calculate the deviation in the concentration of the fertilizer
solution, as well as to calculate the control quantity to necessary achieve good control of the
system. Therefore, the above continuous formulae required discretization. The discretized
PID consisted of two forms: (i) position, and (ii) incremental [28].

• Position PID control algorithm
At extremely small sampling periods, multiple sampling time points kT were set to
replace the continuous time t. The sum of the deviation of all time points was replaced
by integration, and the deviation increment of adjacent time points was replaced by
differentiation. The results can be obtained using Equations (7) and (8):∫ t

0
e(t)dt = ∑k

i=0 Te(i) (7)

de(t)
dt

=
e(k)− e(k − 1)

T
(8)

where T is the sampling period and k represents the sampling serial number.
Substituting Equations (7) and (8) into Equation (5) yields the position PID control
algorithm formula:

U(k) = Kp

{
e(k) +

T
Ti

∑k
i=0 e(i) +

Td
T
[e(k)− e(k − 1)

}
(9)

• Incremental PID control algorithm
The incremental PID only outputs the incremental ∆U(k) of the control quantity. The
output expression of (k − 1) times can be obtained from Equation (9):

U(k − 1) = Kp

{
e(k − 1) +

T
Ti

∑k
i=0 e(i) +

Td
T
[e(k − 1)− e(k − 2)

}
(10)

The incremental PID control algorithm formula can be obtained by subtracting
Equations (9) and (10):

∆U(k) = Kp[e(k)− e(k − 1)] + Kie(k) + Kd[e(k)− 2e(k − 1) + e(k − 2)] (11)

where Kp is the proportional gain, Ki represents the integral coefficient, and Kd is the
differential coefficient.

According to Equation (11), only e(k), e(k − 1), and e(k − 2) would affect the output of
delta ∆U(k) to reduce the influence of calculation error on the output control quantity. The
control quantity U(k) in the position algorithm corresponds to the state of the controlled
object. Upon disturbance of the control quantity and distortion of the signal, the controlled
object produces a large error. Therefore, the incremental PID control algorithm was adopted
in this paper. Fat-soluble solid fertilizer equipment, through the sensor detection and
feedback of fertilizer solution concentration information, was used to determine the current
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time from the combination of fertilizer solution density deviation e and error change ec
as inputs. This was set according to the fuzzy controller to meet the requirements of
different PID parameter self-tuning times, real-time adjustment of the fertilizer flow rate,
and real-time control of the water flow rate. The actual fertilizer solution concentration was
then adjusted close to the preset value. The block diagram of the fuzzy PID control system
is shown in Figure 5.
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Figure 5. Fuzzy PID control system program diagram.

3. Test Scheme and Methods

The control system studied in this paper was designed to adjust the stepping motor
speed by changing the PWM frequency. By varying the duty ratio of the PWM wave to ad-
just the water flow rate, the fertilizer solution concentration was determined by measuring
the electrical conductivity. To precisely control and detect the solid fertilizer dissolution
and application device using the control system, calibration of the relationships between
the above parameters through experiments was necessary to establish the relationship of
the control program. Furthermore, a dissolution and application device equipped with
the control system was taken as the research object to analyze the control performance of
the system. As shown in Figure 6b, a device performance test rig was built. A schematic
diagram of the device performance test is shown in Figure 6a.
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motor; (8) water pump; (9) flowmeter; (10) fertilizer solution export; (11) control panel; (12) filter.
(b) Performance test bench of the solution applicator equipped with the control system.

