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Abstract: 

This paper provides a description of the methodology for achieving the objectives of the effects of feedback and feed forward 

induced delays on closed loop control systems. The analyses of the effects were carried out using a continuous -time system 

with PID controller. A DC motor model in transfer function form was used for the continuous -time system. The simulations 

were performed using MATLAB/Simulink and details of the simulation are presented.  
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1.INTRODUCTION 

 

Industrial process control technology has rapidly evolved over 

the last several years [1]. It progressed from electronic analog 

control (in 1950s), to direct digital control (in 1960s), to 

programmable logic controllers (in 1970s), to distributed control 

systems (in 1980s), and now to fieldbus sensor networks (in 

1990s) [2]. The integration of intelligent field devices, digital bus 

networks, and various open communication protocols has 

produced remarkable results at industrial process plants around 

the world, while ability to retrieve, share, and analyze data has 

significantly increased by the use of the Internet and PC network 

technologies in business organizations, the ability to control and 

manage industrial process plants have also been improved by the 

implementation of digital communication technologies. 

However, these technologies also bring additional issues on 

control system performance that needs further investigation. One 

such issue is the delays introduced by these networks and its 

effects on the performance of the control system.  

 

These digital communication technologies are commonly 

referred to as “fieldbus networks.” Fieldbus is a bi-directional 

digital communication network that enables the connection of 

multiple field instruments and processes and operator stations 

[3]. It interconnects “field” equipment such as sensors, actuators 

and controllers, and it functions as a Local Area Network (LAN) 

for instruments used in both process and manufacturing 

automation. These networks are also called Networked Control 

Systems (NCS) [4]. For instance, in conventional 

communication, an instrument sends its measured value by 

varying the current it uses between 4 and 20mA. In a similar 

way, an actuator is controlled by varying the current signal sent 

to it. This standard is referred to as 4-20 mA. If devices with this 

standard are used in a large complex plant, large numbers of 

cables have to be installed. Fieldbus replaces this existing 4-

20mA analog signal standard, and provides many advantages. 

Figure 1 shows a typical fieldbus network connection and 4-20 

mA analog connection in an industry [5]  

 
Figure.1. 4-20 mA Analog and Digital Fieldbus Standard 

Connections [5] 

There are different types of fieldbus networks in industrial 

application domain. These communications protocols can be 

classified as sensor networks, device networks, and process 

control networks [6]. The difference in these three network types 

can be attributed to the different areas of application the 

particular buses are used in. The sensor network is at the lowest 

level of process automation. AS-i (Actuator Sensor Interface) is 

the most common sensor bus. The device network is used for 

connectivity in areas with greater concentration of discrete 

devices, variable speed drives, and motor control centers. The 

most commonly used device bus networks include DeviceNet 

and Profibus-DP. DeviceNet is extensively used in factory 

automation and is also proving to be useful in process 

automation. It is built on the Controller Area Network (CAN) 

physical communications standard initially designed for the 

automotive industry. The process control network provides 

connectivity of sophisticated process measuring and control 

equipment. Examples of these networks are Foundation Fieldbus 

and Profibus PA [7]. While the CAN protocol forms basis for 

some of the device bus networks such as DeviceNet as explained 

before, it is extensively used in automotive market to reduce the 

weight and cost of wiring harnesses as well as to provide 

additional communication capabilities [8]. The CAN bus is 

mostly utilized in embedded systems. Many variants of CAN 

protocol such as CANopen, CAN Kingdom, have also been 

developed and used in automobile and other transportation 
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related areas [9].  The fieldbus is implemented in the feedback 

control systems. The control loops are closed through a real-time 

network as shown in Figure 2. The significant aspect of this 

network is that information in the form of signals is 

communicated through the network and some control 

components. These components may include sensors, controllers, 

and actuators. Also, typical messages transmitted between and 

among devices can either be control data, which is time critical, 

or information data, which only needs guaranteed delivery. The 

implementation of fieldbus into control loop therefore provide 

some advantages such as easier installation and maintenance, 

easy diagnostics of system, and increasing flexibility of control 

system architecture. However, this network interconnection also 

has some fundamental concerns 

 

 
Figure .2. Network Control System. 

