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1 Introduction and Motivation 
The rapid advancement in electric vehicle (EV) technology has been a defining feature of 
the automotive industry in recent years. This shift towards electrification is driven by the 
pressing need to reduce greenhouse gas emissions, decrease dependency on fossil fuels, 
and mitigate the impact of climate change. EVs provide various advantages, including 
lower operating costs, reduced maintenance needs, and improved energy efficiency.  
As a result, they are becoming an increasingly viable and attractive option for consumers 
and businesses worldwide. EVs, encompassing fully electric (battery) and hybrid vehicles, 
have continued to experience significant growth. According to an EV volumes survey,  
by 2024, the global market will see a substantial increase, with EV sales reaching new 
highs compared to previous years. Global volumes grew 35% year-on-year in 2024 to 
reach 14.2 million units, equating to a market share of 16.7%, up from 13.6% in 2023. 
Looking ahead, EV Volumes expects 16.6 million EV sales in 2025, equating to a 19.2% 
light-vehicle market share. According to the latest projections by Information Handling 
Services (IHS) Markit, EVs are expected to capture 45% of the new car global market by 
2040 and nearly 80% by 2050 [1]. Figure 1 illustrates a growth comparison between 
battery electric vehicles (BEVs), plug-in hybrid electric vehicles (HEVs), fuel cell vehicles 
(FCVs), and traditional internal combustion engine (ICE) vehicles as inspired from [2]. 
 

 
Figure 1. Growth comparison of the global battery electric vehicle (BEV), internal combustion 
engine (ICE) vehicles, and fuel cell vehicle (FCV) markets.  

This growth in the EV industry is driven by significant technological advancements, 
reduced manufacturing costs, and supportive international policies, as is the case with 
the EU vision. The EU directive to cease the sale of new internal combustion engine (ICE) 
vehicles by 2035 emphasizes the EU’s dedication to environmental sustainability and 
encourages innovation in the automotive sector. This legislation has driven manufacturers 
to focus on EV technology, resulting in rapid advancements in charging infrastructure, 
battery technology, and vehicle efficiency. Besides promoting EV development, the ban 
supports consumer adoption of electric mobility, leading to a market shift towards 
cleaner transportation options. Additionally, the emergence of autonomous vehicles 
highlights the integration of advanced technologies in transportation. EVs incorporate 
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automation and electrification, utilizing sensors, cameras, and sophisticated algorithms 
to navigate complex traffic scenarios autonomously [3].  

The role of simulation is essential to this progress, which has revolutionized how EV 
systems are designed, tested, and optimized. Initially, simulations in the EV sector were 
grounded in basic mathematical models and analytical methods, constrained by the 
limited computational power available. These early simulations provided a foundation 
for understanding fundamental aspects of EV performance and battery management but 
were often limited in scope and accuracy. Over time, more sophisticated computational 
techniques and high-performance computing (HPC) integration have transformed 
simulation capabilities, allowing for detailed analysis and optimization of complex 
systems. As the automotive industry advances toward the next generation of vehicles, 
particularly Software-Defined EVs (SDEVs), the importance of simulations has become 
even more pronounced. Advanced simulations are crucial for developing and validating 
the complex software that defines vehicle behavior, enabling seamless integration of 
features like autonomous driving and intelligent energy management. The progression 
from early simulation methods to advanced techniques like Hardware-in-the-Loop (HiL) 
simulation has been instrumental in bridging the gap between virtual models and 
physical systems, enabling real-time testing and validation [4]. This historical development 
of simulation technology has set the stage for the emergence of Digital Twins (DT), which 
represents the next frontier in engineering and manufacturing innovation, as the following 
subsections illustrate.  

1.1   From Computer Simulations to Digital Twins  
The history of simulation dates to World War II when mathematicians Jon Von Neumann 
and Stanislaw Ulam encountered challenges with neutron behavior. Traditional trial-and-
error methods were too expensive, so they proposed the roulette wheel method [5].  
This involved using known basic data on event occurrences and merging the probabilities 
of individual events in a step-by-step analysis to predict the outcome of an entire 
sequence of events. Their technique successfully solved the neutron problem and quickly 
gained popularity, finding applications in industrial contexts. In [6] Shannon described 
simulation as “the process of designing the operation of a system.” Using computers in 
simulation involves representing the dynamic responses of a system by modeling another 
system after it. A simulation uses a mathematical model of a real system in the form  
of a computer program. This model comprises equations that replicate the functional 
relationships within the physical system. When the program runs, the resulting 
mathematical dynamics form an analog of the real system’s behavior, with the results 
presented as data. For example, an electric machine can be modeled mathematically 
with variables such as current, voltage, and magnetic flux, and additional equations can 
adjust for changes in variables like winding material to define heat dissipation losses. 
Simulations can also be computer graphics images representing dynamic processes in 
animated sequences. However, this technology has some drawbacks, such as programming 
errors, the time required to interpret results, no data exchange between the real and 
simulation models, and potentially unrealistic or unreliable human reactions to the 
model [7]. 

As computing power increased through the 1980s and 1990s, so did the complexity 
and accuracy of simulations. Figure 2 illustrates the HiL system. The introduction of 
hardware-in-the-loop (HiL) simulations marked a significant milestone. HiL simulation is 
a technique where physical signals from a controller are connected to a test system that 
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simulates real-world conditions, effectively deceiving the controller into operating as if 
it were in the actual product. This allows for iterative testing and design as though the 
physical system is being used, enabling the execution of thousands of potential scenarios 
without the costs and time associated with physical tests [8].  
 

 
Figure 2. Hardware-in-Loop (HiL) system. 

HiL simulation is particularly valuable for testing control algorithms without needing 
a physical system, especially when testing on a real system is expensive or dangerous [9]. 
HiL simulation is extensively used in the automotive, aerospace, defense, and industrial 
automation sectors to test embedded designs. It is also gaining traction in medical 
devices, communications, semiconductors, and other industries. The effectiveness of HiL 
relies heavily on the quality of the simulation software, which must be paired with 
hardware that accommodates system specifications such as connector types and I/O 
capabilities and allows for fault insertion and real-world scenario testing [10] An EV 
motor control unit (MCU) is a straightforward example of a HiL system. The MCU 
converts sensor data into actions, like adjusting the inverter frequency when the 
accelerator is pressed. In the HiL test, the physical motor is replaced with a simulation 
that uses hardware and software to interact with real I/O as if the motor were present. 
This allows rapid software updates, broad scenario testing, and comprehensive coverage 
without risking the physical system. Despite the slightly higher cost of real-time 
simulators, the main challenges of HiL systems are the complexity of development and 
verification.  

DT has emerged to overcome the complexities and limitations of HiL systems and 
meet the growing demands for higher performance and operational self-awareness, DT 
has emerged. The concept of DT has been present since the early 2000s. Michael Grieves 
first introduced a DT model in 2002. In 2012, NASA released a seminal paper defining DTs 
as integrated, Multiphysics, multiscale, and probabilistic systems simulations. These 
simulations use the best physical models, sensors, and historical data to replicate the 
lifecycle of their physical counterparts [11]. Chen and Huang [12] described DTs as 
computerized models that mirror the functional features of physical systems. Zheng  
et al. [13] defined DTs as virtual information sets representing physical assets. Mandi [14] 
describes DTs as virtual instances of physical systems that are continually updated with 
performance, maintenance, and health status data throughout the physical system’s 
lifecycle. DTs, or computational mega models, are digital representations of physical 



12 

objects, processes, or services. These can range from small items like jet engines to large 
structures such as buildings or entire cities. Beyond physical assets, DT technology can 
replicate processes to collect data and predict performance [15]. The following Figure 3 
proposes a timeline of simulation technology evolution.  

 

 
Figure 3. Timeline of simulation technology evolution. 

A DT is essentially an asset of computer programs that uses real-world data to create 
simulations predicting the performance of products or processes. These programs can 
enhance their outputs by incorporating the Internet of Things (IoT), Artificial Intelligence 
(AI), and software analytics. With advances in machine learning and the availability of Big 
Data, DTs have become fundamental in modern engineering, driving innovation and 
improving performance. 
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At first glance, DT and HiL simulations appear similar as both involve real-time 
simulations. However, the key distinction lies in their approach. HiL involves building a 
software model of the core system that interfaces with and controls real hardware 
components (such as circuits and mechanical parts) to evaluate the controller’s 
performance. In contrast, DT involves creating an entirely software-based model of the 
entire system, which interacts with the controller’s inputs and outputs to assess how well 
the controller performs its intended functions. The comparison of DT and HiL is 
summarized in Table 1 [9]. 

 
Table 1. Comparison between Hardware-in-Loop (HiL) and Digital Twin (DT). 

Points of Comparison Hardware-in-Loop (HiL) Digital Twin (DT) 
Simulation type Real-time  Real-time  
Functions Design; Testing; 

Optimization; Fault 
Detection 

 

Design; Diagnosis; 
Optimization; Predictive 

Maintenance; Fault 
Detection; Health 

Monitoring; Lifetime 
Prediction 

Real-Time Data Limited use of real-time 
data, primarily for controller 

testing. 

Designed for continuous 
two-way flow of real-time 

data. 
Scope Component, Subsystem  Component, Asset, System, 

Process  
Flexibility Less flexible due to 

hardware constraints 
Highly flexible, allowing for 

rapid modifications and 
testing of various scenarios 

Although simulations and DTs utilize digital models to replicate a system’s processes, 
a DT offers a considerably richer virtual environment for analysis. The primary difference 
between a DT and a conventional simulation is largely a matter of scale. While a 
simulation typically focuses on a single process, a DT can run multiple simulations to 
study various processes simultaneously. Moreover, simulations usually do not incorporate 
real-time data, whereas DTs are designed for continuous two-way information flow. This 
involves sensors on the physical object providing relevant data to the system processor, 
and the insights generated by the processor are then shared back with the original object. 
With access to better and constantly updated data from a wide range of sources, 
combined with the enhanced computing power of a virtual environment, DTs can analyze 
more issues from multiple perspectives than standard simulations. This greater analytical 
capability significantly enhances the potential to improve products and processes.  

1.2   Digital Twin Structure  
The structure of a DT is multi-layered, beginning with a physical system, which can range 
from a single component to an entire system or process. This physical layer has sensors 
and IoT devices that continuously collect data on various parameters and operational 
performance. The next layer is the communication and data acquisition layer, 
responsible for the secure and efficient data transmission from the physical entity to the 
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digital realm. This involves protocols and technologies like Message Queuing Telemetry 
Transport (MQTT), Hypertext Transfer Protocol (HTTP), Controlled Area Network (CAN), 
and 5G to ensure seamless connectivity and data flow. Once the data reaches the virtual 
model, the core of the DT, it is processed and stored in a data management system. This 
system uses advanced analytics, machine learning algorithms, and big data techniques 
to analyze the incoming data, extract meaningful insights, and predict future behaviors. 
The virtual model is a high-fidelity replica of the physical entity, accurately simulating its 
behavior and performance under various conditions. Another crucial component is the 
integration layer, which connects DT with other enterprise systems such as ERP, PLM, 
and CRM. This integration enables a holistic view of the operation, facilitating better 
decision-making and coordination across different departments. The user interface layer 
allows interaction with the DT through dashboards, 3D visualizations, and augmented 
reality interfaces. This layer provides an intuitive and user-friendly way to visualize the 
physical and virtual states, conduct simulations, and derive actionable insights. Finally, 
the feedback loop ensures that insights and recommendations generated by the DT are 
relayed back to the physical entity. This loop enables continuous improvement and 
optimization, allowing for proactive maintenance, improved efficiency, and reduced 
downtime[16]. Figure 4 provides a detailed illustration of the multilayer DT structure. 

 

 
 Figure 4. Multilayer Digital Twin (DT) structure [16] 

1.3   Digital Twins in Electric Vehicles (EV) Applications 
As the fourth Industrial Revolution advances, EV manufacturers increasingly incorporate 
technology to enhance their production processes and make operations more  
cost-effective. Advanced machine learning tools and optimization algorithms have 
significantly contributed to the development of EVs. IoT and DT technologies provide the 
essential framework for mapping physical assets to digital models. Given that EVs 
generate substantial sensory data, DT technology surpasses other methods like HiL 
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simulations. The potential and motivations to use DT technology in EVs are immense. DTs 
can significantly improve several areas, including enhanced design and testing processes, 
optimized energy consumption, and extended lifetime. DTs can help manufacturers 
identify potential issues and refine vehicle designs by simulating various driving 
conditions and user behaviors before building physical prototypes. This reduces 
development costs and accelerates the time-to-market for new EV models [17]. 
Furthermore, DTs enable real-time monitoring and analysis of EV performance, allowing 
for immediate adjustments and improvements. This proactive approach helps minimize 
downtime and enhance overall vehicle reliability. Integrating EV battery management 
systems, electric powertrains, and advanced software controls requires high-fidelity 
simulations to ensure accuracy and reliability. However, this integration also demands 
substantial computational power, particularly when adopting DTs, necessitating high 
computational speeds for real-time data processing applications. This can be challenging, 
as high-fidelity simulation models are often slower and require significant computational 
resources.  

This is the main issue with DT implementation in EV technology: balancing the need 
for detailed, accurate simulations with the requirement for real-time performance and 
processing capabilities. Achieving this balance is crucial for leveraging DT’s full potential 
in enhancing EV design, development, and maintenance. 

1.4   Thesis Objectives  
• Introducing DT technology to older generations of EVs, which were manufactured 

before the advent of SDEVs and modern DT systems. This can improve operational 
efficiency, anticipate maintenance needs, and extend the useful life of these 
older EVs, thus contributing to their sustainability and reliability in current 
applications. 

• Define and establish a comprehensive modelling framework for developing DT 
of a preexisting repurposed EV propulsion drive system, serving as a detailed 
guide for researchers and developers to replicate the system performance 
mitigating its complexities accurately. 

• Incorporate robust model identification techniques to handle partially unknown 
physical model parameters, ensuring precise representation of each component 
and enhancing overall model reliability. 

• Leverage model-based (physics-based) approaches for components with  
well-defined parameters to replicate them in the digital world. 

• Apply data-driven modeling techniques to components where physics-based 
models face limitations due to complexities or unknowns, enhancing overall 
model accuracy. 

• Implement reduced-order modeling techniques (Hybrid Modeling) to improve 
computational speed without significantly sacrificing accuracy, making the models 
suitable for real-time applications, particularly for the powertrain. 

• Conduct comprehensive validation against experimental and real-world data, 
demonstrating the models’ ability to predict system behavior under various 
operating conditions with a high level of accuracy. 

• Deploy the developed DT models in real-world or simulated environments to 
evaluate their performance, integration, and benefits in actual operation, 
ensuring the framework’s effectiveness and versatility across various applications. 
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1.5   Scope and Challenges 
The scope of this thesis encompasses developing and implementing the DT modelling 
framework for a preexisting electric powertrain repurposed for a new EV application.  

1.5.1 Scope  
The scope of this thesis centers on developing a comprehensive DT modelling framework 
of the EV propulsion system, with a specific focus on the electric motor, inverter, and 
control systems. The modeling process begins with gathering and collecting all necessary 
data of the physical system to build accurate models of these core components. Different 
modeling techniques and platforms are explored to create precise virtual representations 
that capture the dynamics and behavior of the physical system.  

1.5.2 Challenges  
• Data Availability and Parameter Uncertainty related issues. Some propulsion 

system components suffer from parameter uncertainty due to insufficient or 
imprecise data. This lack of precise information necessitates using advanced 
modeling techniques, which require considerable time and effort to develop 
and validate. 

• System Complexity of the studied EV propulsion system, which is composed of 
various components, each requiring distinct modeling approaches. Integrating 
these diverse models into a unified environment demands seamless interaction 
between different platforms, a technically challenging process that adds 
complexity to the project. 

• Combining different models and platforms into a comprehensive DT model 
requires significant computational resources, especially for real-time simulations. 
The heavy computational burden can hinder DT’s ability to perform real-time 
tasks such as predictive maintenance or system optimization, limiting its practical 
effectiveness. 

• Accurately incorporating environmental factors – which can significantly impact 
the propulsion system’s performance – into the DT framework is complex. 
Modeling these factors adds substantial computational and technical challenges, 
increasing the overall burden on system design and resources. However, 
environmental factors modeling is not part of the scope of this thesis. 

• Achieving interoperability challenges between the DT and existing systems and 
technologies is a critical hurdle. Many of these systems operate on different 
standards and protocols. Ensuring seamless integration across diverse platforms 
is especially challenging in multi-component systems like EV propulsion systems. 

1.6   Scientific Contributions  

1.6.1 Scientific Novelty 
• Adapting DT technology to preexisting EV powertrains produced before the era of 

connected vehicles, addressing the challenges posed by limited interconnectivity 
and the absence of modern DT frameworks.  

• Systematic methodology development to handle and mitigate the impact of 
uncertainties and partially unknown parameters inherent in physical systems, 
ensuring accurate representation and reliable predictions. 
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• Providing a guidance framework for researchers to identify and implement the 
most appropriate modeling techniques based on the availability and nature of 
physical system data, serving as a valuable resource for DT modelling procedures.  

• Proposing a flexible validation approach that integrates experimental data with 
correlated real-world measurements, ensuring robust model assessment even 
without specific sensors.  

• Creating a DT framework that integrates physics-based (model-based) and  
data-driven approaches, forming hybrid models for EV propulsion systems. This 
framework addresses the individual limitations of each approach when applied 
in isolation, offering a balanced and effective modeling solution. 

• Demonstrating the deployment of the hybrid DT model on a real-time  
target machine, rigorously testing its performance under realistic operating 
conditions. This highlights the model’s capability for real-time applications, 
including condition monitoring, predictive maintenance, and operational 
optimization. 

1.6.2 Practical novelty 
• Adaption of DT technology in repurposed second-life propulsion systems can 

improve operational efficiency, anticipate maintenance needs, and extend 
useful life, which contributes to sustainability and waste reduction. 

• Enhancement of System Performance: By operating in real-time, the DT models 
enable continuous monitoring and optimization of the propulsion system.  
This improves performance metrics such as efficiency, responsiveness, and 
reliability. 

• Scalable DT modelling framework that is adaptable and suitable across different 
systems, showcasing their versatility and potential for wide-ranging EV 
propulsion systems. 

1.7   Thesis Structure  
The thesis is organized into six chapters as follows: 

• Chapter 1: Introduction 
This chapter introduces the thesis topic, outlines the research problem, and identifies 

the main research objectives addressed by the thesis. 
• Chapter 2: Literature Review 

This chapter provides an overview of recent works on the topic, critically analyzing 
existing studies and identifying areas for further research.  

• Chapter 3: Physical System Overview 
This chapter details the specific system under study and its core components.  

It provides a comprehensive description of the system architecture and its operational 
principles. 

• Chapter 4: Motor Digital Twin Modelling Framework 
This chapter outlines the development procedures for the motor's DT model using a 

model-based design approach. It covers the modeling techniques, tools, and 
methodologies employed to represent the motor’s behavior and performance  
accurately. 
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• Chapter 5: Powertrain Digital Twin Modeling Framework 
This chapter presents the final hybrid model, which integrates both the motor  

model-based model and the drive system data-driven model. It discusses the challenges 
and solutions associated with combining these components into a cohesive DT, ensuring 
accurate interaction and data exchange. 

• Chapter 6: Conclusions and Future Work 
The final chapter summarizes the research findings, discusses the implications of the 

study, and outlines potential areas for future research. 
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2 Literature Review  

2.1   Background  
Historically, the development of automotive and aerospace systems relied on empirical 
engineering methods. However, the rising demands for higher performance, operational 
“self-awareness,” and independence from external support have necessitated the 
adoption of innovative engineering procedures[18]. The advent of DT has introduced 
novel testing and development environments to meet these new demands. 

A DT for EV is a virtual model that accurately replicates the physical attributes, 
systems, and real-time operational data. This digital counterpart integrates information 
from sensors, onboard diagnostics, and external data sources to mirror the vehicle’s 
performance and condition [19]. By simulating and analyzing this data, manufacturers, 
operators, and service providers can monitor the EV’s status, predict maintenance needs, 
optimize performance, and enhance decision-making throughout the vehicle’s lifecycle. 
Despite the numerous advantages that DT technology brings to the EV industry; it is still 
in the early stages of mastering this application [20].  

From a manufacturer’s perspective, several challenges slow DT adoption. First, 
implementing DTs demands high upfront investments in technology, software, and 
skilled personnel [21]. Second, accurately modeling complex EV systems and ensuring 
smooth integration between physical and digital components requires advanced 
expertise and resources [22]. Third, concerns over data security and intellectual property 
protection make manufacturers cautious, as extensive data exchanges risk exposing 
sensitive information to cyber threats [23]. Finally, the absence of standardized protocols 
and industry-wide frameworks adds uncertainty, deterring commitment to technologies 
that may quickly evolve or become obsolete. Collectively, these factors lead to a gradual 
embrace of DT technology in EV manufacturing [24]. 

The challenge of modeling intricate EV systems arises from the complex interplay of 
electrical, mechanical, and software components. This complexity, along with the lack of 
standardized frameworks, has resulted in fragmented approaches and inconsistent 
outcomes in DT development, limiting scalability, interoperability, and adoption. This 
chapter overviews DT modeling frameworks, methodologies, tools, and applications –
with a focus on techniques, software platforms, and DTs designed for EV propulsion drive 
systems – to provide a solid foundation for advancing DT technology in the field.  

2.2   Digital Twins Modelling Techniques 
The core of DT technology lies in its ability to create detailed, dynamic models that mirror 
real-world objects or processes, providing unparalleled insights and control over complex 
systems [25]. Modeling serves as the fundamental or initial step in developing a DT, as it 
establishes a comprehensive digital representation of the physical system. This model 
forms the foundation upon which all subsequent analyses, simulations, and optimizations 
are built, ensuring that the DT can accurately reflect and respond to the behaviors and 
conditions of its real-world counterpart. According to DT modeling techniques, they can 
be divided into three primary categories, as detailed in the following subsections. 
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2.2.1 Model-Based Digital Twin  
The model-based simulation (MBS) approach is a structured methodology used for 
establishing requirements, designing, analyzing, and validating complex systems. Central 
to MBS is the use of models in system design. Physical systems, whether found in nature, 
test environments, or applications, consist of interconnected components that perform 
tasks or various functions. Using MBS to simulate a physical system involves analyzing 
the system’s mechanisms through fundamental physical laws and engineering principles. 
The effectiveness of MBS is rooted in a profound understanding of the system or process 
and can benefit from established scientific relationships. Model-based DT extends MBS 
by incorporating enhanced sensory data and AI tools [26].  

Based on literature, various examples of model-based DTs and the platforms 
employed for their development across different applications. For instance, Madni et al. 
[27] implemented DT technology in a vehicle model-based system using the planar 
mechanics open-source library. Bachelor et al. [28] conducted a case study on a  
model-based DT for an ice protection system in a regional aircraft using the Dassault 
Systems Dymola platform. Magnanini and Tullio [29] proposed an analytical model-based 
DT for evaluating the performance of a railway axle manufacturing system based on 
Markovian System representation. Zheng and Sivabalan [30] developed a DT for a  
cyber-physical system (CPS) of a 3D printer using a Windows Presentation Foundation 
(WPF) Application and .Net framework 4.5 in Visual Studio, based on a tri-model 
approach for product-level development. Ward et al. created a model-based DT system 
for large-scale CNC machine tools using the MATLAB/Simulink platform. Yang et al. 
[31]developed a model-based DT for an aero-engine disk to detect unbalanced and crack 
failure online, utilizing the ANSYS simulation platform. Woitsch et al. [32] proposed a 
meta-model for a model-based DT environment to bridge the gap between manufacturing 
and product usage, using the ADOxx meta-modeling platform. 

These examples show that creating a model-based DT of a system is closely linked to 
physical systems that can be modeled and generally relies on conventional modeling and 
simulation platforms alongside AI techniques and IoT tools. Although model-based DTs 
are widely used across various applications, they face certain limitations, especially with 
highly complex systems. The primary disadvantage of model-based DTs is their inability 
to manage infinite complexity, often requiring simplification.  

2.2.2 Data-Driven Digital Twins  
Implementing DTs allows operators to monitor production, test deviations in a virtual 
environment, and enhance the security of process industries. As process data significantly 
increases, traditional model-based methods are insufficient for describing the state 
space of complex systems. Thus, data-driven modeling technology has emerged as a 
viable solution for modeling DTs. Data-driven modeling involves analyzing system data 
to identify connections between variables (input, internal, and output) without explicit 
knowledge of the system’s physical behavior. Compared to traditional empirical models, 
these methods represent a significant advancement across numerous applications [33]. 
Data-driven modeling relies on substantial and sufficient data to describe the underlying 
system, enabling tasks such as classification, pattern recognition, associative analysis, 
and predictive analytics. 

Studies indicate that data-driven DTs are widely applied in many areas, especially  
in complex systems. Wang et al. [34] developed a data-driven DT framework for a  
three-domain mobility system involving humans, vehicles, and traffic using the Amazon 
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Web Services (AWS) platform. Gao et al. [35] employed the MATLAB/Simulink platform 
to construct an anomaly detection framework for monitoring abnormal behaviors in a 
data-driven DT-based cyber-physical system. Coraddu et al. [36]created a data-driven DT 
for ships to estimate speed loss and marine fouling using numerous onboard sensors  
and the IBM Engineering Lifecycle Management (IBM-ELM) platform. Mykoniatis and 
Harris [37] developed a data-driven DT for an automated mechatronic modular production 
system, focusing on condition monitoring, design decisions, testing, and validating 
physical system behavior, using the AnyLogic Simulation platform. Blume et al. [38] 
designed a data-driven DT for cooling towers to improve system understanding and 
performance prediction, employing tools like KNIME and Microsoft Excel. Kim et al. [39] 
developed a data-driven DT for on-load tap changers (OLTC) to monitor health and detect 
faults using a numerical algorithm for subspace state-space system identification 
(N4SID). Major et al. created a Java-based data-driven 3D graphical DT platform for smart 
city applications, backed by a real case study in Norway. 

2.2.3 Hybrid Driven Digital Twins  
Hybrid DT models integrate the strengths of both model-based and data-driven 
approaches to address their limitations. By combining physical models with data-driven 
techniques, hybrid modeling produces a more robust and comprehensive DT [40]. This 
approach is particularly advantageous for complex systems where purely model-based 
or data-driven methods are inadequate. Hybrid models utilize detailed physical insights 
from model-based methods and the pattern recognition capabilities of data-driven 
techniques, resulting in a more accurate and adaptable simulation. A significant advantage 
of hybrid DT models is their ability to leverage the detailed physical insights from  
model-based methods while incorporating the pattern recognition capabilities of  
data-driven techniques [41].  

This combination allows for a more accurate and adaptable simulation of complex 
systems. For instance, in the context of naval shipboard power and energy systems, 
hybrid modeling techniques combine analytical and data-driven approaches to offer the 
benefits of both types of models [42]. The integration of reduced-order models with 
Bayesian state estimation has been demonstrated to enable the creation of data-driven 
physics-based DTs, which can rapidly adapt and quantify uncertainties for large complex 
systems such as unmanned aerial vehicles [43]. This approach ensures that the DT can 
accurately reflect the physical system's state and predict its future behavior under 
various conditions. The dynamic runtime integration of new models in DTs allows for the 
replacement of individual models without disrupting the operation of cyber-physical 
systems, enabling seamless updates to the overall model structure [44]. 

2.3   Digital Twin Software and Platforms 
DT technology necessitates advanced platforms capable of generating digital simulations 
of physical entities. This software monitors asset performance and runs simulations to 
predict potential outcomes or maintenance needs. Various software platforms support 
DT creation, as summarized in the review [paper II]. 

• AWS IoT. Amazon’s platform which is primarily used for remote monitoring, 
facilitating data exchange between a remote emulation or simulation and the 
physical twin. AWS combines AI and IoT to make devices more intelligent, 
allowing models created in the cloud to be deployed to devices where they run 
twice as fast compared to other offerings. 
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• Siemens Sim Center. Siemens offers a suite of tools under the Sim center 
portfolio, including 3D CAE, system simulation, and test solutions. It is designed 
to handle complex engineering challenges and is widely used in the automotive 
industry for building DT of EV systems. 

• Ansys Twin Builder. This platform allows engineers to create simulation-based DTs 
– digital representations of assets with real-world sensor inputs. It is primarily 
used in industrial applications for design, testing, predictive maintenance, and 
optimization. Ansys Twin Builder features various sub-platforms tailored for EV 
applications. 

• PTC ThingWorx. This industrial innovation platform offers powerful tools for 
building DTs, including connectivity, analytics, and user interface creation. It is 
used extensively in the manufacturing and automotive sectors. 

•   Dassault Systèmes CATIA. CATIA offers a comprehensive engineering solution 
that supports the creation of DTs. It is used to model and simulate the behavior 
of complex systems, including those in the automotive industry. 

•   Matlab/Simulink. Simulink, an add-on product to MATLAB, provides a graphical 
environment for simulation and Model-Based Design of multidomain dynamic 
and embedded systems. It is widely used in the automotive industry to develop 
DTs of EV systems, allowing engineers to model, simulate, and analyze the 
performance of EV components. 

•   Altair HyperWorks. This simulation-driven design platform offers a suite of tools 
for finite element analysis (FEA), computational fluid dynamics (CFD), and  
multi-body dynamics. It is used to create DTs to optimize the performance and 
reliability of EV systems. 

•   Bentley Systems iTwin. This platform provides infrastructure DTs that integrate 
engineering, reality, and IoT data. It is used to improve the performance and 
resilience of various systems, including transportation and EV infrastructure. 

•   Hexagon’s HxGN. Hexagon offers solutions for creating DTs that support various 
industries, including automotive. Their software helps optimize EV systems’ 
design, operation, and maintenance. 

•   NVIDIA Omniverse. It is a cloud-native platform designed for real-time,  
AI-powered simulation and collaboration, particularly in the development of DT. 
It integrates with industry-standard tools and supports physics-based rendering, 
making it a robust solution for high-fidelity DT modeling. The platform is widely 
adopted in automotive applications, facilitating seamless data fusion from 
multiple sources, enabling interactive scenario testing, and providing realistic 
3D visualization of the vehicle systems. 

While various platforms offer distinct capabilities for developing DTs, 
MATLAB/Simulink stand out as the most versatile and suitable options for research and 
broader applications. Their flexibility and comprehensive toolsets enable modeling and 
simulation across a wide range of industries. In aerospace, for instance, it is used to 
model and simulate aircraft dynamics and control systems. In industrial automation, 
these tools optimize manufacturing processes and equipment maintenance. For energy 
systems, it is instrumental in modeling power grids and renewable energy sources. In the 
biomedical field, researchers simulate physiological responses for medical devices, 
enhancing patient outcomes. In addition to that it has high flexibility in supporting 
diverse modeling approaches – whether model-based, data-driven, or hybrid – ensures 
accurate replication of complex systems. One of MATLAB/Simulink’s key advantages is 
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its real-time simulation capability, a critical feature for DTs to mirror and interact with 
physical systems in real-time, making it superior to conventional simulation platforms. 
This real-time performance enables effective propulsion system monitoring, control, and 
optimization.  

Furthermore, MATLAB/Simulink’s open architecture and general-purpose design 
make it applicable to a wide range of fields, offering more versatility than other platforms 
that are often tailored for specific applications and operate as closed systems limited to 
their manufacturers. It also supports extensive communication with other platforms and 
offers comprehensive data exchange protocols, enhancing interoperability. With its 
strong scientific support, extensive libraries, powerful AI tools, and widespread 
availability, MATLAB/Simulink represents a superior choice for developing adaptable, 
high-performance DTs. 

