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1 Introduction 
The automotive industry is currently experiencing a major paradigm shift, led by the 
urgent demand for environmentally friendly modes of transportation and advancements 
in technology. Europe is at the cutting edge of this transition, transitioning from internal 
combustion engine (ICE)-powered vehicles to electric vehicles (EVs). Environmental 
concerns, regulatory requirements, and technological advancement all contribute to this 
modification. It represents an overall progression towards a transportation system that 
is more environmentally sustainable, highly technologically advanced, and efficient. [1] 

Priority is given to the adoption of EV primarily due to the critical need to reduce 
greenhouse gas emissions and reduce carbon footprint. ICE vehicles, which are powered 
by fossil fuels, make a significant contribution to carbon emissions and air pollution.  
In contrast, EVs offer a more environmentally friendly alternative, surpassing substantial 
emission reductions when utilized in tandem with renewable energy sources.  
The European Union (EU) has pushed for this transition in pursuit of its environmental 
objectives. Therefore, transitioning to EVs is not only a strategic priority but also an 
environmental requirement to adhere to stringent emission regulations and accomplish 
enduring sustainability goals. [2] 

The directive from the EU to discontinue the sale of new ICE vehicles by 2035. This 
legislation serves to underscore the EU’s commitment to environmental sustainability 
while also fostering innovation in the automotive industry. Encouraged manufacturer 
emphasis on EV technology has resulted in rapid advancements in charging infrastructure, 
battery technology, and vehicle efficiency. In addition to encouraging the development 
of EVs, the ban facilitates the adoption of electric mobility by consumers, thereby causing 
a market transition toward cleaner transportation alternatives. [3] 

Moreover, the introduction of autonomous vehicles represents the integration of 
cutting-edge technologies within the realm of transportation. EVs primarily integrate 
automation and electrification using sensors, cameras, and sophisticated algorithms that 
enable autonomous navigation through complex traffic scenarios. Electric propulsion 
systems provide the precision required for autonomous operation as well as environmental 
benefits. [4] 

Digital technologies, and Digital Twins (DT) in particular, are important for the 
development and improvement of autonomous vehicles. DTs, which are virtual 
representations of real systems, empower engineers to replicate and evaluate the  
real-time performance of vehicles. DTs can process vast amounts of sensor data for 
autonomous vehicles, thereby facilitating algorithm optimization and improving the 
safety and efficiency of the vehicles. By assuring high standards of safety, performance, 
and dependability, digital technology advances autonomous vehicle capabilities,  
as evidenced by the development process's utilization of DTs. [5] 

1.1 EV Propulsion Drive System Components 
EVs sustainability, performance, and efficiency are primarily determined by their electric 
motor (EM) propulsion system, a vital part of the vehicle’s architecture. Unlike vehicles 
powered by ICEs that rely on fossil fuels, EVs utilize actuators powered by electricity 
stored in batteries. The following sub-chapter examines the components comprising an 
EVs propulsion system and clarifies how these components function in concert to propel 
the vehicle. 
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1.1.1 Battery Pack 
EVs rely heavily on the battery cell, which supplies the propulsion system with its primary 
energy source. A variety of battery technologies are utilized in EVs, each having a unique 
combination of properties. Presently the standard for EVs, lithium-ion (Li-ion) batteries, 
provide an optimal blend of energy density, cycle life, and safety. [6] Constant 
advancements are being made to decrease expenses and improve performance. Battery 
packs mentioned are for propulsion drives and not standby power batteries, which are 
present in all vehicles. Hybrid vehicles utilized Nickel-Metal Hydride (NiMH) batteries, 
which were once prevalent. Despite their reputation for affordability and safety, NiMH 
batteries have a lower energy density than Li-ion batteries. [7] The potential of 
lithium-sulfur (Li-S) batteries in EVs is considerable, due to their increased energy density 
and the accessible availability of sulfur. Nevertheless, there are safety and cycle life 
concerns associated with the sulfur cathode that require attention. [8] Solid-state 
batteries are at the forefront of EV battery technology, offering the possibility of an 
unmatched amount of energy density and safety. With the advancement of technology, 
it is anticipated that the steep technical obstacles and high current costs of mass 
production will decrease. [9] 

Table 1 compares the most common types: Li-ion, NiMH, Li-S, and Solid-State batteries 
used in modern EVs. 
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Table 1. Comparison of battery technologies used in EVs. [6][7][8][9] 

Feature Li-ion NiMH Li-S Solid-State 
Energy Density High, enables longer 

driving ranges. 
Moderate, lower than Li-
ion. 

Very high, potentially 
longer ranges than Li-ion. 

Extremely high, offering 
the longest ranges. 

Cycle Life High, around 1,000 to 
2,000 cycles. 

Moderate, typically less 
than Li-ion. 

Lower, due to degradation 
issues with sulfur. 

Expected to be very high, 
surpassing Li-ion. 

Safety Good with proper 
management, though risks 
of thermal runaway exist. 

Safer, less prone to 
thermal runaway. 

Moderate, with challenges 
related to polysulfides 
leakage. 

Superior, due to solid 
electrolytes minimizing 
leakage and fire risks. 

Charge/Discharge 
Efficiency 

High, typically 80-90%. Moderate, slightly lower 
than Li-ion. 

Moderate to high, but 
with current challenges in 
maintaining capacity. 

Potentially very high, with 
low internal resistance. 

Temperature 
Performance 

Performs well in moderate 
temperatures, efficiency 
drops in extreme cold. 

Good, better than Li-ion in 
cold temperatures. 

Moderate, with 
performance affected by 
low temperatures. 

Expected to perform well 
across a broad 
temperature range. 

Maintenance Low, requires minimal 
maintenance. 

Low, like Li-ion. Moderate, due to 
challenges with sulfur 
cathode. 

Very low, expected to 
require minimal 
maintenance. 

Application Suitability Widely used in consumer 
electronics and EVs for its 
balance of energy density 
and cycle life. 

Used in hybrid vehicles 
and some older EV models 
for its safety and cost-
effectiveness. 

Emerging technology with 
potential for high energy 
density applications. 

Promising for future EV 
applications, offering high 
energy density and 
improved safety. 
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The high energy density and cycle life of Li-ion batteries make them well-suited for 
consumer devices and EVs. Both Li-S and Solid-State batteries exhibit potential for future 
applications due to their ability to provide energy densities ranging from very high to 
extremely high, as well as enhanced safety characteristics. However, the widespread 
commercial use of Li-S and Solid-State batteries is currently hindered by several 
challenges. Li-S batteries struggle with short cycle lives and capacity fading, while 
Solid-State batteries face manufacturing complexities, material compatibility issues, and 
increased costs. 

1.1.2 Power Electronics Controllers and Semiconductors used in EVs 
In EVs, Power Electronics Controllers (PECs) regulate the electrical power transfer 
between the EM and the battery. Charge regulators facilitate energy recovery during 
deceleration and convert DC from the battery to AC or change DC power for the motor. 
Main PEC topologies in EV divide into two types: DC-AC inverters and Multilevel inverters. 
DC-AC inverters, particularly Voltage Source Inverters (VSIs), are of utmost importance
in the realm of EV technology as they enable the transformation of DC derived from the
vehicle’s battery into alternating current AC to power the motor. These inverters provide 
accurate regulation of motor speed and torque, hence ensuring optimal performance,
by utilizing Pulse Width Modulation (PWM) and Field-Oriented Control (FOC). [10]
The introduction of multilevel inverters represents a notable progress, providing decreased
harmonic distortion and increased efficiency, which is especially advantageous for
high-power EV applications. This progress not only improves the performance of vehicles 
but also leads to a longer lifespan of the motor and less maintenance requirements. Each
of the technologies utilized in these controllers possesses unique features. A comparison 
of various PEC semiconductors varieties presented in Table 2.
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Table 2. Comparison of power electronics controllers for EVs’ based on semiconductors. [10][11][12] 

Feature Si-based SiC-based GaN-based 
Efficiency High, but less efficient at 

higher frequencies. 
Higher efficiency, especially at high 
frequencies and temperatures. 

Highest efficiency, outperforming Si and SiC 
at high frequencies. 

Thermal 
Performance 

Good, requires cooling at high 
power levels. 

Superior, operates at higher temperatures 
with less cooling required. 

Excellent, operates efficiently at high 
temperatures with minimal cooling. 

Switching Speed Moderate, limited by higher 
losses at high switching 
frequencies. 

Fast, enables higher switching frequencies 
with lower losses. 

Fastest, with very low switching losses even 
at high frequencies. 

Durability and 
Reliability 

Good, well-understood and 
widely used. 

Better, due to high temperature and high-
power handling capabilities. 

Emerging, with promising potential but less 
historical data. 

Size and Weight Larger and heavier, due to 
larger heat sinks and cooling 
systems. 

Smaller and lighter, as less cooling is 
required due to higher efficiency. 

Smallest and lightest, benefiting from high 
efficiency and thermal performance. 

Application 
Suitability 

Widely used in current EVs for 
its reliability and lower cost. 

Preferred in high-performance EVs where 
efficiency and high temperature 
performance are critical. 

Emerging as a choice for next-generation 
EVs, offering superior efficiency and 
thermal management. 
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Silicon (Si)-based controllers have long been favored for power electronics in EVs due 
to their cost-effectiveness and commendable efficiency and dependability. Although 
these devices find extensive application, they encounter constraints when it comes to 
high power and high frequency usage because of difficulties in thermal management. 
Silicon Carbide (SiC)-based controllers exhibit enhanced thermal performance and 
efficiency in comparison to silicon-based controllers, rendering them well-suited for 
applications involving high temperatures and performance. Despite the increased 
expense, their capability to function at higher frequencies while experiencing reduced 
losses enables the development of power electronics that are more compact, 
lightweight, and efficient. [11] Gallium Nitride (GaN)-based controllers epitomize the 
highest level of power electronics technology, showcasing unmatched thermal 
performance and efficiency. They enable the operation of systems that are compact and 
lightweight by supporting highly fast switching rates. Although presently more costly, 
their implementation in EVs is anticipated to increase as the technology advances and 
costs decline. [12] 

1.1.3 Electric Propulsion Motor 
The EM used in EVs consists of a variety of technologies designed to suit specific needs 
related to efficiency, cost, maintenance, and performance. Each type of motor has 
distinct advantages that impact the decision-making process, considering elements such 
as upfront expenses, effectiveness, upkeep needs, and vehicle performance standards. 
Ongoing development and optimization of EMs are crucial for advancing performance, 
efficiency, and sustainability in the automobile sector as the EV market progresses.  
The advantages and disadvantages of the most widely used EMs for EV are presented in 
Table 3. 
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Table 3. Main types of EMs used in electrical vehicles. [13][14][15][16] 

Feature BLDC PMSM AC Induction Motor SRM 
Principle Operates with 

electronic control to 
rotate the motor 
without brushes. 

Utilizes permanent 
magnets on the rotor. 

Operates on 
electromagnetic induction 
without permanent 
magnets. 

Operates by magnetic 
reluctance, without permanent 
magnets or brushes. 

Efficiency High efficiency, 
especially at high 
speeds. 

Very high across a wide 
range of speeds. 

Generally high, slightly 
lower than PMSM at 
certain speeds. 

High, particularly in specific 
speed ranges with controlled 
operation. 

Maintenance Low, as there are no 
brushes for wear and 
tear. 

Low, due to the absence 
of brushes. 

Low, due to the lack of 
permanent magnets and 
simple construction. 

Low, as it lacks brushes and 
commutators. 

Torque & Speed High torque over a 
wide range of speeds. 

High torque across a 
broad range of speeds. 

High torque at low speeds, 
decreases at high speeds. 

High torque at low speeds, with 
specific torque-speed 
characteristics. 

Thermal Management Efficient, due to 
absence of brushes and 
precision electronic 
control. 

Efficient, with careful 
management needed. 

Less efficient due to rotor 
design. 

Moderate, with design 
challenges in heat dissipation. 

Durability High, as electronic 
controls and absence of 
brushes reduce wear. 

Sensitive to high 
temperatures. 

High, robust design 
suitable for harsh 
conditions. 

High, due to the robust and 
simple design. 

Application Suitability Preferred for 
applications needing 
precise speed and 
torque control. 

Ideal for passenger 
vehicles and applications 
demanding high 
efficiency. 

Suitable for heavy-duty 
and industrial applications. 

Favored in applications where 
cost and simplicity are 
prioritized, with specific 
performance requirements. 
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DC series motors are ideal for applications with frequent starts and stops because to 
their high starting torque, but they require regular maintenance due to brush wear. [13] 
Brushless DC Motors (BLDC) are known for their great efficiency and precise control at 
various speeds. They require minimum maintenance because they do not have brushes, 
making them well-suited for precise EV applications. [14] Permanent Magnet Synchronous 
Motors (PMSM) are highly efficient and high-performing motors that utilize permanent 
magnets. They are commonly used in passenger automobiles due to their outstanding 
features. [15] Three-phase AC Induction Motors (IM) provide a well-rounded solution, 
offering strong performance and longevity at a reduced price, making them ideal for a 
range of EV applications, particularly where simplicity and cost-efficiency are important. 
Switched Reluctance Motors (SRM) are known for being simple and solid, providing a 
cost-efficient choice for situations where performance is needed, with the advantage of 
requiring minimal maintenance. [16] 

1.1.4 Mechanical Transmission 
As EV technology advances, there is potential for a variety of transmission systems to be 
developed to meet the specific performance and efficiency needs of various EV models. 
Comparison is shown in Table 4. 
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Table 4. Types of transmission. [17][18][19] 

Feature Single-Speed Transmission Multi-Speed Transmission  CVT 
Complexity Lowest, simplest design with fewer 

moving parts. 
Higher, more complex design 
with multiple gears. 

Moderate, complex design but 
no actual gears. 

Efficiency High, minimal mechanical losses due to 
simplicity. 

Variable, can be optimized for 
specific speeds. 

High, but can vary due to pulley 
system losses. 

Performance Good, optimized for a balance of 
acceleration and top speed. 

Better, allows for optimization 
across a wider range of speeds. 

Good, allows for seamless 
acceleration without gear shifts. 

Cost Lower, due to simplicity and fewer 
components. 

Higher, due to more 
components and complexity. 

Moderate to high, depending on 
the CVT design. 

Maintenance Lowest, fewer parts mean less wear and 
maintenance. 

Higher, more parts and 
complexity mean more potential 
for wear. 

Moderate, less than multi-speed 
but more complex than single 
speed. 

Driver Experience Smooth, no gear shifts. Engaging, allows for manual 
control over gears. 

Smooth, continuous acceleration 
without noticeable gear 
changes. 

Application Suitability Suitable for most passenger EVs, where 
simplicity and efficiency are key. 

Used in performance or heavy-
duty EVs where driving 
conditions vary widely. 

Suitable for EVs where smooth 
driving and efficiency are 
prioritized over outright 
performance. 



18 

EVs mainly use single-speed transmissions since the EM can function effectively at 
various speeds. The system's simplicity ensures dependability, decreases weight, and 
lowers costs while delivering smooth, linear acceleration. [17] Manufacturers are 
exploring multi-speed transmissions and continuously variable transmissions (CVT) for 
certain uses. Multi-speed transmissions, while not as prevalent in EVs, can provide 
advantages for high-performance EVs by enhancing power distribution at high speeds 
and increasing efficiency across different driving scenarios. [18] CVTs offer the potential 
for endless gear ratios, allowing the EM to function at its most efficient level, which could 
increase the vehicle’s range and improve performance. [19] The single-speed Transmission 
is the favored option for most EVs because of its ability to balance efficiency, simplicity, 
and performance requirements. 

1.2 Integrating DT Technology with EV Propulsion System Components 
Advanced techniques enable a seamless blend of real and virtual environments, fostering 
an innovative approach to engineering that transcends traditional methodologies. 

Applying DT technology into EV represents a significant advancement in optimizing 
and developing electric propulsion systems. This advanced simulation tool creates a 
connection between the physical and digital realms, enabling a thorough and dynamic 
investigation of EV components such battery packs, EMs, power electronics controllers, 
and transmission systems. Engineers and designers can use DT technology to analyze and 
improve the performance, efficiency, and reliability of components in ways that were 
previously considered impossible in traditional development procedures.  

 DTs are being applied to the battery pack at the forefront of the technological 
revolution. [13] Developing a digital model of the battery pack allows for a comprehensive 
simulation of its performance under various conditions and usage situations. Virtual 
modeling is crucial for analyzing the complex dynamics of battery chemistry, design, and 
management systems. [14] Utilizing this capability can drive progress in energy density, 
operational efficiency, and the overall longevity of the battery. This raises the battery’s 
performance and improves the vehicle’s range and durability. [15] DT’s predictive 
powers are transforming the development of maintenance strategies. DT technology 
enables preventive maintenance and timely replacement plans by accurately predicting 
battery degradation and probable failures. Anticipating potential issues not only extends 
the battery’s lifespan but also enhances vehicle dependability and safety, reducing the 
chances of unforeseen battery malfunctions. 

The PEC, which regulates the electrical energy flow between the battery and the 
motor, also gains advantages from using DT technology. DTs enable the smooth 
integration of the PEC with the battery and EM, ensuring an efficient flow and conversion 
of electrical energy. Precise coordination is crucial for optimizing the vehicle’s 
performance and range by achieving a harmonious balance between power output and 
energy efficiency. DTs help improve the durability and efficiency of power management 
systems by simulating thermal behavior and stress factors on power electronics. This not 
only decreases the likelihood of overheating but also greatly prolongs the lifespan of 
these essential components. 

The EM benefits significantly from DT technology. Virtual replication of the EM 
enables a detailed investigation of its thermal management, efficiency, and performance 
under numerous operating circumstances. [16] Exploring various materials, winding 
arrangements, and cooling methods digitally offers new opportunities to enhance motor 
design. The aim is to reach exceptional levels of performance and efficiency to improve 
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the motor’s response to different driving patterns and maximize energy usage. Adjusting 
control algorithms based on dynamic response analysis enhances the motor’s acceleration, 
torque delivery, and energy efficiency. 

 DT technology provides a distinct advantage in maximizing transmission efficiency for 
EVs equipped with multi-speed transmissions or CVTs. DTs improve transmission 
efficiency by studying and optimizing gear ratios and shifting algorithms, leading to 
increased vehicle acceleration and performance. Moreover, the ability to replicate the 
mechanical loads of the gearbox during operation helps estimate wear and tear of 
single-speed transmission. Having this predictive information allows for the use of 
preventative maintenance procedures, which helps save expensive repairs and downtime, 
preserving the longevity and reliability of the transmission system. 

The use of DT technology holds significant promise. However, there is still a gap in 
practical research. While some studies explore theoretical benefits like predictive 
maintenance, few delve into actual implementation in EVs. Key areas lacking detailed 
investigation include how DTs can optimize battery systems, enhance component 
reliability, and improve overall vehicle efficiency. More research in these areas could help 
fully realize the potential of DTs in advancing EV technology. 

1.3 Hypotheses 
DT technology is being integrated into EV propulsion systems to change their 
development, optimization, and maintenance in the fast-changing EV industry. This 
integration is crucial for dealing with the existing obstacles in simulating and monitoring 
EV components in real-time, such as data accuracy, operational efficiency, and system 
flexibility. This chapter suggests a series of hypotheses to use DT technology to overcome 
obstacles and improve the effectiveness and reliability of EV propulsion systems. 

• Specialized scaled demonstrators are projected to improve data collecting for
EV propulsion systems due to the limitations of current data acquisition methods.
This method is anticipated to improve the accuracy and comprehensiveness of
the data, enhancing the reliability of DTs and their predictive abilities,
and therefore supporting more efficient and effective propulsion system
advancement.

• Utilizing DTs for Component-Specific Analysis. Because of the intricate nature of 
EV propulsion systems and the necessity for a comprehensive comprehension
of individual component behavior, recommend creating DTs for specific
components to gain deep understanding into their operational dynamics in
different scenarios. This method is expected to greatly enhance the operational
efficiency of the components, thus leading to the optimization of the entire
propulsion system.

• Integrating real-time data acquisition into the development and testing
framework will expand the scope of component simulation due to the dynamic
nature of EV operations and evolving driving conditions. The connection will
improve simulation accuracy and enable the addition of new features,
enhancing the versatility and performance of EV propulsion systems.

