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Abstract—In the realm of warehouse automation, the
integration of Programmable Logic Controllers (PLCs) is
paramount for ensuring efficient and accurate control of
automated systems. This paper presents a novel approach to
warehouse automation through the development of a PLC
emulator tailored for the simulation and testing of complex
warehouse control systems. Drawing inspiration from the
detailed simulations and real-world implementations
discussed in various scholarly works, this paper introduces a
comprehensive framework for the emulation of PLC logic in
warehouse environments. The emulation framework is
designed to mimic the behavior of real-world PLCs, allowing
for the testing and validation of control logic under various
scenarios. By leveraging the insights gained from detailed
simulations of storage and picking technologies, the emulator
provides a valuable tool for warehouse designers and
operators to optimize control strategies and improve system
performance. Additionally, the paper discusses the benefits
of using emulation in conjunction with simulation software,
as highlighted in previous studies, including reduced test
effort, higher software quality, and improved ramp-up time
and costs. The proposed PLC emulator offers a flexible and
cost-effective solution for testing and validating warehouse
control systems, ultimately leading to more efficient and
reliable warehouse automation. The findings presented in
this paper contribute to the growing body of research on
simulation and emulation in warehouse automation,
demonstrating the potential for significant advancements in
the field.

Keywords: Warehouse Automation, Programmable Logic
Controllers (PLCs), Simulation, Emulation, Material
Handling, Storage and Retrieval Systems (AS/RS)

L. INTRODUCTION

The rapid evolution of warehouse automation technologies has
revolutionized modern logistics and supply chain management,
enabling efficient and cost-effective operations. Central to this
transformation are Programmable Logic Controllers (PLCs),
which form the backbone of control systems in automated
warehouses. PLCs are critical for managing various aspects of
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warehouse operations, including inventory control, order
processing, and material handling.
Simulation and emulation play pivotal roles in the design,
development, and implementation of PLC-based warchouse
automation systems. These techniques allow for the virtual
testing and validation of control logic and system behavior,
reducing the risk and cost associated with real-world
implementation. Through simulation, engineers can analyze
different scenarios, optimize system performance, and ensure
seamless integration with existing warehouse infrastructure.

This paper presents a comprehensive study on the use of
simulation and emulation in the context of warehouse
automation, focusing on the design and implementation of a PLC
emulator. The emulator is designed to mimic the behavior of real-
world PLCs, providing a virtual environment for testing control
algorithms and system functionality. By simulating various
warehouse scenarios, including inventory management, order
processing, and material flow, the emulator enables engineers to
evaluate system performance and identify potential bottlenecks.

The development of the PLC emulator is based on extensive
research and analysis of existing warehouse automation systems.
Several case studies and simulations were conducted to validate
the effectiveness and reliability of the emulator in different
warehouse environments. The results demonstrate that the
emulator is capable of accurately replicating the behavior of real-
world PLCs, providing a valuable tool for warehouse automation
system design and testing.

In conclusion, the use of simulation and emulation in warehouse
automation has significantly enhanced the efficiency and
reliability of PLC-based control systems. The PLC emulator
presented in this paper represents a novel approach to virtual
testing and validation, offering a cost-effective and efficient
solution for warehouse automation design and implementation.

This paper aims to contribute to the field of warehouse
automation by providing a detailed analysis of the design and
implementation of a PLC emulator. The emulator's architecture,
functionalities, and performance metrics are thoroughly
discussed, highlighting its advantages and limitations.
Additionally, practical insights and lessons learned from the
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development process are shared, offering valuable guidance to
researchers and practitioners in the field.

The remainder of this paper is organized as follows: Section II
provides a comprehensive review of Problem Statement in the
field of warehouse automation, focusing on simulation and
emulation techniques. Section III describes the implementation
details and the integration of the emulator with existing
warehouse control systems, the design and architecture of the
PLC emulator, including its key components and functionalities.

In summary, this paper presents a novel approach to warehouse
automation through the development of a PLC emulator. By
leveraging simulation and emulation techniques, the emulator
offers a cost-effective and efficient solution for testing and
validating PLC-based control systems. The insights and findings
presented in this paper are expected to contribute significantly to
the advancement of warehouse automation technologies, paving
the way for more intelligent and efficient warehouse operations.

