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ABSTRACT: The pH neutralization process is a highly non-linear process and time
delay system that is difficult to control and to accurately model mathematically.
Therefore, the empirical method, which needs reliable experimental data to represent the
process dynamics, is often used. In this paper, the performance of the PLC-based PID
controller was studied using a different adjustment of the acid dosing pump stroke rate in
the pH neutralization process. The pH neutralization process is a single-input, single-
output system where the manipulated variable is the alkali dosing pump stroke rate, the
controlled variable is pH, and the acid dosing pump stroke rate is set as a constant. The
acid dosing pump stroke rate was adjusted to 10%, 15% and 25%. The results showed
that the best performance of the PID controller was based on setpoint tracking when the
setting of the acid dosing pump stroke rate was set at 10%, which could be used as
experimental data in the empirical method. In addition, the real-time control system was
integrated between PLC and MATLAB using National Instruments OPC server to access
the experimental data in real-time, conduct simulation, and to develop the advanced
control in the future.

ABSTRAK: Peneutralan pH adalah proses tidak linear yang sukar dikawal dan sukar
mendapat model matematik yang tepat. Oleh itu, kaedah empirikal memerlukan data
eksperimen masa nyata bagi mewakili proses dinamik untuk mengatasi masalah ini.
Kajian ini adalah berkaitan kajian prestasi pengawal PLC-berdasarkan PID
menggunakan pelbagai perubahan kadar strok pam dos asid dalam proses peneutralan
pH. Proses peneutralan pH ini adalah sistem satu input/output, di mana pemboleh ubah
yang dimanipulasi adalah kadar peratusan strok pam dos alkali menggunakan pam
peristaltik, pemboleh ubah kawalan ialah pH dan pemboleh ubah malar ialah peratusan
dos asid.Kadar strok pam dos asid dilaraskan pada 10%, 15% dan 25%. Dapatan kajian
menunjukkan prestasi terbaik kawalan PID adalah berdasarkan pengesan titik-set apabila
kadar strok pam dos asid dilaraskan pada 10%, di mana ianya berkesan apabila
digunakan sebagai data eksperimen dalam kaedah empirikal. Tambahan, kajian ini telah
berjaya membentuk sistem kawalan masa nyata bagi proses penutralan pH menggunakan
PLC dan MATLAB melalui pelayan National Instruments OPC bagi membolehkan
pertukaran data eksperimen secara masa nyata yang cekap, menjalankan simulasi dan
pembangunan kawalan termaju pada masa hadapan.
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1. INTRODUCTION

The palm oil plantation and processing industry is dominated by countries such as
Malaysia, Indonesia, and Thailand. Treating palm oil mill effluent (POME) in accordance
with regulations and standards from environmental agencies is a major problem in the
palm oil industry [1,2]. The discharge POME in Malaysia must meet the standard
requirements of Standards A and B of the Environmental Quality (Industrial Effluents)
Regulations 2009. The direct discharge of POME has an impact on the environment.

Fresh POME from the palm oil mills is acidic (pH 4-5), hot (80-90 °C), non-toxic,
with high organic content (chemical oxygen demand, COD 50,000 mg/L, biochemical
oxygen demand, BOD 25,000 mg/L) and contains significant amounts of plant nutrients
[3]. In addition, the discharge of dark brown colored POME into rivers inhibits the growth
of aquatic organisms by reducing the penetration of sunlight and impairing photosynthetic
activity. The ponding system is a common conventional method of treating POME. Most
palm oil mills use anaerobic digestion as their primary treatment for POME. In Malaysia,
more than 85% of the palm oil mills use the ponding system for POME treatment, and
others use an open digestion tank [4]. Anaerobic digestion is the process of breaking down
complex organic substances without oxygen. The process takes longer as the bacterial
consortia must adapt to the new environment before using the organic matter to grow [5].

