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ABSTRACT

Process control is a common area of study for different engineering disciplines. Controllers working with
the proportional-integral—derivative (PID) method are generally used in process control. Parameters like
level, flow, position, pressure, and temperature are controlled in-process control. PID algorithm can be
formed with different microprocessor-based devices. Process control is implemented by using analog input
and outputs terminals of PLCs (Programmable logic controller) which is recently the most commonly used
in industries. Also, a real-time PID method can be implemented by using a computer-based MATLAB
program in the laboratory.

The liquid level and flow control in the laboratory has been done by using PID algorithms and PLC device
and MATLAB real-time interface by using an experimental set. Necessary connections and configurations
have been prepared to perform process control. (SIMATIC Manager Step7) is used for programming in
PLC. Besides, the MATLAB simulation program is configured to implement real-time control to be
compatible with the MF624 data acquisition card. Liquid level and fluid flow control experiments were
performed separately for the same PID algorithms formed on two different devices, then liquid level
detection and liquid flow control results have been collected and investigated. Based on these results, a
total of four experiments were compared with both devices considering the ease and difficulties of using
PLC and MATLAB.
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1. Introduction

Automatic control systems are systems that aim to keep the system to the desired values without requiring
human intervention. In a good control system, as the input sizes change, the output sizes are expected to reach
the set values as fast as possible and the changes caused by disturbing quantities are expected to be self-
corrected by the system. A controller is added to the control system that does not include these features to
provide the desired features. Control of systems (industrial automation systems) is widely used in PLCs
instead of conventional relay control since it provides advantages such as reduced production cost, easy
installation, increased reliability, and quality.

Logical Controller is realized with microprocessor-based or real-time MATLAB computer-controlled systems.
PLCs support advanced industrial communication protocols and can exchange information over long

2045



https://core.ac.uk/display/288209377?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

PEN Vol. 7, No. 4, December 2019, pp.2045-2056

distances. This allows centralized control and monitoring of industrial automation systems over long distances
that are difficult to reach [1], [14].

MATLAB Simulink can be used to analyze the systems. According to automatic control systems, analysis and
control of the systems can be carried out to ensure that data is received in real-time, i.e. from a device such as
data transfer card or a serial or parallel port, and at the same time, the data is transferred and processed into
the MATLAB Simulink environment.

A liquid level modeled in MATLAB Simulink environment and the general structure of the flow mechanism,
as well as the Simulink, real-time workshop, real-time windows target toolboxes used in the system and the
usage patterns of these structures are introduced [20]. The most widely used feedback controller system today
is the Proportional-Integral-Derivative (PID). In the automatic control industry, most control loops are based
on PID controllers, which are of economic importance for industrial processes [15]. PID controllers are
indispensable elements of industrial systems. A PID controller uses (error value), which is the difference
between the desired output value and the measured output value, as input [16]. The controller works to
achieve the desired set value by minimizing the error by adjusting the system input. To achieve an error-free
control, the controlled signal is fed back and compared to the reference signal. A drive signal proportional to
the difference between the input and output signals are calculated by the PID controller and applied to the
system to correct the error [2], [14].

This study aims to determine the positive and negative aspects of both systems by using PLC software in
liquid level and flow control systems or PID controller created in real-time MATLAB Simulink environment
and then determine which method is suitable for which system. The below table shows the parameters used in
this study.

Table 1. Key parameters

Abbreviation Explanation Abbreviation Explanation
Kp Proportional gain T The time constant in seconds
Ki Integral gain td The time delay in seconds
Kd Derivative gain g the gravitational acceleration
L Liquid level a the cross-sectional area of the exit hole at the
bottom of the tank
Qin Flow input A The cross-sectional area of the tank
Qout Flow output PID (Proportional - integral - derivative) controller
Vp Motor voltage Ti, Td Integral time, Derivation time
R Resistance PLC Programmable Logic controller

For general PID controller design, the following steps are taken to obtain the desired response in PID
controller design [3], [5]:

1) There is an open-loop response and requirements are determined (rise time, settling time, maximum
overrun, etc.).

2) A proportional controller is added to shorten the rise time.

3) An integral controller is added to remove the steady-state error.

4) A derivative controller is added to reduce the over-run.