• Based on the need of early fault detection for the reliability and upkeep of EV
propulsion systems, we propose that utilizing DT technology can facilitate the
immediate forecasting and identification of possible defects. This method is
anticipated to greatly save downtime and maintenance expenses while
improving vehicle safety and dependability.
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1.4 Objectives of the Thesis 
This thesis intends to investigate the latest advancements in EV propulsion system 
development using DT technology. This aims to connect theoretical modelling with 
practical application to enhance the efficiency, dependability, and performance of EVs 
through an extensive and systematic methodology. The following aims are intended to 
direct the thesis toward achieving its goals: 

• The main goal is to create a scaled demonstrators that has the key components 
of an EV propulsion drive system. This scaled demonstrator will be a crucial tool 
for simulating EV performance, allowing for the analysis of component 
interactions and system dynamics in different operational conditions. Creating 
a scaled demonstrators is crucial for simulating real-world conditions and 
gaining significant insights into optimizing the performance of EV propulsion 
systems. 

• Researching and building DTs for individual components inside the EV 
propulsion system. This involves thoroughly examining the details of each part, 
comprehending how it functions and performs in various situations, and 
generating precise digital duplicates. The DTs will enable accurate analysis and 
optimization, leading to progress in component design and system integration. 

• Exploring the possibility of using real-time data collecting in the construction of 
DTs. This will investigate the integration of real-time data, such as operational 
and environmental variables, into DTs to improve their accuracy and usefulness. 
Emphasis will be placed on the visualization aspects to ensure that the DTs 
accurately reproduce the functional features of their physical counterparts and 
offer a complete visual representation. 

• Create and execute a DT service designed to provide detailed information on 
the maintenance needs of EV propulsion drive components. This service will 
provide proactive maintenance methods and defect detection by utilizing the 
predictive capabilities of DT. The objective is to improve the dependability and 
durability of EV propulsion systems, minimizing downtime and maintenance 
expenses while enhancing the overall performance of the vehicle. 

1.5 Scientific Contributions 

1.5.1 Scientific Novelty 
• Development of a theoretical framework for the physical representation of DT. 
• Creating a DT of an EM, utilizing an empirical model to simulate its performance. 

It investigates the data essential for the DTs development. Additionally,  
a comprehensive structural analysis of the virtual model, crafted within the 
Unity3D engine. 

• Development of a robust physical model that effectively includes the 
performance characteristics of autonomous electric car transmissions.  
The examination and improvement of the performance of contemporary 
autonomous EVs can be facilitated by the utilization of the produced DT. 
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1.5.2 Practical Novelty 
• The creation of a scaled-down demonstrator for evaluating the electric 

propulsion drive system. 
• The proposed framework and tools include a middle-layer ROS interface that 

integrates with both the physical propulsion drive system and its DT. This 
interface enables visualization in different simulation engines. 

• Developed a diagnostic service unit for the EM in propulsion drive systems, 
utilizing ROS communication for fault detection. 
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2 Scaled Demonstrators Development 
The EV propulsion drivetrain is a complex structure that requires precise mathematical 
modelling, monitoring, and validation. The complexity of the system is due to its 
combination of many electrical and mechanical components. These components are 
unique in their functionality and must operate and interact seamlessly with one another. 
Complete EV powertrain modelling is crucial for optimizing motor control across various 
driving scenarios and ensuring effective interaction among all powertrain components. 
Torque vectoring is a system that distributes power from the EM to the wheels to avoid 
bends in all possible situations. These issues require the ongoing development of suitable 
measurement technology. A comprehensive test bench of the EV powertrain is the most 
suitable representation of the physical model, which is a crucial aspect of the DT. 

The ISEAUTO, a self-driving vehicle from Estonia [17], was created through 
collaboration between Tallinn University of Technology (TalTech) and various industrial 
partners. The ISEAUTO project has many objectives and achievements. The ISEAUTO 
project began in June 2017, following an agreement between TalTech and Silberauto AS 
Estonia to collaborate on the development of a self-driving vehicle. The company aimed 
to engage in self-driving technology to anticipate the future of the automobile industry 
and gain expertise in production. The project was simultaneously utilized for scientific 
research. 

2.1 DT Concept and Requirements 
The DT is typically viewed as a digital model that engages with the physical object during 
its entire lifespan, offering insights for assessment, enhancement, forecasting, and other 
functions. [18]. Figure 1 shows the interaction of the DT components. All components 
are interdependent from each other. The physical entity provides the basis for the virtual 
entity development; the virtual entity is responsible for the simulations, control of the 
physical part, and optimization strategies for the service system. The service system 
represents an integrated service platform responding to the demands of both physical 
and virtual entities. DT data is the combined data from physical, virtual, and service 
entities; methods for modelling, optimizing, and predicting. Data acts as a driver for all 
entities and involved in the creation of the DT itself, more comprehensive and consistent 
data is formed.  

Figure 2 depicts each dimension of the DT for the propulsion motor drive of the self-
driving shuttle. A real physical entity comprises multiple subsystems and sensory devices. 
The self-driving shuttle includes the following subsystems: electric propulsion drive 
system, control system, safety system, and auxiliary systems (door controller, lights, 
etc.). The sensors collect the present state of the subsystems. There are two primary 
types of sensors utilized in self-driving vehicles: dead reckoning sensors (encoders, 
inertial sensors, GPS, etc.) and sensors for vehicle perception (cameras, radars, lidars, 
ultrasonic, etc.). The primary use of the sensors is to achieve autonomy. Additionally, 
they can be utilized to change control algorithms for propulsion electrical drives and 
assist in selecting cruising mode. The test bench, which merges the benefits of real-time 
software models and actual equipment, helps decrease the amount of test iterations and 
ensures safe maintenance. The virtual entity comprises the geometric model, physical 
model, behaviour model, and rule model. The components of the self-driving shuttle in 
the geometric model, such as the EM, gearbox, and transmission, are created as 
computer-aided geometric models for assembly in the virtual engine. Datasets consist of 
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diverse collections of data. IoT sensors and platforms can be used to collect, sort, 
convert, and send large amounts of data from physical entities. The data includes 
information on working and environmental circumstances, as well as operating statuses. 
Virtual entity data comprises the parameters of models and simulation data. The services 
entity provides information about algorithms used for data collection, processing, and 
utilization. Furthermore, service entity data delineates the interaction algorithms among 
entities.  

The service entity includes rules for both virtual and physical entities and may consist 
of several sub-services, such as maintenance and diagnostic, energy optimization, path 
planning, etc.  

The connection entity describes the link between other entities. 

 

 
Figure 1. Five-dimensional DT model. [19] 
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Figure 2. DT components for the ISEAUTO self-driving shuttle. [19] 
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2.2 ISEAUTO Powertrain Scaled Demonstrators and Components 
The propulsion drive system of ISEAUTO was developed using the Mitsubishi i-MiEV 
trolley as a basis, including the Y4F1 PMSM. [20] ISEAUTO is a last-mile vehicle with 
limited speed that utilizes the transmission to operate within the most efficient range of 
the propulsion motor. The transmission in the self-driving vehicle F1E1A (without shifting 
function) consists of two pairs of gears meshing together and a dependable differential, 
resulting in an overall reduction ratio of 6.066.  

2.2.1 Battery Emulator 
The CINERGIA B2C+ battery emulator unit comes with a regenerative AC to DC converter 
to imitate the behaviour of actual batteries. The unit’s DC output can be varied from  
20 to 750 V. By serializing or parallelizing outputs, it is possible to change power and 
current. The system is operated by a PC that is connected to sophisticated software.  
The device can send and receive data through the interface module using CAN bus, 
Modbus, or Ethernet Open protocol.  

2.2.2 Traction Drive  
The traction drive system utilizes a 55 kW heavy-duty water-cooled electric drive 
manufactured by ABB (model HES880). The system is operated by PC software and can 
exchange data using CAN bus or Ethernet. It can be utilized in both inverter and 
generating modes. It is designed using the direct torque control (DTC) technique. When 
operating in inverter mode, the drive regulates both the torque and speed of the motor. 
The generator mode is utilized to regulate the DC-link voltage during regenerative 
braking. The open-loop control algorithm decreases the need on external encoders, 
leading to lower maintenance and risk expenses.  

2.2.3 Electric Motor 
The electric traction motor utilized in ISEAUTO is a 25 kW Mitsubishi Y4F1 water-cooled 
PMSM. The device is fitted with a resolver unit on its internal shaft to monitor speed and 
position. Table 5 outlines the motor parameters. 

 
Table 5. Specifications of motor for i-MiEV. [Paper III] 

Type Water-cooled permanent magnet type 
synchronous motor 

Max. output 47 kW (3000 - 6000 RPM) 
Rated output 25 kW 
Max. torque 180 Nm (0 - 2000 RPM) 
Battery voltage 330 V 

2.2.4 Transmission 
F1E1A is a four-gear double-stage transmission unit. The first gear is the pinion gear on 
the input shaft, coupled to the rotor of the vehicle’s traction motor. The second and third 
pinion gears share a same shaft. The fourth gear is linked to both the output shaft and 
the differential unit. Table 6 displays the parameters of the gears. 
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Table 6. Transmission gears. [Paper III] 

Gear  Diameter, mm  Width, mm  Teeth number  
1st  58,9  27  25  
2nd  93,9  251  42  
3rd  56,1  32,2  18  
4th  179  27,6  65  

2.2.5 Loading Motors  
Two 7.5 kW IMs are installed on either side of the differential unit to mimic the 
movement of the vehicle wheels. Two ABB frequency converters power the motors. 

2.2.6 Data Acquisition System 
A Dewesoft data gathering device was set up on the scaled demonstrator to gather 
essential data from its components. The measurement device must meet the following 
criteria: 

• Take measurements of the direct current voltage and current of CINERGIA. 
• Measure the PMSM three-phase power, resolver speed, and winding 

temperature. 
• Measure the loading speed of motors 1 and 2. 
• Measure the torque data from the analog output of the inverters of the loading 

motors and HES880. 
Figure 3 displays the full list of necessary channels. At least 3 high voltage channels 

and 3 low voltage channels were needed for current transducers to evaluate the 
electrical properties of the main propulsion motor. 5 low voltage channels were required 
to measure the resolver speed, winding temperature, and analog output from the 
inverters. 2 counter channels were crucial for the encoders. The SIRIUSi-HS-4xHV-4xLV 
and DEWE-43-A devices were used to record the required parameters. Dewesoft’s 
product line provides the benefit of utilizing their software for data analysis and 
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recording. The devices can measure at a wide range of sample rates and export data in 
multiple file formats. 

 
Figure 3. Scaled demonstrator I/O. 

2.3 Scaled Demonstrator Development 
A Computer-aided design (CAD) model was produced for each component based on the 
actual dimensions of the object. For accuracy, complex geometric models such as a 
motor and gearbox were scanned using a 3D scanner. Areas where a 3D scanner’s laser 
line cannot capture 3D geometry will be identified as “Through-holes” and removed 
during the model post-processing. Figure 4 displays the chronology of creating a digital 
model of a motor and a gearbox. 

 
Figure 4. A chronology depicting the process of creating a digital model: a) an actual motor with a 
gearbox, b) a scanned model with imperfections, and c) the refined final form of the digital model 
produced by SolidWorks. 

The electric car’s whole electric propulsion system was designed in SolidWorks 
following the same method illustrated in Figure 4. An extra frame was designed in 
SolidWorks for the laboratory scaled demonstrator. The primary functions of the frame 
were to support the entire electric drive system and allow for the addition of loading 
motors on both sides of the transmission to replicate the real operating conditions of an 
electric car, as depicted in Figure 5. Figure 6 displays the assembled ISEAUTO powertrain 
scaled demonstrator. 
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Figure 5. Rendered image of a scaled demonstrator frame setup. 

  
Figure 6. ISEAUTO powertrain scaled demonstrator. 

More information on the testbench concept and construction can be found in [Paper I] 
and [Paper II]. 

2.4 Performance Tests and Results  

2.4.1 Tests Procedures 
The test bench plays a significant role in validating results with a physical object, 
specifically ISEAUTO in this instance. Data collection is required to validate the parameters 
of the test bench under the operational conditions of a self-driving bus. These tests are 
crucial for reducing errors during test bench operation and replicating real ISEAUTO 
circumstances accurately for propulsion drive operation simulations. The experiments 
were carried out on the premises of TalTech University. Three primary routes were 
utilized for testing: 



 

29 

• Driving on a flat surface. The test area was selected to be 100 meters in distance 
and have a minimal slope suitable for the bus. Six tests were conducted at this 
distance along the same path. 

• Driving over an inclined surface. A test site was selected with a 50-meter 
distance and the steepest slope possible to assess the EM’s load capacity for the 
bus. Three tests were conducted at this distance along the same path. 

• Driving regularly in a TalTech smart city between passenger stops. The site 
features a smart city area designed for testing self-driving buses, including 
intelligent bus stops, smart pedestrian crosswalks, smart traffic lights, automatic 
bollards, self-driving autonomous vehicle shuttles, and remote-control stations. 
Two tests were conducted following the same circular path as shown in Figure 7.  

 
Figure 7. TalTech campus smart city round trajectory. [Paper III] 

Below are the primary measurement parts, sensors, and parameters: 
• Battery pack of the ISEAUTO – for DC voltage device was connected directly to 

the battery and for DC current were using a current clamp. 
• The propulsion system of the ISEAUTO includes a three-phase voltage supply to 

a permanent magnet synchronous motor which connected directly with the 
device and a three-phase current supply to the same motor using a current 
clamps. 

• GPS module provides data about speed, altitude, and distance. 
The measurements aim to understand the electrical properties of the ISEAUTO and 

then verify the test bench using this data. Figure 8 displays an example of the received 
data.  

Due to the country’s restrictions limiting the speed of self-propelled vehicles to 20 km/h, 
ISEAUTO does not utilize the full capacity of the EM, resulting in the voltage remaining 
significantly lower during operation. The ISEAUTO inverter was found to load the phases 
asymmetrically at the starting moment, with one phase having an amplitude value that 
is half of the other two phases. Once the initial phase is over, the currents return to being 
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symmetrical. Altitude data obtained from GPS is seen in Figure 8. Altitude data can be 
used to determine the motor load during actual ISEAUTO operation. GPS data was 
acquired, although it was rather noisy. The GPS signal was unstable because of tall 
structures. Future efforts will focus on enhancing signal reception and integrating the 
Inertial measurement unit (IMU) sensor into the existing measuring setup alongside the 
GPS. 

 

 
Figure 8. Measurement of an ISEAUTO motor voltage, current, and altitude while driving no slope. 
[21] 

2.5 Chapter Summary 
This research study detailed the steps for developing a complete PC-controlled test 
bench for an autonomous EV propulsion drive system. A detailed description of the 
primary test bench components was provided. Performance tests were conducted on 
ISEAUTO under various operating conditions: six tests without slop driving mode, three 
tests with slop driving mode, and two regular driving modes. The performance test data 
will be utilized for validating the test bench. The initial findings from the scaled 
demonstrator show promise for the powertrain DT development. 
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3 Digital Twin of an Electrical Motor 

3.1 Empirical Performance Model 
A potential application of DT is for control and monitoring. A physical entity often 
contains many subsystems and sensory equipment, while a virtual entity can be created 
using existing data. The virtual entity consists of one or more models depending on the 
DT application, such as behaviour, thermal, rule, or other models. The DT data consist of 
multiple datasets obtained from the actual physical object, gathered through numerous 
sensors and data collecting devices. The service entity primarily includes regulations for 
virtual and physical entities and may offer other sub-services, such as maintenance and 
diagnostics, energy optimization, and path planning. The connection entity often 
specifies the interaction among other entities. Unity3D is utilized in the study for 
conducting physics simulations and visualizing the DT. The paper reveals a component of 
a project focused on creating a specialized unsupervised prognosis and control platform 
to estimate the performance of electric propulsion drive systems in an autonomous  
self-driving electric car. This goal involves creating various subtasks and objectives, one 
of which is to create physical models of different energy system components such as 
motors, gearboxes, and power converters, along with their corresponding simplified 
models (testbeds) to build the system’s DT. [22] 

An Induction motor was utilized in this example as one of the potential configurations 
to develop a model based on an efficiency map. A study was conducted on an ABB 
3GAA132214-ADE induction motor to develop a practical empirical performance model. 
The electrical motor under examination is powered by an industrial frequency converter, 
specifically the ABB ACS880, utilizing the DTC algorithm. An extra frequency converter 
(ABB ACS800) was utilized as a load during the setup. An efficiency map is generated by 
gradually increasing the load torque from zero to the rated load torque determined 
during the design phase in a stepwise manner. An efficiency map was obtained from 
research comparing the efficiency of induction and synchronous reluctance motors [23]. 
Motor efficiency is calculated as the ratio of the motor shaft power (𝑃𝑃mech_motor) to the 
total electrical input power (𝑃𝑃in_total). 

 
 𝜂𝜂motor = 𝑃𝑃mech_motor/𝑃𝑃in_total  (1) 

 
In [Paper IV] the graphical depiction of an empirical performance model of IM, while 

Table 7 provides the rated data of the motor. 
 

Table 7. Rated Data of Induction Motor. [Paper IV] 

Parameter  Unit  Value 
Motor frame size  

 
132 MA 

Rated Power  kW  10.5 
Rated Current  A  22 
Rated Speed  rpm  1460 
cosϕ  

 
0.6 

Moment of inertia  kgm2  0.048 
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The empirical performance model describes the loss distribution of IMs on  

speed-torque characteristics. Copper losses are the primary power losses in all EMs.  
The torque of an IM is directly proportional to both the electrical loading and the 
magnetic loading. [23] To boost the torque generated by the motor, both electrical and 
magnetic loads need to be amplified. To improve motor torque in high magnetic flux 
density, the only effective method is to increase the electrical loading due to the 
saturation of the stator iron core. Increasing the current density in motor windings can 
lead to higher copper losses and decreased efficiency. A numerical representation of an 
empirical performance model for an IM is utilized as an input for constructing a DT to 
assess the IM across a specified speed-torque range. 

3.2 DT based on Empirical Model 
The setup for the DT of the IM is as follows: The Unity 3D physics engine simulates basic 
physics in connection with the Robot Operation System (ROS) bridge. Linux ROS nodes 
simulate more complex electrical machine behaviours, such as motor efficiency based on 
the efficiency map and motor controller. As seen in Figure 9. Unity 3D’s main advantage 
is its appealing framework for handling 3D objects and simulating virtual physical forces. 
The advantages of Unity3D were a key factor in selecting it over the more frequently 
utilized MATLAB or Matplotlib in research, or at the current project level. 
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Figure 9. The operational architecture of DT. [Paper IV] 

The Linux ROS Server transmits a User Datagram Protocol (UDP) command packet to 
the Unity 3D Visualizer over the ROS Bridge standard. The primary function is to receive 
a control message from a defined IP address in a standardized ROS Bridge message 
format published by the Linux ROS Server. It controls the 3D models to demonstrate the 
motor’s behaviour as it would occur. It is responsible for providing feedback to the Linux 
ROS Server for processing, similar to how an encoder sends updates on the motor 
rotation rate to a motor controller. 

The Linux ROS Server consists of multiple nodes that replicate different facets (such 
as mechanical, thermal, electrical, diagnostic, etc.) of the motor. It includes a single motor 
controller simulator node and a simulation controller node that integrates data from all 
other aspect simulation nodes and Unity 3D feedback, processes it, and transmits the 
information to a visualization client in Unity 3D.  

The detailed physics engine of the DT is depicted in [Paper IV]. The Unity 3D Visualizer 
message is received as a UDP packet in a proprietary ROS Bridge format by the ROS Bridge 
Client. It is then deserialized into input variables (empirically estimated velocity and 
torque) for the motor and forwarded to the 3D object controller as variables. The object 
controller transforms data from the empirical performance model into the velocity of the 
motor shaft in the DT model. This data is utilized for the motor’s 3D visualization. A virtual 
sensor, known as a simulated encoder, measures the motor shaft’s angular velocity, 
translates it to feedback data, and transmits it to the Linux ROS Server. 
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There are currently two active nodes in the simulation: a motor controller simulator 
node and a mechanical simulation node. The motor controller features a proportional–
integral–derivative (PID) controller that supplies a control signal to the motor.  
The mechanical simulation node utilizes an efficiency map obtained from an actual motor 
to simulate accurate torques and power output at specific angular velocities, ensuring 
that the DT behaves like the real motor. 

