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Abstract: The aim of this study is to identify approaches and principles for creating digital twins of
electrohydraulic mechatronic systems. The aim of the study was achieved by bibliometric analysis and
systematic review for identification approaches and principles of creating digital twins of various electro-
hydraulic mechatronic systems in all stages of their life cycles. As a result of the research, publications were
systematized in accordance with the approaches and methods proposed in them for creating digital twins of
electrohydraulic mechatronic systems and their elements. Namely, which stages of the life cycles of
electrohydraulic mechatronic systems are covered by the approaches and methods proposed in publications.
During the bibliometric analysis, no publications were identified that would offer a systematic methodology for
creating different types of digital twins of electrohydraulic mechatronic systems at all stages of their life cycles.
Thus, the creation of such a systematic methodology is an important scientific and practical task.
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1. Introduction

Heavy-duty machines, such as excavators, mining, agricultural, and military vehicles, are often
operated in hazardous and harmful environments. Electrohydraulic mechatronic drives continue to
be important components of such machines. The transformation of heavy-duty machines into more
autonomous and robotic ones requires the creation of digital twins of electro-hydraulic mechatronic
drives that would reflect their functioning at all stages of their life cycles.

2. Literature review and problem statement

The current state of development of digital twins at various stages of product life cycles is covered
in publications [1-2]. The principles and approaches outlined in [1-2] can partially be applied to
electrohydraulic mechatronic systems. However, they need serious adaptation and addition.

The papers [3-10] present various aspects of creating digital twins of heavy-duty machines. The
papers [3-10] pay insufficient attention to electrohydraulic mechatronic systems, as important
components of heavy-duty machines. In the process of creating digital twins of electrohydraulic
mechatronic systems, it is necessary to take into account research [3-10] results. This is due to the
fact that digital twins of electrohydraulic mechatronic systems must be suitable for integration into
digital twins of heavy-duty machines.

The papers [9-10] outline approaches to creating digital twins of electrohydraulic mechatronic
systems of heavy-duty machines. However, the approaches outlined in [9-10] cannot be considered
comprehensive and cover all stages of the life cycles of electrohydraulic mechatronic systems.
Papers [11-13] propose results of the creation of a simplified numerical model, based on a very
compact semi-empirical formulation, able to simulate the fluid dynamics behaviours of an
electrohydraulic servo valve taking into account several effects due to valve geometry and operating
conditions. The results [11-13] are proposed to be used to create digital twins at the stages of
development and detailed design of electrohydraulic servo valves. Despite the fact that the research
[11-13] concerns only electrohydraulic servo valves, they can be used to create digital twins of
electrohydraulic mechatronic systems.
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The article [14] presents a model for counterbalance valves which are widely used in hydraulic and
electro-hydraulic drives. The model consists of parameters that account for the internal geometry,
inertia, and friction characteristics of the counterbalance valves. The proposed model of the
counterbalance valve satisfies the main requirements of digital twins and thus, is a suitable candidate
for the digital twin of the counterbalance valves and can easily be integrated into the digital twins of
larger systems where the counterbalance valves are installed [14]. The model [14] and the principles
of its creation can be used in digital twins of electrohydraulic mechatronic systems.

The paper [15] presents the construction technology of the digital twinning model for the erect-fold
electromechanical-hydraulic system of radar based on co-simulation. The construction technology
[15] can be generalized to other electrohydraulic mechatronic systems, but it should be added with
other principles of digital twins’ creation.

The literature review shows a lack of research in the field of creating digital twins of electrohydraulic
mechatronic systems. Publications which outline the methodology for creating digital twins of various
electro-hydraulic mechatronic systems in all stages of their life cycles have not been identified. Thus,
development of a methodology for creating digital twins of electro-hydraulic mechatronic systems,
which covers all stages of electro-hydraulic mechatronic systems life cycles is an important scientific
task.

3. The aim of the study

The aim of this study is to identify approaches and principles for creating digital twins of
electrohydraulic mechatronic systems. Such digital twins should cover all stages of the life cycles of
electrohydraulic mechatronic systems.

4. The study materials and methods

This study adopts bibliometric analysis and systematic review for identification approaches and
principles of creating digital twins of various electro-hydraulic mechatronic systems in all stages of
their life cycles. The research materials included publications on the above-mentioned scientific
direction and related areas.

5. Results of comparative analysis of current approaches to digital twins of electro-hydraulic
mechatronic systems creations

According to the aim of the study, each of the publications in the field of digital twins of
electrohydraulic mechatronic systems and their elements were analysed to identify the methods
used for creating digital twins. Also, was identified which stage of the life cycles of electrohydraulic
mechatronic systems or their elements cover some publications. The results of the review are
systematised in Table 1.

