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Summary 
Network control systems (NCSs) are time-dependent systems 

which connect to each other through a communication link like 

sensors, controllers and actuators. Therefore, numerous 

challenges arise for the design process of NCS. Generally, the 

feedback control systems that use a network system in their loops 

are called the network control systems (NCSs). NCSs are divided 

into two main types of local NCSs and wide NCSs. In local 

NCSs, components are connected to each other by local 

connections. This study presents various methods for restoring 

the inverted pendulum from unbalanced state to balance state and 

maintaining this state. Initially before setting up the inverted 

pendulum system, the system has been simulated in MATLAB 

software using its mechanical equations in order to reveal its 

general schematics. Normally, it is possible to determine the 

network effective parameters on the control system, such as delay 

and data loss in these systems. There are wide NCSs in contrast 

to these systems; these systems are distributed and the 

components of the system are interconnected by the local 

network and the Internet. The delay plays an important role in the 

implementation of the real-time NCS. This can make the NCS 

system unstable and negatively impact the realization and 

stability of the system. Communication networks inevitably cause 

delay in NCSs. Therefore, the delay is necessary to be 

compensated. The time used by the system depends on network 

characteristics such as topology and routing algorithms used in 

the network. In the present study, the objective was to design and 

simulate a fuzzy control for NCSs, and TrueTime and LMI 

toolboxes of the MATLAB software were used to simulate a 

fixed delay network. The Takagi-Sugeno (T-S) fuzzy model 

method was used to design the fuzzy controller. 
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network control. 

1. Introduction 

For many years, data networking technologies have been 

applied to industrial and military control applications [1]. 

These applications include factory plants, automobiles, and 

spacecraft. Connection of components of a control system 

such as sensors, controllers, and actuators through the 

network can effectively reduce the complexity of the 

system with an effective economic development. In 

addition, network controllers allow data to be effectively 

shared. More importantly, cyberspace is connected to 

physical space in this system and remote implementation 

of tasks has become possible (a remote presence model). 

These systems are now very understandable and have 

many potential applications [2,3,4] including spatial 

explorations, soil research, factory automation, remote 

sensing and troubleshooting, hazardous environments, 

practical flexibilities, domestic robots, automobiles, 

spacecraft, factory plant monitoring, home or hospital 

nursing, remote robots and remote performance are just 

some of these applications [5]. 

Network control systems (NCSs) are time dependent 

systems that connect to each other through a 

communication link, like sensors, controllers, and actuators 

[6,7]. Network as a medium of interconnection can be 

wireless or wired. 

NCSs act over the networks. Therefore, many challenges 

arise when designing the NCS process. Network reliability 

is one of the important factors. In the presence of the 

network in the NCSs, important issues arise, including 

delay, collapse and loss of data packets, etc. [7]. The time 

taken by the system to measure and send the control signal 

to the actuator and other components in NCS, depends on 

the network specifications, topology, and routing 

algorithms used in the network [2]. 

The NCS is a distributed real-time system [8]. A NCS can 

be a multi-sensor or multi-actuator system. Therefore, the 

bandwidth allocated to NCS should be taken into 

consideration. Timing techniques and bandwidth 

assignment strategies should be applied in optimal and 

efficient circumstances [9]. 

As a start, delay is a challenging issue in NCSs. All kinds 

of delays make serious problems for the realization of the 

system [2,6]. Generally, delay includes the total calculation 

time, measurement time, process time, and time spent by 

the controller or the signal transmitted from the network. 

NCS design is complicated when the network involves 

uncertainty in the NCS components (actuators, sensors, 

and controllers). 

The first step in a computer network is to introduce the 

remote control concepts of a system with the advent of 

NCSs [2,5,10]. A NCS can be defined as a feedback 
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control system in which the control loop is closed through 

a real-time network [1,2]. 

Therefore, random delays are a major challenge in NCS 

and are generally affect the random factors (e.g., network 

load, comparison points, and network congestion). There 

are two main types of random delay in NCSs [11]: sensor-

to-controller delay (S-C delay) in the backward network 

channel and controller-to-actuator delay (C-A delay) in the 

forward path of the communication channel [4,11,12]. 