3.3 Graphical representation 
Utilizing a virtual visual model can help avoid numerous mistakes and errors without 
incurring any negative impact on performance or costs. Additionally, this model can serve 
as a great tool for training technical personnel and in academic institutions. In a physical 
model, the various parts of an actual object (such as windings, rotor, shaft, encoder, etc.) 
are created as CAD geometric models and then put together to form the virtual object. 
Figure 10 displays the graphical model utilized for DT visualization. 

 
Figure 10. Graphical representation of induction motor in Unity 3D. [Paper IV] 

The Physics engine has a ROS Bridge client that receives a data package from the ROS 
Server. The ROS Bridge client extracts data from the package and transmits it to the 3D 
object controller, which then recalculates new positions and orientations for the 
simulated motor components. The 3D model is then updated with new states. This stage 
verifies that a 3D model accurately simulates the behaviour of a genuine motor visually. 
The model considers additional physical forces acting on the motor, such as friction 
losses and moment of inertia, which are simulated using the angular drag feature in Unity 
3D’s Rigidbody. The simulation updates encoder values, which are then transmitted to 
the ROS Server to provide feedback for the speed controller. The simulated encoder is 
interchangeable and can be used with any required feedback simulation. A PID controller 
is currently utilized for its simplicity and user-friendly nature. 

3.4 Chapter Summary 
[Paper IV] describes the development process of DT for an EM using an empirical 
performance model. The study examines the facts necessary for developing the DT.  
An in-depth structural analysis of the virtual entity created using the Unity3D engine is 
provided. The current DT is mostly used as a loading motor drive system on a test bench 
to evaluate the performance of the electric propulsion drive system in an autonomous 
electric car. Developing and implementing the concept of DT will offer a new method for 
measuring and estimating the performance of motor-drive systems. 
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4 DT of An EV Transmission 
The mechanical component of the electrical drive system is responsible for a significant 
share of the total issues, which are degenerative and tend to worsen over time. [24] 
Regularly maintaining mechanical components, inspecting device operations, ensuring 
adequate lubrication, and operating devices that are rarely used are essential practices 
for any electrical drive system. [25] The DT solution encompasses several services, 
including enhancing efficiency, reducing failure rates, accelerating development cycles, 
and creating new business prospects. [26] DT, being a virtual entity, needs to accurately 
replicate operations happening in a physical entity through digital means. In reality, 
various physical processes have influence on an object at the same time, making it 
unfeasible to see the electrical drive system purely as an electrical device. [27] It is 
important to take into account other phenomena, such as heat effects or mechanical 
vibrations. This ideal may need to be evaluated. DT should represent impacts across 
several physical realms such as electrical, mechanical, and thermal. The current 
study aims to provide a customized unsupervised prognosis and control platform for the 
propulsion drive of an autonomous EV. This platform may be utilized for performance 
estimation, control system tuning, maintenance, diagnostics, and various other services. 
The study aims to outline the development process of a parametric design table for an 
autonomous electric car gearbox. 

The transmission in the self-driving vehicle F1E1A is a straightforward meshing of two 
pairs of gears with a dependable differential, resulting in an overall reduction ratio of 
6.066. 

4.1 3D Scanning of Transmission 
The initial stage of transmission parametrization involved creating a geometric model 
with the 3D scanner ATOS II 400. This inspection device utilizes structured light 
technology and has a measuring frequency of 1.4 million points every 7 seconds.  
The resolution is 0.177 millimetres. To digitize larger objects, markers should be 
employed. These markers are placed on the object being scanned to combine different 
scanning images during post-processing. [28] This scanning method offers excellent 
precision in a short time frame and is safe for the eyes. Drawbacks include sensitivity of 
system setup to ambient light, inability to 3D scan glossy surfaces, and insufficient 
precision for intricate pieces with diverse surface characteristics like ribs and sharp 
edges. The ATOS 3D scanner was utilized for digitizing transmission due to its excellent 
precision in huge item examination. The autonomous electric car transmission depicted 
in [Paper V] is considered a geometric component of the DT.  

F1E1A is a dual-stage transmission with four speeds, depicted in [Paper V]. The initial 
gear is the pinion gear on the input shaft, linked to the rotor of the vehicle's traction 
motor. The second and third pinion gears share a same shaft. The fourth gear is linked to 
both the output shaft and the vehicle's differential. Table 6 displays the specifications of 
the gears, with all shafts having a uniform diameter of 22 mm. 

The transmission's gear ratio (n) can be determined using the following equation: 
 

 𝑛𝑛 = 𝑛𝑛4
𝑛𝑛3
∙ 𝑛𝑛2
𝑛𝑛1

 , (2) 
where n (1...4) is the number of teeth of gears 1 through 4, respectively. The gear ratio 

has an impact on maximum speed, wheel radius, and traction between the road and 
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tires. A slower motor speed compared to the vehicle speed results in a reduced gear 
ratio, smaller dimensions, and less expenses. [29] The powertrain features an extra 
regenerative brake mode for increased deceleration by boosting regenerative brake 
effort, as well as a comfort mode for suburban driving by reducing regenerative brake 
intensity. 

4.2 The Efficiency of the Transmission 
Power losses in transmission occur in gears, bearings, and seals. Additionally, 
supplementary losses should be taken into account. Gear and bearing losses are 
categorized as load and no-load dependant losses, while transmission losses (∆𝑝𝑝𝑚𝑚𝑚𝑚ℎ) are 
classified in [Paper V]. It is important to note that for nominal power transmission,  
the load losses of the gear are typically dominant, and in the case of part load and high 
speed, no-load losses dominate the total losses. [30][31][32] 

 
 ∆𝑝𝑝𝑚𝑚𝑚𝑚ℎ = ∆𝑝𝑝𝐺𝐺0 + ∆𝑝𝑝𝐺𝐺𝐺𝐺 + ∆𝑝𝑝𝐵𝐵0 + ∆𝑝𝑝𝐵𝐵𝐺𝐺 + ∆𝑝𝑝𝑠𝑠 + ∆𝑝𝑝𝑎𝑎𝑎𝑎𝑎𝑎  (3) 

 
No-load gear losses are not affected by the amount of torque applied to the gear.  

The no-load losses can be attributed to the lubrication losses caused by the viscosity and 
density of the lubricant, internal design of the transmission, and bearings, which become 
apparent as the mechanism rotates. No-load gear losses are dependent on the 
configuration, dimensions, category, viscosity of lubricant, and level of submersion. 

Load-dependent gear losses happen at the contact point of the power-transmitting 
components. Load dependent gear losses are determined by the friction force (𝐹𝐹𝑅𝑅(𝑋𝑋)) 
and relative velocity 𝑉𝑉𝑟𝑟𝑚𝑚𝑟𝑟 (𝑋𝑋), following the fundamental Coulomb law:  
  
 ∆𝑝𝑝𝐺𝐺𝐺𝐺 = 𝐹𝐹𝑅𝑅(𝑋𝑋) ∙ 𝑉𝑉𝑟𝑟𝑚𝑚𝑟𝑟 (𝑋𝑋) (4) 
 

Load-dependent gear losses are often stated as a function of the gear loss factor: 
 
 ∆𝑝𝑝𝐺𝐺𝐺𝐺 = 𝑃𝑃𝐼𝐼𝐼𝐼 ∙ 𝐻𝐻𝑉𝑉 ∙ 𝜇𝜇𝑚𝑚𝑚𝑚 , (5) 
 
𝑃𝑃𝐼𝐼𝐼𝐼 is the transmission input power; 𝐻𝐻𝑉𝑉  is the gear loss factor and 𝜇𝜇𝑚𝑚𝑚𝑚 is the 

coefficient of friction. Gear loss factor (𝐻𝐻𝑉𝑉) is a fixed value determined by the base helix 
angle, load distribution, path of contact, and other gear characteristics. C. Fernandes  
et al. present three equations and propose a calculating method that excludes the elastic 
effects of the gears in their investigation. The forecast of power loss is influenced by the 
calculation of the gear loss factor, which depends on the gear's geometry. The average 
coefficient of friction (𝜇𝜇𝑚𝑚𝑚𝑚) between gear teeth for various gear geometries is a complex 
factor derived from empirical data, and it naturally varies under the same operating 
conditions. No-load bearing losses are primarily influenced by the type and size of the 
bearing (such as cylindrical roller bearings having the lowest losses), bearing configuration, 
lubricant viscosity, and supply. Load dependent bearing losses are influenced by factors 
such as the size, type, rolling and sliding conditions, and type of lubricant used.  

Shaft sealing losses result from the friction between the shaft and its seal. Shaft sealing 
losses (∆𝑝𝑝𝑠𝑠) are determined by the shaft diameter (D) and rotational speed (n). According 
to C. Changenet et al., these losses can be estimated using the following formula [33]:  
 



 

37 

 ∆𝑝𝑝𝑠𝑠 = 7,69 ∙ 10−6 ∙ 𝐷𝐷2 ∙ 𝑛𝑛  (6) 
 

Auxiliary losses refer to losses that are difficult to quantify, such as lubricant losses. 
Transmission relies on lubrication to prevent friction and deformations in the gear teeth 
connection. Losses occur when the lubricant splashes over the pinion, causing a drag 
torque. Lubricant losses are influenced by the pinion’s rotational speed, the surface area 
of contact between the pinion and the lubricant, the pitch diameter of the pinion, and 
the density of the lubricant. C. Changenet et al. provide an equation to calculate the drag 
torque operating on a pinion as an extra load.  

Various computational tools are utilized to calculate power losses and create an 
efficiency map of the mechanical transmission. The WTplus software, created at TU 
Munich, is utilized for determining the efficiency and heat dissipation of manual, 
automatic, and industrial gearboxes. KISSsoft is another software that includes a 
specialized template in KISSsys to automate the efficiency calculation and thermal rating 
of an entire gearbox, encompassing gears, shafts, bearings, seals, discs, synchronizers, 
and other machine components. A 3D model of the F1E1A gearbox was created by 
measuring all its gears, as shown in [Paper V]. by utilizing the KISSsoft software to import 
a 3D model for the purpose of calculating the efficiency of a gearbox. An efficiency map 
of a gearbox was generated by analyzing materials, bearings, grease, and other factors, 
as depicted in [Paper V]. The electric drive’s capabilities are limited to 180 Nm of torque 
and 2000 rpm of speed. 

4.3 DT of a Transmission 
The DT simulation of the transmission consists of two main components, illustrated in 
Figure 11. A primary simulator, functioning as a ROS Node, receives torque (τin) and 
angular velocity (ωin) inputs using the ROS Bridge protocol. Any ROS-based motor controller 
with an encoder, including a virtual one, can provide this input. The main simulator 
computes an anticipated result using the subsequent equations. 

 𝜏𝜏𝑜𝑜𝑎𝑎𝑜𝑜 = 𝜏𝜏𝑖𝑖𝑖𝑖
𝑛𝑛

 , (7) 
 

 𝜔𝜔𝑜𝑜𝑎𝑎𝑜𝑜 = 𝜔𝜔𝑖𝑖𝑛𝑛 ∙ 𝑛𝑛 , (8) 
 
The primary simulator’s main duty is to simulate the efficiency of the transmission 

using formula (1) to compute n. Efficiency of the transmission is determined by 
interpolating data from an empirically constructed efficiency map at a certain torque and 
rotational velocity. The torque (𝜏𝜏𝑜𝑜𝑎𝑎𝑜𝑜), angular velocity (𝜔𝜔𝑜𝑜𝑎𝑎𝑜𝑜), and efficiency are 
published as a ROS subject for use by the DT’s 3D Visualizer. 

Both simulating and visualizing the transmission rely on the framework established for 
the dynamic testing of the load motor. They function and interact similarly through the 
ROS Bridge. However, the display of the data transmission does not offer feedback to the 
simulation because to the absence of a closed-loop speed controller that necessitates 
feedback. The transmission is not self-propelled. It just transforms the inputs provided 
by the rest of the system.  
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Figure 11. The operational architecture of the transmission DT. [Paper V] 

The visualizer is responsible for creating a 3D depiction of the DT’s behavior, capturing 
the transmission in Unity 3D as depicted in Figure 12. The process involves utilizing data 
from the primary simulator to update the states of each 3D object in the 3D model 
controller, resulting in the CAD model of the transmission being displayed on the screen 
realistically under various scenarios. 

 
Figure 12. Unity 3D live visualization of transmission. [Paper V] 

Figure 13 displays the architecture of the creation process for the DT of the gearbox.  
A 3D scan of the gearbox is needed to ascertain its mechanical and material properties. 
The acquired data is utilized to construct a geometrical model of the gearbox, which can 
subsequently be employed in the simulator. The simulator comprises a middle-layer, 
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specifically ROS, which retrieves data from the cloud server. The 3D visualizer block 
utilizes a Unity 3D engine to showcase the functionality of the gearbox. 

 

 
Figure 13. Process architecture. [Paper V] 

4.4 Chapter Summary 
The transmission parametrization method commences with 3D scanning of the object 
under study, then proceeds to gear selection and efficiency computation. The Unity 3D 
real-time development platform’s geometrical model is equipped with appropriate 
inputs and outputs for connecting to the physical model. An efficient physical model that 
considers the performance of autonomous EV transmission is a valuable tool for 
developing the design and technology for the mechanical component of the entire 
propulsion motor-drive system. Virtual Sensors based on the created DT may be 
introduced. The performance of the existing autonomous EV can be analysed and 
enhanced using the built DT. 



 

40 

5 Unity3d As an Interface Option for Propulsion Drive 
Simulations 
The primary goal of the study is to create a framework and tools that consist of a  
middle-layer ROS interface linked to the physical propulsion drive workbench and its DT, 
which can be displayed in different simulation engines. The project intends to create a 
system for linking the interface with Unity3D for visualization, focusing on data exchange 
and feedback. 

5.1 Working Principle of a Test Bench оn а DT 
The DT is applied to simulated data created from genuine data collected from IM for the 
current case study. The information was collected utilizing the data acquisition system 
(DAS) Dewetron Dewe 2 and stored in files with various extensions (*.mat, *.xlsx, *.csv, 
*.txt). The measured data can include information on the motor’s operation such as input 
currents, voltages, consumption and shaft powers, torque, angular velocity during data 
gathering, and other derived data. The parameters in DAS tuning (16Hz – 100kHz) can be 
tested at various frequencies, and the data collected is time-dependent. This capability 
allows for the accurate replication of the motor’s behavior exactly as it occurred in a real-
life setting with the assistance of the ROS Server. An instance of this may be shown in 
[Paper VI], where the input current from the frequency converter to the IM was 
measured and can now be replicated in ROS. The graph from the ROS package rqt plot 
was not included in the paper as it was unable to plot messages at such a high frequency. 

The ROS Server functions as both a data server and a physics simulator in the proposed 
DT system. The server is an independent part of a TB DT system that processes actual 
motor data, computes additional motor parameters from the data, and sends the 
information to ROS topics for models to access. 

Figure 14 displays the architectural design of the DT setup for TB. The actual data is 
retrieved by certain ROS Nodes on the server, where it is analysed, converted into ROS 
messages, and then transmitted to the DT model over the ROS Bridge. The authentic data 
may derive from the empirical model or map of the motor or its components, or from 
the actual raw data.  

The model can replicate mechanical, electrical, and thermal behavior by processing 
ROS messages. Models can exist in any simulation setting. They subscribe to ROS Server’s 
topics via API or ROS Bridge and are set up to execute required activities according to the 
subscribed ROS topic, such as rotating based on received angular speed. Moreover,  
the module can include simulated ‘measurement’ devices or sensors that are capable of 
transmitting data across the ROS bridge. The ROS Nodes can compute and derive 
additional necessary values, mirroring the behavior of a tangible TB. 
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Figure 14. The generic architecture of TB DT. [Paper VI] 

5.2 ROS Interfacing 
To facilitate the integration of ROS with other systems, a ROS Bridge node must be 
utilized. The tool transforms ROS messages into JSON format and transmits them beyond 
the ROS environment. JSON is utilized due to its universal format and the availability of 
tools that facilitate its serialization and deserialization in nearly all contemporary 
programming languages. ROS Bridge can facilitate the transfer of certain ROS topics to 
and from the Message Queuing Telemetry Transport (MQTT) protocol, enabling the 
system to operate on numerous machines globally. The MQTT Bridge transmits serialized 
messages from a designated ROS topic to a defined MQTT topic on a remote server. 
MQTT Bridge can also reverse this process by receiving a JSON-serialized message and 
trying to convert it back into a defined ROS topic using a specific message type. These 
solutions work together to simplify the development of connecting ROS with any 
visualization solution. Classes matching ROS message types were developed in C# for the 
Unity3D implementation of the ROS interface to streamline the deserialization process. 
This method is highly efficient since a ROS message sent in serialized form through MQTT 
may be deserialized immediately into an object of the corresponding type. This method 
may be applied in a similar manner across most computer languages, making it the most 
direct and adaptable choice. 

The visualization is conducted in Unity3D engine (Figure 15), connected to the physics 
simulator through the ROS Interface. It represents a 1:1 scale propulsion drive model 
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including the transmission, wheel parts, and non-visible gears. The model is being 
constructed to mimic the physical one, with each component being managed by an 
associated script that receives data from the intermediate layer. 

 

 
Figure 15. Visualization of propulsion drive test bench done in Unity3D. [Paper VI] 

The main result of the specific section of the broader research on creating the 
completely synchronized DT of the propulsion drive is the development of the ROS 
interface. It is possible to input physical data into a visual simulation, particularly in the 
context of using Unity3D. The data simulation provides feedback on physical interactions 
to the ROS intermediate layer, which refines the model and updates the visual 
representation in each data movement cycle. Limitations were encountered during the 
approach creation, and further advancements are necessary to achieve the final goal of 
the research (Refer to Table 8). 

 
Table 8. Limitations and further steps. [Paper VI] 

Limitations Future steps 

The model was tested using a single kind of 
visual simulation tool. Additional integrations 
may need to be implemented in the middle 
layer to be compatible with extra software 
tool packages. 

To determine accurate torque 
calculations using genuine data 
obtained from the physical torque TB. 

To implement a two-way connection 
between physical TB and its DT. 

If DT and TB work simultaneously over the 
internet, the frequency of data acquisition 
may be too high to send on time, the 
possibility of lags 

The injection process flow of new 
components of TB into the DT. 

To create unpredicted behaviours in 
the system, trigger points, and try to 
make the system respond to the 
unpredicted change making it more 
adaptive to changes 
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5.3 Chapter Summary 
[Paper VI] presented the integration of the ROS interface with the DT of the propulsion 
drive workbench, which was visualized in Unity3D. Raw and simulated data, along with 
empirical models, are post-processed and inputted into the visual simulation. Additional 
data is logged and provided as feedback to the middleware to enhance the model and 
physical simulation. The next important stage involves providing the physical simulation 
with data straight from the physical drive to achieve synchronization between the actual 
and virtual worlds via the defined interface. 
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6 DT Service Unit for Fault Detection 
The DT service units that are suitable, dependable, precise, and effective in detecting 
faults can be a significant asset during the whole lifespan of an electrical motor-drive.  
A review of the literature reveals that implementing preventative maintenance programs 
leads to a decrease in the overall number of electrical motor rewinds from 85% to 20% 
of all motor repairs. [34] The failures observed in rotating electrical machines can be 
attributed to a confluence of factors stemming from various aspects, including  
design, manufacturing tolerance, assembly, installation, operating environment, load 
characteristics, and maintenance timelines. The inter-turn defect of the AC machine 
stator is regarded as one of the four most common potential failures in electrical motors, 
alongside air gap eccentricity, broken rotor bar/end-rings, and bearing issues. [35] 
Typically, the occurrence of an inter-turn short circuit is initiated by the failure of 
insulation, which is accompanied by a significant increase in current flow. This is 
attributed to the substantial voltage potential disparities between neighbouring coils. 

This work focuses on the detection of inter-turn short circuit faults in the stator (IM) 
of an induction machine. Nevertheless, the stator architecture of IM is identical to that 
of other AC machines, and designated DT service units can be employed to identify faults 
in other types of AC electrical machines. 