The papers [9, 10] propose using pressure indication in hydraulic and electro-hydraulic systems to,
directly and indirectly, determine their other characteristics. The data obtained in this way is
proposed to be used to create digital twins of electrohydraulic mechatronic systems mainly at such
stages of their life cycles as Deployment, Operation and technical support.

The paper [11] presents an overview of low-fidelity models of the hydrodynamic behaviour of an
electrohydraulic servo valve. They are designed to operate in real-time as digital twins of a physical
system to enable diagnostic and prognostic algorithms. The accuracy of the simulation is assessed
by comparing its results to a detailed, physics-based, high-fidelity model that calculates the
equipment response based on the pressure and flow characteristics of all internal passages of the
electrohydraulic servo valve.

The article [12] proposes a new simplified numerical model, based on a very compact semi-empirical
formulation, able to simulate the fluid dynamics behaviours of an electrohydraulic servo valve taking
into account several effects due to valve geometry and operating conditions. Although the proposed
model is still based on a simplified formulation with lower computational cost, it introduces a new
nonlinear approach that, by approximating the dynamic pressure and fluid flow characteristics of a
servo valve with reasonable accuracy, overcomes the shortcomings typical of such models [12].
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Ideas and approaches for creating digital twins of electrohydraulic servo valves based on simplified
models proposed in papers [11, 12] were further developed in the article [13]. This work proposes a
new simplified lumped parameter numerical model that, despite a very compact formulation and
lower computational cost, simulates the internal fluid dynamics of the valve, overcoming some critical
problems typical of other models available in the literature. It evaluates valve performance based on
spool position and environmental conditions (e.g., supply pressure), more accurately assessing flow
feedback, internal leaks, and other operating conditions (e.g., fine spool adjustment, variable supply
pressure, overpressure, or water hammer ). The performance of this numerical model is evaluated
in comparison with other simplified models published in the literature. In addition, this is confirmed
using a high-precision digital twin that simulates valve behaviour taking into account spool geometry,
hydraulic fluid properties and local internal fluid dynamics (laminar or turbulent conditions,
cavitation). , etc.) [13].

Table 1: Results of publications systematic review according to proposed approaches to the creation of digital
twins of electro-hydraulic mechatronic systems in different stages of their life cycles

Life cycles stages of electrohydraulic mechatronic systems Publications
Identification and analysis of needs No publications identified
Feasibility study No publications identified
System layout [11], [22], [13], [14]
Design and development [11], [12], [13], [14], [15]
Production [15]
Deployment [9], [10], [14]
Operation and technical support [9], [10], [14], [15]
Disposal No publications identified

The studies presented in the papers [11-13] are pioneering in the direction of creating digital twins
of electrohydraulic servo valves based on their simplified models. However, they do not completely
close the issue of creating digital twins of electrohydraulic mechatronic systems for two main
reasons:

- only the electrohydraulic servo valve is considered, not the electrohydraulic mechatronic system
as a whole;

- only digital twins are considered at the stage of design and development, while they need to be
filled with data at all stages of the life cycles of electrohydraulic mechatronic systems.

Like the papers [11, 12, 13], the article [14] is also devoted to the creation of digital twins of a specific
type of valve - counterbalance valves. The article [14] presents such a model of counterbalance
valves, which are often found in various hydraulic systems. The model consists of parameters that
take into account the internal geometry, inertia and friction characteristics of the counterbalance
valve. To illustrate the parameter identification strategy for this model, a test setup is designed and
four sets of experiments are conducted. A subset of measured data is used to systematically identify
parameters. The remaining data is used to validate the counterbalance valve model and parameter
identification strategy. The results show that the model is able to successfully predict the behaviour
of the counterbalance valve under various operating conditions, thereby validating the model.

The proposed counterbalance valve model satisfies the key requirements of digital twins and is thus
a suitable candidate for a digital twin of counterbalance valves and can be easily integrated into
digital twins of larger systems where counterbalance valves are installed.

