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ARTICLE INFORMATION ABSTRACT

This study presents the implementation of a Feedforward-Feedback Control method on a
Siemens SIMATIC PCS7-based Distributed Control System (DCS) liquid filling process to
enhance system stability, response speed, and control accuracy. One of the primary challenges
in industrial process control is the presence of disturbances that cause deviations from the
desired set point. To address this, a control strategy combining feedforward and feedback
actions was developed to anticipate and correct process variations in real time. The system
employs a Multi-Input Multi-Output (MIMO) architecture, featuring two primary control
variables: liquid level and reactor temperature. Flow rate and liquid level measurements were
obtained using the Waterflow YF-S401 and Ultrasonic HC-SR04 sensors, both of which
demonstrated a linear relationship between output voltage and the measured physical quantities,
with stable real-time responses displayed on the HMI. The PID controller parameters were
tuned using the built-in PID Tuner, yielding Kp = 50, Ki = 150.329, and Kd = 0. Experimental
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Automation. results show that the feedforward-feedback approach reduced the settling time from 78 seconds
to 50 seconds and decreased the steady-state error from £3.8% to +1.2%. In temperature control,
CORRESPONDENCE the system successfully reached the operating point of 50 °C with a steady-state error of less

than 1% and a settling time of approximately 60 seconds. The system was configured with Al,
AO, DI, DO modules and PROFINET communication, programmed using Sequential Function
Chart (SFC) and Continuous Function Chart (CFC). The results demonstrate that the
feedforward-feedback control significantly improves process performance and offers strong
potential for application in larger-scale industrial automation systems.
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INTRODUCTION

Previous studies have shown that integrating a PT100
temperature sensor and heater actuator within a feedforward

The development of the liquid material processing industry
requires efficient and accurate control systems to ensure the
quality of the final product. One of the most critical aspects of
this process is temperature regulation, which directly affects the
physical and chemical properties of the materials being
processed. This process often involves various types of liquids
with different physical characteristics that can influence flow rate
and heat transfer performance.

The liquid processing industry demands a precise and efficient
control system, especially for temperature and level regulation, as
these variables have a direct impact on product quality and
process efficiency [1], [2], [3], [4]. Temperature and level control
in a MIMO (Multi-Input Multi-Output) reactor mini-plant is
highly relevant in several industrial sectors, including chemical,
energy, and water treatment. The feedforward control method
offers significant advantages because it can predict and
compensate for disturbances before they affect the system output,
unlike feedback control, which only reacts after deviations occur

(31, [6]-
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control scheme improves efficiency and reduces temperature
deviations from the setpoint [7]. In this mini-plant system, the
integration of the YF-S401 flow sensor and HC-SR04 ultrasonic
sensor, both connected to the DCS SIMATIC PCS 7, enables
precise and automated control of the pump motor, solenoid valve,
and proportional valve. The DCS S7-400 and SIMATIC PCS 7
platforms offer a reliable and flexible distributed control
environment, enabling seamless HMI (Human-Machine
Interface)[8] integration through Continuous Function Chart
(CFC) and Sequential Function Chart (SFC) features. This
enables operators to monitor and control processes in real time
with optimal usability and reliability [9], [10], [11], [12], [13].

Therefore, this research aims to design and implement a
temperature and level control system for a multi-input multi-
output (MIMO) water tank reactor mini-plant using DCS S7-400
and SIMATIC PCS 7, along with developing a user-friendly HMI
that facilitates operation and enhances overall system
performance.
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METHOD

Table 1 shows the material and equipment description. The
experimental setup for this study utilized a Distributed Control
System (DCS) platform based on Siemens SIMATIC PCS 7 (S7-
400) to implement integrated process control for small-scale
liquid processing. The /O Module ET200M served as the main
interface for acquiring sensor data and controlling actuators [14].
Measurement of process variables was achieved using a PT100
temperature sensor for monitoring liquid temperature [15] and a
flow meter to measure the flow rate during the filling operation.

Table 1. Material and Equipment Description

No Name of Equipment Description
A Distributed Control System
1 SIMATIC PCS 7 (DCS) is used for integrated

(87-400) process control management.