6.1 Fault Diagnostics and Detection 
Unlike preventive and reactive maintenance, predictive maintenance is gaining 
heightened popularity [7]. The fault detection of electrical machines at the incipient 
stage for predictive maintenance is essential for a safe and reliable industrial operation. 
This is also vital for machine life estimation as the faults are degenerative. Any machine 
under ideal conditions should be perfectly symmetrical for all its phases. But practically, 
the asymmetry is investable. The main contributors to those asymmetries are the 
electrical and mechanical faults. Nearly all faults can be divided into two classes: 
electrical and mechanical. The most common of them are rotor faults [9], such as bad 
bearings, broken bars, eccentricity, and winding short circuits. These fault’s leading 
causes may include thermal degradation, hazardous industrial environment, bad 
foundation, and magnetic stress and vibrations. The winding insulation degradation is 
slow but a continuous process that can lead to a catastrophic situation. This can lead to 
the faults such as inter-turn short circuit, phase to phase short circuit, or phase to ground 
short circuit. Moreover, the increased asymmetry among phase impedances can increase 
the speed and torque ripples, which can cause other mechanical faults. Almost all faults 
modulate the supply current with a specific bandwidth of frequencies. Being present in 
the current, they influence the other parameters such as speed, torque, flux, and voltage, 
etc.  

The detection of those frequency components at the early stage of the fault can avoid 
significant damage. [10] In induction machines, all fault dependent harmonics are the 
function of slip. This divides the signal under observation into two categories:  
the transient and the steady state. In a steady-state regime, the signal is stationary,  
and the standard signal processing techniques can be used for fault detection. Among 
several signal processing techniques, the discrete-time Fourier transform (DTFT) is being 
used successfully. This is because it can be used on a piece of equipment with low 
computation power and can give a good insight into the harmonics. Since the fault-based 
harmonics are dependent on the slip, DTFT fails to provide any meaningful information 
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under no and low load conditions. Another problem of DTFT is the spectral leakage, 
which can hide all small-amplitude faulty harmonics. In the transient regime, the signal 
is non-stationary due to varying slip. Hence the time-frequency analysis becomes 
essential. It may lead to a specific frequency pattern as, during the transient period,  
the slip changes its value from one to nominal. The signal analysis in the transient interval 
reduces the problems related to the load dependency of faulty frequency components. 
The most common time-frequency techniques include short-time Fourier transform 
(STFT), wavelet transform (WT), and multiple signal classification (MUSIC), etc. 

The electrical motors should have minimal speed and torque ripples. In induction 
machines, the most prominent causes of those ripples are because of the current 
harmonics. The primary sources of currents harmonics in induction machines are the 
supply-based, inherit eccentricity, bad bearings, bad foundation, and the presence of any 
fault. Moreover, the thermal, skinning, and proximity effect also reduces the symmetry 
of winding electrical parameters such as resistance. The non-symmetrical three-phase 
impedances produce negative sequence currents in the motor, increasing the speed and 
torque ripples. These ripples can become a cause for more mechanical faults due to the 
increase in vibration. The problem becomes worst with the degrading winding insulation 
resulting in short circuit failures. Various techniques can be used to detect the short 
circuit early, such as Park and Clark’s vector, extended Park’s vector, Park’s vector modulus, 
symmetrical components, pattern recognition-based advanced techniques, etc. 

Finding faults in the early stages of the machine work is advantageous when planning 
and maintaining the machine. Confirmation of a DT fault can be carried out by verifying 
the mathematical model in which the real physical model's accurate data is continually 
being sent. A massive amount of data is needed to properly train the mathematical 
model, so the fault detection's result will be more accurate. 

An imbalance occurs in the stator windings with an inter-turn short circuit, where the 
resistance decreases in the winding with a turn-to-turn short circuit. For experiments 
with a smooth decrease in the first phase of the winding resistance, an adjustable  
resistor was used, connected in parallel to the winding’s first phase. By adjusting the  
parallel-connected resistor, the total resistance of the first phase winding changes and, 
at the same time decreasing current passing by winding by directing some of the phase 
current to the resistor. Suppose the resistance of the regulated resistor is equal to the 
winding resistance of the first phase. In that case, the current passing through the first 
phase will be divided exactly in half, which gives 50% of the fault, or in other words,  
an inter-turn short circuit between half of the winding. The illustrative figure is shown in 
[Paper VII]. 

The stator inter-turn short circuit introduces asymmetry in phase currents and voltages. 
This asymmetry can be detected either by the Park’s vector approach or by detecting 
negative sequence currents. In case of Park’s vector, the circle made by id and iq currents 
will change its shape with increasing fault which can be depicted in [Paper VII]. 

6.2 TB for Fault Emulation 
The test bench contained two IMs, where one was used as a driving motor and the other 
as the loading motor. The driving motor was connected directly to the grid to eliminate 
harmonics that can be carried out by a frequency converter.  

There are several advantages to connecting a resistor in parallel. The first is the 
possibility of testing the motor without harming it and without changing the winding side 
of the stator. 
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The second is the ability to measure an error of one percent where the change in 
current will be minimal, but at the same time, it is essential for the rapid response of the 
fault detection system. And the third is the ability to adjust the fault percent over a very 
large interval. This resistance interval depends only on the number of resistors in parallel, 
where it is possible to achieve any winding resistance. The test bench, on which the 
experiment was carried out, is shown in [Paper VII].  

First, the tests were carried out with an intact and faulty motor where the results 
could be compared. The points of reference for us were faults of 1%, 2%, and 5%;  
for each fault point, there were four stages of load: no load, 25%, 50%, and 75%. Lastly, 
two different scenarios were carried out where the neutral point was connected and 
disconnected from the motor. 

Comparing the graphs of the current of different percentages of failure, then a 
dependence appears that the greater the percentage of failure, the greater the currents’ 
asymmetry. It is notable that as the failure percent is increasing phase shift of currents 
are not equal. 

Also, the more load on the motor, the less harmonics in the current are visible, and 
there is less curvature of the current. And lastly, a disconnected neutral point not only 
increases the current asymmetry but also affects the voltage shape and amplitude. 

Data collected during the experiment were transferred to a ROS-based server, where 
the studied motor’s DT is located. The next section describes the structure of the DT 
service and presents an example of data processing. To test different file formats 
performance with ROS in the current setup, measurement data from the real induction 
motor were saved into files with various extensions (*.mat, *.xlsx, *.csv, *.txt). This data 
is further fetched into the ROS, transformed to ROS messaged, and is advertised on the 
topics. 

6.3 DT Service Unit Description 
The developed DT’s virtual entity consists of models’ set, spatial model, physical model, 
behavior model, rule model, etc. In the spatial model, the studied electrical motor parts 
are constructed as a computer-aided geometric model to be assembled in ROS’s virtual 
engine. In the physical model, the performance of separate parts of the physical entity is 
simulated using numerical computing environments, like MATLAB, FEMM, Agros2D, etc. 
The behaviour model is the main focus of the current research paper; it is responsible for 
transfer data from the real physical entity, calculating motor parameters, and stream to 
the ROS topics available for models. Rule model covering constraints for road load can 
be simulated through behaviour analysis and data associations that can be observed 
using virtual sensors. 

ROS acts as a physics engine for the current setup of the DT. It simulates the real 
induction motor’s behaviour and features and acts as a publisher of data to be used by 
virtual models. ROS has a publisher/subscriber architecture, it allows models from 
different environments to publish or subscribe to the ROS topics and interact with them. 
The communication between various platforms is handled using ROS bridge – a node that 
converts ROS messages into JavaScript Object Notation (JSON) or MQTT formatted data. 
Subscription or publishing to ROS bridge’s port allows direct communication with ROS 
nodes themselves. Due to the JSON standard format, any model in a virtual environment 
can be programmed to receive or publish messages to ROS topics. 

The process of input signal tracking involves comparing measurement data from the 
motor windings as an input current to the ROS. If the received measurement on any of 
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the windings exceeds the margins determined by the admitted error, a fault notification 
is generated. The collected data is aggregated and compared over a designated duration 
required to compute an optimal error, hence enabling the system to effectively detect 
any potential faults in the motor windings. Once the designated time has passed,  
the total value and error are updated. 

Figure 16 displays the implemented fault detection technique for DT. ROS is linked to 
the actual motor (in this study, recorded motor data was utilized to replicate the motor’s 
true input). The data obtained from motors is presently undergoing processing, wherein 
it is transformed into ROS messages and subsequently disseminated within the ROS 
environment, as demonstrated in [Paper VII].  

 

 
Figure 16. Inter-turn short circuit fault detection algorithm realized for DT. [Paper VII] 

The collected data consists of the unprocessed measurements for each phase of the 
three-phase electric current. Simultaneously, the node that is now listening to the 
subject begins to receive messages. The received values from these messages are 
processed in the following manner: The present data are saved within a buffer of 
predetermined dimensions. Once the buffer reaches its maximum capacity, the root 
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mean square (RMS) value of the three-phase current is computed. Once the RMS values 
have been calculated, a motor phase is selected as the base phase. In comparison to this 
stage, we transform currents in other phases into imaginary units. The utilization of these 
hypothetical units enables the representation of the proportion of load exerted on the 
motor. Typically, these values should be near one other, specifically within the permissible 
tolerances (as a result of sounds and flaws). If any of the imaginary units surpasses the 
predetermined margins, ROS will generate a warning message to inform the model, 
which will be shown in the interface. ROS invokes a MATLAB function through the 
MATLAB Engine API to examine the buffer of recorded phase currents, including the 
record of malfunction, using Park and Clarke vectors. This analysis aims to determine the 
magnitude of the divergence from the norm and the specific phase experiencing the 
malfunction. Once the analysis is completed by MATLAB, the resulting Q-and-D axis 
currents are transformed into ROS messages and subsequently published. In the context 
of the DT spatial model or real test bench, the published message can serve as an 
indicator of a potential defect within the system. 

6.4 Further Implementation 
The current state of technological advancement enables the utilization of smartphones 
and other portable recording devices for the purpose of condition monitoring. 
Furthermore, the provision of a service dataset for the purpose of condition monitoring 
and fault diagnostics in DT can significantly enhance the efficiency of electrical energy 
conversion systems. DT assets allow system users to see the real-time behavior of a plant 
system and use practical knowledge acquired. The application of DT enables the 
utilization of hybrid analytical approaches to enhance computational modelling and 
simulation of complex problems that occur in various multidisciplinary applications.  
The main principles of the DT have a direct and significant relevance to identifying faults 
in energy conversion systems, particularly in electric drives. Nevertheless, it is important 
to acknowledge the risks that are associated with the complexity and utility of potential 
DT services. For certain applications, DT may be too complex, costly, or technologically 
demanding.  

The comparative analysis may rely on several signal processing methodologies, 
dependent upon the kind and magnitude of the problem. One potential method for 
detecting stator inter-turn short circuit failures is through the utilization of negative 
sequence currents using Park’s vector. Figure 17 illustrates the upward trajectory of 
negative sequence currents, accompanied with fault severity levels that can reach up to 
5%. The negative sequence currents do not exhibit absolute zero at 0% fault due to the 
inherent impossibility of achieving symmetry in a practical machine, even when operating 
under optimal conditions. The observed asymmetry can be attributed to various factors, 
including the asymmetrical supply voltage, small variations in winding characteristics, 
and inherent eccentricity, among others. Figure 18 illustrates the transformation of 
Park’s vector locus from a circular shape in the healthy case to an oval shape in the 
erroneous instance. It is important to note that all of these measurements were 
conducted under conditions of no load. The previously mentioned phenomena become 
further clarified when subjected to loaded situations. 
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Figure 17. The increase in negative sequence currents as a function of fault severity. [Paper VII] 

 
Figure 18. The Park’s vector shape deformation from circular to elliptical. [Paper VII] 

6.5 Chapter Summary 
As a modern trend in the industry, DT is used for many different applications to connect 
real physical entities with a corresponding virtual entity established by generating  
real-time data using sensors. The DT of any device or system is a “living model” that 
represents real physical entity operation throughout its life cycle. In this research work, 
a methodology for developing a DT service unit for AC motor stator inter-turn short 
circuit fault detection is presented. DT is based on real-time measurements send data to 
ROS-based representation of the motor to simulate its specific behaviour in case of 
unbalanced stator currents and notify about possible fault appearance and propagation. 
The ROS-based DT is extended with an external MATLAB analysis block that provides a 
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more precise analysis of Park vectors’ fault. The link for video representation that 
demonstrates the operation of the DT is presented in the Appendix, as well as the source 
code.  

AC machine stator fault as inter-turn is considered one of the most prevalent possible 
electrical motor failures. However, the presented methodology of DT development 
allows adding additional services that consider another filature’, and as a result, improve 
physical entity reliability. 
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7 Conclusion and Future Work 
The primary aim of this study was to investigate the possibilities of DT technology in 
augmenting comprehension and management of electric propulsion drive systems in EV. 
This work aimed to utilize scaled demonstrations to capture real-time data, which was 
subsequently included into a model for improved control and predictive maintenance. 
This methodology not only enhanced the understanding of the propulsion system of an 
EV but also created opportunities for enhancing its reliability and efficiency. 

The research yielded significant insights on the constituents of EVs by means of a 
series of individual case studies, thereby emphasizing the crucial areas for data 
measurement and gathering. The presented case studies provided a pragmatic 
framework for determining the fundamental factors that impact the performance and 
efficiency of EVs. The study made a substantial contribution to the field of EV diagnostics 
and maintenance plans by accurately identifying the specific locations and methods for 
measuring these characteristics. 

The research made a significant accomplishment by creating a real-time 
communication system utilizing the ROS and ROS2. This technological advancement 
allowed the development of a comprehensive communication protocol customized to 
meet the unique requirements of the project. The successful integration of DT 
technology in EV achieved an important stage by enabling smooth data transfer and 
communication between the DT and the TB. 

Nevertheless, the study also revealed specific constraints, specifically pertaining to the 
magnitude of data and the speed of data transfer. The insufficiency of the data exchange 
rate provided by ROS2 to enable the advanced functionalities required became apparent 
as the complexity of DT models increased. The previously mentioned constraint has 
underscored the necessity of investigating alternate communication technologies that 
possess the capability to manage larger datasets and ensure accelerated data transfer 
rates. The solution of this challenge holds significant importance for helping the progress 
and flexibility of DT applications within the realm of EVs. 

This study showcases the utility and advantages of utilizing DTs to track and control 
EV propulsion systems in real-time. It sets an example for the development of advanced 
and efficient vehicle management strategies. The findings obtained from this study are 
anticipated to make a valuable contribution towards the advancement of EVs that are 
characterized by improved reliability, efficiency, and user-friendliness. 

Furthermore, the constraints highlighted in this work offer prospects for future 
investigation. It is crucial to investigate novel communication technologies that can 
accommodate larger amounts of data and enable faster transfer speeds to progress DT 
technology. Furthermore, it is recommended that future studies prioritize the 
optimization of data collecting and processing techniques to improve the precision and 
efficacy of predictive maintenance programs. 
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Abstract 

Development Methodology for creating the Digital Twin for 
Propulsion Drive of an Electric Vehicle 
The automotive industry is currently undergoing a significant shift, emphasizing 
environmentally friendly transportation options and leveraging technological 
advancements. The focus on electric vehicles (EVs) stems primarily from the need to 
lower greenhouse gas emissions and reduce the overall carbon footprint. Unlike internal 
combustion engine (ICE) vehicles that contribute significantly to carbon emissions and 
air pollution, EVs represent a cleaner alternative, especially effective in reducing 
emissions when used with renewable energy sources. The performance and efficiency of 
EVs depend heavily on their electric motor (EM) propulsion systems, a crucial component 
of their design. 

Introducing DT technology into EV development represents a significant leap in 
optimizing and advancing electric propulsion systems. This technology creates a link 
between the physical and digital worlds, enabling detailed and dynamic evaluations of 
EV components like battery packs, EMs, power electronics controllers, and transmission 
systems. This study aims to examine the latest developments in EV propulsion systems 
using DT technology, connecting theoretical models with practical applications to 
improve the efficiency, reliability, and performance of EVs through a thorough and 
systematic approach. 

A scaled demonstrator consisting of key components of an EV propulsion system was 
developed to simulate its performance and analyze the interactions of its components 
and system dynamics under various conditions. 

Concurrently, DTs for each component within the system were researched and 
constructed. This provided a understanding of how each component functions and 
performs in different situations, allowing for the creation of accurate digital replicas. 
Such DTs enabled precise analysis and optimization, leading to improvements in 
component design and system integration. 

Furthermore, the incorporation of real-time data collection into DTs was explored to 
assess how operational and environmental data could enhance their accuracy and 
practicality. Special attention was given to the visualization processes to ensure that DTs 
provided a true-to-life representation of the physical components’ functionalities. 

Additionally, a DT service that delivers comprehensive insights into the maintenance 
requirements of EV propulsion components was developed and implemented. 
Leveraging the predictive capabilities of DTs, this service offered proactive maintenance 
strategies and fault detection, which were aimed at boosting the reliability and longevity 
of EV propulsion systems, reducing downtime and maintenance costs, and ultimately 
improving overall vehicle performance.  

Based on the findings, further research is needed to explore advanced communication 
technologies that can handle larger data volumes and facilitate faster transfer speeds to 
advance DT technology. Additionally, it is advisable for future studies to focus on refining 
data collection and processing methods to enhance the accuracy and effectiveness of 
predictive maintenance programs. 
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Lühikokkuvõte 

Elektrisõiduki veoajami digitaalse kaksiku arendusmetoodika 
Autotööstus läbib praegu olulist muutust, rõhutades keskkonnasõbralikke 
transpordivõimalusi ja kasutades ära tehnoloogilisi edusamme. Elektrisõidukitele 
keskendumine tuleneb peamiselt vajadusest vähendada kasvuhoonegaaside 
heitkoguseid ja vähendada üldist süsinikujalajälge. Erinevalt sisepõlemismootoriga 
sõidukitest, mis annavad olulise panuse süsinikdioksiidi heitkogustesse ja õhusaastele, 
pakuvad elektrisõidukid puhtamat alternatiivi, mis on eriti tõhus heitkoguste 
vähendamisel, kui neid kasutatakse koos taastuvenergia allikatega. Elektrisõidukite 
jõudlus ja tõhusus sõltuvad suuresti nende elektrimootori jõuülekandesüsteemidest, mis 
on nende disaini oluline komponent. 

Digitaalse kaksiku tehnoloogia tutvustamine elektrisõidukite arendusse teeb olulist 
arengut elektriliste jõuülekandesüsteemide optimeerimisel ja edasiarendamisel. See 
tehnoloogia loob sideme füüsilise ja digitaalse maailma vahel, võimaldades üksikasjalikku 
ja dünaamilist hinnangut elektrisõidukite komponentidele, nagu aku, elektri mootorid, 
kontrollerid ja ülekandesüsteemid. Uuringu eesmärk on uurida uusi arenguid 
elektrisõidukite jõuülekandesüsteemides, kasutades digitaalse kaksiku tehnoloogiat, 
ühendades teoreetilised mudelid praktiliste rakendustega, et parandada elektrisõidukite 
tõhusust, usaldusväärsust ja jõudlust põhjaliku ja süstemaatilise lähenemisviisi kaudu. 

Uuringus simuleeriti ja analüüsiti komponente, kasutades elektrisõiduki 
jõuülekandesüsteemi võtmekomponentidega skaleeritud demonstraatorit, et hinnata 
komponentide ja süsteemi dünaamika koostoimeid erinevates tingimustes. 

Samal ajal uuriti ja loodi iga süsteemikomponendi jaoks digitaalne kaksik. See 
võimaldas mõista, kuidas iga komponent erinevates olukordades toimib ja töötab, 
võimaldades luua täpseid digitaalseid koopiaid. Sellised digitaalsed kaksikud võimaldasid 
täpset analüüsi ja optimeerimist, mis viis komponentide disaini ja süsteemi integratsiooni 
täiustamiseni. 

Lisaks uuriti reaalajas andmekogumise lisamist digitaal kaksikutesse, et hinnata, 
kuidas operatiiv- ja keskkonnaandmed võivad nende täpsust ja praktilisust suurendada. 
Eritähelepanu pöörati visualiseerimisprotsessidele, et tagada digitaalse kaksiku 
usaldusväärne esitus füüsiliste komponentide funktsionaalsusest. 