5) Kp, Ki, and Kd are adjusted until the desired response is achieved.

We can find out which controller controls which characteristic by using Table 2.
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Table 2. The result of adding Kp, Ki and Kd controllers on a closed-loop system

Abbreviation Rise-time Over-run Settlement-time Steady-state error
Kp reduced increased changed slightly reduced
Ki reduced increased increased disappeared
Kd changed slightly reduced reduced changed slightly

2. Methods and models
2.1. Ziegler-Nichols method

One of the most common methods is the Ziegler-Nichols method. There are two different methods of
Ziegler—Nichols; the first is the oscillation method which can be applied if the controlled system can enter
full oscillation. The second Ziegler-Nichols method is called (the reaction curve) method [4]. In this
method, PID coefficients are found by the reaction curve. The open-loop function of the system, the unit
step function is examined by investigating the value shown in the graph in Figure 1. This answer is
equivalent to the response of a first-order time delay function to the unit step function as in ().

G(s) = K2 (1)

1+1.s

Figure 1. Ziegler-Nichols reaction curve [16].

These values are obtained by using Table 3 formulas to obtain ideal PID coefficients. Where 7 is the time
constant (S) and 4 is the time delay (5).

Table 3. Ziegler-Nichols reaction curve method

Abbreviation Kp Ti Td
T
P K.ty4 a) 0
PI 09— 3.7, 0
PID 12 Ker 2.7, 0517,

2.2. Cohen-Coon method

This method is very similar to the Ziegler-Nichols reaction curve. Figure 1 shows the difference in the
calculation of PID parameters. Table 4 is used for these calculations.
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Table 4. Cohen-Coon method coefficients

Abbreviation Kp Ti Td
T Td
P K.tgq ( 1+ ;) o 0
o1 - (09-+11) T4 [30 7T+ 3 14] 0
K.tgq 3T [9‘[ + 20 Td]
oI L dy 14[32 T+ 614] [4. 7q. 7]
Ktq '3 37 [137 + 8 14] [117 + 2 74]

3. System model

The system used in this study consists of a pump and two liquid tanks with a vent. There is a liquid flow
sensor at the outlet of the pump and a level detection sensor in the first tank. All tanks have the same
diameters and valves will change these outputs. In this lab set, the pump supplies the (Tank 1) and the output
of the (Tank 1) supplies the (Tank 2). The outlet of the tank 2 is reconnected to the pump, thereby ensuring a
continuous flow of liquid.

3.1. Tank model of fluid systems

In general, industrial liquid processes consist of pipes and tanks. In all fluid flow systems, the flow frequently
causes turbulence. Flow systems are generally represented by nonlinear differential equations. The definition
of the resistance and capacitance of the liquid level is explained by simple formulas and dynamic properties.
The rate of liquid level change over time is given for each tank.

The fluid level (L) can be calculated with the provided input-output difference of the flow Qin (t) — Qout (t)
and the constant cross-sectional area A of the tank

== = (Qun(®) — Qoue(®)) 0
Qin(t) = Kpr (3)

Qout = ay 2gL (4)

The output ratio for each tank is given by (4), where (g) means gravity acceleration and (a) cross-sectional
area of the outlet opening at the bottom of the tank. The liquid level dynamic equation of the tank (5) was
obtained using the expression as in (2).

Lo _ K

9 80,0~ VIO ®

In fluid systems, elements such as capillary tubes, valves, and porous plugs, which make flow difficult and
restrict, become resistance elements [3]. The connection between the (Q) flows through these resistors is
shown in (6). Fluid resistance and electrical resistance are completely similar. If the internal variable flow as
input and three variable levels as output are taken, the fluid resistance transfer function is as shown in the
equation (7).

L=RQ (6)
_ % — 8nh
T dqQ T mrtpg (7
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L(s)
= R )
Meanwhile, the dt (In-Out) is equal to the extra amount contained in the water tank over the small-time
interval, and the Q-H relationship is shown in the differential equation for the fixed resistance as follows.
Tank capacitance; The amount of liquid (m®) required changing to one unit in the tank at the liquid level (m),
the capacitance of the tank is proportional to the cross-sectional area, if the cross-sectional area is constant,
and the capacitance is constant at any level [19].

