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Abstract—Industrial automation has become indispensable in modern manufacturing and material
handling operations. This paper presents the design, development, and performance evaluation of a PLC,
SCADA, and HMI-based automation system for a Limestone Luffing Stacker used in cement plant
operations. The system integrates a Schneider Electric EcoStruxure Control Expert-programmed
Programmable Logic Controller (PLC), an AVEVA Plant SCADA supervisory system, and a Vijeo
Designer HMI for operator interaction. Four primary subsystems—Boom Conveyor, Luffing Mechanism,
Travel Drive, and Travel Lubrication—were automated using Ladder Logic (LD) and Function Block
Diagram (FBD) programming. The proposed system achieves reliable real-time monitoring, alarm
management, and data logging while ensuring safe, efficient, and operator-friendly control. Validation
through logic simulation and 1/0 testing demonstrated accurate signal mapping and reduced
commissioning faults by an estimated 30-35%. The results confirm that integrated PLC-SCADA-HMI
architectures significantly enhance operational safety, visibility, and productivity in bulk material handling
applications.

Keywords— Programmable Logic Controller (PLC), Supervisory Control and Data Acquisition
(SCADA), Human—Machine Interface (HMI), Industrial Automation, Limestone Luffing Stacker, Ladder
Logic (LD), EcoStruxure Control Expert, AVEVA Plant SCADA, Cement Plant Automation.

I.INTRODUCTION

The rapid advancement of digital technologies has transformed traditional manufacturing and material
handling industries into highly automated ecosystems. Industrial automation, powered by Programmable
Logic Controllers (PLCs), Supervisory Control and Data Acquisition (SCADA)systems, and Human-
Machine Interfaces (HMIs), plays a pivotal role in improving productivity, safety, and reliability across
sectors including cement manufacturing, mining, power generation, and process industries [1]. Limestone
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stacking is a critical upstream process in cement production, and the automation of Luffing Stackers—Ilarge
mechanical structures responsible for depositing bulk limestone—directly impacts plant efficiency and
operational continuity [2].

Il. LITERATURE REVIEW

The integration of PLC, SCADA, and HMI technologies in industrial settings has been an active area of
research over the past decade. Rahman et al. [3] proposed a PLC-based automation framework for
conveyor belt systems in mining operations, demonstrating a 25% increase in throughput and significant
reduction in manual intervention. Their work highlighted the importance of structured ladder logic design
and modular programming for maintainability.

Gupta and Singh [4] examined SCADA system architectures for cement plant automation, noting that
modern SCADA platforms such as AVEVA Plant SCADA (formerly Citect SCADA) offer superior OPC-
UA compatibility and historian integration compared to legacy DCS architectures. They reported a 40%
reduction in alarm response times through configurable alarm prioritization.

A comparative study by Okafor et al. [5] evaluated HMI usability in process industries, demonstrating that
well-designed graphical interfaces reduce operator errors by up to 35% and improve response time to
abnormal situations. Their findings align with ISA-101 HMI design standards adopted in modern
industrial projects.

In the context of bulk material handling, Chen and Liu [6] presented a stacker-reclaimer automation
system for a steel plant, incorporating variable frequency drives (VFDs) and PLC-based closed-loop
control. Their system achieved +0.5° luffing angle accuracy.

I11. PROPOSED METHODOLOGY

System Architecture

The automation framework developed for the limestone luffing stacker was organized as a hierarchical
three-layer industrial control architecture to ensure clear separation of sensing, control execution, and
supervisory management functions. This layered structure improves maintainability, simplifies fault
diagnosis, and supports reliable real-time operation under continuous cement plant material-handling
conditions.

Y — o
Figure 1. Limestone Luffing Stacker Machine at Cement Plant Site

At the control layer, the central logic execution platform was implemented using a Schneider Electric PLC
platform based on the M340/M580 architecture. Control logic was developed in EcoStruxure Control
Expert using a combination of Ladder Logic and Function Block Diagram programming according to
International Electrotechnical Commission IEC 61131-3 programming standards. The PLC executes
sequence control, start/stop permissive logic, travel interlocks, lubrication dependency checks, emergency
stop processing, and alarm generation. Internal memory mapping was designed to separate digital inputs,
digital outputs, internal markers, and timer functions, enabling modular logic testing and easier
commissioning.