The major factors that affect the performance of the POME treatment digester are pH,
mixing process, operating temperature, and organic loading rates into the digester.
Operating temperature and pH are important to maximize microbial community
performance in an aerobic digester [6]. In Malaysia, the pH of the POME discharge
standard according to Standard B of the Environmental Quality (Industrial Effluents)
Regulations 2009 is 5.5-9.0 [7]. However, pH control is a highly non-linear process and
time delay system that is difficult to control. The dynamics of the pH neutralization
process led to the difficulty of obtaining an accurate mathematical model [8]. Therefore,
the empirical model of the pH process is the most suitable method to use for solving this
problem [9,10]. Reliable experimental data are required to represent the dynamics of
process, which only can be obtained with correct experimental setup.

PC-based supervisory control and data acquisition systems (SCADA) are typically
used in POME treatment plants to collect, store, and analyze the process data. The system
uses a controller, usually a PLC system with embedded PID controller algorithm, to adjust
the parameters. The pH neutralization is one of the non-linear processes that requires
advanced process control. In this study, the pH neutralization plant system is built from a
SIMATIC S7-1200 controller with CPU firmware V4.0 and used TIA Portal V13 software
with PLC PID compact block V2.2 for the PID controller control system. However, this
system architecture does not support the performance of any simulation with SIMATIC
PLCSIM software [11]. In addition, the challenges of the PLC system are that the PLC
does not allow for real-time simulation or changes unless the system is under maintenance,
and it is difficult to implement the mathematical model and advanced control algorithm in
the PLC system. Therefore, the MATLAB platform can be used to design advanced
process control, run simulations, and test the controller. The results obtained in MATLAB
through simulation can be directly applied to the process plant through the PLC. In
industrial automation, this requires a standard method for communicating and exchanging
data with multiple types of data tags. The limitation of MATLAB is the difficulty of
connecting to the rest of the real-time application system. To overcome this limitation,
OPC Data Access (DA) servers can be implemented for real-time data exchange between

245



IIUM Engineering Journal, Vol. 24, No. 1, 2023 Zainal et al.
https://doi.org/10.31436/iiumej.v24i1.2366

PLC and MATLAB using the MATLAB OPC Toolbox [12]. OPC DA server provides
specification for the transfer of real-time data from the data acquisition device [13,14].

Several studies have successfully integrated the PLC with MATLAB using the OPC
server. A study by Bagal et al. [15] shows a method for implementing a real-time DC
motor speed control PLC based on SCADA and MATLAB. With this method, the authors
integrated a Mitsubishi FX2N 32MR PLC with OPC DA server KEPServerEx.V4 for data
acquisition between the DC motor, SCADA application (Citect SCADA 7.2), and
MATLAB. Gajjar et al. [16] developed a water heating tank system for temperature
control with VIPA 315-SB PLC using the OPC DA Server KEPServerEx as
communication protocol with MATLAB. In this study, a PID controller and a model
predictive controller (MPC) were developed to control the temperature for different
treatment zones for bottle washing machines. In addition, Bhaskarwar et al. [17]
developed the cascade control application for level process plants with a PLC-OPC-
MATLAB configuration with the additional function that it can monitor by remote
monitoring with the ThingSpeak server. The RSLinx OPCserver is used for the
communication protocol between PLC and MATLAB. A recent study by Ahmad et al.
[18] using the PLC-OPC server MATLAB communication system was carried out to
compare the performance of a traditional PID controller with a neural network controller
for PLC-based water flow process control.

The contribution of this paper is described as follows: (1) Developing the real-time
system integration between the PLC with MATLAB software through NI OPC servers to
ensure data exchange and ability to develop advanced controller in the future. (2)
Determining the performance of the PID controller with PLC PID compact using different
settings of the acid pump dosing stroke rate.

2. STRUCTURE OF THE PROCESS PLANT FOR pH
NEUTRALIZATION

2.1 The pH Neutralization Pilot Plant

The pilot plant for pH neutralization is installed in the Industrial Process Control
Warehouse D1 of the Malaysian Institute of Industrial Technology, Universiti Kuala
Lumpur. Figure 1 shows the schematic representation of the pH neutralization plant.
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Fig. 1: The pH neutralization pilot plant, MPC318.
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The plant consists of three main tanks, namely the acid tank (T-81), alkali tank (T-
82), and analysis tank (T-83). The tank volume of the analysis tank is regulated to 30
liters. The volume of the acid and alkali tanks are 40 liters each. The dosing pumps P-801
and P-802 are used to provide the required amount of acid and alkali for the pH
neutralization process. The P-803A pump is used to circulate the liquid and mix it with the
acid and alkali. Table 1 shows the list of instruments used in the pilot plant development.