Just like the scientific results presented in the papers [11, 12, 13], the scientific results [14] are
applicable to one type of valve and are limited to the following stages of life cycles, namely System
layout, Design and development, Deployment, and Operation and technical support.
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The paper [15] presents a comprehensive approach to creating digital twins of complex electro-
hydraulic mechatronic systems, which is applicable in many stages of their life cycles. Creating a
digital twin is done using an example of the erect-fold electromechanical-hydraulic system of radar.
The paper [15] utilizes radar electro-hydraulic system development and digital twin technology to
enhance the design, manufacturing, and comprehensive support capabilities of the system. Key
technologies such as co-simulation data output, training data cleaning, reduced-order ROM model
establishment, and accuracy verification are employed. The construction of a digital twin model for
the radar electro-hydraulic system enables virtual-real data fusion, facilitating iteration, optimization,
and improvement of electromechanical hydraulic systems throughout their life cycle. Additionally,
the digital twin model allows for real-time updates of visual simulations of the radar rack and removal
system, enhancing system reliability and manoeuvrability. By developing the digital twin architecture
of the electromechanical hydraulic radar system based on co-simulation, a digital twin system
platform for the radar installation and removal system is established. Combined with the logical
connections between the subsystems of the electromechanical hydraulic system, a final digital twin
model of the electromechanical hydraulic system was built and executable program code with real-
time response was generated. Finally, it was analyzed and calculated on the radar structure digital
twin system platform and responded to in real-time. This enables easy implementation of the digital
twin model in electromechanical hydraulic system simulation without the use of traditional modelling
and analysis tools [15]. The approaches and principles propoused in the paper [15] can be used to
create digital twins of other complex electrohydraulic mechatronic systems.

6. Discussion of comparative analysis of current approaches to digital twins of electro-
hydraulic mechatronic systems creations

The principles of creating digital twins of high-tech engineering products covering all stages of their
life cycles set out in the articles [16, 17], can be used for digital twins of electrohydraulic mechatronic
systems. To increase the robustness of computer networks on which models and data of digital twins
will be stored, it is recommended to use the topology proposed in the [18]. To create components of
digital twins of electrohydraulic mechatronic systems that would cover the initial stage of their life
cycle (ldentification and analysis of needs), it is recommended to use the approaches outlined in
[19].

7. Conclusions

It should be noted that there are very few publications in the direction of creating digital twins of
electrohydraulic mechatronic systems. During the bibliometric analysis, no publications were
identified that would offer a systematic methodology for creating different types of digital twins of
electrohydraulic mechatronic systems at all stages of their life cycles. Thus, the creation of such a
systematic methodology is an important scientific and practical task.

References

[1] Malik, Ali Ahmad, and Alexander Brem. “Digital Twins for Collaborative Robots: A Case Study in Human-
Robot Interaction.” Robotics and Computer-Integrated Manufacturing 68 (April 2021): 102092.
https://doi.org/10.1016/j.rcim.2020.102092.

[2] Preut, Anna, Jan-Philip Kopka, and Uwe Clausen. “Digital Twins for the Circular Economy.” Sustainability
13, no. 18 (September 2021): 10467. https://doi.org/10.3390/su131810467.

[3] Liu, Jianmin, Yi Dong, Yanbin Liu, Pu Li, Sheng Liu, and Tiangi Wang. “Prediction Study of the Heavy
Vehicle Driving State Based on Digital Twin Model.” Paper presented at the 2021 IEEE International
Conference on Power Electronics, Computer Applications (ICPECA), Shenyang, China, January 22-24,
2021. https://doi.org/10.1109/icpeca51329.2021.9362618.

[4] Secades Rodriguez, Alejandro, Jasper Volmer, and Davide Bagnara. “Simulation of Heavy-Duty Vehicles
for the Use in Digital Twins”, pp. 127-38. In; Matt, D.T., R. Vidoni, E. Rauch, and P. Dallasega (eds).
Managing and Implementing the Digital Transformation. ISIEA 2022. Lecture Notes in Networks and
Systems 525, Springer, Cham, 2022. https://doi.org/10.1007/978-3-031-14317-5_11.




ISSN 1454 - 8003
Proceedings of 2023 International Conference on Hydraulics and Pneumatics - HERVEX
November 8-10, Béile Govora, Romania

[5] Khan, Asmat Ullah, Lizhen Huang, Erling Onstein, and Yongping Liu. “Overview of Emerging Technologies
for Improving the Performance of Heavy-Duty Construction Machines.” IEEE Access 10 (2022): 103315—
36. https://doi.org/10.1109/access.2022.3209818.

[6] Baidya, Sabur, Sumit Kumar Das, Mohammad Helal Uddin, Chase Kosek, and C. J. Summers. “Digital Twin
in Safety-Critical Robotics Applications: Opportunities and Challenges.” Paper presented at the 2022 IEEE
International Performance, Computing, and Communications Conference (IPCCC), Austin, TX, USA,
November 11-13, 2022. https://doi.org/10.1109/ipccc55026.2022.9894313.

[7] Zhang, Tao, Yongping Shi, Yongsheng Cheng, Yiming Zeng, Xin Zhang, and Liang Shen. “The Design and
Implementation of Distributed Architecture in the CMOR Motion Control System.” Fusion Engineering and
Design 186 (January 2023): 113357. https://doi.org/10.1016/j.fusengdes.2022.113357.