TCA: Fieldbus Network Time Delay between Controller and 

Process Actuator. 

TSC: Fieldbus Network Time Delay between Process Sensor 

and Controller. 

One of the concerns is the issue of network-induced delay such 

as sensor to controller delay, and controller to actuator delay as 

indicated in Figure 2. This occurs during the exchange of data 

among devices connected to the shared medium. This delay can 

degrade the performance of control systems and can also affect 

the stability of the entire system [10]. Other performance 

concerns are collisions in message transfers when multiple 

resources try to access the common bus. These collisions result 

in several issues which include information missing as packet 

dropout, and delays when the information is resent [4]. The 

packet dropout may be a concern in some network protocols. 

Also, the nature of the network induced delays depends on the 

chosen network protocol. The DC motor control systems are 

stable systems in general when time delays are not considered. 

However, inevitable time delays may destabilize the closed-loop 

system when the DC motor is controlled through a network. 

Therefore, communication and measurement delays for stability 

analysis of a networked-controlled DC motor must be taken into 

account in the process of a controller design, and methods need 

to be developed to compute the stability boundaries in terms of 

time delay and controller parameters [11-12]. The existing 

studies in the stability analysis of time delayed systems mainly 

focus on the stability delay margin computation for a given set of 

controller parameters [13]. 

2-Control Systems architecture   

Figure 3 shows the block diagram of a closed-loop control 

system. The plant (system) block represents the process such as a 

DC motor to be controlled. The plant input is represented by the 

signal U and plant output is represented by the signal Y. The 

sensor block measures the plant output such as speed. The 

actuator block changes plant input such as DC motor voltage 

based on the control signal sent by the controller block. The 

objective of the controller is to make the output such as speed 

follow the desired set-point value of R such as 1000 rpm [14].  

 

 
Figure.3. Closed-loop Control System. 

Plants (System) can be mathematically modeled for analysis and 

design purposes. These modeling techniques for linear systems 

include Laplace Transform based transfer functions. A second-

order system such as a dc motor transfer function is shown in the 

following equation: 

𝐺 𝑠 =
𝑌(𝑠)

𝑈(𝑠)
=

𝑎𝑠+𝑏

𝑠2+𝑐𝑠+𝑑
 (1) 

where G is the transfer function, U is the input and Y is the 

output of the process. a, b, c, and d are process constants. There 

are different types of controllers such as PID. A typical structure 

of a PID control system is mathematically described by: 

𝑢 = 𝐾𝑝𝑒 + 𝐾𝐼  𝑒𝑑𝑡 + 𝐾𝐷
𝑑𝑒

𝑑𝑡
 (2) 

where Kp is Proportional gain, KI is Integral gain, and KD is 

Derivative gain, e is the error which is the difference between 

output (y) and set-point (r). The controller gains Kp, KI, and KD 

are adjusted to achieve desired system performance. To measure 

the effectiveness of the controllers, several performance 

measures are used. One of them is the transient response of the 

system output for a step input. A typical step-response is shown 

in Figure 4[14], which would correspond to DC motor speed in 

rpm on y-axis. Various performance criteria used from this step-

response are peak-time, peak-value, settling-time, and rise-time. 

The peak time (tp) is the time required for the response to reach 

the first peak of the overshoot and the peak value is the 

maximum value of the output, reached after application of the 

unit step input after time (tp).  

 
Figure.4. Performance Criteria in Control Systems (Step 

Response Graph). 
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The overshoot is the amount by which the system output 

response proceeds beyond the desired response. The rise time is 

usually viewed as the time required for the response to a unit step 

input rising from 10 to 90% of its final value. For under damped 

second-order system, the 0% to 100% rise time is normally used. 

For over damped systems, the 10% to 90% rise time is 

commonly used. The settling time is the time required for the 

system output to settle within a certain percentage of the input 

amplitude. Overshoot is the amount by which the system output 

response, such as DC motor speed in rpm, proceeds beyond the 

desired response. This dissertation used these closed-loop control 

system concepts for studying the performance of the systems 

with fieldbus networks. 

