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ABSTRACT

The research focuses on the design and implementation of an automated testing stand intended for the development and
optimization of liquid dispensing algorithms on weighing scales in industrial applications. The proposed stand is conceptualized as a
modular and reconfigurable platform that integrates computer-based modelling with physical experimentation, ensuring flexibility,
repeatability, and cost-effectiveness during the evaluation of dosing strategies. Unlike purely experimental prototypes, the stand
provides a safe environment for iterative refinement of algorithms without the need for constant hardware modification.

By interpreting the dispensing process as a discrete-event system with parallel subprocesses, the approach supports formal
reasoning about state transitions, synchronization between concurrent operations, and resource arbitration. At the same time, it
enables comprehensive performance assessment through simulation and hardware-in-the-loop (HIL/SIL) experiments, covering
aspects such as cycle time distribution, steady-state accuracy, robustness against noise, and response to variable liquid properties.

The outcomes of this research are expected to include:

A reference architecture of a laboratory — industrial test stand incorporating multiple subsystems—control, visualization,
storage, pressure regulation, valves, and weighing devices — designed for compatibility with PLC and HMI environments.

A methodology for selecting, tuning, and verifying dosing algorithms across coarse, fine, and dribble phases, including stability
detection and parameter adaptation under realistic operational constraints.

Guidelines and recommendations for integration into industrial automation practice, addressing traceability from verified
models (Petri nets, DEVS, FSM) to IEC 61131-3 PLC code and SCADA visualization.

The proposed stand thus acts not only as a research and validation tool but also as a bridge between academic modelling
methods and real-world industrial deployment. It has the potential to enhance accuracy and efficiency in sectors where dosing
precision is critical, such as food processing, pharmaceuticals, chemical manufacturing, and energy technologies, while
simultaneously serving as a training platform for future automation engineers.
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Introduction. Precise and reliable liquid dispensing is a recurring requirement across chemical,
food, pharmaceutical, and energy sectors [1]. Although volume-based dosing is widespread due to
simplicity and cost, its precision is sensitive to temperature, viscosity, and other physical property
variations [2]. Hence, many industrial recipes mandate mass-based dosing [3]. The lack of a
universal, configurable test environment slows down the translation of control strategies from
laboratory prototypes to industrial deployment [4]. This work proposes a comprehensive test stand
and methodology covering modelling, simulation, HIL/SIL evaluation, and PLC/HMI deployment,
enabling rapid iteration with realistic constraints [5].

Background and Problem Statement. Existing contributions span threshold, PID-based,
model-predictive, and adaptive strategies, as well as diverse hardware setups (gravity-fed vs.
pressurized, on/off vs. proportional valves, multi-range scales) [3, 6].

However, three persistent gaps are observed:

1) limited portability of results due to bespoke rigs [1];

2) snsufficient attention to concurrency and event-driven behavior [7];

3) weak traceability between verified logical models and deployed PLC code [9].

Addressing these gaps requires a modular architecture, explicit formal models of logic, and
standardized data for benchmarking [10]. Our approach introduces common scenarios and metrics
to compare algorithms fairly [6].
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Objectives and Contributions. Objective: develop an automated testing stand and a
companion methodology for evaluating gravimetric dosing algorithms [5]. Contributions: (i)
modular hardware accommodating multiple flow sources and valve groups; (ii) a three-phase
control framework (coarse/fine/dribble) with tunable thresholds and timers; (iii) a Petri-net-based
modelling and verification workflow with mapping to IEC 61131-3 [7]; (iv) experimental protocols
and datasets for reproducible benchmarking; (v) guidelines for industrial integration and technology
transfer [2].

System Requirements and Interfaces. Functional: single-shot/multi-shot dosing; tare and
stabilization handling [3]; abnormal condition management (overflow, sensor faults,
communication loss); parameter sweeps over media and hardware. Interfaces: multi-protocol scale
connectivity (serial/fieldbus/analog), valve control (discrete/proportional), pressure regulation,
safety I/O, HMI for recipes, historian logging [4]. Non-functional: operator safety, repeatability,
synchronization of parallel processes [8], traceable data capture, and compatibility with IEC 61131-
3 and SCADA conventions.

Reference Architecture of the Test Stand. The stand comprises:

1) Control subsystem — Rx3i (GE/Emerson) PLC with expansion modules; workstation with
Emerson Proficy ME for programming/diagnostics [5].