The experiments were carried out in the Sprinkler Irrigation Laboratory of the Fluid
Mechanical Engineering Technology Research Center of Jiangsu University. To facilitate the
observation, both the outlet pump and the inlet pump used direct-current water pumping.
The white plastic bucket on the left-hand side stored the water for supply. The solid
fertilizer was then added to the funnel of fertilizer inlet, followed by installing the sensors
and control components, as well as other equipment. Next, the device was checked to
ensure that it was in good condition, and then tested to confirm the relevant operation state.
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3.1. Calibration Testing of the Fertilizer Addition Rate

In a previous study [29], the following formula was proposed to calculate the fertil-
izer rate:

q = 0.304πρ1.036(D2 − d2)
0.932

n0.948L0.964 × 10−9 (12)

where q is the fertilizer flow rate (kg/min), ρ represents the fertilizer bulk density (kg/m3),
n is the motor speed (r/min), D is the outer diameter of the screw (mm), d is the internal
meridian of the screw (mm), and L denotes the screw pitch (mm).

In Figure 6b, the outer diameter, inner diameter, and pitch of the screw in the test bed
are set to 25 mm, 12 mm, and 18 mm, respectively. As a result, the fertilizer flow rate in the
testing bed can be calculated as follows:

q = 4.43 × 10−6ρ1.036n0.948 (13)

For the same fertilizer, the fertilizer flow rate was only related to the speed of the
stepping motor, which can be adjusted through frequency. Therefore, calibration tests were
carried out on the relationship between the speed of the stepping motor and the frequency.
Here, the single-chip microcomputer sent PWM waves with frequencies of 120, 180, 240,
300, 360, 420, 480, 540, and 600 Hz. The number of turns driven by the motor to rotate the
screw within 2 min was tested.

3.2. Calibration Testing of the Water Flow Rate

The water source bucket was filled with water. Moreover, the direct-current pump’s
control duty ratio was adjusted to 15%, 20%, 25%, 50%, 75%, and 100%. The time taken for
the water in the water source bucket to be pumped out was tested under different duty
ratios. Finally, the time was converted into water flow rate and analyzed as a function of
the duty ratio.

3.3. Calibration Testing of the Relationship between the Concentration and Conductivity of the
Fertilizer Solution

In this experiment, two different kinds of fertilizer were tested to calibrate the test of
the fertilizer solution concentration: the first consisted of potassium chloride (total nutrient:
K2O ≥ 60%; average particle size: 0.60 cm), and the second was a compound fertilizer
(N-P2O5-K2O: 17-5-7, total nutrient ≥ 24%, average particle size: 0.45 cm). Their saturated
solubility at 20 ◦C was 0.230 and 0.922 g/cm3, respectively. Briefly, 1 L of water was put
into the bucket, and 10 g of each fertilizer was poured in sequence and left to dissolve
in the water. After even mixing, the EC value of the fertilizer solution was recorded
after each dissolution. According to the scattered points of the recorded test data, the
relationship between the concentration of fertilizer solution and the EC value was fitted
through regression.

3.4. Effects of the Fertilizer Flow Rate and Water Flow Rate on the Fertilizer Solution Concentration

The changes in the fertilizer solution concentration under different fertilizer flow rates
and water flow rates were investigated. Additionally, the variations in the fertilizer solution
concentration after adding the control system were compared. According to Equation (13),
stepping motor speeds of 60, 30, and 15 r/min led to corresponding fertilizer addition rates
of 0.26, 0.13, and 0.07 kg/min, respectively. The respective water flow rates were 1.5, 1.0,
and 0.5 m3/h. The fertilizer flow rate and water flow rate were tested in pairs, and the
results are listed in Table 1.

Table 1. Combined experiments of different fertilizer flow rates and water flow rates.

Pattern A B C D E F G H I

Water flow rate/m3 h−1 1.5 1.5 1.5 1.0 1.0 1.0 0.5 0.5 0.5
Fertilizer flow rate/kg min−1 0.26 0.13 0.07 0.26 0.13 0.07 0.26 0.13 0.07
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The mean deviation was used to measure the dispersion degree of a set of data, but
the stability of the fertilizer solution’s concentration required evaluation in this study [30].
Hence, Equation (14) was developed in this paper to calculate the fertilization uniformity
coefficient of this system:

DS
∗ = (1 − A.D.

