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Abstract: An appropriate pH value of liquid fertilizer can enable crops to better absorb nutrients
from fertilizers. However, the mixed liquid fertilizer with high concentration of liquid fertilizer and
irrigation water has a high pH value, which affects the absorption of nutrients by crops. Therefore, the
precise regulation of liquid fertilizer pH value is an important link to realize the integration of water
and fertilizer in modern agriculture. Due to pipeline transportation and diffusion of the regulating
liquid and liquid fertilizer, the pH value control system has the characteristics of time-varying,
non-linear and time-delayed models, and it is difficult for ordinary controllers to accurately control
the pH value of liquid fertilizer. Therefore, modern agriculture urgently needs a controller that can
adapt to non-linear and uncertain systems. According to the characteristics of the pH regulation
process of liquid fertilizer, this study proposes and designs a modified fuzzy-PID-Smith predictive
compensation algorithm, which adds the fuzzy-PID algorithm to the predictor of the conventional
Smith algorithm to compensate for the error between the actual and theoretical models in order to
reduce the decline of control quality caused by the model mismatch to the control system. To verify
the practicability and robustness of the algorithm in practical applications, a liquid fertilizer pH value
control system with STM32F103ZET6 as the control core was developed. The pH control system with
fuzzy-PID and Smith algorithm as controller was used as the control group. The model was simulated
and tested under two conditions of exact matching and imprecise matching, and performance tests
were carried out under different output flow rates. The results showed that the maximum overshoot
of the modified fuzzy-PID-Smith predictive compensation algorithm was significantly less than that
of the other two algorithms at different output flow rates, with an average of 0.23%. The average
steady-state time of adjusting the pH value of liquid fertilizer from 7.3 to 6.8 was 72 s, which was
superior to the 145 s and 3.2% of fuzzy-PID and 130 s and 1.4% of the Smith controller.

Keywords: integration of water and fertilizer; pH regulation; Fuzzy-PID-Smith algorithm; time lag;
estimated compensation; process control

1. Introduction

In recent years, with the advancement of agricultural mechanization and modern-
ization, the integration of water and fertilizer technology has rapidly developed. The
integration of water and fertilizer is a new agricultural technology that integrates agricul-
tural irrigation and fertilization control. According to the nutrient demand of crop growth,
this technology accurately regulates the pH value and EC value of water and fertilizer and
gives the optimal pH value of water and fertilizer for crop growth, which is conducive
to the absorption of liquid fertilizer nutrients by crop roots and the promotion of crop
growth [1]. After adjusting the pH value, water and fertilizer can effectively improve the
soil quality and reduce the pollution of fertilizer in the environment [2].
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However, In precision agriculture, the regulation process of liquid fertilizer pH value
has the volume delay of pipeline transmission and a reaction delay of the neutralization
process, resulting in time-varying, hysteresis and non-linearity of the system [3,4]. Un-
derstanding how to apply fertilizer quickly and effectively adjust the pH value of water
and fertilizer in the process is a hot issue in today’s water and fertilizer integration tech-
nology [5]. Tan et al. [6] obtained the parameters of the static antititration relationship
through a genetic algorithm, linearized the regulation process model, and then applied
the PID controller after parameter optimization to the pH value regulation device. The
experiment showed that the controller had a faster response speed and smaller overshoot in
pH regulation. Zou Zhiyun et al. [7] proposed a non-linear Hammerstein MAC algorithm,
which can track the set value in time and suppress interference. Through simulations
and experiments, it was found that even in the case of model mismatch, the non-linear
Hammerstein MAC algorithm showed good robustness and stability. Homero J. Sena
et al. [8] designed a real-time adaptive correction of artificial neural network prediction
through the extended Kalman filter (EKF). Compared with the MPC of the artificial neural
network, this algorithm reduced the oscillation of the system and the sum of square error of
the controlled pH value by 64.3%. Sanaz Mahmoodi et al. [9] designed a Wiener–Laguerre
model. The linear and non-linear parts of the Wiener structure of the model were Laguerre
filters and simple polynomials. Based on this model, the pH neutralization process identifi-
cation was evaluated in different orders. Experimental results showed that the model fitted
well and improved the quality of the model. E. Ali [10] designed an adaptive PI algorithm
to predict the closed-loop response of the model and sensitivity to the algorithm parameter
settings according to the characteristics of the pH neutralization process and then adjusted
the controller parameters online.

Adjusting and optimizing a fuzzy algorithm can improve the control effect of a non-
linear system noticeably. B. Demaya et al. [11] associated the gradient algorithms and
Rosenbrok’s algorithms with the qualitative supervision level of multilayer structure to
optimize the fuzzy controller, and put the optimized fuzzy controller into the chaotic
system for simulation experiment. The results showed that the algorithm had good control
effect in linear, nonlinear, stable and unstable systems. T. Nalovsky et al. [12] improved
the fuzzy PI control system of superheated steam temperature for a once-through boiler,
optimizing the parameters of the fuzzy function of high-pressure steam temperature by
minimizing the minimum deviation between the actual temperature output calculated
by the standard and the response output with fixed parameters. The simulation results
showed that the system can significantly improve the controlled process. Shahid Hussain
et al. [13–15]. undertook in depth research on the optimization and application of fuzzy
control. When an EV parking lot is faced with a huge charging load, Shahid Hussain
proposed a fuzzy logic weighting scheme, which assigns weights to the relevant states
of each vehicle and schedules the charging operation according to the weights, so as to
optimize the distribution of charging power for an EV. Under the constraint of a power grid,
a two-stage fuzzy logic reasoning algorithm was proposed to optimize the performance
quality of the EV parking lot. In the first stage, the total charge–discharge energy of the EV
is obtained by the next travel distance of EV, and in the second stage, the charging amount
of the EV is regulated by preference variables.