2) HMI subsystem — GE Cimplicity workstation for recipes, alarms, and trending [4].

3) Liquid storage — non-pressurized tanks and pressurized reservoirs.

4) Pressure supply/regulation to emulate plant conditions.

5) Valve subsystem — three groups (Large Cluster, Stand Base, Mini Head) covering response
speeds and seat sizes [2].

6) Weighing subsystem — four heterogeneous scales with adapters for robust PLC connectivity [1].

The architecture privileges observability, controllability, and safety [10].

Modelling and Verification Approach. When considering the design of a liquid dispensing test
stand as a discrete-event system with parallel processes, several modelling methods can be applied
[9], each with its strengths and limitations. Among the most widely recognized approaches are finite
state machines, algorithmic programming, system dynamics, DEVS formalism, and Petri nets [7].

Finite state machines (FSM) represent system behavior as a finite set of states and transitions.
They are useful for describing sequential logic, such as the start-are-dispense-stabilize cycle [6].
However, FSMs scale poorly when parallel processes must be described, since concurrency is
represented by state explosion rather than by a natural construct [9].

Algorithmic programming, implemented through IEC 61131-3 languages such as Structured
Text (ST) or Function Block Diagrams (FBD), remains the standard in industrial automation [5].
These tools directly map onto PLC logic and are highly practical for implementation. Yet, they are
limited as modelling instruments because they provide little support for formal verification or for
reasoning about concurrent events beyond manual synchronization mechanisms [10].

System dynamics offers a contrasting view by focusing on continuous variables and feedback
loops, often described through differential equations [2]. This method can approximate the
hydraulic and pneumatic processes in dosing systems. Nevertheless, its continuous nature makes it
less suitable for capturing discrete events such as valve switching, tare confirmation, or
synchronization between dosing lines [3].

Discrete Event System Specification (DEVS) provides a mathematically rigorous framework
for representing event-driven systems as atomic and coupled models [9]. It allows modularity,
hierarchical design, and explicit time advance functions, which is advantageous for large-scale
simulation. Still, DEVS is complex to implement in typical PLC/SCADA environments, and its
integration into industrial practice is less straightforward [6].

Finally, Petri nets (PN) combine both theoretical rigor and practical applicability [7]. They
naturally describe concurrency, synchronization, and resource sharing. Timed and colored
extensions enable modelling of delays and heterogeneous tokens, which are essential in liquid
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dispensing scenarios [8]. Verified PN models can then be mapped into IEC 61131-3 control
programs, bridging the gap between formal analysis and industrial deployment [10].

Taken together, these five approaches illustrate a spectrum of possibilities. FSMs and algorithmic
programming are simple and close to implementation; system dynamics captures process physics;
DEVS ensures formal modularity; and Petri nets provide the most balanced framework for
concurrency and verification. For the objectives of the present research, Petri nets stand out as the
preferred method for modelling and validating the liquid dispensing test stand [6, 7].

Control Strategies, Tuning, and Stability Detection. Sequence: coarse — fine —
dribble/pulse with stabilization windows. Tuning parameters: m_coarse off, m_stop, tolerance A,
t stab, maximum dribble duration/count. Stability detection uses filtered weight and derivative
tests; anti-windup and rate limiting minimize overshoot. Recipes are versioned for A/B comparisons
across viscosities and hardware variants.

Data Logging, Metrics, and Benchmarking. Captured data: PN/PLC events, setpoints,
raw/filtered weight, valve states, pressure, operator actions. Metrics: absolute error |e|, signed bias,
cycle time breakdown, stabilization count/duration, alarm frequency, resource conflicts.
Benchmarking employs fixed scenarios (nominal, noisy scale, high viscosity, contention) and
statistical summaries (median, IQR) for fair comparison. Datasets are exported for offline analysis.

Experimental Protocol and Remote Collaboration. Progression: model-in-the-loop —
hardware-in-the-loop from single-valve to multi-line cases. Each step verifies calibration,
interlocks, and acceptance criteria on |e| and cycle time. 24/7 remote access (workstations, video
streams) enables distributed teams to repeat tests. Automated parameter sweeps and scripted cases
increase coverage and reduce bias.

Industrial Integration and Standardization. Traceability from PN to PLC is ensured via
naming conventions and one-to-one mappings: places <« state flags; transitions <> rung
conditions/FBs; timed transitions «» PLC timers. SCADA screens expose state and guards for
commissioning. Documentation follows DSTU 3008-15; optional MES/LIMS links support recipe
governance and audit trails.

