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Abstract 

The report highlights aspects to be considered for Digital Twin architecture for a cloud-based Digital 

Twin of a physical battery system. It documents high- and low-level architecture of Digital Twin. 

Publishable Summary 

The report describes the Digital Twin architecture for a cloud-based Digital Twin of a physical battery 

system. Current Digital Twin implementations focus on estimating battery parameters like SOC and 

SOH using diverse algorithms and models. Moreover, challenges remain in validating these models 

against dynamic real-world scenarios. Despite this, Digital Twins play a crucial role in optimizing battery 

design, enhancing energy efficiency, and improving lifecycle management, particularly when 

integrated with Battery Management Systems (BMS). These challenges are addressed within the digital 

twin development envisage in BATMAX. 

Digital Twin architecture is divided in two level high- and low-level architecture.  

The high-level architecture of the Digital Twin system comprises three layers: the physical layer, the 

Edge Devices layer, and the Cloud layer. The physical layer gathers information from battery sensors, 

which is then transmitted to the Cloud layer via Edge Devices for processing and analysis. Utilizing the 

Azure cloud platform, this architecture enables efficient data transfer and processing, supporting real-

time operations and batch computations. 

The low-level architecture of the Digital Twin details how different scales are connected within the 

system, from cell to pack levels. Hardware components outside the scope of the Digital Twin, such as 

power contactors and voltage measurements, are identified, while the flow of information from the 

Data Platform to Edge Devices is delineated. This architecture encompasses cell, module, and pack 

levels, each with specific functionalities and models, including cell models, sensitization, and 

algorithms for calculating various states of the battery.  
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1. Introduction 

This deliverable 4.1 offers the development of a twin digital architecture for optimal management of 

a cloud-based battery system for real-time modelling. This architecture offers the functionalities of 

being scalable and modular which will allow a more efficient parameterization of the battery system 

in various applications. 

The models running on the physical BMS are limited by their computational power, so the Digital Twin 

will allow more complex models of the battery to be used that can improve the level of accuracy of the 

battery's state. 

In addition to this, the Digital Twin offers another relevant functionality to estimate the battery status. 

Based on the information obtained from the Digital Twin, it allows to update the control parameters 

of the physical BMS to optimize battery management and maximize battery life. 

On the other hand, about battery safety, more accurate information and a greater number of data 

allow a safe use of the first and second lifetime application. The Digital Twin carries a cumulative digital 

display of the product passport for remaining service life and SoX. 

At BATMAX, a real demonstration of the use of the Digital Twin framework will be carried out through 

the parameterization and construction of the Digital Twin for a lab-scale prototype and its execution 

in parallel with the physical system. 

In order to demonstrate the scalability of the Digital Twin, a version for a real maritime CORVUS battery 

system will be created. Furthermore, the Digital Twin offers the possibility to be used in hardware in 

the loop (HIL), which will be helpful to be able to develop the physical BMS and its operating states in 

abnormal situations or safety-critical fault states of the system. In Figure 1, you can see a diagram of 

the information flow between the Digital Twin, HIL, and BMS. 

 

Figure 1: HIL development of the BMS utilising the Digital Twin framework 
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2. Background on Digital Twins and battery 

Regarding to the field of application, there are different ways to define the Digital Twin (F. Naseri, 

2023). The Digital Twin has been understood as a system model, synchronized virtual mirror or digital 

system. Although, as of yet there is not an exact definition about the Digital Twin, the Figure 2 shows 

the difference between battery digital model, battery digital shadow, and Digital Twin.  

 

Figure 2: Difference between battery model, digital shadow and Digital Twin (F. Naseri, 2023). 

Therefore, there are different benchmark definitions of the Digital Twin as can be observed in Table 1. 

Depending on the objectives and areas the research proposes, there are three kinds of Digital Twins. 

The first is the Digital Twin prototype, which addresses the manufacturing of batteries and simulates 

virtual test and production scenarios to validate the quality control testing prior the actual cell/pack 

manufacturing. The second is a performance Digital Twin, which analyses and monitors the real-time 

data of the physical battery for producing actionable data to be used by battery pack for different tasks 

such as protection, monitoring, and management. The third is the Digital Twin instance, which 

represents the physical battery throughout its lifetime from manufacturing and EV use toward second-

life, third life, and recycling. Any change at any stage of the life of the physical battery will impact its 

Digital Twin.  