Table 1: List of instruments

Tag no. Descriptions Measurement Signal Manufacturer
Range range [mA]
PHTS801 pH sensor 0-14 4-20 Hana Instruments HI61008
P-801 Acid dosing pump 0—100 [%] 4-20 ProMinent Gamma/L. D-69123
P-802 Alkali dosing pump 0—100 [%] 4-20 ProMinent Gamma/L. D-69123

2.2 Development of the PLC Based Process Application

The pilot plant design for pH neutralization consists of hardware and software
components. The Siemens Simatic S7-1200 controller is used as the system hardware.
Rack 1 is the PLC CPU module which is CPU 1214C DC/DC/Rly. Rack 2 is for the
analog input/output module (Al 4x13BIT/AQ 2x14BIT _1). Rack 3 and 4 house the digital
output module (DQ 8xRelay 1). The pH transmitter is connected to the analog output
module channel 0. The acid and base dosing pumps are connected to the analog input
module channel 0 and 1, respectively. The PLC controller is programmed with the Totally
Integrated Automation Portal (TIA Portal) software from Siemens. The PLC receives the
input signals from the sensor and controls the output device by sending an output signal to
achieve the desired operation in a system. Table 2 shows the relationships between the
PLC input/output types of tag name - data type.

Table 2: The relationship between the PLC input/output tag name with data type

Field device PLC-CPU Data Acquisition
Tag no. Descriptions Tag name Integer value Tag name Measurement value
(Analog value)
PHTS801 pH sensor %IW96 0-27648 %MD200 0-14
P-801 Acid dosing pump %QW96 0-27648 %MD236 0—100 [%]
P-802 Alkali dosing pump ~ %QW98 0-27648 %MD228 0—100 [%]

The pH sensor supplies electrical signals in the range from 4 to 20 mA to the analog
input module. The analog input module converts 4 to 20 mA electrical signals to 0 to
27648 decimal values (digital signal), which can be read by the PLC. The acid and alkali
dosing pumps receive electrical signals in the range of 4 to 20 mA from the analog output
module. The analog output module converts 0 to 27648 decimal values (digital signal) into
4 to 20 mA electrical signals. Therefore, the tag with the data type integer is required to
save the values from the analog input/output devices.

Figure 2 shows the PLC ladder diagram for scaling analog values for a pH sensor.
The electrical signal from the pH sensor memory address %IW96 is normalized to an
integer value with the NORM_X Normalize block and then stored in the temporary
memory #TEMP1. Then the integer value is scaled to the physical value (pH value 0 - 14)
with the SCALE X Scale block and saved in % MD200 memory address. The same
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method is used to program the PLC ladder diagram to scale analog values for an analog
outputs, acid, and alkali dosing pump. The physical value of the memory address
%MD236 is normalized to an integer value with the NORM_X Normalize block and held
in the temporary memory #TEMP2. Then, the physical value is scaled to the integer value
with the SCALE X Scale block and sent to the memory address % QW96 or %QW98 of
the acid and alkali metering pump.

¥  Network 1: Almodule: CHO pH transmitter

NORM_X SCALE_X
Int to Resl Real to Real
EN EN
MIN OUT — #TEMP! 0.0 %MD200
W96 #°pH MIN MIN OUT — "ANALOG OUT PH*
*AnaloginCHO VALUE #TEMP1 VALUE
27648 MAX 14.0
#7pH MA MAX

Fig. 2: The ladder diagram for scaling analog values for the pH sensor (analog input).

Figure 3 shows the built-in PID function in the PLC PID compact function block,
which provides a continuous PID controller. The PLC PID compact continuously acquires
the measured process value within a control loop and compares it with the required
setpoint. The technology object PLC PID compact has the function of tuning, whereby the
P, I and D parameters can be calculated automatically depending on the control system.