2.4   Overview of Digital Twins for EV Propulsion Drive Systems 
The propulsion drive system is the fundamental component of the EV, requiring 
efficiency, reliability, and cost-effectiveness to ensure optimal performance. As depicted 
in Figure 5, the system comprises two fundamental subsystems: the electrical and the 
mechanical. These components work together seamlessly to convert electrical energy 
into mechanical motion, showcasing the efficiency and sophistication of modern EV 
propulsion. The electrical subsystem includes key components responsible for managing 
and manipulating electrical energy. At its core is the electric motor, which transforms 
electrical energy from the vehicle’s Energy storage system (ESS) into rotational 
mechanical energy. Advanced power electronics, such as inverters and controllers, 
regulate the flow of electricity to the motor, optimizing performance, efficiency, and 
responsiveness [45]. The mechanical subsystem transfers the mechanical energy produced 
by the electric motor to the wheels, comprising the differential unit, which divides power 
between the wheels, and the gearbox system, which adjusts the motor’s output to 
changing driving conditions. These mechanical elements ensure effective torque 
delivery, providing a dynamic and controlled driving experience. Figure 6 illustrates the 
EV propulsion system.  

 
Figure 5. EV propulsion drive system.  
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DTs for EV drive systems are commonly employed for health monitoring, diagnostics, 
prognostics, optimization, scenario analysis, and lifetime prediction. They can be 
developed at various levels, including the system, subsystem, individual components, 
and other assets. 

2.4.1 Battery Energy Storage System (BESS) 
Many researchers consider the battery an integral component of the EV drive system, 
including its associated management system. The maximum driving distance of an EV is 
primarily determined by the battery capacity – the greater the capacity, the longer the 
driving range. In 2019, Lithium-ion batteries (LIBs), including variants such as Lithium 
Nickel Manganese Cobalt (NMC) oxide and Lithium Nickel Cobalt Aluminium (NCA) oxide, 
dominated the EV battery market with nearly 96% market share. The performance of the 
EV battery directly influences the design and operation of the traction inverter, which is 
critical for managing the flow of electrical energy to the motor [46]. 

Advanced battery technologies are continually being developed to improve capacity, 
efficiency, and safety. Effective thermal management systems are crucial to prevent 
overheating and ensure optimal performance. These systems help maintain the battery 
within an ideal temperature range, enhancing its longevity and reliability.  

According to the review [Paper I], DT can significantly enhance battery technology in 
several key areas. They allow for precise simulation of battery performance, improving 
design and thermal management. Real-time battery health monitoring enables 
predictive maintenance, extending battery lifespan and reliability. Integration with 
advanced battery management systems optimizes energy efficiency and safety [47]. 
Additionally, DTs accelerate innovation by allowing virtual testing of new materials and 
configurations, reducing development time and costs.  

2.4.2 Electric Motor 
The electric motor is a critical component of an EV, responsible for converting electrical 
energy into mechanical energy and vice versa during regenerative braking operation. 
Each EV motor is tailored to meet specific vehicle requirements, characterized by the 
ability to maintain consistent power across various speeds, generate high torque at low 
speeds for hill climbing, exhibit high torque and power density, have a compact design, 
and, most importantly, deliver high operational efficiency [48]. Designing and 
manufacturing EV motors involves numerous challenges due to different environmental 
conditions, such as extreme ambient temperatures (-30 to 60 °C), shocks, and strict 
constraints on size, weight, safety, and reliability[49]. Currently, several types of electric 
motors are used in EV applications, including Permanent Magnet Synchronous Motors 
(PMSM), Brushless Direct Current Motors (BLDC), Induction Motors (IM), Switched 
Reluctance Motors (SRM), Hybrid Excitation Synchronous Motor (HESM), and Permanent 
Magnet Assisted Synchronous Reluctance Motor (PMSynRM) among others. Each motor 
type offers unique characteristics and advantages, catering to the diverse needs of 
different EV applications [50].  

DT technology can significantly enhance the development and application of EV 
motors. By creating a virtual replica of the motor, DTs can simulate performance under 
various conditions, helping to optimize design and control strategies. This technology 
enables real-time monitoring and predictive maintenance, reducing the risk of 
unexpected failures and extending the motor’s lifespan [51]. Additionally, DTs can 
improve efficiency by dynamically adjusting operational parameters based on real-time 
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data, ensuring optimal performance [52]. Many research studies have adopted DT for 
electric motors. Rjabtšikov et al. [53] proposed a DT model for fault detection in an AC 
3-phase induction motor (IM). They implemented inter-turn short circuit fault detection 
within the motor’s DT. The emulator was built using historical data and a mathematical 
motor model, and it utilized Unity 3D combined with ROS service for online condition 
monitoring. In this study, the DT model served as a virtual sensor for the physical motor 
model. Toso et al. [54] applied a DT to optimize the performance of an EV motor, 
specifically focusing on estimating driving torque and cooling control. They first 
conducted thermal and electromagnetic finite element analysis (FEA) of an EV induction 
motor to gather necessary data for optimization. The DT model of the motor was 
constructed using a micro lab box as a system-level DT. Katukula et al. [55] developed a 
DT system to monitor and analyze the conditions of an IM. This DT system measured the 
motor’s current using sensors, with the collected data fed into a simulation finite 
element model (FEM). This approach provided a better understanding of the motor’s 
thermomagnetic behavior and allowed for predicting potential faults. Rassõlkin et al. [56] 
outlined a methodology for collecting data from an AC motor drive system based on an 
empirical performance model. This data was used to develop a DT model. Unity 3D was 
used as the host environment to simulate and visualize the motor’s DT model, which 
estimated the drive system’s performance. Brandtstaedter et al. [57] presented a DT 
model for fault detection in an electric drivetrain’s 50 MW permanent magnet synchronous 
motor (PMSM). They numerically simulated the motor and developed a framework for 
fault identification. Their model tested and verified unbalance detection and temperature 
prediction in the rotor system. Jitong et al. [58] developed a DT model of a 3-phase IM 
to facilitate the motor design and monitor the motor’s regular operation, aiming to cover 
its entire lifecycle and reduce maintenance time. A 3D simulation model of the physical 
motor was built using 3ds Max, with the DT constructed based on the simulation model 
using Unity 3D software. Data acquisition between the real and digital models was 
managed using an SQL server. Venkatesan et al. [59] introduced a DT system of an 
EV-PMSM drive system for health monitoring and prognosis. They monitored outputs 
such as casing temperature, winding temperature, time to refill bearing lubricant, and 
percentage deterioration of magnetic flux to calculate the remaining useful life (RUL) of 
the permanent magnet (PM). Two approaches were presented for motor health 
monitoring: one for in-house monitoring and the other for remote monitoring. The DT 
model was built using MATLAB/Simulink, incorporating Artificial Neural Networks (ANN) 
and fuzzy logic to map system inputs.

2.4.3 Inverter / Motor Control Unit (MCU) 
The intricate interaction between inverter technology and control strategies is at the 
core of electric propulsion systems. The inverter, essential in EVs and HEVs, converts DC 
power from the battery into AC for motor operation and reverses the process during 
regenerative braking. Its effectiveness depends on the seamless integration of hardware 
and software, with the hardware enabling power conversion and control strategies 
managing the flow of electrical energy to optimize motor performance. Insulated Gate 
Bipolar Transistors (IGBTs) have been fundamental in early inverter designs and are 
valued for their reliability and cost-efficiency in DC/AC conversion. However, their 
efficiency diminishes in high-power applications due to increased switching losses, 
limiting their effectiveness at higher power levels despite being suitable for a wide range 
of automotive uses [50]. 
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The introduction of Silicon Carbide (SiC) and Gallium Nitride (GaN) semiconductor 
materials has significantly advanced inverter technology. SiC inverters, known for their 
high thermal conductivity and electron mobility, offer improved efficiency, particularly 
in high-temperature conditions. This makes SiC-based inverters ideal for demanding 
automotive applications, supporting high power ranges with superior efficiency and 
thermal management. Studies have shown that upgrading from a conventional 400V 
IGBT inverter setup to an 800V DC bus with SiC devices can reduce an EV’s energy 
consumption by about 5%, effectively increasing its driving range. GaN-based inverters 
excel in achieving higher switching frequencies, which helps reduce the size and weight 
of inverter systems – an important factor in EV design. Although GaN inverters are 
typically used in lower power ranges, up to tens of kW, their efficiency and compactness 
make them an attractive option for lightweight or compact EVs [60]. 

The advancement of DT technology for EV inverters has had a significant impact. 
Health monitoring, fault diagnosis, performance optimization, and lifetime estimation of 
semiconductors are the main prospective functions of DTs for inverters, as the literature 
highlights. Milton et al. [61] proposed a DT of a power converter running on a field 
programmable gate array (FPGA) for online diagnostic analysis. Wunderlich and Santi 
[62] developed a data-driven DT model of a power electronic converter based on a 
dynamic neural network for condition monitoring. Liu et al. [63] proposed a model-based 
DT of a power electronic converter for condition monitoring. Wu et al. [64] proposed a 
DT approach for a single-phase inverter to identify degradation parameters. Shi et al. [65] 
proposed a DT method for IGBT parameter identification of a three-phase DC/AC 
inverter based on a particle swarm optimization algorithm for circuit condition 
monitoring. Liu et al. [66] developed and experimentally validated a DT of an automotive 
traction drive system, combining a FEM-based PMSM model with a SiC-inverter circuit 
simulation.

2.4.4 Mechanical Transmission 
The transmission system in an EV transfers mechanical power from the motor to the 
wheels. Although the mechanical power source (the electric motor) and the wheels 
could theoretically be connected directly, their RPMs do not align well. The gear trains in 
the transmission system play a crucial role in allowing them to rotate at different 
speeds. The difference in RPMs between the motor and the wheels is managed through 
gear ratios, which directly impact vehicle performance, including acceleration, top speed, 
and energy consumption. Higher gear ratios produce greater acceleration but lower top 
speeds, while optimal gear ratios help improve battery life and driving range [67]. 

Initially, research in EVs focused on improving electric drives, storage technologies, 
and charging infrastructure. However, the role of transmission systems has since been 
recognized as crucial for enhancing drivetrain efficiency and overall vehicle performance. 
Unlike conventional ICE vehicles, EVs do not require complex engine setups, clutches, or 
manual gear shifts. This simplicity and fewer parts lead to increased transmission 
efficiency in EVs [68]. 

Despite the simplicity of the EV transmission system, it can still experience faults that 
require thorough analysis. Such faults can lead to a series of problems in the entire EV 
propulsion system. This is where the role of DT technology becomes critical. They provide 
several key benefits for managing and optimizing EV transmission systems. Firstly, DTs 
enable continuous monitoring of the transmission system’s performance, allowing for 
early detection of anomalies and potential faults, which can prevent significant issues 
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through timely maintenance. Secondly, by utilizing historical data and predictive 
algorithms, DTs can forecast when transmission components are likely to fail, facilitating 
proactive maintenance and reducing downtime [69].  

2.5   Current Challenges and Research Gap 
Based on the review analysis, the main research gap can be identified as the lack of 
standardized frameworks and methodologies in developing DTs for the automotive 
industry. This gap presents a significant challenge for creating consistent and scalable DT 
solutions. Without standardized approaches, there is variability in how DTs are 
implemented, which hinders the broader adoption and integration of this technology 
across different automotive applications. Establishing best practices and a unified 
framework for DT development is essential to ensure consistent performance, 
interoperability, and reliability. This would streamline the development process and 
enable seamless communication between digital and physical systems, thereby 
promoting a more widespread and efficient implementation of DT technology in the 
automotive industry. 

The second critical issue is real-time data integration and analysis, which remains 
underutilized despite being a key feature of DTs. The ability to efficiently process large 
volumes of data, ensure accuracy and consistency, and develop algorithms capable of 
rapid decision-making and predictive analytics is still a gap that needs to be addressed. 
Moreover, as DTs become more widespread, the challenge of interoperability and 
integration with legacy systems arises. Ensuring that DTs can seamlessly interact with 
existing technologies requires the development of universal standards and protocols for 
data exchange.  

The lack of research in this area has made ensuring compatibility across different 
platforms challenging, making integration a pressing issue. Balancing accuracy and 
computational time present a third significant challenge in DT modeling. While 
high-fidelity models provide detailed and precise simulations, they often demand 
substantial computational resources, resulting in longer processing times. This becomes 
problematic for real-time or near-real-time applications. Research into advanced 
modeling techniques – such as reduced-order modeling, surrogate modeling, and 
machine learning-based approximations – is needed to address this. The mentioned 
techniques aim to simplify complex models while preserving essential dynamics, 
reducing computational demands without significantly sacrificing accuracy. Developing 
and validating these methods is crucial for making DTs both practical and efficient, 
particularly in time-sensitive automotive applications. 
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3 Physical Propulsion Drive System Overview 
The physical system serves as the foundation of any DT system, acting as the real-world 
counterpart that the DT replicates. It consists of the tangible components, subsystems, 
or processes that are being modeled. In the context of a DT, the physical system is 
equipped with sensors and data acquisition technologies to continuously capture 
real-time data on its performance, condition, and environmental factors. This data forms 
the basis for the digital model, allowing the DT to accurately simulate the behavior of the 
physical system under various conditions.  

3.1 EV Propulsion Drive System 
The propulsion system under study was taken from ISEAUTO (the first Estonian 
self-driving vehicle), which was developed based on the Mitsubishi i-MiEV 2010 
propulsion system, incorporating Y4F1 PMSM [20]. It was designed as a last-mile vehicle, 
operating at limited speeds up to 20 km/h, with the transmission system ensuring the 
motor functions within its most efficient range. The concept of ISEAUTO was to give a 
second life to a legacy motor drive system in a new EV application, reducing waste and 
promoting sustainable practices.  

Converting ISEAUTO’s physical propulsion drive system into a test bench in a 
laboratory setting is crucial to facilitating testing and development. This conversion 
allows for controlled experimentation and analysis, enabling the detailed study of system 
components and their interactions under various conditions.  

The developed test bench comprises several key components replicating the vehicle’s 
powertrain in a controlled lab environment. These components include the PMSM 
motor, inverter/controller, and transmission system, all mounted on the test rig. 
The setup has loading emulators that simulate real-world driving conditions and advanced 
sensors and data acquisition systems to monitor and record performance metrics such 
as speed, current, and voltage. A controlled battery emulator system powers the setup. 
The testbench is controlled through a PC interface module, including different platforms 
of the setup components. The following Figure 6 shows the propulsion drive system test 
bench.  
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Figure 6. EV propulsion drive system testbench [70]. 

3.1.1 Battery Emulator 
CINERGIA B2C+ battery emulator is a highly advanced unit designed to simulate the 
behavior of batteries, making it an essential tool for testing and developing energy 
storage applications. It features a regenerative AC/DC converter, allowing efficient 
energy conversion with minimal losses. It has a wide output range (20–750 VDC), making 
it adaptable to various battery configurations. The unit’s power and current capabilities 
are highly flexible, as its outputs can be configured in series or parallel to meet different 
testing requirements. The system is controlled through a PC interface, with sophisticated 
software that provides full control over the emulator’s parameters, ensuring precision in 
replicating battery characteristics. This setup allows for detailed testing and optimization 
of power systems. Additionally, the device supports communication through multiple 
industry-standard protocols, including CAN bus, Modbus, and Ethernet Open, enabling 
seamless integration with other systems and equipment.  

3.1.2 Traction Inverter / Controller 
The motor drive system is an ABB HES880 model, with a 55 kW heavy-duty, water-cooled 
electric drive. This inverter is controlled via a PC interface and supports data exchange 
through CAN bus or Ethernet. It operates in both inverter and generating modes, 
employing a vector control strategy.  

3.1.3 Electric Motor 
The electric traction motor used in the ISEAUTO is a 25 kW to 47 kW peak Mitsubishi 
Y4F1 water-cooled interior PMSM designed for high efficiency and performance in 
demanding environments such as EVs. The water-cooling system ensures optimal 
thermal management, allowing the motor to operate consistently under high loads while 
maintaining stable temperatures, enhancing its durability and efficiency. This motor has 
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an integrated resolver unit mounted on its internal shaft, providing precise speed and 
position measurement.  

3.1.4 Transmission 
The F1E1A is a four-gear, double-stage transmission unit designed for efficient power 
transmission. The first gear consists of a pinion gear mounted on the input shaft, which 
is directly coupled to the rotor of the vehicle’s traction motor, ensuring seamless power 
transfer from the motor to the transmission system. The second and third pinion gears 
are mounted on a shared intermediate shaft, allowing smooth transitions between gears. 
The fourth gear is directly connected to both the output shaft and the differential unit, 
facilitating power distribution to the vehicle’s wheels and enabling effective propulsion. 

3.1.5 Load Emulators 
Two 7.5 kW IMs are installed on either side of the differential unit to simulate the 
movement of the vehicle’s wheels. These motors are powered by two ABB frequency 
converters, which precisely control their operation. The frequency converters enable 
synchronization with the vehicle’s dynamics, allowing the motors to accurately replicate 
the behavior of the wheels under various driving conditions. 

3.1.6 Data Acquisition System 
A data acquisition system (DAS) is an advanced tool for comprehensive electrical and 
mechanical power analysis, essential for testing and developing different EV systems. 
The combined DEWESOFT SIRIUS XHS and DEWE-43A data acquisition module used in 
this study offers a highly versatile and performance-driven solution for capturing key 
measurement signals, including voltage, current, speed, torque, power, and other critical 
parameters. 

The system comprises two complementary components: the SIRIUS XHS, which is 
primarily dedicated to high-speed voltage and current measurements, and the  
DEWE-43A, which focuses on capturing torque and speed data. The SIRIUS XHS 
features 8 high-speed analog input channels, supporting sampling rates of up to 15 MS/s 
per channel, making it ideal for high-resolution, high-frequency electrical data. It 
accommodates a wide input range of up to ±1000 V, allowing for accurate current and 
voltage measurements during EV testing. In parallel, the DEWE-43A provides 8 additional 
analog channels with a sampling rate of 200 kS/s per channel, optimized for mechanical 
parameter acquisition such as torque and speed, where a ±10 V input range is sufficient 
for most sensor outputs. 

Both components have 24-bit Sigma-Delta ADC converters, ensuring precision across 
the measurement spectrum. The system supports galvanic isolation on each input 
channel to protect against interference and ensure data integrity. Advanced 
synchronization options, including GPS, IRIG, NTP, and PTP (IEEE 1588), are available for 
the SIRIUS XHS, while the DEWE-43A offers internal synchronization via USB, ensuring 
seamless integration between the two modules. Data interfaces, including USB 3.0 and 
CAN, allow for robust communication across different platforms. 
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4 EV-PMSM Digital Twin Modelling Framework 
This chapter details the DT modelling framework for the EV PMSM utilized in this study, 
providing a comprehensive overview of the methodologies and findings presented in 
research papers [IV], [V], and [VI]. 

The core issue lies in the motor being part of a pre-existing system with constrained 
data availability, making accurate modelling a more demanding task requiring deeper 
investigation and advanced techniques. The modelling process involves a structured 
approach encompassing several critical steps to ensure the creation of a highly accurate 
and functional virtual model of the PMSM that is capable of real-time interaction with its 
physical counterpart. The process begins with system identification, where the key 
characteristics and dynamic relationships of the PMSM are defined despite the limited 
known parameters. This is followed by parameter estimation, where unknown variables 
are determined through experimental testing and system identification methods. 

Once the parameters are established, a suitable modeling technique is selected to 
balance accuracy with computational efficiency, addressing the complexities associated 
with modeling and real-time performance. The digital model then undergoes rigorous 
validation, testing its performance against the real motor under various operational 
conditions. Once validated, the model is deployed to a DT framework using a real-time 
target machine, demonstrating its capability to mirror the physical motor in real time and 
provide valuable insights for continuous condition monitoring. 

4.1    PMSM Model Identification 
Identifying the PMSM model is a critical step in developing an accurate virtual model that 
reflects its actual behavior. This process involves identifying known parameters declared 
by the manufacturer as well as estimating unknown parameters. The manufacturer’s 
known motor parameters are listed in Table 4 [71], [72].  

Table 2. Y4f1 PMSM nameplate. 

Parameter Description Value Unit 
p Number of pole pairs 4 - 
Nr Rated speed 3000 rpm 
Pr Rated output power 25 kW 

PMax Maximum output power 47 kW 
TMax Maximum torque 180 N⸱m

The known motor parameters, listed in Table 4, include key ratings that offer a 
foundational understanding of the PMSM’s performance; however, they are insufficient 
for developing a high-fidelity digital model. Critical lumped parameters and internal 
characteristics, which directly govern the motor’s dynamic behavior, such as resistance, 
inductance, and magnetic flux linkage, remain unclear. These unknown parameters 
require further investigation and estimation technique. 
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4.2   Unknown Parameters Estimation 
The conventional approach for measuring PMSM lumped parameters typically involves 
open-circuit voltage and short-circuit tests [4]. However, these tests pose significant 
risks to the motor windings and the traction drive for high-power machines such as EV 
motors. Various alternative methods have been developed for PMSM parameter 
estimation to address these challenges. These various methods can be broadly classified 
into several categories based on their approach and application. Steady-state and 
dynamic measurement techniques involve analyzing the motor’s behavior under specific 
operating conditions, such as constant velocity or time characteristics, providing a safer 
alternative for high-power motors but they may lack precision in capturing complex 
motor dynamics. Advanced computational methods include techniques like the 
Extended Kalman Filter (EKF) and optimization algorithms (e.g., Box’s method, simulated 
annealing particle swarm optimization) that offer high precision and the ability to handle 
complex, real-time parameter estimation. However, these methods require significant 
computational resources and expertise in algorithm development. 

The proposed method for estimating PMSM parameters combines system 
identification theory with an optimization search algorithm achieving a balance between 
high precision and computational resources. It involves identifying the unknown 
parameters of the motor’s mathematical model using actual experimental values, such 
as stator voltages, currents, and rotational speed. The general PMSM mathematical 
model is employed, combined with an optimization search algorithm to determine the 
optimal values for the unknown parameters. The algorithm iteratively adjusts these 
parameters to match the experimental data, ensuring that the model accurately reflects 
the motor’s real-world behavior. 

4.2.1 Stator Resistance 
PMSM stator resistance is measured through a DC test, in which the motor’s stator 
windings were energized with a low DC voltage. Since the applied voltage is DC, no back 
electromotive force (EMF) is generated because the rotor remains stationary. This 
eliminates the inductive effects and allows the resistance to be calculated purely based 
on the relationship between the applied DC voltage and the resulting current through 
the stator windings, according to Ohm’s law.  

4.2.2 Inductances and Permanent Magnet Flux 
While the stator resistance could be measured directly, determining the inductance and 
linkage flux requires a more sophisticated approach. The proposed parameter estimation 
method is based on matching the experimental data from the motor test bench with the 
generalized d-q mathematical model of PMSM. Consequently, no-load tests were 
conducted at different operating speeds within the motor’s rated speed range. Each 
test’s recorded data was systematically archived in MATLAB data files to ensure its 
seamless integration into the estimation algorithm. 

The estimation algorithm was developed using a MATLAB script that implements the 
mathematical representation of the PMSM as objective functions. The key unknown 
parameters in the motor model are the stator d-q inductances and the permanent 
magnet flux linkage. The goal of the algorithm is to estimate these parameters by fitting 
the PMSM equations to the experimental data collected. The MATLAB script processes 
the measured voltage, current, and speed data obtained from the physical motor. 
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The input voltage and stator currents are transformed into the d-q rotating reference 
frame using park transformation, which aligns with the mathematical model’s framework 
and facilitates accurate calculations. The rotor speed and position are also incorporated 
into the algorithm using data from the resolver, ensuring that all relevant dynamic 
aspects of the motor are considered. To enhance the accuracy of parameter estimation, 
Ant Lion Optimization (ALO) algorithm was integrated into the MATLAB script. ALO 
algorithm, developed by Seyedali Mirjalili [73] is a meta-heuristic optimization 
technique that simulates the hunting mechanism of ant lions in nature. ALO algorithm 
searches for the optimal values of the unknown motor parameters by minimizing the 
difference between the calculated d-q currents from the PMSM equations and 
those measured experimentally. The algorithm begins with initializing a random 
population of ants, which move around ant lions in the search space. The fitness of each 
ant’s position is then evaluated relative to the ant lions. Based on these evaluations, 
each ant’s position is updated using a random walk, guided by a roulette wheel selection, 
until the best ant lion, referred to as the elite, is identified. The position of the best new 
ant lion is subsequently evaluated and updated according to their objective values. 
The algorithm identifies the current best ant lion position if the stopping criterion is met. 
If not, the process loops back to the fitness evaluation phase, using the best ant lion 
position obtained so far, and continues until the maximum number of iterations is 
reached. 

The optimization was guided by the following objective functions and constraints: 
A. objective function:

[ F  =   min
𝐿𝐿𝑑𝑑, 𝐿𝐿𝑞𝑞, 𝜓𝜓𝑝𝑝𝑝𝑝

� �� 𝐼𝐼𝑑𝑑,meas(𝑘𝑘)  −  𝐼𝐼𝑑𝑑,sim�𝑘𝑘;  𝐿𝐿𝑑𝑑 ,  𝐿𝐿𝑞𝑞 ,  𝜓𝜓𝑝𝑝𝑝𝑝� �
2

N

k=1

+ �𝐼𝐼𝑞𝑞,meas(𝑘𝑘) − 𝐼𝐼𝑞𝑞,sim�𝑘𝑘; 𝐿𝐿𝑑𝑑 , 𝐿𝐿𝑞𝑞 ,𝜓𝜓𝑝𝑝𝑝𝑝��
2  �]

(1) 

wher𝑒𝑒 (𝐼𝐼𝑑𝑑,meas(𝑘𝑘)) and (𝐼𝐼𝑞𝑞,meas(𝑘𝑘)) represent the measured direct and quadrature axis 
currents at the (k)- th sampling instance, while (𝐼𝐼𝑑𝑑,sim�𝑘𝑘; 𝐿𝐿𝑑𝑑 , 𝐿𝐿𝑞𝑞 ,ψ𝑝𝑝𝑝𝑝�) and 
(𝐼𝐼𝑞𝑞,sim�𝑘𝑘; 𝐿𝐿𝑑𝑑 , 𝐿𝐿𝑞𝑞 ,ψ𝑝𝑝𝑝𝑝�) denote the corresponding emulated currents based on the 
lumped parameters.  

 The objective is to minimize the sum of squared errors between the measured and 
simulated currents over N sampling instances. 

B. optimization equalities:

�
𝐼𝐼𝑑𝑑,meas = 𝐼𝐼𝑑𝑑,𝑠𝑠𝑠𝑠𝑝𝑝 
𝐼𝐼𝑞𝑞,meas =  𝐼𝐼𝑞𝑞,𝑠𝑠𝑠𝑠𝑝𝑝

; (2) 

�
𝑉𝑉𝑑𝑑,meas = 𝑉𝑉𝑑𝑑,𝑠𝑠𝑠𝑠𝑝𝑝 
𝑉𝑉𝑞𝑞,meas =  𝑉𝑉𝑞𝑞,𝑠𝑠𝑠𝑠𝑝𝑝

; (3) 

ω𝑒𝑒,𝑝𝑝𝑒𝑒𝑚𝑚𝑠𝑠 = ω𝑒𝑒,𝑠𝑠𝑠𝑠𝑝𝑝  (4)
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C. constraints:

 0 < 𝐿𝐿𝑞𝑞 < 0.1 

𝐿𝐿𝑑𝑑  <  𝐿𝐿𝑞𝑞 

 0 < 𝜓𝜓𝑝𝑝𝑝𝑝 < 1 

(5) 

4.2.3 Estimation Results 
The ALO algorithm provided slight variations in the parameter values depending on the 
different test conditions. Table 3 presents the detailed parameter data for each test as 
determined by the ALO algorithm, along with the average value for each parameter 
obtained across all tests based on the updated data from paper [III]. 

Table 3. Parameter estimation results. 

The observed fluctuations in the d-q inductance values indicate a decrease in the 
motor’s inductance as speed increases. This reduction can be attributed to magnetic 
saturation within the motor’s core, where higher flux densities at elevated speeds 
cause the core material to reach its saturation point more quickly. Additionally, 
the frequency-dependent nature of inductance plays a role, as increased operating 
frequencies at higher speeds exacerbate the skin and proximity effects in the stator 
windings, further diminishing the inductance. The permanent magnet flux values also 
exhibit a slight reduction with increasing speed that could be attributed to the effects of 
the flux weakening control at higher speeds. However, it is important to note that these 
variations are still within the acceptable level of 5%. The overall motor parameters are 
illustrated in the following Table 4. 

Table 4. PMSM motor parameters. 

Test Speed (rpm) Ld (mH) Lq (mH) 𝝍𝝍𝒑𝒑𝒑𝒑 (Wb) 
A 300 2.01936 2.58108 0.09427 
B 500 1.99263 2.54433 0.09302 
C 700 1.83373 2.47209 0.08913 
D 900 1.78835 2.32286 0.08819 
E 1000 1.77220 2.25232 0.08450 

Average 1.90000 2.40000 0.08700 

Parameter Description Value Unit 
𝑅𝑅𝑠𝑠 Stator resistance 0.010087 Ω 
𝐿𝐿𝑑𝑑  d-axis inductance 1.90000 mH 
𝐿𝐿𝑞𝑞 q-axis inductance 2.40000 mH 
𝜓𝜓𝑝𝑝𝑝𝑝 PM linkage flux 0.08700 Wb 
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4.3  EV-PMSM Digital Modelling 
The next step in motor DT development is constructing an accurate and efficient digital 
model replicating the motor’s behavior under various operating conditions. Given that 
the motor parameters have been accurately estimated, using a physics-based modeling 
approach is the most appropriate method. Under the category of model-based modeling, 
there are several modeling techniques available, each with its strengths and trade-offs. 
Among the most common methods are Finite Element Analysis (FEA), d-q Equivalent 
Circuit (d-q EC), and Magnetic Equivalent Circuit (MEC). 

• FEA offers the highest level of accuracy by solving the motor's electromagnetic
field equations in great detail. This method is particularly effective for capturing
complex phenomena such as magnetic saturation and non-linear material
properties. However, FEA is computationally intensive, making it less suitable for
real-time applications where quick response times are essential.

• d-q EC is widely used in EV applications due to its balance between accuracy and
computational efficiency. This method simplifies the analysis of the motor’s
dynamic behavior by transforming the motor’s three-phase currents and voltages 
into a two-axis (d-q) reference frame. The d-q model is particularly advantageous
for real-time control applications, such as torque and speed regulation, because
it can be implemented efficiently on standard computational platforms.

• MEC provides a middle ground between FEA and d-q EC, offering more detail than 
the d-q model while being less computationally demanding than FEA. MEC
models can capture some of the non-linearities and magnetic interactions within
the motor, making them useful for more detailed design analysis without the full
computational load of FEA.

For the PMSM in this study, the d-q EC method was selected as the primary modeling 
technique. This choice was driven by the need for a model that could be used in 
real-time applications while maintaining high accuracy for dynamic performance 
analysis.  

4.3.1 Advanced Mathematical Model 
The dynamic equations in the stator and rotor reference frames must be considered 
to create a comprehensive and advanced d-q model for the PMSM. This approach 
encompasses the motor’s electrical and mechanical dynamics [74]. Figure 7 shows the 
PMSM d-q equivalent circuit. 
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Figure 7. PMSM d-q equivalent circuit. 

Detailed derivations are provided to achieve high-fidelity modelling, capturing the 
complexities of transient behavior and the interactions between the motor’s various 
components. 