Input/output module for reading
signals from sensors and
controlling actuators.

A temperature sensor is used to
measure the liquid temperature
in the control process.

Heating actuator to maintain
liquid temperature according to
the setpoint.

Electronic Control Electronic valve to control liquid
Valve flow during the filling process.
Tank used to store liquid during
filling and temperature control

2 /O Module ET200M

3 PT100 Sensor

4 Heater

6 Water Tank

processes.
SIMATIC Manager, Software for programming and

7 WinCC Application configuring DCS using
Software CFC/SFC and HML

Power source for electronic
devices within the system.
Communication media
connecting DCS hardware
components.

Actuator used to pump liquid
into the tank during the filling
process.

Connecting channel between the
tank, pump, and control valve.
Used for on/off control of
actuators and other devices.
Device used to measure liquid
flow rate in the system.

Used for system programming
and monitoring in DCS-based
control.

Device used to measure voltage,
current, and resistance during
testing.

8 Power Supply

PROFIBUS and
9 PROFINET Cables
and Connectors

10  Water Pump

11 Pipes and Fittings
12 Control Relay

13 Flow Meter

14 Computer/Laptop

15  Digital Multimeter

To regulate process conditions, several actuators were employed.
A heater maintained the liquid temperature at the desired set
point, while an electronic control valve and water pump regulated
the liquid flow within the system. The water tank, pipes, and
fittings formed the hydraulic circuit, ensuring continuous flow
and process stability. A control relay was used to perform on/off
switching functions for actuators and auxiliary components.

The system configuration and monitoring were performed using
SIMATIC Manager and WinCC software, which enabled the
implementation of control logic through Continuous Function
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Chart (CFC) and Sequential Function Chart (SFC) programming
environments. Communication between hardware components
was established through PROFIBUS and PROFINET cables,
supported by a dedicated power supply. A computer was used for
programming and supervision, while a digital multimeter
facilitated electrical measurements during testing and calibration.
Overall, this integrated setup ensured reliable operation and
provided a realistic simulation environment for both industrial
and educational applications.

Filling Control

Figure 1 illustrates the implementation of the Feedforward
control strategy in the liquid filling process, where the liquid level
setpoint is compared with the actual output to generate an error
signal, which is then corrected by the PID controller [16].
Meanwhile, the feedforward component anticipates and
compensates for the effects of disturbances directly. The
combined control signal regulates the Proportional Control Valve
to maintain the stability of the liquid level within the tank,
ensuring system accuracy even in the presence of external
disturbances.
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Figure 1. Feedforward-Feedback Control For Filling Process

Additionally, this hybrid control configuration enhances system
responsiveness by integrating predictive and corrective
mechanisms. The feedforward path acts proactively to minimize
the impact of measurable disturbances before they affect the
process, while the feedback PID ensures fine-tuned correction of
any remaining errors. As a result, the overall control performance
achieves a faster settling time, reduced steady-state error, and
improved robustness against fluctuations in inflow rate or
external environmental changes, leading to more stable and
precise process regulation.

Temperature Control

Figure 2 illustrates the implementation of Feedforward-Feedback
control in a temperature control system, where the temperature
setpoint is compared with the PT100 sensor output to generate an
error signal, which is then processed by the PID feedback
controller. Meanwhile, the Feedforward control anticipates
disturbances by providing direct corrective signals to the heater.
The combination of these two control methods enables the system
to maintain the temperature at the desired setpoint efficiently and

responsively, even when subjected to significant changes or
disturbances.
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Figure 2. Feedforward Method Control for Temperature Process
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Furthermore, the hybrid control structure enhances both the
stability and adaptability of the system. The feedback loop
ensures continuous correction of residual errors and drift, while
the feedforward path acts predictively to counteract load
variations, such as sudden changes in ambient temperature or heat
loss in the medium. As a result, the system achieves a faster
response time, minimal overshoot, and superior steady-state
accuracy, making it highly effective for real-time industrial
temperature regulation where precision and consistency are
critical.