In general, the Digital Twin covers several applications around the electric vehicle's context, including 

autonomous driving, health monitoring, converters and inverters, digital design and manufacturing, 

advanced driving assistant systems, and battery systems. However, this document will focus on 

analysing a Digital Twin architecture for the specific case of batteries. 

So far, the information that can be found concerning Digital Twin for batteries only defines the high-

level architecture and don't have capabilities to include models of various degrees of complexity. The 

high-level architecture is defining as the interaction between the digital twin externally with the rest 

of the system, that is, with which it is connected. 
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The value offered by Digital Twin BATMAX centres on the ability to include models of varying degrees 

of complexity and runtime, lower-order, data-driven models and real-time models for SoX prediction 

with integration from lab data to field data. 

This Digital Twin is developed in a modular and scalable way, which allows to adapt its structure to the 

real system. Its structure is defined in the high-level architecture and in the low-level architecture. The 

low-level structure refers to the internal connection of the Digital Twin, i.e. how the models are 

connected to each other, to the data platform, algorithms, etc. 

Table 1: Definition of the Digital Twin. 

Author/institution Year DT concept/definition 

Michael Grieves (M., 2014) 2003 A “virtual digital expression equivalent to physical 
products.” 

NASA (Shafto M, 2012) 2010 An “integrated multi-physics, multi-scale, probabilistic 
simulation of a vehicle or system that uses the best 

available physical models, sensor updates, fleet history, 
etc., to mirror the life of its flying twin.” 

Roland Rosen  (Roland Rosen, 
2015) 

2015 A “new wave in modeling, simulation, and optimization 
technology, which provides a big set of all digital 

artifacts.” 

Michael Schluse (Schluse, 2016) 2016 A “virtual representation of a real-world subject” or a 
“real-world object.” 

Edward M. Kraft (Kraft, 2016) 2016 A “multidiscipline simulation of a real-world product, 
which uses data and sensor information as input to 

model that mirror and predict the states and behavior 
over the lifespan of the physical system.” 

Rikard Soderberg (Rikard 
Söderberg, 2017) 

2017 It “contains geometry representation of the assembly, 
kinematic relations, Finite Element Analysis 

functionality, Monte Carlo simulation, material 
properties and link to inspection database.” 

Billy Wu (Panwar NG, 2021) 

 

2020 A “digital replica of a physical entity with a close 
connection between the two.” 

 

3. Digital Twin Application and functionalities 

The number of research on battery Digital Twin has increased in recent years. The topic has been 

explored in various domains, such as maintenance, product optimization, production planning/control, 

etc. New functionalities and features are being introduced for the battery Digital Twin as the 

technologies related to dig data, cloud, artificial intelligence and IoT develop. Nowadays, there are 

different models, algorithms, which learn from real-time operational data to assess the battery status 

although it is not definitely as Digital Twin. Mostly, in the initial phase of product development, it is 
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not a crucial requirement, nevertheless, in the business concept the Digital Twin is essential to 

successful profits.  

Currently, regarding the context of battery systems, the Digital Twin is defined as a single cell, and the 

scalability of the battery at the module level or battery pack is an innovative challenge. This scalability 

depends on the extrapolation of cell behaviour through physical, data-driven, and hybrid models.   

A review has been carried out about the Digital Twin functionalities in battery as show in the Table 2.  