*  Network 2: PID compact for Alkali dosing pump

%B2
*PID_Compact_2*
PID_Compact
& 1
EN ENO
TMW222 %MD228
“SETPOINT —#isetpoint "PUMP RATE
%MD200 Output — ALKALF
"ANALOG OUTPH" — |nput WwWe s
Input_PER Output_PER "AnalogOutCH1"
“wWA10.3 Output_PWM ==175 1
*ENABLE State
MANUAL ALKALI" = ManualEnable Error ==
LMW220 ErrorBits
"MANUAL ALKALI" ~FiManualvalue  «

Fig. 3: The PLC PID_compact block used for universal PID controller with integrated tuning.

3. OPC COMMUNICATION STRUCTURE FOR DATA
ACQUISITION

3.1 NI OPC Server

A robust and established system is required to ensure the data acquisition between the
device and the system. Automation devices that come from different manufacturers
require a common communication platform for integration into the overall system. Object
Linking and Embedding for process control technology (OPC) can thus be used as a
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solution that can offer interoperability between the various device manufacturers for safe
and efficient data acquisition. Fig. 4 shows the components of the network diagram for
PLC based real-time pH neutralization process control with MATLAB Simulink.

From field

OPC Data M 4
ATLAB #
Access “ SIMULINK

Server .
Client

pH neutralization  To field
plant

Fig. 4: The network diagram of pH neutralization plant.

The PLC is connected to the OPC DA server via OPC Server 2016 from National
Instruments. By configuring the OPC server software, the input and output parameters of
the PLC can be recorded in real time in the OPC server. The MATLAB OPC Toolbox is
used to connect the MATLAB Simulink to the OPC server. The toolbox consists of OPC
Configuration, OPC Read, and OPC Write blocks that are used to receive and transfer the
data from the OPC DA Server to MATLAB Simulink. MATLAB Simulink acts as a client
for the OPC DA Server. The communication between PLC and OPC DA server takes
place via PROFINET/Industrial Ethernet (PN/IE) with specific IP address configuration.
The NI OPC server is configured and defines the channel, the group and the tags with the
appropriate data type as shown in Table 2. The OPC Quick Client is used to read/write
data, run a structured text suite, and test the server performance. It can generate error
reports that contain detailed feedback on all OPC errors from the server and help to
diagnose problems from common OPC clients/servers.

3.2 LABVIEW Configuration

The next step is the configuration to set up the data acquisition between the NI OPC
Server with LABVIEW. The purpose is that MATLAB cannot directly detect the
communication with the NI OPC server. First, the new project must be created in
LABVIEW. Then it finds the new I/O server. The NI OPC server is successfully registered
when the OPC1 icon is displayed. Next, it selects National Instrument NIOPC Servers V5
option under Registered OPC Server in the OPC Client. In the next step, it clicks Create
Bound Variables to find the registered variables in NI OPC Server. The variables are
important for data acquisition and must be added to the LABVIEW program to establish
communication. Then the variables can be used in the LABVIEW program.

3.3 MATLAB Simulink Configuration

The final step is to configure the MATLAB OPC Toolbox in Simulink. The
MATLAB OPC Toolbox is the source of real-time and historical OPC data that was
accessed directly from MATLAB. It can also read, write, and log OPC data from field
devices via the PLC. The blocks named OPC Configuration, OPC Read, and OPC Write
are used in the model. The OPC configuration block is used to configure pseudo real-time
options, OPC clients for use in the model, and behavior in response to OPC errors and
events. The required server National Instruments.Variable Engine.l must be selected
under the OPC Configuration block to set up the data acquisition from the pH
neutralization plant via the NI OPC Server. Fig. 5 shows the Simulink model of a pH
neutralization plant. The value of the stroke rate of the acid and alkali dosing pumps can
be set directly with this model. The real-time data is stored in the MATLAB workspace.
The next step is the configuration for the OPC Read block, which is used to read data from
the OPC Server. In this project, the controlled variable pH value is read synchronously by
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the pH sensor in a pH neutralization plant. The function of the OPC Write block is to write
data to the OPC server. The manipulated variables for this project are acid and alkali
dosing pumps, which send an appropriate signal to the field device.