Lisaks arendati ja rakendati digitaal kaksiku teenust, mis pakub põhjalikku ülevaadet 
EV jõuülekandesüsteemi komponentide hooldusnõuetest. Digitaal kaksikute 
ennustusvõimeid ära kasutades pakkus see teenus proaktiivseid hooldusstrateegiaid ja 
vea tuvastamist, mis olid suunatud elektrisõidukite jõuülekandesüsteemide 
usaldusväärsuse ja eluea suurendamisele, vähendades seisuaega ja hoolduskulusid ning 
parandades lõppkokkuvõttes kogu sõiduki jõudlust. 

Leidude põhjal on vajalik täiendav uurimine, et uurida täiustatud 
suhtlustehnoloogiaid, mis suudaksid käidelda suuremaid andmemahte ja võimaldada 
kiiremaid andmeedastuskiirusi digitaal kaksiku tehnoloogia arendamiseks. Lisaks on 
soovitatav, et tulevased uuringud keskenduksid andmekogumise ja -töötluse meetodite 
täiustamisele, et suurendada ennustava hooldusprogrammi täpsust ja tõhusust. 
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Appendix 1 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Publication I 
V. Rjabtšikov, A. Rassõlkin, K. Kudelina, A. Kallaste, and T. Vaimann, “Review of Electric 
Vehicle Testing Procedures for Digital Twin Development: A Comprehensive Analysis,” 
Energies, vol. 16, no. 19. Multidisciplinary Digital Publishing Institute (MDPI), Oct. 01, 
2023. doi: 10.3390/en16196952. 
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Publication II 
A. Rassõlkin, V. Rjabtšikov, T. Vaimann, A. Kallaste, and V. Kuts, “Concept of the Test 
Bench for Electrical Vehicle Propulsion Drive Data Acquisition,” 2020 XI International 
Conference on Electrical Power Drive Systems (ICEPDS), Oct. 2020. 
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Publication III 
V. Rjabtšikov, M. Ibrahim, A. Rassõlkin, T. Vaimann, and A. Kallaste, “EV-Powertrain Test 
Bench for Digital Twin Development,” in 2022 IEEE 20th International Power Electronics 
and Motion Control Conference, PEMC 2022, Institute of Electrical and Electronics 
Engineers Inc., 2022, pp. 559–563. doi: 10.1109/PEMC51159.2022.9962879.  
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Appendix 4 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Publication IV 
A. Rassõlkin, V. Rjabtšikov, T. Vaimann, A. Kallaste, V. Kuts, and A. Partyshev, “Digital 
Twin of an Electrical Motor Based on Empirical Performance Model,” 2020 XI 
International Conference on Electrical Power Drive Systems (ICEPDS), Oct. 2020.  
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V. Rjabtšikov, A. Rassõlkin, V. Kuts, K. Kudelina, T. Vaimann, A. Kallaste, A. Partyshev, 
“Parametric digital twin of autonomous electric vehicle transmission,” Journal of 
Machine Engineering, vol. 21, no. 2, pp. 131–140, 2021, doi: 10.36897/jme/134435.  
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Appendix 6 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Publication VI 
V. Kuts, A. Rassõlkin, A. Partyshev, S. Jegorov, and V. Rjabtšikov, “ROS middle-layer 
integration to Unity3D as an interface option for propulsion drive simulations of 
autonomous vehicles,” in Proceedings of the International Conference of DAAAM Baltic, 
DAAAM International Vienna, 2021. doi: 10.1088/1757-899X/1140/1/012008. 
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[bookmark: _Toc166579873]Introduction

[bookmark: _Hlk164421278]The automotive industry is currently experiencing a major paradigm shift, led by the urgent demand for environmentally friendly modes of transportation and advancements in technology. Europe is at the cutting edge of this transition, transitioning from internal combustion engine (ICE)-powered vehicles to electric vehicles (EVs). Environmental concerns, regulatory requirements, and technological advancement all contribute to this modification. It represents an overall progression towards a transportation system that is more environmentally sustainable, highly technologically advanced, and efficient. [1]

[bookmark: _Hlk164421338]Priority is given to the adoption of EV primarily due to the critical need to reduce greenhouse gas emissions and reduce carbon footprint. ICE vehicles, which are powered by fossil fuels, make a significant contribution to carbon emissions and air pollution. 
In contrast, EVs offer a more environmentally friendly alternative, surpassing substantial emission reductions when utilized in tandem with renewable energy sources. 
The European Union (EU) has pushed for this transition in pursuit of its environmental objectives. Therefore, transitioning to EVs is not only a strategic priority but also an environmental requirement to adhere to stringent emission regulations and accomplish enduring sustainability goals. [2]

The directive from the EU to discontinue the sale of new ICE vehicles by 2035. This legislation serves to underscore the EU’s commitment to environmental sustainability while also fostering innovation in the automotive industry. Encouraged manufacturer emphasis on EV technology has resulted in rapid advancements in charging infrastructure, battery technology, and vehicle efficiency. In addition to encouraging the development of EVs, the ban facilitates the adoption of electric mobility by consumers, thereby causing a market transition toward cleaner transportation alternatives. [3]

[bookmark: _Hlk164421363]Moreover, the introduction of autonomous vehicles represents the integration of cutting-edge technologies within the realm of transportation. EVs primarily integrate automation and electrification using sensors, cameras, and sophisticated algorithms that enable autonomous navigation through complex traffic scenarios. Electric propulsion systems provide the precision required for autonomous operation as well as environmental benefits. [4]

Digital technologies, and Digital Twins (DT) in particular, are important for the development and improvement of autonomous vehicles. DTs, which are virtual representations of real systems, empower engineers to replicate and evaluate the 
real-time performance of vehicles. DTs can process vast amounts of sensor data for autonomous vehicles, thereby facilitating algorithm optimization and improving the safety and efficiency of the vehicles. By assuring high standards of safety, performance, and dependability, digital technology advances autonomous vehicle capabilities, 
as evidenced by the development process's utilization of DTs. [5]

[bookmark: _Toc166579874]EV Propulsion Drive System Components

[bookmark: _Hlk164421303]EVs sustainability, performance, and efficiency are primarily determined by their electric motor (EM) propulsion system, a vital part of the vehicle’s architecture. Unlike vehicles powered by ICEs that rely on fossil fuels, EVs utilize actuators powered by electricity stored in batteries. The following sub-chapter examines the components comprising an EVs propulsion system and clarifies how these components function in concert to propel the vehicle.

[bookmark: _Toc166579875]Battery Pack

[bookmark: _Hlk160412277]EVs rely heavily on the battery cell, which supplies the propulsion system with its primary energy source. A variety of battery technologies are utilized in EVs, each having a unique combination of properties. Presently the standard for EVs, lithium-ion (Li-ion) batteries, provide an optimal blend of energy density, cycle life, and safety. [6] Constant advancements are being made to decrease expenses and improve performance. Battery packs mentioned are for propulsion drives and not standby power batteries, which are present in all vehicles. Hybrid vehicles utilized Nickel-Metal Hydride (NiMH) batteries, which were once prevalent. Despite their reputation for affordability and safety, NiMH batteries have a lower energy density than Li-ion batteries. [7] The potential of 
lithium-sulfur (Li-S) batteries in EVs is considerable, due to their increased energy density and the accessible availability of sulfur. Nevertheless, there are safety and cycle life concerns associated with the sulfur cathode that require attention. [8] Solid-state batteries are at the forefront of EV battery technology, offering the possibility of an unmatched amount of energy density and safety. With the advancement of technology, it is anticipated that the steep technical obstacles and high current costs of mass production will decrease. [9]

Table 1 compares the most common types: Li-ion, NiMH, Li-S, and Solid-State batteries used in modern EVs.
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[bookmark: _Ref160412468][bookmark: _Toc160480123][bookmark: _Toc170464587]Table 1. Comparison of battery technologies used in EVs. [6][7][8][9]

		[bookmark: _Hlk161865113]Feature

		Li-ion

		NiMH

		Li-S

		Solid-State



		Energy Density

		High, enables longer driving ranges.

		Moderate, lower than Li-ion.

		Very high, potentially longer ranges than Li-ion.

		Extremely high, offering the longest ranges.



		Cycle Life

		High, around 1,000 to 2,000 cycles.

		Moderate, typically less than Li-ion.

		Lower, due to degradation issues with sulfur.

		Expected to be very high, surpassing Li-ion.



		Safety

		Good with proper management, though risks of thermal runaway exist.

		Safer, less prone to thermal runaway.

		Moderate, with challenges related to polysulfides leakage.

		Superior, due to solid electrolytes minimizing leakage and fire risks.



		Charge/Discharge Efficiency

		High, typically 80-90%.

		Moderate, slightly lower than Li-ion.

		Moderate to high, but with current challenges in maintaining capacity.

		Potentially very high, with low internal resistance.



		Temperature Performance

		Performs well in moderate temperatures, efficiency drops in extreme cold.

		Good, better than Li-ion in cold temperatures.

		Moderate, with performance affected by low temperatures.

		Expected to perform well across a broad temperature range.



		Maintenance

		Low, requires minimal maintenance.

		Low, like Li-ion.

		Moderate, due to challenges with sulfur cathode.

		Very low, expected to require minimal maintenance.



		Application Suitability

		Widely used in consumer electronics and EVs for its balance of energy density and cycle life.

		Used in hybrid vehicles and some older EV models for its safety and cost-effectiveness.

		Emerging technology with potential for high energy density applications.

		Promising for future EV applications, offering high energy density and improved safety.
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The high energy density and cycle life of Li-ion batteries make them well-suited for consumer devices and EVs. Both Li-S and Solid-State batteries exhibit potential for future applications due to their ability to provide energy densities ranging from very high to extremely high, as well as enhanced safety characteristics. However, the widespread commercial use of Li-S and Solid-State batteries is currently hindered by several challenges. Li-S batteries struggle with short cycle lives and capacity fading, while 
Solid-State batteries face manufacturing complexities, material compatibility issues, and increased costs.

[bookmark: _Toc166579876]Power Electronics Controllers and Semiconductors used in EVs

In EVs, Power Electronics Controllers (PECs) regulate the electrical power transfer between the EM and the battery. Charge regulators facilitate energy recovery during deceleration and convert DC from the battery to AC or change DC power for the motor. Main PEC topologies in EV divide into two types: DC-AC inverters and Multilevel inverters. DC-AC inverters, particularly Voltage Source Inverters (VSIs), are of utmost importance in the realm of EV technology as they enable the transformation of DC derived from the vehicle’s battery into alternating current AC to power the motor. These inverters provide accurate regulation of motor speed and torque, hence ensuring optimal performance, 
by utilizing Pulse Width Modulation (PWM) and Field-Oriented Control (FOC). [10] 
The introduction of multilevel inverters represents a notable progress, providing decreased harmonic distortion and increased efficiency, which is especially advantageous for 
high-power EV applications. This progress not only improves the performance of vehicles but also leads to a longer lifespan of the motor and less maintenance requirements. Each of the technologies utilized in these controllers possesses unique features. A comparison of various PEC semiconductors varieties presented in Table 2. 
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[bookmark: _Ref158645218][bookmark: _Toc160480124][bookmark: _Toc170464588]Table 2. Comparison of power electronics controllers for EVs’ based on semiconductors. [10][11][12]

		Feature

		Si-based

		SiC-based

		GaN-based



		Efficiency

		High, but less efficient at higher frequencies.

		Higher efficiency, especially at high frequencies and temperatures.

		Highest efficiency, outperforming Si and SiC at high frequencies.



		Thermal Performance

		Good, requires cooling at high power levels.

		Superior, operates at higher temperatures with less cooling required.

		Excellent, operates efficiently at high temperatures with minimal cooling.



		Switching Speed

		Moderate, limited by higher losses at high switching frequencies.

		Fast, enables higher switching frequencies with lower losses.

		Fastest, with very low switching losses even at high frequencies.



		Durability and Reliability

		Good, well-understood and widely used.

		Better, due to high temperature and high-power handling capabilities.

		Emerging, with promising potential but less historical data.



		Size and Weight

		Larger and heavier, due to larger heat sinks and cooling systems.

		Smaller and lighter, as less cooling is required due to higher efficiency.

		Smallest and lightest, benefiting from high efficiency and thermal performance.



		Application Suitability

		Widely used in current EVs for its reliability and lower cost.

		Preferred in high-performance EVs where efficiency and high temperature performance are critical.

		Emerging as a choice for next-generation EVs, offering superior efficiency and thermal management.
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Silicon (Si)-based controllers have long been favored for power electronics in EVs due to their cost-effectiveness and commendable efficiency and dependability. Although these devices find extensive application, they encounter constraints when it comes to high power and high frequency usage because of difficulties in thermal management. Silicon Carbide (SiC)-based controllers exhibit enhanced thermal performance and efficiency in comparison to silicon-based controllers, rendering them well-suited for applications involving high temperatures and performance. Despite the increased expense, their capability to function at higher frequencies while experiencing reduced losses enables the development of power electronics that are more compact, lightweight, and efficient. [11] Gallium Nitride (GaN)-based controllers epitomize the highest level of power electronics technology, showcasing unmatched thermal performance and efficiency. They enable the operation of systems that are compact and lightweight by supporting highly fast switching rates. Although presently more costly, their implementation in EVs is anticipated to increase as the technology advances and costs decline. [12]

[bookmark: _Toc166579877]Electric Propulsion Motor

The EM used in EVs consists of a variety of technologies designed to suit specific needs related to efficiency, cost, maintenance, and performance. Each type of motor has distinct advantages that impact the decision-making process, considering elements such as upfront expenses, effectiveness, upkeep needs, and vehicle performance standards. Ongoing development and optimization of EMs are crucial for advancing performance, efficiency, and sustainability in the automobile sector as the EV market progresses. 
The advantages and disadvantages of the most widely used EMs for EV are presented in Table 3.







18

[bookmark: _Ref158638233][bookmark: _Ref158638207][bookmark: _Toc160480125][bookmark: _Toc170464589]Table 3. Main types of EMs used in electrical vehicles. [13][14][15][16]

		Feature

		BLDC

		PMSM

		AC Induction Motor

		SRM



		Principle

		Operates with electronic control to rotate the motor without brushes.

		Utilizes permanent magnets on the rotor.

		Operates on electromagnetic induction without permanent magnets.

		Operates by magnetic reluctance, without permanent magnets or brushes.



		Efficiency

		High efficiency, especially at high speeds.

		Very high across a wide range of speeds.

		Generally high, slightly lower than PMSM at certain speeds.

		High, particularly in specific speed ranges with controlled operation.



		Maintenance

		Low, as there are no brushes for wear and tear.

		Low, due to the absence of brushes.

		Low, due to the lack of permanent magnets and simple construction.

		Low, as it lacks brushes and commutators.



		Torque & Speed

		High torque over a wide range of speeds.

		High torque across a broad range of speeds.

		High torque at low speeds, decreases at high speeds.

		High torque at low speeds, with specific torque-speed characteristics.



		Thermal Management

		Efficient, due to absence of brushes and precision electronic control.

		Efficient, with careful management needed.

		Less efficient due to rotor design.

		Moderate, with design challenges in heat dissipation.



		Durability

		High, as electronic controls and absence of brushes reduce wear.

		Sensitive to high temperatures.

		High, robust design suitable for harsh conditions.

		High, due to the robust and simple design.



		Application Suitability

		Preferred for applications needing precise speed and torque control.

		Ideal for passenger vehicles and applications demanding high efficiency.

		Suitable for heavy-duty and industrial applications.

		Favored in applications where cost and simplicity are prioritized, with specific performance requirements.
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DC series motors are ideal for applications with frequent starts and stops because to their high starting torque, but they require regular maintenance due to brush wear. [13] Brushless DC Motors (BLDC) are known for their great efficiency and precise control at various speeds. They require minimum maintenance because they do not have brushes, making them well-suited for precise EV applications. [14] Permanent Magnet Synchronous Motors (PMSM) are highly efficient and high-performing motors that utilize permanent magnets. They are commonly used in passenger automobiles due to their outstanding features. [15] Three-phase AC Induction Motors (IM) provide a well-rounded solution, offering strong performance and longevity at a reduced price, making them ideal for a range of EV applications, particularly where simplicity and cost-efficiency are important. Switched Reluctance Motors (SRM) are known for being simple and solid, providing a cost-efficient choice for situations where performance is needed, with the advantage of requiring minimal maintenance. [16]

[bookmark: _Toc166579878]Mechanical Transmission

As EV technology advances, there is potential for a variety of transmission systems to be developed to meet the specific performance and efficiency needs of various EV models. Comparison is shown in Table 4.
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[bookmark: _Ref158646151][bookmark: _Toc160480126][bookmark: _Toc170464590]Table 4. Types of transmission. [17][18][19]

		Feature

		Single-Speed Transmission

		Multi-Speed Transmission

		 CVT



		Complexity

		Lowest, simplest design with fewer moving parts.

		Higher, more complex design with multiple gears.

		Moderate, complex design but no actual gears.



		Efficiency

		High, minimal mechanical losses due to simplicity.

		Variable, can be optimized for specific speeds.

		High, but can vary due to pulley system losses.



		Performance

		Good, optimized for a balance of acceleration and top speed.

		Better, allows for optimization across a wider range of speeds.

		Good, allows for seamless acceleration without gear shifts.



		Cost

		Lower, due to simplicity and fewer components.

		Higher, due to more components and complexity.

		Moderate to high, depending on the CVT design.



		Maintenance

		Lowest, fewer parts mean less wear and maintenance.

		Higher, more parts and complexity mean more potential for wear.

		Moderate, less than multi-speed but more complex than single speed.



		Driver Experience

		Smooth, no gear shifts.

		Engaging, allows for manual control over gears.

		Smooth, continuous acceleration without noticeable gear changes.



		Application Suitability

		Suitable for most passenger EVs, where simplicity and efficiency are key.

		Used in performance or heavy-duty EVs where driving conditions vary widely.

		Suitable for EVs where smooth driving and efficiency are prioritized over outright performance.
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EVs mainly use single-speed transmissions since the EM can function effectively at various speeds. The system's simplicity ensures dependability, decreases weight, and lowers costs while delivering smooth, linear acceleration. [17] Manufacturers are exploring multi-speed transmissions and continuously variable transmissions (CVT) for certain uses. Multi-speed transmissions, while not as prevalent in EVs, can provide advantages for high-performance EVs by enhancing power distribution at high speeds and increasing efficiency across different driving scenarios. [18] CVTs offer the potential for endless gear ratios, allowing the EM to function at its most efficient level, which could increase the vehicle’s range and improve performance. [19] The single-speed Transmission is the favored option for most EVs because of its ability to balance efficiency, simplicity, and performance requirements.

[bookmark: _Toc166579879]Integrating DT Technology with EV Propulsion System Components

[bookmark: _Hlk164421409]Advanced techniques enable a seamless blend of real and virtual environments, fostering an innovative approach to engineering that transcends traditional methodologies.

[bookmark: _Hlk164421416]Applying DT technology into EV represents a significant advancement in optimizing and developing electric propulsion systems. This advanced simulation tool creates a connection between the physical and digital realms, enabling a thorough and dynamic investigation of EV components such battery packs, EMs, power electronics controllers, and transmission systems. Engineers and designers can use DT technology to analyze and improve the performance, efficiency, and reliability of components in ways that were previously considered impossible in traditional development procedures. 

 DTs are being applied to the battery pack at the forefront of the technological revolution. [13] Developing a digital model of the battery pack allows for a comprehensive simulation of its performance under various conditions and usage situations. Virtual modeling is crucial for analyzing the complex dynamics of battery chemistry, design, and management systems. [14] Utilizing this capability can drive progress in energy density, operational efficiency, and the overall longevity of the battery. This raises the battery’s performance and improves the vehicle’s range and durability. [15] DT’s predictive powers are transforming the development of maintenance strategies. DT technology enables preventive maintenance and timely replacement plans by accurately predicting battery degradation and probable failures. Anticipating potential issues not only extends the battery’s lifespan but also enhances vehicle dependability and safety, reducing the chances of unforeseen battery malfunctions.

The PEC, which regulates the electrical energy flow between the battery and the motor, also gains advantages from using DT technology. DTs enable the smooth integration of the PEC with the battery and EM, ensuring an efficient flow and conversion of electrical energy. Precise coordination is crucial for optimizing the vehicle’s performance and range by achieving a harmonious balance between power output and energy efficiency. DTs help improve the durability and efficiency of power management systems by simulating thermal behavior and stress factors on power electronics. This not only decreases the likelihood of overheating but also greatly prolongs the lifespan of these essential components.