C
)× 100% (14)

where DS* is the uniformity coefficient of fertilization (%), A.D. represents the average
deviation of the concentration data (g/L), and C is the arithmetic mean value of the
data (g/L).

To determine the long-term working state of the device, the dissolution and application
time of each combination test was extended to 110 min. The fertilizer was then continuously
added for the first 90 min and stopped for the last 20 min. After obtaining a stable test
bed, the control variable test method was used for testing, and data under combined tests
were obtained.

3.5. Control System Performance Testing

In practical applications, the fertilizer would take some time to dissolve completely.
Thus, the control system developed in this study fine-tuned the fertilizer flow rate and water
flow rate through fuzzy PID control to yield a stable concentration of fertilizer solution
in the fertilizer application device. For this reason, the control performance of the control
system was tested on the test platform (Figure 6b). Potassium chloride was employed as the
test fertilizer; the initial water flow rate was set to 2 m3/h, and the fertilizer flow rate was
0.5 kg/min. The concentrations of the fertilizer solution were fixed at 2, 4, 6, 8, and 10 g/L.
The electrical conductivity in the mixing barrel of the device equipped with a control system
was converted into concentration. After completion of the setting, the test stand was started,
and fertilizer was supplemented to the hopper at all times. The data were measured every
1 min from the start of the process, and the experiment lasted 90 min. The change in the
fertilizer solution’s concentration in the mixed fertilizer barrel over time was plotted for
analysis. The control system was evaluated in terms of three performance indicators (i.e.,
stability, rapidity, and accuracy) to analyze its performance. The three indicators of the
control system were represented by specific parameters: Stability consisted of the time
taken by the control system to return to the set value after adjusting the concentration of
the fertilizer solution when interference was recorded as the adjustment time. Rapidity
represented the time required for the fertilizer solution’s concentration to reach the set
value from the beginning, denoted as the response time. Accuracy was the absolute value
of the difference between the output value and the set value when the concentration of the
fertilizer solution became stable, denoted as the steady-state error (Equation (6)).

4. Results and Analysis
4.1. Relationship between Fertilizer Flow Rate and PWM Wave Frequency

The relationship between speed and PWM wave frequency after testing is shown
in Figure 7. An obvious linear relationship between motor speed and PWM wave fre-
quency was observed. After fitting, the relationship between motor speed and PWM wave
frequency can be expressed by Equation (15):

n = f /4 (15)

where n is the stepping motor speed (r/min) and f represents the pulse frequency (Hz).
Substituting Equation (15) into Equation (13) yields the relationship between fertilizer

flow rate and frequency:
q = 1.19 × 10−6ρ1.036 f 0.948 (16)
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4.2. Relationship between Water Flow Rate and PWM Duty Cycle

The relationship between water flow rate and PWM wave duty cycle after testing is
shown in Figure 8. After fitting, the relationship between the flow rate and PWM duty
cycle can be expressed as follows:

q = 0.014DC − 0.05 (17)

where q is the water flow rate (m3/h) and DC refers to the duty ratio.
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The experimental results showed a linear relationship between the water flow rate
and PWM duty cycle.

4.3. Relationship between the Concentration of Fertilizer Solution and Electrical Conductivity

The experimental relationship between the concentrations of the potash fertilizer and
compound fertilizer solution and the EC values is illustrated in Table 2. After fitting, an
obvious linear relationship between the concentration of the fertilizer solution and the
EC value was observed [31]. The relationship between the concentration of the fertilizer
solution and the conductivity of the two fertilizers can be further obtained by Equations (18)
and (19):

CK = 0.48EC − 2.5 (18)

CF = 0.92EC − 0.92 (19)
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where CK represents the concentration of the potash fertilizer solution (g/L), CF is the
concentration of the compound fertilizer solution (g/L), and EC is the conductivity value
of the fertilizer solutions (mS/cm).

