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The Proportional-Integral-Derivative (PID) controller, already known 
for its stability, is widely used in industrial applications and integrated 
into many Programmable Logic Controllers (PLCs). However, most 
PLCs do not support the self-tuning mechanism for PID controller 
parameters. Therefore, users must manually adjust several times to 
achieve the desired outcomes. This manual adjustment is time-
consuming and must be repeated as control object parameters change 
over time. This study proposed a fine-tuning mechanism for the PID 
controller’s parameters based on a fuzzy-PD controller. The mechanism 
was designed and simulated using MATLAB/Simulink on an identified 
plant, then converted into a Structured Control Language (SCL) code for 
implementation on the PLC programs. Experimental results on the 
Siemens S7-1200 PLC demonstrated the proposed mechanism’s 
effectiveness in stabilizing the thermal plant by adjusting the initial 
parameters of the integrated PID controller. The system response was 
more stable, and the overshoot was minimized in comparison with the 
built-in auto-tuning feature on the S7-1200. Specifically, overshoot 
decreased to 0.79% from 0.94%, and the setting error declined to 0.1 
°C from 0.45 °C. The above results indicate the effectiveness of the 
proposed self-tuning mechanism when used to improve the quality of 
PID controllers in PLCs. In addition, due to its ability to self-tuning 
parameters, it helps users reduce the time required to design PID 
controllers. 
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1. Introduction 
The Proportional-Integral Derivative (PID) controller is a classic control algorithm that has been widely applied 
in many industrial control systems in different fields such as energy, temperature control, and manufacturing [1–
5]. The PID controller integrated into Programmable Logic Controllers (PLCs) in control and automation 
applications is becoming increasingly popular. This controller on PLCs has been applied in many fields such as 
industry [6, 7], motor speed control [8- 10], and production systems [11]. However, PID controllers are often 
designed and tuned for best results before being implemented into a PLC. This design process takes a long time to 
achieve the expected results. Therefore, an auto-tune mechanism needs to be designed and implemented on the 
PLCs. 

MATLAB/Simulink is a well-known tool for designing and simulating control systems [12]. It is also 
considered a support tool for implementing new controllers in PLCs. Saputra et al. used Matllab/Simulink to 
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identify, design, and simulate a DC motor control system and apply a PID controller to the PLC [8]. Kula et al. [13] 
designed and simulated a PID controller to control rectification column based on a PLC using MATLAB/Simulink. 
Osman et al. [14] developed a building control system using the MATLAB/Simulink tool; the author used Simulink 
to build a mathematical model that can assist in the design of the control system. Wei used MATLAB/Simulink to 
design an adaptive fuzzy-PID controller to monitor the solar power system [15]. Dettori et al. also used 
MATLAB/Simulink to design a fuzzy logic PID controller to control steam turbines in solar applications [16]. 
Mathwork has developed the PLC Coder Toolbox to support the conversion of Simulink blocks to Structured 
Control Language (SCL) code to execute them on the PLC [17]. Algburi uses Matlab to design the fuzzy controller 
in the temperature control system and uses PLC Coder to convert it to SCL to deploy it on the PLC [18]. PLC Coder 
Toolbox can convert blocks on Simulink to SCL functions so that it can be easily integrated into PLCs. This tool is 
useful for implementing new features or controllers in PLCs. MATLAB also integrates a system identification tool 
that effectively supports the identification of mathematical equations for control plants, which is very important 
information for the design and simulation of control structures. The application of this tool in the design of new 
controllers for PLCs should be considered. 

With the development of fuzzy logic and artificial neural network theory, the integration of intelligent control 
into control systems has become an important research field [19]. Fuzzy controllers are used in many control 
systems to improve the performance and accuracy of control processes. In addition, the fuzzy controller has been 
used to automatically adjust the parameters KP, KI, and KD of the PID controller to adapt to the control plant [7, 8, 
15, 20, 21, 22]. The combination of fuzzy theory and PID contributes to increasing the efficiency and accuracy of 
the control process, particularly in cases where the control plant has characteristics that change over time. 
However, these methods could cause instability in the system because the fuzzy controller directly adjusted the 
parameters of the PID controller instead of simply tuning them in constrained ranges. Therefore, a method to fine-
tune the parameters of the PID controller based on fuzzy logic is proposed to overcome these limitations. 