NCSs are at the intersection of the control and false 

communication of theories. Traditionally, the control 

theory focuses on the study of interconnected dynamical 

systems through bideal channels, while communication 

theory investigates data transfer on imperfect channels. A 

combination of these two frameworks is required by the 

NCSs model [2,13]. 

Many researchers discussed the stability analysis and 

controller design for NCS along with a linear control plant 

(i.e. linear NCS) in the presence of network delays and the 

loss of data packets, [11, 14,15]. Compared to the 

maximum allowed delay band (MADB) results, [14] the 

linear NCS stability problem has been developed with the 

sampled data control method [11]. Additionally, NCS 

along with a nonlinear control plant (i.e. nonlinear NCS) 

has been less considered [16]. 

Walsh et al. [11] discussed the exponential stability of 

nonlinear NCS under certain assumptions. However, they 

did not consider the Lyapunov function structure to meet 

the conditions and did not provide a control design method. 

The network was only available between the sensor and the 

controller. 

In [14], a group of nonlinear NCSs was considered in 

which the controlled plant was a continuous-time linear 

plant with uncertainty. However, the results would be 

conservative because the banding method was used for 

mutual conditions and the network included delays over 

the buffer-generated level. Meanwhile, this method was not 

applicable for a non-linear plant. 

Recently, multi-fractal natural delays have been obtained 

for network in the real-time NCS [16]. In the present study, 

a real-time hierarchical structure has been presented in 

order to obtain a predictable time behavior of network 

control [16,17], in which the packet loss in the actuator is 

compensated by the simple extrapolation of the previous 

control signals. Estimation of the loss of control packets 

from past control signals is similar to the dynamic voltage 

scheduling of past voltage settings by Varma et al. [18]. 

In [15], functional analysis of the simple packet loss 

method was obtained using some conventional methods, 

and thus an adaptive linear extrapolation was proposed for 

estimating the time control which was not received by the 

actuator [16]. 

Maintaining the balance of an inverted pendulum mounted 

on a cart moving in a horizontal direction is a classic issue 

in control systems. In the present study, various methods 

have been presented to restore the inverted pendulum from 

unbalanced to balanced state and to maintain this state. 

In this system, an inverted pendulum is connected to a cart 

driven by a motor in the direction of the horizontal axis. A 

certain speed and position are given to the cart by means of 

the motor, and the rail path limits the cart motion into a 

single direction. Sensors have been placed in the system 

for measuring the pendulum deviation angle and the speed 

and position of the cart, and the necessary measurements 

as well as the motor control signals are performed by a 

control board, which is in fact the interface between the 

computer and the system, in addition, the commands 

necessary to control and results have been analyzed using 

MATLAB software. 

The inverted pendulum system has two inherent balance 

points: one is stable and the other unstable. The stable 

balance point is where the pendulum is positioned 

downwards, and the system normally goes into this state 

without the need for any controller. The unstable balance 

point is related to the situation where the pendulum is 

positioned exactly upwards and therefore requires a 

controller to maintain its balance. The main objective in 

the inverted pendulum problem is to maintain balance at an 

unstable point, and the control object in the present project 

is to cause to reach the pendulum to a balance point from 

an unbalanced state. 

Initially before setting up the inverted pendulum system, 

the system has been simulated in MATLAB software using 

its mechanical equations in order to reveal its general 

schematics. 

2. NCSs 

NCS is a system distribution space, in which 

communication between sensors, actuators, and controls is 

performed through a common limited band. 

Typical digital communication networks are shown in 

figure 1 [8]. 

 

 

Fig. 1  Network control system (NCS) general architecture 
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The use of a multipurpose shared network for spatially 

distributed elements in addition to flexible architectural 

results, generally reduces installation and start and 

maintenance costs. Therefore, NCSs are applied in a wide 

variety of areas, including cellphone sensor networks, 

remote surgery, haptics collaboration over the Internet, 

automated highway system, and unmanned aerial vehicles 

(UAVs) [1,2,3,6,13]. However, the use of a shared 

network against multiple conventional communications has 

introduced a new challenge against Murray et al. [13]. 

Identification of network control is one of future key 

directions for control. 