Table 2: Literature review of Digital Twin implementations relevant for battery system 

Reference Implementation Method DT Functionality 

 (X. Qu, 2020) 
HI and LSTM algorithm HI and LSTM 

algorithm 
Estimation of battery’s actual 

discharge capacity 

(Weihan Li, 2020) 
Cloud BMS with AEHF-based SOC 

estimation algorithm and PSO-based 
SOH estimation algorithm 

Estimation of SOC, SOH, capacity 
fade, power fade 

(Merkle, Pöthig, & 
Schmid, 2021) 

On-board diagnosis to cloud 
environment; ECM model parameter 

fitting, curve fitting and SOC-OCV curve 

SOC, capacity, internal resistance, 
SOH-R, SOH-C 

 (Peng, Zhang, Song, & 
Liu) 

Visual software in LabVIEW; ECM 
with SVM and filter algorithms 

DT platform for spacecraft 
lithium-ion battery pack 

degradation 
assessment; SOC estimation 

(Baumann, Rohr, & 
Lienkamp) 

Cloud connected BMS. 
electric-thermal model and empirical 

ageing model 
Cell voltage and temperature 

(Ramachandran, 
Ganeshaperumal, & 

Subathra, 2019) 
ECM and EFK algorithm SOC estimation 

(Wu, Widanage, Yang, & 
Liu, 2021) Review paper on battery DT 

Battery DT framework and its 
cyber-physical elements 

 (Sancarlos, et al., 2021) 

Offline—Regression model using 
sparse-Proper Generalized 

Decomposition (s-PGD); 
Online—Dynamic Mode 

Decomposition technique 

Cell voltage, anode/cathode bulk 
SOC, anode/cathode surface SOC 

 

While some of the references identified in Table 2 are pioneering attempts to map real-time battery 

data to the battery models through cloud services, the others have yet again used simulated driving 

cycle data to validate the state estimation algorithms. Nevertheless, this is not ideal for designing 

battery Digital Twin because simulated driving cycles can only validate the algorithm accuracy of static 

models while battery Digital Twins are dynamic. Additionally, a common observation among all the 

Digital Twin functionalities in Table 2 is that they all have approximately the same output, i.e., SOC, 

SOH, internal resistance, or capacity. Evaluation of the battery state through these output variables 

has already been an established feature from electrical models, electric-thermal models, 

electrochemical models, and until recently, data-driven (or neural network) battery models. In this 

context, it is worth noting the conundrums that this raises regarding the argument about the need for 
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a battery Digital Twin only for performing state estimations. Other than the fact that if implemented 

correctly, a battery Digital Twin should deliver those output variables to the users, developers, or 

testers in real-time, there are no significant utilities that only a battery Digital Twin can implement. 

(Singh, Weeber, & Birke, 2021) 

The key requirements that batteries must offer in order to be a viable alternative are: reduced costs, 

improved charging times and improved range. This is where the Digital Twin plays a key role in helping 

to optimize design and improve energy efficiency.  

On the other hand, the data base takes care of both the storage of the physical battery data and the 

data generated by the Digital Twin itself. All this system and information supports optimization in the 

later phases of the battery's life, such as predicting the status, operation and EoL phases. 

In addition, the battery Digital Twin allows maximizing the optimization target and selecting the best 

parameters for a charging strategy thanks to the integrated model update. Similarly, thermal 

management based on battery Digital Twin is based on ageing prediction using thermal models. In 

addition, the detection and traceability of faults in a battery Digital Twin can allow for improved fault 

diagnosis of the physical battery BMS and its procedure. 

An important component interacting with the Digital Twin is the Battery Management System (BMS), 

which is responsible for monitoring, protecting, controlling and transmitting information about the 

battery-powered system, ensuring its safety, efficiency and reliability.  This is why the Digital Twin of 

the battery requires as much information as possible from the BMS in order to work in parallel. Thanks 

to this information, critical factors can be identified and their effect on the model parameters can be 

calculated, thus improving the assessment of battery ageing during operation. 

4. High-level architecture 

The high-level architecture shows an overview of how the entire system interacts and communicates. 

It represents the composition of the different layers and the flow of information, from the physical 

layer through an intermediate layer to the cloud layer as shown in the Figure 1. These three layers 

have been defined based on three information layers. Each one acquires different characteristics and 

functionalities in the proposed architecture.  

In the high-level architecture has been defined the devices in charge of communicate the cloud layer 

with the edge devices layer.  
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Figure 3: High-Level architecture Digital Twin 

4.1 First layer 
The first layer refers to the main sources of physic information. On the one hand, there is the 

information acquired through the prototype's sensors of the battery. There are sensors at cell level, 

which send the information to the BMS Slave to send this to BMS Master. At module level, where the 

information is sent to the BMS master, as you can see, the BMS Master is at the top level. On the other 

hand, this layer also establishes the preliminary information that will be used by the Data Platform, 

such as the cell parameters in function of chemicals, testing data, uses cases and different profiles. 