At present, the most common method to overcome pure hysteresis in industry is
Smith predictive control [16]. Guangda Chen [17] proposed a Smith predictor combined
with linear active disturbance rejection control (LADRC), which solves the problem of
the estimated and actual models in the Smith predictor needing to be accurately matched.
It was proven after simulation testing and application experiments. The performance
indicators of this algorithm are better than those of traditional algorithms. Haocai Huang
et al. [18] put a first-order filter in the Smith predictor in view of the characteristics of
large inertia, time delay and a complex and changeable environment in the process of
deep-sea hydraulic oil replenishment. The simulation results of the controller showed that
the algorithm has small oscillations and overshoots and can reach the steady state of the
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system in a short time. The algorithm also confirmed the simulation results in practical
applications. Vicente Feliu-Batlle and Raul Rivas-Perez [19] established a dynamic model of
heating furnace crude oil temperature control. To ensure the stability and sensitivity of the
control, they designed a proportional integral controller embedded in the Smith predictor.
The simulation results showed that the system can effectively suppress the interference
and maintain steady-state control in the dynamic changes of parameters.

In this paper, fuzzy-PID, Smith and modified fuzzy-PID-Smith controllers (hereinafter
referred to as FP-Smith controllers) for adjusting the pH value of liquid fertilizers were
designed. The simulation analysis was carried out for two cases of model matching and
non-matching, and the step response curve was obtained. The performance evaluation
of the controller through four aspects—rise time, peak time, maximum overshoot and
steady-state time [20]—indicates that the FP-Smith controller has the best control effect.
In addition, based on STM32F103ZET6, four control algorithms were applied to the pH
control system of liquid fertilizer, and the effectiveness of the three algorithms was verified
by experiments. The results further showed that the FP-Smith predictor compensator can
effectively solve the time-variation, time-delay and non-linearity of the pH control model
of liquid fertilizer. Thus, this approach meets the requirements of precise control of the pH
value of liquid fertilizer by the controller.

The purpose of this paper is to propose a modified fuzzy-PID-Smith predictive com-
pensation control algorithm in view of the time-varying, time-lag, and non-linear charac-
teristics of pH adjustment when water and fertilizer are mixed. This algorithm can quickly
adjust the pH value of water and fertilizer to the set value in the pH value adjustment and
reduce the adverse effects of system time delay on controller performance.

The chapters of this article are as follows: the second section introduces the working
principle of the pH value control system, establishes a mathematical model of pH value
control, and analyses the characteristics of liquid fertilizer pH value control. In the third
section, the mathematical derivation of the FP-Smith predictive compensator algorithm is
carried out, the fuzzy-PID, Smith, and FP-Smith predictive compensators are simulated
and analyzed, and the model is evaluated through simulation analysis. The fourth section
introduces the test platform and devices and analyses the experimental results to verify
the simulation results. The fifth section analyses the performance of the controller through
experiments. The sixth section draws conclusions.

2. pH Control Equipment and Control Model
2.1. pH Control Equipment

The structure of the pH control equipment is shown in Figure 1. The control device is
composed of hose pumps, solenoid valves, reservoirs, regulating liquid tanks, flow metres,
pH composite electrodes and stirring pumps. The mixing tank includes inlets for water,
fertilizer and conditioning liquid, and the outlet is connected to a field drip irrigation belt
to form a precise fertilization system. The dilution ratio of liquid fertilizer was 1:10, and the
pH value of the diluted solution was 7.3. The dilute hydrochloric acid solution was stored
in an adjusted solution tank at a concentration of 0.2 mol/L. There were flow metres and
pressure gauges at the inlet and outlet of the fertilizer tank, and a pH sensor was placed in
the fertilizer tank to detect the pH value of the fertilizer solution. The material-conveying
device used in the control device is a hose pump, which is composed of a pump body and
a three-phase asynchronous motor. The material to be conveyed is wrapped by a hose, the
three-phase asynchronous motor is connected to the pump body of the hose pump, and the
material is transported by the pressure formed by the squeezing of the hose on the roller.
The control system achieves precise regulation by changing the frequency of the frequency
converter connected to the hose pump to control the outlet flow of the hose pump.
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Figure 1. A diagram of the structure of the pH-controlled liquid fertilizer device. 1. Water source,
2. fertilizer tank, 3. regulating tank, 4. check valve, 5. solenoid valve, 6. hose pump, 7. flow metre,
8. pressure gauge, 9. mixing tank, 10. level metre, 11. Y filter, 12. holding valve, 13. drip irrigation
belt, 14. pH sensor, 15. stirring pump.

The control system employs an STM32F103ZET6 single-chip microcomputer. We
wrote the FP-Smith predictive compensation algorithm into a single-chip microcomputer,
and took the input pH value as the set value and the collected pH value of the mixed
fertilizer solution as the feedback value. After calculation, the flow of the required adjusted
solution was obtained, and the flow was converted into the operation frequency of the
hose pump [21] to regulate the pH value of the mixed fertilizer solution.

During the operation of the system, after the pH value of the mixed fertilizer solution
and the fertilizer flow rate are set at the monitoring terminal, the fertilizer and clean water
are respectively pumped out from the fertilizer storage tank and the reservoir by the
fertilizer pumping hose pump and the water pumping hose pump in a certain proportion
and mixed in the mixing tank. When the control system detects that the pH value of the
solution in the mixing tank is different from the expected value, the solenoid valve opens
and adjusts the hose pump to run at a certain frequency. The adjusted solution is drawn
into the mixing tank by the hose pump, and the mixing pump stirs the mixed fertilizer
liquid until the control system detects that the pH value of the mixed fertilizer solution
reaches the set value, and the system reaches the steady state.