2.1 Modeling of NCS 

2.1.1 Linear NCS 

In general, a NCS consists of three main parts. According 

to figure 2, various NCS parts are shown in the following 

figure in order to model this system [19]. 

 

 

Fig. 2  Network control system (NCS) parts 

The plant is considered as follows: 

 

 

 

Where, xp,  , and y are the states, input, and output of the 

plant, respectively. 

 

 

 

Similarly, xc, , and u are the states, input, and output of 

the controller, respectively. 

Network is modeled by defining the error between input 

and output signals of the network. e1, e2 are considered as 

network delay errors (delay = τ) and are defined as 

follows: 

 

 
 

The matrices of control signal loss and plant output loss 

are defined in order to model the effect of data loss. The 

control signal loss matrix is: 

 

 

Where,  is the probability of passing the control signal 

, so that  and  are considered for the signal 

passage and loss, respectively. Having this definition, the 

plant input control signal is: 

 
 

The plant output loss matrix is: 

 

 

Where,  is the probability of passing the output , so 

that  and  are considered for the passage 

and loss, respectively. Having this definition, the controller 

input signal is: 

 

 

 

Now, if the state variables of the NCS are considered as 

, the system state space equation is 

expressed as follows: 

 

 

Where, 
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The presence of controller representation matrices 

 in the elements of  

indicates the effect of the controller structure on the 

performance of the NCS. Moreover, if the network lacks 

any delay, that is: 

 
 

Then,  and NCS is expressed as follows: 

 

 
 

The presence of matrices  in the elements 

of  indicates the effect of controller structure on the 

performance of the control system in the presence of data 

loss in the network. The above results indicate the need for 

choosing a controller with an appropriate behavior with 

network effects on system performance [19]. 

2.2 Simulation of NCSs 

TRUETIME is a MATLAB/SIMULINK software package 

written by Henryxon, which simulates the temporal 

behavior of multi-task and real-time kernels containing 

control programs. 

The TRUETIME simulation environment provides two 

simulation blocks. A computer block and a network block 

(both are event_drive); the computer block simulates the 

activity of a computer, including executing programs and 

switching for user defined fields and manual interrupts. 

Network block on the other hand, simulates the network 

dynamics based on the parameters entered by the user, like 

the message structure and a priority function used to 

determine the traffic priority. Figure 3 demonstrates the 

two blocks in the TRUETIME simulation environment. 

The network block has a suitable flexibility to simulate 

different types of networks, including CAN and internet-

based networks. However in general, the TRUETIME 

network block is not adequate for simulation of the Internet 

arbitrary and complicated networks as well as IP-based 

networks. 

 

 

Fig. 3  Blocks of the TRUETIME simulation environment 

2.3. Estimation of delay in NCSs 

Delay in NCSs can be either deterministic or random, 

time-variant or time-invariant [20,21]. For local NCSs, the 

delay analysis and then the controller design are possible 

for control purposes, however, the delay is very 

complicated and usually random and time-variant in wide 

NCSs. Therefore, one of the important assumptions in the 

investigation of the NCSs is the consideration of an 

undetermined but bounded delay. Accordingly, the way 

and amount of data loss in the wide NCSs cannot be 

determined, unlike local NCSs. However, delay and data 

loss with a certain amount are considered in the analysis of 

NCSs, but this statement is not correct given the wide 

network structure, which indicates the necessity of 

considering them as uncertain values and their proper 

estimation is possible with the information available at any 

given moment. In this regard, it is first necessary to model 

the delay effect in the NCS equations properly, then obtain 

an instantaneous estimate using these equations [23]. This 

estimate, which can contain information such as mean and 

variance, can be used in the following cases: 

Assuming that the transfer function of the main system is 

G(s), if the system has a delay τ, it is considered as exp (-τ 

s), the system transfer function along with delay is 

expressed as exp (−τ s)×G(s) [16,17]. Now, the delay is 

defined as a state variable in the state equations of this new 

system and is estimated using the developed Kalman filter. 