__ stored fluid change
liquid level change

dL = (q;_qo)dt C)]
_ &
dl
RCa+l=qu (1)
Ls) _ R

Qi(s) = RCs+1 (12)

Figure 2. Liquid level control system diagram
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Figure 3. Liquid level control block diagram

3.2. System control with PLC

PLC is designed for industrial applications, it is an electronic device that controls a system with the function
written according to digital principles using input and output cards and provides general control with the
functions of timing, counting, storage, and arithmetic operation [18]. In automatic control systems, in addition
to speed, control, safety, and product quality, the reconstruction of the control circuits for the manufacture of a
new product, the assembly, and removal of the connections by PLC programming alone was a huge
advantage. This has brought the use of PLC-based control systems as an indispensable controller in industrial
automation circuits. The ladder is the most common programming language. However, in complex
applications and programs that require intensive mathematical and system-related block software, STL
becomes more prominent [24].

3.3. Realization of PID control with MATLAB real-time simulink

The MF 624 multifunctional 1/0 card is designed for the need to connect real-world signals, the MF 624
multi-function 1/O board is equipped with cable extender, which is suitable for desktop use, with 37-point D-
type female X1 and additionally with 37-point D-type female X2 connectors [23]. To run a simulation or to
create a real-time application, a new model is created by opening the Simulink library in the Matlab
Command Window. In the model, the input and output of the system are realized with analog input and output
blocks. PID block “Simulink Extra” library is added to the model from the browser [17]. Within the reference
value, the signal generator is added. Analog input and output blocks have been added to the Simulink model
and parameters have been set to enable the input and output of the controlled system to the computer
environment [21]. As shown in Figure 4. Closed-loop connections have been established by establishing inter-
block connections. The PID controller parameters were applied to the PID block by using the “Ziegler
Nichols” method and optimized by selecting the best settling time value for several trials.

Signal 1 Anal
E ~nalog
+ FID - -
Signal 2 ;1 il ™ output
Signal Builder PID Contreller Saturaticn Analog Cutput

Analog |:|
Input

Analog Input Scope

Figure 4. Closed-loop PID control model
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4, Results
4.1. PID flow control results with MATLAB and PLC

The PID control algorithm was applied to the model of the flow control system which was found by utilizing
the system recognition tool. The parameters of the PID controller “Kp, Ki and Kd were determined using the
Ziegler-Nichols method. It has been optimized by making a few trials with the shortest settling time and
minimum overrun of these values. The sampling time for the flow system was selected as 0.01s, upon
applying the same values to both systems Kp = 3,4 Ki = 3,7 and Kd = 0,55, the results were compared.

The real-time results obtained by the PID algorithm of the flow control are shown in Figure 5 and Table 5 for
the MATLAB part, the rising time of the desired value, the settling time of 1% and the steady-state error are
shown. For the PLC part, the same values were determined in Table 6 and Figure 6.

25 |
Time: 195
Flow: 20.8

a0k-= L L. _ S

v Time: 211
| Flow: 20.08

Input value

Flow value

15+

Flow (cm’/s)

1 1 1 1 1
200 400 600 800 1000 1200 1400
Time(s)*1072

Figure 5. Matlab flow PID control

Table 5. Matlab flow PID control output

Risetime  Settling time ~ Srcody-state

error
Time (s) 1,95 311 008
Flow (cm®) 20,8 20,08 ,
Table 6. Flow PID control output
Risetime  Settlingtime  “tcaoy-State
error
Time (s) 3,01 42 0000

Flow (cm®) 20,93 19,8

This PID control experiment performed with both methods was obtained at different flow values and the
results were obtained and plotted on top of each other for comparison of the two methods are shown in Figure
7 when these results are examined.
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Figure 6. PLC Flow PID control
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Figure 7. Matlab and PLC output of PID Flow control according to different reference values.

As shown for flow control, different values were selected and applied, these values 20, 30, 10, 40 and 20 were
selected. The purpose of selecting different flow values is to see and examine the response of the PID method
to flow control at different values. By keeping the selected Gain, integral time and derivative time constant,
Extreme values show different excesses, but these excesses do not reach 15%. In this experiment conducted
over Matlab and PLC, Excess and % 1 settling values are given in Table 7.