2.2. Description of the Mixed Fertilizer pH Adjustment Process

In the process of adjusting and controlling the mixed liquid fertilizer, it is assumed
that the liquid in the mixing tank is fully mixed, and that the pH value is unaffected by
the temperature change of the liquid. The entire liquid fertilizer pH control model is
regarded as a continuous stirred tank reactor (CSTR) model [22,23]. Irrigation water and
liquid fertilizer are weakly alkaline, and the adjusting solution is a dilute hydrochloric acid
solution. Accordingly, the pH adjustment process in the fertilizer tank can be regarded as a
strong acid and weak alkali neutralization process [24]. A schematic diagram of the pH
adjustment process is shown in Figure 2.

2.2.1. Static Model

The ionization process for dilute hydrochloric acid can be described as:

HCl = H+ + Cl− (1)
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Liquid fertilizer ionization processes can be described as:

B(OH)p 
 B(OH)+p−1 + OH−

Kb1 = [B(OH)+p−1][OH−]/[B(OH)p]

B(OH)+p−1 
 B(OH)2+
p−2 + OH−

Kb2 = [B(OH)2+
p−2][OH−]/[B(OH)p−1]

. . .
B(OH)(p−1)+ 
 Bp+ + OH−

Kbp = [Bp+][OH−]/[B(OH)(p−1)+] (2)

here Kbp is the ionization balance constant for each stage of the fertilizer. The ionization
equilibrium constant reflects the ionization capacity of weak electrolytes.
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Figure 2. A diagram of the pH adjustment process. 1. V, mixed tank volume, 2. Qa acid input flow,
3. Ca acid concentration, 4. Qf fertilizer input flow, 5. Cf fertilizer concentration, 6. Cm mixed fertilizer
concentration, 7. Om mixed fertilizer outflow flow.

The ionizing balance equation of water can be described as:

H2O 
 H+ + OH−

Kw = [H+][OH−] (3)

where xi is the ion concentration of alkali ions in the mixed fertilizer liquid.

xi = [B(OH)p] + [B(OH)+p−1] + · · ·+ [Bp+] (4)

In the mixture, according to the charge balance equation (the positive charge of the
cation band is equal to the negative charge of the anion band), it can be concluded that:

[Cl−] + [OH−] = [B(OH)+p−1] + 2[B(OH)2+
p−2] + · · ·+ p[Bp+] + [H+] (5)

We define:
n

∑
i=1

bi([H+]) · xi = [B(OH)+p−1] + 2[B(OH)2+
p−2] + · · ·+ p[Bp+] (6)

where:

bi([H+]) =
pi[H+]

pi + (pi − 1) Kw
Kbpi

[H+]
pi−1

+ · · ·+ K
pi−1
w [H+ ]

Kb2i
Kb3i

...Kbpi

[H+]pi + Kw
Kbpi

[H+]pi−1 + · · ·+ K
pi−1
w [H+ ]

Kb2i
Kb3i

...Kbpi
+ K

pi
w

Kb1i
Kb2i

...Kbpi

(7)
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Simplifying the pH regulation model as the neutralization of dilute hydrochloric acid
with a primary weak alkali results in the charge balance equation:

[Cl−] + [OH−]−
n=1

∑
i=1

bi
(
[H+]

)
· xi − [H+] = 0 (8)

where, put n = 1, i = 1 into Equation (7):

b1([H+]) =
1

∑
i=1

b1([H+]) =
[H+]

[H+] + Kw
Kb1

=
1

1 + [OH− ]
Kb1

(9)

Taking pH as the process quantity, the static regulation pH value equation of liquid
fertilizer can be obtained from Equation (8) as follows:

y1 + 10pH−14 − 1
1 + 10pKb+pH−14 xi − 10−14 = 0 (10)

where pKb is the ionization equilibrium constant of the weak alkali of fertilizer,
pKb = −lg(Kb), and y1 = [Cl−].

2.2.2. pH Dynamic Governance Model

Depending on the principle of material conservation, dynamic equations for the status
variables of different items in the mixing tank can be listed as:{

V dy1
dt = QaCa −Omy1

V dx1
dt = Q f C f + QwCw −Omx1

(11)

The flow of liquid from the input and output should be dynamically balanced, then:

Om = Qa + Q f + Qw (12)

According to Equations (10) and (12), the mathematical model of the pH value control
process of liquid fertilizer can be obtained. From Equations (11) and (12), it can be observed
that the dynamic process of pH adjustment is slightly non-linear. When the output flow of
the mixed fertilizer in the mixing tank is much larger than the input flow of the adjusted
solution, the adjustment process can be considered linear. However, Equation (10) describes
the static model of pH adjustment with strong non-linearity. Additionally, the process
of dynamic regulation of pH is bound to be time-lagged and time-varying. Therefore,
the pH adjustment process has the characteristics of non-linearity and time lag. These
characteristics will seriously affect the controller performance.

2.3. System Identification

This paper takes the liquid fertilizer pH value control system as the research object,
integrates the control characteristics and model complexity, and uses the first-order system
transfer function with a delay link to describe the mathematical model of the pH value
control system [25]. The transfer function is shown in Equation (13):

G(s) =
K

Ts + 1
e−τs (13)

Given the open-loop system step response of pH = 6.8, a system sampling interval
time T = 1 s, an initial parameter of the mixed solution in the mixing tank pH = 7.3, we
obtained a step response curve of the system. We then used a first-order approximation
method through computer fitting for a step response curve of the system to obtain the
system transfer function:

G(s) =
0.99e−12s

29s + 1
(14)



Processes 2021, 9, 1506 7 of 18

where K is the gain coefficient, τ is the delay time, and T is the time constant. The system
has a delay of 12 s, τ/T ≥ 0.3. Therefore, the pH adjustment process of liquid fertilizer is a
large lag process.