II. PROBLEM STATEMENT

Warehouse automation systems play a crucial role in modern
logistics by improving efficiency and reducing operational costs.
These systems are often controlled by programmable logic
controllers (PLCs), which execute complex control logic to
manage various components such as stacker cranes, conveyor
belts, and palletizers. Developing and testing PLC logic for
warchouse automation systems can be challenging and costly,
requiring access to physical hardware and posing risks to the
operational environment.

To address these challenges, this paper proposes the development
of'a PLC emulator for warehouse automation. The emulator aims
to replicate the behavior of real PLCs, allowing for the testing
and validation of PLC logic in a virtual environment. By
providing a realistic simulation of warehouse operations, the
emulator can help reduce development time and costs, mitigate
risks to the operational environment, and facilitate the
implementation of complex automation systems.

111. METHODOLOGY
A. Data Collection:

The data collection process involved the use of various sensors
and monitoring devices installed in the warehouse automation
system. These sensors were strategically placed to capture key
operational metrics of the system's components, including
stacker cranes, conveyor belts, palletizers, and case-wheeler lifts.

e Stacker Cranes: Sensors were installed to monitor the
movement speeds and load capacities of the stacker cranes.
Algorithms based on reference [1] were used to calculate
the optimal speed and acceleration profiles for the cranes
based on the weight of the loads being lifted.

e  Conveyor Belts: Sensors were used to track the movement
of items along the conveyor belts. Algorithms from
reference [2] were employed to optimize the routing of
items on the belts to minimize congestion and maximize
throughput.

e  Palletizers: Sensors were employed to monitor the operation
of the palletizers, including the stacking of items onto
pallets. Algorithms based on reference [3] were utilized to
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optimize the and stable
palletization.

e  (Case-Wheeler Lifts: Sensors were used to track the
movement of trays and cases on the lifts. Algorithms from
reference [4] were applied to optimize the movement of
cases between trays and conveyors, reducing the risk of

collisions and errors.

stacking patterns ensure

B.  Emulation Algorithms:

The emulation algorithms developed for the PLC emulator were
designed to replicate the behavior of the real PLCs controlling
the warehouse automation system. These algorithms were based
on the data collected from the sensors and the operational
characteristics of the system components.

e Ladder Logic Interpreter: The ladder logic interpreter was
designed to interpret the ladder logic programs used in the
real PLCs and execute them in the emulator. The algorithm,
inspired by reference [5], implemented a state machine to
simulate the behavior of the PLCs in executing the logic
programs.

e Sensor Simulation: The sensor simulation algorithm
generated simulated sensor readings based on the data
collected from the real sensors. The algorithm, influenced
by reference [6], used probabilistic models to simulate the
variability and noise present in real sensor data.

e  Actuator Simulation: The actuator simulation algorithm
generated simulated actuator commands based on the output
signals from the PLC logic emulator. The algorithm,
inspired by reference [7], implemented a control logic that
replicated the behavior of the real actuators, including
start/stop commands and speed control.

C. System Architecture:

The PLC emulator developed for this study aimed to replicate the
functionality of the PLCs controlling the warehouse automation
system. It consisted of three main components: the PLC logic
emulator, the sensor emulator, and the actuator emulator.

e PLC Logic Emulator: The PLC logic emulator was
responsible for executing the control logic programmed in
the PLCs. It consisted of a software module that interpreted
ladder logic programs and executed them in a simulated
environment. The emulator was designed to replicate the
behavior of real PLCs, including the management of input
and output signals, timers, and counters. The algorithm used
for ladder logic interpretation was based on a state machine
model, as described in reference [1].

e Sensor Emulator: The sensor emulator replicated the
behavior of the sensors used in the warehouse automation
system. It generated simulated sensor readings based on
predefined patterns and probabilities, mimicking the
behavior of real sensors in detecting pallets, trays, and other
objects in the warehouse. The algorithm used for sensor
emulation was based on probabilistic models, as described
in reference [2].

e  Actuator Emulator: The actuator emulator simulated the
behavior of the actuators controlled by the PLCs, such as
conveyor belts, stacker cranes, and palletizers. It generated
simulated actuator commands based on the output signals
from the PLC logic emulator, simulating the movement and
operation of the actuators in the warehouse. The algorithm



used for actuator emulation was based on a control logic
model, as described in reference [3].

