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Abstract—In this paper, we discuss how the emerging and novel
technique of Digital Twins (DTs) can be applied in the battery
domain to address current challenges. Notably, rechargeable
batteries are central for modern applications of electric vehicles
(EVs), consumer electronics, and wireless components. Several
complex battery solutions are emerging in literature to support
industrial needs. However, the increasing complexity of battery
systems is negatively impacting measurements and control of
batteries during run-time, critical aspects for efficient run-time
management. DTs are seen as a promising solution, offering
enhanced operational management and planning capabilities
through real-time models that accurately represent the current
states of batteries. This precision leads to enhanced accuracy in
monitoring and decision-making processes. Despite the potential
benefits, the lack of a standards-based DT framework for
battery systems hinders industrial practitioners from adopting
and implementing DT solutions. We discuss how DT solutions
could elevate specific challenges in complex battery systems.
Additionally, we discuss requirements for building DTs for the
heterogeneous battery system use case and map them to the ISO
23247 DT framework. Eventually, we examine the suitability of
the ISO 23247 DT framework for building DTs for complex
battery systems.

Index Terms—Battery systems, Digital twin, ISO 23247, Archi-
tecture, Requirements, Simulation, Real-time, Challenges, Het-
erogeneity, Interoperability

I. INTRODUCTION

Increasing demands of sustainability and electrification are
driving development for customer and regulatory satisfaction,
and battery systems are on the rise in several domains, such
as railway, automotive, aerospace, etc [1]. With the growing
interest in battery technology advanced applications are con-
tinuously evolving to meet traditional challenges of perfor-
mance, for example in the Electrical vehicle (EV) domain.
More recently, technical advances have improved the run-time
configuration of battery systems to be adaptable and applicable
across a wider range of use cases [2], [3[]. As a result, sev-
eral paradigms have emerged, such as reconfigurable battery
systems [4]], software-defined batteries [5]], and Heterogeneous
Battery Systems (HBS) [6]]. These solutions mainly improve
the flexibility of battery systems to reduce over-engineering
and improve the range of applicable use cases for a given
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system due to the run-time configuration that can cover a larger
range of functional and non-functional requirements that need
to be met simultaneously.

However, control of complex dynamic battery systems intro-
duces new challenges and significantly increases complexity in
the surrounding equipment. Notably, many key parameters of
battery systems are not measurable directly, such as State-of-
Charge (SoC), but instead estimated via indirect measurements
at run-time [7]], [8]. Additionally, without a clear view and
subsequent control actions for the current state of a battery
(particularly for complex systems) at run-time, there is a risk
for increased ageing, faster capacity depletion, and safety
risks [9]. As a result, estimation of essential parameters is
required, and often simulation can be a valuable asset to
predict with high accuracy and precision current (and fu-
ture) states of the battery system [10]. However, combining
simulation models with control logic for physical systems
in real-time conditions is challenging. A novel solution to
real-time usage of simulation entities in combination with
a physical entity is the deployment of a digital twin (DT).
A DT is a virtual representation that digitally replicates a
physical component, system, or process, allowing for remote
monitoring and control [11]. DTs are at this stage gaining
some interest in the wider battery and EV community [12].
However, building such DT systems inherently exhibits com-
plexity, and the absence of clear guidelines poses challenges
for their adoption. Engineering DTs based on standardized
reference architectures is an emerging necessity to streamline
their development, processing, and integration [13].

In this paper, we identify and discuss the challenges for
complex battery systems derived from our experience working
with HBS [6]], [14]. Subsequently, we put forth a set of
requirements for building DTs designed to confront the unique
challenges encountered in the HBS. We use the ISO 23247ﬂ
digital twin framework. We present a mapping of the defined
requirements in the ISO 23247 conceptual framework and
demonstrate its applicability for the case of HBS. While ISO
23247 is a framework primarily designed for manufacturing
processes, its versatile nature has allowed it to find successful
applications across diverse domains. Notably, ISO 23247 has

1ISO 23247 is available at: https:/www.iso.org/standard/75066.html



been effectively employed in the construction industry to
enable the safe and efficient operation of autonomous ma-
chines [[15]]. In addition, ISO 23247 is considered to be used
in the agriculture domain [16]. Building on the success stories
from domains beyond manufacturing and analysis of the HBS
case, this paper advocates for the adoption of ISO 23247 for
complex battery systems.