At the supervisory layer, process visualization and operator interaction were established through AVEVA
Plant SCADA and Schneider Electric VijeoDesigner HMI. The supervisory system provides real-time
machine status visualization, fault annunciation, event logging, alarm acknowledgement, and command
transmission to the PLC. The HMI allows local operator intervention through dedicated control screens
showing subsystem readiness, motion permissives, and fault indicators. SCADA additionally supports
centralized monitoring from the control room, enabling improved operational visibility during bulk
material stacking.

Communication between all layers was established using Modbus TCP/IP over industrial Ethernet,
selected because of its compatibility with Schneider Electric control devices and straightforward
integration with supervisory platforms. This communication structure allows deterministic exchange of
status words, control commands, analog values, and alarm data between the PLC, SCADA server, and
HMI panel.
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Figure 1 illustrates the actual limestone luffing stacker installed at the cement plant site that served as the
reference machine for automation development. The figure highlights the principal mechanical sections
involved in the control study, including the boom conveyor assembly, luffing arm, rail-mounted travel
mechanism, and field-mounted drive systems. These physical subsystems formed the basis for 1/0
identification and logic partitioning during PLC program design. Table 1 presents the principal hardware
and software elements used in automation architecture. Each component was selected according to
industrial reliability requirements, communication compatibility, and suitability for continuous-duty
material handling operation. Table 1 summarizes the key hardware and software components of the

proposed automation system.

Table 1. Hardware and Software Components of the Automation System

Category Component Role
Schneider Sequence
PLC Electric control &
M340/M580 safety
interlocks
EcoStruxure Ladder Logic
PLC Software | Control Expert | & FBD
programming
AVEVA Plant | Real-time
SCADA SCADA monitoring &
alarms
VijeoDesigner | Operator
HMI Panel interface &
control
Modbus PLC-SCADA-
Communication | TCP/IP HMI data
exchange
VFD Travel motor
Drive Control (Variable speed
Freg. Drive) regulation
Field Limit Position &
Devices switches, safety feedback
encoders

IV. PLC PROGRAMMING

The core control logic for the limestone luffing stacker was implemented using Schneider Electric
EcoStruxure Control Expert, which served as the programming platform for the PLC execution
environment. The software enabled structured development of machine logic through standardized IEC
61131-3 programming languages, primarily using Ladder Logic (LD) for discrete event sequencing and
Function Block Diagram (FBD) for timing functions, analog supervision, and reusable control blocks. This
hybrid programming strategy was selected because discrete equipment such as motors, relays, and
interlocks are more efficiently represented in ladder form, whereas continuous supervisory logic benefits
from modular function block implementation.

Figure 2 shows the PLC programming environment used during logic creation, variable declaration, online
simulation, and debugging. The environment provided symbolic addressing, cross-reference tools,
timer/counter libraries, and online monitoring functions that supported rapid verification of each subsystem
before deployment. Program segmentation was carried out by assigning independent sections to each major
mechanical subsystem of the stacker, which improved readability and reduced commissioning complexity.

The complete PLC program was organized into four principal functional modules corresponding to the
physical operating units of the machine.
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Figure 2. EcoStruxure Control Expert PLC Programming Environment

Boom Conveyor Module: Start/stop sequencing, belt speed reference output, belt sway and pull-cord
interlock logic, and motor overload protection.
The conveyor drive load can be estimated using the motor power relationship using equation 1:
P=Tw (1)where P is motor power (W), T is shaft
torque (N-m), and w is angular speed (rad/s). This relationship was used during drive parameter
verification to ensure that commanded conveyor speed remained within motor operating limits during
material transfer.
Luffing Mechanism Module: Upper/lower limit switch monitoring, luffing angle position feedback via
encoder, and hydraulic pump control with pressure monitoring.
The encoder pulse signal was converted into boom angular displacement using equation 2:

0= Nzax X Omax (2)
(2)where 6 is the measured luffing angle, N is current encoder count, N,,,,,IS maximum encoder count,
and 0, is the maximum mechanical boom angle.
Travel Drive Module: Forward/reverse motion control via VFD, position-based speed profiling, rail clamp
interlock, and emergency stop integration.
For travel motion control, speed profiling was implemented based on position feedback using Equation 3:
v(t) = dx / dt
(3)where v is the travel speed, Ax is displacement along the rail path, and At is the elapsed time interval.
Travel Lubrication Module: Timer-based lubrication cycle activation, pressure threshold monitoring, fault
alarm generation, and automatic retry logic. Each module incorporates IEC 61131-3 compliant
programming practices.
Lubrication cycle timing was controlled according to Equation (4):
Tc =Ton + Toff
(4)where T, is the complete lubrication cycle duration, T,,, is pump operating time, and T, is the interval
between successive lubrication activations.

V. SCADA CONFIGURATION

The supervisory control layer of the automation system was implemented using AVEVA Plant SCADA to
establish centralized process visibility and operator-level control across all functional sections of the
limestone luffing stacker. The SCADA platform was configured to collect operational data from the PLC,
display subsystem status in real time, manage alarms, and archive process information for operational
review and maintenance analysis.

Figure 3 presents the supervisory screen architecture developed for the stacker application. The graphical
interface was designed to represent the major machine subsystems, including conveyor motion, luffing
position, travel direction, lubrication status, and fault indicators. Dynamic graphical elements were linked
to live PLC tags so that operators could immediately identify machine state transitions, active outputs, and
abnormal conditions during operation.

e —— — A, 140 ADCHTIVE SLENG STACKER e

Figure 3. AVEVA Plant SCADA Studio — Main Monitoring Environment
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Real-time visualization was achieved through animated process graphics in which motor symbols,
movement indicators, limit status lamps, and subsystem readiness indicators changed according to actual
PLC data. Conveyor operation was represented using directional movement graphics; while luffing and
travel systems were shown through animated positional feedback linked to control variables. This visual
approach improves operator situational awareness and reduces response time during abnormal plant events.

Alarm handling was configured using a three-level priority structure to classify process events according to
operational importance:
o Critical alarms were assigned to safety-related events such as emergency stop activation, motor

overload trips, travel interlock violations, and lubrication failure conditions. These alarms required
immediate operator acknowledgement and remained latched until the fault condition was cleared.

o Warning alarms were used for abnormal but non-shutdown conditions such as delayed pressure
build-up, communication interruptions, or encoder signal deviation. These alarms informed operators
of developing issues without forcing immediate machine stoppage.

o Informational alarms were generated for operational state transitions including subsystem start
confirmation, automatic sequence completion, and maintenance notifications.
The alarm system was configured with time stamping, acknowledgement recording, and event sequences to
support fault diagnosis and operational traceability. Alarm banners and dedicated alarm summary windows
were incorporated into the supervisory display to ensure rapid visibility of active process abnormalities.

HMI Screen Design

The local operator interface for the limestone luffing stacker was developed using Schneider Electric
VijeoDesigner and structured according to principles defined in ISA-101 for high-performance industrial
human—machine interfaces. The objective of the HMI design was to provide clear visual prioritization,
intuitive navigation, and reduced operator cognitive load during both normal and abnormal machine
operation.

The interface architecture emphasized functional separation between overview monitoring, manual
intervention, and automatic sequence supervision. Screen layouts were designed with consistent navigation
zones, alarm visibility, equipment state indication, and command confirmation logic to improve operational
reliability and reduce command errors during field use. Three principal screen categories were
implemented for the stacker control system.

A. Home/Overview Screen

The primary supervisory entry screen serves as the general operational overview for the complete limestone
luffing stacker and provides immediate access to major subsystem status indicators. Figure 4 illustrates the
HMI home screen developed for machine-level monitoring. This screen consolidates the status of all
principal subsystems, including boom conveyor operation, luffing position availability, travel readiness,
lubrication condition, and alarm presence. Each subsystem is represented by using simplified graphical
symbols linked to PLC data variables, allowing operators to determine machine readiness briefly.