[Falopepie

OPC Config
o

OPC Write (Sync}
OPCMPC...uthcid

E 8.844
OPC Write (Sync): OPC Read (Cache):
] #»  OPCMPC._Alkali OPCMPC__loginpH out pHvalue

Alkal dosing pump rate(%)

Fig. 5: The Simulink model of pH neutralization plant.

4. PID CLOSED-LOOP CONTROL SYSTEM

4.1 Experimental setup

In this study, the controlled value is pH, and the manipulated variable is the alkali
dosing pump stroke rate while the acid dosing pump stroke rate is set constant. The aim of
the experiment is to determine the most suitable setting for the acid dosing pump stroke
rate, at which the PID controller can work at an optimum level. The experiment was
divided into three data sets with the acid dosing pump stroke rate set at 10% (Set A), 15%
(Set B) and 25% (Set C). The hydrochloric acid, 0.1M HCI and sodium hydroxide, 0.1M
NaOH as acid and alkali are prepared. 1 liter of POME is diluted with 29 liters of 0.1M
HCI, and then poured into analysis tank, T-83. The initial value of POME after dilution is
3.8. The POME is supplied by Sedenak Palm Oil Mill Sdn. Bhd. in Johor, Malaysia. The
final discharged standard of the POME pH value under the Environmental Quality Act
1974 (Department of Environment, Malaysia) must be in the range of 5.5 to 9.0 [19].

The closed-loop experiment was performed using the built-in PID function in the S7-
1200 PLC controller. The PLC PID Compact function block (refer to Fig. 3) is used,
which was specially developed for the control of proportional actuators.

y =K, [(bw—x) +Tiis(w—x) +aT7;d;1 (cw—x)] (1)

Eq. (1) describes the PID algorithm for the PID_Compact [11], where y is the output
value of the PID algorithm, w is the set point, 7y is the derivative action time, 7; is the
integral action time and K, is the proportional gain. For the parameters, a is the derivative
delay coefficient, which delays the effect of the derivative action, b is the proportional
action weighting which represents the proportional action with setpoint changes, and ¢ is
the derivative action weighting which represents the derivative action with setpoint
changes.

The PLC PID compact auto tuning is divided into two stages, where the proportional,
integral and derivative parameters are calculated during pre-tuning and the parameters are
tuned further during fine tuning. However, for this process, the initial pH value is 3.8 and
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the setpoint is 7. Pre-tuning is therefore not required since the difference between the set
point and the pH value is less than 30% of the difference between the pH value minimum
and maximum limit, which is 0 and 14. For the requirements of the fine tuning, the
setpoint and the pH value must be within the configured limits. During fine tuning, the
PLC PID_compact generates an oscillation of the pH value with periodic changes in the
manipulated value and alkali dosing stroke rate and calculates the PID parameters for the
pH neutralization process. After the fine tuning is complete, the pH setpoint is changed
with a positive step from 7.0 to 8.0 at t =200 s.

4.2 Results and Discussion

With PLC PID compact pH value fine tuning, an attempt was made to reach the
setpoint with the minimum or maximum of alkali dosing stroke rate, which can lead to
increased overshoot. Fine tuning begins when the setpoint is reached. The PLC
PID_compact is switched to automatic mode and uses the tuned parameters when the fine
tuning is completed. Table 3 shows the fine tuning parameters of the PID controller. For
set A, the value of the derivative delay coefficient is greater than 1.0, which means the
effect of the derivative action is delayed longer. However, for set B and set C, the
derivative delay coefficient value is approximately 0, which means that the derivative
action is effective for only one cycle and therefore almost not effective. Although the acid
dosing stroke rate is set to constant, the amount of acid dosing on the process will affect
the fine tuning performance of the PID controller. The fine tuning results show that set A
performs well compared to set B and set C.