Safety, Calibration, and Risk Management. Safety covers E-stop circuits, safe valve states
on power loss, overfill detection, pressure relief, leakage monitoring. Calibration uses traceable
weights and uncertainty budgets; periodic checks detect drift. FMEA addresses compatibility,
contamination, and mis-configuration. Modular staging contains hazards before full integration.

Ilustrative Scenario and Expected Results. For a 250 g setpoint with dual valves (fast+fine):
coarse delivers =230 g; switch at m_coarse off=235 g; fine approaches m_stop=249.2 g; two
dribble pulses separated by t stab=1.2 s complete the cycle with [e[<0.8 g in =8.4 s. With noisy
scales, t_stab=1.5 s and tighter derivative thresholds yield =8.9 s and <1.2 g error. High-viscosity
media increase latency; earlier switching and shorter pulses compensate. In multi-line operation,
PN-level arbitration mitigates resource conflicts.

Expected Outcomes. Deliverables:

1) modular stand;

2) validated algorithm library;

3) PN templates and PLC mappings;

4) protocols and datasets;

5) benchmarking framework.

Together they reduce time-to-deployment, improve repeatability, and support continuous
improvement.

Conclusion. Modern development in the fields of electrical engineering, automation, and
electromechanics increasingly depends on the ability to design experimental platforms that unite
theory with industrial practice. The creation of an automated testing stand for liquid dispensing
demonstrates how academic research can address real industrial challenges while also providing a
foundation for methodological innovation.
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The study confirms that gravimetric dosing, despite being more technologically demanding
than volume-based methods, remains the most accurate and reliable approach in environments
where the quality of the final product depends on precise proportions. Designing a dedicated stand
makes it possible to test algorithms under controlled yet realistic conditions, where fluctuations in
liquid properties, scale accuracy, or valve response can be reproduced and analyzed. The outcomes
of such tests provide valuable feedback for improving control strategies before they are transferred
to industrial systems.

The proposed stand also highlights the role of discrete-event modelling in automation. By
representing the process as a dynamic system with parallel subprocesses, engineers gain tools to
simulate complex interactions such as synchronization of flows, competition for resources, or error
propagation. Petri nets, in particular, offer a transparent and verifiable framework for examining the
stability and robustness of algorithms. Their ability to map directly into PLC programming
languages ensures that the logic confirmed in simulation can be safely and efficiently implemented
in industrial controllers.

Another significant achievement of this research lies in establishing modular hardware
architecture. The separation into subsystems — control, visualization, storage, valves, pressure
regulation, and weighing devices — ensures that each component can be independently improved or
replaced. This flexibility not only reduces costs but also extends the lifetime of the stand as a long-
term research and training platform. Combined with the possibility of remote access, it creates an
environment for collaborative experiments and international cooperation, aligning with the
principles of Industry 4.0 and digitalization.

From a practical viewpoint, the work contributes directly to improving the quality and
efficiency of industrial production. By reducing errors in liquid dispensing, manufacturers achieve
higher consistency, lower waste, and improved compliance with regulatory standards. The
knowledge and methods obtained in this research can be applied in pharmaceuticals, food
technologies, chemical processing, and other sectors where dosing accuracy is critical.

In a broader context, the stand serves as both a research instrument and an educational tool. It
allows students and young researchers to acquire practical skills in PLC programming, SCADA
systems, and discrete-event modelling, bridging the gap between theoretical courses and real
engineering practice. This educational aspect ensures the sustainability of the project, preparing
future specialists to handle the challenges of advanced automation.

Ultimately, the research establishes a comprehensive framework that unites modelling,
experimentation, and industrial integration. The successful implementation of the test stand,
together with its methodological and educational contributions, significantly expands the prospects
for developing precise and adaptive liquid dispensing systems. By fostering reliability and
innovation, the project supports continuous improvement of industrial automation and strengthens
the technological potential of modern production systems.
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AHOTAIIS