The EM benefits significantly from DT technology. Virtual replication of the EM enables a detailed investigation of its thermal management, efficiency, and performance under numerous operating circumstances. [16] Exploring various materials, winding arrangements, and cooling methods digitally offers new opportunities to enhance motor design. The aim is to reach exceptional levels of performance and efficiency to improve the motor’s response to different driving patterns and maximize energy usage. Adjusting control algorithms based on dynamic response analysis enhances the motor’s acceleration, torque delivery, and energy efficiency.

 DT technology provides a distinct advantage in maximizing transmission efficiency for EVs equipped with multi-speed transmissions or CVTs. DTs improve transmission efficiency by studying and optimizing gear ratios and shifting algorithms, leading to increased vehicle acceleration and performance. Moreover, the ability to replicate the mechanical loads of the gearbox during operation helps estimate wear and tear of 
single-speed transmission. Having this predictive information allows for the use of preventative maintenance procedures, which helps save expensive repairs and downtime, preserving the longevity and reliability of the transmission system.

The use of DT technology holds significant promise. However, there is still a gap in practical research. While some studies explore theoretical benefits like predictive maintenance, few delve into actual implementation in EVs. Key areas lacking detailed investigation include how DTs can optimize battery systems, enhance component reliability, and improve overall vehicle efficiency. More research in these areas could help fully realize the potential of DTs in advancing EV technology.

[bookmark: _Toc166579880]Hypotheses

DT technology is being integrated into EV propulsion systems to change their development, optimization, and maintenance in the fast-changing EV industry. This integration is crucial for dealing with the existing obstacles in simulating and monitoring EV components in real-time, such as data accuracy, operational efficiency, and system flexibility. This chapter suggests a series of hypotheses to use DT technology to overcome obstacles and improve the effectiveness and reliability of EV propulsion systems.

· Specialized scaled demonstrators are projected to improve data collecting for EV propulsion systems due to the limitations of current data acquisition methods. This method is anticipated to improve the accuracy and comprehensiveness of the data, enhancing the reliability of DTs and their predictive abilities, and therefore supporting more efficient and effective propulsion system advancement.

· Utilizing DTs for Component-Specific Analysis. Because of the intricate nature of EV propulsion systems and the necessity for a comprehensive comprehension of individual component behavior, recommend creating DTs for specific components to gain deep understanding into their operational dynamics in different scenarios. This method is expected to greatly enhance the operational efficiency of the components, thus leading to the optimization of the entire propulsion system.

· Integrating real-time data acquisition into the development and testing framework will expand the scope of component simulation due to the dynamic nature of EV operations and evolving driving conditions. The connection will improve simulation accuracy and enable the addition of new features, enhancing the versatility and performance of EV propulsion systems.

· Based on the need of early fault detection for the reliability and upkeep of EV propulsion systems, we propose that utilizing DT technology can facilitate the immediate forecasting and identification of possible defects. This method is anticipated to greatly save downtime and maintenance expenses while improving vehicle safety and dependability.

[bookmark: _Toc166579881]Objectives of the Thesis

[bookmark: _Hlk164421431]This thesis intends to investigate the latest advancements in EV propulsion system development using DT technology. This aims to connect theoretical modelling with practical application to enhance the efficiency, dependability, and performance of EVs through an extensive and systematic methodology. The following aims are intended to direct the thesis toward achieving its goals:

· The main goal is to create a scaled demonstrators that has the key components of an EV propulsion drive system. This scaled demonstrator will be a crucial tool for simulating EV performance, allowing for the analysis of component interactions and system dynamics in different operational conditions. Creating a scaled demonstrators is crucial for simulating real-world conditions and gaining significant insights into optimizing the performance of EV propulsion systems.

· Researching and building DTs for individual components inside the EV propulsion system. This involves thoroughly examining the details of each part, comprehending how it functions and performs in various situations, and generating precise digital duplicates. The DTs will enable accurate analysis and optimization, leading to progress in component design and system integration.

· Exploring the possibility of using real-time data collecting in the construction of DTs. This will investigate the integration of real-time data, such as operational and environmental variables, into DTs to improve their accuracy and usefulness. Emphasis will be placed on the visualization aspects to ensure that the DTs accurately reproduce the functional features of their physical counterparts and offer a complete visual representation.

· Create and execute a DT service designed to provide detailed information on the maintenance needs of EV propulsion drive components. This service will provide proactive maintenance methods and defect detection by utilizing the predictive capabilities of DT. The objective is to improve the dependability and durability of EV propulsion systems, minimizing downtime and maintenance expenses while enhancing the overall performance of the vehicle.

[bookmark: _Toc166579882]Scientific Contributions

[bookmark: _Toc166579883]Scientific Novelty

· Development of a theoretical framework for the physical representation of DT.

· Creating a DT of an EM, utilizing an empirical model to simulate its performance. It investigates the data essential for the DTs development. Additionally, 
a comprehensive structural analysis of the virtual model, crafted within the Unity3D engine.

· Development of a robust physical model that effectively includes the performance characteristics of autonomous electric car transmissions. 
The examination and improvement of the performance of contemporary autonomous EVs can be facilitated by the utilization of the produced DT.



[bookmark: _Toc166579884]Practical Novelty

· The creation of a scaled-down demonstrator for evaluating the electric propulsion drive system.

· The proposed framework and tools include a middle-layer ROS interface that integrates with both the physical propulsion drive system and its DT. This interface enables visualization in different simulation engines.

· Developed a diagnostic service unit for the EM in propulsion drive systems, utilizing ROS communication for fault detection.

[bookmark: _Toc166579885]Scaled Demonstrators Development

The EV propulsion drivetrain is a complex structure that requires precise mathematical modelling, monitoring, and validation. The complexity of the system is due to its combination of many electrical and mechanical components. These components are unique in their functionality and must operate and interact seamlessly with one another. Complete EV powertrain modelling is crucial for optimizing motor control across various driving scenarios and ensuring effective interaction among all powertrain components. Torque vectoring is a system that distributes power from the EM to the wheels to avoid bends in all possible situations. These issues require the ongoing development of suitable measurement technology. A comprehensive test bench of the EV powertrain is the most suitable representation of the physical model, which is a crucial aspect of the DT.

The ISEAUTO, a self-driving vehicle from Estonia [17], was created through collaboration between Tallinn University of Technology (TalTech) and various industrial partners. The ISEAUTO project has many objectives and achievements. The ISEAUTO project began in June 2017, following an agreement between TalTech and Silberauto AS Estonia to collaborate on the development of a self-driving vehicle. The company aimed to engage in self-driving technology to anticipate the future of the automobile industry and gain expertise in production. The project was simultaneously utilized for scientific research.

[bookmark: _Toc166579886]DT Concept and Requirements

The DT is typically viewed as a digital model that engages with the physical object during its entire lifespan, offering insights for assessment, enhancement, forecasting, and other functions. [18]. Figure 1 shows the interaction of the DT components. All components are interdependent from each other. The physical entity provides the basis for the virtual entity development; the virtual entity is responsible for the simulations, control of the physical part, and optimization strategies for the service system. The service system represents an integrated service platform responding to the demands of both physical and virtual entities. DT data is the combined data from physical, virtual, and service entities; methods for modelling, optimizing, and predicting. Data acts as a driver for all entities and involved in the creation of the DT itself, more comprehensive and consistent data is formed. 

Figure 2 depicts each dimension of the DT for the propulsion motor drive of the self-driving shuttle. A real physical entity comprises multiple subsystems and sensory devices. The self-driving shuttle includes the following subsystems: electric propulsion drive system, control system, safety system, and auxiliary systems (door controller, lights, etc.). The sensors collect the present state of the subsystems. There are two primary types of sensors utilized in self-driving vehicles: dead reckoning sensors (encoders, inertial sensors, GPS, etc.) and sensors for vehicle perception (cameras, radars, lidars, ultrasonic, etc.). The primary use of the sensors is to achieve autonomy. Additionally, they can be utilized to change control algorithms for propulsion electrical drives and assist in selecting cruising mode. The test bench, which merges the benefits of real-time software models and actual equipment, helps decrease the amount of test iterations and ensures safe maintenance. The virtual entity comprises the geometric model, physical model, behaviour model, and rule model. The components of the self-driving shuttle in the geometric model, such as the EM, gearbox, and transmission, are created as computer-aided geometric models for assembly in the virtual engine. Datasets consist of diverse collections of data. IoT sensors and platforms can be used to collect, sort, convert, and send large amounts of data from physical entities. The data includes information on working and environmental circumstances, as well as operating statuses. Virtual entity data comprises the parameters of models and simulation data. The services entity provides information about algorithms used for data collection, processing, and utilization. Furthermore, service entity data delineates the interaction algorithms among entities. 

The service entity includes rules for both virtual and physical entities and may consist of several sub-services, such as maintenance and diagnostic, energy optimization, path planning, etc. 

The connection entity describes the link between other entities.
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[bookmark: _Ref160479944][bookmark: _Toc170464509]Figure 1. Five-dimensional DT model. [19]
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[bookmark: _Ref160480042][bookmark: _Toc170464510]Figure 2. DT components for the ISEAUTO self-driving shuttle. [19]

[bookmark: _Toc166579887]ISEAUTO Powertrain Scaled Demonstrators and Components

The propulsion drive system of ISEAUTO was developed using the Mitsubishi i-MiEV trolley as a basis, including the Y4F1 PMSM. [20] ISEAUTO is a last-mile vehicle with limited speed that utilizes the transmission to operate within the most efficient range of the propulsion motor. The transmission in the self-driving vehicle F1E1A (without shifting function) consists of two pairs of gears meshing together and a dependable differential, resulting in an overall reduction ratio of 6.066. 

[bookmark: _Toc166579888]Battery Emulator

The CINERGIA B2C+ battery emulator unit comes with a regenerative AC to DC converter to imitate the behaviour of actual batteries. The unit’s DC output can be varied from 
20 to 750 V. By serializing or parallelizing outputs, it is possible to change power and current. The system is operated by a PC that is connected to sophisticated software. 
The device can send and receive data through the interface module using CAN bus, Modbus, or Ethernet Open protocol. 

[bookmark: _Toc166579889]Traction Drive 

The traction drive system utilizes a 55 kW heavy-duty water-cooled electric drive manufactured by ABB (model HES880). The system is operated by PC software and can exchange data using CAN bus or Ethernet. It can be utilized in both inverter and generating modes. It is designed using the direct torque control (DTC) technique. When operating in inverter mode, the drive regulates both the torque and speed of the motor. The generator mode is utilized to regulate the DC-link voltage during regenerative braking. The open-loop control algorithm decreases the need on external encoders, leading to lower maintenance and risk expenses. 

[bookmark: _Toc166579890]Electric Motor

The electric traction motor utilized in ISEAUTO is a 25 kW Mitsubishi Y4F1 water-cooled PMSM. The device is fitted with a resolver unit on its internal shaft to monitor speed and position. Table 5 outlines the motor parameters.



[bookmark: _Ref159938606][bookmark: _Ref160382214][bookmark: _Toc160480127][bookmark: _Toc170464591]Table 5. Specifications of motor for i-MiEV. [Paper III]

		Type

		Water-cooled permanent magnet type synchronous motor



		Max. output

		47 kW (3000 - 6000 RPM)



		Rated output

		25 kW



		Max. torque

		180 Nm (0 - 2000 RPM)



		Battery voltage

		330 V





[bookmark: _Toc166579891]Transmission

F1E1A is a four-gear double-stage transmission unit. The first gear is the pinion gear on the input shaft, coupled to the rotor of the vehicle’s traction motor. The second and third pinion gears share a same shaft. The fourth gear is linked to both the output shaft and the differential unit. Table 6 displays the parameters of the gears.



[bookmark: _Ref160382379][bookmark: _Ref160446948][bookmark: _Toc160480128][bookmark: _Toc170464592]Table 6. Transmission gears. [Paper III]

		Gear 

		Diameter, mm 

		Width, mm 

		Teeth number 



		1st 

		58,9 

		27 

		25 



		2nd 

		93,9 

		251 

		42 



		3rd 

		56,1 

		32,2 

		18 



		4th 

		179 

		27,6 

		65 





[bookmark: _Toc166579892]Loading Motors 

Two 7.5 kW IMs are installed on either side of the differential unit to mimic the movement of the vehicle wheels. Two ABB frequency converters power the motors.

[bookmark: _Toc166579893]Data Acquisition System

A Dewesoft data gathering device was set up on the scaled demonstrator to gather essential data from its components. The measurement device must meet the following criteria:

· Take measurements of the direct current voltage and current of CINERGIA.

· Measure the PMSM three-phase power, resolver speed, and winding temperature.

· Measure the loading speed of motors 1 and 2.

· Measure the torque data from the analog output of the inverters of the loading motors and HES880.

Figure 3 displays the full list of necessary channels. At least 3 high voltage channels and 3 low voltage channels were needed for current transducers to evaluate the electrical properties of the main propulsion motor. 5 low voltage channels were required to measure the resolver speed, winding temperature, and analog output from the inverters. 2 counter channels were crucial for the encoders. The SIRIUSi-HS-4xHV-4xLV and DEWE-43-A devices were used to record the required parameters. Dewesoft’s product line provides the benefit of utilizing their software for data analysis and recording. The devices can measure at a wide range of sample rates and export data in multiple file formats.
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[bookmark: _Ref160383750][bookmark: _Toc170464511]Figure 3. Scaled demonstrator I/O.

[bookmark: _Toc166579894]Scaled Demonstrator Development

A Computer-aided design (CAD) model was produced for each component based on the actual dimensions of the object. For accuracy, complex geometric models such as a motor and gearbox were scanned using a 3D scanner. Areas where a 3D scanner’s laser line cannot capture 3D geometry will be identified as “Through-holes” and removed during the model post-processing. Figure 4 displays the chronology of creating a digital model of a motor and a gearbox.
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[bookmark: _Ref159936249][bookmark: _Toc170464512]Figure 4. A chronology depicting the process of creating a digital model: a) an actual motor with a gearbox, b) a scanned model with imperfections, and c) the refined final form of the digital model produced by SolidWorks.

The electric car’s whole electric propulsion system was designed in SolidWorks following the same method illustrated in Figure 4. An extra frame was designed in SolidWorks for the laboratory scaled demonstrator. The primary functions of the frame were to support the entire electric drive system and allow for the addition of loading motors on both sides of the transmission to replicate the real operating conditions of an electric car, as depicted in Figure 5. Figure 6 displays the assembled ISEAUTO powertrain scaled demonstrator.
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[bookmark: _Ref160130494][bookmark: _Toc170464513]Figure 5. Rendered image of a scaled demonstrator frame setup.
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[bookmark: _Ref160382062][bookmark: _Ref160382998][bookmark: _Toc170464514]Figure 6. ISEAUTO powertrain scaled demonstrator.

More information on the testbench concept and construction can be found in [Paper I] and [Paper II].

[bookmark: _Toc166579895]Performance Tests and Results 

[bookmark: _Toc166579896]Tests Procedures

The test bench plays a significant role in validating results with a physical object, specifically ISEAUTO in this instance. Data collection is required to validate the parameters of the test bench under the operational conditions of a self-driving bus. These tests are crucial for reducing errors during test bench operation and replicating real ISEAUTO circumstances accurately for propulsion drive operation simulations. The experiments were carried out on the premises of TalTech University. Three primary routes were utilized for testing:

· Driving on a flat surface. The test area was selected to be 100 meters in distance and have a minimal slope suitable for the bus. Six tests were conducted at this distance along the same path.

· Driving over an inclined surface. A test site was selected with a 50-meter distance and the steepest slope possible to assess the EM’s load capacity for the bus. Three tests were conducted at this distance along the same path.

· Driving regularly in a TalTech smart city between passenger stops. The site features a smart city area designed for testing self-driving buses, including intelligent bus stops, smart pedestrian crosswalks, smart traffic lights, automatic bollards, self-driving autonomous vehicle shuttles, and remote-control stations. Two tests were conducted following the same circular path as shown in Figure 7. 
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[bookmark: _Ref160420522][bookmark: _Toc170464515]Figure 7. TalTech campus smart city round trajectory. [Paper III]

Below are the primary measurement parts, sensors, and parameters:

· Battery pack of the ISEAUTO – for DC voltage device was connected directly to the battery and for DC current were using a current clamp.

· The propulsion system of the ISEAUTO includes a three-phase voltage supply to a permanent magnet synchronous motor which connected directly with the device and a three-phase current supply to the same motor using a current clamps.

· GPS module provides data about speed, altitude, and distance.

The measurements aim to understand the electrical properties of the ISEAUTO and then verify the test bench using this data. Figure 8 displays an example of the received data. 

Due to the country’s restrictions limiting the speed of self-propelled vehicles to 20 km/h, ISEAUTO does not utilize the full capacity of the EM, resulting in the voltage remaining significantly lower during operation. The ISEAUTO inverter was found to load the phases asymmetrically at the starting moment, with one phase having an amplitude value that is half of the other two phases. Once the initial phase is over, the currents return to being symmetrical. Altitude data obtained from GPS is seen in Figure 8. Altitude data can be used to determine the motor load during actual ISEAUTO operation. GPS data was acquired, although it was rather noisy. The GPS signal was unstable because of tall structures. Future efforts will focus on enhancing signal reception and integrating the Inertial measurement unit (IMU) sensor into the existing measuring setup alongside the GPS.
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[bookmark: _Ref160420886][bookmark: _Toc170464516]Figure 8. Measurement of an ISEAUTO motor voltage, current, and altitude while driving no slope. [21]

[bookmark: _Toc166579897]Chapter Summary

This research study detailed the steps for developing a complete PC-controlled test bench for an autonomous EV propulsion drive system. A detailed description of the primary test bench components was provided. Performance tests were conducted on ISEAUTO under various operating conditions: six tests without slop driving mode, three tests with slop driving mode, and two regular driving modes. The performance test data will be utilized for validating the test bench. The initial findings from the scaled demonstrator show promise for the powertrain DT development.

[bookmark: _Toc166579898]Digital Twin of an Electrical Motor

[bookmark: _Toc166579899]Empirical Performance Model

A potential application of DT is for control and monitoring. A physical entity often contains many subsystems and sensory equipment, while a virtual entity can be created using existing data. The virtual entity consists of one or more models depending on the DT application, such as behaviour, thermal, rule, or other models. The DT data consist of multiple datasets obtained from the actual physical object, gathered through numerous sensors and data collecting devices. The service entity primarily includes regulations for virtual and physical entities and may offer other sub-services, such as maintenance and diagnostics, energy optimization, and path planning. The connection entity often specifies the interaction among other entities. Unity3D is utilized in the study for conducting physics simulations and visualizing the DT. The paper reveals a component of a project focused on creating a specialized unsupervised prognosis and control platform to estimate the performance of electric propulsion drive systems in an autonomous 
self-driving electric car. This goal involves creating various subtasks and objectives, one of which is to create physical models of different energy system components such as motors, gearboxes, and power converters, along with their corresponding simplified models (testbeds) to build the system’s DT. [22]

An Induction motor was utilized in this example as one of the potential configurations to develop a model based on an efficiency map. A study was conducted on an ABB 3GAA132214-ADE induction motor to develop a practical empirical performance model. The electrical motor under examination is powered by an industrial frequency converter, specifically the ABB ACS880, utilizing the DTC algorithm. An extra frequency converter (ABB ACS800) was utilized as a load during the setup. An efficiency map is generated by gradually increasing the load torque from zero to the rated load torque determined during the design phase in a stepwise manner. An efficiency map was obtained from research comparing the efficiency of induction and synchronous reluctance motors [23]. Motor efficiency is calculated as the ratio of the motor shaft power (𝑃mech_motor) to the total electrical input power (𝑃in_total).



	𝜂motor = 𝑃mech_motor/𝑃in_total 	(1)



In [Paper IV] the graphical depiction of an empirical performance model of IM, while Table 7 provides the rated data of the motor.



