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Abstract: Aiming at the network control system with time delay and packet loss, this paper designs a 

fuzzy adaptive PID controller to realize the adjustment of the network control system. Through the design 

of wavelet neural algorithm to predict the time delay, the fuzzy adaptive PID can realize the online 

adjustment of Kp, Ki and Kd, which overcomes the problem of constant input parameter adjustment of 

the traditional PID controller. Fuzzy control is realized by designing fuzzy rules, and finally through 

comparison The Matlab simulation renderings of traditional PID controller and fuzzy adaptive PID 

controller show that the robustness and accuracy of fuzzy adaptive PID controller are better. 
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1. Introduction 

The network control system is a new type of control system that has emerged with the development 

of network communication technology, computer information technology, and automatic control 

technology. It has the advantages of good real-time performance, easy expansion and maintenance, and 

high reliability. And network robots and other fields have good application prospects [1]. However, this 

system does not include delays caused by the network, packet loss, communication limitations, etc. In 

the design process of the control system, the above problems must be fully considered to avoid problems 

that cause controller instability [2]. In the design process of the control system, the above problems need 

to be fully considered to avoid the situation that causes the controller to lose stability. Reference [3] 

aimed at the problems of network delay and data packet loss, by setting up buffers to deal with data 

packet loss, and theoretically analyzed the fixed delay problem; Literature [4] analyzed the network with 

delay and deterministic packet loss Control the system and analyze the stability of the system. The above-

mentioned documents only ideally deal with network delay and packet loss, but the robust performance 

of the system needs to be improved. Fuzzy adaptive PID control can adjust the accuracy of the system 

better. This makes fuzzy PID control an ideal choice for NCS designs that have problems such as network 

delays. Literature [5] proposed a control strategy that combines BP neural network and PI-IP control, 

which improves the response speed and control accuracy of the system. The fuzzy adaptive PID control 

strategy proposed [6] in improves the control accuracy and robustness of the system speed, but the time 

delay prediction is poor. Although the above-mentioned documents have advantages, but there are also 

areas for improvement. Wavelet neural network is a neural network model based on wavelet analysis 

theory. It does not depend on the precise model of the controlled object and makes full use of the good 

localization properties of wavelet transform. At the same time, combined with the self-learning function 

of the neural network, it has strong approximation and fault tolerance. 

In response to the above problems, this paper presents a fuzzy PID adaptive controller to compensate 

for the loss of control data caused by mis-sequence and packet loss, thereby increasing the stability of 

the system. 

2. Network control system structure and mathematical model 

The structure of the network control system is mainly sensors, controllers, actuators, and controlled 

objects. Sensors and actuators are located at the output and input of the controlled object, and are 

connected to the input and output of the controller through a specific digital communication network. 

Connection, the network between the sensor and the controller is called the feedback channel [7], and 

the network between the controller and the actuator is called the feedforward channel. This article uses 

time-driven to design the sensor, it periodically takes output information from the controlled object y, 
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and then combines it with the historical data in the data packet received by the actuator in the last cycle, 

plus the sampling time the timestamp Ts is packaged together and sent to the controller through the 

feedback channel [8]. The controller adopts an event-driven approach. It receives feedback data, executes 

control algorithms, and obtains control information u. It packs it together with the time stamp Ts in the 

feedback packet mentioned above and the time delay calculated from the last working cycle of the sensor, 

sent to the actuator via the forward channel [9]. The actuator is event-driven and has a logic judgment 

function. It first runs the data in the first control packet and calculates the delay of the packet [10]  

and uses the control packet band The incoming Ts is marked to generate the basic  unit ( , Ts) of 

historical data. 

Due to the irregular delay, packet loss, and out-of-sequence phenomena in the network control system 

[11], the state space of NCS can be expressed as follows: 

                        (1) 

Where: is the state vector of the object, is the control input of the object. a, 

B, and C are constant matrices with appropriate dimensions. The independent variable  is 

some positive integer. 