Mechanical Design

Figure 3 presents the physical design of the Feedforward-
Feedback control implementation system for the liquid filling
process in a small-scale processing unit. The control
configuration was developed based on an extensive literature
review of prior research on process control and automation
systems. This setup integrates predictive feedforward and
corrective feedback mechanisms to enhance system stability and
accuracy during the filling process.
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Figure 3. Mechanical Design

The prototype is constructed with compact dimensions of 50 x
100 x 150 cm, making it suitable for laboratory-scale industrial
simulations. The system features a 4-liter liquid capacity and is
constructed from durable aluminum and plywood materials,
ensuring both rigidity and ease of assembly. The main power
supply operates at 220 V AC, while liquid transfer is driven by a
12 V DC pump. Flow direction is managed using solenoid valves,
and precise flow regulation is achieved through a servo-
controlled proportional valve.

The system utilizes a Distributed Control System (DCS) platform
as its central controller, enabling integrated monitoring and
control through the Feedforward-Feedback method. The liquid
level range is designed between 1-15 cm, with flow rates
adjustable from 0.3 to 1 liter per minute. This configuration
enables real-time compensation for process disturbances,
ensuring the filling process remains accurate, efficient, and
responsive. Overall, the prototype effectively represents a
miniature industrial control process, suitable for both educational
and research applications in process automation.
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DCS Configuration

The hardware and network configuration were carried out on the
computer used as the Operator Station (OS). The network setup
on the OS was established to enable communication between the
DCS-PCS7 controller and the Engineering Station (ES), allowing
data to be downloaded from the ES to the DCS-PCS7 controller.
In this case, both the OS and ES are implemented on the same
computer, utilizing a shared connection to the controller. The
hardware configuration was designed in accordance with the
specifications presented in the Table 2.

Table 2. Hardware Configuration

No Hardware Serial Number

Power Supply Module

1 PS 407 10A 6ES7 407-0KA02-0AA0
CPU 416-2 DP 6ES7 416-2XN05-0AB0
3 CP 443-1 6ES7 443-1 EX20-0XEO

2x  Digital  Input
4 Module: DI 32 x DC 6ES7 321-1BL00-0AAQ
24V

4x  Digital Output
5 Module: DO 16 x 6ES7322-1 HHO1 -0AA0Q
REL. AC 120V/230V

2x  Analog  Input

Module: AIS x 16 BIT 6ES7 331-7NF00-0ABO

2x  Analog Output
7 Module: AO 8 x 12 6ES7 332-5HF00-0ABO

BIT
8 PN IO 00-1B-1B-12-A6-F1
IE General 18-03-73-D2-65-CI

10 Bus Address IM 153-2  153-2BA02-0XB0

Figure 4 shows the interface during the configuration of the
Automation System (AS), while Figure 5 presents the
configuration view for Hardware, Digital Input (DI), Digital
Output (DO), Analog Input (Al), and Analog Output (AO)
modules. To establish proper communication between all
components, the AS, OS, and ES were configured using the
PROFINET communication protocol with compatible IP
addresses, as shown in Figure 6.
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Figure 4. AS Configuration
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Figure 5. Hardware, DI, DO, Al, AO Configuration

The configuration process ensures that each hardware module
communicates seamlessly with the central controller. Digital
modules were assigned for discrete on/off control of actuators
such as solenoid valves and pumps, while analog modules
handled continuous signal processing from sensors, including
flow and level measurements [17]. This modular arrangement
enhances system flexibility, allowing for precise monitoring and
control of process parameters in real-time.
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Figure 6. Network Configuration in Net-Pro

Additionally, the integration through PROFINET enables high-
speed and deterministic data exchange between the DCS
controller (PCS 7 S7-400) and the operator interface shown in
Table 3. This network configuration supports real-time
diagnostics, automatic synchronization, and data consistency
across all control layers. As a result, the system achieves efficient
coordination between hardware and software components,
ensuring robust communication performance essential for
industrial-scale automation and laboratory-based training
applications.