Architecture of Data platform was described in Deliverable 3.1.   

4.2 Edge devices layer 
The second layer is defined as Edge Devices because this device is present in this layer and is 

responsible for transmitting the information between the first layer and the cloud. In addition, the 

BMS master has also been defined in this layer, as it has been considered that it has access to all the 

information coming from the first layer by sensors, has the capacity to calculate algorithms and is the 

unit with decision-making power in the battery.  

The algorithms that the BMS can calculate are:  

- SoT: State of Temperature 

- SoH: State of Health 

- SoC: State of Charge 

- SoF: State of Function 

- SoE: State of Energy 

On the other hand, the edge devices that transmit information bidirectionally between the BMS 

Master and the Digital Twin have been defined based on its open platform nature. As can be seen in 
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Figure 4, it is a Moccula-RTK card that allows communications via 4G LTE CAT4 modem with uSIM 

and/or eSIM and WiFi RTL8812. 

  

Figure 4: Moccula-RTK 

The specifications of this card can be seen in Table 3, this card has a 4G LTE communication which 

allows a communication with a higher capacity and transmission speed. 

Table 3: Moccula RTK specifications 

 

4.3 Cloud layer 
The third layer has been defined as Cloud as this is what its name suggests. It contains both the Data 
Platform and the Digital Twin of the battery. One of the main features of this Digital Twin is its 
scalability and modularity. The architecture is divided into pack level, module level and cell level. This 
property makes the system much more robust and versatile but at the same time complex. The low 
architecture of Digital Twin will be explained in chapter 5. Low-Level architecture in this document. 
Regarding to the Data Platform, Figure 5 visualises the interaction of the work packages, data flows, 
and modelling frameworks within BATMAX. 
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Figure 5: Interaction of the work packages, data flows, and modelling frameworks within BATMAX 

The Data driven models will be trained in the Centre for Scientific Computing platform. The Centre for 

Scientific Computing (CSC) is cloud platform which provides IT support and modelling, computing and 

information services for academia, research institutes and companies in Finland. Digital Twin 

application will be implemented in the Azure cloud platform. This decision aligns with BATMAX 

stakeholders where currently a comprehensive Data Platform is developing in WP3 T3.1. This platform 

will encompass a variety of models, including physics-based and data driven models, all of which will 

be hosted in Azure cloud services. The system is designed for efficient data transfer: collected data 

from prototypes will be uploaded to the Azure cloud, where Data serves as input for models. 

Subsequently, the output data will be transmitted back to the BMS.  Azure high-performance 

computing (HPC) will help to handle complex simulations, process large volumes of real-time data. 

Fully HPC implementation will be in WP4 T4.2 and T4.3.  

5 Low-Level architecture 

The low-level architecture defines with details how the different scales level inside the Digital Twin are 

connected. As described in the high-level architecture, there are different levels within the Digital 

Twins, the lowest level being the cell level, then the module level and finally the pack level. 

It has to be considered that another main objective of the project is focused on the development of 

algorithms and sensorisation to optimise battery life, which means that the majority of the HW 

elements are outside the scope of the proposed Digital Twin, as they do not directly influence the 

models and algorithms developed for this prototype. In this context, some of the examples of HW 

components of the battery system are the power contactors, precharge resistors, busbars, voltage 

measurements of the entire battery pack, the BMS Slave and BMS Master, etc.  

On the other hand, to make a similarity of the information flow and real behaviour of the system, we 

will start to describe both the connections and the information flow of the Digital Twin from the Data 
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platform located in the cloud, as already defined, passing through the cell, module and pack level and 

ending at the Edge Devices of the Digital Twin. 

In Figure 2, the complete diagram of the Digital Twin can be seen. The following will describe the inputs 

and outputs of the individual layers and blocks within each layer. 