Table 2. Test data sheet of the relationship between the concentration of fertilizer and the conductivity.

Fertilizer Solution
Concentration (g/L) 0 10 20 30 40 50 60 70 80 90 100

EC of K2O (mS/cm) 0.6 34.42 46.67 68.27 90.12 111.3 131.02 151.18 171.7 189.49 207.2
EC of N-P2O5-K2O (mS/cm) 0.58 14.14 25.13 35.34 43.1 62.83 59.1 68.06 77.61 95.78 115.89

After fitting, the correlation coefficients of the potash fertilizer solution concentration,
compound fertilizer solution concentration, and EC value were estimated to be 0.999, 0.96,
and 0.97, respectively. The linear relationship between the concentration of the potash
fertilizer solution and the EC value was the best. Therefore, the potash fertilizer was used as
the test fertilizer in subsequent experiments to improve the control accuracy of the fertilizer
solution concentration. The control system of the designed fertilizer solution concentration
detection process only required conversion of the EC value of the fertilizer solution to yield
the concentration of the fertilizer solution.

4.4. Influence of the Control System on Fertilizer Solution Concentration

The variation curves of fertilizer concentration over time, with or without a control
system, in different modes, are depicted in Figures 9 and 10. In different modes and after
some time, the concentration of the solution reached a stable value. When the concentration
of the fertilizer solution changed greatly, the control system adjusted to ensure the stability
of the concentration of the fertilizer solution. Comparing Figures 9 and 10, it can be seen
that the uniformity and stability of the fertilizer solution’s concentration were significantly
improved using the control system.
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Based on Equation (14), the fertilization performance parameters of the dissolution
and application device were obtained when the control system was adjusted (Table 3).
According to the uniformity coefficient of fertilization, the stability of the fertilizer solution’s
concentration was significantly improved when the fertilizer was regulated by the control
system. The uniformity coefficient of fertilization in each mode reached more than 65%,
with an average of 69.16% and a maximum of 74.58%. Using the control variable method,
A-B-C, D-E-F, and G-H-I were divided into three groups. When the water flow rate was
constant, the concentration of the fertilizer solution increased with the fertilizer flow rate
until reaching a stable value, with an approximately positive linear relationship. A-D-G,
B-E-H, and C-F-I were divided into three groups. When the rate of fertilizer addition was
constant, the change trend of the fertilizer solution’s concentration was similar, while the
stable value appeared different. The fertilizer solution concentration increased as a function
of the decrease in the water flow rate until reaching a stable value, with a negative linear
relationship.

Table 3. Fertilizer performance parameters of the solution application device under different fertilizer
flow rates and water flow rates.

Different Patterns A B C D E F G H I

Fertilizer solution concentration at
stabilization/(g/L) 4.78 2.64 1.21 6.89 3.36 1.41 9.08 4.07 1.68

The average concentration of the fertilizer
solution/(g/L) 4.01 2.21 1.03 5.70 2.71 1.17 7.53 3.30 1.37

Coefficient of evenness of fertilization/(%) 71.10 71.36 74.58 68.66 65.13 69.18 69.72 65.71 66.96