Table 3: The fine tuning parameter of the PLC PID_Compact

Fine tuning parameter The acid dosing stroke rate (%)
SET A:10%  SETB:15%  SET C: 25%
Proportional gain, K, 3.030118 0.861554 5.138405
Integral action time, 7; 52.58616 0.5780812 1.999941
Derivative action time, T, 14.1015 0.0709655 0.4994175
Derivative delay coefficient, a 0.1 0.1 0.1
Proportional action weighting, b 0.5276183 1.0 0.7926073
Derivative action weighting, ¢ 0.0 0.0 0.0
Derivative delay =a x Ty 1.4015 0.007096554 0.0499475

Figures 6 to 8 show the corresponding responses of the closed-loop systems to a step
reference signal, where the setpoint is changed from 7 to 8. The wavelet transform 1s used
for data preprocessing to remove the disturbance signals. The disturbance signals are due
to the on-and-off state of the SV801, which was used to maintain the liquid level in the
analysis tank. The total duration of the collected data for each set is 1426 s with a
sampling time of 1 s. The acid dosing pump starts dosing according to the setting, and the
unit step is changed at t=200 sec. For set A, the alkali dosing pump stroke rate is gradually
increased based on the pH value, and then after the setpoint changes, increases to 20% and
gradually decreases the value until the setpoint is reached.

The performance indexes of the PID controller are given in Table 4, where ¢, #, and ¢
denote the rise time, peak time and 5% settling time, respectively and the overshoot
percentage of the control signal. In Fig. 6 for set A, although the step response of the
closed loop system has a high percentage of overshoot, it is able to reach the steady state
at 1423.5 sec. Note that in Fig. 7 for set B and 8 for set C, the step response of the closed
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loop system is more oscillatory, has a higher percent overshoot and is unable to reach and
remain stable within the specified range of 5% of its setpoint.

SET A Input: Acid and alkali dosing pump stroke rate
T T T T

NaOH 0.1M
- === HCI0.IM

Dosing pump stroke rate (%)

|
0 200 400 600 800 1000 1200 1400
Time(s)

SET A Output: pH value
T T

Experiment (SET A)
10 = = = = Setpoint

pH value

I I I I I I I
4
0 200 400 600 800 1000 1200 1400

Time(s)

Fig. 6: SET A (10%): The step response and control signal for the closed loop system.
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Fig. 7: SET B (15%): The step response and control signal for the closed loop system.

Table 4: Transient performance indexes for the compensated system with PID controller

Transient performance index The acid dosing stroke rate (%)
SET A:10% SETB:15%  SET C: 25%
Rise time, ¢, 122.8 74.0 79.0
Peak time, ¢, 358 1038 929
5% settling time, # 1423.5 - -
Percentage overshoot (%) 112.04 181.87 301.02
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Fig. 8: SET C (25%): The step response and control signal for the closed loop system.

The process model is identified with FOPDT (first order plus dead time) using the
System Identification MATLAB Toolbox. 50% of the data sets are used to estimate the
models and 50% of the datasets are used to validate the models. The performance of each
data set is evaluated based on the quality of fit, or error norm between the measured and

estimated outputs. The cost function used is the normalized root mean square error
(NRMSE), which is given by Eq. (2).

e lxref (,D)—xCDIl
flt(l) ~ |lxrefGi)-mean(xref (,i))|| 2)

Table 5: The fit percentage of obtained model

Data set FOPDT model Fit percentage [%]
TR G
et R
e B

A fit percentage of 100% indicates a perfect match between reference and estimated
outputs. The fit percentage for each data set is shown in Table 5. Set A shows the best fit
percentage result, which is 54.22%. From the transient response indexes and the FOPDT
model fit percentage, it can therefore be concluded that set A performs better than set B
and set C. In addition to the controller tuning, the adjustment of the stroke rate of the acid
dosing stroke rate is also important, which can affect the controller performance.

5. CONCLUSIONS

The paper described the use of OPC DA servers for developing real-time process
control between MATLAB and PLC. The OPC server enables secure and reliable data
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acquisition between the various device manufacturers. Instead of the hardware
modification, the control system software modification is more effective based on the test
result showing the efficient data exchange between the PLC and MATLAB. The PLC-PID
controller was tuned using the integrated auto tuning function in the PLC Siemens TIA
software. For the pH neutralization process of POME, although the acid dosing stroke rate
is set to constant, the parameter value needs to be properly studied because it will affect
the controller performance. Based on the transient response results of PLC PID controller,
further work is required to develop an advanced process controller that can overcome the
nonlinear dynamic response of pH neutralization process.
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