3. Wavelet neural method to predict time delay 

The structure of the wavelet neural network is shown in Figure 1, where is the input, is the predicted 

output, is the connection weight from the input layer to the hidden layer, and is the connection weight 

from the hidden layer to the output layer. Because wavelet neural network has high prediction accuracy 

and fitting effect, it can be used in network control system to predict the forward channel delay. Wavelet 

neural network is a neural network that combines wavelet analysis and BP neural network. On the basis 

of the BP neural network structure, the hidden layer nodes of the BP network are replaced by wavelet 

basis functions [12].  

Hidden layer output:  

                            (2) 

Where,  

 is the wavelet basis function,  is the basis function parameter. 
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Figure 1: Structure diagram of wavelet neural network 

The wavelet basis function is:  

                              (3) 

The output of the output layer is:  
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                              (4) 

The training steps of the wavelet neural network algorithm are as follows [13]:Assign values to the 

wavelet basis function parameters and connection weights; Divide the measured network delay data into 

training samples and test samples, and then use the divided samples to train and test them; Use the 

training sample as the input value of the wavelet neural network and calculate the error between the 

predicted time delay and the real time delay; The gradient method is used to modify the weights and 

parameters to make the predicted value delay closer to the actual delay value. 

4. PID controller design  

The design of the PID controller consists of two parts, one is the design of the traditional PID 

controller, and the other is the design of the fuzzy adaptive PID controller. 

4.1 Design of traditional PID controller 

The traditional PID controller mainly includes proportional link, integral link and differential link. 

The traditional PID structure is shown in Figure 2. 
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Figure 2: Schematic diagram of traditional PID control 

In Figure 2, 𝑟(𝑡) is the given value, 𝑦(𝑡) is the system output, and 𝑒(𝑡) is the system deviation,  

𝑒(𝑡) = 𝑟(𝑡) − 𝑦(𝑡)                               (5) 

The output expression of the PID controller is: 

𝑢(𝑡) = 𝐾𝑝 ⋅ 𝑒(𝑡) + 𝐾𝑖 ∫ 𝑒(𝑡)𝑑𝑡 + 𝐾𝑑
𝑑𝑒(𝑡)

𝑑𝑡

𝑡

0
                      (6) 

In the formula, 𝐾𝑝  represents the proportional gain, 𝐾𝑖  represents the integral gain, and 𝐾𝑑 

represents the differential gain. The PID adjusts the magnitude of these three parameters to meet the 

control requirements. The specific role of the PID parameters is as follows: 

(1) Proportional gain 𝐾𝑝: Accelerate the response speed of the system and improve the adjustment 

accuracy of the system. The larger the 𝐾𝑝, the faster the response speed of the system, the higher the 

adjustment accuracy of the system, but the overshoot is likely to occur, and the system may be unstable. 

If the value of 𝐾𝑝 is too small, the adjustment accuracy of the system will be lowered [14], the response 

speed will be slow, and the adjustment time will be prolonged, and the static and dynamic characteristics 

of the system will be deteriorated. 

(2) Integral gain 𝐾𝑖 : Eliminate the steady state error of the system. The larger the 𝐾𝑖 is, the faster 

the static error of the system is eliminated, but the 𝐾𝑖  is too large, and the integral saturation 

phenomenon occurs in the initial stage of the response process, which causes a large overshoot of the 

response process. If the 𝐾𝑖 is too small, the static error of the system will be difficult to eliminate, which 

will affect the adjustment accuracy of the system. 

(3) The function of the differential gain 𝐾𝑑 is to improve the dynamic characteristics of the system. 
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The function is to suppress the variation of the deviation in any direction during the response process, 

and predict the deviation in advance. However, if the 𝐾𝑑 is too large, the response process will be braked 

in advance, thereby prolonging the adjustment time and reducing the anti-jamming performance of the 

system [14]. 