4.5. Control System Performance

After setting the target fertilizer concentration at the outlet of the fertilizer mixing
barrel, the actual fertilizer concentration was measured, and the change curve of fertilizer
concentration was obtained. In Figure 11, A, B, C, D, and E represent the fertilizer solution
concentration change curves with the set values of 2, 4, 6, 8, and 10 g/L, respectively. It
can be seen that the export of fertilizer solution concentration reached a set value after a
certain time to prevent any further rise in the fertilizer solution concentration, which would
yield excessive overshoot. Thus, the software program limited the range within ±1 g/L,
so that the fertilizer solution concentration under the adjustment of the control system
slowly became close to the set value. Over time, the concentration of the fertilizer solution
fluctuated less from the the set concentration.
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The related performance indices of the control system are shown in Table 4. The con-
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The related performance indices of the control system are shown in Table 4. The con-
centration of the fertilizer solution changed stably after controlling the solution application
device with the automatic control system and fuzzy PID control algorithm. After setting
the target concentration of the fertilizer solution, the control system quickly responded to
the target value, with a response time of about 10 min. After reaching the target value, the
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fluctuation range of the fertilizer solution’s concentration did not exceed 1 g/L, leading to
a time of about 10 min from the addition of the fertilizer to its complete dissolution. After
interference, the system was fine-tuned. The adjustment time from the beginning to the
dissolution and stabilization of the fertilizer solution was 20 min, with a steady-state error
of about 0.55 g/L. After about 1.5 h, the concentration of the fertilizer solution became
consistent with the set value. Overall, the design of the control system showed good
stability, speed, and accuracy.

Table 4. Performance indices of the mixed application control system.

Different Patterns A B C D E

The set value/(g·L−1) 2 4 6 8 10
Average fertilizer solution

concentration/(g·L−1) 1.92 3.82 5.72 7.63 9.52

Stability: adjust the time/min 20.16 20.23 20.31 20.46 20.57
Speed: the response time/min 10.63 10.71 10.89 10.91 10.98

Accuracy: the steady-state error/(g·L−1) 0.55 0.53 0.57 0.54 0.56

5. Discussion

In order to solve the problem of poor fertilization uniformity caused by the decompo-
sition hysteresis of solid fertilizer, a system combining fuzzy PID control with a fertilization
device was proposed, and achieved continuous and stable output of the fertilizer solution,
which was verified by tests to have good fertilization uniformity. This paper explores
the relationship between fertilizer flow rate and pulse-width-modulated wave frequency.
The results were consistent with those of Mirzakhaninafchi et al. [32], who used a PWM
valve to change the speed of a hydraulic motor and then adjust the feeding amount. The
relationship between the concentration of fertilizer solution and the electrical conductivity
was also investigated. Saiful et al. [33] tested the relationship between the volume of liquid
fertilizer and the EC value, and obtained the same linear fitting relationship as in this
study. The control system was evaluated in terms of stability, speed, and accuracy, and its
superiority was verified. This study lays the foundation for further study of fertilization
control systems. It provides a reference for the development of precise and intelligent
fertigation. In future research, it will be possible to develop more intelligent and widely
applicable systems. For example, the control system of the Internet of Things could be
applied in fertigation, enabling greater efficiency.

6. Conclusions

In this study, a solid fertilizer dissolution and application control system based on a
fuzzy PID algorithm was designed and tested as a self-developed fertigation device. The
control system consisted of the control of fertilizer flow rate and water flow rate, and the
detection of fertilizer concentration. The precise adjustments of fertilizer flow rate and
water flow rate were achieved. The fertilizer flow rate and water flow rate were changed in
real time to ensure the uniform and adjustable concentration of the fertilizer solution at the
outlet of the mixing equipment.

The relationship between fertilizer flow rate and PWM wave frequency, water flow
rate, and PWM wave duty ratio, as well as the relationship between the concentration of the
fertilizer solution and the electrical conductivity of two common solid fertilizers, was deter-
mined to provide theoretical guidance for the improvement of the control system program.

Using the control system, the uniformity of fertilization reached more than 65%, with
a maximum of 74.58%. The dissolving device with the control system quickly responded to
the target value, and the fertilizer concentration fluctuated within the range of the set value
(at most ±1 g/L). The response time from the beginning of the system to the complete
dissolution of fertilizer was about 10 min, and the adjustment time from the fine-tuning of
the system to the stabilization was around 20 min. The steady-state error was estimated
to be about 0.55 g/L, showing good stability, speed, and accuracy. After verifying the
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regulation using the control system, the device had better fertilization uniformity, solving
the problem of solid fertilizer dissolution hysteresis.
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