Table 3. Network Configuration for Hardware
No Component Address
1 Automation Station (AS)  Profibus ( Address 2 )

. Profinet (IP  Address
2
Operator Station (OS) 192.168.0.1)
. . . Profinet (IP  Address
3 Engineering Station (ES) 192.168.0.2)
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SIMATIC PCS 7 Program Design

Figure 7 illustrates the overall process and instrumentation
diagram (P&ID) of the small-scale liquid processing unit,
designed to implement the feedforward-feedback control method.
The system comprises three eductor tanks, two product tanks, and
a series of pumps, solenoid valves, and sensors that form an
interconnected fluid transfer network. Each educt tank is
equipped with a flow transmitter (FT) to measure the liquid flow
rate, while level transmitters (LT) and limit switches (MS) on the
product tanks monitor and control the filling levels. The
integration of these sensors and actuators enables precise
regulation of the liquid mixing and filling processes under
distributed control.
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Figure 7. P&ID System Design

The control sequence begins with the activation of pumps (PE1,
PE2, PE3), which transfer liquid from the educt tanks through
solenoid valves (SE) toward the product tanks. The system
utilizes feedback from flow and level sensors to dynamically
adjust valve openings, ensuring that the process variables align
with the desired setpoints. The control logic is managed by the
Distributed Control System (DCS) PCS 7, which coordinates the
interaction between field devices and the automation modules.

Although Continuous Function Chart (CFC) and Sequential
Function Chart (SFC) configurations are not explicitly shown in
this figure due to their complexity, they form the core of the
control implementation. The CFC structure is used to design
continuous control loops such as flow and level regulation, while
the SFC logic manages sequential operations like valve switching
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and tank filling order. These combined configurations ensure that
the process operates automatically, safely, and efficiently,
providing a realistic industrial simulation environment for
process control studies.

RESULTS AND DISCUSSION

PID testing was conducted to observe the control performance in
maintaining the stability of the liquid level in the Reactor Tank.
The implementation of the PID controller was carried out within
the Continuous Function Chart (CFC) block and integrated into
the Sequential Function Chart (SFC) to execute the process logic
systematically and in a distributed manner.

In Figures 8 and 9, the input and output of the CFC PID block are
illustrated, where the input consists of the error signal generated
from the difference between the setpoint and the actual liquid
level measured by the HC-SR04 ultrasonic sensor. This error
value is then processed by the PID controller to produce an output
signal that serves as the control command for the actuator,
specifically the servo motor that regulates the control valve.
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Figure 9. CFC Output in PID Block

In its implementation, the PID output proportionally adjusts the
valve opening based on the magnitude of the error. When the
liquid level is far from the setpoint, the control valve opens wider
to accelerate the filling process. Conversely, as the level
approaches the setpoint, the valve opening is gradually reduced
to prevent overshoot, thereby ensuring smooth and stable level
control within the reactor tank.

https://doi.org/10.25077/ajeeet.v5i2.185

The integration of the CFC PID block within the SFC ensures that
the control logic operates consistently according to each stage of
the process. Once the system reaches the initial filling condition
(level < 50%), the PID controller gradually adjusts the output
response until the setpoint is achieved. Each transition between
steps in the SFC is triggered based on specific logical conditions,
such as time or liquid level thresholds. This combination enables
precise, structured, and optimizable control performance.

Figure 10 illustrates the visual representation of the PID block in
the CFC, along with the control logic structure in the SFC. It also
shows the WinCC interface in RUN mode, where the system is
actively executing the SFC logic for the reactor filling process.
The steps labeled “START,” “Start Filling,” and “Stop Filling”
have been successfully completed, as indicated by green check
marks. This demonstrates that the system is capable of
automatically and stably executing the control sequence in
accordance with the designed feedforward-feedback control

strategy.
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Figure 10. SFC testing interconnected with CFC

Figure 11 illustrates the continuation of the SFC logic when the
system detects a disturbance, such as the liquid level in Reactor
Tank 1 or Reactor Tank 2 dropping below the setpoint. In this
condition, the SFC automatically reactivates the Feedforward and
Fill Reactor steps for the respective tank that experiences the
deficit. Once the filling process is completed, the system proceeds
to the Heating 50°C stage, which represents the initial heating
phase of Reactor 1 until the temperature reaches 50°C. This
process is executed automatically through the CFC temperature
control block, which regulates the operation of both the heater
and agitator. When the minimum temperature is achieved, the
SFC marks this step with a check symbol (v), indicating that the
process has been successfully completed.