4.2 Fuzzy PID controller design 

Fuzzy adaptive PID design process: according to the operational experience and strategy of the 

controlled object to write fuzzy rules; plus the input and output data of the controlled object is analyzed 

and organized to form a fuzzy control library, through the selected input and output, membership function, 

fuzzy Subset, determine fuzzy rules, design a fuzzy controller . Discrete fuzzy PID control algorithm is 

𝑢(𝑘) = 𝐾𝑝𝑒(𝑘) + 𝐾𝑖𝑇∑ 𝑒(𝑗)𝑘
𝑗=0 + 𝐾𝑑

𝑒(𝑘)−𝑒(𝑘−1)

𝑇
                     (7) 

In the formula, 𝑢(𝑘) is the controller output, 𝐾𝑝 is the proportional coefficient, 𝐾𝑖 is the integral 

coefficient, 𝐾𝑑 is the differential coefficient, 𝑒(𝑘) is the system deviation, k is the sampling number, 

and T is the sampling time. The fuzzy PID control is used to control the furnace temperature. The working 

principle is as follows: the adaptive fuzzy PID controller controls the object, and the fuzzy controller can 

adjust the parameters of the PID controller in real time, and simultaneously collect the deviation e and 

deviation of the visual sensor. The rate of change ec is used as the input of the fuzzy controller. The fuzzy 

rule is used for fuzzy reasoning. The online correction of 𝐾𝑝 , 𝐾𝑖  and 𝐾𝑑  is carried out, and the 

modified parameter values are brought into the system to replace the old parameter values. The purpose 

of the system control block diagram is shown in Figure 3.  
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Figure 3: Principle of adaptive fuzzy PID controller 

In this paper, a two-input and three-output two-dimensional fuzzy PID controller is used to blur the 

deviation signal e and the rotational speed deviation rate ec obtained by comparing the room temperature 

with the reference value, and the fuzzy variables E and EC can be obtained. For the output variable 𝐾𝑝, 

𝐾𝑖 and 𝐾𝑑, comprehensively consider the system's stability overshoot response speed and steady-state 

error, etc., combined with the changes of parameters|𝐸|and|𝐸𝐶|in the controlled process, in order to 

make the system stable, the PID parameters self-tuning principles are as follows [15]: 

When the value of |𝐸|  is small, the values of 𝛥𝐾𝑝  and 𝛥𝐾𝑖  should be larger to avoid large 

oscillations in the system. When the |𝐸𝐶| is small, the value of 𝛥𝐾𝑑 is larger;  

When the value of |𝐸| is larger than When large, the values of 𝛥𝐾𝑝 and 𝛥𝐾𝑖 should be smaller to 

reduce the system overshoot. The triangle membership function is selected in Matlab's own toolbox to 

achieve fuzzy. The input and output variable ranges are set at[−3,3], let the fuzzy subset of its domain 

be {𝑁𝐵,𝑁𝑀,𝑁𝑆,𝑁𝑂, 𝑃𝑆, 𝑃𝑀, 𝑃𝐵}and the meaning of each element in it {negative big, negative medium, 

negative small, zero, small, medium, big} Combine relevant theories and refer to the actual temperature 

measurement experience to establish the fuzzy inference rules from Table 1 to Table 3. 
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Table 1: 𝛥𝐾𝑝 fuzzy rule table 

 

ec  

e  

NB NS NM ZO PS PM PB 

NB NB NB NM NM NS NS ZO 

NM NB NM NM NS NS ZO PS 

NS NM NM NS NS ZO PS PS 

ZO NM NS NS ZO PS PS PM 

PS NS NS ZO PS PS PM PM 

PM NS ZO PS PS PM PM PB 

PB ZO PS PS PM PM PB PB 

Table 2: 𝛥𝐾𝑖 fuzzy rule table 

 