This paper proposes a simple and fast process for designing and implementing self-tuning PID controllers on 
PLCs based on fuzzy-PD controllers. The fuzzy-PD controller is a fuzzy controller designed based on the error and 
derivative error of the control system to determine the rules for fine-tuning the coefficients of the target PID 
controller. MATLAB/Simulink was used to identify the transfer function (TF) of the control plant based on its 
acquired data. A PID controller with non-optimal initial coefficients was applied to control the identified plant. 
The mechanism for fine-tuning these parameters is designed and simulated based on the fuzzy-PD controller with 
the recognition plant in MATLAB/Simulink. The accepted mechanism is then converted to the SCL to be directly 
implemented on the Siemens PLC. The outcome of this research helps to reduce the time needed to design and 
adjust the PID controller on the PLCs to adapt to the changing of the plant's parameters during its operation. 
Moreover, this method is not only applicable to Siemens PLCs but also to others. 

2. Methodology 

2.1 Overview 
This study designed and integrated a mechanism to automatically fine-tune the parameters of the PID controller 
into the PLC. First, the MATLAB identification toolbox (MSIT) was used to identify the mathematical model of the 
control object. Next, the fine-tuning mechanism was designed based on the fuzzy-PD controller and simulated 
using MATLAB/Simulink with the PID controller and a recognition plant. The fine-tuning mechanism was then 
converted to SCL code using the PLC coder [20], so that it could be deployed on the S7-1200 PLC. On the PLC, the 
parameters of the PID Compact, an integrated PID controller function block (FB), were adjusted using the 
proposed mechanism to control the temperature of the real plant. The built-in auto-tuning feature of TIA Portal 
software (programming integration platform for the Siemens PLC) is also applied to compare and evaluate the 
proposed mechanism. 

2.2 Experimental Setup 
This study used a control plant designed based on the TCLab kit [23], as presented in Fig. 1a. The control plant on 
the TCLab kit uses the working temperature of a bipolar junction transistor (BJT), which the bias current at the B 
gate controls [24]. In this study, an N-channel MOSFET (Q1) was proposed to replace the BJT to simplify the bias 
design. A schematic of the new thermal plant is shown in Fig. 1. The pulse width modulation (PWM) technique 
was used to convert the control law into a bias voltage at the G gate of Q1 to control its temperature. The maximum 
bias voltage of the G gate is 2 V to ensure that Q1 did not overheat because no load was applied at the D gate. The 
temperature of Q1 was fed back to the controller by an LM35 thermal sensor in direct contact with Q1. A variable 
resistor is also used to adjust the bias voltage at the G gate of Q1. 
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(a) 

 
(b) 

Fig. 1 (a) The experimental model setup; and (b) The control plant schematic 

2.3 Plant Identification 
MSIT is a powerful system identification tool. This toolbox is particularly useful for estimating parameters or 
identifying mathematical models of control systems, integrating many methods for identifying nonlinear systems 
[25]. Estimation data are usually collected from experiments on the control plant, typically the input and output 
of the plant. The MSIT uses these data to identify a plant's model or parameters. The identified model is then used 
to design and simulate the controllers [26]. In this study, the identification model is used to simulate and test the 
fine-tuning mechanism of the PID controller's coefficients before implementing it on the target PLC. 

2.4 Fuzzy-PD Controller Based Fine-Tuning Mechanism 
Current fuzzy-PID controllers directly adjust the PID parameters based on the error between the set value and 
feedback value, along with the rate of change based on fuzzy inference [19]. This study also proposes a mechanism 
to adjust the PID coefficients using the fuzzy-PD controller, but it does not directly adjust the coefficients but only 
fine-tunes them. This method ensures system stability because the main control energy still comes from the PID 
controller. This is particularly relevant when applied to industrial control systems using PLCs, where control 
stability is a priority. The design process starts by adjusting the parameters of the PID so that the plant can initially 
track the set value. Subsequently, the proposed fine-tuning mechanism optimizes these parameters. The proposed 
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fine-tuning structure and its application to the integrated PID of PLC S7-1200 are illustrated in Fig. 2. With the 
designed thermal plant, only two parameters, KP and KD, were adjusted, and KI was kept fixed. The proposed tuning 
mechanism is implemented and simulated in advance with the identified plant and the PID controller in 
MATLAB/Simulink. It is then converted to the SCL for execution on the S7-1200. The moving average filter is used 
to smooth the feedback signal to limit the chattering phenomenon of the control signal that may affect the control 
plant in some cases. The mathematical equation of the moving average filter is shown in Eq. (1): 
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Where y(n) is the filtered feedback signal, x is the feedback signal, and M is the window size. 