The system equations are as follows: 



IJCSNS International Journal of Computer Science and Network Security, VOL.18 No.9, September 2018 16 

 

 

Τ is the unknown delay which shall be estimated along 

with the state variables X. In order to use the Kalman filter 

to estimate the parameters, the delay must be added as a 

state variable to the system equations. Therefore, the new 

system equations are obtained as follows: 

 

 

 

wτ (k), w (k), and v (k) is independent of each other and u 

(k) is a certain input signal. Defining: 

 

 

 

So: 

 

 

 

In the developed Kalman filter algorithm, the method is 

that at first, the nonlinear equations of the system are 

linearized around the working point, then the states are 

estimated using the standard Kalman filter. Linearization 

of f (X (k)) around X* (k) yields: 

 

 

 

Where 

 

 

Given the above two relations, the state equation is as 

follows 

 

 

 

By applying the operator E{*Y(k)} to the sides of the 

above-mentioned relation, the following equation is 

obtained: 

 

 
 

If X* (k) is defined as Xˆ(k k ), then: 

 

 

 

With the following definitions: 

 

 

 

The following equations are obtained 

 

 

 

Assuming Xˆ(k k ) to be known at moment k, Xˆ(k + 1 k )  

can also be calculated, hence, n (k) and m (k) are certain 

signals. It can be seen that the above equations are 

converted into a standard linear form for the Kalman filter 

and X(k + 1 k + 1) can be calculated as follows: 
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 3. Fuzzy controllers 

Recently, fuzzy logic has emerged as an attractive issue in 

the control research field. The most important principle in 

fuzzy logic is the structure of fuzzy controllers using 

experts’ linguistic knowledge. 

As shown in figure 4, a fuzzy controller consists of 4 parts, 

2 of which performing the conversion operation: 

 

 

Fig. 4  Block diagram of a control system including fuzzy controller 

The fuzzifier fuzzifies the input variables (real signals). 

Therefore, all the input signals become fuzzy. In simpler 

words, the fuzzifier converts numeric variables to fuzzy 

variables, that is, to linguistic variables. This conversion is 

carried out by membership functions. 

The database contains basic data and linguistic rules. The 

basic data provide the information required in determining 

the rules. Database (certified rules) meets the main purpose 

of control by a set of linguistic control rules. 

In other words, the database contains the rules provided by 

the experts. The fuzzy logic controller converts the input 

signals into proper output signals by the certified rules. 

The database contains a set of IF-THEN rules. 

When a classical controller (PI or PID) is used, the error 

signal is the input of the controller. For instance, in a PI 

controller, the input is a speed error, which is the 

difference of the optimal and real speeds. 

However, when a fuzzy logic controller is used, the 

controller will have more than one input. In most cases, the 

controller has two inputs, error (E) and changes (CE): 

The fuzzy controller used here also has two errors: speed 

error and error changes. Of course, fuzzy controllers with 

higher inputs are also possible. The objective of the fuzzy 

controller is to obtain the proper output signal (CU) 

according to E and CE. Then, the total output of the output 

changes is obtained using the following formula. 

As it can be observed here, the output of the fuzzy 

controller is the output changes that is summed up at any 

moment with the previous instantaneous output, however, 

it is also possible to use another fuzzy controller that 

directly returns the output itself rather than obtaining the 

output changes. The database is considered as the heart of 

a fuzzy controller, and includes rules for obtaining the 

optimal results. Generally, the IF-THEN linguistic rules 

are used in a database. 

IF (E is A and CE is B) THEN (CU is C) 

Where, A, B, and C are fuzzy sets for error, error changes, 

and output variations, respectively. 

4. Simulations and numerical studies 

4.1 System modeling (Inverted pendulum and 

motor): 

The inverted pendulum system defined here is shown in 

figure 5, which consists of a cart, a pendulum, and a rail 

path to restrict the movement of the cart to a direction, as 

well as to determine its position. The pendulum connects 

from one end to the center of the upper surface of the cart 

and is free on the other end, so it can freely move on a 

plane containing the rail path. The cart, with its limited 

movement on the rail track, is driven by a motor, while the 

position of the cart from the middle of the path, and the 

pendulum deviation angle from the balance point, are 

measured by the sensors. The effect of friction has been 

neglected when obtaining the equations of the system and 

during simulations to simplify the equations, but this effect 

has been taken into account in practice. 

The following inverted pendulum system has been 

considered. This system is excited by an impact force F. 