The rest of the paper is structured as follows; Section
details the necessary background and related work. Our
research methodology is presented in Section [[Il, We provide a
motivation and context of the work in Section[[V] and highlight
our current solution in Section [V] Finally, we discuss the paper
in Section [Vl and conclude the paper while presenting future
work in Section

II. BACKGROUND AND RELATED WORK

Batteries, notably when consisting of Li-ion technology,
are utilised extensively across various industrial domains. Li-
ion technology provides a compact energy storage source
with the possibility of recharging, often for thousands of
charge-recharge cycles as performance degradation can be
reduced via efficient management [17]. In its most basic form,
a Li-ion battery consists of several battery cells which are
configured in series and parallel connections to achieve the
required electrical properties (e.g., capacity and voltage). The
types of cell chemistries available on the market are many,
and depending on the particular cell utilised parameters will
vary, such as: Operational temperature range, discharge rate,
ageing rate, energy density, and so on [18]]. Several emerging
concepts in the battery domain aim to improve the operational
flexibility of (primarily Li-ion) battery systems. One proposed
solution is the use of Software-defined battery systems [S],
this enables an application to dynamically switch between
energy sources during operation to prolong operational up-
time. Another application area discussed in the literature is
Reconfigurable battery systems [4]], [19]. This type of system
aims to enable the battery system to reconfigure the internal
structure during run-time, via internal switching of the series
and parallel connection of cells which improves efficiency.
Another investigated use case is Dual battery systems [20],
which is applied to wind power applications in electrical
micro-grids. In this work, we mainly investigate HBS which
is a complementary technique to those already mentioned [|6],
[14], and we discuss it further in Section

A Battery Management System (BMS) is a necessity for
modern batteries. In its most basic form, a BMS measures
different parameters continuously in a battery and provides the
user with information regarding the expected remaining capac-
ity, possibly extended with different control mechanisms [21]].
Common control functions of a BMS include safety mecha-
nisms, for example, based on the current temperature to avoid
thermal runaway events [22]], or perhaps the power output [21].
More complex BMS functions include calculating state-of-
health (SoH) which can also be estimated based on direct
measures of a cell [9]. Indeed, measurements of batteries are
typically limited to voltage (V), current (A), and temperature

readings (T). This basic information is the basis for most BMS
calculations, via extrapolation or experimental mathematical
relationships [14], [[17]. However, it is often challenging to
effectively measure these parameters and accurately translate
the measurements to the current state of the battery. Battery
voltage, for example, will change dynamically during run-
time depending on the load, and temperature needs to be
measured on individual cell casings and then estimated for the
internal temperature. Coupled with eventual degradation the
acting equational relationships often need to be continuously
re-evaluated to provide accurate estimations based on given
measurement data. Typically, the direct measurements of a
battery are fed into different models. In general, there are three
main categories of battery modelling; Mathematical models,
Electrochemical models and Electrical equivalent circuit net-
work models [18]], [23]]. Mathematical models can include
sets of differential equations describing physical phenomena
for a battery, or stochastic models that include for example
Markov chains. Electrochemical models are the most complex
types of models, and in turn, considered the most accurate.
These types of models are based on chemical and electrical
reactions/phenomena, which require a rich level of detail
and often many resources for accurate model simulation or
execution due to the large sizes of models. The Equivalent
Circuit (EC) models are the more commonly used type of
model and are a middle-ground in terms of complexity and
accuracy [24]. ECs are created by using common electrical
components with well-studied behaviour in circuits. Recently,
battery modelling has been integrated with the DT paradigm
primarily due to the capabilities of prognosis and real-time
control [25]. A DT can utilise any of the described models, and
often several are used in conjunction for different purposes. A
DT can be considered as a digital copy of a physical entity,
where there is interaction between both in real-time conditions
with the possibility for either entity to affect the other [26].
As such there are three main components, i) the physical
entity ii) the virtual entity iii) the communication link between
the two entities. We borrow the terminology from the ISO
23247 standard as it is one of the more mature standards for
DTs available [13]]. The use of DTs for battery systems is
an emerging topic. Wang et al. [12] provide a research road-
map for the use of DT technology to enable smart BMS. The
paper identifies several potential benefits with the use of DTs
as well as the key related technologies, with an emphasis on
Al, the Internet of Things, and Cloud computing. Panwar et al.
[25]] discuss the advancements for BMS for Li-ion batteries of
electric vehicles and note that DTs are a promising technology
to tackle some of the problems with modern battery systems.
Li et al. [27]] propose a digital twin implementation of battery
systems to enable BMS operation via the cloud. Qu et al. 28|
introduce a method of utilising deep learning in combination
with a DT to estimate the degradation of battery cells during
operation. Although there are several identified related works,
none of them propose a standard framework for DT, and we
aim to bridge this gap with this work.