PROJECT:LIMESTONE LUFFING STACKER
e =N
COLLEGE: SRI SIDHARTHA ACADEMY OF HIGHER EDUCATION

Figure 4. HMI Home Screen — Limestone Luffing Stacker Overview
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Status lamps were assigned to indicate running, stopped, faulted, and interlocked conditions. Navigation
buttons were positioned consistently to provide rapid access to subsystem-specific screens without
interrupting operator workflow. Alarm summary indicators were placed in a visible region of the screen so
that abnormal conditions remain continuously observable during routine operation. The home screen also
functions as the first diagnostic layer by showing whether control permissives are satisfied before any
movement command is issued. This improves operational awareness and minimizes unsuccessful command
attempts caused by hidden interlocks.

B. Manual Control Screen

Manual control functionality was implemented to allow direct operator command of individual machine
drives during maintenance, testing, and commissioning activities. Figure 5 presents the manual control
interface used for subsystem-level operation. Dedicated control objects were assigned for conveyor
start/stop, luffing up/down motion, travel forward/reverse commands, and lubrication activation. To
prevent unsafe operation, each manual command was conditioned by interlock verification before
execution.Each command button was linked to PLC confirmation logic so that issued commands produced
visible execution feedback only when field conditions were satisfied. For example, travel commands were
enabled only when rail clamp release and emergency stop conditions were healthy, while luffing
commands required valid hydraulic readiness signals.

Figure 5. HMI Manual Control Screen

Separate feedback indicators were included for command issued, output active, and fault blocked states.
This distinction helps operators identify whether failure to move is caused by logic inhibition, field device
fault, or communication delay. To reduce accidental activation, command objects incorporated
confirmation logic and clearly differentiated active versus inactive states. Manual control screens were also
designed to remain visually simple, limiting unnecessary graphics so that field personnel can focus on
essential motion commands.

VI. RESULT AND DISCUSSION

Logic Simulation Results

Before transferring the control program to the field hardware, all PLC logic modules were validated using
the integrated simulation environment available in Schneider Electric EcoStruxure Control Expert. Offline
simulation allowed sequential verification of logic execution, timer behavior, interlock integrity, signal
dependencies, and alarm generation without exposing plant equipment to commissioning risk. Each
subsystem was tested independently and then evaluated under combined operating scenarios to confirm
proper interaction between functional modules. The simulation campaign focused on verifying command
permissives, stop priorities, emergency interruption behavior, sequence transitions, and fault handling
under both normal and abnormal operating conditions. Particular attention was given to subsystem
interactions where one module directly affects the execution of another, such as lubrication permissives
linked to travel movement and hydraulic readiness linked to luffing control. Table 2 summarizes the
simulation outcomes obtained for each major subsystem.
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Table 2. Logic Simulation Test Results by Subsystem

Subsystem Test | Passed | Faults Pass

Cases Detected | Rate

(%)

Boom Conveyor 24 23 3 95.8

Luffing Mechanism | 18 17 2 944

Travel Drive 22 21 4 95.5
Travel Lubrication |14 14 1 100.0

Overall 78 75 10 96.2

The simulation process yielded an overall pass rate of 96.2%, with 75 successful executions out of 78
defined test scenarios. A total of 10 logic anomalies were identified before field commissioning,
demonstrating the importance of offline verification in reducing startup errors.

Among all subsystems, the travel drive module generated the highest number of detected faults. This
behavior was expected because travel control required simultaneous coordination of direction commands,
rail clamp release confirmation, braking logic, and emergency stop interruption under multiple operating
states. Initial faults included command overlap during direction reversal, delayed brake release sequencing,
and incomplete stop priority during emergency interruption. The boom conveyor module showed high
reliability but revealed faults associated with start permissive ordering and belt sway reset timing. In one
test sequence, the conveyor motor command remained inhibited because pull-cord reset conditions were
evaluated after overload permissive checks, creating an unintended sequence dependency. Within the
luffing mechanism, detected faults primarily involved encoder boundary interpretation and delayed
hydraulic pressure validation. During early simulation runs, upper limit logic blocked downward motion
after transient encoder fluctuations, requiring additional filtering and hysteresis treatment.