 

3-DC Motor and PID Controllers Mathematical 

Models 

DC motor is commonly used for producing continuous 

movement. Its speed of rotation can easily be controlled, thus, 

making them ideal for use in applications where speed control, 

servo type control, and or positioning is required. Many control 

applications use DC motors as a drive force. When the DC motor 

turns on, the controller quickly adjusts the input voltage for the 

output speed to track the required reference speed with an 

acceptable rise time, settling time and overshoot criteria. But as 

the output speed approaches the required reference speed, the 

controller will adjust the input voltage since the error signal 

between the reference speed and DC motor speed is reduced. 

When a fieldbus network is used in the network-based closed-

loop DC motor control, the input voltage command from the 

controller to the DC motor and the speed feedback signal from 

the sensor to the controller may be delayed due to network-

induced time delays. If these delays are long enough, the rise 

time, settling time and overshoot may affect the overall 

acceptable control of the DC motor, and it may even degrade the 

system performance and make the system unstable. The DC 

motor consists of two parts: the stator which is the stationary part 

provides fixed magnetic field and a rotor which is the rotating 

part (armature) to which mechanical load is connected and input 

voltage is supplied [14]. The schematic diagram of the DC motor 

is shown in Figure 5. 

 
Figure. 5. Diagram of DC Motor Circuit [14]. 

The Kirchhoff’s voltage law equation for the armature electrical 

circuit of DC motor gives: 

𝑢 𝑡 = 𝑒𝑎 = 𝐿𝑎
𝑑𝑖𝑎

𝑑𝑡
+ 𝑅𝑎 𝑖𝑎 + 𝐾𝑏𝜔  (3) 

where 𝑢 𝑡 = 𝑒𝑎 is the armature input voltage, La is the armature 

inductance, Ra is the armature resistance, 𝑖𝑎 is the armature 

current, 𝐾𝑏 is the back emf constant, and 𝜔 is the rotor angular 

speed. Using Newtonian mechanics, the mechanical torque 

balance equation gives: 

𝐽
𝑑𝜔

𝑑𝑡
+ 𝐵𝜔 + 𝑇𝑙 = 𝑇𝑒 = 𝐾𝑖𝑎   (4) 

 

Where J is the motor moment of inertia, B is the motor damping 

coefficient; K is the torque constant and 𝑇𝑒   𝑎𝑛𝑑𝑇𝑙  are the 

electromagnetic torque and load torque respectively. The 

parameters of the DC motor used in this research are shown in 

table 1. 

 

Table .1. Parameters of DC Motor. 

J  Inertia 42.6 e-6 Kg-m2 

La Inductance 170 e-3 H 

Ra Terminal Resistance 4.67 Ω 

B Damping Coefficient 47.3 e-6 N-m-sec/rad 

K Torque Constant 14.7 e-3 N-m/A 

Kb Back emf Constant 14.7 e-3 V-sec/rad 

 

By taking the Laplace Transformation on both sides of the above 

two equations, rearranging them and substituting the above 

numerical values, the resultant DC motor system (plant) 

dynamics was obtained and described by the transfer function 

below [15]. 

 

𝐺𝑝 =
0.0147

7.242𝑒−06 𝑠2  + 0.000207 𝑠 + 0.000437
 (5) 

 

This plant transfer function between speed and armature voltage 

was used in the MATLAB/ Simulink program to evaluate the 

performance of the networked control system. 

 

The transfer function of the PID controller is also given by: 

 

𝐺𝑐 𝑠 = 𝐾𝑝 +
𝐾𝐼

𝑠
+ 𝐾𝐷𝑠 =

𝐾𝐷𝑠2+𝐾𝑝 𝑠+𝐾𝐼

𝑠
  (6) 

 

Where Kp is the Proportional gain, KI is the Integral gain and  

KDis Derivative gain. It was assumed that the PID speed 

controllers for the dc motor were first designed without network 

delays, and then with network delays were included. The effects 

of these network delays on the controllers were studied. 