• Stator reference frame equations

𝑉𝑉𝑚𝑚 = 𝑅𝑅𝑠𝑠𝑖𝑖𝑚𝑚 + 𝑑𝑑λ𝑎𝑎
𝑑𝑑𝑑𝑑

   (6) 

𝑉𝑉𝑏𝑏  =  𝑅𝑅𝑠𝑠 𝑖𝑖𝑏𝑏  +
dλb
dt

(7) 

𝑉𝑉𝑐𝑐  =  𝑅𝑅𝑠𝑠 𝑖𝑖𝑐𝑐  +
dλc
dt

(8) 

where (𝑉𝑉𝑚𝑚 ,𝑉𝑉𝑏𝑏 ,𝑉𝑉𝑐𝑐)are the phase voltages, (𝑖𝑖𝑚𝑚, 𝑖𝑖𝑏𝑏 , 𝑖𝑖𝑐𝑐) are the phase currents, and 
(λ𝑚𝑚 , λ𝑏𝑏 , λ𝑐𝑐) are the components of flux linkage. 

- The flux linkage components are defined as

λ𝑚𝑚 = 𝐿𝐿𝑠𝑠𝑖𝑖𝑚𝑚 + 𝐿𝐿𝑝𝑝�𝑖𝑖𝑝𝑝𝑎𝑎 + 𝑖𝑖𝑝𝑝𝑏𝑏 + 𝑖𝑖𝑝𝑝𝑐𝑐� (9)
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λ𝑏𝑏 = 𝐿𝐿𝑠𝑠𝑖𝑖𝑏𝑏 + 𝐿𝐿𝑝𝑝�𝑖𝑖𝑝𝑝𝑎𝑎 + 𝑖𝑖𝑝𝑝𝑏𝑏 + 𝑖𝑖𝑝𝑝𝑐𝑐� (10) 

λ𝑐𝑐 = 𝐿𝐿𝑠𝑠𝑖𝑖𝑐𝑐 + 𝐿𝐿𝑝𝑝�𝑖𝑖𝑝𝑝𝑎𝑎 + 𝑖𝑖𝑝𝑝𝑏𝑏 + 𝑖𝑖𝑝𝑝𝑐𝑐� (11) 

where ( 𝐿𝐿𝑠𝑠 ) is the stator self-inductance, ( 𝐿𝐿𝑝𝑝 ) is the mutual inductance, and 
(𝑖𝑖𝑝𝑝𝑎𝑎 , 𝑖𝑖𝑝𝑝𝑏𝑏 , 𝑖𝑖𝑝𝑝𝑐𝑐) are the magnetizing currents. 

• Rotor d-q reference frame

 The transformation from the abc to d-q reference frame is performed using the Park 
transformation: 

𝑉𝑉𝑑𝑑 =
2
3
�𝑉𝑉𝑚𝑚 cos θ + 𝑉𝑉𝑏𝑏 cos �θ −

2π
3
� + 𝑉𝑉𝑐𝑐 cos �θ +

2π
3
��, (12) 

𝑉𝑉𝑞𝑞 =
2
3
�−𝑉𝑉𝑚𝑚 sin θ − 𝑉𝑉𝑏𝑏 sin �θ −

2π
3
� − 𝑉𝑉𝑐𝑐 sin �θ +

2π
3
��, (13) 

 𝑉𝑉0 =
1
3

(𝑉𝑉𝑚𝑚 + 𝑉𝑉𝑏𝑏 + 𝑉𝑉𝑐𝑐), (14) 

and 

𝑖𝑖𝑑𝑑 =
2
3
�𝑖𝑖𝑚𝑚 cos θ + 𝑖𝑖𝑏𝑏 cos �θ −

2π
3
� + 𝑖𝑖𝑐𝑐 cos �θ +

2π
3
��, (15) 

𝑖𝑖𝑞𝑞 =
2
3
�−𝑖𝑖𝑚𝑚 sin θ − 𝑖𝑖𝑏𝑏 sin �θ −

2π
3
� − 𝑖𝑖𝑐𝑐 sin �θ +

2π
3
��, (16) 

𝑖𝑖0 =
1
3

(𝑖𝑖𝑚𝑚 + 𝑖𝑖𝑏𝑏 + 𝑖𝑖𝑐𝑐), (17) 

• Dynamic equations in d-q frame

 The dynamic equations in the dq0 frame, considering both the stator and rotor reference 
frames, are: 

𝑉𝑉𝑑𝑑 = 𝑅𝑅𝑠𝑠𝑖𝑖𝑑𝑑 +
𝑑𝑑λ𝑑𝑑
𝑑𝑑𝑑𝑑

− ω𝑒𝑒λ𝑞𝑞 (18) 

𝑉𝑉𝑞𝑞 = 𝑅𝑅𝑠𝑠𝑖𝑖𝑞𝑞 +
𝑑𝑑λ𝑞𝑞
𝑑𝑑𝑑𝑑

+ ω𝑒𝑒λ𝑑𝑑 (19) 

𝑉𝑉0 = 𝑅𝑅𝑠𝑠𝑖𝑖0 +
𝑑𝑑λ0
𝑑𝑑𝑑𝑑

(20) 

where: 

𝜆𝜆𝑑𝑑 = 𝐿𝐿𝑑𝑑𝑖𝑖𝑑𝑑 + 𝜆𝜆𝑝𝑝, (21) 

𝜆𝜆𝑞𝑞 = 𝐿𝐿𝑞𝑞𝑖𝑖𝑞𝑞 , (22) 

𝜆𝜆0 = 𝐿𝐿0𝑖𝑖0. (23)
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Here, 𝜆𝑚 is the permanent magnet flux linkage, 𝜆𝑑  𝜆𝑞 are the d-axis and q-axis 

inductances, respectively, and𝐿0 is the zero-sequence inductance. 

• Electromagnetic torque

The electromagnetic torque (𝑇𝑒) generated by the PMSM can be expressed as: 

𝑇𝑒 =
3

2
𝑝(λ𝑑𝑖𝑞 − λ𝑞𝑖𝑑) =

3

2
𝑝[λ𝑚𝑖𝑞 + (𝐿𝑑 − 𝐿𝑞)𝑖𝑑𝑖𝑞], (24) 

where 𝑝 is the number of pole pairs. 

• Mechanical Dynamics

The mechanical dynamics of the rotor are governed by: 

𝐽
𝑑ω𝑚

𝑑𝑡
= 𝑇𝑒 − 𝑇𝐿 − 𝐵ω𝑚 , (25) 

where: 

𝐽 is the rotor’s moment of inertia, B is the viscous friction coefficient, ω𝑚  is the 

mechanical angular velocity, 𝑇𝐿  is the load torque. 

The power losses can be modelled as: 

𝑃𝑙𝑜𝑠𝑠 = 𝑃𝑐𝑢 + 𝑃𝑐𝑜𝑟𝑒 , (26) 

𝑃𝑐𝑢 = 3. 𝑅𝑠. (𝑖𝑑
2 + 𝑖𝑞

2), (27) 

𝑃𝑐𝑜𝑟𝑒 = 𝑘𝑐𝑜𝑟𝑒 . (ω𝑒 − ω𝑏𝑎𝑠𝑒)2,   (28) 

The above equations capture the complex dynamics of the PMSM, encompassing the 
interactions between the stator and rotor, the production of electromagnetic torque, 
and mechanical response. 

4.3.2 PMSM Digital Model 
The PMSM was represented digitally in the Simulink platform based on the advanced 
mathematical d-q model. The developed digital model comprises two interconnected 
blocks: electromagnetic, and mechanical. Each block plays a critical role in stimulating 
the motor’s performance, reflecting its core dynamics. Figure 8 shows the PMSM digital 
model.  

Figure 8. PMSM digital model [Paper V]. 
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The PMSM electromagnetic block processes the motor’s electrical inputs and 
calculates the resulting current responses. The process begins with the input stator phase 
voltages, which are initially in the three-phase ABC form. To simplify the calculations, 
a Clarke transform is applied, converting these three-phase voltages into the α-β stator 
reference frame. Following this, the Park transform is applied to convert the α-β 
components into the rotating d-q reference frame. The d-q frame moves with the rotor 
and allows for more intuitive manipulation of the motor’s internal electromagnetic 
dynamics, such as flux and torque. Once the voltages are transformed, the PMSM 
equivalent circuit model is employed to compute the motor’s reaction currents. This step 
simulates how the motor responds to the applied voltages, representing the flow of 
current through the stator windings. After calculating the currents in the d-q frame, the 
model reverses the transformation process. First, the inverse Park transform is applied 
to convert the d-q axis currents back into the α-β reference frame, and then the inverse 
Clarke transform is used to return these currents to the original three-phase ABC system. 
This completes the electrical cycle, bringing the currents back to their physical form for 
further use in motor control or analysis. Finally, the motor torque block uses the 
calculated stator currents and rotor position to determine the electromagnetic torque 
produced by the motor. This torque is a critical output, as it directly influences the 
motor’s mechanical performance and is essential for determining the motor’s speed and 
acceleration. Figure 9 shows the expanded subblocks of the PMSM electromagnetic 
block. 

Figure 9. Expanded PMSM electromagnetic block [Paper V]. 

The mechanical block replicates the motor’s rotational dynamics, accurately 
simulating the rotor’s mechanical response to the electromagnetic torque generated by 
the motor. This block models key aspects of mechanical performance, including the 
rotor’s speed, position, and inertia effects. The speed represents how fast the rotor turns 
in response to the torque, while the position tracks the angular displacement of the rotor 
over time. The inertia effects simulate the resistance to changes in motion, reflecting 
how the motor’s mass and design influence acceleration and deceleration. By incorporating 
these elements, the mechanical block provides a realistic representation of the motor’s 
mechanical behavior, crucial for accurately simulating performance in real-world 
applications. 
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The PMSM digital model is optimized to ensure compatibility with real-time execution 
on a target machine. These modifications include implementing a fixed-step solver 
(ode4) with a consistent time step of 100 µs, ensuring the model updates at regular 
intervals suitable for real-time operation. The fixed update rate allows the system to 
maintain synchronization with real-world processes, ensuring it can respond swiftly to 
dynamic changes such as variations in motor speed or load. These adjustments were 
critical for achieving the responsiveness and reliability required for real-time deployment. 

4.4   PMSM Digital Model Validation 
The next crucial step in the DT modelling process was to validate the developed digital 
model, ensuring it accurately mirrored the behavior of the physical PMSM under 
real-world conditions. To achieve this, test conditions were carefully selected to represent 
various modes of the EV driving cycle, reflecting real-world operational scenarios. This 
approach aimed to validate the virtual model under conditions that simulate different 
driving situations, such as acceleration, cruising, and deceleration, aligning closely with 
physical EV operation. Given that the vehicle’s maximum speed is 20 km/h, equivalent to 
1000 rpm for the motor, the drive system was configured to match this requirement. 
Multiple tests were conducted on the motor test bench under various loading and speed 
conditions, representing different stages of the driving cycle, as detailed in Table 5. 

Table 5. Validation tests conditions [Paper V]. 

During the tests, the DAS captured key parameters such as motor phase current, 
phase voltage, and rotor speed.  One key aspect of the testing setup was the method 
used to represent the applied torque. While no physical torque sensor was installed on 
the motor shaft due to the mechanical complexity of such an installation, the applied 
torque was approximated based on percentage torque values from the load emulators. 
This allowed for an indirect yet reliable means of assessing the loading conditions applied 
to the motor.  

The acquiesced voltage, current, and speed data from the physical motor tests were 
reused in the digital model, ensuring that the physical and digital models were subjected 
to identical operating conditions for accurate comparison. The validation primarily 
focused on comparing the motor speed and current between the physical and digital 
models, as these were the parameters for which actual sensor data was available. 
The motor speed was precisely tracked using a resolver, and the current served not only 
as a direct validation parameter but also as an indicator of the loading torque. 
By validating against these key parameters, the digital model was confirmed to accurately 
reflect the physical motor’s behavior. Figure 10 (a, b, c, and d) illustrates the validation 
results, showing the motor speed and stator current from both the actual measurements 
and the simulated outputs, demonstrating the accuracy of the digital model. 

Case % Load Torque Speed (rpm) 
A 80% 300 
B 60% 500 
C 40% 700 
D 20% 1000 
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(a) (b) 

(c) (d) 

Figure 10. a-b-c-d Comparison between speed and stator current obtained from the physical and 
digital model [Paper V]. 

From the analysis of the above figures, several observations can be noticed. First, 
the speed from the digital model exhibited fewer ripples compared to the actual 
measured speed which can be attributed to the simulation environment does not 
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account for all real-world factors such as sensor noise. The percentage error between 
the simulated and actual speed values remains within 5% across all cases, except in 
case d, where the error reaches up to 10% at certain points. This larger deviation is likely 
due to the motor operating at higher torque, which makes the system more sensitive to 
small variations in parameters such as resistance, and inductance. At higher speeds, 
the motor operates at lower torque, resulting in less sensitivity to parameter changes, 
which explains the lower error margin in these cases.  

Both the actual and simulated stator currents exhibit not only closely matching peak 
values but also an identical number of pulses within a given time frame, indicating that 
the simulation accurately replicates the frequency characteristics of the actual system, 
capturing both the amplitude and temporal dynamics of the current signals. But its 
notable that the simulated stator current demonstrates higher accuracy at lower speeds 
(as observed in case D) compared to higher speeds (as in cases A and B). This can be 
explained as at lower speeds, the motor has more time to adjust the current to the 
desired value, resulting in better accuracy. However, at higher speeds, the reduced time 
for current adjustment leads to slight errors in current tracking. Notably, the RMS values 
of the simulation’s steady-state stator currents closely match the measured values of the 
physical model, with no significant discrepancies. 

4.5   Deployment to Digital Twin Framework for Performance Monitoring 
The final phase in the DT development involved deploying the digital model to a DT 
framework to assess its computational efficiency, response time, and accuracy. 
To achieve this, the model was deployed to a real-time target machine a Speed goat 
Baseline, which acted as the DT in this setup. Complementing this, a host model was 
created to emulate the physical system. Both host and target models were equipped with 
nodes utilizing the UDP protocol to enable seamless communication and real-time data 
streaming between them. 

To get the model subjected to diverse real-world conditions, a driving test was done 
on ISEAUTO, and the voltage, current, and speed data were collected using DAS from the 
EV motor during the test. The vehicle also had a dual GPS antenna system that tracks key 
performance metrics like velocity, distance, and altitude. This GPS data provides a 
comprehensive view of the vehicle’s operation from different perspectives. The driving 
test was conducted over a 200-meter track at the university campus. Figure 11 illustrates 
the GPS data of the vehicle’s velocity and altitude, while Figure 12 presents the physical 
EV motor voltage and current data captured during the test. 

Figure 11. EV GPS-sensor data of vehicle velocity and altitude [Paper V]. 
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Figure 12. EV real-time sensor data of motor voltage and current during the test [Paper V]. 

The vehicle began from a standstill and gradually increased its speed until reaching a 
near-constant velocity. During this period, the altitude increased slightly from 22.4 m to 
23.2 m above sea level, indicating a minor increase in the motor’s applied torque. 
The vehicle’s velocity can be converted to the corresponding motor speed in revolutions 
per minute (rpm) using the following equation: 

𝑣𝑣 = 0.1885 ∙ 𝑁𝑁 ∙ 𝐷𝐷 (29) 

𝑤𝑤here: 
𝑣𝑣 – wheel velocity in km/h, 
𝑁𝑁 – vehicle speed in rpm, 
𝐷𝐷 – wheel diameter in m.  

The collected data from the test was saved in MATLAB format to be used further in 
DT framework testing. The host model streamed the real-time voltage, and current to 
the target model. The target model processed this data, performed the necessary 
computations, and streamed out the speed and torque back to the host model. 
This bidirectional communication mimicked real-world operations, allowing for the 
comprehensive evaluation of the DT’s performance and suitability. The results 
validated the model’s ability to handle real-time data streams accurately and efficiently, 
confirming its readiness for real-time performance monitoring and predictive 
maintenance. Figure 13 displays the motor’s performance metrics from the DT model 
side, while Figure 14 compares the velocity estimated by the DT with the actual velocity 
measured via GPS. 
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Figure 13. EV motor torque and speed from the DT model [Paper V]. 

Figure 14. Vehicle Velocity from GPS and DT model [Paper V]. 

The analysis of Figure 13 demonstrates a strong correlation between the motor’s 
torque and current behavior, as shown in Figure 12. The data indicates that the torque 
required to move the vehicle from a standstill is significantly high, which is reflected by 
the corresponding surge in starting current. Between 10–23 s, the motor torque 
increases while there is a slight decrease in speed, indicating the vehicle is accelerating 
under load – this is consistent with the slight rise in altitude observed in Figure 11. 
From 23–30 s, the speed gradually increases to the nominal test speed as the torque 
normalizes, showcasing the motor’s ability to adapt to varying driving conditions. 

Figure 14 shows a high level of agreement between the GPS-measured velocity and 
the velocity predicted by the DT, with a percentage error of less than 3%. This low error 
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rate highlights the accuracy of the DT in monitoring system performance. The error 
margin can be attributed to the inherent limitations of GPS accuracy. Factors such as 
the number of satellites, signal quality, and the type of GPS receiver used can influence 
the precision of GPS measurements.  

During the real-time testing phase, the DT model demonstrated practical 
computational performance suitable for real-time applications. It utilized approximately 
55% of the CPU capacity, indicating a moderate demand on processing resources, 
leaving some headroom for additional tasks or future enhancements. Memory usage was 
around 60% of the available RAM, which is acceptable for real-time operation. 
The response time of the model was consistently under 2 ms per simulation step, 
ensuring that the system could process incoming data and generate outputs with 
minimal latency.  

4.6   Chapter Summary 
This chapter presented the DT modeling framework of the EV-PMSM, providing a 
comprehensive methodology. The work began with collecting all available data about the 
physical motor model, ensuring a solid foundation for the modeling process. Based on 
this data, the appropriate representation method was selected, starting with model 
identification and parameter estimation, where the ALO algorithm was employed to 
estimate the motor’s lumped parameters. Following this, the d-q mathematical model 
was chosen as the foundation for the motor’s digital representation due to its ability to 
accurately capture the motor’s dynamics. Using MATLAB/Simulink, the digital model was 
created with key features, including the ability to perform real-time simulations, 
which is critical for the functionality of the DT. After the model was developed, it was 
validated against the physical motor model, ensuring that the digital model accurately 
mirrored real-world behavior under various operational conditions. The final step involved 
deploying the digital model within a DT framework, where sensory data from the EV 
motor was streamed in real time to the digital model deployed to a real-time target 
machine. This allowed the DT to simulate the motor’s output torque and speed in real 
time, demonstrating its effectiveness in reflecting its performance and condition. 
Figure 15. Illustrates the framework used to develop the motor DT.  

Figure 15. Development framework of the EV motor DT model.  
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Although the DT demonstrated strong performance in replicating motor behaviour, 
some areas require further attention. Specifically, the indirect methods used for torque 
estimation could benefit from further refinement to improve accuracy. Additionally, 
testing under more extreme operating conditions, such as rapid acceleration or 
changes in terrain, would enhance the robustness of the DT. The chapter successfully 
demonstrated the potential of the DT for real-time monitoring and condition assessment 
of the EV’s PMSM, while also highlighting areas for further optimization.  
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5 EV-Powertrain Digital Twin Modelling Framework 
The powertrain is the central component of the EV, responsible for converting electrical 
energy from the battery into mechanical motion and ultimately defining the vehicle’s 
overall efficiency. It consists of two key elements: the motor and the traction drive 
system. The motor drive system is critical in shaping the electrical inputs from the battery 
into the signals necessary to achieve the desired mechanical output from the motor. 
It controls the motor’s performance and optimizes energy usage, ensuring the efficiency 
of the system.  

This chapter outlines the development framework of the DT model for the EV 
powertrain, combining both the motor and drive system covering the key work 
presented in research papers [VI], [VII], and [VIII]. Unlike the motor DT developed in the 
previous chapter using a model-based approach, the motor drive system presents 
greater challenges due to its complexity and the higher degree of uncertainty in key 
parameters, particularly the control strategy. These complexities made it impractical to 
rely solely on a model-based framework, necessitating the adoption of an advanced 
modeling methodology for the traction drive system’s DT development. 

To address this complexity, a data-driven approach is employed for modeling the 
traction drive system. By conducting extensive testing on the testbench, input-output 
data from the physical system are collected under various operating conditions. AI 
algorithms are utilized to capture the system’s dynamics based on this empirical data. 
This approach offers several benefits. Adaptability is achieved as the model can learn 
complex nonlinear relationships without explicit knowledge of the internal control 
algorithms. Accuracy is enhanced by training on real-world data, allowing the model to 
replicate the actual performance of the drive system closely.  

A comprehensive hybrid-driven powertrain DT model is achieved by integrating the 
data-driven model with the previously developed model-based motor model. This hybrid 
model combines the strengths of both data-driven and physics-based approaches, 
providing a high-performance, reduced-order representation of the EV powertrain. 

5.1   Motor Drive System Model Identification 
Identifying the motor drive system model is critical in digitally representing the system. 
The used traction drive has the following specifications presented in Table 6.  

Table 6. Drive system specifications. 

Component Specification 
Power Rating 55 kW 

Current Rating 350 A 
Input Voltage 400–750 VDC 

Output Voltage 0–500 VAC 
Cooling Liquid-cooled (Water-Glycol mixture 50-50) 

Ambient Temperature -40 °C to +85 °C
Protection Rating IP67 (dust and waterproof) 

Controller Vector control with flux weakening 
Programming Standard IEC 61131-3 
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The drive employs a vector control strategy, which is essential for achieving precise 
and efficient control of the motor’s torque and flux – key factors in optimizing the 
performance of EV powertrain. Vector control allows independent regulation of these 
parameters, enabling the motor to respond effectively to varying load conditions and 
speed requirements. 

Vector control operates by transforming the motor’s three-phase stator currents into 
a two-axis coordinate system, simplifying the complex dynamics of PMSM control. 
This process begins with converting the three-phase stator currents into two orthogonal 
components in a stationary reference frame (α-β). This transformation reduces the 
three-phase system to an equivalent two-axis system while retaining all the necessary 
information about the motor’s magnetic state. Next, these components are transformed 
into d-q, rotating a reference frame that is aligned with the rotor’s magnetic field. 
By aligning the reference frame with the rotor flux, the current components independently 
control the magnetic flux and torque production. This decoupling allows for separate 
control of flux and torque. 

Once transformed, the motor control system can adjust the flux and torque-producing 
currents independently using controllers, typically involving proportional-integral (PI) 
controllers, to meet the desired performance criteria. For instance, the torque-producing 
current is adjusted based on the torque demand, while the flux-producing current is 
managed to maintain the optimal flux level. After computing the required current 
components, inverse transformations are applied to convert these quantities back to the 
three-phase system for implementation. These transformations yield the three-phase 
current references that are used to generate the gating signals for the IGBT transistors 
in the inverter. The inverter then modulates the voltage applied to the motor windings 
accordingly. However, accurately modeling the motor drive system presents challenges 
due to the uncertainty of specific control parameters and the lack of detailed 
documentation on the control algorithm used. Key parameters such as controller gains, 
current and voltage limits, and the exact implementation details of the control strategy 
are not fully disclosed.  

5.2 Data Acquisition and Preprocessing 

5.2.1 Data Collection and Gathering 
To thoroughly assess the performance of the EV motor drive system, comprehensive 
tests were conducted on the test bench under controlled and diverse conditions. The test 
bench is equipped with an extensive array of sensors – including voltage, current, and 
speed sensors – all directly connected to the DAS. Tests were meticulously designed to 
emulate the EV motor drive system performance under realistic operating conditions. 
These tests simulated both the constant torque (CT) and constant power (CP) regions 
characteristic of the ideal EV performance profile, as depicted in Figure 16. 
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Figure 16. Torque, power/speed profile of ideal EV-PMSM drive system [70]. 

In designing the tests, the torque was initiated at nearly its rated value and then 
decreased as the speed increased. This approach ensured that the test cases covered a 
wide spectrum of operational scenarios – from low-speed, high-torque conditions to 
high-speed, low-torque conditions – effectively mirroring the EV’s performance across 
its entire operating range. Table 7 presents the reference values used in the tests to 
achieve the desired outputs. 

Table 7. Data collection Tests conditions [75]. 

Test Ref. Speed (p.u) Ref. Load Torque (p.u) 
a 0.1 1.00 
b 0.2 1.00 
c 0.3 1.00 
d 0.4 0.68 
e 0.5 0.49 
f 0.6 0.31 
g 0.7 0.27 
h 0.8 0.23 
i 0.9 0.18 
J 1.0 0.12 

This comprehensive testing strategy was pivotal in capturing a broad dataset that 
reflects the dynamic interplay between speed and torque in the EV drive system. 
The collected data from these tests serve as critical input for the data-driven modeling 
process, enabling the construction of a surrogate model that accurately represents the 
drive system’s response to varying operational conditions. The dataset obtained is 
characterized by precise collection methods, notably featuring a high sampling frequency 
of 10 kHz. This high-frequency data acquisition ensures a remarkable level of accuracy, 
capturing the intricate dynamics and transient behaviour of the drive system with 
precision. 
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5.2.2 Data Preprocessing 
The second step after data collection involves thorough data preprocessing, a critical 
phase to ensure high-quality, reliable data for effective modeling. All preprocessing steps 
in this study were performed using MATLAB, leveraging built-in functions to refine, clean, 
and analyze the collected data, thereby extracting meaningful insights for accurate 
modeling. 

Noise removal was the first step, targeting irrelevant fluctuations and measurement 
errors in the raw data. Using MATLAB’s filtfilt function, a zero-phase Butterworth 
low-pass filter was applied to smooth high-frequency fluctuations, ensuring that 
only meaningful variations reflecting the system’s behavior were retained without 
introducing phase distortion. Next, missing values were handled through linear 
interpolation, a technique that estimates missing data points based on adjacent values. 
This was implemented using the fillmissing function with the ’linear’ option, generating 
a continuous dataset that preserves the data’s inherent structure while maintaining 
consistency. 

Outlier detection and removal were performed using the Interquartile Range (IQR) 
method. MATLAB’s filloutliers function with the ’quartiles’ method identified data points 
lying outside 1.5 times the IQR from the lower or upper quartiles. These flagged outliers 
were systematically removed, mitigating the impact of extreme values on model accuracy. 

For feature scaling, standardization was applied to ensure all features had a mean of 
zero and a standard deviation of one, using MATLAB’s normalize function with the 
’zscore’ method. This step ensures that each feature contributes equally to the model, 
avoiding disproportionate influence from larger-scale variables. Table 8. summarize the 
utilized MATLAB functions for the data preprocessing.  

Table 8. Summary of the used preprocessing MATLAB functions.  

Step MATLAB 
Function 

Purpose 

Noise 
Removal 

filtfilt Apply a zero-phase Butterworth low-pass filter to 
remove high-frequency noise without introducing 

phase distortion. 
Missing Data 

Handling 
fillmissing Perform linear interpolation to estimate and fill 

missing data points. 
Outlier 

Detection 
filloutliers Identify and remove outliers using the Interquartile 

Range method. 
Feature 
Scaling 

normalize Standardize features to have a mean of zero and a 
standard deviation of one. 

An emphasis was placed on understanding the relationships between various 
operational parameters through correlation analysis. Continuous Analysis of Variance 
(CANOVA) was utilized as a statistical method to achieve this. Unlike traditional 
correlation analysis, CANOVA is adept at handling complex datasets where the goal is to 
assess the impact of continuous variables on the system’s performance. This approach is 
particularly useful in scenarios where multiple input variables might influence a range of 
output variables in a nonlinear and interactive manner. CANOVA operates on the 
principle of analyzing the variance in the data that can be attributed to different factors 
and their interactions, providing a framework to understand how changes in input 
variables – like reference speed and torque – continuously affect outputs such as actual 
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speed, torque, voltage, and current. The general approach in CANOVA involves fitting a 
model that describes the relationship between inputs and outputs. For instance, 
considering a simplified scenario with one input X and one output 𝑌𝑌 the model could be 
represented as: 

𝑌𝑌 = 𝛽𝛽0 + 𝛽𝛽1𝑋𝑋 + 𝜖𝜖 (30) 

where, 
Y represents the output variable, X represents the input variable,  𝛽𝛽0,𝛽𝛽1 are coefficients 
that describe the intercept and the slope of the relationship, respectively, 𝜖𝜖 represents 
the error term, accounting for variability not explained by the model. 

After analyzing the inherent correlations between key operational parameters, clear 
relationships were observed between current and actual torque, as well as between 
actual speed and voltage. These correlations, deeply rooted in the motor’s electromagnetic 
and electrical characteristics, suggest that the electrical current is a direct predictor of 
the motor’s torque output, while the applied voltage and frequency dictate the motor’s 
operational speed. Leveraging these relationships allows for a significant reduction in the 
complexity of the model's inputs.  

5.3   Motor Drive System Initial Model 
In the initial modeling phase, as previously discussed, an elementary approach was 
adopted by considering the drive system as a single unified block, despite comprising two 
main components, the inverter and the controller. This simplification allowed for the 
development of a more generalized model, serving as an initial indication of the success 
of the proposed data-driven methodology without delving into the complexities of each 
component. 

The elementary model was developed using a deep ANN (DANN) implemented within 
the MATLAB environment, employing a nonlinear regression approach. The following 
equation can mathematically represent this approach: 

𝐾𝐾𝑠𝑠 = ℎ�𝑥𝑥𝑠𝑠(1), 𝑥𝑥𝑠𝑠(2), … , 𝑥𝑥𝑠𝑠(𝑚𝑚) ;  𝜎𝜎1,𝜎𝜎2, … ,𝜎𝜎𝑝𝑝� + 𝜖𝜖 (31) 

where, 
 𝐾𝐾 – number of responses, ℎ – the function, 𝑥𝑥 – inputs, 𝜎𝜎 – parameters being estimated, 
and 𝜖𝜖 – error term. 

The DANN can recognize complex data patterns by utilizing multiple layers of 
interconnected neurons. Each layer extracts different features from the input data, 
allowing the network to capture both linear and nonlinear relationships inherent in the 
system. Information flows from one layer to the next in a hierarchical manner, enabling 
the network to learn intricate representations through the deep learning process. 
The network was trained using the backpropagation algorithm, a widely adopted method 
for training feedforward neural networks. A learning rate of 0.01 was selected to control 
the step size during the weight updates, ensuring effective learning without causing 
instability. A momentum term of 0.9 was incorporated to accelerate convergence and 
help the algorithm avoid local minima by smoothing out the updates based on past 
gradients. These hyperparameters were chosen based on empirical testing to achieve a 
balance between learning speed and model stability. The dataset was divided into 
training and testing sets. (80%) of the data was used for training, allowing the network 
to learn the underlying patterns and relationships within the data. The remaining (20%) 
was reserved for testing, providing a means to evaluate the model’s accuracy on unseen 
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data. Specifically, test cases a, b, d, e, g, h, and j were used for the training process, 
exposing the model to a diverse range of operating conditions. The rest of the test cases 
– c, e, and j – were kept for the testing process. This split ensured that the model’s ability 
to generalize to new inputs could be effectively assessed, reducing the likelihood of 
overfitting. Figure 17 illustrates the architecture of the ANN employed in this modelling 
approach. 
 

 

Figure 17. DANN architecture used for elementary data-driven model [Paper VI].  

The network consists of an input layer that receives the input variables from the 
dataset, multiple hidden layers composed of neurons that apply activation functions to 
the weighted inputs, enabling the network to model complex nonlinear relationships, 
and an output layer that produces the predicted outputs corresponding to the system’s 
response. 