Table 7. Matlab and PLC outputs of PID flow control at different values

20cm3/s 30cm3/s 10cm3/s 40cm3/s 20cm3/s

MATLAB 20.82 30.44 791 44.55 19.18
Over % 4 % 1.5 % 10.05 % 15.1 % 4.1
MATLAB Settling Time (s) 3.07 3.05 4.88 6.02 3.1
PLC 20.92 30.49 9.07 42.14 19.12
Over % 4.6 % 4.9 % 4.46 % 7.1 % 4.4
PLC Settling Time (s) 4.2 4.6 5.2 6.02 4.26
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According to these results, the flow PID control output response with MATLAB is faster than the PLC, also it
shows different overruns at the highest and lowest flow rates.

On the other hand, in the same experiment performed with PLC, the output responses have no difference with
MATLAB, but they were a little bit slower.

4.2. PID level control results with MATLAB and PLC

In the level control system, as in the case of flow control, the model of the system was obtained from the
system recognition tool. The control system was controlled using the PID algorithm. The parameters of the
PID controller “Kp, Ki and Kd were determined using the Ziegler-Nichols method [22]. It has been optimized
by making a few trials with the shortest settling time and minimum overrun of these values. The sampling
time for the level system was selected as 0.1 s, after applying the same values “Kp =16 Ki=1.67 and Kd =
0.55 to the system in both ways, the results were compared. In the level control system, the PID algorithm is
used to keep the level at the intended value. The PID algorithm was implemented via a computer-based
Matlab Simulink program and PLC. Figure 8 for Matlab and Figure 9 for PLC displays the results of these
two experiments done in both ways.

6.5 T
X 525 X BE2
Y6044 v 5019
_____ _l": = = =
E
=
g
Matlab PID Level
Input value
3_5 1 1 1
0 200 400 600 800 1000 1200
Time(s)*10-1
Figure 8. Matlab level PID control
6.5 T
X: 487
Y- 6.112
n
bE== == ===
= 2| -
E
e
L
5 L -
4.5F -
FPLC Level Value
Input Value
4 1 1 1
0 200 400 600 800 1000 1200

Time(s)*10-1

Figure 9. PLC level PID control
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Different reference values were applied for the liquid level to be checked at 4,6,2,8 and 4 liters levels and the
results of the system were obtained through MATLAB application and PLC application and both results were
plotted on top of each other to see the different levels of the response of the PID System control. Figure 10
shows the results made by both methods.

Level (crm)

Matlab Level Value

0 — PLC Level Value

Input Value

1 1 1 I

0 1000 2000 3000 4000 5000 6000 7000
Time (s)*1071

Figure 10. Matlab and PLC output of PID level control according to different reference values.

Table 8. Matlab and PLC outputs of PID level control at different values

level control 4cm 6 cm 2cm 8cm 4cm

4.06 6.044 1.836 8.156 3.88

MATLAB over %15 % 2.2 % 4.1 % 2.51 %3
MATLAB settling time (s) 93.5 69.4 95.7 140 78.6
PLC over 4.109 6.111 1.915 8.134 3.89
% 2.8 % 5.5 % 2.1 % 2.2 % 2.9

PLC settling time (s) 99.3 62.2 89.3 145 84.5

5. Conclusions

In this study, flow and liquid level control from process control are discussed. In these two experiments, the
PID algorithm was written in both (lab MATLAB Simulink real-time workshop) and (PLC S7300 SIMATIC
manager), then the necessary analog input and output connections were established. Based on the results
obtained, the advantages of PID control over MATLAB Simulink and PLC in real-time experiments in the
laboratory were determined. The models of the system were determined using the MATLAB system
recognition tool. Ziegler-Nichols and Cohen-Coon methods were used for the determination of PID
coefficients, but high overrun and late settling time was observed when the coefficients found by these
methods were used. PID coefficients have been optimized as a result of various attempts to eliminate them.
System overrun is reduced and a stable response is obtained. According to the results obtained by the control
of MATLAB PID on the MF624 data acquisition card in a computer-based real-time application, it is found to
be more effective in fast systems. Looking at the results of the flow control system, PID control results
applied with Matlab Simulink fit less time. On the other hand, PID control with PLC and PID control with
MATLAB do not show much difference in the level control system which reacts more slowly.
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