III. METHODOLOGY

The methodology employed in this study builds upon
established case study research principles by Runeson et
al. [29]. We identify some of the challenges for complex
battery systems starting from the HBS use case and our recent
research [6]. Then, we derive requirements for DTs of HBS.
We thoroughly investigate the recently published ISO 23247
standard for digital twins and map the requirements to the
reference framework proposed by the standard. This synthesis
allows us to theoretically propose a standardised approach for
developing DTs for HBS. To the best of our knowledge, this
study represents the first adoption of the ISO 23247 framework
within the complex battery domain.

IV. HBS USE CASE

This paper utilises the use case of a HBS [6]]. At its core, a
HBS is a system that utilises heterogeneous cells in a unified
battery system, variance can exist in underlying chemistry, cell
size, and cell wear. The heterogeneous sources are connected
to a single output so that from an outside perspective, the
system behaves and interfaces like any other battery system
(i.e., a single input and a single output). The general context
is visualised in Figure |I} The HBS takes as input external
power that is converted via a DC/DC converter to supply
a Charge control unit, which consists of a specific
circuitry to divide incoming power to the different Battery
modules. This division is based on current operational
strategies and is controlled consequently via the MCU (micro-
controller). The HBS includes n number of distinct Battery
modules, where a module is a combination of one or more
cells in parallel or series connection, and each module is
unique but still connected on the same output to the Loacﬂ
via a Switching system. The total current (both for
charging the battery and for the external load) consists of the
total sum of each module, and the MCU continuously tunes
each module’s proportion during run-time separately for the
input and output. The Switching system implements the
discharge strategy, which is maintained and supervised by the
MCU based on inputs from an external PC containing various
off-line analytics and simulation. Several sensors are active in
the HBS during run-time, visualised in the figure with a sensor
icon, and these are all connected to the MCU (possibly using
different communication protocols).

The general architecture is similar for most battery systems
used in modern applications, like EVs, however, complexity
is added via the need for a switching control system. The
switching capability is required so energy sources can be
used for different contexts during operation, for example
using one battery module for high-current discharge in a
short time interval and another battery module for continuous
low discharge. Previous investigations and prototyping have
demonstrated improvements in metrics in ageing. However, the
prototyping also demonstrated that the added complexity of the

2In the paper the load is arbitrary, but in a real application the load has a
major impact on the operational strategies.
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Fig. 1. Overview of a generic HBS

electrical switching requires advanced real-time control system
interaction at run-time to realise positive results. Notably,
high-frequency switching of battery cells induces increased
dynamics in the typical battery measurements, worsening the
already difficult measurement context of batteries [6]], [14].

A. Challenges of HBSs

While the use of an HBS has been shown to alleviate
some of the limitations of traditional battery systems, several
open issues still exist to fully realise its potential value.
These challenges (CH) are extracted from our use case and
summarised as:

CH1. Estimation of key parameters during run-time:
Due to the electrical implementation in an HBS
(primarily the switching mechanism) the already
difficult-to-measure parameters such as voltage and
current become further complicated to measure directly,
due to electrical switching. Instead, estimation is
required based on continuous in-direct measurements
during run-time.