The input data were organized into four main clusters (A, B, C, D), corresponding to 
the different test scenarios conducted during data collection. Each cluster comprised five 
sub-inputs representing various testing cases. Every sub-input included four key 
variables: DC voltage and current, reference speed, and torque. Similarly, the output data 
were grouped into four responses aligned with the testing cases, each comprising two 
sub-responses for AC voltage and current. The two sub-responses included six variables 
corresponding to the three-phase voltages and currents. To enhance the model’s 
accuracy and provide multiple modeling options, three types of ANNs were employed in 
the model generation process: Wide ANN, Billiard ANN, and Optimized ANN.  

The results indicated that the Billiard ANN achieved the highest accuracy among the 
three models, exhibiting the lowest Root Mean Squared Error (RMSE). However,  
the Optimized ANN provided better coverage of predicted points over the true values. 
Table 9 summarizes the training results of the three DANN configurations. 

 
Table 9. Performance comparison between DANN configurations.  

DANN Configuration  RMSE  MAE R² Score 

Wide DANN 0.1481 0.1185 0.893 

Billiard DANN 0.1327 0.1062 0.951 

Optimized DANN 0.1406 0.1125  0.927 
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Despite the lower RMSE of the Billiard ANN, its focus on accuracy led to the omission 
of some parameters, which limited the predicted output range. Consequently, when 
validation was conducted with all parameters included, the accuracy of the Billiard ANN 
decreased. Ultimately, the Optimized DANN was selected due to its balance between 
accuracy and comprehensive coverage of all parameters. The selected model was 
extracted as a compact MATLAB function capable of handling input datasets and 
effectively predicting the outputs. Figure 18 presents the results of the model predictions 
compared to the true values for the selected optimized DANN. 

Figure 18. Training score of the Optimized ANN [Paper VI]. 

5.3.1 Initial Model Validation  
The developed DANN model was validated through a two-step verification process to 
ensure its accuracy and reliability.  

In the first verification step, the model was tested using the seen data – the same 
input data utilized during the training phase. This evaluation aimed to assess the model’s 
ability to replicate known outcomes and verify that it had effectively learned the 
underlying patterns within the dataset. Figures 19 show a comparison between 
the actual and predicted outputs of case b as summarized from paper [VI].  

Figure 19. Actual vs predicted data, case b [Paper VI]. 
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Upon analysis, it was observed that the predicted values from the DANN model 
exhibited more noise compared to the actual measured values. This is evident in the 
above Figures, where the fluctuations in the predicted data are more pronounced than 
those in the actual data. Despite the increased noise, the model demonstrated a 
reasonable level of accuracy, with the Root Mean Squared (RMS) values of the predicted 
and actual data being nearly close. The error was less than 10% in most cases, indicating 
that the model could effectively capture the overall trend and average behavior of the 
system.  

In the second verification stage, the model’s ability to generalize was assessed by 
testing it on a new dataset comprising input data from test cases not used during the 
training phase. This step was crucial for evaluating the model’s performance in predicting 
responses to unseen conditions, which is a key indicator of its robustness and practical 
applicability. The input data for this stage were taken from test cases c and j, which 
were deliberately excluded from the training process to serve as a fresh benchmark. 
The model’s predictions were then compared against the actual measured data from 
these test cases. Figures 20 and 21 show a comparison between the actual and predicted 
outputs of test cases c and j. 

Figure 20. Actual vs predicted data, case c [Paper VI]. 

Figure 21. Actual vs predicted data, case j [Paper VI]. 
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By analyzing the results from the above figures, it became apparent that the 
predictions still exhibited a significant amount of noise compared to the actual measured 
values. The figures illustrating the model’s outputs versus the true values for these 
unseen test cases clearly show discrepancies, with the predicted data fluctuating more 
erratically than the actual system responses. This persistent noise indicates that the 
model struggles to generalize effectively to new operating conditions not encountered 
during training. 

The presence of such noise in the predictions poses a challenge for practical application 
within the DT framework. This observation suggests that, while the elementary model 
provided initial insights and demonstrated the feasibility of a data-driven approach, 
it lacks the robustness required for deployment in a practical DT framework. This 
realization led to the development of a more advanced model using the Nonlinear 
Autoregressive Neural Network with Exogenous inputs (NARX), which is designed to 
handle temporal dependencies and nonlinearities more effectively, ultimately improving 
prediction accuracy and reliability for practical applications. 

5.4    Motor Drive System Advanced Model 
Building upon the initial model, the next phase involves developing a more detailed and 
accurate model of the drive system. This approach allows for a granular representation 
by dividing the drive system into two main components: the inverter and the controller, 
as illustrated in Figure 22. By modeling each component individually, this methodology 
offers significant advantages over the elementary model that considers the entire drive 
system as a single block. This not only simplifies the modeling process but also leads to 
more accurate and efficient simulations.  

Figure 22. EV- powertrain model diagram [Paper VII]. 

5.4.1 Inverter Model 
The inverter is a well-defined component with established electrical characteristics and 
operational principles. Its primary function is to convert DC power from the battery into 
AC power supplied to the motor, adjusting the voltage and frequency to control motor 
speed and torque. As well-known semiconductor device models govern the inverter’s 
behavior, a model-based approach is appropriate for its representation. The inverter 
model was developed using an Average Value Inverter (AVI) block within the Simulink 
environment. The AVI simplifies the representation of the inverter by averaging the 
effects of the high-frequency switching actions of the power electronic devices, such as 
IGBTs or MOSFETs. Instead of modeling each switching event, the AVI provides an 
averaged effect of the inverter’s output over a switching period, significantly reducing 
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the computational burden while retaining the essential dynamic characteristics necessary 
for accurate system-level simulation. 

This approach offers several advantages. By eliminating the need to simulate each 
high-frequency switching transient, the model enhances computational efficiency, making 
it particularly suitable for real-time simulations and control system development where 
computational resources are limited. 

5.4.2 Controller Model 
The controller in the EV drive system plays a crucial role in implementing the control 
strategy that dictates the motor’s operation. It adjusts inputs such as voltage and current 
to achieve the desired speed and torque based on reference commands. Unlike the 
inverter, the controller’s internal parameters and algorithms are complex and partially 
unknown which makes it challenging to be modeled using traditional model-based 
approaches.  

The NARX model is particularly well-suited for modelling dynamic systems with 
feedback loops and temporal dependencies, characteristics inherent in the drive system. 
By incorporating past values of the output (autoregressive terms) and external inputs 
(exogenous inputs), the NARX model can capture complex nonlinear relationships and 
time-dependent behaviors more effectively than traditional feedforward neural networks. 

The model primarily receives reference torque and speed as inputs, which serve as 
directives to the actual drive system to achieve the desired operational states. The current 
and voltage represent the immediate control actions executed by the system, while the 
feedback speed and torque reflect the motor’s actual response to these control signals. 
To accurately capture the drive system’s behavior – including its response delays and the 
effects of feedback loops – the NARX model integrates both the reference inputs (torque 
and speed) and the feedback outputs (torque and speed) into its input set, applying the 
feedback inputs with a delay. This delay is crucial for modeling the temporal dynamics of 
the system, reflecting the time it takes for control actions to impact the motor’s 
operation and for these effects to be observed through feedback mechanisms.  

The model operates as follows: 
- Immediate Inputs: Reference torque and speed at time t, which represent the

target operational parameters set by the drive system.
- Delayed Feedback Inputs: Feedback torque and speed from a previous timestep 

(t−δ) where δ represents the delay that accounts for the system’s response
time. This inclusion of delayed feedback inputs allows the model to learn from
the system’s past responses to adjust its future outputs, mirroring the
real-world feedback loop in the control strategy.

The outputs of the model are designed to predict: 
- Current and Voltage: The necessary electrical inputs to the motor that result

from processing the reference and feedback inputs, aiming to achieve the
reference operational states.

- Feedback Speed and Torque: These are also modeled as outputs to evaluate the 
model’s accuracy in predicting the system’s actual response, providing a
comprehensive view of the control strategy’s effectiveness.
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5.4.3 NARX Architecture 
The NARX model is designed with a layered architecture, beginning with an input layer 
configured to align with the dimensions of both the reference inputs and the delayed 
feedback signals. Central to the design are three Gated Recurrent Unit (GRU) layers, 
interspersed with two dropout layers, which work together to enhance the model’s 
generalization capabilities and mitigate overfitting. The GRU layers are integral to the 
model, selected for their exceptional ability to manage sequential data and retain 
information over extended periods. This feature is particularly critical for capturing the 
dynamics of feedback loops and the delayed effects characteristic of the EV drive 
system’s control strategies. Each GRU layer is equipped with 128 neurons, 
a configuration that balances computational efficiency with the ability to learn complex 
patterns and relationships in the data. GRUs were specifically chosen over other 
recurrent units due to their simplified architecture, which maintains the capacity to 
capture long-term dependencies with fewer parameters, thereby streamlining the 
training process. Between the GRU layers are two dropout layers that act as a 
regularization mechanism. During training, these layers randomly deactivate a subset of 
neuron connections, reducing model complexity and helping to prevent overfitting. 
This approach encourages the model to develop more generalized features by reducing 
its reliance on specific inputs or patterns. The dropout rate, typically ranging from 
0.2 to 0.5, is determined based on empirical testing and validation performance. 
For optimization, the model leverages the Adam optimizer, recognized for its adaptive 
learning rate mechanism. This optimizer efficiently navigates the intricate landscape of 
time-series data by adjusting learning rates dynamically, utilizing the first and second 
moments of the gradients. This adaptability accelerates convergence toward optimal 
solutions while maintaining stability in the training process. Finally, a sigmoid activation 
function is employed within the GRU layers to introduce non-linearity, further enhancing 
the model’s ability to capture complex relationships and dependencies in the data. 
The sigmoid function is defined as: 

𝑓𝑓(𝑥𝑥) =
1

1 − 𝑒𝑒−𝑥𝑥
(32) 

The MSE is employed as the loss function to measure the discrepancy between the 
predicted outputs and the actual observations. This choice quantifies the average 
squared differences between the predicted and true values, guiding the model’s learning 
process toward minimizing these errors and enhancing predictive accuracy. 
An illustrative diagram of the NARX architecture is presented in Figure 23. 
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Figure 23. NARX architecture. 

5.4.4 NARX Model Training 
The NARX model was developed using MATLAB’s Deep Learning Toolbox through a 
meticulous and methodical process to ensure a robust predictive capability for the EV 
drive system’s behavior. The test bench data were strategically partitioned to optimize 
learning and evaluation, with the dataset divided into training data and unseen data, 
each serving a specific purpose in assessing the model’s performance. The training data 
constituted the majority of the dataset and included cases a, c, d, e, f, g, and j, chosen to 
represent a broad spectrum of operational scenarios for effective learning. In contrast, 
cases b, h, and i were reserved as unseen data and excluded from the training and 
validation phases to provide a stringent evaluation of the model’s generalization ability. 
These unseen cases were selected strategically to encompass varying operational 
conditions, including both CT and CP regions, ensuring a comprehensive assessment of 
the model’s predictive capabilities. 

The training process involved feeding the training data through the NARX model, 
during which weights and biases were iteratively updated using MATLAB’s train function 
with the Levenberg-Marquardt optimization algorithm. This optimization approach was 
selected for its ability to handle non-linear datasets efficiently, a critical requirement 
given the intricate dynamics of the EV drive system. Approximately 75% of the dataset 
was allocated for training, with 15% reserved for validation to monitor performance and 
prevent overfitting, and the remaining 10% held back for testing to evaluate the model 
on unseen data. Hyperparameters were carefully tuned to optimize model performance, 
including an initial learning rate of 0.001, which was adjusted dynamically during training 
to ensure convergence without overshooting, and a training duration of 500 epochs, 
which balanced performance improvement with computational efficiency. The model 
training was conducted over 27 hours on a high-performance workstation equipped with 
an Intel Core i9-10900X processor (3.7 GHz base frequency, 10 cores, and 20 threads) 
and 64 GB of DDR4 RAM. This setup provided the computational power necessary for 
handling the extensive dataset and the demands of the NARX model’s architecture. 
Throughout the training, validation performance was continuously monitored every 10 
epochs to detect signs of overfitting early. Early stopping criteria were implemented, 
halting training when validation loss plateaued over multiple epochs, thereby avoiding 
unnecessary computations. The model’s performance was evaluated using the MSE loss 
function, which was minimized during training to ensure that predictions closely 
matched actual system behaviour. The validation set served as an essential measure of 
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the model’s generalization capabilities, while the final testing phase provided a robust 
assessment of accuracy on unseen data. As illustrated in Figure 24, the model 
demonstrated a consistent reduction in MSE over epochs, showcasing its ability to 
capture complex patterns in the data and converge toward an optimal solution, 
highlighting the efficacy of the training process in developing a reliable predictive model 
for the EV drive system. 

Figure 24. NARX training performance. 

The performance metrics of the NARX model, reflected in the mean squared error 
(MSE) values across the training, validation, and testing phases, illustrate its exceptional 
capability to model the dynamics of the EV PMSM drive system. The model achieved an 
MSE of 0.0126 during training, demonstrating a strong capacity to learn from the 
provided data. This performance was further supported by the validation phase, where 
the model attained an MSE of 0.0214, highlighting its ability to generalize effectively to 
data it was not explicitly trained on but encountered in a similar context. The ultimate 
measure of the model’s efficacy, however, lies in its performance on completely unseen 
data, where it achieved an MSE of 0.0406. While this represents a modest increase 
compared to the training and validation phases, the error remains remarkably low, 
emphasizing the model’s robustness and its high accuracy in predicting system behavior 
under new conditions. The gradual increase in MSE from training to testing is a common 
and expected outcome in machine learning, as it reflects the model’s effort to generalize 
beyond the specific patterns in the training dataset without overfitting. Furthermore, 
the relatively small differences between the MSE values across the training, validation, 
and testing phases underscore the model’s stability and reliability. This consistency 
across datasets indicates a well-balanced model, capable of accurately capturing the 
complex dynamics of the EV PMSM drive system while maintaining robust performance 
under varied and previously unseen scenarios. 
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5.5   EV Powertrain Hybrid Model 
After completing the training and validation phases, the NARX model was exported as a 
Simulink block to facilitate a seamless combination with the PMSM digital model forming 
a hybrid-driven model. Figure 25 illustrates the hybrid model of the EV powertrain 
system. 

Figure 25. EV-power train hybrid driven model. 

The hybrid model comprises four essential blocks that synergistically simulate the 
system’s dynamics with high fidelity while maintaining computational efficiency. The first 
block is the Reference Input block, which provides the driving scenario by supplying 
operational setpoints such as desired motor speed and torque profiles. The second block 
is the data-driven controller model, implemented using the NARX. This model captures 
the controller’s behavior by receiving reference inputs from the reference block and 
feedback signals from the motor of actual speed and torque. The NARX model processes 
these inputs to generate the necessary PWM commands. By incorporating both current 
and delayed inputs, it effectively captures the temporal dynamics and nonlinearities 
inherent in the control strategy of the EV drive system. The use of a data-driven NARX 
model provides a reduced-order representation of the controller, enabling high-speed 
computation without compromising the accuracy of dynamic behaviors, which is critical 
for real-time operation. The third block is the Inverter block, which accurately represents 
the inverter’s operation by taking the PWM commands from the controller and the DC 
link voltage as inputs. It stimulates the switching behavior of the power electronic 
devices, outputting the phase voltages supplied to the motor. The fourth block is the 
PMSM block, previously developed in Chapter 4. This block simulates the motor’s 
electrical and mechanical responses to the inverter inputs. It takes the phase voltages 
from the inverter model and produces outputs such as motor torque and speed. 
The motor model also provides feedback signals to the controller, closing the simulation 
loop and allowing for adjustments based on the system’s dynamic behavior.  
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5.6   EV Powertrain Hybrid Model Validation 
The validation of the hybrid model is a crucial step to ensure that all its components 
function perfectly and seamlessly. This step incorporates using new reference scenarios 
of speed and torque that were not used during the development phase. These scenarios 
are specifically designed to assess the ability of the data-driven components to accurately 
predict new data and supply inputs to the model-based components (motor and inverter) 
and effectively utilize the feedback from the motor model. To facilitate this process, 
modifications were made to the sample times of each block to ensure unified coordination 
between the various models. The specifics of validation tests are detailed in Table 9. 

Table 9. Validation test cases.  

Test Ref. Speed (p.u.) Ref. Torque (p.u.) 
X 0.16 1.00 
Y 0.85 0.21 

Figures 26–27 (a, b, c) compare the hybrid model and the physical system performance 
under the applied test conditions.  

(a) (b) 

(c) 

Figure 26. Case (X) Actual and virtual speed (a), torque (b), and input voltage (c). 
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(a) (b) 

(c) 

Figure 27. Case (Y) actual and virtual speed (a), torque (b), and input voltage (c). 

The comparison between the virtual and actual results, as shown in Figure 25 a, 
highlights that the hybrid model generates less ripple in the steady-state speed 
compared to the observed real-world data. This discrepancy is primarily due to the 
presence of noise in measurement devices. Despite this, the model’s ability to accurately 
match the average speed value with the real data demonstrates its high fidelity and 
successful emulation of the system’s dynamics. For torque simulation, as depicted in 
Figure 26 (b), the hybrid model achieved a smoother and more consistent output than 
the real torque measurements. This difference likely stems from varying real-world 
conditions that are challenging to replicate in a simulated environment. In Case Y, 
representing the CP region at high speeds, Figure 27 (a) illustrates a strong agreement 
between simulated and actual speed, with the simulation exhibiting greater stability. 
This emphasizes the model’s ability to capture system performance accurately under 
high-speed conditions. Furthermore, Figure 27 (b) reveals that both simulated and actual 
torque signals display similar ripple patterns, demonstrating the model’s capability to 
replicate torque fluctuations observed in real-world operations. The detailed comparisons, 
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with an average MSE of 3%, underscore the hybrid model’s robustness in replicating 
real-world conditions. The results in Figures 26 (c) and 27 (c) provide the strongest 
evidence of the model’s validity in accurately reproducing the drive system’s performance. 

5.7   Hybrid Model Deployment to Digital Twin Framework 
To evaluate the suitability of the hybrid model for DT application, it was deployed onto a 
real-time target machine (Speed  goat Baseline). This deployment allowed the model to 
execute in real-time, with a host computer providing dynamic control commands and 
monitoring the system’s response. This setup enabled a comprehensive assessment of 
the model’s computational speed and efficiency under realistic operating conditions.  
The hybrid model was compiled and deployed onto the target machine using Simulink 
Real-Time, ensuring precise execution on dedicated hardware. A host model, developed 
in Simulink, was the control interface to interact with the target model, transmitting 
real-time commands and receiving continuous feedback.  

The communication between the host and target models utilized the UDP protocol to 
facilitate efficient and high-speed data exchange. This choice ensured rapid command 
transmission with minimal latency, meeting the demands of real-time interaction. 
The host model continuously transmitted speed and torque commands to the target 
model, which processed these inputs and provided real-time feedback. This dynamic 
interaction enabled rigorous testing of the model’s computational performance. 

To simulate real-world scenarios, the actual EV (ISEAUTO) drive system was 
instrumented with sensors to measure voltage, current, speed, and torque. The vehicle 
was operated on a designated track within the university campus, chosen to represent 
diverse driving conditions. The test began with the vehicle at a standstill, gradually 
increasing velocity until reaching a near-constant speed. The track’s altitude gradually 
rose from 22.4 m to 23.2 m above sea level, introducing a slight increase in motor load 
torque. At the end of the test, the EV decelerated to a stop at a designated parking spot. 
Data from the experiment was collected using a DAS and stored as MATLAB files, 
capturing realistic driving behaviors such as acceleration, deceleration, and steady-state 
operation. This data was then preprocessed following the procedures described in 
Section IV.B to ensure high quality and consistency for subsequent analysis. The torque 
and speed data from the experiment were repurposed as command inputs for the host 
model, recreating real-world driving conditions for testing the hybrid model. In this 
configuration, the host model transmitted speed and torque commands in real-time via 
UDP to the target machine, where the hybrid model processed them and generated 
corresponding outputs, including phase voltage, feedback speed, and torque. This setup 
demonstrated the hybrid model’s capability to handle real-time data processing and 
accurately emulate the behavior of the EV drive system under realistic conditions.  
Figure 28 illustrates the DT framework structure. 

Figure 28. DT testing framework. 
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 The outputs from the target machine were continuously monitored and compared 
with the actual data obtained from the EV powertrain. This comparison precisely 
evaluated the hybrid model’s capability to replicate real-world behavior. Figure 29 (a, b, c) 
presents a detailed performance comparison between the real drive system and the 
hybrid model, highlighting their alignment and validating the model’s accuracy in 
emulating the dynamics of the EV drive system. 

(a) 

(b) 

(c) 

Figure 29. Performance comparison between the real EV powertrain and developed hybrid model, 
as follows voltage (a), torque (b), and speed (c). 
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The results presented in Figure 29 comprehensively evaluate the hybrid model’s 
performance. In Figure 29 (a), a noticeable discrepancy is observed between the voltage 
waveforms of the real system and the hybrid model. The real voltage signal exhibits 
higher noise and fluctuations, attributed to sensor variability, whereas the hybrid 
model outputs a smoother waveform, reflecting the refined and pre-processed data used 
during training. Despite these differences, the RMS values of the real and predicted 
voltages show close agreement, with an error margin of less than 4%. This indicates 
that the hybrid model effectively captures the average voltage behavior while filtering 
out minor fluctuations. In Figure 29 (b), the torque signal highlights a significant 
mismatch during the initial torque phase when the vehicle transitions from a standstill. 
The hybrid model struggles to fully replicate the transient behavior, likely due to 
limitations in the NARX model, which was trained on preprocessed test bench data that 
did not entirely capture the initial torque dynamics of real-world conditions. Additionally, 
the smoother transitions in the hybrid model’s prediction may be influenced by sensor 
constraints in the test bench data. However, the model demonstrates high accuracy 
under steady-state conditions, closely mirroring the real system’s torque behavior, 
confirming its reliability in stable operational scenarios. Finally, Figure 29 (c) illustrates 
a strong alignment between the simulated and real speed outputs, with the hybrid model 
exhibiting a notably smoother response and reduced ripple. This outcome is expected, 
as the simulation environment lacks the noise and disturbances inherent in physical 
measurements. 

Overall, the results demonstrate that the hybrid model provides a robust representation 
of the EV powertrain’s behavior, particularly under steady-state conditions, making it 
well-suited for applications such as condition monitoring, performance evaluation, and 
predictive maintenance. The model’s ability to accurately replicate voltage, torque, and 
speed under stable operating conditions ensures its effectiveness in real-time monitoring 
systems where consistency and efficiency are critical. 

However, the model's limitations in capturing transient behaviors, such as the initial 
torque response during start-stop scenarios, indicate areas for improvement. These 
shortcomings suggest that while the model is reliable for steady-state analysis, further 
refinements are needed for applications requiring precise transient performance, such 
as fault detection, dynamic load analysis, and control strategy optimization. Enhancing 
data collection processes and incorporating more diverse training methodologies may 
improve the model’s ability to address transient dynamics, broadening its applicability in 
dynamic, real-world environments. 

5.8   Real-time Performance Evaluation 
The dynamic interaction between the host and target systems provided valuable insights 
into the hybrid model’s computational performance, stability, and responsiveness under 
realistic operating conditions. The model’s ability to respond to changing inputs was 
evaluated by continuously transmitting speed and torque commands from the host, 
enabling direct assessment of response time, stability, and computational efficiency. 
The hybrid model achieved an average cycle time of 8 ms per iteration, consistently 
meeting the 10 ms threshold required for real-time EV control. This performance 
remained stable across various test conditions, demonstrating the model’s robustness in 
handling rapid input changes without any noticeable lag. Additionally, the target machine 
exhibited efficient resource utilization, with an average CPU load of 60% and memory 
usage of 300 MB, confirming stable system operation throughout the testing process. 
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The communication between the host and target systems via UDP further validated the 
model’s capability to respond to commands and update outputs with minimal latency. 
This seamless interaction underscores the hybrid model’s suitability for DT applications, 
where real-time responsiveness and computational efficiency are essential. 

5.9   Chapter Summary 
This chapter delved into the modeling, validation, and deployment to DT framework of 
the EV powertrain, focusing on achieving real-time capabilities and high-fidelity 
representation. Due to inherent uncertainties in the drive system, a data-driven 
approach was adopted to model its behavior. Initially, the drive system was represented 
through an elementary model, where the entire system was treated as a single block. 
This model utilized DANN to provide preliminary insights into system behavior. While 
effective for gaining a general understanding of system dynamics, the elementary 
model’s oversimplification limited its ability to capture the nuanced interactions 
between the drive system’s core components, the inverter, and the controller – 
rendering it unsuitable for complex scenarios. To address these limitations, an advanced 
model was developed, dividing the drive system into its two fundamental components: 
the inverter (frequency converter) and the controller. The controller, with its nonlinear 
behavior and parameter uncertainties, was modeled using an NARX. This approach 
effectively captured the time-dependent and nonlinear dynamics of the controller. 
On the other hand, the inverter, characterized by its well-defined electrical properties, 
was modeled using a physics-based approach. By separating these components, the 
advanced model significantly enhanced the accuracy and granularity of the drive 
system’s representation. The culmination of this work was the development of a hybrid 
model, which was developed by integrating a detailed physics-based motor model with 
the data-driven model of the drive system. offering a comprehensive simulation of the 
EV powertrain. Validation against empirical test bench data demonstrated the model’s 
high fidelity, achieving 97% accuracy in replicating real-world performance. The hybrid 
model was subsequently deployed on a real-time target machine to evaluate its 
suitability for DT applications. During this evaluation, the model exhibited stability, 
responsiveness, and efficient resource utilization, consistently meeting real-time control 
requirements with an average cycle time of 8 ms and a CPU load of 60%.  However, during 
real-time testing, the model showed limitations in accurately capturing transient behaviors 
during starting conditions. This shortcoming is likely attributed to the challenges of 
replicating real-world noise and rapid fluctuations that were not fully represented in the 
preprocessed training data. In contrast, the model demonstrated excellent performance 
in steady-state conditions, accurately replicating system dynamics and confirming its 
reliability for stable operation. Figure 30 shows the procedures for developing the 
powertrain hybrid model DT. 
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Figure 30. Development framework of the EV powertrain DT model. 
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6 Conclusions and Future Work 

6.1   Conclusions 
This thesis proposed an advanced modeling framework for the DT of an electric EV 
propulsion drive system, providing a comprehensive guide for researchers and 
developers to better understand the nature of DTs and their operational mechanisms. 
Beginning with an extensive overview of DTs – including their types, applications, 
historical development, and recent advancements – the framework laid the foundation 
for a detailed examination of the system under study: the EV propulsion drive system. 
Focusing on the motor drive system, which comprises the motor, inverter, and controller, 
the research identified it as the most critical part to model due to its complexity and the 
intricate dynamics involved. Each component presented unique challenges in 
representation, necessitating a division into main components to tailor modeling 
approaches effectively.  

The choice of modeling techniques depended on several key factors, including the 
availability of system parameters, the complexity of each component, the level of detail 
required, computational efficiency, and the intended application of the model. 
For instance, physics-based (model-based) approaches were utilized for components like 
the motor, where existing knowledge of system dynamics was well-established. 
In contrast, data-driven modeling techniques were applied to components like the 
inverter and controller to enhance overall model accuracy and address limitations in the 
physics-based approach, especially when dealing with partially unknown parameters. 
Reduced-order modeling techniques were implemented to improve computational 
speed without significantly sacrificing accuracy, which is crucial for real-time 
applications. Robust model identification technique was incorporated into the motor 
model to handle partially unknown physical parameters, ensuring precise representation 
and managing uncertainties effectively. 

The outcomes of this research include the development and validation of high-precision 
digital models that accurately replicate physical system performance while achieving 
high computational speed. The models demonstrated the ability to predict system behavior 
accurately under various operating conditions, confirmed through comprehensive 
validation against real-world data. Optimization of model structures facilitated efficient 
communication and data exchange with physical systems, enhancing integration and 
practical deployment.  

Furthermore, the developed digital models were successfully deployed into DT 
framework in both simulated and real-world environments, evaluating their 
performance, integration, and tangible benefits in actual operation. This work advances 
the understanding and application of DT technology in EV propulsion systems and 
provides a versatile framework for future research and development. By addressing the 
challenges posed by system uncertainties and partially unknown parameters, and by 
leveraging both model-based and data-driven approaches, this thesis lays a solid 
foundation for further innovations in sustainable transportation technologies, promoting 
the integration of DTs into a broader range of applications within the automotive 
industry and beyond. 
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6.2   Future Directions 
Future work will focus on improving models’ accuracy, expanding the scope of DT 
functions, and enhancing real-time adaptability. One key area for improvement is the 
refinement of transient dynamics modeling, ensuring that the DT can capture rapid load 
changes, initial torque responses, and short-duration fluctuations more accurately. This 
will require incorporating advanced training techniques and diverse datasets to improve 
the model’s generalization to high-frequency disturbances. 

Another crucial direction is the expansion of fault detection and predictive maintenance 
capabilities by integrating real-time diagnostic tools and adaptive monitoring algorithms. 
By leveraging dynamic load analysis, future research can further optimize control 
strategies, enabling more effective identification of potential system failures and 
preventive intervention strategies. The implementation of machine learning-based 
anomaly detection will allow DTs to continuously learn from operational data, improving 
reliability and efficiency. 

Additionally, the evolution of SDEV presents new opportunities for DT modularity. 
Future research would explore modular DT architectures that enable flexible, scalable, 
and upgradable vehicle systems, allowing for seamless integration of software updates, 
adaptive control algorithms, and cloud-based computation. This will contribute to the 
development of next-generation smart vehicle platforms, where DTs serve as intelligent 
decision-making tools for optimized energy management, performance adaptation, 
and fault tolerance in electric propulsion systems. 
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Abstract 

Advanced Modelling Frameworks for The Digital Twin of an 
Autonomous Electric Vehicle Propulsion Drive System 
The increasing demand for efficient, reliable, and sustainable electric vehicles (EVs) has 
driven the development of innovative technologies, with Digital Twins (DTs) emerging as 
a transformative tool. A DT is a real-time virtual replica of a physical system that enables 
continuous monitoring, analysis, and optimization throughout the system’s lifecycle. 
In the context of EV propulsion systems, DTs provide unparalleled opportunities to 
enhance performance, predictive maintenance, and system adaptability, marking a 
significant shift from traditional modeling and simulation methods.  

This thesis presents a comprehensive framework for developing a DT of an EV 
propulsion drive system, addressing the challenges posed by system complexities, 
uncertainties, and partially unknown parameters. The work begins with a systematic 
overview of the evolution of DTs and their applications in EVs, highlighting widely used 
platforms and the specific applications of DT technology in EV propulsion systems. It then 
introduces the system under study, focusing on the propulsion system of ISEAUTO, 
a second-life repurposed EV. The propulsion system’s architecture and unique 
characteristics are explored in detail to provide the foundational context for model 
development. The thesis delves into various modeling techniques, detailing the selection 
criteria for each and their suitability for representing different system components. 
A hybrid modeling approach is proposed, combining physics-based and data-driven 
techniques to accurately capture the dynamics of the motor, inverter, and controller. 
The methodology ensures high fidelity while achieving computational efficiency for 
real-time applications. Validated using experimental and real-world data, the hybrid DT 
model demonstrated robust performance in reflecting the physical system’s behavior 
and was successfully deployed on a real-time target machine. This deployment 
emphasized its suitability for real-time applications, showcasing its computational 
efficiency, accuracy, and ability to seamlessly integrate with real-world data streams.  