[8] Volontsevich, Dmitriy, levgenii Veretennikov, Vadym Karpov, and Kamil Zidek. “Using Mathematical
Modelling for Experimental Obtaining of Initial Data When Creating Digital Twins of Complex Technical
Products”, pp. 263—71. In: Balog, M., A. lakovets, and S. Hrehova (eds). EAI International Conference on
Automation and Control in Theory and Practice. EAl ARTEP 2023. EAI/Springer Innovations in
Communication and Computing. Springer, Cham. https://doi.org/10.1007/978-3-031-31967-9_20.

[9] Taheri, Abdolreza, Robert Pettersson, Pelle Gustafsson, Joni Pajarinen, and Reza Ghabcheloo. “Towards
Energy Efficient Control for Commercial Heavy-Duty Mobile Cranes: Modeling Hydraulic Pressures Using
Machine Learning.” Paper presented at the 18th Scandinavian International Conference on Fluid Power,
SICFP'23, Tampere, Finland, May 30- June 1, 2023.
https://doi.org/10.48550/arxiv.2307.16681.

[10] Skvorchevsky, Alexander. “Electronic Load Sensing for Integrating Electro-Hydraulic Mechatronic
Actuators with Industry 4.0 and 5.0 Components”, pp. 440-55. In: Cioboata, D.D. (eds). International
Conference on Reliable Systems Engineering (ICORSE) - 2023. ICORSE 2023. Lecture Notes in Networks
and Systems 762. Springer, Cham. https://doi.org/10.1007/978-3-031-40628-7_37.

[11] Berri, P. C., and M. D. L. Dalla Vedova. “A Review of Simplified Servovalve Models for Digital Twins of
Electrohydraulic Actuators.” Journal of Physics: Conference Series 1603 (September 2020): 012016.
https://doi.org/10.1088/1742-6596/1603/1/012016.

[12] Dalla, Lorenzo, and Pier Carlo Berri. “A New Simplified Fluid Dynamic Model for Digital Twins of
Electrohydraulic Servovalves.” Aircraft Engineering and Aerospace Technology 94, no. 1 (July 2021): 79—
88. https://doi.org/10.1108/aeat-12-2020-0321.

[13] Berri, Pier Carlo, Lorenzo Dalla, and Simone Santaera. “Digital Twins for Prognostics of Electro-Hydraulic
Actuators: Novel Simplified Fluid Dynamic Models for Aerospace Valves.” IOP Conference Series:
Materials Science and Engineering 1226 (February 2022): 012106. https://doi.org/10.1088/1757-
899x/1226/1/012106.

[14] Rituraj, Rituraj, and Rudolf Scheidl. “Towards Digital Twin Development of Counterbalance Valves:
Modelling and Experimental Investigation.” Mechanical Systems and Signal Processing 188 (April 2023):
110049. https://doi.org/10.1016/j.ymssp.2022.110049.

[15] Peng, Guopeng, and S Liu. “Construction Technology of the Digital Twinning Model for the Erect-Fold
Electromechanical-Hydraulic System of Radar Based on Co-Simulation.” Paper presented at the Third
International Conference on Mechanical Design and Simulation (MDS 2023), Xi‘an, China, March 3-5,
2023. https://doi.org/10.1117/12.2682024.

[16] Vrabi¢, Rok, John Ahmet Erkoyuncu, Peter Butala, and Rajkumar Roy. “Digital Twins: Understanding the
Added Value of Integrated Models for Through-Life Engineering Services.” Procedia Manufacturing 16
(2018): 139-46. https://doi.org/10.1016/j.promfg.2018.10.167.

[17] Volontsevich, Dmitriy, and Alexander Skvorchevsky. “Restoration and Transformation of High-Tech
Machine Building Industry by Implementing the Principles of the CALS-Concept in the Context of Industry
4.0 Development.” Eastern-European Journal of Enterprise Technologies 3, no. 1 (117) (June 2022): 15—
24. https://doi.org/10.15587/1729-4061.2022.260045.

[18] Skvorchevsky, Alexander. “Increasing the Robustness of Computer Networks by Using Hybrid
Centralized-Distributed Topology.” Paper presented at the 2022 IEEE 17th International Conference on
Computer Sciences and Information Technologies (CSIT), Lviv, Ukraine, November 10-12, 2022.
https://doi.org/10.1109/csit56902.2022.10000466.

[19] Skvorchevsky, Alexander. “Modern Requirements for Electrohydraulic Drives of Combat and Civilian
Vehicles. ” In: Hydro-Aeromechanics in Engineering Practice, pp. 131-34. Kyiv: National Technical
University of Ukraine “Kyiv Polytechnic Institute”, 2016. https://repository.kpi.kharkov.ua/handle/KhPI-
Press/28264.