 

Fig. 2 PID controller with the proposed fine-tuning mechanism 

On S7-1200, the PID controller is a built FB, and the algorithm is performed according to the following Eq. (2) [27]: 
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Where, Y is the controller output value, Kp is the proportional gain, TI is the integral phase sampling time, and 
TD is derivative time; a is the Hysteresis coefficient of the D, b is the weight of the stitch P, c is the weight of the 
stitch D, and s is the Laplace operator; w is the set-point value and x is the process value. 

The TIA Portal integrates an auto-tuning tool to quickly determine the coefficients for the PID Compact. In 
this study, to evaluate the effectiveness of the proposed fine-tuning mechanism, the PID parameters were first 
manually adjusted based on the Ziegler-Nichols method [28]. The coefficients are tuned such that the temperature 
of the plant initially tracks the set value, and the response may remain fluctuating. The coefficients were then fine-
tuned using the proposed method to improve the control quality. As mentioned, the fine-tuning algorithm based 
on the fuzzy-PD controller is designed and tested using MATLAB/Simulink, with the thermal plant identified from 
the acquired data of the real plant and the PID controller block of MATLAB/Simulink. To synchronize during 
deployment on the PLC, the PID controller in MATLAB/Simulink is also manually adjusted using the Ziegler-
Nichols method and then optimized using the proposed mechanism. In this study, the S-curve response analysis 
method was applied to determine the initial values of PID controller coefficients [29]. 

In this work, the fuzzy-PD controller plays a role in finding the adjustment rule for the PID controller 
parameters based on the system response. It is a Multiple-Input Multiple-Output (MIMO) system with two inputs 
that are the error e and derivative error de, and two outputs that are the adjustment amounts for the two 
parameters KP and KD. The KI parameter is constant. The fuzzy controller uses the Mamdani inference system [28], 
as shown in Fig. 3. 
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Fig. 3 Fuzzy-PD-based self-tuning architecture 

The fuzzy controller is designed through three main stages. The early stage is fuzzification, which converts 
the real values of e and de to corresponding fuzzy sets through membership functions. In this study, all inputs and 
outputs of the fuzzy controller used three membership functions to guarantee that the converted controller fits 
well on the S7-1200. The membership functions of the input and output fuzzy sets are shown in Fig. 4. The fuzzy 
variable e is divided into 3 fuzzy sets, including N (negative), Z (zero), and P (positive), with fuzzy domains in the 
range of [−100, 100]. The fuzzy variable de is also segmented into three fuzzy sets, namely D (decrease), M 
(maintain), and I (increase). These sets have fuzzy domains that range from -1 to 1, or they correspond to the rate 
of change of e. During the sampling period, this rate of change will be ±1 oC. For the outputs, three fuzzy sets, 
including S (small), M (medium), and B (big), were applied for all Delta_KP and Delta_KD, but there was a difference 
in fuzzy range [-0.01, 0.01] and [-2, 2], respectively. These values were selected based on the specifications of the 
plant and the try-and-error method. All membership functions are triangles represented by Eq. (3). 
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Where a, b, and c are three points in the triangler function, as marked in Fig. 4b. The system sampling time is 

chosen to be 0.1 second because the plant’s temperature is changing fast. The second stage is inference, in which 
fuzzy rules for output variables are built. Tables 1 and 2 indicate the rules of the Delta_KP and Delta_KD, 
respectively. The Mamdani-type fuzzy rules have the structure shown in Eq. (4) and are the most used for the 
simulation and implementation of a fuzzy controller. 

IF x is A AND y is B THEN z is C  (4) 
 
Where x and y are the input variables (e and de), z is the output variable (Delta_KP or Delta_KD), A and B are 

fuzzy sets of the input variables, and C is a fuzzy set of the output variable. The fuzzy rules can be determined by 
using the person’s knowledge or by simulating the process. In this work, both methods were flexibly applied. The 
membership function of the input variable is determined. This is accomplished by employing the min-max 
inference method, a characteristic of the Mamdani type. The specifics of this method are delineated in Eq. (5). 
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Where 𝜇𝜇𝑒𝑒(𝑥𝑥) and 𝜇𝜇𝑑𝑑𝑑𝑑(𝑥𝑥) are the membership functions of the input e and de, respectively; and 𝜇𝜇𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷_𝐾𝐾𝑃𝑃(𝑥𝑥) 

and 𝜇𝜇𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷_𝐾𝐾𝐷𝐷(𝑥𝑥) is the membership function of the output Delta_KP and Delta_KD. 