ec  

e  

NB NM NS ZO PS PM PB 

NB PB PB PM PM PS PS ZO 

NM PB PB PM PM PS ZO NS 

NS PM PM PS PS ZO NS NS 

ZO PM PS PS ZO NS NS NM 

PS PS PS ZO NS NS NM NM 

PM PS ZO NS NS NM NM NB 

PB ZO NS NS NM NB NB NB 

Table 3: 𝛥𝐾𝑑 fuzzy rule table 

 

ec  

e  

NB NS NM ZO PS PM PB 

NB PB ZO ZO PS PS PB PB 

NM NS NS NS ZO PS PS PB 

NS NB NB NM ZO ZO PS PM 

ZO NB NM NM ZO NS PS PM 

PS NB NM NS ZO NS PS PS 

PM NM NS NS ZO NM PS PS 

PB PS ZO ZO PS ZO PB PB 

From Table 1 to Table 3, the range of the domain of 𝑒, 𝑒𝑐, 𝛥𝐾𝑝, 𝛥𝐾𝑖 and 𝛥𝐾𝑑, taking into account 

the principle of robustness of the system, the fuzzy subset of each parameter and variable is in the form 

of a triangular membership function. According to the actual values of e and ec, the adjustment amount 

of the fuzzy set at each moment is determined, and the PID is adjusted online in real time. The parameters 

of the controller, so that the parameters corrected at the next moment are obtained. 

{

𝐾𝑃 = 𝐾𝑃0 + Δ𝐾𝑃

𝐾𝑖 = 𝐾𝑖0 + Δ𝐾𝑖

𝐾𝑑 = 𝐾𝑑0 + Δ𝐾𝑑

                                 (8) 

Where 𝐾𝑝0 , 𝐾𝑖0  and 𝐾𝑑0  represent the determined portion, 𝛥𝐾𝑝 , 𝛥𝐾𝑖  and 𝛥𝐾𝑑  represent the 

adjusted portion after fuzzy control. 

5. Matlab simulation and result analysis 

The simulation verification is carried out using MATLAB's network control system simulation 

platform TrueTime2.0. Consider building the following system. The transfer function of the object is: 

𝐺(𝑠) =
1.8

150𝑠 + 1
⋅ 𝑒−30𝑆 

In the model, the system sampling interval is T =10ms, the network uses the Can network protocol, 

that is, the order of information transmission is determined according to the priority, and the data 

transmission rate is 80000 (b/s). To verify the method in this article, the packet loss rate is set to 5%. 

Among them, Kp=1.8, Ki=0.015 and Kd=22.5 According to the designed fuzzy controller, the 

membership functions of 𝛥𝐾𝑝, 𝛥𝐾𝑖 and 𝛥𝐾𝑑. 
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Figure 4: 𝛥𝐾𝑝Membership function            Figure 5: 𝛥𝐾𝑖Membership function   

 

Figure 6: 𝛥𝐾𝑑Membership function            Figure 7: Simulation results 

The simulation results can be seen from the figure. The traditional PID method is affected by the 

network delay and packet loss. The output y has a large overshoot, is unstable, and the tracking effect is 

poor, which cannot meet the control performance requirements. Keeping the same object parameters, 

compared with the traditional PID method, after adopting the method in this paper, the system has better 

robustness and system tracking ability, compensates for the influence of network delay and packet loss, 

and ensures the rapid stability of the system, whether it is super Both the adjustment time and the response 

time can meet the control performance requirements. At t=500s, adding a disturbance, it can be observed 

that the fuzzy PID can recover faster, indicating that its robustness is better. 

6. Conclusion 

This article discusses the problems of time delay and packet loss in network control systems. The 

first is to establish a network control system model. Secondly, the wavelet neural network is used to 

predict the network delay, and the fuzzy PID control reasoning rules are designed. Finally, a fuzzy 

adaptive PID controller is designed, which uses the predicted control signal sequence to compensate for 

time delay and data packet loss. Finally, simulations verify the effectiveness and robustness of the method. 
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