  By establishing a scalable and adaptable DT framework, this research contributes to 
advancing the field of DTs for EV propulsion systems, offering a valuable reference for 
future developments in autonomous and software-defined vehicle technologies. 
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Lühikokkuvõte 

Autonoomse elektrisõiduki veoelektriajami digitaalse kaksiku 
täiustatud modelleerimise raamistikud 
Tänapäeva kasvav nõudlus tõhusate, töökindlate ja jätkusuutlike elektrisõidukite (EV) 
järele on oluliselt edendanud uuenduslike tehnoloogiate arengut. Ühe uuendusliku 
tööriistana on selle käigus esile kerkinud digitaalkaksiku (DT) tehnoloogia. DT on füüsilise 
süsteemi reaalajas toimiv virtuaalne koopia, võimaldades selle töö jälgimist, analüüsimist 
ja optimeerimist kogu elutsükli vältel. Elektrisõidukite jõuülekandesüsteemide puhul 
pakub DT tehnoloogia võimalusi süsteemi jõudluse parandamiseks, ennetava hoolduse 
planeerimiseks ning süsteemi kohandamiseks, täiustades traditsioonilisi modelleerimis- 
ja simulatsioonimeetodeid.  

Käesolev doktoritöö pakub põhjaliku raamistiku elektrisõiduki jõuülekandesüsteemi 
DT väljatöötamiseks, käsitledes väljakutseid, mis tulenevad süsteemi keerukusest, 
määramatusest ning osaliselt tundmatutest süsteemiparameetritest. Töö alguses 
antakse süsteemne ülevaade DT-de arengust ja nende rakendamisest elektrisõidukitest, 
tuues esile enim kasutatavad platvormid ning DT tehnoloogiate rakendused EV 
jõuülekandesüsteemides. Seejärel kirjeldatakse uuringu keskmes oleva “taaskasutatud” 
elektrisõiduki ISEAUTO jõuülekandesüsteemi, keskendudes eelkõige selle arhitektuurile 
ja unikaalsetele omadustele, mis on olulised modelleerimise aluse loomisel. Töö käigus 
analüüsitakse ka erinevaid modelleerimistehnikaid, selgitades iga meetodi 
valikukriteeriume ja sobivust erinevate komponentide modelleerimiseks. Mootori, 
inverteri ja kontrolleri dünaamika täpseks kirjeldamiseks pakutakse välja hübriidne 
lähenemine, mis ühendab nii füüsikalised kui ka andmepõhised modelleerimistehnikad. 
Välja pakutud metoodika tagab suure täpsuse ning arvutusliku efektiivsuse reaalajas 
töötavate rakenduste jaoks. Loodud hübriidne DT mudel valideeriti eksperimentaalsete 
ja reaalsete andmete põhjal ning rakendati füüsilise süsteemi peal. Mudel näitas häid 
tulemusi füüsilise süsteemi talitluse peegeldamisel, kinnitades selle sobivust reaalajas 
töötavate rakendustes ning tuues esile selle arvutusliku efektiivsuse, täpsuse ja 
võimekuse käsitleda füüsilise süsteemi andmevooge. Loodud skaleeritav ja kohaldatav 
DT raamistik annab olulise panuse elektrisõidukite jõuülekandesüsteemide DT-de 
valdkonna edendamisse. Käesolev doktoritöö pakub väärtusliku raamistiku 
autonoomsete ja tarkvarapõhiste sõidukite tehnoloogiate edasi arendamiseks. 
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Appendix 1 

Publication I 

Ibrahim, M.; Rassõlkin, A.; Vaimann, T.; Kallaste, A. Overview on Digital Twin for 
Autonomous Electrical Vehicles Propulsion Drive System. Sustainability 2022, 14, 601. 
https://doi.org/10.3390/su14020601. 
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Appendix 2 

Publication II 

Ibrahim, M.; Rjabtšikov, V.; Gilbert Zequera, R. A. Overview of Digital Twin Platforms for 
EV Applications. Sensors 2023, 23, 1414. https://doi.org/10.3390/s23031414. 

https://doi.org/10.3390/s23031414
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'(!������$�#����#��"��"������"#�������%�������!��������!��$�#���+! !��#!����")��������%����� ��"$�#������!�'(!���$�#��!���������#�������!��� !�$������$�!
����%�������!��������!
������$�##%��$�����!���)������#�(������%��������'(#%!����������������%"��!��$�.$�������#���$��������'(�������#�1����&��!���������&������������#���$���"����!��'(!�3$�#����!�����)�������)�$���"����!$����.�������!����"��!���)��8��!!�!�!)����!������!��$���������$�����!��������(��!�����)�����!��$�.$��� )���'(!���09�����$�����!�09! !��#!)��������������!#�������$��! !��#!�������$������%�!��������! !��#!�(���������%�������!!������������"�!��%!��"����&������'(!)���!#�������$��! !��#!�%������$�#���+�� ��#������"!%$�! !��#!�����!����!�"��.$����#�%��������$��$�����)������<���������$�!���������$���$����%�!��������! !��#
�����)�!#�+�%�����)������%!���#����&��!��'(
����������'(
���$�#�������������#����
��������"�����$�#����������#������������'(�!�%�$�����(��!����������!���!��������$������!���$���!���������$��'(���09�����$�����!��������������#�����������������'(�������#�$$�����"�����)��8���%���#���!�



����������	
��
�� ������������������
���������������� �!��"��������#$����"%�������&'�������
 !��������%��%�%�"!�������"%������%(����)*���&'���!����!�������������%�!�%+!�����������������������""�,���������!������)$����%�%��!�-%���!�����������%���������������������!���
-�%��"���������(�� ��-������"��%�����������"%�"!���%��"�,��������)./01234250367/062589:������!��%;��%��
*)<)��"')=)>�����"���(�
*)<)>,��%"��%��)
*)<)��"=)?)>������������%�
*)<)>%�,���%(��%��
=)?)>����!����
*)<)>"����!���%��
')=)>-�%�%�(@��%(%���"������������%��
*)<)>-�%�%�(@��,%�-��"�"%�%�(
*)<)>,%�!��%;��%��
')=)>�!���,%�%��
*)<)>���A����"�%�%�����%��
*)<)>�!�"%�(��+!%�%�%��
*)<)B���!�������,����"��"�(���"������! �%���",���%����������!���%��)C/5D65E9$������������� ����!������" ����&����%��=�������:�!��%�!�"��(����FG?��HI#%(%����-%��������!��%��"�%,������!������!�������%�,��%���J)K58060/0625LMNOP6OQR2L3DS0L0OTO509U������%�� ��)K5V23TOD4258O50S0L0OTO509U������%�� ��)WL0L.PL6ML76M60XS0L0OTO509U���-"���-���������"�������;�"%���%���!"�)#�������%�(%��������%�� ������%����%���)425Y6Z082VK50O3O809$���!�����"�����������[%����%�������)NOVO3O5ZO8) < ���%�
*)>=���\�]%�
B)>'�%����
$)>̂�������
B)_,��,%�-��#%(%���$-%����B!������!�&�����%���'��%����F���!��%��#�%,�G�����)�̀�abc�bdcecaf����
gh
ij)k:����=��l�) G��
_)$��"%(%����-%���,��!�%��)mbano�pq̀an�rcn���s
g
HjtuHjv)k:����=��lH) G%�(�
*)>�!�������
&)>w%����
&)F)>x%��
y)>*!����
U)>#�,%��
#)#%(%���$-%�z_�%(%����!�!��){qqen�f�an|���}n���s
h
Hi)k:����=��l�) ~�A�
:)>?!���%���
B)>̂ ! %�]%
G)>=�;(!%
y)$�-��"��������%�:�����!��%��#%(%���$-%�z#%����%�������!�!����������){̀ a�pno���a�n����
ggh
jHt�)k:����=��l�) ���� �
*)>�����"��
$)#%(%���$-%���"<���������$�%�(�@:!�����G���"��"����"�����){qqen�rcn����
g�
i��)k:����=��li) ��;"%
U)>$��]������%
~)B)>*�������
~)>����%��
*)=���%;��%����B<��������"%�"!���%���!�����%���������!�%�(%�����%(���#%(%���$-%��)���r��cbo|�����s
��
H�iu�jj)k:����=��lt) �!
�)>y��(
y)>:���(
�)�)U)>�!�
w)>:���(
�)$��#�,����������#%(%���$-%�$�������(�=�,%�-)<�F�����"%�(�������j�j:�%����B!�����%��:��(�����:B:�j�j�
G���(��%
:�%��
iuvU�,�� ���j�j>��)��ju��ji)k:����=��lv) $��
�)>����(
*)>U��
B)y):)�%,��#%����%��#%(%���$-%�*�"��%�(��"<��̂ ��$�������(%��)<��c�cabe��c���c}���pb�a�b�̀�brà�c��>B��"��%�F����z:�� �%"(�
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Appendix 3 

Publication III 

M. Ibrahim, V. Rjabtšikov, A. Rassõlkin, T. Vaimann and A. Kallaste, “Validation of an EV-
Permanent Magnet Synchronous Motor Model Based on Analytical Dynamic Approach,”
2022 International Conference on Electrical Machines (ICEM), Valencia, Spain, 2022,
pp. 2384–2390, doi: 10.1109/ICEM51905.2022.9910755.
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Appendix 4 

Publication IV 

M. Ibrahim, V. Rjabtšikov, S. Jegorov, A. Rassõlkin, T. Vaimann and A. Kallaste,
“Conceptual Modelling of an EV-Permanent Magnet Synchronous Motor Digital Twin,”
2022 IEEE 20th International Power Electronics and Motion Control Conference (PEMC),
Brasov, Romania, 2022, pp. 156–160, doi: 10.1109/PEMC51159.2022.9962943.
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Appendix 5 

Publication V 

Ibrahim, M., Rjabtšikov, V. and Rassõlkin, A. (2025), Digital shadow of an electric vehicle-
permanent magnet synchronous motor drive for real-time performance monitoring. Dig 
Twins and App e12024. https://doi.org/10.1049/dgt2.12024. 

https://doi.org/10.1049/dgt2.12024
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Appendix 6 

Publication VI 

M. Ibrahim, H. A. Raja, A. Rassõlkin, T. Vaimann and A. Kallaste, “An EV-Traction Inverter
Data-Driven Modelling for Digital Twin Development,” 2023 23rd International Scientific
Conference on Electric Power Engineering (EPE), Brno, Czech Republic, 2023, pp. 1–5,
doi: 10.1109/EPE58302.2023.10149230.
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QRSTUVWXYZ�[W\Y]̂YZ�R̂Y�[W_WSYZ�SÙ�ab[[W]]�c]WdYV̂WSe�Uf�aY\T]U[Ugeh�iUj][UbZYZ�U]�kbV\T�lmnopoq�bS�lòlr̀ll�cas�fVU_�tuuu�vw[UVYh��xŶSVW\SWU]̂�bww[eh�
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Appendix 7 

Publication VII 

M. Ibrahim, A. Rassõlkin and V. Rjabtšikov, “Reverse Engineering-Based Modeling of an
EV Motor Drive for Digital Twin Development,” 2024 IEEE International Conference on
Electrical Systems for Aircraft, Railway, Ship Propulsion and Road Vehicles &
International Transportation Electrification Conference (ESARS-ITEC), Naples, Italy, 2024, 
pp. 1–5, doi: 10.1109/ESARS-ITEC60450.2024.10819839.
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	The rapid advancement in electric vehicle (EV) technology has been a defining feature of the automotive industry in recent years. This shift towards electrification is driven by the pressing need to reduce greenhouse gas emissions, decrease dependency on fossil fuels, and mitigate the impact of climate change. EVs provide various advantages, including lower operating costs, reduced maintenance needs, and improved energy efficiency. As a result, they are becoming an increasingly viable and attractive option for consumers and businesses worldwide. EVs, encompassing fully electric (battery) and hybrid vehicles, have continued to experience significant growth. According to an EV volumes survey, by 2024, the global market will see a substantial increase, with EV sales reaching new highs compared to previous years. Global volumes grew 35% year-on-year in 2024 to reach 14.2 million units, equating to a market share of 16.7%, up from 13.6% in 2023. Looking ahead, EV Volumes expects 16.6 million EV sales in 2025, equating to a 19.2% light-vehicle market share. According to the latest projections by Information Handling Services (IHS) Markit, EVs are expected to capture 45% of the new car global market by 2040 and nearly 80% by 2050 [1]. Figure 1 illustrates a growth comparison between battery electric vehicles (BEVs), plug-in hybrid electric vehicles (HEVs), fuel cell vehicles (FCVs), and traditional internal combustion engine (ICE) vehicles as inspired from [2].
	/
	Figure 1. Growth comparison of the global battery electric vehicle (BEV), internal combustion engine (ICE) vehicles, and fuel cell vehicle (FCV) markets. 
	This growth in the EV industry is driven by significant technological advancements, reduced manufacturing costs, and supportive international policies, as is the case with the EU vision. The EU directive to cease the sale of new internal combustion engine (ICE) vehicles by 2035 emphasizes the EU’s dedication to environmental sustainability and encourages innovation in the automotive sector. This legislation has driven manufacturers to focus on EV technology, resulting in rapid advancements in charging infrastructure, battery technology, and vehicle efficiency. Besides promoting EV development, the ban supports consumer adoption of electric mobility, leading to a market shift towards cleaner transportation options. Additionally, the emergence of autonomous vehicles highlights the integration of advanced technologies in transportation. EVs incorporate automation and electrification, utilizing sensors, cameras, and sophisticated algorithms to navigate complex traffic scenarios autonomously [3]. 
	The role of simulation is essential to this progress, which has revolutionized how EV systems are designed, tested, and optimized. Initially, simulations in the EV sector were grounded in basic mathematical models and analytical methods, constrained by the limited computational power available. These early simulations provided a foundation for understanding fundamental aspects of EV performance and battery management but were often limited in scope and accuracy. Over time, more sophisticated computational techniques and high-performance computing (HPC) integration have transformed simulation capabilities, allowing for detailed analysis and optimization of complex systems. As the automotive industry advances toward the next generation of vehicles, particularly Software-Defined EVs (SDEVs), the importance of simulations has become even more pronounced. Advanced simulations are crucial for developing and validating the complex software that defines vehicle behavior, enabling seamless integration of features like autonomous driving and intelligent energy management. The progression from early simulation methods to advanced techniques like Hardware-in-the-Loop (HiL) simulation has been instrumental in bridging the gap between virtual models and physical systems, enabling real-time testing and validation [4]. This historical development of simulation technology has set the stage for the emergence of Digital Twins (DT), which represents the next frontier in engineering and manufacturing innovation, as the following subsections illustrate. 
	The history of simulation dates to World War II when mathematicians Jon Von Neumann and Stanislaw Ulam encountered challenges with neutron behavior. Traditional trial-and-error methods were too expensive, so they proposed the roulette wheel method [5]. This involved using known basic data on event occurrences and merging the probabilities of individual events in a step-by-step analysis to predict the outcome of an entire sequence of events. Their technique successfully solved the neutron problem and quickly gained popularity, finding applications in industrial contexts. In [6] Shannon described simulation as “the process of designing the operation of a system.” Using computers in simulation involves representing the dynamic responses of a system by modeling another system after it. A simulation uses a mathematical model of a real system in the form of a computer program. This model comprises equations that replicate the functional relationships within the physical system. When the program runs, the resulting mathematical dynamics form an analog of the real system’s behavior, with the results presented as data. For example, an electric machine can be modeled mathematically with variables such as current, voltage, and magnetic flux, and additional equations can adjust for changes in variables like winding material to define heat dissipation losses. Simulations can also be computer graphics images representing dynamic processes in animated sequences. However, this technology has some drawbacks, such as programming errors, the time required to interpret results, no data exchange between the real and simulation models, and potentially unrealistic or unreliable human reactions to the model [7].
	As computing power increased through the 1980s and 1990s, so did the complexity and accuracy of simulations. Figure 2 illustrates the HiL system. The introduction of hardware-in-the-loop (HiL) simulations marked a significant milestone. HiL simulation is a technique where physical signals from a controller are connected to a test system that simulates real-world conditions, effectively deceiving the controller into operating as if it were in the actual product. This allows for iterative testing and design as though the physical system is being used, enabling the execution of thousands of potential scenarios without the costs and time associated with physical tests [8]. 
	/
	Figure 2. Hardware-in-Loop (HiL) system.
	HiL simulation is particularly valuable for testing control algorithms without needing a physical system, especially when testing on a real system is expensive or dangerous [9]. HiL simulation is extensively used in the automotive, aerospace, defense, and industrial automation sectors to test embedded designs. It is also gaining traction in medical devices, communications, semiconductors, and other industries. The effectiveness of HiL relies heavily on the quality of the simulation software, which must be paired with hardware that accommodates system specifications such as connector types and I/O capabilities and allows for fault insertion and real-world scenario testing [10] An EV motor control unit (MCU) is a straightforward example of a HiL system. The MCU converts sensor data into actions, like adjusting the inverter frequency when the accelerator is pressed. In the HiL test, the physical motor is replaced with a simulation that uses hardware and software to interact with real I/O as if the motor were present. This allows rapid software updates, broad scenario testing, and comprehensive coverage without risking the physical system. Despite the slightly higher cost of real-time simulators, the main challenges of HiL systems are the complexity of development and verification. 
	DT has emerged to overcome the complexities and limitations of HiL systems and meet the growing demands for higher performance and operational self-awareness, DT has emerged. The concept of DT has been present since the early 2000s. Michael Grieves first introduced a DT model in 2002. In 2012, NASA released a seminal paper defining DTs as integrated, Multiphysics, multiscale, and probabilistic systems simulations. These simulations use the best physical models, sensors, and historical data to replicate the lifecycle of their physical counterparts [11]. Chen and Huang [12] described DTs as computerized models that mirror the functional features of physical systems. Zheng et al. [13] defined DTs as virtual information sets representing physical assets. Mandi [14] describes DTs as virtual instances of physical systems that are continually updated with performance, maintenance, and health status data throughout the physical system’s lifecycle. DTs, or computational mega models, are digital representations of physical objects, processes, or services. These can range from small items like jet engines to large structures such as buildings or entire cities. Beyond physical assets, DT technology can replicate processes to collect data and predict performance [15]. The following Figure 3 proposes a timeline of simulation technology evolution. 
	/
	Figure 3. Timeline of simulation technology evolution.
	A DT is essentially an asset of computer programs that uses real-world data to create simulations predicting the performance of products or processes. These programs can enhance their outputs by incorporating the Internet of Things (IoT), Artificial Intelligence (AI), and software analytics. With advances in machine learning and the availability of Big Data, DTs have become fundamental in modern engineering, driving innovation and improving performance.
	At first glance, DT and HiL simulations appear similar as both involve real-time simulations. However, the key distinction lies in their approach. HiL involves building a software model of the core system that interfaces with and controls real hardware components (such as circuits and mechanical parts) to evaluate the controller’s performance. In contrast, DT involves creating an entirely software-based model of the entire system, which interacts with the controller’s inputs and outputs to assess how well the controller performs its intended functions. The comparison of DT and HiL is summarized in Table 1 [9].
	Table 1. Comparison between Hardware-in-Loop (HiL) and Digital Twin (DT).
	Although simulations and DTs utilize digital models to replicate a system’s processes, a DT offers a considerably richer virtual environment for analysis. The primary difference between a DT and a conventional simulation is largely a matter of scale. While a simulation typically focuses on a single process, a DT can run multiple simulations to study various processes simultaneously. Moreover, simulations usually do not incorporate real-time data, whereas DTs are designed for continuous two-way information flow. This involves sensors on the physical object providing relevant data to the system processor, and the insights generated by the processor are then shared back with the original object. With access to better and constantly updated data from a wide range of sources, combined with the enhanced computing power of a virtual environment, DTs can analyze more issues from multiple perspectives than standard simulations. This greater analytical capability significantly enhances the potential to improve products and processes. 
	The structure of a DT is multi-layered, beginning with a physical system, which can range from a single component to an entire system or process. This physical layer has sensors and IoT devices that continuously collect data on various parameters and operational performance. The next layer is the communication and data acquisition layer, responsible for the secure and efficient data transmission from the physical entity to the digital realm. This involves protocols and technologies like Message Queuing Telemetry Transport (MQTT), Hypertext Transfer Protocol (HTTP), Controlled Area Network (CAN), and 5G to ensure seamless connectivity and data flow. Once the data reaches the virtual model, the core of the DT, it is processed and stored in a data management system. This system uses advanced analytics, machine learning algorithms, and big data techniques to analyze the incoming data, extract meaningful insights, and predict future behaviors. The virtual model is a high-fidelity replica of the physical entity, accurately simulating its behavior and performance under various conditions. Another crucial component is the integration layer, which connects DT with other enterprise systems such as ERP, PLM, and CRM. This integration enables a holistic view of the operation, facilitating better decision-making and coordination across different departments. The user interface layer allows interaction with the DT through dashboards, 3D visualizations, and augmented reality interfaces. This layer provides an intuitive and user-friendly way to visualize the physical and virtual states, conduct simulations, and derive actionable insights. Finally, the feedback loop ensures that insights and recommendations generated by the DT are relayed back to the physical entity. This loop enables continuous improvement and optimization, allowing for proactive maintenance, improved efficiency, and reduced downtime[16]. Figure 4 provides a detailed illustration of the multilayer DT structure.
	/
	 Figure 4. Multilayer Digital Twin (DT) structure [16]
	As the fourth Industrial Revolution advances, EV manufacturers increasingly incorporate technology to enhance their production processes and make operations more cost-effective. Advanced machine learning tools and optimization algorithms have significantly contributed to the development of EVs. IoT and DT technologies provide the essential framework for mapping physical assets to digital models. Given that EVs generate substantial sensory data, DT technology surpasses other methods like HiL simulations. The potential and motivations to use DT technology in EVs are immense. DTs can significantly improve several areas, including enhanced design and testing processes, optimized energy consumption, and extended lifetime. DTs can help manufacturers identify potential issues and refine vehicle designs by simulating various driving conditions and user behaviors before building physical prototypes. This reduces development costs and accelerates the time-to-market for new EV models [17]. Furthermore, DTs enable real-time monitoring and analysis of EV performance, allowing for immediate adjustments and improvements. This proactive approach helps minimize downtime and enhance overall vehicle reliability. Integrating EV battery management systems, electric powertrains, and advanced software controls requires high-fidelity simulations to ensure accuracy and reliability. However, this integration also demands substantial computational power, particularly when adopting DTs, necessitating high computational speeds for real-time data processing applications. This can be challenging, as high-fidelity simulation models are often slower and require significant computational resources. 
	This is the main issue with DT implementation in EV technology: balancing the need for detailed, accurate simulations with the requirement for real-time performance and processing capabilities. Achieving this balance is crucial for leveraging DT’s full potential in enhancing EV design, development, and maintenance.
	 Introducing DT technology to older generations of EVs, which were manufactured before the advent of SDEVs and modern DT systems. This can improve operational efficiency, anticipate maintenance needs, and extend the useful life of these older EVs, thus contributing to their sustainability and reliability in current applications.
	 Define and establish a comprehensive modelling framework for developing DT of a preexisting repurposed EV propulsion drive system, serving as a detailed guide for researchers and developers to replicate the system performance mitigating its complexities accurately.
	 Incorporate robust model identification techniques to handle partially unknown physical model parameters, ensuring precise representation of each component and enhancing overall model reliability.
	 Leverage model-based (physics-based) approaches for components with well-defined parameters to replicate them in the digital world.
	 Apply data-driven modeling techniques to components where physics-based models face limitations due to complexities or unknowns, enhancing overall model accuracy.
	 Implement reduced-order modeling techniques (Hybrid Modeling) to improve computational speed without significantly sacrificing accuracy, making the models suitable for real-time applications, particularly for the powertrain.
	 Conduct comprehensive validation against experimental and real-world data, demonstrating the models’ ability to predict system behavior under various operating conditions with a high level of accuracy.
	 Deploy the developed DT models in real-world or simulated environments to evaluate their performance, integration, and benefits in actual operation, ensuring the framework’s effectiveness and versatility across various applications.
	The scope of this thesis encompasses developing and implementing the DT modelling framework for a preexisting electric powertrain repurposed for a new EV application. 
	The scope of this thesis centers on developing a comprehensive DT modelling framework of the EV propulsion system, with a specific focus on the electric motor, inverter, and control systems. The modeling process begins with gathering and collecting all necessary data of the physical system to build accurate models of these core components. Different modeling techniques and platforms are explored to create precise virtual representations that capture the dynamics and behavior of the physical system. 
	 Data Availability and Parameter Uncertainty related issues. Some propulsion system components suffer from parameter uncertainty due to insufficient or imprecise data. This lack of precise information necessitates using advanced modeling techniques, which require considerable time and effort to develop and validate.
	 System Complexity of the studied EV propulsion system, which is composed of various components, each requiring distinct modeling approaches. Integrating these diverse models into a unified environment demands seamless interaction between different platforms, a technically challenging process that adds complexity to the project.
	 Combining different models and platforms into a comprehensive DT model requires significant computational resources, especially for real-time simulations. The heavy computational burden can hinder DT’s ability to perform real-time tasks such as predictive maintenance or system optimization, limiting its practical effectiveness.
	 Accurately incorporating environmental factors – which can significantly impact the propulsion system’s performance – into the DT framework is complex. Modeling these factors adds substantial computational and technical challenges, increasing the overall burden on system design and resources. However, environmental factors modeling is not part of the scope of this thesis.
	 Achieving interoperability challenges between the DT and existing systems and technologies is a critical hurdle. Many of these systems operate on different standards and protocols. Ensuring seamless integration across diverse platforms is especially challenging in multi-component systems like EV propulsion systems.
	 Adapting DT technology to preexisting EV powertrains produced before the era of connected vehicles, addressing the challenges posed by limited interconnectivity and the absence of modern DT frameworks. 
	 Systematic methodology development to handle and mitigate the impact of uncertainties and partially unknown parameters inherent in physical systems, ensuring accurate representation and reliable predictions.
	 Providing a guidance framework for researchers to identify and implement the most appropriate modeling techniques based on the availability and nature of physical system data, serving as a valuable resource for DT modelling procedures. 
	 Proposing a flexible validation approach that integrates experimental data with correlated real-world measurements, ensuring robust model assessment even without specific sensors. 
	 Creating a DT framework that integrates physics-based (model-based) and data-driven approaches, forming hybrid models for EV propulsion systems. This framework addresses the individual limitations of each approach when applied in isolation, offering a balanced and effective modeling solution.
	 Demonstrating the deployment of the hybrid DT model on a real-time target machine, rigorously testing its performance under realistic operating conditions. This highlights the model’s capability for real-time applications, including condition monitoring, predictive maintenance, and operational optimization.
	 Adaption of DT technology in repurposed second-life propulsion systems can improve operational efficiency, anticipate maintenance needs, and extend useful life, which contributes to sustainability and waste reduction.
	 Enhancement of System Performance: By operating in real-time, the DT models enable continuous monitoring and optimization of the propulsion system. This improves performance metrics such as efficiency, responsiveness, and reliability.
	 Scalable DT modelling framework that is adaptable and suitable across different systems, showcasing their versatility and potential for wide-ranging EV propulsion systems.
	The thesis is organized into six chapters as follows:
	 Chapter 1: Introduction
	This chapter introduces the thesis topic, outlines the research problem, and identifies the main research objectives addressed by the thesis.
	 Chapter 2: Literature Review
	This chapter provides an overview of recent works on the topic, critically analyzing existing studies and identifying areas for further research. 
	 Chapter 3: Physical System Overview
	This chapter details the specific system under study and its core components. It provides a comprehensive description of the system architecture and its operational principles.
	 Chapter 4: Motor Digital Twin Modelling Framework
	This chapter outlines the development procedures for the motor's DT model using a model-based design approach. It covers the modeling techniques, tools, and methodologies employed to represent the motor’s behavior and performance accurately.
	 Chapter 5: Powertrain Digital Twin Modeling Framework
	This chapter presents the final hybrid model, which integrates both the motor model-based model and the drive system data-driven model. It discusses the challenges and solutions associated with combining these components into a cohesive DT, ensuring accurate interaction and data exchange.
	 Chapter 6: Conclusions and Future Work
	The final chapter summarizes the research findings, discusses the implications of the study, and outlines potential areas for future research. 
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	2.5   Current Challenges and Research Gap