The final stage is defuzzification, which combines all membership functions to determine a real value, which 
represents the output fuzzy sets. In this research, the defuzzification values for delta_KP and delta_KD are calculated 
using Eq. (6). This equation employs the Centroid of Gravity (COG) method [28]. 
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Where xi are values of the output variable (Delta_KP or Delta_KD), which are found within the fuzzy sets 
obtained for defuzzification, and μ(xi) are the membership functions of xi. All stages of the fuzzy controller were 
implemented in MATLAB. 

Table 1 Refined fuzzy rules of Delta_KP 
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Table 2 Refined fuzzy rules of Delta_KD 
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(a)                                                                                                           (b)   

(c)                                                                                                          (d) 

Fig. 4 Membership functions of a) error; b) derivative error; c) Delta_KP; and d) Delta_KD 
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3. Results and Discussion 

3.1 Plant Identification 
The data acquired from the input and output of the control plant are depicted in Fig. 5. The data, collected over a 
span of 8,900 seconds, was utilized to estimate the transfer function. These data were derived from experiments 
conducted on the control plant, wherein the input was a step function exhibiting changes. 

 

Fig. 5 Acquired input and output data of the temperature plant 

Eq. (7) is the identified transfer function (TF) of the control plant, which was derived from the "MATLAB 
identification toolbox". The chart in Fig. 6 shows the temperature measured from the plant and derived by the 
identified TF with the same input. The results indicated that the accuracy of this TF is 81.49%. This TF was used 
to simulate the proposed fine-tuning algorithm before deployment on the PLC. 
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Fig. 6 Measured and predicted data of the temperature plant 
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3.2 Self-tuning PID Controller 

3.2.1 Simulation of the Fine-tuning Mechanism Based on the Recognition Plant 
Fig. 7 shows a Simulink diagram of the fine-tuning mechanism based on the identified plant. This diagram includes 
a PID controller block, a Fine-tuning mechanism block that fine-tunes the PID coefficients, and an Identified plant. 
In this study, KI is fixed, and KP and KD are fine-tuned. The initial parameters of the PID controller are determined 
based on the Ziegler-Nichols method. Blocks SET 1, 2, and 3 were used to create the reference values for the 
controller. Blocks SET 4 and 5 are responsible for creating the initial KP and KD values. A Noise block is added to 
the feedback signal to simulate the measurement error of the feedback signal. 

 

Fig. 7 The simulation diagram 

Fig. 8 presents the simulation results. The results showed that the fine-tuning algorithm has improved the 
tracking response of the plant’s temperature in terms of the settling error and the control energy. In fact, the 
settling error was reduced to ±0.5 oC from ±2 oC; the control energy has been reduced and has been more stable 
than before applying the fine tuning. This proves that KP and KD fine-tuned by the fuzzy-PD controller are more 
optimal than those adjusted and fixed manually. The Fine-tuning mechanism block is converted into the SCL 
module to test the S7-1200 with the real temperature plant. 

 

 
    (a) 
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   (b) 

Fig. 8 Simulation results of the PID controller, with its parameters pre-adjusted by the Ziegler-Nichols method (red 
solid line) and by the proposed fine-tuning method (blue solid line): (a) temperature response; (b) control law 

3.2.2  Realtime Testing the Fine-Tuning Mechanism on the PLC 
Fig. 9 presents the structure of the testing LAD program of the S7-1200 on the TIA Portal. In the PLC, the built-in 
PID controller named PID Compact has been used. The PID Compact’s parameters have also been adjusted by the 
Ziegler-Nichols method, as in the simulation. The Feedback FB in Fig. 9a reads and filters the feedback temperature 
from the plant. This value is fed to the input of the PID_Compact FB. The PWM FB plays a role in converting the 
output of the PID_Compact FB into a PWM signal to change the plant’s temperature. The PWM signal was generated 
by the pulse train output (PTO) of the S7-1200, and its width was mapped to the output of the PID_Compact FB. 
The Fine_tuning_mechanism FB in Fig. 9b is the fine-tuning algorithm converted from MATLAB/Simulink. The 
PID_Coefficients_Config FB adjusts the KP and KD of the PID Compact by adding them with Delta_KP and Delta_KD, 
respectively. This FB also constrains the value of KP and KD of the PID Compact based on Eqs. (8) and (9), with 
𝐾𝐾𝑃𝑃_𝑚𝑚𝑚𝑚𝑚𝑚 = 𝐾𝐾𝐷𝐷_𝑚𝑚𝑚𝑚𝑚𝑚 =  0.00001 and 𝐾𝐾𝑃𝑃_𝑚𝑚𝑚𝑚𝑚𝑚 = 𝐾𝐾𝐷𝐷_𝑚𝑚𝑚𝑚𝑚𝑚 = 10. The constraint code shown in Fig. 10 is for the case of KP, 
and the same for KD. The Fine_tuning_mechanism FB is activated once every second by the system clock event. The 
filter, which utilizes Eq. (1), is also implemented using SCL code. 
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(b) 