Then, its dynamic equations are obtained around the linear 
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balance point (it is assumed that the pendulum deviates 

only a few degrees from the balance point). 

 

 

Fig. 5  Inverted pendulum free body diagram (FBD) 

Parameters: 

M  Cart mass 0.5 kg  

m  Pendulum mass 0.05 kg  

b  Cart friction 0.1 N/m/sec  

l  
Distance of center of mass of 

the pendulum 
0.3 m  

I  Pendulum moment of inertia 0.006 kg.m2 

F  Force applied to the cart 
 

x  Cart position 
 

theta  
Angle of pendulum relative to 

the vertical direction  

 
In control of locus of roots and frequency response by the 

PID method, the pendulum angle can only be maintained 

to reach balance, since these methods are suitable for 

controlling single input-single output systems. In this 

section, it is assumed that the pendulum is initially in 

balance and then faces a 1 N impact force. The design 

criterion in this simulation is that the pendulum never 

deviates from the balance more than 0.1 radians and 

returns to balance in less than 20 seconds. If the state space 

equations are used for controlling the system, the 

pendulum angle and position of the cart can be easily 

controlled simultaneously. As, the state space is more 

suitable for multi-output systems. 

4.2 Simulation of fuzzy controller and PI on inverted 

pendulum using TRUETIME 

Inverted pendulum modeling: 

According to the figure 5, an inverted pendulum with a 

mass m and a length l m is placed on a cart with a mass M; 

this cart moves horizontally. The control force F drives the 

M and hence, causes the balance of the inverted pendulum. 

In this system, the friction is assumed to have a direct 

relationship with speed. 

Modeling method based on Lagrange equations: 

Generalized variables fully defining the motion of the 

system are x, θ 

The total energy of the system is: 

 

 

 

The potential energy of the system is equal to: 

 

 

 

Solving the Lagrange equation along x, θ we have: 

 

 

 

 

 
 

Linearizing around the working point yields: 

 

 
 

Pendulum transfer function: 

By taking Laplace transformation of equation (1) we have: 
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Since the desired output is the pendulum angle, removing x 

from the above equations, we will have:  

 

 

 
 

Simplifying this yields: 

 

 

 

Takagi-Sugeno (T-S) fuzzy control: 

A first order T-S fuzzy controller is used to control the 

inverted pendulum system. The system under control has 

four state variables, including the horizontal distance x, 

horizontal velocity , deviation angle θ, and angular 

velocity , the range of these variables is as follows: 

 

 
 

The i-th rule in the T-S fuzzy control is as follows: 

 

 
 

Where,  and . To avoid the 

complexity of the problem for each state variable, two 

membership functions are considered within the variable 

definition range. Therefore, the base of the rules of the 

fuzzy control system includes 16 fuzzy rules. The 

membership functions of the four state variables are shown 

in figures 6, 7, 8, and 9. 

 

 

 

 

 

 

 

 

 

 

Fig. 6  Position variable membership functions (MF1, MF2) 

 

Fig. 7  Horizontal velocity variable membership functions 

 

Fig. 8  Angle variable membership functions 

 

Fig. 9  Angular velocity variable membership functions 

TRUETIME is a MATLAB/SIMULINK software package 

written by Henryxon simulating the temporal behavior of 

multi-task and real-time kernels containing control 

programs. TRUETIME simulation environment provides 

two simulation blocks (a computer block and a network 

block, both of which are event_drive); the computer block 

simulates the activity of a control computer, including 

executing programs and switching for user defined fields 

and manual interrupts. Network block on the other hand, 

simulates the network dynamics based on the parameters 

entered by the user, like the message structure and a 

priority function used to determine the traffic priority. 
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Figure 10 demonstrates the two blocks in the TRUETIME 

simulation environment. The network block has a suitable 

flexibility to simulate different types of networks, 

including CAN and Internet-based networks. However in 

general, the TRUETIME network block is not adequate for 

simulation of the Internet arbitrary and complicated 

networks as well as IP-based networks. 

 

 

Fig. 10  Blocks of the TRUETIME simulation environment blocks 

The kernel of the TRUETIME blocks simulates a 

computer problem in real time. Network blocks distribute 

messages based on the selected network model. The blocks 

are connected to the real-time control system via 

continuous-time Simulink blocks. 