	Historically, the development of automotive and aerospace systems relied on empirical engineering methods. However, the rising demands for higher performance, operational “self-awareness,” and independence from external support have necessitated the adoption of innovative engineering procedures[18]. The advent of DT has introduced novel testing and development environments to meet these new demands.
	A DT for EV is a virtual model that accurately replicates the physical attributes, systems, and real-time operational data. This digital counterpart integrates information from sensors, onboard diagnostics, and external data sources to mirror the vehicle’s performance and condition [19]. By simulating and analyzing this data, manufacturers, operators, and service providers can monitor the EV’s status, predict maintenance needs, optimize performance, and enhance decision-making throughout the vehicle’s lifecycle. Despite the numerous advantages that DT technology brings to the EV industry; it is still in the early stages of mastering this application [20]. 
	From a manufacturer’s perspective, several challenges slow DT adoption. First, implementing DTs demands high upfront investments in technology, software, and skilled personnel [21]. Second, accurately modeling complex EV systems and ensuring smooth integration between physical and digital components requires advanced expertise and resources [22]. Third, concerns over data security and intellectual property protection make manufacturers cautious, as extensive data exchanges risk exposing sensitive information to cyber threats [23]. Finally, the absence of standardized protocols and industry-wide frameworks adds uncertainty, deterring commitment to technologies that may quickly evolve or become obsolete. Collectively, these factors lead to a gradual embrace of DT technology in EV manufacturing [24].
	The challenge of modeling intricate EV systems arises from the complex interplay of electrical, mechanical, and software components. This complexity, along with the lack of standardized frameworks, has resulted in fragmented approaches and inconsistent outcomes in DT development, limiting scalability, interoperability, and adoption. This chapter overviews DT modeling frameworks, methodologies, tools, and applications –with a focus on techniques, software platforms, and DTs designed for EV propulsion drive systems – to provide a solid foundation for advancing DT technology in the field. 
	The core of DT technology lies in its ability to create detailed, dynamic models that mirror real-world objects or processes, providing unparalleled insights and control over complex systems [25]. Modeling serves as the fundamental or initial step in developing a DT, as it establishes a comprehensive digital representation of the physical system. This model forms the foundation upon which all subsequent analyses, simulations, and optimizations are built, ensuring that the DT can accurately reflect and respond to the behaviors and conditions of its real-world counterpart. According to DT modeling techniques, they can be divided into three primary categories, as detailed in the following subsections.
	The model-based simulation (MBS) approach is a structured methodology used for establishing requirements, designing, analyzing, and validating complex systems. Central to MBS is the use of models in system design. Physical systems, whether found in nature, test environments, or applications, consist of interconnected components that perform tasks or various functions. Using MBS to simulate a physical system involves analyzing the system’s mechanisms through fundamental physical laws and engineering principles. The effectiveness of MBS is rooted in a profound understanding of the system or process and can benefit from established scientific relationships. Model-based DT extends MBS by incorporating enhanced sensory data and AI tools [26]. 
	Based on literature, various examples of model-based DTs and the platforms employed for their development across different applications. For instance, Madni et al. [27] implemented DT technology in a vehicle model-based system using the planar mechanics open-source library. Bachelor et al. [28] conducted a case study on a model-based DT for an ice protection system in a regional aircraft using the Dassault Systems Dymola platform. Magnanini and Tullio [29] proposed an analytical model-based DT for evaluating the performance of a railway axle manufacturing system based on Markovian System representation. Zheng and Sivabalan [30] developed a DT for a cyber-physical system (CPS) of a 3D printer using a Windows Presentation Foundation (WPF) Application and .Net framework 4.5 in Visual Studio, based on a tri-model approach for product-level development. Ward et al. created a model-based DT system for large-scale CNC machine tools using the MATLAB/Simulink platform. Yang et al. [31]developed a model-based DT for an aero-engine disk to detect unbalanced and crack failure online, utilizing the ANSYS simulation platform. Woitsch et al. [32] proposed a meta-model for a model-based DT environment to bridge the gap between manufacturing and product usage, using the ADOxx meta-modeling platform.
	These examples show that creating a model-based DT of a system is closely linked to physical systems that can be modeled and generally relies on conventional modeling and simulation platforms alongside AI techniques and IoT tools. Although model-based DTs are widely used across various applications, they face certain limitations, especially with highly complex systems. The primary disadvantage of model-based DTs is their inability to manage infinite complexity, often requiring simplification. 
	Implementing DTs allows operators to monitor production, test deviations in a virtual environment, and enhance the security of process industries. As process data significantly increases, traditional model-based methods are insufficient for describing the state space of complex systems. Thus, data-driven modeling technology has emerged as a viable solution for modeling DTs. Data-driven modeling involves analyzing system data to identify connections between variables (input, internal, and output) without explicit knowledge of the system’s physical behavior. Compared to traditional empirical models, these methods represent a significant advancement across numerous applications [33]. Data-driven modeling relies on substantial and sufficient data to describe the underlying system, enabling tasks such as classification, pattern recognition, associative analysis, and predictive analytics.
	Studies indicate that data-driven DTs are widely applied in many areas, especially in complex systems. Wang et al. [34] developed a data-driven DT framework for a three-domain mobility system involving humans, vehicles, and traffic using the Amazon Web Services (AWS) platform. Gao et al. [35] employed the MATLAB/Simulink platform to construct an anomaly detection framework for monitoring abnormal behaviors in a data-driven DT-based cyber-physical system. Coraddu et al. [36]created a data-driven DT for ships to estimate speed loss and marine fouling using numerous onboard sensors and the IBM Engineering Lifecycle Management (IBM-ELM) platform. Mykoniatis and Harris [37] developed a data-driven DT for an automated mechatronic modular production system, focusing on condition monitoring, design decisions, testing, and validating physical system behavior, using the AnyLogic Simulation platform. Blume et al. [38] designed a data-driven DT for cooling towers to improve system understanding and performance prediction, employing tools like KNIME and Microsoft Excel. Kim et al. [39] developed a data-driven DT for on-load tap changers (OLTC) to monitor health and detect faults using a numerical algorithm for subspace state-space system identification (N4SID). Major et al. created a Java-based data-driven 3D graphical DT platform for smart city applications, backed by a real case study in Norway.
	2.2.3 Hybrid Driven Digital Twins 
	Hybrid DT models integrate the strengths of both model-based and data-driven approaches to address their limitations. By combining physical models with data-driven techniques, hybrid modeling produces a more robust and comprehensive DT [40]. This approach is particularly advantageous for complex systems where purely model-based or data-driven methods are inadequate. Hybrid models utilize detailed physical insights from model-based methods and the pattern recognition capabilities of data-driven techniques, resulting in a more accurate and adaptable simulation. A significant advantage of hybrid DT models is their ability to leverage the detailed physical insights from model-based methods while incorporating the pattern recognition capabilities of data-driven techniques [41]. 
	This combination allows for a more accurate and adaptable simulation of complex systems. For instance, in the context of naval shipboard power and energy systems, hybrid modeling techniques combine analytical and data-driven approaches to offer the benefits of both types of models [42]. The integration of reduced-order models with Bayesian state estimation has been demonstrated to enable the creation of data-driven physics-based DTs, which can rapidly adapt and quantify uncertainties for large complex systems such as unmanned aerial vehicles [43]. This approach ensures that the DT can accurately reflect the physical system's state and predict its future behavior under various conditions. The dynamic runtime integration of new models in DTs allows for the replacement of individual models without disrupting the operation of cyber-physical systems, enabling seamless updates to the overall model structure [44].
	DT technology necessitates advanced platforms capable of generating digital simulations of physical entities. This software monitors asset performance and runs simulations to predict potential outcomes or maintenance needs. Various software platforms support DT creation, as summarized in the review [paper II].
	 AWS IoT. Amazon’s platform which is primarily used for remote monitoring, facilitating data exchange between a remote emulation or simulation and the physical twin. AWS combines AI and IoT to make devices more intelligent, allowing models created in the cloud to be deployed to devices where they run twice as fast compared to other offerings.
	 Siemens Sim Center. Siemens offers a suite of tools under the Sim center portfolio, including 3D CAE, system simulation, and test solutions. It is designed to handle complex engineering challenges and is widely used in the automotive industry for building DT of EV systems.
	 Ansys Twin Builder. This platform allows engineers to create simulation-based DTs – digital representations of assets with real-world sensor inputs. It is primarily used in industrial applications for design, testing, predictive maintenance, and optimization. Ansys Twin Builder features various sub-platforms tailored for EV applications.
	 PTC ThingWorx. This industrial innovation platform offers powerful tools for building DTs, including connectivity, analytics, and user interface creation. It is used extensively in the manufacturing and automotive sectors.
	   Dassault Systèmes CATIA. CATIA offers a comprehensive engineering solution that supports the creation of DTs. It is used to model and simulate the behavior of complex systems, including those in the automotive industry.
	   Matlab/Simulink. Simulink, an add-on product to MATLAB, provides a graphical environment for simulation and Model-Based Design of multidomain dynamic and embedded systems. It is widely used in the automotive industry to develop DTs of EV systems, allowing engineers to model, simulate, and analyze the performance of EV components.
	   Altair HyperWorks. This simulation-driven design platform offers a suite of tools for finite element analysis (FEA), computational fluid dynamics (CFD), and multi-body dynamics. It is used to create DTs to optimize the performance and reliability of EV systems.
	   Bentley Systems iTwin. This platform provides infrastructure DTs that integrate engineering, reality, and IoT data. It is used to improve the performance and resilience of various systems, including transportation and EV infrastructure.
	   Hexagon’s HxGN. Hexagon offers solutions for creating DTs that support various industries, including automotive. Their software helps optimize EV systems’ design, operation, and maintenance.
	   NVIDIA Omniverse. It is a cloud-native platform designed for real-time, AI-powered simulation and collaboration, particularly in the development of DT. It integrates with industry-standard tools and supports physics-based rendering, making it a robust solution for high-fidelity DT modeling. The platform is widely adopted in automotive applications, facilitating seamless data fusion from multiple sources, enabling interactive scenario testing, and providing realistic 3D visualization of the vehicle systems.
	While various platforms offer distinct capabilities for developing DTs, MATLAB/Simulink stand out as the most versatile and suitable options for research and broader applications. Their flexibility and comprehensive toolsets enable modeling and simulation across a wide range of industries. In aerospace, for instance, it is used to model and simulate aircraft dynamics and control systems. In industrial automation, these tools optimize manufacturing processes and equipment maintenance. For energy systems, it is instrumental in modeling power grids and renewable energy sources. In the biomedical field, researchers simulate physiological responses for medical devices, enhancing patient outcomes. In addition to that it has high flexibility in supporting diverse modeling approaches – whether model-based, data-driven, or hybrid – ensures accurate replication of complex systems. One of MATLAB/Simulink’s key advantages is its real-time simulation capability, a critical feature for DTs to mirror and interact with physical systems in real-time, making it superior to conventional simulation platforms. This real-time performance enables effective propulsion system monitoring, control, and optimization. 
	Furthermore, MATLAB/Simulink’s open architecture and general-purpose design make it applicable to a wide range of fields, offering more versatility than other platforms that are often tailored for specific applications and operate as closed systems limited to their manufacturers. It also supports extensive communication with other platforms and offers comprehensive data exchange protocols, enhancing interoperability. With its strong scientific support, extensive libraries, powerful AI tools, and widespread availability, MATLAB/Simulink represents a superior choice for developing adaptable, high-performance DTs.
	The propulsion drive system is the fundamental component of the EV, requiring efficiency, reliability, and cost-effectiveness to ensure optimal performance. As depicted in Figure 5, the system comprises two fundamental subsystems: the electrical and the mechanical. These components work together seamlessly to convert electrical energy into mechanical motion, showcasing the efficiency and sophistication of modern EV propulsion. The electrical subsystem includes key components responsible for managing and manipulating electrical energy. At its core is the electric motor, which transforms electrical energy from the vehicle’s Energy storage system (ESS) into rotational mechanical energy. Advanced power electronics, such as inverters and controllers, regulate the flow of electricity to the motor, optimizing performance, efficiency, and responsiveness [45]. The mechanical subsystem transfers the mechanical energy produced by the electric motor to the wheels, comprising the differential unit, which divides power between the wheels, and the gearbox system, which adjusts the motor’s output to changing driving conditions. These mechanical elements ensure effective torque delivery, providing a dynamic and controlled driving experience. Figure 6 illustrates the EV propulsion system. 
	/
	Figure 5. EV propulsion drive system. 
	DTs for EV drive systems are commonly employed for health monitoring, diagnostics, prognostics, optimization, scenario analysis, and lifetime prediction. They can be developed at various levels, including the system, subsystem, individual components, and other assets.
	Many researchers consider the battery an integral component of the EV drive system, including its associated management system. The maximum driving distance of an EV is primarily determined by the battery capacity – the greater the capacity, the longer the driving range. In 2019, Lithium-ion batteries (LIBs), including variants such as Lithium Nickel Manganese Cobalt (NMC) oxide and Lithium Nickel Cobalt Aluminium (NCA) oxide, dominated the EV battery market with nearly 96% market share. The performance of the EV battery directly influences the design and operation of the traction inverter, which is critical for managing the flow of electrical energy to the motor [46].
	Advanced battery technologies are continually being developed to improve capacity, efficiency, and safety. Effective thermal management systems are crucial to prevent overheating and ensure optimal performance. These systems help maintain the battery within an ideal temperature range, enhancing its longevity and reliability. 
	According to the review [Paper I], DT can significantly enhance battery technology in several key areas. They allow for precise simulation of battery performance, improving design and thermal management. Real-time battery health monitoring enables predictive maintenance, extending battery lifespan and reliability. Integration with advanced battery management systems optimizes energy efficiency and safety [47]. Additionally, DTs accelerate innovation by allowing virtual testing of new materials and configurations, reducing development time and costs. 
	The electric motor is a critical component of an EV, responsible for converting electrical energy into mechanical energy and vice versa during regenerative braking operation. Each EV motor is tailored to meet specific vehicle requirements, characterized by the ability to maintain consistent power across various speeds, generate high torque at low speeds for hill climbing, exhibit high torque and power density, have a compact design, and, most importantly, deliver high operational efficiency [48]. Designing and manufacturing EV motors involves numerous challenges due to different environmental conditions, such as extreme ambient temperatures (-30 to 60 °C), shocks, and strict constraints on size, weight, safety, and reliability[49]. Currently, several types of electric motors are used in EV applications, including Permanent Magnet Synchronous Motors (PMSM), Brushless Direct Current Motors (BLDC), Induction Motors (IM), Switched Reluctance Motors (SRM), Hybrid Excitation Synchronous Motor (HESM), and Permanent Magnet Assisted Synchronous Reluctance Motor (PMSynRM) among others. Each motor type offers unique characteristics and advantages, catering to the diverse needs of different EV applications [50]. 
	DT technology can significantly enhance the development and application of EV motors. By creating a virtual replica of the motor, DTs can simulate performance under various conditions, helping to optimize design and control strategies. This technology enables real-time monitoring and predictive maintenance, reducing the risk of unexpected failures and extending the motor’s lifespan [51]. Additionally, DTs can improve efficiency by dynamically adjusting operational parameters based on real-time data, ensuring optimal performance [52]. Many research studies have adopted DT for electric motors. Rjabtšikov et al. [53] proposed a DT model for fault detection in an AC 3-phase induction motor (IM). They implemented inter-turn short circuit fault detection within the motor’s DT. The emulator was built using historical data and a mathematical motor model, and it utilized Unity 3D combined with ROS service for online condition monitoring. In this study, the DT model served as a virtual sensor for the physical motor model. Toso et al. [54] applied a DT to optimize the performance of an EV motor, specifically focusing on estimating driving torque and cooling control. They first conducted thermal and electromagnetic finite element analysis (FEA) of an EV induction motor to gather necessary data for optimization. The DT model of the motor was constructed using a micro lab box as a system-level DT. Katukula et al. [55] developed a DT system to monitor and analyze the conditions of an IM. This DT system measured the motor’s current using sensors, with the collected data fed into a simulation finite element model (FEM). This approach provided a better understanding of the motor’s thermomagnetic behavior and allowed for predicting potential faults. Rassõlkin et al. [56] outlined a methodology for collecting data from an AC motor drive system based on an empirical performance model. This data was used to develop a DT model. Unity 3D was used as the host environment to simulate and visualize the motor’s DT model, which estimated the drive system’s performance. Brandtstaedter et al. [57] presented a DT model for fault detection in an electric drivetrain’s 50 MW permanent magnet synchronous motor (PMSM). They numerically simulated the motor and developed a framework for fault identification. Their model tested and verified unbalance detection and temperature prediction in the rotor system. Jitong et al. [58] developed a DT model of a 3-phase IM to facilitate the motor design and monitor the motor’s regular operation, aiming to cover its entire lifecycle and reduce maintenance time. A 3D simulation model of the physical motor was built using 3ds Max, with the DT constructed based on the simulation model using Unity 3D software. Data acquisition between the real and digital models was managed using an SQL server. Venkatesan et al. [59] introduced a DT system of an EV-PMSM drive system for health monitoring and prognosis. They monitored outputs such as casing temperature, winding temperature, time to refill bearing lubricant, and percentage deterioration of magnetic flux to calculate the remaining useful life (RUL) of the permanent magnet (PM). Two approaches were presented for motor health monitoring: one for in-house monitoring and the other for remote monitoring. The DT model was built using MATLAB/Simulink, incorporating Artificial Neural Networks (ANN) and fuzzy logic to map system inputs.
	The intricate interaction between inverter technology and control strategies is at the core of electric propulsion systems. The inverter, essential in EVs and HEVs, converts DC power from the battery into AC for motor operation and reverses the process during regenerative braking. Its effectiveness depends on the seamless integration of hardware and software, with the hardware enabling power conversion and control strategies managing the flow of electrical energy to optimize motor performance. Insulated Gate Bipolar Transistors (IGBTs) have been fundamental in early inverter designs and are valued for their reliability and cost-efficiency in DC/AC conversion. However, their efficiency diminishes in high-power applications due to increased switching losses, limiting their effectiveness at higher power levels despite being suitable for a wide range of automotive uses [50].
	The introduction of Silicon Carbide (SiC) and Gallium Nitride (GaN) semiconductor materials has significantly advanced inverter technology. SiC inverters, known for their high thermal conductivity and electron mobility, offer improved efficiency, particularly in high-temperature conditions. This makes SiC-based inverters ideal for demanding automotive applications, supporting high power ranges with superior efficiency and thermal management. Studies have shown that upgrading from a conventional 400V IGBT inverter setup to an 800V DC bus with SiC devices can reduce an EV’s energy consumption by about 5%, effectively increasing its driving range. GaN-based inverters excel in achieving higher switching frequencies, which helps reduce the size and weight of inverter systems – an important factor in EV design. Although GaN inverters are typically used in lower power ranges, up to tens of kW, their efficiency and compactness make them an attractive option for lightweight or compact EVs [60].
	The advancement of DT technology for EV inverters has had a significant impact. Health monitoring, fault diagnosis, performance optimization, and lifetime estimation of semiconductors are the main prospective functions of DTs for inverters, as the literature highlights. Milton et al. [61] proposed a DT of a power converter running on a field programmable gate array (FPGA) for online diagnostic analysis. Wunderlich and Santi [62] developed a data-driven DT model of a power electronic converter based on a dynamic neural network for condition monitoring. Liu et al. [63] proposed a model-based DT of a power electronic converter for condition monitoring. Wu et al. [64] proposed a DT approach for a single-phase inverter to identify degradation parameters. Shi et al. [65] proposed a DT method for IGBT parameter identification of a three-phase DC/AC inverter based on a particle swarm optimization algorithm for circuit condition monitoring. Liu et al. [66] developed and experimentally validated a DT of an automotive traction drive system, combining a FEM-based PMSM model with a SiC-inverter circuit simulation.
	The transmission system in an EV transfers mechanical power from the motor to the wheels. Although the mechanical power source (the electric motor) and the wheels could theoretically be connected directly, their RPMs do not align well. The gear trains in the transmission system play a crucial role in allowing them to rotate at differentspeeds. The difference in RPMs between the motor and the wheels is managed through gear ratios, which directly impact vehicle performance, including acceleration, top speed, and energy consumption. Higher gear ratios produce greater acceleration but lower top speeds, while optimal gear ratios help improve battery life and driving range [67].
	Initially, research in EVs focused on improving electric drives, storage technologies, and charging infrastructure. However, the role of transmission systems has since been recognized as crucial for enhancing drivetrain efficiency and overall vehicle performance. Unlike conventional ICE vehicles, EVs do not require complex engine setups, clutches, or manual gear shifts. This simplicity and fewer parts lead to increased transmission efficiency in EVs [68].
	Despite the simplicity of the EV transmission system, it can still experience faults that require thorough analysis. Such faults can lead to a series of problems in the entire EV propulsion system. This is where the role of DT technology becomes critical. They provide several key benefits for managing and optimizing EV transmission systems. Firstly, DTs enable continuous monitoring of the transmission system’s performance, allowing for early detection of anomalies and potential faults, which can prevent significant issues through timely maintenance. Secondly, by utilizing historical data and predictive algorithms, DTs can forecast when transmission components are likely to fail, facilitating proactive maintenance and reducing downtime [69]. 
	Based on the review analysis, the main research gap can be identified as the lack of standardized frameworks and methodologies in developing DTs for the automotive industry. This gap presents a significant challenge for creating consistent and scalable DT solutions. Without standardized approaches, there is variability in how DTs are implemented, which hinders the broader adoption and integration of this technology across different automotive applications. Establishing best practices and a unified framework for DT development is essential to ensure consistent performance, interoperability, and reliability. This would streamline the development process and enable seamless communication between digital and physical systems, thereby promoting a more widespread and efficient implementation of DT technology in the automotive industry.
	The second critical issue is real-time data integration and analysis, which remains underutilized despite being a key feature of DTs. The ability to efficiently process large volumes of data, ensure accuracy and consistency, and develop algorithms capable of rapid decision-making and predictive analytics is still a gap that needs to be addressed. Moreover, as DTs become more widespread, the challenge of interoperability and integration with legacy systems arises. Ensuring that DTs can seamlessly interact with existing technologies requires the development of universal standards and protocols for data exchange. 
	The lack of research in this area has made ensuring compatibility across different platforms challenging, making integration a pressing issue. Balancing accuracy and computational time present a third significant challenge in DT modeling. While high-fidelity models provide detailed and precise simulations, they often demand substantial computational resources, resulting in longer processing times. This becomes problematic for real-time or near-real-time applications. Research into advanced modeling techniques – such as reduced-order modeling, surrogate modeling, and machine learning-based approximations – is needed to address this. The mentioned techniques aim to simplify complex models while preserving essential dynamics, reducing computational demands without significantly sacrificing accuracy. Developing and validating these methods is crucial for making DTs both practical and efficient, particularly in time-sensitive automotive applications.
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	The physical system serves as the foundation of any DT system, acting as the real-world counterpart that the DT replicates. It consists of the tangible components, subsystems, or processes that are being modeled. In the context of a DT, the physical system is equipped with sensors and data acquisition technologies to continuously capture real-time data on its performance, condition, and environmental factors. This data forms the basis for the digital model, allowing the DT to accurately simulate the behavior of the physical system under various conditions. 
	The propulsion system under study was taken from ISEAUTO (the first Estonian self-driving vehicle), which was developed based on the Mitsubishi i-MiEV 2010 propulsion system, incorporating Y4F1 PMSM [20]. It was designed as a last-mile vehicle, operating at limited speeds up to 20 km/h, with the transmission system ensuring the motor functions within its most efficient range. The concept of ISEAUTO was to give a second life to a legacy motor drive system in a new EV application, reducing waste and promoting sustainable practices. 
	Converting ISEAUTO’s physical propulsion drive system into a test bench in a laboratory setting is crucial to facilitating testing and development. This conversion allows for controlled experimentation and analysis, enabling the detailed study of system components and their interactions under various conditions. 
	The developed test bench comprises several key components replicating the vehicle’s powertrain in a controlled lab environment. These components include the PMSM motor, inverter/controller, and transmission system, all mounted on the test rig. The setup has loading emulators that simulate real-world driving conditions and advanced sensors and data acquisition systems to monitor and record performance metrics such as speed, current, and voltage. A controlled battery emulator system powers the setup. The testbench is controlled through a PC interface module, including different platforms of the setup components. The following Figure 6 shows the propulsion drive system test bench. 
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	Figure 6. EV propulsion drive system testbench [70].
	CINERGIA B2C+ battery emulator is a highly advanced unit designed to simulate the behavior of batteries, making it an essential tool for testing and developing energy storage applications. It features a regenerative AC/DC converter, allowing efficient energy conversion with minimal losses. It has a wide output range (20–750 VDC), making it adaptable to various battery configurations. The unit’s power and current capabilities are highly flexible, as its outputs can be configured in series or parallel to meet different testing requirements. The system is controlled through a PC interface, with sophisticated software that provides full control over the emulator’s parameters, ensuring precision in replicating battery characteristics. This setup allows for detailed testing and optimization of power systems. Additionally, the device supports communication through multiple industry-standard protocols, including CAN bus, Modbus, and Ethernet Open, enabling seamless integration with other systems and equipment. 
	The motor drive system is an ABB HES880 model, with a 55 kW heavy-duty, water-cooled electric drive. This inverter is controlled via a PC interface and supports data exchange through CAN bus or Ethernet. It operates in both inverter and generating modes, employing a vector control strategy. 
	The electric traction motor used in the ISEAUTO is a 25 kW to 47 kW peak Mitsubishi Y4F1 water-cooled interior PMSM designed for high efficiency and performance in demanding environments such as EVs. The water-cooling system ensures optimal thermal management, allowing the motor to operate consistently under high loads while maintaining stable temperatures, enhancing its durability and efficiency. This motor has an integrated resolver unit mounted on its internal shaft, providing precise speed and position measurement. 
	The F1E1A is a four-gear, double-stage transmission unit designed for efficient power transmission. The first gear consists of a pinion gear mounted on the input shaft, which is directly coupled to the rotor of the vehicle’s traction motor, ensuring seamless power transfer from the motor to the transmission system. The second and third pinion gears are mounted on a shared intermediate shaft, allowing smooth transitions between gears. The fourth gear is directly connected to both the output shaft and the differential unit, facilitating power distribution to the vehicle’s wheels and enabling effective propulsion.
	Two 7.5 kW IMs are installed on either side of the differential unit to simulate the movement of the vehicle’s wheels. These motors are powered by two ABB frequency converters, which precisely control their operation. The frequency converters enable synchronization with the vehicle’s dynamics, allowing the motors to accurately replicate the behavior of the wheels under various driving conditions.
	A data acquisition system (DAS) is an advanced tool for comprehensive electrical and mechanical power analysis, essential for testing and developing different EV systems. The combined DEWESOFT SIRIUS XHS and DEWE-43A data acquisition module used in this study offers a highly versatile and performance-driven solution for capturing key measurement signals, including voltage, current, speed, torque, power, and other critical parameters.
	The system comprises two complementary components: the SIRIUS XHS, which is primarily dedicated to high-speed voltage and current measurements, and the DEWE-43A, which focuses on capturing torque and speed data. The SIRIUS XHS features 8 high-speed analog input channels, supporting sampling rates of up to 15 MS/s per channel, making it ideal for high-resolution, high-frequency electrical data. It accommodates a wide input range of up to ±1000 V, allowing for accurate current and voltage measurements during EV testing. In parallel, the DEWE-43A provides 8 additional analog channels with a sampling rate of 200 kS/s per channel, optimized for mechanical parameter acquisition such as torque and speed, where a ±10 V input range is sufficient for most sensor outputs.
	Both components have 24-bit Sigma-Delta ADC converters, ensuring precision across the measurement spectrum. The system supports galvanic isolation on each input channel to protect against interference and ensure data integrity. Advanced synchronization options, including GPS, IRIG, NTP, and PTP (IEEE 1588), are available for the SIRIUS XHS, while the DEWE-43A offers internal synchronization via USB, ensuring seamless integration between the two modules. Data interfaces, including USB 3.0 and CAN, allow for robust communication across different platforms.
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	This chapter details the DT modelling framework for the EV PMSM utilized in this study, providing a comprehensive overview of the methodologies and findings presented in research papers [IV], [V], and [VI].
	The core issue lies in the motor being part of a pre-existing system with constrained data availability, making accurate modelling a more demanding task requiring deeper investigation and advanced techniques. The modelling process involves a structured approach encompassing several critical steps to ensure the creation of a highly accurate and functional virtual model of the PMSM that is capable of real-time interaction with its physical counterpart. The process begins with system identification, where the key characteristics and dynamic relationships of the PMSM are defined despite the limited known parameters. This is followed by parameter estimation, where unknown variables are determined through experimental testing and system identification methods.
	Once the parameters are established, a suitable modeling technique is selected to balance accuracy with computational efficiency, addressing the complexities associated with modeling and real-time performance. The digital model then undergoes rigorous validation, testing its performance against the real motor under various operational conditions. Once validated, the model is deployed to a DT framework using a real-time target machine, demonstrating its capability to mirror the physical motor in real time and provide valuable insights for continuous condition monitoring.
	Identifying the PMSM model is a critical step in developing an accurate virtual model that reflects its actual behavior. This process involves identifying known parameters declared by the manufacturer as well as estimating unknown parameters. The manufacturer’s known motor parameters are listed in Table 4 [71], [72]. 
	Table 2. Y4f1 PMSM nameplate.
	Unit
	Value
	Description
	Parameter
	-
	4
	Number of pole pairs
	p
	rpm
	3000
	Rated speed
	Nr
	kW
	25
	Rated output power
	Pr
	kW
	47
	Maximum output power
	PMax
	N⸱m
	180
	Maximum torque
	TMax
	The known motor parameters, listed in Table 4, include key ratings that offer a foundational understanding of the PMSM’s performance; however, they are insufficient for developing a high-fidelity digital model. Critical lumped parameters and internal characteristics, which directly govern the motor’s dynamic behavior, such as resistance, inductance, and magnetic flux linkage, remain unclear. These unknown parameters require further investigation and estimation technique.
	The conventional approach for measuring PMSM lumped parameters typically involves open-circuit voltage and short-circuit tests [4]. However, these tests pose significant risks to the motor windings and the traction drive for high-power machines such as EV motors. Various alternative methods have been developed for PMSM parameter estimation to address these challenges. These various methods can be broadly classified into several categories based on their approach and application. Steady-state and dynamic measurement techniques involve analyzing the motor’s behavior under specific operating conditions, such as constant velocity or time characteristics, providing a safer alternative for high-power motors but they may lack precision in capturing complex motor dynamics. Advanced computational methods include techniques like the Extended Kalman Filter (EKF) and optimization algorithms (e.g., Box’s method, simulated annealing particle swarm optimization) that offer high precision and the ability to handle complex, real-time parameter estimation. However, these methods require significant computational resources and expertise in algorithm development.