[bookmark: _Ref160402091][bookmark: _Ref160402081][bookmark: _Toc160480129][bookmark: _Toc170464593]Table 7. Rated Data of Induction Motor. [Paper IV]

		Parameter 

		Unit 

		Value



		Motor frame size 

		

		132 MA



		Rated Power 

		kW 

		10.5



		Rated Current 

		A 

		22



		Rated Speed 

		rpm 

		1460



		cosϕ 

		

		0.6



		Moment of inertia 

		kgm2 

		0.048









The empirical performance model describes the loss distribution of IMs on 
speed-torque characteristics. Copper losses are the primary power losses in all EMs. 
The torque of an IM is directly proportional to both the electrical loading and the magnetic loading. [23] To boost the torque generated by the motor, both electrical and magnetic loads need to be amplified. To improve motor torque in high magnetic flux density, the only effective method is to increase the electrical loading due to the saturation of the stator iron core. Increasing the current density in motor windings can lead to higher copper losses and decreased efficiency. A numerical representation of an empirical performance model for an IM is utilized as an input for constructing a DT to assess the IM across a specified speed-torque range.

[bookmark: _Toc166579900]DT based on Empirical Model

The setup for the DT of the IM is as follows: The Unity 3D physics engine simulates basic physics in connection with the Robot Operation System (ROS) bridge. Linux ROS nodes simulate more complex electrical machine behaviours, such as motor efficiency based on the efficiency map and motor controller. As seen in Figure 9. Unity 3D’s main advantage is its appealing framework for handling 3D objects and simulating virtual physical forces. The advantages of Unity3D were a key factor in selecting it over the more frequently utilized MATLAB or Matplotlib in research, or at the current project level.
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[bookmark: _Toc170464517]Figure 9. The operational architecture of DT. [Paper IV]

The Linux ROS Server transmits a User Datagram Protocol (UDP) command packet to the Unity 3D Visualizer over the ROS Bridge standard. The primary function is to receive a control message from a defined IP address in a standardized ROS Bridge message format published by the Linux ROS Server. It controls the 3D models to demonstrate the motor’s behaviour as it would occur. It is responsible for providing feedback to the Linux ROS Server for processing, similar to how an encoder sends updates on the motor rotation rate to a motor controller.

The Linux ROS Server consists of multiple nodes that replicate different facets (such as mechanical, thermal, electrical, diagnostic, etc.) of the motor. It includes a single motor controller simulator node and a simulation controller node that integrates data from all other aspect simulation nodes and Unity 3D feedback, processes it, and transmits the information to a visualization client in Unity 3D. 

The detailed physics engine of the DT is depicted in [Paper IV]. The Unity 3D Visualizer message is received as a UDP packet in a proprietary ROS Bridge format by the ROS Bridge Client. It is then deserialized into input variables (empirically estimated velocity and torque) for the motor and forwarded to the 3D object controller as variables. The object controller transforms data from the empirical performance model into the velocity of the motor shaft in the DT model. This data is utilized for the motor’s 3D visualization. A virtual sensor, known as a simulated encoder, measures the motor shaft’s angular velocity, translates it to feedback data, and transmits it to the Linux ROS Server.

There are currently two active nodes in the simulation: a motor controller simulator node and a mechanical simulation node. The motor controller features a proportional–integral–derivative (PID) controller that supplies a control signal to the motor. 
The mechanical simulation node utilizes an efficiency map obtained from an actual motor to simulate accurate torques and power output at specific angular velocities, ensuring that the DT behaves like the real motor.

[bookmark: _Toc166579901]Graphical representation

Utilizing a virtual visual model can help avoid numerous mistakes and errors without incurring any negative impact on performance or costs. Additionally, this model can serve as a great tool for training technical personnel and in academic institutions. In a physical model, the various parts of an actual object (such as windings, rotor, shaft, encoder, etc.) are created as CAD geometric models and then put together to form the virtual object. Figure 10 displays the graphical model utilized for DT visualization.
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[bookmark: _Ref160442206][bookmark: _Toc170464518]Figure 10. Graphical representation of induction motor in Unity 3D. [Paper IV]

The Physics engine has a ROS Bridge client that receives a data package from the ROS Server. The ROS Bridge client extracts data from the package and transmits it to the 3D object controller, which then recalculates new positions and orientations for the simulated motor components. The 3D model is then updated with new states. This stage verifies that a 3D model accurately simulates the behaviour of a genuine motor visually. The model considers additional physical forces acting on the motor, such as friction losses and moment of inertia, which are simulated using the angular drag feature in Unity 3D’s Rigidbody. The simulation updates encoder values, which are then transmitted to the ROS Server to provide feedback for the speed controller. The simulated encoder is interchangeable and can be used with any required feedback simulation. A PID controller is currently utilized for its simplicity and user-friendly nature.

[bookmark: _Toc166579902]Chapter Summary

[Paper IV] describes the development process of DT for an EM using an empirical performance model. The study examines the facts necessary for developing the DT. 
An in-depth structural analysis of the virtual entity created using the Unity3D engine is provided. The current DT is mostly used as a loading motor drive system on a test bench to evaluate the performance of the electric propulsion drive system in an autonomous electric car. Developing and implementing the concept of DT will offer a new method for measuring and estimating the performance of motor-drive systems.

[bookmark: _Toc166579903]DT of An EV Transmission

The mechanical component of the electrical drive system is responsible for a significant share of the total issues, which are degenerative and tend to worsen over time. [24] Regularly maintaining mechanical components, inspecting device operations, ensuring adequate lubrication, and operating devices that are rarely used are essential practices for any electrical drive system. [25] The DT solution encompasses several services, including enhancing efficiency, reducing failure rates, accelerating development cycles, and creating new business prospects. [26] DT, being a virtual entity, needs to accurately replicate operations happening in a physical entity through digital means. In reality, various physical processes have influence on an object at the same time, making it unfeasible to see the electrical drive system purely as an electrical device. [27] It is important to take into account other phenomena, such as heat effects or mechanical vibrations. This ideal may need to be evaluated. DT should represent impacts across several physical realms such as electrical, mechanical, and thermal. The current study aims to provide a customized unsupervised prognosis and control platform for the propulsion drive of an autonomous EV. This platform may be utilized for performance estimation, control system tuning, maintenance, diagnostics, and various other services. The study aims to outline the development process of a parametric design table for an autonomous electric car gearbox.

The transmission in the self-driving vehicle F1E1A is a straightforward meshing of two pairs of gears with a dependable differential, resulting in an overall reduction ratio of 6.066.

[bookmark: _Toc166579904]3D Scanning of Transmission

The initial stage of transmission parametrization involved creating a geometric model with the 3D scanner ATOS II 400. This inspection device utilizes structured light technology and has a measuring frequency of 1.4 million points every 7 seconds. 
The resolution is 0.177 millimetres. To digitize larger objects, markers should be employed. These markers are placed on the object being scanned to combine different scanning images during post-processing. [28] This scanning method offers excellent precision in a short time frame and is safe for the eyes. Drawbacks include sensitivity of system setup to ambient light, inability to 3D scan glossy surfaces, and insufficient precision for intricate pieces with diverse surface characteristics like ribs and sharp edges. The ATOS 3D scanner was utilized for digitizing transmission due to its excellent precision in huge item examination. The autonomous electric car transmission depicted in [Paper V] is considered a geometric component of the DT. 

F1E1A is a dual-stage transmission with four speeds, depicted in [Paper V]. The initial gear is the pinion gear on the input shaft, linked to the rotor of the vehicle's traction motor. The second and third pinion gears share a same shaft. The fourth gear is linked to both the output shaft and the vehicle's differential. Table 6 displays the specifications of the gears, with all shafts having a uniform diameter of 22 mm.

The transmission's gear ratio (n) can be determined using the following equation:



	 ,	(2)

where n (1...4) is the number of teeth of gears 1 through 4, respectively. The gear ratio has an impact on maximum speed, wheel radius, and traction between the road and tires. A slower motor speed compared to the vehicle speed results in a reduced gear ratio, smaller dimensions, and less expenses. [29] The powertrain features an extra regenerative brake mode for increased deceleration by boosting regenerative brake effort, as well as a comfort mode for suburban driving by reducing regenerative brake intensity.

[bookmark: _Toc166579905]The Efficiency of the Transmission

Power losses in transmission occur in gears, bearings, and seals. Additionally, supplementary losses should be taken into account. Gear and bearing losses are categorized as load and no-load dependant losses, while transmission losses () are classified in [Paper V]. It is important to note that for nominal power transmission, 
the load losses of the gear are typically dominant, and in the case of part load and high speed, no-load losses dominate the total losses. [30][31][32]



		(3)



No-load gear losses are not affected by the amount of torque applied to the gear. 
The no-load losses can be attributed to the lubrication losses caused by the viscosity and density of the lubricant, internal design of the transmission, and bearings, which become apparent as the mechanism rotates. No-load gear losses are dependent on the configuration, dimensions, category, viscosity of lubricant, and level of submersion.

Load-dependent gear losses happen at the contact point of the power-transmitting components. Load dependent gear losses are determined by the friction force () and relative velocity , following the fundamental Coulomb law: 

	

		(4)



Load-dependent gear losses are often stated as a function of the gear loss factor:



	 ,	(5)



 is the transmission input power;  is the gear loss factor and  is the coefficient of friction. Gear loss factor ( is a fixed value determined by the base helix angle, load distribution, path of contact, and other gear characteristics. C. Fernandes 
et al. present three equations and propose a calculating method that excludes the elastic effects of the gears in their investigation. The forecast of power loss is influenced by the calculation of the gear loss factor, which depends on the gear's geometry. The average coefficient of friction () between gear teeth for various gear geometries is a complex factor derived from empirical data, and it naturally varies under the same operating conditions. No-load bearing losses are primarily influenced by the type and size of the bearing (such as cylindrical roller bearings having the lowest losses), bearing configuration, lubricant viscosity, and supply. Load dependent bearing losses are influenced by factors such as the size, type, rolling and sliding conditions, and type of lubricant used. 

Shaft sealing losses result from the friction between the shaft and its seal. Shaft sealing losses () are determined by the shaft diameter (D) and rotational speed (n). According to C. Changenet et al., these losses can be estimated using the following formula [33]: 



	 	(6)



Auxiliary losses refer to losses that are difficult to quantify, such as lubricant losses. Transmission relies on lubrication to prevent friction and deformations in the gear teeth connection. Losses occur when the lubricant splashes over the pinion, causing a drag torque. Lubricant losses are influenced by the pinion’s rotational speed, the surface area of contact between the pinion and the lubricant, the pitch diameter of the pinion, and the density of the lubricant. C. Changenet et al. provide an equation to calculate the drag torque operating on a pinion as an extra load. 

Various computational tools are utilized to calculate power losses and create an efficiency map of the mechanical transmission. The WTplus software, created at TU Munich, is utilized for determining the efficiency and heat dissipation of manual, automatic, and industrial gearboxes. KISSsoft is another software that includes a specialized template in KISSsys to automate the efficiency calculation and thermal rating of an entire gearbox, encompassing gears, shafts, bearings, seals, discs, synchronizers, and other machine components. A 3D model of the F1E1A gearbox was created by measuring all its gears, as shown in [Paper V]. by utilizing the KISSsoft software to import a 3D model for the purpose of calculating the efficiency of a gearbox. An efficiency map of a gearbox was generated by analyzing materials, bearings, grease, and other factors, as depicted in [Paper V]. The electric drive’s capabilities are limited to 180 Nm of torque and 2000 rpm of speed.

[bookmark: _Toc166579906]DT of a Transmission

The DT simulation of the transmission consists of two main components, illustrated in Figure 11. A primary simulator, functioning as a ROS Node, receives torque (τin) and angular velocity (ωin) inputs using the ROS Bridge protocol. Any ROS-based motor controller with an encoder, including a virtual one, can provide this input. The main simulator computes an anticipated result using the subsequent equations.

	 ,	(7)



	 ,	(8)



The primary simulator’s main duty is to simulate the efficiency of the transmission using formula (1) to compute n. Efficiency of the transmission is determined by interpolating data from an empirically constructed efficiency map at a certain torque and rotational velocity. The torque ), angular velocity , and efficiency are published as a ROS subject for use by the DT’s 3D Visualizer.

Both simulating and visualizing the transmission rely on the framework established for the dynamic testing of the load motor. They function and interact similarly through the ROS Bridge. However, the display of the data transmission does not offer feedback to the simulation because to the absence of a closed-loop speed controller that necessitates feedback. The transmission is not self-propelled. It just transforms the inputs provided by the rest of the system. 
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[bookmark: _Ref160404329][bookmark: _Toc170464519]Figure 11. The operational architecture of the transmission DT. [Paper V]

The visualizer is responsible for creating a 3D depiction of the DT’s behavior, capturing the transmission in Unity 3D as depicted in Figure 12. The process involves utilizing data from the primary simulator to update the states of each 3D object in the 3D model controller, resulting in the CAD model of the transmission being displayed on the screen realistically under various scenarios.
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[bookmark: _Ref160404394][bookmark: _Toc170464520]Figure 12. Unity 3D live visualization of transmission. [Paper V]

Figure 13 displays the architecture of the creation process for the DT of the gearbox. 
A 3D scan of the gearbox is needed to ascertain its mechanical and material properties. The acquired data is utilized to construct a geometrical model of the gearbox, which can subsequently be employed in the simulator. The simulator comprises a middle-layer, specifically ROS, which retrieves data from the cloud server. The 3D visualizer block utilizes a Unity 3D engine to showcase the functionality of the gearbox.
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[bookmark: _Ref160492177][bookmark: _Toc170464521]Figure 13. Process architecture. [Paper V]

[bookmark: _Toc166579907]Chapter Summary

The transmission parametrization method commences with 3D scanning of the object under study, then proceeds to gear selection and efficiency computation. The Unity 3D real-time development platform’s geometrical model is equipped with appropriate inputs and outputs for connecting to the physical model. An efficient physical model that considers the performance of autonomous EV transmission is a valuable tool for developing the design and technology for the mechanical component of the entire propulsion motor-drive system. Virtual Sensors based on the created DT may be introduced. The performance of the existing autonomous EV can be analysed and enhanced using the built DT.

[bookmark: _Toc166579908]Unity3d As an Interface Option for Propulsion Drive Simulations

The primary goal of the study is to create a framework and tools that consist of a 
middle-layer ROS interface linked to the physical propulsion drive workbench and its DT, which can be displayed in different simulation engines. The project intends to create a system for linking the interface with Unity3D for visualization, focusing on data exchange and feedback.

[bookmark: _Toc166579909]Working Principle of a Test Bench оn а DT

The DT is applied to simulated data created from genuine data collected from IM for the current case study. The information was collected utilizing the data acquisition system (DAS) Dewetron Dewe 2 and stored in files with various extensions (*.mat, *.xlsx, *.csv, *.txt). The measured data can include information on the motor’s operation such as input currents, voltages, consumption and shaft powers, torque, angular velocity during data gathering, and other derived data. The parameters in DAS tuning (16Hz – 100kHz) can be tested at various frequencies, and the data collected is time-dependent. This capability allows for the accurate replication of the motor’s behavior exactly as it occurred in a real-life setting with the assistance of the ROS Server. An instance of this may be shown in [Paper VI], where the input current from the frequency converter to the IM was measured and can now be replicated in ROS. The graph from the ROS package rqt plot was not included in the paper as it was unable to plot messages at such a high frequency.

The ROS Server functions as both a data server and a physics simulator in the proposed DT system. The server is an independent part of a TB DT system that processes actual motor data, computes additional motor parameters from the data, and sends the information to ROS topics for models to access.

Figure 14 displays the architectural design of the DT setup for TB. The actual data is retrieved by certain ROS Nodes on the server, where it is analysed, converted into ROS messages, and then transmitted to the DT model over the ROS Bridge. The authentic data may derive from the empirical model or map of the motor or its components, or from the actual raw data. 

The model can replicate mechanical, electrical, and thermal behavior by processing ROS messages. Models can exist in any simulation setting. They subscribe to ROS Server’s topics via API or ROS Bridge and are set up to execute required activities according to the subscribed ROS topic, such as rotating based on received angular speed. Moreover, 
the module can include simulated ‘measurement’ devices or sensors that are capable of transmitting data across the ROS bridge. The ROS Nodes can compute and derive additional necessary values, mirroring the behavior of a tangible TB.
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[bookmark: _Ref160405091][bookmark: _Toc170464522]Figure 14. The generic architecture of TB DT. [Paper VI]

[bookmark: _Toc166579910]ROS Interfacing

To facilitate the integration of ROS with other systems, a ROS Bridge node must be utilized. The tool transforms ROS messages into JSON format and transmits them beyond the ROS environment. JSON is utilized due to its universal format and the availability of tools that facilitate its serialization and deserialization in nearly all contemporary programming languages. ROS Bridge can facilitate the transfer of certain ROS topics to and from the Message Queuing Telemetry Transport (MQTT) protocol, enabling the system to operate on numerous machines globally. The MQTT Bridge transmits serialized messages from a designated ROS topic to a defined MQTT topic on a remote server. MQTT Bridge can also reverse this process by receiving a JSON-serialized message and trying to convert it back into a defined ROS topic using a specific message type. These solutions work together to simplify the development of connecting ROS with any visualization solution. Classes matching ROS message types were developed in C# for the Unity3D implementation of the ROS interface to streamline the deserialization process. This method is highly efficient since a ROS message sent in serialized form through MQTT may be deserialized immediately into an object of the corresponding type. This method may be applied in a similar manner across most computer languages, making it the most direct and adaptable choice.

The visualization is conducted in Unity3D engine (Figure 15), connected to the physics simulator through the ROS Interface. It represents a 1:1 scale propulsion drive model including the transmission, wheel parts, and non-visible gears. The model is being constructed to mimic the physical one, with each component being managed by an associated script that receives data from the intermediate layer.
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[bookmark: _Ref160493081][bookmark: _Toc170464523]Figure 15. Visualization of propulsion drive test bench done in Unity3D. [Paper VI]

The main result of the specific section of the broader research on creating the completely synchronized DT of the propulsion drive is the development of the ROS interface. It is possible to input physical data into a visual simulation, particularly in the context of using Unity3D. The data simulation provides feedback on physical interactions to the ROS intermediate layer, which refines the model and updates the visual representation in each data movement cycle. Limitations were encountered during the approach creation, and further advancements are necessary to achieve the final goal of the research (Refer to Table 8).



[bookmark: _Ref160416675][bookmark: _Toc160480130][bookmark: _Toc170464594]Table 8. Limitations and further steps. [Paper VI]

		Limitations

		Future steps



		The model was tested using a single kind of visual simulation tool. Additional integrations may need to be implemented in the middle layer to be compatible with extra software tool packages.

		To determine accurate torque calculations using genuine data obtained from the physical torque TB.



		

		To implement a two-way connection between physical TB and its DT.



		If DT and TB work simultaneously over the internet, the frequency of data acquisition may be too high to send on time, the possibility of lags

		The injection process flow of new components of TB into the DT.



		

		To create unpredicted behaviours in the system, trigger points, and try to make the system respond to the unpredicted change making it more adaptive to changes





[bookmark: _Toc166579911]Chapter Summary

[Paper VI] presented the integration of the ROS interface with the DT of the propulsion drive workbench, which was visualized in Unity3D. Raw and simulated data, along with empirical models, are post-processed and inputted into the visual simulation. Additional data is logged and provided as feedback to the middleware to enhance the model and physical simulation. The next important stage involves providing the physical simulation with data straight from the physical drive to achieve synchronization between the actual and virtual worlds via the defined interface.

[bookmark: _Toc166579912]DT Service Unit for Fault Detection

The DT service units that are suitable, dependable, precise, and effective in detecting faults can be a significant asset during the whole lifespan of an electrical motor-drive. 
A review of the literature reveals that implementing preventative maintenance programs leads to a decrease in the overall number of electrical motor rewinds from 85% to 20% of all motor repairs. [34] The failures observed in rotating electrical machines can be attributed to a confluence of factors stemming from various aspects, including 
design, manufacturing tolerance, assembly, installation, operating environment, load characteristics, and maintenance timelines. The inter-turn defect of the AC machine stator is regarded as one of the four most common potential failures in electrical motors, alongside air gap eccentricity, broken rotor bar/end-rings, and bearing issues. [35] Typically, the occurrence of an inter-turn short circuit is initiated by the failure of insulation, which is accompanied by a significant increase in current flow. This is attributed to the substantial voltage potential disparities between neighbouring coils.

This work focuses on the detection of inter-turn short circuit faults in the stator (IM) of an induction machine. Nevertheless, the stator architecture of IM is identical to that of other AC machines, and designated DT service units can be employed to identify faults in other types of AC electrical machines.