3. pH Control System Controller Design Research and Simulation
3.1. Design of the Fuzzy-PID Controller

PID control is the most widely used controller in the industrial field and calculates
the deviation between the input and output of the system in accordance with the propor-
tional, integral, and differential functional relationship [26]. The PID controller equation is
Equation (15):

u(t) = Kp[e(t) +
1
Ti

∫
e(t)dt + Td

de(t)
dt

] (15)

Fuzzy-PID uses the deviation between the input and feedback as well as the rate of
change as input [27] and automatically adjusts the three parameters of the PID through
certain rules [28]. The input of the fuzzy algorithm in the control system of the pH value of
liquid fertilizer based on fuzzy-PID is the deviation and the deviation change rate between
the set pH value and the actual value [29], in which the deviation is e and the deviation
rate of change is ec. The variation range of e and ec is [−7, 7], the domain of the universe is
set to [−0.7, 0.7] through a quantization factor of 0.1, and the variation range of its output
Kp, Ki, Kd is [−0.3, 0.3], [−0.03, 0.03], [−0.1, 0.1]. The fuzzy subsets of e, ec, Kp, Ki, and
Kd are selected as [NB, NM, NS, ZO, PM, PS, PB], which are expressed as negative big,
negative middle, negative small, zero, positive small, positive middle and positive big. The
membership function of e and ec is shown in Figure 3.

Processes 2021, 9, x FOR PEER REVIEW 8 of 20 
 

 

 

Figure 3. The membership function of the fuzzy controller e, ec, Kp, Ki and Kd. 

The Madmdani method is used for fuzzy logic reasoning, and the center of gravity 

method is used to defuzzify the output results. The fuzzy rules are shown in Table 1. The 

contents in the table represent the three outputs of the fuzzy algorithm, Kp/Ki/Kd. 

Table 1. Fuzzy rule table. 

ec 
e 

NB NM NS ZO PS PM PB 

NB PB/NB/NB PB/NB/NB PM/NM/NM PM/NM/NM PS/NS/NS ZO/ZO/ZO ZO/ZO/ZO 

NM PB/NB/NB PB/NB/NB PM/NM/NM PS/NS/NS PS/NS/NS ZO/ZO/ZO NS/ZO/ZO 

NS PM/NB/NB PM/NB/NB PM/NS/NS PS/NS/NS ZO/ZO/ZO NS/PS/PS NS/PS/PS 

ZO PM/NM/NM PS/NS/NS PS/NS/NS ZO/ZO/ZO NS/PS/PS NM/PM/PM NM/PM/PM 

PS PS/NS/NS PS/NS/NS ZO/ZO/ZO NS/PS/PS NS/NS/NM NM/NM/NM NM/PB/PB 

PM ZO/ZO/ZO ZO/ZO/ZO NS/PS/PS NM/PS/PS NS/PS/PS NM/PB/PB NB/PB/PB 

PB ZO/ZO/ZO NS/ZO/ZO NM/PS/PS NM/PM/PM NM/PS/PS NB/PB/PB NB/PB/PB 

PID parameter tuning methods are generally the Cohen–Coon and Ziegler/Nichols 

methods. By comparison of calculation and simulation, the simulation results of PID pa-

rameters obtained by the Cohen–Coon method are better. Therefore, in this paper, the 

Cohen–Coon method is used to set the three parameters of PID, Kp, Ti, and Td. A fuzzy 

algorithm is used to set the parameters accurately. The Cohen–Coon method assigns the 

dominant poles of the system to attenuate the transition curve of the plant at a rate of 4:1 

to obtain the optimal PID parameters. The setting formula is shown in Equation (16): 

Figure 3. The membership function of the fuzzy controller e, ec, Kp, Ki and Kd.



Processes 2021, 9, 1506 8 of 18

The Madmdani method is used for fuzzy logic reasoning, and the center of gravity
method is used to defuzzify the output results. The fuzzy rules are shown in Table 1. The
contents in the table represent the three outputs of the fuzzy algorithm, Kp/Ki/Kd.

Table 1. Fuzzy rule table.

ec e

NB NM NS ZO PS PM PB

NB PB/NB/NB PB/NB/NB PM/NM/NM PM/NM/NM PS/NS/NS ZO/ZO/ZO ZO/ZO/ZO
NM PB/NB/NB PB/NB/NB PM/NM/NM PS/NS/NS PS/NS/NS ZO/ZO/ZO NS/ZO/ZO
NS PM/NB/NB PM/NB/NB PM/NS/NS PS/NS/NS ZO/ZO/ZO NS/PS/PS NS/PS/PS
ZO PM/NM/NM PS/NS/NS PS/NS/NS ZO/ZO/ZO NS/PS/PS NM/PM/PM NM/PM/PM
PS PS/NS/NS PS/NS/NS ZO/ZO/ZO NS/PS/PS NS/NS/NM NM/NM/NM NM/PB/PB
PM ZO/ZO/ZO ZO/ZO/ZO NS/PS/PS NM/PS/PS NS/PS/PS NM/PB/PB NB/PB/PB
PB ZO/ZO/ZO NS/ZO/ZO NM/PS/PS NM/PM/PM NM/PS/PS NB/PB/PB NB/PB/PB

PID parameter tuning methods are generally the Cohen–Coon and Ziegler/Nichols
methods. By comparison of calculation and simulation, the simulation results of PID
parameters obtained by the Cohen–Coon method are better. Therefore, in this paper, the
Cohen–Coon method is used to set the three parameters of PID, Kp, Ti, and Td. A fuzzy
algorithm is used to set the parameters accurately. The Cohen–Coon method assigns the
dominant poles of the system to attenuate the transition curve of the plant at a rate of 4:1 to
obtain the optimal PID parameters. The setting formula is shown in Equation (16):

Kp = T
Kτ (

4
3 + τ

4T )

Ti = τ(
32+ 6τ

T
13+ 8τ

T
)

Td = τ( 4
11+ 2τ

T
)

(16)

The mathematical model of the research object in this paper is shown in Equation (14),
where K = 0.99, T = 29, τ = 12, and the PID parameter tuning value of the Cohen–Coon
parameter tuning method can be obtained: Kp = 3.5, Ki = 0.14, Kd = 14.21.