 

4-Results and Analysis of the Effect of Network Delays on 

DC Motor Speed with 

PID Controller 

 

As discussed before, network delays affect the magnitude of the 

transient behaviors in a control system. These delays deteriorate 

or degrade the performance of the system. This effect can result 

in the increasing of both overshoot and settling time. In this 

section, these effects are studied for the DC motor control system 

using MATLAB/Simulink simulations. The motor transfer 

function equation (5) described was used as the plant model, and 

the PID controller transfer function (6) given before were used 

with different values for Kp, KI and KD in the simulations. The 

Simulink software determines the closed loop system transfer 

function for the entire system based on the motor and controller 
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transfer functions. Network delays between sensor to controller 

and controller to actuator were then included in the simulations. 

These delays were varied to study their effect on system 

performance. The Simulink diagram of the setup of the NCS is 

shown in Figure 6. 

 

 
Figure.6. Networked Based DC Motor Control System 

Simulation Diagram. 

 

The gains used for KP, KI and KD were 0.1701, 0.378 and 0.0075. 

For this controller, the graph of the step input, various outputs 

when network delays (τsc and τca) have equal values of 0.00s, 

0.03s, and 0.06s are shown in Figure 7. It can be observed that 

the system performance gradually degraded as the network 

delays increased in values, and especially became unstable at 

values of delays beyond 0.06s. For instance, the system became 

unstable at delays of 0.07s, as shown in Figure 8.  

 

 
Figure.7. Performance Measures for PID Controller at 

Different Delays. 

 

 
Figure.8. PID Controller Performance when Delays (τsc and 

τca) = 0.07 s. 

The settling time increased with an increase in delays for higher 

delay values but the change was not significant at lower delay 

values. For example, the percentage overshoot and settling time 

for 0.02s delay was 8.0% and 0.247s respectively. The 

percentage overshoot was increased to 81.2% and the settling 

time also increased to 2.269s when the delays became 0.05s. It 

was also observed that the system performance gradually 

degraded as the delays increased in values, and became unstable 

at values of delays beyond 0.05s. For instance, the system 

became unstable at delays of 0.06s, as shown in Figure 8. 

However, this PID controller did not improve the performance of 

the system as it did not accommodate more network delay values 

than that of the previous PID controller. Therefore, increasing 

the derivative gain may improve the delay performance only up 

to a certain derivative gain value after which the performance 

may degrade.  

 
Figure.8. PID Controller Performance when Delays (τsc and 

τca) = 0.06 s. 

Similar to the previous PID controller, the percentage overshoot 

increased with an increase in delay. For example, the percentage 

overshoot and settling time for 0.02s delay was 11.3% and 

0.258s respectively. The percentage overshoot was increased to 

85.6% and the settling time also increased to 3.155s when the 

delays became 0.05s. The simulation results for PID controller 

(3) having the gains for KP = 0.1701, KI = 0.378 and that of KD = 

0.05 are presented in Figures (9-12). The system performance 

when the network delays (τsc and τca) are 0.000s, 0.002 s, 0.006s, 
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and 0.008s. From the figure it can be concluded that the 

performance of the system degraded when the delay increased. 

The system however, became unstable when the network delay 

(τsc and τca) was 0.008s. 

 

 
Figure.9. PID Controller Performance with no Network 

Delay. 

 

 
Figure.10. PID Controller Performance with Network Delay 

0.002 Sec. 

 
Figure 11. PID Controller Performance with Network Delay 

0.006 Sec. 

 
Figure 12. PID Controller Performance with Network Delay 

0.008 Sec. 

 

5.CONCLUSION  

 

This paper has analyzed the effects of the time delay which 

generated from feedback and feed forward parts of closed-loop 

on the stability of a DC motor speed control system controlled by 

PID controller. A mathematical model has been used to simulate 

the performance of DC machine at deferent values of time delay 

and study of stability for various values of the PID controller 

gains. The accuracy of delay margin results was proven using 

time domain simulation capabilities of MATLAB/Simulink. It 

has been observed that the DC motor speed control containing 

certain amount of communication delay will be not only stable 

but also will have a desired dynamic performance in terms of 

damping, settling time and non-oscillatory behaviors. Therefore, 

the proposed method is an eff ective method to estimate delay 

margins of DC motor speed control systems.  
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