D. Emulation Algorithms:

The emulation algorithms employed in the PLC emulator were
designed to faithfully replicate the behavior of real PLCs. These
algorithms were crucial for ensuring the accuracy and reliability
of the emulator's performance.

e  Ladder Logic Interpreter: The ladder logic interpreter was a
key component of the PLC emulator, responsible for
interpreting the ladder logic programs used in real PLCs. It
implemented a state machine that simulated the behavior of
the PLCs in executing the logic programs. This algorithm
was essential for replicating the control logic of the real
PLCs, including the handling of input and output signals,
timers, and counters [9]. The ladder logic interpreter
algorithm was based on well-established principles of
ladder logic programming and state machine theory,
ensuring its accuracy and reliability.

e Sensor Simulation: The sensor simulation algorithm was
another critical component of the PLC emulator,
responsible for generating simulated sensor readings based
on predefined patterns and probabilities. This algorithm
used random number generators to simulate the variability
and noise present in real sensor data, ensuring that the
emulator responded realistically to changes in the
warehouse environment. The sensor simulation algorithm
was based on probabilistic models and statistical methods,
ensuring its accuracy and realism [14].

E. Performance Evaluation:

To evaluate the performance of the PLC emulator, a rigorous
testing methodology was adopted, encompassing various
scenarios and conditions that the emulator would encounter in
real-world applications. The evaluation aimed to assess the
accuracy, reliability, and efficiency of the emulator in replicating
the behavior of real PLCs.

1. Simulation Scenarios: The emulator was subjected to a
range of simulation scenarios, including normal operation,
error conditions (such as sensor failures or actuator
malfunctions), and high-load conditions (where the system
was subjected to maximum capacity) [11]. These scenarios
were designed to test the emulator's ability to handle
different operating conditions and to identify any potential
weaknesses or limitations.

2. Performance Metrics: Several performance metrics were
used to evaluate the emulator, including:

e Response Time: The time taken by the emulator to
respond to input signals and generate output
commands. A lower response time indicated better
performance.

e  Error Rate: The rate at which the emulator produced
incorrect output commands or failed to respond to
input signals. A lower error rate indicated better
reliability.

e  Resource Utilization: The number of computational
resources (such as CPU and memory) used by the
emulator. Efficient resource utilization was essential
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for ensuring the scalability and efficiency of the
emulator.

e  Comparison with Benchmarks: The performance of
the emulator was compared against predefined
benchmarks, which were based on the performance of
real PLCs in similar applications. This comparison
helped validate the effectiveness of the emulator in
replicating the behavior of real PLCs.

e Algorithm Selection: The performance evaluation also
involved assessing the effectiveness of the emulation
algorithms used in the PLC emulator. The algorithms
were evaluated based on their ability to accurately
replicate the behavior of real PLCs while maintaining
scalability and efficiency.

e Mathematical Formulas and Algorithms:
Mathematical formulas and algorithms were used to
calculate the performance metrics and analyze the
results of the performance evaluation. These formulas
and algorithms were based on principles of
performance analysis and statistical methods, ensuring
the accuracy and reliability of the evaluation results.

F Mathematical Model:

The mathematical model developed for analyzing the
performance of the PLC emulator and comparing it with real-
world data was crucial in understanding the emulator's behavior
under various conditions. The model consisted of several key
components:

1. Input-Output Relationships: The model described the
relationship between the input signals to the emulator (such
as sensor readings and control commands) and the output
signals generated by the emulator (such as actuator
commands). This relationship was essential for evaluating
the emulator's ability to accurately replicate the behavior of
real PLCs ([9], [10]).