	The proposed method for estimating PMSM parameters combines system identification theory with an optimization search algorithm achieving a balance between high precision and computational resources. It involves identifying the unknown parameters of the motor’s mathematical model using actual experimental values, such as stator voltages, currents, and rotational speed. The general PMSM mathematical model is employed, combined with an optimization search algorithm to determine the optimal values for the unknown parameters. The algorithm iteratively adjusts these parameters to match the experimental data, ensuring that the model accurately reflects the motor’s real-world behavior.
	PMSM stator resistance is measured through a DC test, in which the motor’s stator windings were energized with a low DC voltage. Since the applied voltage is DC, no back electromotive force (EMF) is generated because the rotor remains stationary. This eliminates the inductive effects and allows the resistance to be calculated purely based on the relationship between the applied DC voltage and the resulting current through the stator windings, according to Ohm’s law. 
	While the stator resistance could be measured directly, determining the inductance and linkage flux requires a more sophisticated approach. The proposed parameter estimation method is based on matching the experimental data from the motor test bench with the generalized d-q mathematical model of PMSM. Consequently, no-load tests were conducted at different operating speeds within the motor’s rated speed range. Each test’s recorded data was systematically archived in MATLAB data files to ensure its seamless integration into the estimation algorithm.
	The estimation algorithm was developed using a MATLAB script that implements the mathematical representation of the PMSM as objective functions. The key unknown parameters in the motor model are the stator d-q inductances and the permanent magnet flux linkage. The goal of the algorithm is to estimate these parameters by fitting the PMSM equations to the experimental data collected. The MATLAB script processes the measured voltage, current, and speed data obtained from the physical motor. The input voltage and stator currents are transformed into the d-q rotating reference frame using park transformation, which aligns with the mathematical model’s framework and facilitates accurate calculations. The rotor speed and position are also incorporated into the algorithm using data from the resolver, ensuring that all relevant dynamic aspects of the motor are considered. To enhance the accuracy of parameter estimation, Ant Lion Optimization (ALO) algorithm was integrated into the MATLAB script. ALO algorithm, developed by Seyedali Mirjalili [73] is a meta-heuristic optimization technique that simulates the hunting mechanism of ant lions in nature. ALO algorithm searches for the optimal values of the unknown motor parameters by minimizing the difference between the calculated d-q currents from the PMSM equations and those measured experimentally. The algorithm begins with initializing a random population of ants, which move around ant lions in the search space. The fitness of each ant’s position is then evaluated relative to the ant lions. Based on these evaluations, each ant’s position is updated using a random walk, guided by a roulette wheel selection, until the best ant lion, referred to as the elite, is identified. The position of the best new ant lion is subsequently evaluated and updated according to their objective values. The algorithm identifies the current best ant lion position if the stopping criterion is met. If not, the process loops back to the fitness evaluation phase, using the best ant lion position obtained so far, and continues until the maximum number of iterations is reached.
	[ F = min𝐿𝑑, 𝐿𝑞, 𝜓𝑝𝑚  k=1N 𝐼𝑑,meas𝑘 − 𝐼𝑑,sim𝑘; 𝐿𝑑, 𝐿𝑞, 𝜓𝑝𝑚 2+𝐼𝑞,meas𝑘−𝐼𝑞,sim𝑘;𝐿𝑑,𝐿𝑞,𝜓𝑝𝑚2 ]
	The optimization was guided by the following objective functions and constraints:
	A. objective function:
	(1)
	wher𝑒 (𝐼𝑑,meas𝑘) and (𝐼𝑞,meas𝑘) represent the measured direct and quadrature axis currents at the (k)- th sampling instance, while (𝐼𝑑,sim𝑘;𝐿𝑑,𝐿𝑞,ψ𝑝𝑚) and (𝐼𝑞,sim𝑘;𝐿𝑑,𝐿𝑞,ψ𝑝𝑚) denote the corresponding emulated currents based on the lumped parameters. 
	𝐼𝑑,meas =𝐼𝑑,𝑠𝑖𝑚 𝐼𝑞,meas= 𝐼𝑞,𝑠𝑖𝑚;
	 The objective is to minimize the sum of squared errors between the measured and simulated currents over N sampling instances.
	𝑉𝑑, meas =𝑉𝑑,𝑠𝑖𝑚 𝑉𝑞,meas= 𝑉𝑞,𝑠𝑖𝑚;
	B. optimization equalities: 
	ω𝑒,𝑚𝑒𝑎𝑠=ω𝑒,𝑠𝑖𝑚
	(2)
	(3)
	(4)
	 0 <𝐿𝑞<0.1
	𝐿𝑑 < 𝐿𝑞 
	C. constraints:
	(5)
	 0 < 𝜓𝑝𝑚 < 1
	𝝍𝒑𝒎 (Wb)
	The ALO algorithm provided slight variations in the parameter values depending on the different test conditions. Table 3 presents the detailed parameter data for each test as determined by the ALO algorithm, along with the average value for each parameter obtained across all tests based on the updated data from paper [III].
	Table 3. Parameter estimation results.
	Lq (mH)
	Ld (mH)
	Speed (rpm)
	Test
	0.09427
	2.58108
	2.01936
	300
	A
	0.09302
	2.54433
	1.99263
	500
	B
	0.08913
	2.47209
	1.83373
	700
	C
	0.08819
	2.32286
	1.78835
	900
	D
	0.08450
	2.25232
	1.77220
	1000
	E
	0.08700
	2.40000
	1.90000
	Average
	The observed fluctuations in the d-q inductance values indicate a decrease in the motor’s inductance as speed increases. This reduction can be attributed to magnetic saturation within the motor’s core, where higher flux densities at elevated speeds cause the core material to reach its saturation point more quickly. Additionally, the frequency-dependent nature of inductance plays a role, as increased operating frequencies at higher speeds exacerbate the skin and proximity effects in the stator windings, further diminishing the inductance. The permanent magnet flux values also exhibit a slight reduction with increasing speed that could be attributed to the effects of the flux weakening control at higher speeds. However, it is important to note that these variations are still within the acceptable level of 5%. The overall motor parameters are illustrated in the following Table 4.
	𝑅𝑠
	𝐿𝑑
	𝐿𝑞
	𝜓𝑝𝑚
	Table 4. PMSM motor parameters. 
	Unit
	Value
	Description
	Parameter
	Ω
	0.010087
	Stator resistance
	mH
	1.90000
	d-axis inductance
	mH
	2.40000
	q-axis inductance
	Wb
	0.08700
	PM linkage flux
	The next step in motor DT development is constructing an accurate and efficient digital model replicating the motor’s behavior under various operating conditions. Given that the motor parameters have been accurately estimated, using a physics-based modeling approach is the most appropriate method. Under the category of model-based modeling, there are several modeling techniques available, each with its strengths and trade-offs. Among the most common methods are Finite Element Analysis (FEA), d-q Equivalent Circuit (d-q EC), and Magnetic Equivalent Circuit (MEC).
	 FEA offers the highest level of accuracy by solving the motor's electromagnetic field equations in great detail. This method is particularly effective for capturing complex phenomena such as magnetic saturation and non-linear material properties. However, FEA is computationally intensive, making it less suitable for real-time applications where quick response times are essential.
	 d-q EC is widely used in EV applications due to its balance between accuracy and computational efficiency. This method simplifies the analysis of the motor’s dynamic behavior by transforming the motor’s three-phase currents and voltages into a two-axis (d-q) reference frame. The d-q model is particularly advantageous for real-time control applications, such as torque and speed regulation, because it can be implemented efficiently on standard computational platforms.
	 MEC provides a middle ground between FEA and d-q EC, offering more detail than the d-q model while being less computationally demanding than FEA. MEC models can capture some of the non-linearities and magnetic interactions within the motor, making them useful for more detailed design analysis without the full computational load of FEA.
	For the PMSM in this study, the d-q EC method was selected as the primary modeling technique. This choice was driven by the need for a model that could be used in real-time applications while maintaining high accuracy for dynamic performance analysis. 
	The dynamic equations in the stator and rotor reference frames must be considered to create a comprehensive and advanced d-q model for the PMSM. This approach encompasses the motor’s electrical and mechanical dynamics [74]. Figure 7 shows the PMSM d-q equivalent circuit.
	/
	Figure 7. PMSM d-q equivalent circuit.
	𝑉𝑎=𝑅𝑠𝑖𝑎+𝑑λ𝑎𝑑𝑡  
	Detailed derivations are provided to achieve high-fidelity modelling, capturing the complexities of transient behavior and the interactions between the motor’s various components.
	𝑉𝑏 = 𝑅𝑠 𝑖𝑏 + dλbdt
	 Stator reference frame equations
	𝑉𝑐 = 𝑅𝑠 𝑖𝑐 + dλcdt
	 (6)
	(7)
	(8)
	λ𝑎=𝐿𝑠𝑖𝑎+𝐿𝑚𝑖𝑚𝑎+𝑖𝑚𝑏+𝑖𝑚𝑐
	where (𝑉𝑎,𝑉𝑏,𝑉𝑐)are the phase voltages,(𝑖𝑎,𝑖𝑏,𝑖𝑐) are the phase currents, and (λ𝑎,λ𝑏,λ𝑐) are the components of flux linkage.
	- The flux linkage components are defined as
	(9)
	λ𝑏=𝐿𝑠𝑖𝑏+𝐿𝑚𝑖𝑚𝑎+𝑖𝑚𝑏+𝑖𝑚𝑐
	λ𝑐=𝐿𝑠𝑖𝑐+𝐿𝑚𝑖𝑚𝑎+𝑖𝑚𝑏+𝑖𝑚𝑐
	(10)
	(11)
	𝑉𝑑=23𝑉𝑎cosθ+𝑉𝑏cosθ−2π3+𝑉𝑐cosθ+2π3,
	where ( 𝐿𝑠 ) is the stator self-inductance, ( 𝐿𝑚 ) is the mutual inductance, and (𝑖𝑚𝑎,𝑖𝑚𝑏,𝑖𝑚𝑐) are the magnetizing currents.
	𝑉𝑞=23−𝑉𝑎sinθ−𝑉𝑏sinθ−2π3−𝑉𝑐sinθ+2π3,
	 Rotor d-q reference frame
	 The transformation from the abc to d-q reference frame is performed using the Park transformation:
	            𝑉0=13𝑉𝑎+𝑉𝑏+𝑉𝑐,
	(12)
	𝑖𝑑=23𝑖𝑎cosθ+𝑖𝑏cosθ−2π3+𝑖𝑐cosθ+2π3,
	(13)
	𝑖𝑞=23−𝑖𝑎sinθ−𝑖𝑏sinθ−2π3−𝑖𝑐sinθ+2π3,
	(14)
	and
	𝑖0=13𝑖𝑎+𝑖𝑏+𝑖𝑐,                       
	(15)
	(16)
	𝑉𝑑=𝑅𝑠𝑖𝑑+𝑑λ𝑑𝑑𝑡−ω𝑒λ𝑞
	(17)
	 Dynamic equations in d-q frame
	𝑉𝑞=𝑅𝑠𝑖𝑞+𝑑λ𝑞𝑑𝑡+ω𝑒λ𝑑
	 The dynamic equations in the dq0 frame, considering both the stator and rotor reference frames, are:
	𝑉0=𝑅𝑠𝑖0+𝑑λ0𝑑𝑡
	(18)
	𝜆𝑑=𝐿𝑑𝑖𝑑+𝜆𝑚,
	(19)
	𝜆𝑞=𝐿𝑞𝑖𝑞,
	(20)
	𝜆0=𝐿0𝑖0.
	where:
	(21)
	(22)
	(23)
	𝑇𝑒=32𝑝λ𝑑𝑖𝑞−λ𝑞𝑖𝑑=32𝑝λ𝑚𝑖𝑞+𝐿𝑑−𝐿𝑞𝑖𝑑𝑖𝑞,
	Here, 𝜆𝑚 is the permanent magnet flux linkage, 𝜆𝑑 𝜆𝑞 are the d-axis and q-axis inductances, respectively, and𝐿0 is the zero-sequence inductance.
	 Electromagnetic torque
	The electromagnetic torque (𝑇𝑒) generated by the PMSM can be expressed as:
	𝐽𝑑ω𝑚𝑑𝑡=𝑇𝑒−𝑇𝐿−𝐵ω𝑚,
	(24)
	where 𝑝 is the number of pole pairs.
	𝐽 is the rotor’s moment of inertia, B is the viscous friction coefficient, ω𝑚 is the mechanical angular velocity, 𝑇𝐿 is the load torque.
	 Mechanical Dynamics
	The mechanical dynamics of the rotor are governed by:
	(25)
	𝑃𝑙𝑜𝑠𝑠=𝑃𝑐𝑢+𝑃𝑐𝑜𝑟𝑒,
	where:
	  𝑃𝑐𝑢=3.𝑅𝑠.𝑖𝑑2+𝑖𝑞2,
	𝑃𝑐𝑜𝑟𝑒=𝑘𝑐𝑜𝑟𝑒.ω𝑒−ω𝑏𝑎𝑠𝑒2,
	The power losses can be modelled as:
	(26)
	(27)
	  (28)
	The above equations capture the complex dynamics of the PMSM, encompassing the interactions between the stator and rotor, the production of electromagnetic torque, and mechanical response.
	The PMSM was represented digitally in the Simulink platform based on the advanced mathematical d-q model. The developed digital model comprises two interconnected blocks: electromagnetic, and mechanical. Each block plays a critical role in stimulating the motor’s performance, reflecting its core dynamics. Figure 8 shows the PMSM digital model. 
	/
	Figure 8. PMSM digital model [Paper V].
	The PMSM electromagnetic block processes the motor’s electrical inputs and calculates the resulting current responses. The process begins with the input stator phase voltages, which are initially in the three-phase ABC form. To simplify the calculations, a Clarke transform is applied, converting these three-phase voltages into the α-β stator reference frame. Following this, the Park transform is applied to convert the α-β components into the rotating d-q reference frame. The d-q frame moves with the rotor and allows for more intuitive manipulation of the motor’s internal electromagnetic dynamics, such as flux and torque. Once the voltages are transformed, the PMSM equivalent circuit model is employed to compute the motor’s reaction currents. This step simulates how the motor responds to the applied voltages, representing the flow of current through the stator windings. After calculating the currents in the d-q frame, the model reverses the transformation process. First, the inverse Park transform is applied to convert the d-q axis currents back into the α-β reference frame, and then the inverse Clarke transform is used to return these currents to the original three-phase ABC system. This completes the electrical cycle, bringing the currents back to their physical form for further use in motor control or analysis. Finally, the motor torque block uses the calculated stator currents and rotor position to determine the electromagnetic torque produced by the motor. This torque is a critical output, as it directly influences the motor’s mechanical performance and is essential for determining the motor’s speed and acceleration. Figure 9 shows the expanded subblocks of the PMSM electromagnetic block.
	/
	Figure 9. Expanded PMSM electromagnetic block [Paper V].
	The mechanical block replicates the motor’s rotational dynamics, accurately simulating the rotor’s mechanical response to the electromagnetic torque generated by the motor. This block models key aspects of mechanical performance, including the rotor’s speed, position, and inertia effects. The speed represents how fast the rotor turns in response to the torque, while the position tracks the angular displacement of the rotor over time. The inertia effects simulate the resistance to changes in motion, reflecting how the motor’s mass and design influence acceleration and deceleration. By incorporating these elements, the mechanical block provides a realistic representation of the motor’s mechanical behavior, crucial for accurately simulating performance in real-world applications.
	The PMSM digital model is optimized to ensure compatibility with real-time execution on a target machine. These modifications include implementing a fixed-step solver (ode4) with a consistent time step of 100 µs, ensuring the model updates at regular intervals suitable for real-time operation. The fixed update rate allows the system to maintain synchronization with real-world processes, ensuring it can respond swiftly to dynamic changes such as variations in motor speed or load. These adjustments were critical for achieving the responsiveness and reliability required for real-time deployment.
	The next crucial step in the DT modelling process was to validate the developed digital model, ensuring it accurately mirrored the behavior of the physical PMSM under real-world conditions. To achieve this, test conditions were carefully selected to represent various modes of the EV driving cycle, reflecting real-world operational scenarios. This approach aimed to validate the virtual model under conditions that simulate different driving situations, such as acceleration, cruising, and deceleration, aligning closely with physical EV operation. Given that the vehicle’s maximum speed is 20 km/h, equivalent to 1000 rpm for the motor, the drive system was configured to match this requirement. Multiple tests were conducted on the motor test bench under various loading and speed conditions, representing different stages of the driving cycle, as detailed in Table 5.
	Table 5. Validation tests conditions [Paper V].
	Speed (rpm)
	% Load Torque 
	Case
	300
	80%
	A
	500
	60%
	B
	700
	40%
	C
	1000
	20%
	D
	During the tests, the DAS captured key parameters such as motor phase current, phase voltage, and rotor speed. One key aspect of the testing setup was the method used to represent the applied torque. While no physical torque sensor was installed on the motor shaft due to the mechanical complexity of such an installation, the applied torque was approximated based on percentage torque values from the load emulators. This allowed for an indirect yet reliable means of assessing the loading conditions applied to the motor. 
	The acquiesced voltage, current, and speed data from the physical motor tests were reused in the digital model, ensuring that the physical and digital models were subjected to identical operating conditions for accurate comparison. The validation primarily focused on comparing the motor speed and current between the physical and digital models, as these were the parameters for which actual sensor data was available. The motor speed was precisely tracked using a resolver, and the current served not only as a direct validation parameter but also as an indicator of the loading torque. By validating against these key parameters, the digital model was confirmed to accurately reflect the physical motor’s behavior. Figure 10 (a, b, c, and d) illustrates the validation results, showing the motor speed and stator current from both the actual measurements and the simulated outputs, demonstrating the accuracy of the digital model.
	Figure 10. a-b-c-d Comparison between speed and stator current obtained from the physical and digital model [Paper V].
	From the analysis of the above figures, several observations can be noticed. First, the speed from the digital model exhibited fewer ripples compared to the actual measured speed which can be attributed to the simulation environment does not account for all real-world factors such as sensor noise. The percentage error between the simulated and actual speed values remains within 5% across all cases, except in case d, where the error reaches up to 10% at certain points. This larger deviation is likely due to the motor operating at higher torque, which makes the system more sensitive to small variations in parameters such as resistance, and inductance. At higher speeds, the motor operates at lower torque, resulting in less sensitivity to parameter changes, which explains the lower error margin in these cases. 
	Both the actual and simulated stator currents exhibit not only closely matching peak values but also an identical number of pulses within a given time frame, indicating that the simulation accurately replicates the frequency characteristics of the actual system, capturing both the amplitude and temporal dynamics of the current signals. But its notable that the simulated stator current demonstrates higher accuracy at lower speeds (as observed in case D) compared to higher speeds (as in cases A and B). This can be explained as at lower speeds, the motor has more time to adjust the current to the desired value, resulting in better accuracy. However, at higher speeds, the reduced time for current adjustment leads to slight errors in current tracking. Notably, the RMS values of the simulation’s steady-state stator currents closely match the measured values of the physical model, with no significant discrepancies.
	The final phase in the DT development involved deploying the digital model to a DT framework to assess its computational efficiency, response time, and accuracy. To achieve this, the model was deployed to a real-time target machine a Speed goat Baseline, which acted as the DT in this setup. Complementing this, a host model was created to emulate the physical system. Both host and target models were equipped with nodes utilizing the UDP protocol to enable seamless communication and real-time data streaming between them.
	To get the model subjected to diverse real-world conditions, a driving test was done on ISEAUTO, and the voltage, current, and speed data were collected using DAS from the EV motor during the test. The vehicle also had a dual GPS antenna system that tracks key performance metrics like velocity, distance, and altitude. This GPS data provides a comprehensive view of the vehicle’s operation from different perspectives. The driving test was conducted over a 200-meter track at the university campus. Figure 11 illustrates the GPS data of the vehicle’s velocity and altitude, while Figure 12 presents the physical EV motor voltage and current data captured during the test.
	/
	Figure 11. EV GPS-sensor data of vehicle velocity and altitude [Paper V].
	/
	Figure 12. EV real-time sensor data of motor voltage and current during the test [Paper V].
	𝑣=0.1885∙𝑁∙𝐷
	The vehicle began from a standstill and gradually increased its speed until reaching a near-constant velocity. During this period, the altitude increased slightly from 22.4 m to 23.2 m above sea level, indicating a minor increase in the motor’s applied torque. The vehicle’s velocity can be converted to the corresponding motor speed in revolutions per minute (rpm) using the following equation:
	𝑣 – wheel velocity in km/h,
	𝑁 – vehicle speed in rpm,
	𝐷 – wheel diameter in m. 
	(29)
	𝑤here:
	The collected data from the test was saved in MATLAB format to be used further in DT framework testing. The host model streamed the real-time voltage, and current to the target model. The target model processed this data, performed the necessary computations, and streamed out the speed and torque back to the host model. This bidirectional communication mimicked real-world operations, allowing for the comprehensive evaluation of the DT’s performance and suitability. The results validated the model’s ability to handle real-time data streams accurately and efficiently, confirming its readiness for real-time performance monitoring and predictive maintenance. Figure 13 displays the motor’s performance metrics from the DT model side, while Figure 14 compares the velocity estimated by the DT with the actual velocity measured via GPS.
	/
	Figure 13. EV motor torque and speed from the DT model [Paper V].
	/
	Figure 14. Vehicle Velocity from GPS and DT model [Paper V].
	The analysis of Figure 13 demonstrates a strong correlation between the motor’s torque and current behavior, as shown in Figure 12. The data indicates that the torque required to move the vehicle from a standstill is significantly high, which is reflected by the corresponding surge in starting current. Between 10–23 s, the motor torque increases while there is a slight decrease in speed, indicating the vehicle is accelerating under load – this is consistent with the slight rise in altitude observed in Figure 11. From 23–30 s, the speed gradually increases to the nominal test speed as the torque normalizes, showcasing the motor’s ability to adapt to varying driving conditions.
	Figure 14 shows a high level of agreement between the GPS-measured velocity and the velocity predicted by the DT, with a percentage error of less than 3%. This low error rate highlights the accuracy of the DT in monitoring system performance. The error margin can be attributed to the inherent limitations of GPS accuracy. Factors such as the number of satellites, signal quality, and the type of GPS receiver used can influence the precision of GPS measurements. 
	During the real-time testing phase, the DT model demonstrated practical computational performance suitable for real-time applications. It utilized approximately 55% of the CPU capacity, indicating a moderate demand on processing resources, leaving some headroom for additional tasks or future enhancements. Memory usage was around 60% of the available RAM, which is acceptable for real-time operation. The response time of the model was consistently under 2 ms per simulation step, ensuring that the system could process incoming data and generate outputs with minimal latency. 
	This chapter presented the DT modeling framework of the EV-PMSM, providing a comprehensive methodology. The work began with collecting all available data about the physical motor model, ensuring a solid foundation for the modeling process. Based on this data, the appropriate representation method was selected, starting with model identification and parameter estimation, where the ALO algorithm was employed to estimate the motor’s lumped parameters. Following this, the d-q mathematical model was chosen as the foundation for the motor’s digital representation due to its ability to accurately capture the motor’s dynamics. Using MATLAB/Simulink, the digital model was created with key features, including the ability to perform real-time simulations, which is critical for the functionality of the DT. After the model was developed, it was validated against the physical motor model, ensuring that the digital model accurately mirrored real-world behavior under various operational conditions. The final step involved deploying the digital model within a DT framework, where sensory data from the EV motor was streamed in real time to the digital model deployed to a real-time target machine. This allowed the DT to simulate the motor’s output torque and speed in real time, demonstrating its effectiveness in reflecting its performance and condition. Figure 15. Illustrates the framework used to develop the motor DT. 
	/
	Figure 15. Development framework of the EV motor DT model. 
	Although the DT demonstrated strong performance in replicating motor behaviour, some areas require further attention. Specifically, the indirect methods used for torque estimation could benefit from further refinement to improve accuracy. Additionally, testing under more extreme operating conditions, such as rapid acceleration or changes in terrain, would enhance the robustness of the DT. The chapter successfully demonstrated the potential of the DT for real-time monitoring and condition assessment of the EV’s PMSM, while also highlighting areas for further optimization. 
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	The powertrain is the central component of the EV, responsible for converting electrical energy from the battery into mechanical motion and ultimately defining the vehicle’s overall efficiency. It consists of two key elements: the motor and the traction drive system. The motor drive system is critical in shaping the electrical inputs from the battery into the signals necessary to achieve the desired mechanical output from the motor. It controls the motor’s performance and optimizes energy usage, ensuring the efficiency of the system. 
	This chapter outlines the development framework of the DT model for the EV powertrain, combining both the motor and drive system covering the key work presented in research papers [VI], [VII], and [VIII]. Unlike the motor DT developed in the previous chapter using a model-based approach, the motor drive system presents greater challenges due to its complexity and the higher degree of uncertainty in key parameters, particularly the control strategy. These complexities made it impractical to rely solely on a model-based framework, necessitating the adoption of an advanced modeling methodology for the traction drive system’s DT development.
	To address this complexity, a data-driven approach is employed for modeling the traction drive system. By conducting extensive testing on the testbench, input-output data from the physical system are collected under various operating conditions. AI algorithms are utilized to capture the system’s dynamics based on this empirical data. This approach offers several benefits. Adaptability is achieved as the model can learn complex nonlinear relationships without explicit knowledge of the internal control algorithms. Accuracy is enhanced by training on real-world data, allowing the model to replicate the actual performance of the drive system closely. 
	A comprehensive hybrid-driven powertrain DT model is achieved by integrating the data-driven model with the previously developed model-based motor model. This hybrid model combines the strengths of both data-driven and physics-based approaches, providing a high-performance, reduced-order representation of the EV powertrain.
	Identifying the motor drive system model is critical in digitally representing the system. The used traction drive has the following specifications presented in Table 6. 
	Table 6. Drive system specifications. 
	Specification
	Component
	55 kW
	Power Rating
	350 A
	Current Rating
	400–750 VDC
	Input Voltage
	0–500 VAC
	Output Voltage
	Liquid-cooled (Water-Glycol mixture 50-50)
	Cooling
	-40 °C to +85 °C
	Ambient Temperature
	IP67 (dust and waterproof)
	Protection Rating
	Vector control with flux weakening
	Controller
	IEC 61131-3
	Programming Standard
	The drive employs a vector control strategy, which is essential for achieving precise and efficient control of the motor’s torque and flux – key factors in optimizing the performance of EV powertrain. Vector control allows independent regulation of these parameters, enabling the motor to respond effectively to varying load conditions and speed requirements.
	Vector control operates by transforming the motor’s three-phase stator currents into a two-axis coordinate system, simplifying the complex dynamics of PMSM control. This process begins with converting the three-phase stator currents into two orthogonal components in a stationary reference frame (α-β). This transformation reduces the three-phase system to an equivalent two-axis system while retaining all the necessary information about the motor’s magnetic state. Next, these components are transformed into d-q, rotating a reference frame that is aligned with the rotor’s magnetic field. By aligning the reference frame with the rotor flux, the current components independently control the magnetic flux and torque production. This decoupling allows for separate control of flux and torque.
	Once transformed, the motor control system can adjust the flux and torque-producing currents independently using controllers, typically involving proportional-integral (PI) controllers, to meet the desired performance criteria. For instance, the torque-producing current is adjusted based on the torque demand, while the flux-producing current is managed to maintain the optimal flux level. After computing the required current components, inverse transformations are applied to convert these quantities back to the three-phase system for implementation. These transformations yield the three-phase current references that are used to generate the gating signals for the IGBT transistors in the inverter. The inverter then modulates the voltage applied to the motor windings accordingly. However, accurately modeling the motor drive system presents challenges due to the uncertainty of specific control parameters and the lack of detailed documentation on the control algorithm used. Key parameters such as controller gains, current and voltage limits, and the exact implementation details of the control strategy are not fully disclosed. 
	To thoroughly assess the performance of the EV motor drive system, comprehensive tests were conducted on the test bench under controlled and diverse conditions. The test bench is equipped with an extensive array of sensors – including voltage, current, and speed sensors – all directly connected to the DAS. Tests were meticulously designed to emulate the EV motor drive system performance under realistic operating conditions. These tests simulated both the constant torque (CT) and constant power (CP) regions characteristic of the ideal EV performance profile, as depicted in Figure 16.
	/
	Figure 16. Torque, power/speed profile of ideal EV-PMSM drive system [70].
	In designing the tests, the torque was initiated at nearly its rated value and then decreased as the speed increased. This approach ensured that the test cases covered a wide spectrum of operational scenarios – from low-speed, high-torque conditions to high-speed, low-torque conditions – effectively mirroring the EV’s performance across its entire operating range. Table 7 presents the reference values used in the tests to achieve the desired outputs.
	Table 7. Data collection Tests conditions [75].
	Ref. Load Torque (p.u)
	Ref. Speed (p.u)
	Test
	1.00
	0.1
	a
	1.00
	0.2
	b
	1.00
	0.3
	c
	0.68
	0.4
	d
	0.49
	0.5
	e
	0.31
	0.6
	f
	0.27
	0.7
	g
	0.23
	0.8
	h
	0.18
	0.9
	i
	0.12
	1.0
	J
	This comprehensive testing strategy was pivotal in capturing a broad dataset that reflects the dynamic interplay between speed and torque in the EV drive system. The collected data from these tests serve as critical input for the data-driven modeling process, enabling the construction of a surrogate model that accurately represents the drive system’s response to varying operational conditions. The dataset obtained is characterized by precise collection methods, notably featuring a high sampling frequency of 10 kHz. This high-frequency data acquisition ensures a remarkable level of accuracy, capturing the intricate dynamics and transient behaviour of the drive system with precision.
	The second step after data collection involves thorough data preprocessing, a critical phase to ensure high-quality, reliable data for effective modeling. All preprocessing steps in this study were performed using MATLAB, leveraging built-in functions to refine, clean, and analyze the collected data, thereby extracting meaningful insights for accurate modeling.
	Noise removal was the first step, targeting irrelevant fluctuations and measurement errors in the raw data. Using MATLAB’s filtfilt function, a zero-phase Butterworth low-pass filter was applied to smooth high-frequency fluctuations, ensuring that only meaningful variations reflecting the system’s behavior were retained without introducing phase distortion. Next, missing values were handled through linear interpolation, a technique that estimates missing data points based on adjacent values. This was implemented using the fillmissing function with the ’linear’ option, generating a continuous dataset that preserves the data’s inherent structure while maintaining consistency.
	Outlier detection and removal were performed using the Interquartile Range (IQR) method. MATLAB’s filloutliers function with the ’quartiles’ method identified data points lying outside 1.5 times the IQR from the lower or upper quartiles. These flagged outliers were systematically removed, mitigating the impact of extreme values on model accuracy. 
	For feature scaling, standardization was applied to ensure all features had a mean of zero and a standard deviation of one, using MATLAB’s normalize function with the ’zscore’ method. This step ensures that each feature contributes equally to the model, avoiding disproportionate influence from larger-scale variables. Table 8. summarize the utilized MATLAB functions for the data preprocessing. 
	Table 8. Summary of the used preprocessing MATLAB functions. 
	Purpose
	MATLAB Function
	Step
	Apply a zero-phase Butterworth low-pass filter to remove high-frequency noise without introducing phase distortion.
	filtfilt
	Noise Removal
	Perform linear interpolation to estimate and fill missing data points.
	fillmissing
	Missing Data Handling
	Identify and remove outliers using the Interquartile Range method.
	filloutliers
	Outlier Detection
	Standardize features to have a mean of zero and a standard deviation of one.
	normalize
	Feature Scaling
	An emphasis was placed on understanding the relationships between various operational parameters through correlation analysis. Continuous Analysis of Variance (CANOVA) was utilized as a statistical method to achieve this. Unlike traditional correlation analysis, CANOVA is adept at handling complex datasets where the goal is to assess the impact of continuous variables on the system’s performance. This approach is particularly useful in scenarios where multiple input variables might influence a range of output variables in a nonlinear and interactive manner. CANOVA operates on the principle of analyzing the variance in the data that can be attributed to different factors and their interactions, providing a framework to understand how changes in input variables – like reference speed and torque – continuously affect outputs such as actual speed, torque, voltage, and current. The general approach in CANOVA involves fitting a model that describes the relationship between inputs and outputs. For instance, considering a simplified scenario with one input X and one output 𝑌 the model could be represented as:
	𝑌=𝛽0+𝛽1𝑋+𝜖
	(30)
	where, 
	Y represents the output variable, X represents the input variable,  𝛽0,𝛽1 are coefficients that describe the intercept and the slope of the relationship, respectively, 𝜖 represents the error term, accounting for variability not explained by the model.
	After analyzing the inherent correlations between key operational parameters, clear relationships were observed between current and actual torque, as well as between actual speed and voltage. These correlations, deeply rooted in the motor’s electromagnetic and electrical characteristics, suggest that the electrical current is a direct predictor of the motor’s torque output, while the applied voltage and frequency dictate the motor’s operational speed. Leveraging these relationships allows for a significant reduction in the complexity of the model's inputs. 
	In the initial modeling phase, as previously discussed, an elementary approach was adopted by considering the drive system as a single unified block, despite comprising two main components, the inverter and the controller. This simplification allowed for the development of a more generalized model, serving as an initial indication of the success of the proposed data-driven methodology without delving into the complexities of each component.
	𝐾𝑖=ℎ𝑥𝑖1, 𝑥𝑖2, … ,𝑥𝑖𝑚 ; 𝜎1, 𝜎2, …, 𝜎𝑝+𝜖
	 𝐾 – number of responses, ℎ – the function, 𝑥 – inputs, 𝜎 – parameters being estimated, and 𝜖 – error term.
	The elementary model was developed using a deep ANN (DANN) implemented within the MATLAB environment, employing a nonlinear regression approach. The following equation can mathematically represent this approach:
	(31)
	where,
	The DANN can recognize complex data patterns by utilizing multiple layers of interconnected neurons. Each layer extracts different features from the input data, allowing the network to capture both linear and nonlinear relationships inherent in the system. Information flows from one layer to the next in a hierarchical manner, enabling the network to learn intricate representations through the deep learning process.
	The network was trained using the backpropagation algorithm, a widely adopted method for training feedforward neural networks. A learning rate of 0.01 was selected to control the step size during the weight updates, ensuring effective learning without causing instability. A momentum term of 0.9 was incorporated to accelerate convergence and help the algorithm avoid local minima by smoothing out the updates based on past gradients. These hyperparameters were chosen based on empirical testing to achieve a balance between learning speed and model stability. The dataset was divided into training and testing sets. (80%) of the data was used for training, allowing the network to learn the underlying patterns and relationships within the data. The remaining (20%) was reserved for testing, providing a means to evaluate the model’s accuracy on unseen data. Specifically, test cases a, b, d, e, g, h, and j were used for the training process, exposing the model to a diverse range of operating conditions. The rest of the test cases – c, e, and j – were kept for the testing process. This split ensured that the model’s ability to generalize to new inputs could be effectively assessed, reducing the likelihood of overfitting. Figure 17 illustrates the architecture of the ANN employed in this modelling approach.
	/
	Figure 17. DANN architecture used for elementary data-driven model [Paper VI]. 
	The network consists of an input layer that receives the input variables from the dataset, multiple hidden layers composed of neurons that apply activation functions to the weighted inputs, enabling the network to model complex nonlinear relationships, and an output layer that produces the predicted outputs corresponding to the system’s response.
	The input data were organized into four main clusters (A, B, C, D), corresponding to the different test scenarios conducted during data collection. Each cluster comprised five sub-inputs representing various testing cases. Every sub-input included four key variables: DC voltage and current, reference speed, and torque. Similarly, the output data were grouped into four responses aligned with the testing cases, each comprising two sub-responses for AC voltage and current. The two sub-responses included six variables corresponding to the three-phase voltages and currents. To enhance the model’s accuracy and provide multiple modeling options, three types of ANNs were employed in the model generation process: Wide ANN, Billiard ANN, and Optimized ANN. 
	The results indicated that the Billiard ANN achieved the highest accuracy among the three models, exhibiting the lowest Root Mean Squared Error (RMSE). However, the Optimized ANN provided better coverage of predicted points over the true values. Table 9 summarizes the training results of the three DANN configurations.
	Table 9. Performance comparison between DANN configurations. 
	R² Score
	MAE
	RMSE 
	DANN Configuration 
	0.893
	0.1185
	0.1481
	Wide DANN
	0.951
	0.1062
	0.1327
	Billiard DANN
	0.927
	0.1125
	0.1406
	Optimized DANN