[bookmark: _Toc166579913]Fault Diagnostics and Detection

Unlike preventive and reactive maintenance, predictive maintenance is gaining heightened popularity [7]. The fault detection of electrical machines at the incipient stage for predictive maintenance is essential for a safe and reliable industrial operation. This is also vital for machine life estimation as the faults are degenerative. Any machine under ideal conditions should be perfectly symmetrical for all its phases. But practically, the asymmetry is investable. The main contributors to those asymmetries are the electrical and mechanical faults. Nearly all faults can be divided into two classes: electrical and mechanical. The most common of them are rotor faults [9], such as bad bearings, broken bars, eccentricity, and winding short circuits. These fault’s leading causes may include thermal degradation, hazardous industrial environment, bad foundation, and magnetic stress and vibrations. The winding insulation degradation is slow but a continuous process that can lead to a catastrophic situation. This can lead to the faults such as inter-turn short circuit, phase to phase short circuit, or phase to ground short circuit. Moreover, the increased asymmetry among phase impedances can increase the speed and torque ripples, which can cause other mechanical faults. Almost all faults modulate the supply current with a specific bandwidth of frequencies. Being present in the current, they influence the other parameters such as speed, torque, flux, and voltage, etc. 

The detection of those frequency components at the early stage of the fault can avoid significant damage. [10] In induction machines, all fault dependent harmonics are the function of slip. This divides the signal under observation into two categories: 
the transient and the steady state. In a steady-state regime, the signal is stationary, 
and the standard signal processing techniques can be used for fault detection. Among several signal processing techniques, the discrete-time Fourier transform (DTFT) is being used successfully. This is because it can be used on a piece of equipment with low computation power and can give a good insight into the harmonics. Since the fault-based harmonics are dependent on the slip, DTFT fails to provide any meaningful information under no and low load conditions. Another problem of DTFT is the spectral leakage, which can hide all small-amplitude faulty harmonics. In the transient regime, the signal is non-stationary due to varying slip. Hence the time-frequency analysis becomes essential. It may lead to a specific frequency pattern as, during the transient period, 
the slip changes its value from one to nominal. The signal analysis in the transient interval reduces the problems related to the load dependency of faulty frequency components. The most common time-frequency techniques include short-time Fourier transform (STFT), wavelet transform (WT), and multiple signal classification (MUSIC), etc.

The electrical motors should have minimal speed and torque ripples. In induction machines, the most prominent causes of those ripples are because of the current harmonics. The primary sources of currents harmonics in induction machines are the supply-based, inherit eccentricity, bad bearings, bad foundation, and the presence of any fault. Moreover, the thermal, skinning, and proximity effect also reduces the symmetry of winding electrical parameters such as resistance. The non-symmetrical three-phase impedances produce negative sequence currents in the motor, increasing the speed and torque ripples. These ripples can become a cause for more mechanical faults due to the increase in vibration. The problem becomes worst with the degrading winding insulation resulting in short circuit failures. Various techniques can be used to detect the short circuit early, such as Park and Clark’s vector, extended Park’s vector, Park’s vector modulus, symmetrical components, pattern recognition-based advanced techniques, etc.

Finding faults in the early stages of the machine work is advantageous when planning and maintaining the machine. Confirmation of a DT fault can be carried out by verifying the mathematical model in which the real physical model's accurate data is continually being sent. A massive amount of data is needed to properly train the mathematical model, so the fault detection's result will be more accurate.

An imbalance occurs in the stator windings with an inter-turn short circuit, where the resistance decreases in the winding with a turn-to-turn short circuit. For experiments with a smooth decrease in the first phase of the winding resistance, an adjustable 
resistor was used, connected in parallel to the winding’s first phase. By adjusting the 
parallel-connected resistor, the total resistance of the first phase winding changes and, at the same time decreasing current passing by winding by directing some of the phase current to the resistor. Suppose the resistance of the regulated resistor is equal to the winding resistance of the first phase. In that case, the current passing through the first phase will be divided exactly in half, which gives 50% of the fault, or in other words, 
an inter-turn short circuit between half of the winding. The illustrative figure is shown in [Paper VII].

The stator inter-turn short circuit introduces asymmetry in phase currents and voltages. This asymmetry can be detected either by the Park’s vector approach or by detecting negative sequence currents. In case of Park’s vector, the circle made by id and iq currents will change its shape with increasing fault which can be depicted in [Paper VII].

[bookmark: _Toc166579914]TB for Fault Emulation

The test bench contained two IMs, where one was used as a driving motor and the other as the loading motor. The driving motor was connected directly to the grid to eliminate harmonics that can be carried out by a frequency converter. 

There are several advantages to connecting a resistor in parallel. The first is the possibility of testing the motor without harming it and without changing the winding side of the stator.

The second is the ability to measure an error of one percent where the change in current will be minimal, but at the same time, it is essential for the rapid response of the fault detection system. And the third is the ability to adjust the fault percent over a very large interval. This resistance interval depends only on the number of resistors in parallel, where it is possible to achieve any winding resistance. The test bench, on which the experiment was carried out, is shown in [Paper VII]. 

First, the tests were carried out with an intact and faulty motor where the results could be compared. The points of reference for us were faults of 1%, 2%, and 5%; 
for each fault point, there were four stages of load: no load, 25%, 50%, and 75%. Lastly, two different scenarios were carried out where the neutral point was connected and disconnected from the motor.

Comparing the graphs of the current of different percentages of failure, then a dependence appears that the greater the percentage of failure, the greater the currents’ asymmetry. It is notable that as the failure percent is increasing phase shift of currents are not equal.

Also, the more load on the motor, the less harmonics in the current are visible, and there is less curvature of the current. And lastly, a disconnected neutral point not only increases the current asymmetry but also affects the voltage shape and amplitude.

Data collected during the experiment were transferred to a ROS-based server, where the studied motor’s DT is located. The next section describes the structure of the DT service and presents an example of data processing. To test different file formats performance with ROS in the current setup, measurement data from the real induction motor were saved into files with various extensions (*.mat, *.xlsx, *.csv, *.txt). This data is further fetched into the ROS, transformed to ROS messaged, and is advertised on the topics.

[bookmark: _Toc166579915]DT Service Unit Description

The developed DT’s virtual entity consists of models’ set, spatial model, physical model, behavior model, rule model, etc. In the spatial model, the studied electrical motor parts are constructed as a computer-aided geometric model to be assembled in ROS’s virtual engine. In the physical model, the performance of separate parts of the physical entity is simulated using numerical computing environments, like MATLAB, FEMM, Agros2D, etc. The behaviour model is the main focus of the current research paper; it is responsible for transfer data from the real physical entity, calculating motor parameters, and stream to the ROS topics available for models. Rule model covering constraints for road load can be simulated through behaviour analysis and data associations that can be observed using virtual sensors.

ROS acts as a physics engine for the current setup of the DT. It simulates the real induction motor’s behaviour and features and acts as a publisher of data to be used by virtual models. ROS has a publisher/subscriber architecture, it allows models from different environments to publish or subscribe to the ROS topics and interact with them. The communication between various platforms is handled using ROS bridge – a node that converts ROS messages into JavaScript Object Notation (JSON) or MQTT formatted data. Subscription or publishing to ROS bridge’s port allows direct communication with ROS nodes themselves. Due to the JSON standard format, any model in a virtual environment can be programmed to receive or publish messages to ROS topics.

The process of input signal tracking involves comparing measurement data from the motor windings as an input current to the ROS. If the received measurement on any of the windings exceeds the margins determined by the admitted error, a fault notification is generated. The collected data is aggregated and compared over a designated duration required to compute an optimal error, hence enabling the system to effectively detect any potential faults in the motor windings. Once the designated time has passed, 
the total value and error are updated.

Figure 16 displays the implemented fault detection technique for DT. ROS is linked to the actual motor (in this study, recorded motor data was utilized to replicate the motor’s true input). The data obtained from motors is presently undergoing processing, wherein it is transformed into ROS messages and subsequently disseminated within the ROS environment, as demonstrated in [Paper VII]. 



[image: Diagram

Description automatically generated]

[bookmark: _Toc170464524][bookmark: _Ref161835700]Figure 16. Inter-turn short circuit fault detection algorithm realized for DT. [Paper VII]

The collected data consists of the unprocessed measurements for each phase of the three-phase electric current. Simultaneously, the node that is now listening to the subject begins to receive messages. The received values from these messages are processed in the following manner: The present data are saved within a buffer of predetermined dimensions. Once the buffer reaches its maximum capacity, the root mean square (RMS) value of the three-phase current is computed. Once the RMS values have been calculated, a motor phase is selected as the base phase. In comparison to this stage, we transform currents in other phases into imaginary units. The utilization of these hypothetical units enables the representation of the proportion of load exerted on the motor. Typically, these values should be near one other, specifically within the permissible tolerances (as a result of sounds and flaws). If any of the imaginary units surpasses the predetermined margins, ROS will generate a warning message to inform the model, which will be shown in the interface. ROS invokes a MATLAB function through the MATLAB Engine API to examine the buffer of recorded phase currents, including the record of malfunction, using Park and Clarke vectors. This analysis aims to determine the magnitude of the divergence from the norm and the specific phase experiencing the malfunction. Once the analysis is completed by MATLAB, the resulting Q-and-D axis currents are transformed into ROS messages and subsequently published. In the context of the DT spatial model or real test bench, the published message can serve as an indicator of a potential defect within the system.

[bookmark: _Toc166579916]Further Implementation

The current state of technological advancement enables the utilization of smartphones and other portable recording devices for the purpose of condition monitoring. Furthermore, the provision of a service dataset for the purpose of condition monitoring and fault diagnostics in DT can significantly enhance the efficiency of electrical energy conversion systems. DT assets allow system users to see the real-time behavior of a plant system and use practical knowledge acquired. The application of DT enables the utilization of hybrid analytical approaches to enhance computational modelling and simulation of complex problems that occur in various multidisciplinary applications. 
The main principles of the DT have a direct and significant relevance to identifying faults in energy conversion systems, particularly in electric drives. Nevertheless, it is important to acknowledge the risks that are associated with the complexity and utility of potential DT services. For certain applications, DT may be too complex, costly, or technologically demanding. 

The comparative analysis may rely on several signal processing methodologies, dependent upon the kind and magnitude of the problem. One potential method for detecting stator inter-turn short circuit failures is through the utilization of negative sequence currents using Park’s vector. Figure 17 illustrates the upward trajectory of negative sequence currents, accompanied with fault severity levels that can reach up to 5%. The negative sequence currents do not exhibit absolute zero at 0% fault due to the inherent impossibility of achieving symmetry in a practical machine, even when operating under optimal conditions. The observed asymmetry can be attributed to various factors, including the asymmetrical supply voltage, small variations in winding characteristics, and inherent eccentricity, among others. Figure 18 illustrates the transformation of Park’s vector locus from a circular shape in the healthy case to an oval shape in the erroneous instance. It is important to note that all of these measurements were conducted under conditions of no load. The previously mentioned phenomena become further clarified when subjected to loaded situations.
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[bookmark: _Ref161878997][bookmark: _Toc170464525]Figure 17. The increase in negative sequence currents as a function of fault severity. [Paper VII]
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[bookmark: _Ref161879021][bookmark: _Toc170464526]Figure 18. The Park’s vector shape deformation from circular to elliptical. [Paper VII]

[bookmark: _Toc166579917]Chapter Summary

As a modern trend in the industry, DT is used for many different applications to connect real physical entities with a corresponding virtual entity established by generating 
real-time data using sensors. The DT of any device or system is a “living model” that represents real physical entity operation throughout its life cycle. In this research work, a methodology for developing a DT service unit for AC motor stator inter-turn short circuit fault detection is presented. DT is based on real-time measurements send data to ROS-based representation of the motor to simulate its specific behaviour in case of unbalanced stator currents and notify about possible fault appearance and propagation. The ROS-based DT is extended with an external MATLAB analysis block that provides a more precise analysis of Park vectors’ fault. The link for video representation that demonstrates the operation of the DT is presented in the Appendix, as well as the source code. 

AC machine stator fault as inter-turn is considered one of the most prevalent possible electrical motor failures. However, the presented methodology of DT development allows adding additional services that consider another filature’, and as a result, improve physical entity reliability.

[bookmark: _Toc166579918]Conclusion and Future Work

The primary aim of this study was to investigate the possibilities of DT technology in augmenting comprehension and management of electric propulsion drive systems in EV. This work aimed to utilize scaled demonstrations to capture real-time data, which was subsequently included into a model for improved control and predictive maintenance. This methodology not only enhanced the understanding of the propulsion system of an EV but also created opportunities for enhancing its reliability and efficiency.

The research yielded significant insights on the constituents of EVs by means of a series of individual case studies, thereby emphasizing the crucial areas for data measurement and gathering. The presented case studies provided a pragmatic framework for determining the fundamental factors that impact the performance and efficiency of EVs. The study made a substantial contribution to the field of EV diagnostics and maintenance plans by accurately identifying the specific locations and methods for measuring these characteristics.

The research made a significant accomplishment by creating a real-time communication system utilizing the ROS and ROS2. This technological advancement allowed the development of a comprehensive communication protocol customized to meet the unique requirements of the project. The successful integration of DT technology in EV achieved an important stage by enabling smooth data transfer and communication between the DT and the TB.

Nevertheless, the study also revealed specific constraints, specifically pertaining to the magnitude of data and the speed of data transfer. The insufficiency of the data exchange rate provided by ROS2 to enable the advanced functionalities required became apparent as the complexity of DT models increased. The previously mentioned constraint has underscored the necessity of investigating alternate communication technologies that possess the capability to manage larger datasets and ensure accelerated data transfer rates. The solution of this challenge holds significant importance for helping the progress and flexibility of DT applications within the realm of EVs.

This study showcases the utility and advantages of utilizing DTs to track and control EV propulsion systems in real-time. It sets an example for the development of advanced and efficient vehicle management strategies. The findings obtained from this study are anticipated to make a valuable contribution towards the advancement of EVs that are characterized by improved reliability, efficiency, and user-friendliness.

Furthermore, the constraints highlighted in this work offer prospects for future investigation. It is crucial to investigate novel communication technologies that can accommodate larger amounts of data and enable faster transfer speeds to progress DT technology. Furthermore, it is recommended that future studies prioritize the optimization of data collecting and processing techniques to improve the precision and efficacy of predictive maintenance programs.
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Development Methodology for creating the Digital Twin for Propulsion Drive of an Electric Vehicle

The automotive industry is currently undergoing a significant shift, emphasizing environmentally friendly transportation options and leveraging technological advancements. The focus on electric vehicles (EVs) stems primarily from the need to lower greenhouse gas emissions and reduce the overall carbon footprint. Unlike internal combustion engine (ICE) vehicles that contribute significantly to carbon emissions and air pollution, EVs represent a cleaner alternative, especially effective in reducing emissions when used with renewable energy sources. The performance and efficiency of EVs depend heavily on their electric motor (EM) propulsion systems, a crucial component of their design.

Introducing DT technology into EV development represents a significant leap in optimizing and advancing electric propulsion systems. This technology creates a link between the physical and digital worlds, enabling detailed and dynamic evaluations of EV components like battery packs, EMs, power electronics controllers, and transmission systems. This study aims to examine the latest developments in EV propulsion systems using DT technology, connecting theoretical models with practical applications to improve the efficiency, reliability, and performance of EVs through a thorough and systematic approach.

A scaled demonstrator consisting of key components of an EV propulsion system was developed to simulate its performance and analyze the interactions of its components and system dynamics under various conditions.

Concurrently, DTs for each component within the system were researched and constructed. This provided a understanding of how each component functions and performs in different situations, allowing for the creation of accurate digital replicas. Such DTs enabled precise analysis and optimization, leading to improvements in component design and system integration.

Furthermore, the incorporation of real-time data collection into DTs was explored to assess how operational and environmental data could enhance their accuracy and practicality. Special attention was given to the visualization processes to ensure that DTs provided a true-to-life representation of the physical components’ functionalities.

Additionally, a DT service that delivers comprehensive insights into the maintenance requirements of EV propulsion components was developed and implemented. Leveraging the predictive capabilities of DTs, this service offered proactive maintenance strategies and fault detection, which were aimed at boosting the reliability and longevity of EV propulsion systems, reducing downtime and maintenance costs, and ultimately improving overall vehicle performance. 

Based on the findings, further research is needed to explore advanced communication technologies that can handle larger data volumes and facilitate faster transfer speeds to advance DT technology. Additionally, it is advisable for future studies to focus on refining data collection and processing methods to enhance the accuracy and effectiveness of predictive maintenance programs.
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Elektrisõiduki veoajami digitaalse kaksiku arendusmetoodika

Autotööstus läbib praegu olulist muutust, rõhutades keskkonnasõbralikke transpordivõimalusi ja kasutades ära tehnoloogilisi edusamme. Elektrisõidukitele keskendumine tuleneb peamiselt vajadusest vähendada kasvuhoonegaaside heitkoguseid ja vähendada üldist süsinikujalajälge. Erinevalt sisepõlemismootoriga sõidukitest, mis annavad olulise panuse süsinikdioksiidi heitkogustesse ja õhusaastele, pakuvad elektrisõidukid puhtamat alternatiivi, mis on eriti tõhus heitkoguste vähendamisel, kui neid kasutatakse koos taastuvenergia allikatega. Elektrisõidukite jõudlus ja tõhusus sõltuvad suuresti nende elektrimootori jõuülekandesüsteemidest, mis on nende disaini oluline komponent.

Digitaalse kaksiku tehnoloogia tutvustamine elektrisõidukite arendusse teeb olulist arengut elektriliste jõuülekandesüsteemide optimeerimisel ja edasiarendamisel. See tehnoloogia loob sideme füüsilise ja digitaalse maailma vahel, võimaldades üksikasjalikku ja dünaamilist hinnangut elektrisõidukite komponentidele, nagu aku, elektri mootorid, kontrollerid ja ülekandesüsteemid. Uuringu eesmärk on uurida uusi arenguid elektrisõidukite jõuülekandesüsteemides, kasutades digitaalse kaksiku tehnoloogiat, ühendades teoreetilised mudelid praktiliste rakendustega, et parandada elektrisõidukite tõhusust, usaldusväärsust ja jõudlust põhjaliku ja süstemaatilise lähenemisviisi kaudu.

Uuringus simuleeriti ja analüüsiti komponente, kasutades elektrisõiduki jõuülekandesüsteemi võtmekomponentidega skaleeritud demonstraatorit, et hinnata komponentide ja süsteemi dünaamika koostoimeid erinevates tingimustes.

Samal ajal uuriti ja loodi iga süsteemikomponendi jaoks digitaalne kaksik. See võimaldas mõista, kuidas iga komponent erinevates olukordades toimib ja töötab, võimaldades luua täpseid digitaalseid koopiaid. Sellised digitaalsed kaksikud võimaldasid täpset analüüsi ja optimeerimist, mis viis komponentide disaini ja süsteemi integratsiooni täiustamiseni.

Lisaks uuriti reaalajas andmekogumise lisamist digitaal kaksikutesse, et hinnata, kuidas operatiiv- ja keskkonnaandmed võivad nende täpsust ja praktilisust suurendada. Eritähelepanu pöörati visualiseerimisprotsessidele, et tagada digitaalse kaksiku usaldusväärne esitus füüsiliste komponentide funktsionaalsusest.

Lisaks arendati ja rakendati digitaal kaksiku teenust, mis pakub põhjalikku ülevaadet EV jõuülekandesüsteemi komponentide hooldusnõuetest. Digitaal kaksikute ennustusvõimeid ära kasutades pakkus see teenus proaktiivseid hooldusstrateegiaid ja vea tuvastamist, mis olid suunatud elektrisõidukite jõuülekandesüsteemide usaldusväärsuse ja eluea suurendamisele, vähendades seisuaega ja hoolduskulusid ning parandades lõppkokkuvõttes kogu sõiduki jõudlust.

Leidude põhjal on vajalik täiendav uurimine, et uurida täiustatud suhtlustehnoloogiaid, mis suudaksid käidelda suuremaid andmemahte ja võimaldada kiiremaid andmeedastuskiirusi digitaal kaksiku tehnoloogia arendamiseks. Lisaks on soovitatav, et tulevased uuringud keskenduksid andmekogumise ja -töötluse meetodite täiustamisele, et suurendada ennustava hooldusprogrammi täpsust ja tõhusust.
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