2. Response Times: The model included equations to calculate
the response times of the emulator, i.e., the time taken by
the emulator to respond to input signals and generate output
commands. These equations were based on the algorithms
used in the emulator and helped assess its efficiency and
performance.

3. Error Rates: Equations were developed to quantify the error
rates of the emulator, i.e., the rate at which it produced
incorrect output commands or failed to respond to input
signals. These equations were essential for evaluating the
reliability of the emulator under different operating
conditions [13].

4. Performance Metrics: The model included formulas for
calculating performance metrics such as response time,
error rate, and resource utilization. These metrics were used
to assess the emulator's performance against predefined
benchmarks and identify areas for improvement.

5. Comparison with Real-World Data: The model facilitated a
comparison between the emulator's performance and real-
world data collected from the operational warehouse
automation system. This comparison helped validate the
accuracy and reliability of the emulator in replicating the
behavior of real PLCs.

G. Algorithm Selection:



The selection of algorithms for the PLC emulator was a critical
step in ensuring its accuracy and effectiveness in replicating the
behavior of real PLCs. Several key considerations were
considered in the selection process:

e  Compatibility with Existing PLC Programs: The ladder
logic interpreter was chosen for its ability to interpret and
execute ladder logic programs, which are commonly used
in real PLCs. This ensured that existing control logic could
be easily migrated to the emulator, minimizing the effort
required to adapt existing systems to the emulator [12].

e  Realism of Sensor and Actuator Simulation: The sensor and
actuator simulation algorithms were selected based on their
ability to generate realistic sensor readings and actuator
commands. These algorithms were crucial for ensuring that
the emulator responded realistically to changes in the
warehouse environment, providing an accurate simulation
of real-world conditions [12].

e Scalability and Efficiency: The selected algorithms were
chosen for their scalability and efficiency, allowing the
emulator to handle large-scale warchouse automation
systems with multiple components. This ensured that the
emulator could accurately replicate the behavior of complex
systems without compromising on performance [10].

e  Reliability and Robustness: The selected algorithms were
evaluated for their reliability and robustness, ensuring that
the emulator could operate effectively under various
conditions, including normal operation, error conditions,
and high-load conditions [8].

e  Flexibility and Adaptability: The selected algorithms were
designed to be flexible and adaptable, allowing for easy
modification and customization to suit the specific
requirements of different warehouse automation systems.
This ensured that the emulator could be easily tailored to
meet the needs of different applications [10].

H.  Simulation Environment:

The simulation environment plays a crucial role in testing the
performance of the PLC emulator under various conditions. The
following aspects were considered in the design and
implementation of the simulation environment:

e  Virtual Warehouse Model: The virtual warehouse model
was developed to closely mimic the layout and operation of
the real-world warehouse automation system. This included
detailed representations of stacker cranes, conveyor belts,
palletizers, and other components. The accuracy of the
virtual model was essential for evaluating the emulator's
performance in a realistic setting.

e Commercial Simulation Software: A commercial
simulation software was utilized to develop the virtual
warehouse model. This software provided a range of tools
and features for designing complex simulations, allowing
for accurate representation of the warehouse environment
and its components.

e Integration of the PLC Emulator: The PLC emulator was
integrated into the virtual warehouse model, allowing it to
interact with the simulated components in real-time. This
integration enabled the emulator to execute control logic
and respond to simulated events, providing a realistic
testing environment for evaluating its performance.

e  Realistic Testing Scenarios: The simulation environment
was used to create various testing scenarios, including
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normal operation, error conditions, and high-load
conditions. These scenarios were designed to evaluate the
emulator's ability to replicate the behavior of real PLCs
under different circumstances.

e  Performance Metrics: Performance metrics such as
response time, error rate, and resource utilization were
measured during simulation to evaluate the emulator's
performance. These metrics provided valuable insights into
the emulator's accuracy and efficiency in replicating real-
world PLC behavior.

e  Scalability and Flexibility: The simulation environment was
designed to be scalable and flexible, allowing for the
addition or modification of components and scenarios as
needed. This scalability ensured that the emulator could be
tested under various conditions and configurations, making
it suitable for different warehouse automation systems.