The fuzzy-PID controller and control system model are shown in Figure 4.
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3.2. Design of the Smith Predictor

Industrial process control is often accompanied by a certain degree of delay link. The
delay link causes the system to produce a larger overshoot and a slower response speed.
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The Smith predictor is widely used in time-delay systems [30], which can significantly
improve the control performance of the time-delay system and reduce its instability.

The Smith controller adds a predictor to the system to estimate the lag of the system,
thereby significantly reducing the overshoot and response time. The principle structure
diagram of Smith predictive compensation control is shown in Figure 5:
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The figure G∗0 (s)e
−τs is the theoretical model of the system without lag, the pure lag

part of the model e−τ2s theory, G0(s)e−τ1s is the transfer function of the Smith estimated
model, Gc1(s) is the controller, and when G∗0 (s) = G0(s) the model is accurate, τ1 is τ2, at
which point the closed-loop transfer function of the system is:

Y(s)
R(s)

=
Gc1(s)G0(s)e−τs

1 + Gc1(s)G0(s)
(17)

The characteristic equation of a closed-loop system is:

D(s) = 1 + Gc(s)G0(s) = 0 (18)

The characteristic equation of the system does not include the pure lag link, so the
system eliminates the effect of pure lag on the control quality of the system. The simulation
model of the pH value control system based on the Smith controller is shown in Figure 6.
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Figure 6. Simulation model of the pH value control system based on the Smith controller.

When the model is inaccurate, G∗0 (s)e
−τs 6= G0(s)e−τs and τ1 6= τ2, and the model’s

transfer function is Equation (19).

Y(s)
R(s)

=
Gc1(s)G0(s)e−τ1s

1 + Gc(s)[G∗0 (s) + G0(s)e−τ1s − G∗0 e−τ2s]
(19)
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It can be obtained from the formula that the greater the error between the actual model
and the simulation model, the worse the control effect of the Smith predictor. The Smith
controller cannot correct the error between the actual model and simulation model in time.
Therefore, the Smith controller is not applicable to the situation where the actual model
differs greatly from the theoretical model [31].

3.3. Design of the Fuzzy-PID-Smith (FP-Smith) Predictive Compensator

FP-Smith predictive control adopts the addition of a predictive compensator to off-
set the time-delay term in the closed-loop characteristic equation, and the addition of a
suitable compensation controller greatly reduces the impact of the time-delay term on
the system [32]. A schematic diagram of the FP-Smith predictive compensator is shown
in Figure 7.
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The transfer function between the system output and the input is:

Y(s)
R(s)

=
Gc1(s)G0(s)e−τs

1 + Gc1(s)G∗0 (s)
1+G0(s)Gc2e−τs

1+Gc2e−τsG∗0 (s)

(20)

The system’s characteristic equation is:

D(s) = 1 + Gc1(s)G∗0 (s)
1 + G0(s)Gc2e−τs

1 + Gc2e−τsG∗0 (s)
= 0 (21)

If the mode of Gc2(s) selected is small enough,

1 + G0(s)Gc2(s)e−τs ≈ 1 (22)

1 + Gc2(s)G∗0 (s) ≈ 1 (23)

The closed-loop characteristic equation of the system then becomes:

Y(s)
R(s)

=
Gc1(s)G0(s)e−τs

1 + Gc1(s)G∗0 (s)
(24)

D(s) = 1 + Gc1(s)G∗0 (s) = 0 (25)

The stability of the system has nothing to do with the compensation controller and
has nothing to do with the time delay of the controlled object. Equation (25) shows that the
system model does not contain a time delay term.

For the controlled object with first-order inertia and pure hysteresis, to make the
system have no static error, the Gc1(s) controller adopts the PI controller and uses the decay
curve method for parameter-tuning PI controller parameters Kp = 0.28 and Ki = 0.11. The
compensation controller adopts the fuzzy-PID algorithm, and the system takes the error
and error rate of change between the actual and theoretical models as the input of the
fuzzy-PID algorithm. The fuzzy structure is shown in Section 3.1. The simulation model of
the pH value regulation system based on the FP-Smith predictive compensation controller
is shown in Figure 8.
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4. Simulation Results
4.1. The Model Is Accurate

In this paper, a pH value control system of liquid fertilizer based on a fuzzy-PID
controller, Smith controller and modified fuzzy-PID-Smith predictive compensator was
designed, and the simulation results were obtained and compared. According to the actual
situation, the initial pH value of the mixed liquid fertilizer was 7.3, the pH value of the
adjusted liquid fertilizer was reduced to 6.8, and the simulation time was 500 s. The
response speed of the controller and the steady state of the process are the focus of ongoing
research [33]. The performance indicators of the controller are evaluated by rise time, peak
time, steady state time, and maximum overshoot. The rise time is the time when the system
reaches the steady state value for the first time. The peak time is the time when the system
reaches the peak value for the first time, and the steady state time is the time it takes for the
system to reach steady state. The steady state error is±0.05. The rise, peak, and adjustment
times reflect the response speed of the controller, and the maximum overshoot reflects the
stability of the controller’s control process [34]. The response curves of the three controllers
when the models are accurately matched are shown in Figure 9, and the performance
indicators are shown in Table 2.
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Table 2. Controller performance indicators under the precise model.