As mentioned earlier in this document, all the information generated in the Digital Twin should be 

stored in the data platform in order to incrementally accumulate a complete battery history.  
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Figure 6: Low Level Digital Twin 
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5.1 Cell level 
As described above, the cell level is the deepest level within the Digital Twin. Within it there are two 

modules, on the one hand, the module that refers to the cell models and, on the other hand, the 

module that refers to the sensorisation models at the cell level. It must be taken into account that this 

level will be repeated a number of times equivalent to the number of cells that exist in the prototype. 

For the scope of this project, a prototype of 15 cells in series will be made, it will work connected in 

the Hardware in the Loop to validate the DT system. In the Figure 7 shows the architecture diagram at 

the cell level. The approach is capable of addressing multi-scale models from materials all the way to 

complete systems. 

 

Figure 7: Cell Level DT 

5.2 Cell models 
In this module there are three models for the cells: the P4D model, the Data-Driven model and the 

hybrid model. On the one hand, model P4D is developed in the task T2.1 in the BATMAX project. It gets 

information from Data Platform to estimate the cell behaviour. In parallel, the data-driven model will 

be developed in the task T2.2 and, both estimations result plus the information of data platform will 

be to create a Hybrid-model in the task T3.2. The Hybrid model has a major estimation capacity. 

5.3 Cell Sensorisations 
This block represents, as its name indicates, the sensorisation models at cell level. In this module there 

are two blocks. On the one hand, the temperature models and voltage, which communicate the 

information to the BMS Slave. On the other hand, there is another block regarding to the EIS model 

which communicate the information directly with the BMS Master. 

About the temperature sensors there are four in different parts of the cells, so there is one model per 

sensor, as the behaviour and temperature will also be different. This information will be very relevant 

for the SoT algothrims.  

5.4 Module level 
This module is an intermediate level between the cell level and the pack level. It has several associated 

functionalities, on the one hand, it transmits information between the cell and pack level, on the other 

hand, it receives information from the sensors at the module level. 
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As shown in the Figure 8, the module level will include the equivalent number of cells that exist. For 

the prototype of the project there will be 15 cells. Therefore, this level will have 15 times the cell level 

plus the sensorisation blocks at module level and at slave BMS level. In addition, this module includes 

the module-level sensing and the BMS Slave.  

 

Figure 8: Module level DT 

As can be seen in the architecture the block about the pressure model and acoustic impedance model 

sends the information to the BMS Slave, however the current model is communicated directly with the 

BMS Master.  

5.5 Pack level 
This level is the most superficial level of the Digital Twin, it also includes the levels described above as 

module and cell. At the same time, this level is the border of the Digital Twin, meaning that in 

accordance with the high-level architecture, this level is communicated with the edge devices Layer 

outside of cloud. The information calculated in the BMS Master, inside of Digital Twin, will be send to 

the physical layer to update the models in the physic BMS Master.  

Within it is the BMS MASTER block which contains the algorithms for the calculation of: SoT, SoH, SoC, 

SoF and SoE. 

Later on, the pack level implementation also needs to scale up to the actual sizes and configurations 

of real systems in a range of end applications. 



                     

                                                                                                                                                               

Page 18 of 21 

 

Figure 9: Pack level Digital Twin 
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6 Conclusion 

A modular and scalable Digital Twin has been developed for a prototype battery module. This battery 

module is approximately 48V and 13-15 cells in series. In the Digital Twin both high level and low-level 

architecture has been defined. In the high-level architecture the connections between the different 

systems, components, and levels and how they interact with the Digital Twin externally have been 

created. The low-level architecture has also been defined, creating the interaction connections 

between the blocks, algorithms and models at different scales, within the Digital Twin itself. 

In the future, a Digital Twin should be developed with a wider scope, i.e. a configurable Digital Twin 

should be developed that covers not only one module, but also takes into account that a battery pack 

can be composed of more than one module. Furthermore, the connection between modules must be 

in series and in parallel, which means that models must be developed to simulate the behaviour taking 

into account the connection. With these models, battery-level algorithms must be created to predict 

the SoX of the complete system or even of several battery packs connected in parallel to the final 

application. 
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