First, the NCS has been designed for the inverted 

pendulum using the PID controller and the TRUTIME 

toolbox in the Simulink environment as figure 11. 

 

 

Fig. 11  Design of the inverted pendulum using the PID controller and 

the TRUTIME toolbox in the Simulink environment 

In this section, the simulation is used with a T-S fuzzy 

controller. In this system, as shown in figure (4.8), the 

controller contains two inputs of d and de, respectively, of 

position and derivative of position of the pendulum, and its 

conditions are as table ... and the output includes three 

functions mf1, mf2, and mf3. 

 

 

Fig. 12  Output of the PHI derivative in terms of PHI using the Euler and 

TRUETIME calculator 

 

Fig. 13  Output of the derivative of x in terms of x using the Euler and 

TRUETIME calculator 

 

Fig. 14  Output of phi in terms of time using the Euler and TRUETIME 

calculator 
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Fig. 15  Output of x in terms of time using the Euler and TRUETIME 

calculator 

It can be seen that using TRUETIME, a small time 

difference is observed over the Euler method and it is 

implemented earlier than the Euler method. By designing 

the fuzzy controller as figure 16, the results are analyzed 

using TRUETIME and the results are as seen in figure 16. 

 

 

Fig. 16  Output of x in terms of time using the TRUETIME calculator 

and fuzzy logic 

 

Fig. 17  Output of phi in terms of time using the TRUETIME calculator 

and fuzzy logic 

Two important points in this design are the earlier stability 

compared to the PID controller in the TRUETIME toolbox 

in the previous simulation, and also the increased runtime 

in comparison to the previous case. 

The empirical results of the PID controller without the 

time delay compensator are shown in figure ….. In this 

response, ypm cannot overlap (follow) yp and causes the 

control signal to change towards infinity. Using the fuzzy 

controller shown in figures ... and ..., the ym response 

follows yp and the output yp tracks the reference input r. 

Full NCS stability conditions have been achieved even 

under high probability of loss of NCS data packets, i.e. 0.3. 

Thus, the simulation results indicate that the proposed 

solution completely yields the desired results for the NCS 

system. 

Simulation results for delay t = 1.049: 

 

 

Fig. 18  Response to the system step input with a delay of 1.049 

 

Fig. 19  Error between output and reference 

Simulation results for delay t = 0.089: 
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Fig. 20  Response to the system step input with a delay of 0.089 

 

Fig. 21  Error between output and reference  

Simulation results for delay t = 0.049: 

 

 

Fig. 22  Response to the system step input with a delay of 0.049 

 

Fig. 23  Error between output and reference  

It is observed that when the delay decreases, the input and 

output results approach each other, thus increasing the 

delay causes overshoot and increased response time. 

5. Conclusion 

In this study, in order for feasibility investigation, a NCS 

has been implemented to control the double inverted 

pendulum in a network environment. The NCS can be used 

in a direct or hierarchical structure, depending on the 

application requirements and designer preferences. 

Regardless of the structure used, the realization of the NCS 

system degrades due to network delays in the control loop. 

In the worst case, network delays can unstable the NCS by 

reducing the stability range. Coping with random network 

delays in the loop is much more difficult than random or 

periodic delays because there are no criteria to ensure the 

stability of the NCS. Stability criteria for NCS are usually 

the subject of specific methods and network protocols. 

Therefore, for designing a NCS with a specific network 

control methodology, the designer should be able to 

recognize the applications clearly, practically, acceptably, 

and reliably to control with the selected network protocol 

method. For example, if a plant is linear in NCS, all 

methods are applicable. However, if the plant is non-linear, 

only a disturbance method, a robust control method, and an 

event-based control method are useful for this stage. 

Hierarchical method should not be used in ring service 

network, as long as the method is not useful in long delays. 

The end-user adaptive control method is preferred when 

the QOS network can be supplied and monitored ... It 

should been investigated how to simulate a plant in a 

network environment. The experimental results indicate 

that fuzzy control is an effective method for NCS because 

of its robustness against parameter uncertainty. Due to the 

inherent robustness, the fuzzy controller system designed 

for a directly connected control system may be used for a 

NCS without the need for redesign. 
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