The Controller Type Rise Time(s) Peak Time(s) Steady-State Time(s) Maximum Over-Conditioning

Fuzzy-PID 20.201 29.373 87.926 4.9%
Smith 41.430 60.227 77.135 0.4%

FP-Smith 45.632 56.816 37.951 0.1%

In the case of the accurate model, the three controllers show different performances.
The steady-state time of the FP-Smith controller is 37.9 s, and the overshoot reaches 0.1%,
which is significantly smaller than the other two controllers, reflecting that this control has
a faster response speed and better stability. The Smith controller’s steady-state time and
rise time are slower, 77.1 s and 41.4 s, respectively, reflecting the poor response speed of
the controller. The rising speed of the fuzzy-PID controller is significantly faster than that
of the other controllers. The controller produces larger oscillations and overshoots. The
maximum overshoot reaches 4.9%, and the overall control effect is poor.

4.2. Model Mismatch

In the actual liquid fertilizer pH adjustment process, due to the high complexity of
the system and environmental changes, it was difficult to obtain an accurate mathematical
model of the system, which led to deviations between the theoretical model and the actual
measurement [35]. This model mismatch will seriously affect the control results of the
controller, making it difficult for the controller to operate accurately and steadily. Therefore,
this article simulates the three controllers to test the performance of the controllers when
the models do not match.

According to the actual situation, we set the actual model K = 1.5, T = 29, τ = 13 s and
added the interference with an amplitude of 0.5. The step response curves of the three
controllers in the case of model mismatch are shown in Figure 10, and the performance
indicators of the controllers are shown in Table 3.
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Table 3. Controller performance indicators under the precise model.

The Controller Type Rise Time(s) Peak Time(s) Steady-State Time(s) Maximum
Over-Conditioning

Fuzzy-PID 23.855 34.479 134.732 5.1%
Smith 28.639 38.479 62.124 0.9%

FP-Smith 63.272 84.440 55.135 0.3%

In the case of model mismatch, the three controllers showed different advantages.
Fuzzy-PID quickly reached a steady state but then produced a larger oscillation, and
the maximum overshoot reached 5.1%. The larger overshoot led to an increase in the
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steady-state time so that the stability of the system decreased. The maximum overshoot
of the Smith and FP-Smith controllers reached 0.9% and 0.3%, respectively, which was
significantly smaller than the maximum overshoot of fuzzy-PID. The steady-state time and
rise time of FP-Smith were significantly faster than those of the Smith controller.

By comparing the simulation results in the two cases of model matching and mismatch,
the modified FP-Smith controller can quickly and effectively reduce the interference to the
control performance caused by the error of the actual model and theoretical model and
meet the requirements of the equipment for accurate pH control.

5. Analysis of Experimental Results
5.1. Experimental Device and System Design

To verify the practicability of the FP-Smith control algorithm, a liquid fertilizer pH
control platform was built. The platform used STM32F103ZET6 as the control unit and
collected sensor signals through the I/O port of the single-chip microcomputer. The single-
chip microcomputer controls the output frequency of the inverter by outputting a 0–10 V
analogue electrical signal and adjusts the speed of each hose pump to change the fertilizer
liquid flow. The maximum delivery flow of the hose pump could reach 1 m3/h, the rated
power was 1.5 kW, and the rated voltage was 380 V. We employed the Shenzhen Wanchuan
frequency converter, the model was V8 M 4T 2R2GB (2.2 kW), the output frequency range
was 0–400 Hz, and the rated voltage was 380 V. The pH sensor adopted the E-201-C
composite electrode of the Lei Magnetic Company, with an accuracy of 0.01. The volume
of the fertilizer tank was 100 L, and the volume of the fertilizer solution was maintained
at 50 L during the adjustment process. The experimental platform for pH regulation and
detection of liquid fertilizer is shown in Figure 11.
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Figure 11. Liquid fertilizer pH adjustment and detection experimental platform.

The data detection system employed the USB2881 data collector of the Beijing Altai
Company, which was equipped with an Altai advanced measurement and control system
that was used to display and save the data of the connected equipment in real time. It
had 12 analogue signal acquisition channels and could switch between different sampling
frequencies. A schematic diagram of the data acquisition and control system is shown
in Figure 12.

5.2. Analysis of Experimental Results

Fifty litres of fertilizer solution were mixed with dilute hydrochloric acid solution,
and the pH value of the mixed solution stabilized at 7.3. The fertilizer solution flow rate
was controlled at 0.4 m3/h, 0.6 m3/h, and 0.8 m3/h. Through the Fuzzy-PID, Smith,
and modified FP-Smith algorithms, three control algorithms were compared and tested,
and the control effect of the system was manifested in the four indicators of rise time,
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peak time, steady-state time and maximum overshoot. The target steady-state interval of
the system steady-state time was ±0.05. The detection data are shown in Figures 13–15.
Tables 4–6 show the performance indicators of the three controllers under different irriga-
tion output flows.

Processes 2021, 9, x FOR PEER REVIEW 15 of 20 
 

 

 

Figure 11. Liquid fertilizer pH adjustment and detection experimental platform. 

The data detection system employed the USB2881 data collector of the Beijing Altai 

Company, which was equipped with an Altai advanced measurement and control system 

that was used to display and save the data of the connected equipment in real time. It had 

12 analogue signal acquisition channels and could switch between different sampling fre-

quencies. A schematic diagram of the data acquisition and control system is shown in 

Figure 12. 

 

Figure 12. A diagram of the data acquisition and control system. 