This demonstrates that the Feedforward-Feedback control system
operates continuously and adaptively. When a deviation from the
ideal condition occurs, the system responds autonomously by
repeating the filling step without any manual intervention. The
seamless integration between feedforward prediction and
feedback correction ensures that both reactor tanks remain within
their optimal volume limits throughout the operation, even when
disturbances occur, such as the concurrent flow being directed to
the product tank.
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Figure 11. Control Testing CFC in PID block and SFC

Furthermore, the system maintains process synchronization
between the two reactors, enhancing overall efficiency and
process continuity within the small-scale processing unit. This
autonomous coordination between filling, heating, and mixing
stages exemplifies the robustness and responsiveness of the
integrated DCS-based feedforward-feedback control architecture.

Time Response Analysis

Subsequently, the test results are presented in graphical form
through WinCC, illustrating the system’s dynamic response to
setpoint changes for both Feedback Control and Feedforward—
Feedback Control schemes under disturbances in the outlet flow
directed toward the Product Tank. The graph displays a
comparison between the Setpoint (SP), Process Variable (PV),
and Manipulated Variable (MV) over real-time operation.

During the filling process, the graph shows the variation of tank
level over time when the system experiences disturbances caused
by fluctuations in the outlet flow rate. With the implementation
of the feedforward scheme, the system effectively compensates
for these disturbances, maintaining the liquid level close to the
setpoint without significant overshoot. The response indicates
that the control loop quickly adjusts the valve opening and pump
speed to sustain the desired filling rate even when the outflow
changes dynamically.
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Figure 12. WinCC Time Response for Feedback Filling Process
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Figure 13. Feedforward-Feedback Control for Filling Process

In the temperature control process, the WinCC graph
demonstrates the heating response of the liquid in the Reactor
Tank when the setpoint is adjusted to 50°C. Under the
Feedforward—Feedback Control configuration, the system
successfully reaches the target temperature with a steady-state
error of less than 1% and a faster settling time compared to the
pure feedback control scheme. The MV (Heater Output) signal
exhibits a proportional adjustment pattern corresponding to the
heating energy demand, while the PV (Temperature) follows the
SP smoothly and stably without excessive oscillation.

This performance confirms that the combination of Feedforward—
Feedback control not only accelerates the system’s response to
changes and disturbances during the filling process but also
ensures high temperature stability during the heating phase in the
Reactor Tank. Therefore, the developed DCS-based system
successfully achieves efficient and adaptive multi-variable
(MIMO) control, aligning with the principles of modern control
systems applied in small- to medium-scale chemical process
industries. Table 4 shows the performance comparison of
feedback control, feedforward-feedback control, and temperature
control.
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Figure 14. Temperature Control

Table 4. Level and Temperature’s Performance Comparison

. Error
Time Stead Control
Control Settling y
Scheme State u(t)

() (e )

Response

Highly fluctuating and

unstable response
Feedback 785 138% with signiﬁcaflt
Control overshoot; slow in
correcting errors
(reactive correction).
Smoother, more
stable, and faster
response; almost no
overshoot with rapid

Feedforward-

Feedback 50s +1.2%
Control error
(anticipatory and
corrective behavior)
Fast and stable
response; negligible
overshoot, smooth
convergence to the

correction

Temperature 60s £0.8% ' '

Control setpoint, and adaptive
performance  under
varying load
conditions.