CH2. Continuous refinement of control strategy: An es-
sential part of an HBS is that it can use various strategies
to allocate and adjust the active switching configuration.
For instance, cells rated for high currents can be utilised
during power spikes while cells with low internal re-
sistance for prolonged discharge. However, the actual
strategies need to be updated during the systems’ lifetime
due to degradation and run-time properties changing. An
illustrative scenario is the adjustment of operational up-
time for degraded cells to prevent excessive heating and
mitigate potential safety risks.

CH3. Prediction of future degradation: Part of efficient
battery management is to prolong the Remaining useful
Life (RuL) of the system. Proper analytic and consequent
adaption of operational strategy requires accurate and
precise estimation of several run-time parameters such
as cell voltage and cell-capacity, but also the accurate
estimation of future states based on historical data in
combination with momentous measurements to assist in
operational planning.



CH4. Maintaining a scalable and interoperable platform:
HBSs are designed to incorporate various types of battery
cells or energy sources. These sources may vary in
chemistry, capacity, voltage, and other characteristics. As
a result, one primary challenge is creating a system that
can seamlessly adapt to different types of battery cells.
In addition, HBSs may require frequent reconfiguration
or expansion to accommodate changing energy demands
or specific operational requirements. Ensuring that the
HBS can easily scale up or down without significant
hardware or software modifications is critical to the
functional suitability of the system.

Addressing the above challenges effectively requires a
combination of advanced technologies, data analytics, predic-
tive modelling, and standardization efforts. In the following
section, we present our strategy to tackle these challenges
by designing DTs for HBSs that adhere to the ISO 23247
standard.

V. ADOPTING DIGITAL TWIN FOR HBS

In this section, we first reason the need for adopting DT
for HBS by motivating its potential use to tackle each of the
identified challenges. Thereafter, we define specific require-
ments to build a DT for HBS. Eventually, we discuss how the
reference architecture proposed by the ISO 23247 standard
supports the formulated requirements and its adaptation to the
HBS use case.

A. Motivation of DTs for HBS

The presented challenges are a candidate for alleviation
by the use of DT technology. Notably, real-time measure-
ments with high-fidelity and high-accuracy simulations pro-
vides strong capabilities for HBS. Indeed, Estimation of key
parameters during run-time (CHI) can be addressed by a DT
due to the high-fidelity simulation models (perhaps several in
parallel). For instance, DT could use continuous measurements
from the sensors for voltage, current, and temperature to
estimate the SoC and SoH for individual cells, ensuring precise
control and optimisation. This also assists in Continuous
refinement of control strategy (CH2) by including the high-
fidelity models in a real-time control loop. The DT could
use historical data in conjunction with real-time data to adjust
control strategies to optimise parameters such as ageing, dis-
charge rate, and safety. In a similar vein, Prediction of future
degradation (CH3) can be achieved by a DT that leverages
historical data in conjunction with real-time measurements to
analyse specific cells and provide proactive maintenance and
replacement. Finally, a DT alleviates Maintaining a scalable
and interoperable platform (CH4) by utilising standardised
communication protocols and data exchange formats.

B. Requirements of DTs for HBS

From our experience working with HBS in conjunction with
the existing literature, we formulated a set of requirements for
engineering DTs for HBS. Table |I| summarises the require-
ments and maps them to the identified challenges for HBS.