5.2. Analysis of Experimental Results 

Fifty litres of fertilizer solution were mixed with dilute hydrochloric acid solution, 

and the pH value of the mixed solution stabilized at 7.3. The fertilizer solution flow rate 

was controlled at 0.4 m3/h, 0.6 m3/h, and 0.8 m3/h. Through the Fuzzy-PID, Smith, and 

modified FP-Smith algorithms, three control algorithms were compared and tested, and 

the control effect of the system was manifested in the four indicators of rise time, peak 

time, steady-state time and maximum overshoot. The target steady-state interval of the 

system steady-state time was ±0.05. The detection data are shown in Figures 13–15. Tables 

4–6 show the performance indicators of the three controllers under different irrigation 

output flows. 

Figure 12. A diagram of the data acquisition and control system.

Processes 2021, 9, x FOR PEER REVIEW 16 of 20 
 

 

 

Figure 13. The control result curve of the three controllers under a 0.4 m3/h output flow rate. 

 

Figure 14. The control result curve of the three controllers under a 0.6 m3/h output flow rate. 

 

Figure 15. The control result curve of the three controllers under a 0.8 m3/h output flow rate. 

Table 4. Performance indicators of the three controllers under a 0.4 m3/h output flow rate. 

The Controller Type Rise Time(s) Peak Time(s) Steady-State Time(s) Maximum Over-Conditioning 

Fuzzy-PID 60 80 132 2.6% 

Smith 112 132 149 1.5% 

FP-Smith 114 139 89 0.2% 

Figure 13. The control result curve of the three controllers under a 0.4 m3/h output flow rate.

Processes 2021, 9, x FOR PEER REVIEW 16 of 20 
 

 

 

Figure 13. The control result curve of the three controllers under a 0.4 m3/h output flow rate. 

 

Figure 14. The control result curve of the three controllers under a 0.6 m3/h output flow rate. 

 

Figure 15. The control result curve of the three controllers under a 0.8 m3/h output flow rate. 

Table 4. Performance indicators of the three controllers under a 0.4 m3/h output flow rate. 

The Controller Type Rise Time(s) Peak Time(s) Steady-State Time(s) Maximum Over-Conditioning 

Fuzzy-PID 60 80 132 2.6% 

Smith 112 132 149 1.5% 

FP-Smith 114 139 89 0.2% 

Figure 14. The control result curve of the three controllers under a 0.6 m3/h output flow rate.



Processes 2021, 9, 1506 15 of 18

Processes 2021, 9, x FOR PEER REVIEW 16 of 20 
 

 

 

Figure 13. The control result curve of the three controllers under a 0.4 m3/h output flow rate. 

 

Figure 14. The control result curve of the three controllers under a 0.6 m3/h output flow rate. 

 

Figure 15. The control result curve of the three controllers under a 0.8 m3/h output flow rate. 

Table 4. Performance indicators of the three controllers under a 0.4 m3/h output flow rate. 

The Controller Type Rise Time(s) Peak Time(s) Steady-State Time(s) Maximum Over-Conditioning 

Fuzzy-PID 60 80 132 2.6% 

Smith 112 132 149 1.5% 

FP-Smith 114 139 89 0.2% 

Figure 15. The control result curve of the three controllers under a 0.8 m3/h output flow rate.

Table 4. Performance indicators of the three controllers under a 0.4 m3/h output flow rate.

The Controller Type Rise Time(s) Peak Time(s) Steady-State Time(s) Maximum
Over-Conditioning

Fuzzy-PID 60 80 132 2.6%
Smith 112 132 149 1.5%

FP-Smith 114 139 89 0.2%

Table 5. Performance indicators of the three controllers under a 0.6 m3/h output flow rate.

The Controller Type Rise Time(s) Peak Time(s) Steady-State Time(s) Maximum
Over-Conditioning

Fuzzy-PID 49 71 146 3.3%
Smith 101 115 125 01%

FP-Smith 70 134 65 0.3%

Table 6. Performance indicators of the three controllers under a 0.8 m3/h output flow rate.

The Controller Type Rise Time(s) Peak Time(s) Steady-State Time(s) Maximum
Over-Conditioning

Fuzzy-PID 46 67 157 3.6%
Smith 86 102 116 1.6%

FP-Smith 66 116 61 0.2%

It can be seen from Tables 4–6 that as the irrigation volume changes, the performance
of the controller also changes. With the increase in irrigation volume, the response speed
of the three controllers was significantly improved, but the amount of overshoot also
increased by a certain amount.

It can be seen from Table 4 that although fuzzy-PID has smaller rise and peak time
than the other two algorithms, the steady-state time of FP-Smith is the shortest, which takes
89 s and only has an overshoot of 0.2%. This means that the fast response of fuzzy-PID in
the control process is accompanied by violent oscillations. FP-Smith considers both the
response speed and the stability of the control process at a flow rate of 0.4 m3/h.

From Table 5, it can be concluded that at an output flow of 0.6 m3/h, the response
speed of the three controllers is improved compared to 0.4 m3/h. The FP-Smith controller
has the largest increase speed, which is an increase of 44 s. The overshoot of the fuzzy-PID
and FP-Smith controllers increased, which means that although the increase in flow speeds
up the system response speed, it also causes a decrease in stability.

Table 6 shows that a further increase in the irrigation output flow does not further
increase the degree of influence on the controller. The response speed of the three controllers
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is slightly improved compared to 0.6 m3/h. The steady-state time and maximum overshoot
of the FP-Smith controller have obvious advantages compared to the other two algorithms.
Compared with the fuzzy-PID and Smith controllers, the steady-state time is reduced by
157.4% and 90.2%, respectively, and the maximum overshoot is reduced by 3.4% and 1.4%,
respectively. In the case of higher output flow, the FP-Smith controller can still take into
account the response speed and the stability of the control process, and the performance is
better. Therefore, in practical applications, the requirements of the pH value control system
for the control performance of the controller are met.