Discussion
Integration of Flow and Level Sensors

The integration of the YF-S401 flow sensor and the HC-SR04
ultrasonic level sensor demonstrated accurate, stable, and linear
measurement characteristics across the operational range. The
voltage output of both sensors showed a consistent proportional
relationship with flow rate and liquid level, ensuring reliable data
acquisition for the DCS-based control structure. These findings
align with previous studies emphasizing that high-fidelity sensing
is essential for achieving precise control performance and
minimizing measurement-induced disturbances in automated
industrial processes [5], [6]. The real-time data visualization on
the HMI further confirms that communication via PROFINET
operates with low latency, enabling seamless interaction between
sensors, actuators, and controllers.

https://doi.org/10.25077/ajeeet.v5i2.185
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Performance of Feedforward—Feedback Control in the
Liquid Filling Process

The feedforward—feedback control scheme substantially
improved the dynamic behavior of the filling process compared
with conventional feedback-only control. The reduction of the
settling time from 78 seconds to 50 seconds and the decrease in
steady-state error from +3.8% to £1.2% demonstrate the ability
of the feedforward path to proactively compensate for measurable
disturbances before affecting the system output. This result is
consistent with literature reporting that hybrid control
architectures enhance transient response and robustness against
flow-rate variations in fluid-handling systems [5], [6].

The controller tuning performed in the PCS7 CFC environment
yielded parameters (Kp = 50.0, Ki = 150.329, Kd = 0) that
matched the system’s dynamic characteristics, resulting in
smooth convergence to the setpoint with negligible overshoot.
Similar observations were reported by Amelia [7], who
highlighted that combining predictive feedforward actions with
structured PID tuning significantly improves stability in liquid-
level control. Therefore, the implemented strategy not only
accelerates system response but also supports more efficient and
disturbance-tolerant process operation.

Feedforward—Feedback Temperature Control Analysis

In the temperature control experiment, the feedforward—feedback
PID structure successfully maintained the reactor temperature at
the 50 °C setpoint, achieving a steady-state error of only 0.8%
with no overshoot. The smooth and monotonic temperature
response indicates that the feedforward component effectively
anticipates thermal disturbances, such as heat loss while the PID
feedback loop compensates for residual tracking errors.

These results reinforce findings in the literature that hybrid
thermal control strategies enhance both stability and precision,
particularly in small-scale chemical processing systems requiring
fast regulation and tight temperature tolerances [7]. The system's
ability to sustain the setpoint despite fluctuations in heating load
confirms that the integrated DCS-PID architecture is well-suited
for real-time thermal management applications.

Implications for DCS-Based Industrial Automation

The study demonstrates that the Siemens SIMATIC PCS7
platform, when combined with CFC and SFC programming,
provides a robust and flexible environment for implementing
multi-variable, sequential, and continuous control. The seamless
communication across DI/DO/AI/AO modules through
PROFINET supports deterministic and high-speed data
exchange, which is essential for coordinating sensors, actuators,
and visual interfaces in industrial automation.

These outcomes align with recent work highlighting that modern
DCS architectures enhance process reliability, scalability, and
operator monitoring capabilities in complex industrial systems
[18], [19], [20]. The successful integration of feedforward—
feedback control into a DCS environment confirms the feasibility
of applying this method to larger-scale liquid processing
industries, where precision, real-time adaptation, and disturbance
rejection are critical.
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Comparative Interpretation and Research Contribution

This research offers a more comprehensive experimental
demonstration of hybrid feedforward—feedback control within an
industrial-grade DCS compared to existing studies that employ
conventional PID control in liquid-processing systems. Its main
contributions include a fully implemented feedforward—feedback
control architecture on a real DCS platform, as opposed to
simulation-only studies; a quantitative evaluation of dynamic
performance—such as settling time and steady-state erro—under
real disturbances; and a tightly integrated sensor—actuator—
controller—HMI system, demonstrating practical readiness for
industrial deployment. Collectively, these advancements expand
current knowledge on hybrid control strategies in DCS
applications and provide empirical validation for implementing
such methods in small to medium-scale automation systems.

CONCLUSIONS

The integration of the feedforward—feedback control method
within the DCS-based process system effectively improves both
level and temperature control performance. The system achieves
faster response, reduced steady-state error, and superior stability
compared to conventional feedback control, confirming its
reliability and adaptability for small-scale industrial automation
applications.
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