IO Testing Results

After completion of logic simulation, physical input/output verification was performed to confirm correct
correspondence between field devices, PLC module terminals, supervisory tags, and HMI visualization
objects. This phase ensured that signals generated by sensors and commands issued through control
interfaces were accurately interpreted throughout the automation architecture. The testing procedure
included forced activation of field devices, continuity checks, live PLC input monitoring, SCADA tag
validation, and HMI indication confirmation. Both digital and analog channels were verified under
operating and fault conditions. Table 3 summarizes the 1/O verification results.
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Table 3. I/0 Testing Results Summary

/0 Total | Verified | Mismatches | Corrected | Success
TYPe | points | OK %
Digital |38 |36 2 2 94.7
Input

(D)

Digital | 32 31 1 1 96.9
Output

(DO)

Analog | 16 15 1 1 93.8
Input

(Al)

Analog |8 8 0 0 100.0
Output

(AO)

Total 9 90 4 4 95.7

A total of 94 1/O points were tested, with 90 initially verified without discrepancy. Four mismatches were
identified and corrected before full commissioning. Two mismatches occurred in the digital input section,
both related to incorrect addressing of travel and luffing limit switches. These errors originated from

terminal assignment differences between panel wiring documentation and PLC variable allocation.

Performance Evaluation
System performance was evaluated during a continuous 30-day operational observation period following
commissioning. Process data recorded through AVEVA SCADA historian functions were used to assess
reliability, responsiveness, and control accuracy under actual plant operating conditions. The performance
evaluation focused on six critical operational indicators relevant to stacker automation efficiency and

safety.

Table 4. Post-Commissioning Performance Metrics

Performance Metric Target Achieved
Value Value
System Uptime > 98% 99.1%
Avg. Alarm Response Time <5s 3.2s
Lubrication Cycle Adherence 100% 100%
Travel Positioning Accuracy +50 mm | £32mm
SCADA Data Latency (PLC—HMI) | <500 ms | 210 ms
Fault-to-Shutdown Response <2s 0.8s

The measured system uptime of 99.1% exceeded the target requirement, indicating stable operation of the

integrated PLC-SCADA-HMI architecture under continuous plant duty.
System uptime was calculated as equation 5:

U

Top

T
=—2P %100

+ Ty

(5)
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where U is uptime percentage, T, is operating time, and Ty is downtime duration,

The average alarm response time of 3.2 seconds was significantly better than the design threshold. This
performance resulted from optimized OPC communication polling intervals, structured alarm grouping,
and reduced supervisory processing delay. Lubrication cycle adherence remained at 100%, confirming
reliable timer execution and pressure feedback supervision throughout the evaluation period. Travel motion
accuracy reached £32 mm, which surpassed the required tolerance of £50 mm. This improvement was
primarily attributed to encoder-based feedback integration and controlled deceleration profiles managed
through variable frequency drive parameters. Communication latency between PLC and HMI averaged 210
ms, well below the accepted industrial threshold. This response level ensured smooth operator interaction
and immediate state visibility.

Communication delay was evaluated using equation 6:

L=t —tg (6)
where L is communication latency, t,. is reception time at the supervisory layer, and tg is transmission time
from the PLC.

VIl. CONCLUSION

This paper presented the design, implementation, and performance evaluation of an integrated PLC-
SCADA-HMI automation system for a Limestone Luffing Stacker in a cement manufacturing environment.
The system developed using Schneider Electric EcoStruxure Control Expert, AVEVA Plant SCADA, and
VijeoDesigner HMI, successfully automated four critical subsystems—Boom Conveyor, Luffing
Mechanism, Travel Drive, and Travel Lubrication—with IEC 61131-3 compliant programming and IEC
61508-aligned safety interlocks. Simulation testing achieved an overall pass rate of 96.2%, detecting and
resolving 10 logic faults prior to commissioning. 1/0 verification yielded a 95.7% success rate across 94
test points. Post-commissioning evaluation over 30 days demonstrated 99.1% system uptime, 3.2-second
alarm response time, £32 mm travel positioning accuracy, and 0.8-second fault-to-shutdown response—all
exceeding specified targets. The results validate that integrated PLC-SCADA-HMI architectures deliver
significant operational advantages in bulk material handling automation, including enhanced safety,
operator visibility, and process efficiency. Future work will explore loT-enabled predictive maintenance
integration with the existing SCADA historian, cloud-based data analytics for production optimization, and
digital twin implementation to enable virtual commissioning of future stacker automation projects.
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