1. Experimental Setup:

To evaluate the performance of the PLC emulator, an
experimental setup was devised using the virtual warehouse
model and the emulator software. The setup encompassed a
series of test scenarios to simulate various operating conditions
and scenarios encountered in a real-world warehouse automation
system. These scenarios included normal operation, error
conditions (such as sensor failures or actuator malfunctions), and
high-load conditions to test the scalability and robustness of the
emulator. The experimental setup aimed to assess the emulator's
ability to accurately replicate the behavior of real PLCs in
different situations ([8],[10]). For each scenario, specific metrics
were defined to measure the emulator's performance, such as
response time, error rate, and resource utilization. These metrics
were crucial in determining the emulator's effectiveness and
reliability in practical applications [12].

One of the key aspects of the experimental setup was the
integration of the emulator into the virtual warehouse model.
This integration allowed for a realistic simulation of the
warehouse environment, including the movement of pallets,
trays, and other objects, as well as the operation of stacker cranes,
conveyor belts, and palletizers. By integrating the emulator into
the virtual model, the experimenters could closely monitor and
analyze the emulator's performance under different conditions.

Furthermore, the experimental setup included a range of test
cases designed to stress-test the emulator and identify potential
weaknesses or areas for improvement. These test cases were
essential in validating the emulator's performance and ensuring
its reliability in practical applications.

Iv. RESULT

The developed PLC emulator for warehouse automation
underwent comprehensive testing and evaluation to gauge its
performance and effectiveness. These evaluations were carried
out through a series of simulation tests in a virtual warehouse
environment, replicating various operating conditions and
scenarios encountered in real-world warehouse automation
systems. Performance evaluation of the PLC emulator focused
on key metrics such as response time, accuracy in executing
control logic, and ability to handle error conditions. The results
of this evaluation demonstrated that the emulator is highly
capable of replicating the behavior of real PLCs with a
remarkable degree of accuracy and reliability.



In order to validate the accuracy of the emulator, its performance
was compared against real-world data collected from an
operational warehouse automation system. This comparison
revealed a close match between the behavior of the emulator and
that of real PLCs, affirming its effectiveness in simulating
warehouse operations. The scalability and robustness of the PLC
emulator were also put to the test under various conditions,
including high-load scenarios and error conditions. The results
demonstrated that the emulator is adept at handling a wide array
of operating conditions, making it a suitable choice for use in
complex warehouse automation systems.

The use of the PLC emulator brings several benefits and practical
implications for the development and testing of warehouse
automation systems. It facilitates rapid development and testing
of PLC logic, thereby reducing development time and costs.
Furthermore, it helps mitigate risks to the operational
environment by enabling testing in a virtual environment.
Despite its promising capabilities, the PLC emulator does have
limitations. For instance, it may not fully replicate the behavior
of all components in a real-world system. Future work could
focus on enhancing the accuracy and realism of the emulator, as
well as expanding its capabilities to handle more intricate
automation systems.

V. CONCLUSION

In conclusion, the development of a PLC emulator for warehouse
automation addresses several key needs and challenges in the
field. The need for efficient testing and development tools for
warchouse automation systems is growing as the complexity of
these systems increases. The findings from this study
demonstrate that the PLC emulator is capable of effectively
replicating the behavior of real PLCs, offering a valuable tool for
testing and developing warehouse automation systems.

One of the main barriers in the development of warehouse
automation systems is the lack of suitable testing environments.
The PLC emulator helps to overcome this barrier by providing a
virtual environment where PLC logic can be tested and refined
without the need for costly and time-consuming physical tests.

The risk of implementing new automation systems in a
warehouse environment is significant, as any errors or
malfunctions can disrupt operations and result in financial losses.
By enabling thorough testing in a virtual environment, the PLC
emulator helps to mitigate these risks, allowing for more
confident deployment of new automation systems.

Overall, the development of the PLC emulator represents a
significant step forward in the field of warehouse automation. It
offers a valuable tool for researchers and developers working on
warehouse automation systems, helping to accelerate the
development process, reduce costs, and minimize risks
associated with deploying new automation systems.
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