JocinimkeHHs mpucBsiueHe po3poOili Ta BIPOBAHKEHHIO aBTOMaTH30BAHOTO TECTOBOTO CTEH/Y, TPU3HAUEHOTO JUIs
CTBOPEHHS Ta ONTHMI3alliil alrOPUTMIB JI03yBaHHs PiJIMH 32 MacOI0 Ha BaroBHX CHUCTEMax y IPOMHMCIIOBHX IpOIIEcax.
3anpornoHOBaHuii CTEH PO3IIISIAETHCS SIK MOy IbHA Ta THy4Ka IJ1aTdhopMa, 110 MOEIHYE KOMIT FOTEPHE MOJISITIOBAHHS
Ta (i3M4HUI excrepuMeHT, 3a0e3neuyrour Oe3NeyuHICTh, BiTBOPIOBAHICTh Ta €KOHOMIYHICTh NPH BIANPAIfOBaHHI
cTparerii  no3yBaHHs. Ha BimMiHy BiJl CYTO €KCHEPHMMEHTAIbHUX IPOTOTHUINB, CTEHJ CTBOPIOE YMOBH JIJIs
0araTopazoBOro BJOCKOHAJICHHS aJiITOPUTMIB Oe3 moTpedu y NocTiiHii Moandikauii ooiagHaHHS.

[IpencraBneHHs Mponecy J03yBaHHSA SIK JUCKPETHO-TIONIEBOI CHCTEMH 3 MapallelbHUMH MiAIpOLecaMy J03BOJISIE
(dopMaTbHO aHANI3YBaTH TEPEXOMU CTAHIB, CHHXPOHI3aIlil0 MK OJHOYACHHUMH ONepallisiMH Ta apOiTpak pecypcis.
[NapanensHO 1e 3a0e3medye MOMKIMBOCTI KOMIDIEKCHOI OIIHKH €(EKTHBHOCTI IIIIXOM CHMYIBALIi Ta €KCIIEPHMEHTIB
HIL/SIL, BKJIFOYHO 3 AOCHIIPKEHHSIM 4Yacy HUKIY, TOYHOCTI y CTAJIOMY PEXHUMi, CTIHKOCTI 0 3aBaj Ta aJamnTarii g0
3MiH BIIACTHBOCTEH PiIUHH.

OuikyBaHI pe3ynbTaTH IOCTI/DKCHHA BKIIOYAIOTh HACTymHe. PedepeHTHy apxXiTekTypy IabopaTopHO-
MPOMHKCIIOBOTO TECTOBOTO CTEHIY 3 HHM3KOIO IJICHCTEM — KepyBaHHs, Bidyauizaiii, 30epiraHHs, peryilOBaHHS THCKY,
KJIalaHiB Ta 3BaXKyBaHHSA — i3 cyMicHICTIO 3 cepenoBumamu PLC ta HMI. Metozmomnoriro BuOopy, HamamTyBaHHS Ta
MEPEBIPKU aITOPUTMIB JJO3YBAaHHS Ha €Tamax rpyooro, TOYHOTO Ta iMITyJIbCHOTO HAJHBY, 3 ypaxyBaHHIM cTalimizamii
Ta ajanTaiii mapameTpiB y peaqbHUX yMOBax. PekoMeHaamii Ijisl MpOMHUCIIOBO 1HTETrpallii, BKIIIOUal0uu TpacyBaHHS Bi
dbopmansaux Mmoxeneit (mepexi Iletpi, DEVS, ckindenni aBtomaru) mo xomy PLC IEC 61131-3 ta SCADA-
Bi3yauizartii.

TakuM 4YMHOM, CTEHJ BHCTYIA€ HE JIMIIE IHCTPYMEHTOM JOCIIJDKEHHS 1 Bepudikamii, a # MocTOM MiX
aKa/IeMIYHIMH METOJaMH MOJICJIIOBAHHS Ta peajJbHUM IPOMHCIOBHM BIIPOBaDKEHHSIM. BiH Mae moTeHIian miIBUIUTH
TOYHICTH 1 €PEKTUBHICTD Y Taly3sX, ¢ KPUTHYHOIO € J03yBaJIbHA TOYHICTH, @ TAKOX CTaTH HaBYAJILHOIO IIAaT(HOPMOIO
JUTS TIATOTOBKY MaOYTHIX 1H)KEHEepiB-aBTOMATHUKIB.

Koaio4oBi cj0B: aBToMaTH30BaHe JO3yBaHHS PiJIMH; TECTOBHUI CTEHJ; BaroBe J03yBaHHS; aJlTOPUTMH JTO3yBaHHS;
MojemoBanHs; Bepudikauis; PLC/SCADA; npoMucinosi Baru
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