	Despite the lower RMSE of the Billiard ANN, its focus on accuracy led to the omission of some parameters, which limited the predicted output range. Consequently, when validation was conducted with all parameters included, the accuracy of the Billiard ANN decreased. Ultimately, the Optimized DANN was selected due to its balance between accuracy and comprehensive coverage of all parameters. The selected model was extracted as a compact MATLAB function capable of handling input datasets and effectively predicting the outputs. Figure 18 presents the results of the model predictions compared to the true values for the selected optimized DANN.
	/
	Figure 18. Training score of the Optimized ANN [Paper VI].
	The developed DANN model was validated through a two-step verification process to ensure its accuracy and reliability. 
	In the first verification step, the model was tested using the seen data – the same input data utilized during the training phase. This evaluation aimed to assess the model’s ability to replicate known outcomes and verify that it had effectively learned the underlying patterns within the dataset. Figures 19 show a comparison between the actual and predicted outputs of case b as summarized from paper [VI]. 
	/
	Figure 19. Actual vs predicted data, case b [Paper VI].
	Upon analysis, it was observed that the predicted values from the DANN model exhibited more noise compared to the actual measured values. This is evident in the above Figures, where the fluctuations in the predicted data are more pronounced than those in the actual data. Despite the increased noise, the model demonstrated a reasonable level of accuracy, with the Root Mean Squared (RMS) values of the predicted and actual data being nearly close. The error was less than 10% in most cases, indicating that the model could effectively capture the overall trend and average behavior of the system. 
	In the second verification stage, the model’s ability to generalize was assessed by testing it on a new dataset comprising input data from test cases not used during the training phase. This step was crucial for evaluating the model’s performance in predicting responses to unseen conditions, which is a key indicator of its robustness and practical applicability. The input data for this stage were taken from test cases c and j, which were deliberately excluded from the training process to serve as a fresh benchmark. The model’s predictions were then compared against the actual measured data from these test cases. Figures 20 and 21 show a comparison between the actual and predicted outputs of test cases c and j.
	/
	Figure 20. Actual vs predicted data, case c [Paper VI].
	/
	Figure 21. Actual vs predicted data, case j [Paper VI].
	By analyzing the results from the above figures, it became apparent that the predictions still exhibited a significant amount of noise compared to the actual measured values. The figures illustrating the model’s outputs versus the true values for these unseen test cases clearly show discrepancies, with the predicted data fluctuating more erratically than the actual system responses. This persistent noise indicates that the model struggles to generalize effectively to new operating conditions not encountered during training.
	The presence of such noise in the predictions poses a challenge for practical application within the DT framework. This observation suggests that, while the elementary model provided initial insights and demonstrated the feasibility of a data-driven approach, it lacks the robustness required for deployment in a practical DT framework. This realization led to the development of a more advanced model using the Nonlinear Autoregressive Neural Network with Exogenous inputs (NARX), which is designed to handle temporal dependencies and nonlinearities more effectively, ultimately improving prediction accuracy and reliability for practical applications.
	Building upon the initial model, the next phase involves developing a more detailed and accurate model of the drive system. This approach allows for a granular representation by dividing the drive system into two main components: the inverter and the controller, as illustrated in Figure 22. By modeling each component individually, this methodology offers significant advantages over the elementary model that considers the entire drive system as a single block. This not only simplifies the modeling process but also leads to more accurate and efficient simulations. 
	/
	Figure 22. EV- powertrain model diagram [Paper VII].
	The inverter is a well-defined component with established electrical characteristics and operational principles. Its primary function is to convert DC power from the battery into AC power supplied to the motor, adjusting the voltage and frequency to control motor speed and torque. As well-known semiconductor device models govern the inverter’s behavior, a model-based approach is appropriate for its representation. The inverter model was developed using an Average Value Inverter (AVI) block within the Simulink environment. The AVI simplifies the representation of the inverter by averaging the effects of the high-frequency switching actions of the power electronic devices, such as IGBTs or MOSFETs. Instead of modeling each switching event, the AVI provides an averaged effect of the inverter’s output over a switching period, significantly reducing the computational burden while retaining the essential dynamic characteristics necessary for accurate system-level simulation.
	This approach offers several advantages. By eliminating the need to simulate each high-frequency switching transient, the model enhances computational efficiency, making it particularly suitable for real-time simulations and control system development where computational resources are limited.
	The controller in the EV drive system plays a crucial role in implementing the control strategy that dictates the motor’s operation. It adjusts inputs such as voltage and current to achieve the desired speed and torque based on reference commands. Unlike the inverter, the controller’s internal parameters and algorithms are complex and partially unknown which makes it challenging to be modeled using traditional model-based approaches. 
	The NARX model is particularly well-suited for modelling dynamic systems with feedback loops and temporal dependencies, characteristics inherent in the drive system. By incorporating past values of the output (autoregressive terms) and external inputs (exogenous inputs), the NARX model can capture complex nonlinear relationships and time-dependent behaviors more effectively than traditional feedforward neural networks.
	The model primarily receives reference torque and speed as inputs, which serve as directives to the actual drive system to achieve the desired operational states. The current and voltage represent the immediate control actions executed by the system, while the feedback speed and torque reflect the motor’s actual response to these control signals. To accurately capture the drive system’s behavior – including its response delays and the effects of feedback loops – the NARX model integrates both the reference inputs (torque and speed) and the feedback outputs (torque and speed) into its input set, applying the feedback inputs with a delay. This delay is crucial for modeling the temporal dynamics of the system, reflecting the time it takes for control actions to impact the motor’s operation and for these effects to be observed through feedback mechanisms. 
	The model operates as follows: 
	- Immediate Inputs: Reference torque and speed at time t, which represent the target operational parameters set by the drive system.
	- Delayed Feedback Inputs: Feedback torque and speed from a previous timestep (t−δ) where δ represents the delay that accounts for the system’s response time. This inclusion of delayed feedback inputs allows the model to learn from the system’s past responses to adjust its future outputs, mirroring the real-world feedback loop in the control strategy.
	The outputs of the model are designed to predict:
	- Current and Voltage: The necessary electrical inputs to the motor that result from processing the reference and feedback inputs, aiming to achieve the reference operational states.
	- Feedback Speed and Torque: These are also modeled as outputs to evaluate the model’s accuracy in predicting the system’s actual response, providing a comprehensive view of the control strategy’s effectiveness.
	The NARX model is designed with a layered architecture, beginning with an input layer configured to align with the dimensions of both the reference inputs and the delayed feedback signals. Central to the design are three Gated Recurrent Unit (GRU) layers, interspersed with two dropout layers, which work together to enhance the model’s generalization capabilities and mitigate overfitting. The GRU layers are integral to the model, selected for their exceptional ability to manage sequential data and retain information over extended periods. This feature is particularly critical for capturing the dynamics of feedback loops and the delayed effects characteristic of the EV drive system’s control strategies. Each GRU layer is equipped with 128 neurons, a configuration that balances computational efficiency with the ability to learn complex patterns and relationships in the data. GRUs were specifically chosen over other recurrent units due to their simplified architecture, which maintains the capacity to capture long-term dependencies with fewer parameters, thereby streamlining the training process. Between the GRU layers are two dropout layers that act as a regularization mechanism. During training, these layers randomly deactivate a subset of neuron connections, reducing model complexity and helping to prevent overfitting. This approach encourages the model to develop more generalized features by reducing its reliance on specific inputs or patterns. The dropout rate, typically ranging from 0.2 to 0.5, is determined based on empirical testing and validation performance. For optimization, the model leverages the Adam optimizer, recognized for its adaptive learning rate mechanism. This optimizer efficiently navigates the intricate landscape of time-series data by adjusting learning rates dynamically, utilizing the first and second moments of the gradients. This adaptability accelerates convergence toward optimal solutions while maintaining stability in the training process. Finally, a sigmoid activation function is employed within the GRU layers to introduce non-linearity, further enhancing the model’s ability to capture complex relationships and dependencies in the data. The sigmoid function is defined as:
	𝑓𝑥=11−𝑒−𝑥
	(32)
	The MSE is employed as the loss function to measure the discrepancy between the predicted outputs and the actual observations. This choice quantifies the average squared differences between the predicted and true values, guiding the model’s learning process toward minimizing these errors and enhancing predictive accuracy. An illustrative diagram of the NARX architecture is presented in Figure 23.
	/
	Figure 23. NARX architecture.
	The NARX model was developed using MATLAB’s Deep Learning Toolbox through a meticulous and methodical process to ensure a robust predictive capability for the EV drive system’s behavior. The test bench data were strategically partitioned to optimize learning and evaluation, with the dataset divided into training data and unseen data, each serving a specific purpose in assessing the model’s performance. The training data constituted the majority of the dataset and included cases a, c, d, e, f, g, and j, chosen to represent a broad spectrum of operational scenarios for effective learning. In contrast, cases b, h, and i were reserved as unseen data and excluded from the training and validation phases to provide a stringent evaluation of the model’s generalization ability. These unseen cases were selected strategically to encompass varying operational conditions, including both CT and CP regions, ensuring a comprehensive assessment of the model’s predictive capabilities.
	The training process involved feeding the training data through the NARX model, during which weights and biases were iteratively updated using MATLAB’s train function with the Levenberg-Marquardt optimization algorithm. This optimization approach was selected for its ability to handle non-linear datasets efficiently, a critical requirement given the intricate dynamics of the EV drive system. Approximately 75% of the dataset was allocated for training, with 15% reserved for validation to monitor performance and prevent overfitting, and the remaining 10% held back for testing to evaluate the model on unseen data. Hyperparameters were carefully tuned to optimize model performance, including an initial learning rate of 0.001, which was adjusted dynamically during training to ensure convergence without overshooting, and a training duration of 500 epochs, which balanced performance improvement with computational efficiency. The model training was conducted over 27 hours on a high-performance workstation equipped with an Intel Core i9-10900X processor (3.7 GHz base frequency, 10 cores, and 20 threads) and 64 GB of DDR4 RAM. This setup provided the computational power necessary for handling the extensive dataset and the demands of the NARX model’s architecture. Throughout the training, validation performance was continuously monitored every 10 epochs to detect signs of overfitting early. Early stopping criteria were implemented, halting training when validation loss plateaued over multiple epochs, thereby avoiding unnecessary computations. The model’s performance was evaluated using the MSE loss function, which was minimized during training to ensure that predictions closely matched actual system behaviour. The validation set served as an essential measure of the model’s generalization capabilities, while the final testing phase provided a robust assessment of accuracy on unseen data. As illustrated in Figure 24, the model demonstrated a consistent reduction in MSE over epochs, showcasing its ability to capture complex patterns in the data and converge toward an optimal solution, highlighting the efficacy of the training process in developing a reliable predictive model for the EV drive system.
	/
	Figure 24. NARX training performance.
	The performance metrics of the NARX model, reflected in the mean squared error (MSE) values across the training, validation, and testing phases, illustrate its exceptional capability to model the dynamics of the EV PMSM drive system. The model achieved an MSE of 0.0126 during training, demonstrating a strong capacity to learn from the provided data. This performance was further supported by the validation phase, where the model attained an MSE of 0.0214, highlighting its ability to generalize effectively to data it was not explicitly trained on but encountered in a similar context. The ultimate measure of the model’s efficacy, however, lies in its performance on completely unseen data, where it achieved an MSE of 0.0406. While this represents a modest increase compared to the training and validation phases, the error remains remarkably low, emphasizing the model’s robustness and its high accuracy in predicting system behavior under new conditions. The gradual increase in MSE from training to testing is a common and expected outcome in machine learning, as it reflects the model’s effort to generalize beyond the specific patterns in the training dataset without overfitting. Furthermore, the relatively small differences between the MSE values across the training, validation, and testing phases underscore the model’s stability and reliability. This consistency across datasets indicates a well-balanced model, capable of accurately capturing the complex dynamics of the EV PMSM drive system while maintaining robust performance under varied and previously unseen scenarios.
	After completing the training and validation phases, the NARX model was exported as a Simulink block to facilitate a seamless combination with the PMSM digital model forming a hybrid-driven model. Figure 25 illustrates the hybrid model of the EV powertrain system.
	/
	Figure 25. EV-power train hybrid driven model.
	The hybrid model comprises four essential blocks that synergistically simulate the system’s dynamics with high fidelity while maintaining computational efficiency. The first block is the Reference Input block, which provides the driving scenario by supplying operational setpoints such as desired motor speed and torque profiles. The second block is the data-driven controller model, implemented using the NARX. This model captures the controller’s behavior by receiving reference inputs from the reference block and feedback signals from the motor of actual speed and torque. The NARX model processes these inputs to generate the necessary PWM commands. By incorporating both current and delayed inputs, it effectively captures the temporal dynamics and nonlinearities inherent in the control strategy of the EV drive system. The use of a data-driven NARX model provides a reduced-order representation of the controller, enabling high-speed computation without compromising the accuracy of dynamic behaviors, which is critical for real-time operation. The third block is the Inverter block, which accurately represents the inverter’s operation by taking the PWM commands from the controller and the DC link voltage as inputs. It stimulates the switching behavior of the power electronic devices, outputting the phase voltages supplied to the motor. The fourth block is the PMSM block, previously developed in Chapter 4. This block simulates the motor’s electrical and mechanical responses to the inverter inputs. It takes the phase voltages from the inverter model and produces outputs such as motor torque and speed. The motor model also provides feedback signals to the controller, closing the simulation loop and allowing for adjustments based on the system’s dynamic behavior. 
	The validation of the hybrid model is a crucial step to ensure that all its components function perfectly and seamlessly. This step incorporates using new reference scenarios of speed and torque that were not used during the development phase. These scenarios are specifically designed to assess the ability of the data-driven components to accurately predict new data and supply inputs to the model-based components (motor and inverter) and effectively utilize the feedback from the motor model. To facilitate this process, modifications were made to the sample times of each block to ensure unified coordination between the various models. The specifics of validation tests are detailed in Table 9.
	Table 9. Validation test cases. 
	Ref. Torque (p.u.)
	Ref. Speed (p.u.)
	Test
	1.00
	0.16
	X
	0.21
	0.85
	Y
	Figures 26–27 (a, b, c) compare the hybrid model and the physical system performance under the applied test conditions. 
	/
	/
	(a)
	(b)
	/
	(c)
	Figure 26. Case (X) Actual and virtual speed (a), torque (b), and input voltage (c).
	/
	/
	(a)
	(b)
	/
	(c)
	Figure 27. Case (Y) actual and virtual speed (a), torque (b), and input voltage (c).
	The comparison between the virtual and actual results, as shown in Figure 25 a, highlights that the hybrid model generates less ripple in the steady-state speed compared to the observed real-world data. This discrepancy is primarily due to the presence of noise in measurement devices. Despite this, the model’s ability to accurately match the average speed value with the real data demonstrates its high fidelity and successful emulation of the system’s dynamics. For torque simulation, as depicted in Figure 26 (b), the hybrid model achieved a smoother and more consistent output than the real torque measurements. This difference likely stems from varying real-world conditions that are challenging to replicate in a simulated environment. In Case Y, representing the CP region at high speeds, Figure 27 (a) illustrates a strong agreement between simulated and actual speed, with the simulation exhibiting greater stability. This emphasizes the model’s ability to capture system performance accurately under high-speed conditions. Furthermore, Figure 27 (b) reveals that both simulated and actual torque signals display similar ripple patterns, demonstrating the model’s capability to replicate torque fluctuations observed in real-world operations. The detailed comparisons, with an average MSE of 3%, underscore the hybrid model’s robustness in replicating real-world conditions. The results in Figures 26 (c) and 27 (c) provide the strongest evidence of the model’s validity in accurately reproducing the drive system’s performance.
	To evaluate the suitability of the hybrid model for DT application, it was deployed onto a real-time target machine (Speed goat Baseline). This deployment allowed the model to execute in real-time, with a host computer providing dynamic control commands and monitoring the system’s response. This setup enabled a comprehensive assessment of the model’s computational speed and efficiency under realistic operating conditions. The hybrid model was compiled and deployed onto the target machine using Simulink Real-Time, ensuring precise execution on dedicated hardware. A host model, developed in Simulink, was the control interface to interact with the target model, transmitting real-time commands and receiving continuous feedback. 
	The communication between the host and target models utilized the UDP protocol to facilitate efficient and high-speed data exchange. This choice ensured rapid command transmission with minimal latency, meeting the demands of real-time interaction. The host model continuously transmitted speed and torque commands to the target model, which processed these inputs and provided real-time feedback. This dynamic interaction enabled rigorous testing of the model’s computational performance.
	To simulate real-world scenarios, the actual EV (ISEAUTO) drive system was instrumented with sensors to measure voltage, current, speed, and torque. The vehicle was operated on a designated track within the university campus, chosen to represent diverse driving conditions. The test began with the vehicle at a standstill, gradually increasing velocity until reaching a near-constant speed. The track’s altitude gradually rose from 22.4 m to 23.2 m above sea level, introducing a slight increase in motor load torque. At the end of the test, the EV decelerated to a stop at a designated parking spot.
	Data from the experiment was collected using a DAS and stored as MATLAB files, capturing realistic driving behaviors such as acceleration, deceleration, and steady-state operation. This data was then preprocessed following the procedures described in Section IV.B to ensure high quality and consistency for subsequent analysis. The torque and speed data from the experiment were repurposed as command inputs for the host model, recreating real-world driving conditions for testing the hybrid model. In this configuration, the host model transmitted speed and torque commands in real-time via UDP to the target machine, where the hybrid model processed them and generated corresponding outputs, including phase voltage, feedback speed, and torque. This setup demonstrated the hybrid model’s capability to handle real-time data processing and accurately emulate the behavior of the EV drive system under realistic conditions. Figure 28 illustrates the DT framework structure.
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	Figure 28. DT testing framework.
	 The outputs from the target machine were continuously monitored and compared with the actual data obtained from the EV powertrain. This comparison precisely evaluated the hybrid model’s capability to replicate real-world behavior. Figure 29 (a, b, c) presents a detailed performance comparison between the real drive system and the hybrid model, highlighting their alignment and validating the model’s accuracy in emulating the dynamics of the EV drive system.
	/
	(a)
	/
	(b)
	/
	(c)
	Figure 29. Performance comparison between the real EV powertrain and developed hybrid model, as follows voltage (a), torque (b), and speed (c).
	The results presented in Figure 29 comprehensively evaluate the hybrid model’s performance. In Figure 29 (a), a noticeable discrepancy is observed between the voltage waveforms of the real system and the hybrid model. The real voltage signal exhibits higher noise and fluctuations, attributed to sensor variability, whereas the hybrid model outputs a smoother waveform, reflecting the refined and pre-processed data used during training. Despite these differences, the RMS values of the real and predicted voltages show close agreement, with an error margin of less than 4%. This indicates that the hybrid model effectively captures the average voltage behavior while filtering out minor fluctuations. In Figure 29 (b), the torque signal highlights a significant mismatch during the initial torque phase when the vehicle transitions from a standstill. The hybrid model struggles to fully replicate the transient behavior, likely due to limitations in the NARX model, which was trained on preprocessed test bench data that did not entirely capture the initial torque dynamics of real-world conditions. Additionally, the smoother transitions in the hybrid model’s prediction may be influenced by sensor constraints in the test bench data. However, the model demonstrates high accuracy under steady-state conditions, closely mirroring the real system’s torque behavior, confirming its reliability in stable operational scenarios. Finally, Figure 29 (c) illustrates a strong alignment between the simulated and real speed outputs, with the hybrid model exhibiting a notably smoother response and reduced ripple. This outcome is expected, as the simulation environment lacks the noise and disturbances inherent in physical measurements.
	Overall, the results demonstrate that the hybrid model provides a robust representation of the EV powertrain’s behavior, particularly under steady-state conditions, making it well-suited for applications such as condition monitoring, performance evaluation, and predictive maintenance. The model’s ability to accurately replicate voltage, torque, and speed under stable operating conditions ensures its effectiveness in real-time monitoring systems where consistency and efficiency are critical.
	However, the model's limitations in capturing transient behaviors, such as the initial torque response during start-stop scenarios, indicate areas for improvement. These shortcomings suggest that while the model is reliable for steady-state analysis, further refinements are needed for applications requiring precise transient performance, such as fault detection, dynamic load analysis, and control strategy optimization. Enhancing data collection processes and incorporating more diverse training methodologies may improve the model’s ability to address transient dynamics, broadening its applicability in dynamic, real-world environments.
	The dynamic interaction between the host and target systems provided valuable insights into the hybrid model’s computational performance, stability, and responsiveness under realistic operating conditions. The model’s ability to respond to changing inputs was evaluated by continuously transmitting speed and torque commands from the host, enabling direct assessment of response time, stability, and computational efficiency. The hybrid model achieved an average cycle time of 8 ms per iteration, consistently meeting the 10 ms threshold required for real-time EV control. This performance remained stable across various test conditions, demonstrating the model’s robustness in handling rapid input changes without any noticeable lag. Additionally, the target machine exhibited efficient resource utilization, with an average CPU load of 60% and memory usage of 300 MB, confirming stable system operation throughout the testing process. The communication between the host and target systems via UDP further validated the model’s capability to respond to commands and update outputs with minimal latency. This seamless interaction underscores the hybrid model’s suitability for DT applications, where real-time responsiveness and computational efficiency are essential.
	This chapter delved into the modeling, validation, and deployment to DT framework of the EV powertrain, focusing on achieving real-time capabilities and high-fidelity representation. Due to inherent uncertainties in the drive system, a data-driven approach was adopted to model its behavior. Initially, the drive system was represented through an elementary model, where the entire system was treated as a single block. This model utilized DANN to provide preliminary insights into system behavior. While effective for gaining a general understanding of system dynamics, the elementary model’s oversimplification limited its ability to capture the nuanced interactions between the drive system’s core components, the inverter, and the controller – rendering it unsuitable for complex scenarios. To address these limitations, an advanced model was developed, dividing the drive system into its two fundamental components: the inverter (frequency converter) and the controller. The controller, with its nonlinear behavior and parameter uncertainties, was modeled using an NARX. This approach effectively captured the time-dependent and nonlinear dynamics of the controller. On the other hand, the inverter, characterized by its well-defined electrical properties, was modeled using a physics-based approach. By separating these components, the advanced model significantly enhanced the accuracy and granularity of the drive system’s representation. The culmination of this work was the development of a hybrid model, which was developed by integrating a detailed physics-based motor model with the data-driven model of the drive system. offering a comprehensive simulation of the EV powertrain. Validation against empirical test bench data demonstrated the model’s high fidelity, achieving 97% accuracy in replicating real-world performance. The hybrid model was subsequently deployed on a real-time target machine to evaluate its suitability for DT applications. During this evaluation, the model exhibited stability, responsiveness, and efficient resource utilization, consistently meeting real-time control requirements with an average cycle time of 8 ms and a CPU load of 60%. However, during real-time testing, the model showed limitations in accurately capturing transient behaviors during starting conditions. This shortcoming is likely attributed to the challenges of replicating real-world noise and rapid fluctuations that were not fully represented in the preprocessed training data. In contrast, the model demonstrated excellent performance in steady-state conditions, accurately replicating system dynamics and confirming its reliability for stable operation. Figure 30 shows the procedures for developing the powertrain hybrid model DT.
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	Figure 30. Development framework of the EV powertrain DT model. 
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	This thesis proposed an advanced modeling framework for the DT of an electric EV propulsion drive system, providing a comprehensive guide for researchers and developers to better understand the nature of DTs and their operational mechanisms. Beginning with an extensive overview of DTs – including their types, applications, historical development, and recent advancements – the framework laid the foundation for a detailed examination of the system under study: the EV propulsion drive system. Focusing on the motor drive system, which comprises the motor, inverter, and controller, the research identified it as the most critical part to model due to its complexity and the intricate dynamics involved. Each component presented unique challenges in representation, necessitating a division into main components to tailor modeling approaches effectively. 
	The choice of modeling techniques depended on several key factors, including the availability of system parameters, the complexity of each component, the level of detail required, computational efficiency, and the intended application of the model. For instance, physics-based (model-based) approaches were utilized for components like the motor, where existing knowledge of system dynamics was well-established. In contrast, data-driven modeling techniques were applied to components like the inverter and controller to enhance overall model accuracy and address limitations in the physics-based approach, especially when dealing with partially unknown parameters. Reduced-order modeling techniques were implemented to improve computational speed without significantly sacrificing accuracy, which is crucial for real-time applications. Robust model identification technique was incorporated into the motor model to handle partially unknown physical parameters, ensuring precise representation and managing uncertainties effectively.
	The outcomes of this research include the development and validation of high-precision digital models that accurately replicate physical system performance while achieving high computational speed. The models demonstrated the ability to predict system behavior accurately under various operating conditions, confirmed through comprehensive validation against real-world data. Optimization of model structures facilitated efficient communication and data exchange with physical systems, enhancing integration and practical deployment. 
	Furthermore, the developed digital models were successfully deployed into DT framework in both simulated and real-world environments, evaluating their performance, integration, and tangible benefits in actual operation. This work advances the understanding and application of DT technology in EV propulsion systems and provides a versatile framework for future research and development. By addressing the challenges posed by system uncertainties and partially unknown parameters, and by leveraging both model-based and data-driven approaches, this thesis lays a solid foundation for further innovations in sustainable transportation technologies, promoting the integration of DTs into a broader range of applications within the automotive industry and beyond.
	Future work will focus on improving models’ accuracy, expanding the scope of DT functions, and enhancing real-time adaptability. One key area for improvement is the refinement of transient dynamics modeling, ensuring that the DT can capture rapid load changes, initial torque responses, and short-duration fluctuations more accurately. This will require incorporating advanced training techniques and diverse datasets to improve the model’s generalization to high-frequency disturbances.
	Another crucial direction is the expansion of fault detection and predictive maintenance capabilities by integrating real-time diagnostic tools and adaptive monitoring algorithms. By leveraging dynamic load analysis, future research can further optimize control strategies, enabling more effective identification of potential system failures and preventive intervention strategies. The implementation of machine learning-based anomaly detection will allow DTs to continuously learn from operational data, improving reliability and efficiency.
	Additionally, the evolution of SDEV presents new opportunities for DT modularity. Future research would explore modular DT architectures that enable flexible, scalable, and upgradable vehicle systems, allowing for seamless integration of software updates, adaptive control algorithms, and cloud-based computation. This will contribute to the development of next-generation smart vehicle platforms, where DTs serve as intelligent decision-making tools for optimized energy management, performance adaptation, and fault tolerance in electric propulsion systems.
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	The increasing demand for efficient, reliable, and sustainable electric vehicles (EVs) has driven the development of innovative technologies, with Digital Twins (DTs) emerging as a transformative tool. A DT is a real-time virtual replica of a physical system that enables continuous monitoring, analysis, and optimization throughout the system’s lifecycle. In the context of EV propulsion systems, DTs provide unparalleled opportunities to enhance performance, predictive maintenance, and system adaptability, marking a significant shift from traditional modeling and simulation methods. 
	This thesis presents a comprehensive framework for developing a DT of an EV propulsion drive system, addressing the challenges posed by system complexities, uncertainties, and partially unknown parameters. The work begins with a systematic overview of the evolution of DTs and their applications in EVs, highlighting widely used platforms and the specific applications of DT technology in EV propulsion systems. It then introduces the system under study, focusing on the propulsion system of ISEAUTO, a second-life repurposed EV. The propulsion system’s architecture and unique characteristics are explored in detail to provide the foundational context for model development. The thesis delves into various modeling techniques, detailing the selection criteria for each and their suitability for representing different system components. A hybrid modeling approach is proposed, combining physics-based and data-driven techniques to accurately capture the dynamics of the motor, inverter, and controller. The methodology ensures high fidelity while achieving computational efficiency for real-time applications. Validated using experimental and real-world data, the hybrid DT model demonstrated robust performance in reflecting the physical system’s behavior and was successfully deployed on a real-time target machine. This deployment emphasized its suitability for real-time applications, showcasing its computational efficiency, accuracy, and ability to seamlessly integrate with real-world data streams. 
	  By establishing a scalable and adaptable DT framework, this research contributes to advancing the field of DTs for EV propulsion systems, offering a valuable reference for future developments in autonomous and software-defined vehicle technologies.
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	Autonoomse elektrisõiduki veoelektriajami digitaalse kaksiku täiustatud modelleerimise raamistikud
	Tänapäeva kasvav nõudlus tõhusate, töökindlate ja jätkusuutlike elektrisõidukite (EV) järele on oluliselt edendanud uuenduslike tehnoloogiate arengut. Ühe uuendusliku tööriistana on selle käigus esile kerkinud digitaalkaksiku (DT) tehnoloogia. DT on füüsilise süsteemi reaalajas toimiv virtuaalne koopia, võimaldades selle töö jälgimist, analüüsimist ja optimeerimist kogu elutsükli vältel. Elektrisõidukite jõuülekandesüsteemide puhul pakub DT tehnoloogia võimalusi süsteemi jõudluse parandamiseks, ennetava hoolduse planeerimiseks ning süsteemi kohandamiseks, täiustades traditsioonilisi modelleerimis- ja simulatsioonimeetodeid. 
	Käesolev doktoritöö pakub põhjaliku raamistiku elektrisõiduki jõuülekandesüsteemi DT väljatöötamiseks, käsitledes väljakutseid, mis tulenevad süsteemi keerukusest, määramatusest ning osaliselt tundmatutest süsteemiparameetritest. Töö alguses antakse süsteemne ülevaade DT-de arengust ja nende rakendamisest elektrisõidukitest, tuues esile enim kasutatavad platvormid ning DT tehnoloogiate rakendused EV jõuülekandesüsteemides. Seejärel kirjeldatakse uuringu keskmes oleva “taaskasutatud” elektrisõiduki ISEAUTO jõuülekandesüsteemi, keskendudes eelkõige selle arhitektuurile ja unikaalsetele omadustele, mis on olulised modelleerimise aluse loomisel. Töö käigus analüüsitakse ka erinevaid modelleerimistehnikaid, selgitades iga meetodi valikukriteeriume ja sobivust erinevate komponentide modelleerimiseks. Mootori, inverteri ja kontrolleri dünaamika täpseks kirjeldamiseks pakutakse välja hübriidne lähenemine, mis ühendab nii füüsikalised kui ka andmepõhised modelleerimistehnikad. Välja pakutud metoodika tagab suure täpsuse ning arvutusliku efektiivsuse reaalajas töötavate rakenduste jaoks. Loodud hübriidne DT mudel valideeriti eksperimentaalsete ja reaalsete andmete põhjal ning rakendati füüsilise süsteemi peal. Mudel näitas häid tulemusi füüsilise süsteemi talitluse peegeldamisel, kinnitades selle sobivust reaalajas töötavate rakendustes ning tuues esile selle arvutusliku efektiivsuse, täpsuse ja võimekuse käsitleda füüsilise süsteemi andmevooge. Loodud skaleeritav ja kohaldatav DT raamistik annab olulise panuse elektrisõidukite jõuülekandesüsteemide DT-de valdkonna edendamisse. Käesolev doktoritöö pakub väärtusliku raamistiku autonoomsete ja tarkvarapõhiste sõidukite tehnoloogiate edasi arendamiseks.
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