Fig. 9 LAD program: a) the PID compact FB, pre- and post-processing data FB; b) the Fine_tuning_mechanism FB 
and controller parameters constraint FB 

 
Fig. 10 Rungs constraining the value of KP 
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Fig. 11 Temperature response and control signal on PID compact, with initial parameters 

Fig. 11 illustrates the response of the PID Compact, with the initial parameters adjusted by the Ziegler-Nichols 
method. As stated above, with the initial parameters, the plant's temperature fluctuates. The role of the 
Fine_tuning_mechanism FB is to improve the response via fine-tuning KP and KD of the PID Compact. Fig. 12 depicts 
the plant's response in this case. The figure shows that the response is more stable, the overshoot is very low, and 
the steady-state error is almost eliminated. The adapting processes of KP and KD are presented in Fig. 13. Their 
values are continuously adapting to ensure that the plant tracks the reference well. 

Experimental results have proven that the proposed fine-tuning method is effective in adjusting PID 
parameters. As a result, the automatic system can operate more stably and achieve higher performance. 
Furthermore, because the PID coefficients are fine-tuned only within a limited range, an unstable system 
response is avoided. This promises the ability to apply the proposed algorithm to PLCs to solve industrial 
applications. 

 

 
 

Fig. 12 Temperature response and control signal of the PID compact, with its parameters fine-tuned by the 
proposed algorithm 
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Fig. 13 The adaptation of KP and KD in the control process 

3.2.3 Evaluating the Control Quality  
Fig. 14 shows the response of the object when using the PID Compact, with coefficients determined by the built-
in Auto-tuning tool. The results showed that the PID Compact controlled the plant’s temperature very well. 
However, the control law in this case is switched at a high frequency (Fig. 14b), which can affect some control 
plants. Meanwhile, the PID Compact fine-tuned by the proposed algorithm has a stable control law with no 
chattering phenomenon. In addition, with the proposed algorithm, the PID controller would enable the automatic 
system to operate stably, especially when the control system's properties change over time. 

Table 3 presents the control quality of the PID Compact determined at the time of changing the set 
temperature from 40 °C to 65 °C. The control quality of the PID Compact is evaluated in two cases, including its 
parametes pre-tuning by the built-in tool and fine-tuning by the proposed method. The evaluated quality 
indicators included rise time, overshoot, settling time, and settling error. It can be seen that PID Compact fine-
tuning with the proposed algorithm gives a better response than pre-tuning with the built-in tool. Specifically, the 
overshoot is only 0.79% compared to 0.94%, and the setting error is lower than 0.35 °C. 

Table 3 Control quality of the PID compact with two different auto-tuning methods 
Auto-tuning method Rise time 

(sec) 
Overshoot 

(%) 
Settling time 

(sec) 
Setting error (℃) 

Integrated Auto-tuning tool 54 0.94 113 0.45 
Fuzzy-PD-based tuning 58 0.79 118 0.10 

 

Fig. 14 Real-time response and control signal of PID compact, with its parameters pre-adjusted by the built-in auto-
tuning tool (red solid line) and the proposed fine-tuning method (blue solid line) 
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4. Conclusion 
This study proposed a method to design and implement a self-tuning PID controller on the PLC using the MATLAB 
tool, which helps simplify and reduce the time required for PID controller design. The auto-tuning algorithm based 
on the fuzzy-PD controller significantly improved the system control quality of the PID controller. The 
experimental results with the Siemens S7-1200 PLC show that the online self-tuning PID controller using the 
proposed mechanism significantly improved the control response compared with simply tuning once with the 
integrated tool. Furthermore, the overshoot decreased from 1.94% to 0.79%, and the setting error decreased by 
0.35 oC from 0.45 oC to 0.1 oC. These results demonstrate the ability of the proposed method to improve the 
performance of the PID controller on the proposed method. This helps users to reduce the time required to design 
a PID controller. In addition, this method can be applied to many other types of PLCs. Similarly, the proposed fine-
tuning algorithm also promises applicability to other control plants, instead of just a thermal plant. This study is 
the fundamental for further research on self-tuning PID algorithms in the future, such as combining neural 
networks to adjust the parameters of PID controllers. 
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