Figure 16 shows the changes in each index of the FP-Smith algorithm under different
output flows. With the increase in irrigation flow, the FP-Smith time in the three indicators
of rise, peak, and steady-state times advanced. The reduction in steady-state time reflects
the fact that the modified FP-Smith predictive compensation controller can adapt to changes
in the external environment. At the same time, its maximum overshoot was at a relatively
low level, which suggests that it has good robustness.
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6. Conclusions

In this paper, a modified fuzzy-PID-Smith predictive compensation controller was
designed based on the mathematical model of the pH control system. Compared with
the fuzzy-PID controller and Smith controller in simulation and practical applications, the
performance of the controller was tested. The results show that the modified fuzzy-PID-
Smith predictive compensation controller can adjust the pH value of liquid fertilizer to
the expected value in the shortest time and has a small overshoot in both simulation and
practical application.

Under different fertilizer flow rates, the average maximum overshoot of the pH value
regulated by the modified fuzzy-PID-Smith predictive compensation controller was 0.23%,
and the average time for the pH value of liquid fertilizer to reach steady state from 7.3
to 6.8 was 30 s, which was better than the fuzzy-PID and Smith algorithms. This shows
that the modified fuzzy-PID-Smith predictive compensation controller can be adapted for
different fertilization modes.

The modified fuzzy-PID-Smith predictive compensation controller can effectively
solve the adverse effects of time-varying, time delay and non-linearity of the model on the
controller in liquid fertilizer pH control and has good dynamic performance and robustness,
which meets the control requirements of liquid fertilizer pH control in practical applications.
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24. Wiącek, J. Geometrical parameters of binary granular mixtures with size ratio and volume fraction: Experiments and DEM
simulations. Granul. Matter 2016, 18, 1–10. [CrossRef]

25. Salehi, S.; Shahrokhi, M.; Nejati, A. Adaptive nonlinear control of pH neutralization processes using fuzzy approximators. Control
Eng. Pract. 2009, 17, 1329–1337. [CrossRef]

26. So, G.-B. A Modified 2-DOF Control Framework and GA Based Intelligent Tuning of PID Controllers. Processes 2021, 9, 423.
[CrossRef]

27. Lu, J.; Chen, G.; Ying, H. Predictive fuzzy PID control: Theory, design and simulation. Inf. Sci. 2001, 137, 157–187. [CrossRef]
28. Urrea, C.; Páez, F. Design and Comparison of Strategies for Level Control in a Nonlinear Tank. Processes 2021, 9, 735. [CrossRef]
29. AlSabbah, S.; Aldhaifallah, M.; Al-Jarrah, M. Design of Multiregional Supervisory Fuzzy PID Control of pH Reactors. J. Control

Sci. Eng. 2015, 2015, 1–9. [CrossRef]
30. Lai, Z.; Wu, P.; Wu, D. Application of fuzzy adaptive control to a MIMO nonlinear time-delay pump-valve system. ISA Trans.

2015, 57, 254–261. [CrossRef] [PubMed]
31. Wei, Q.-Y.; Wang, W.-Q. Research on fuzzy self-adaptive PI-Smith control in long time-delay system. J. China Univ. Posts

Telecommun. 2011, 18, 114–128. [CrossRef]
32. Song, M.; Liu, H.; Xu, Y.; Wang, D.; Huang, Y. Decoupling Adaptive Smith Prediction Model of Flatness Closed-Loop Control and

its Application. Processes 2020, 8, 895. [CrossRef]
33. Jesus, I.S.; Barbosa, R.S. Smith-fuzzy fractional control of systems with time delay. AEU Int. J. Electron. Commun. 2017, 78, 54–63.

[CrossRef]
34. Rubinow, S.I.; Keller, J.B. The transverse force on a spinning sphere moving in a viscous fluid. J. Fluid Mech. 1961, 11, 447–459.

[CrossRef]
35. Sun, J.; Zhang, D.-H.; Li, X.; Zhang, J.; Du, D.-S. Smith prediction monitor AGC system based on fuzzy self-tuning PID control. J.

Iron Steel Res. Int. 2010, 17, 22–26. [CrossRef]

http://doi.org/10.1007/s10035-016-0642-0
http://doi.org/10.1016/j.conengprac.2009.06.007
http://doi.org/10.3390/pr9030423
http://doi.org/10.1016/S0020-0255(01)00119-0
http://doi.org/10.3390/pr9050735
http://doi.org/10.1155/2015/396879
http://doi.org/10.1016/j.isatra.2015.01.010
http://www.ncbi.nlm.nih.gov/pubmed/25681018
http://doi.org/10.1016/S1005-8885(10)60112-4
http://doi.org/10.3390/pr8080895
http://doi.org/10.1016/j.aeue.2017.05.014
http://doi.org/10.1017/S0022112061000640
http://doi.org/10.1016/S1006-706X(10)60053-2

	Introduction 
	pH Control Equipment and Control Model 
	pH Control Equipment 
	Description of the Mixed Fertilizer pH Adjustment Process 
	Static Model 
	pH Dynamic Governance Model 

	System Identification 

	pH Control System Controller Design Research and Simulation 
	Design of the Fuzzy-PID Controller 
	Design of the Smith Predictor 
	Design of the Fuzzy-PID-Smith (FP-Smith) Predictive Compensator 

	Simulation Results 
	The Model Is Accurate 
	Model Mismatch 

	Analysis of Experimental Results 
	Experimental Device and System Design 
	Analysis of Experimental Results 

	Conclusions 
	References