TABLE I
REQUIREMENTS FOR DTS OF HBSS MAPPED TO CHALLENGES
Requirement \ Challenge
RQ1: Real-time data acquisition CH1, CH2
RQ2: Data integration and fusion All CH

RQ3: Realistic modelling of system’s | CH1, CH2, CH3

behaviour

RQ4: Simulation and testing CH3, CH4
RQ5: Predictive modelling (algo- | CH3
rithms)

RQ6: Adaptive control strategy CH2
RQ7: Scalability and interoperability | CH4
RQ8: Data security and integrity All CH
RQ9: User-friendly interface All CH

In more detail, Real-time data acquisition (RQI) is the
most essential requirement given the dynamic nature of the
HBSs. The system’s behaviour can change rapidly based
on external factors, operational conditions, and the state of
individual cells. This requirement needs to be fulfilled to
formulate real-time fine-grained control. The data gathered
depends on the specific implementation, but should include
common BMS metrics. Data integration and fusion (RQ2)
complements RQ1 as typically the data in an HBS is gathered
from various sources (different sensors on each battery cell,
switching system, charge control unit, etc.). Data integration
allows a holistic view of the DT of the entire HBS and is
essential for informed decision-making. Moreover, data needs
to be fused to extrapolate meaningful information for control
and monitoring under real-time conditions. Data fusion is also
a base for creating Realistic modelling of HBS behaviour
(RQ3). With the gathered data, the eventual model needs to
have high granularity in fidelity. For the HBS the structural
parts of the battery are less interesting compared to the
dynamics and a realistic model in this case captures the
interactions between different components of the HBS. This
includes how battery cells influence each other and how the
overall system responds to changes in load, temperature, or
other external factors. The realistic models are a foundation
for Simulation and testing (RQ4), which is mandated as a
necessary capability to predict future states and to virtually
test the system configuration(s). Moreover, simulation enables
design space exploration of various operational scenarios,
including extreme or rare events that may be challenging to
replicate in a physical setting. This helps the DT anticipate and
respond to a wide range of conditions. Similarly, Predictive
modelling (algorithms) (RQ5) needs to be incorporated into
the simulations to accurately predict degradation and mainte-
nance. This approach minimises downtime and ensures that
maintenance activities are conducted when most cost-effective
and necessary. Adaptive control strategy (RQ6) allows DT to
dynamically respond to real-time variations of diverse factors
of the HBS to optimise the overall performance. Scalability
and interoperability (RQ7) should facilitate the construction of



a platform that can replace and augment the HBS setup easily
(in both hardware and software), so that a common solution
can be created for different use cases. The DT should also
promote Data security and integrity (RQ8) so that the users
are not at risk of data leakage or alteration during DT operation
(mandated by most industrial cases). Finally, User-friendly
interface (RQ9) is necessary to promote a wide audience in an
industrial setting for utilisation of the technology, as the user
base often is diverse and not DT experts.

A DT that fulfils all of these requirements should alleviate
the challenges identified for the HBS case while providing
beneficial capabilities for operation and management.

C. Conceptual framework of DTs for HBS based on ISO
23247

The ISO 23247 standard provides a framework for engi-
neering DTs in the manufacturing domain. Specifically, Part
2 of the standard defines a reference architecture for DTs
that includes an entity-based reference model [30]]. Figure [2]
illustrates how the entities and sub-entities of the reference
models support the requirements for the HBS case.

Resource Access and
Interchange
Sub-Entity

Operation and H
:[Management Sub-Entity|:

Cross-System Entity

‘Personnell Product l Process lDocumentsl Facility lEquipememl Material ‘

Observable elements }

Fig. 2. Overview of the entity-based reference model of the ISO 23247 and
its relation to the HBS DT requirements.

First, we note that the observable elements in our case
do not cover the entire range defined in the standard, but
should at least include the HBS (Product) and surrounding
Equipment. The Data Collection sub-entity, as defined in the
standard, covers the requirements related to real-time data
acquisition as well as data integration and fusion. While the
Device Control sub-entity would be responsible for sending
commands to adjust the operational parameters of the HBS.
The Data collection and Device Control Sub-Entities are
separate in the framework, but they could also be implemented
on the same MCU depending on the HBS implementation. As
per the ISO standard, the DT Entity consists of the Operation
and Management Sub-Entity, the Application and Service Sub-
Entity, and the Resource Access and Interchange Sub-Entity.

These Sub-Entities address various service-related require-
ments, including simulation, testing, and predictive modelling,
and provide support for scalability and interoperability. The
DT entity in the HBS case would be split into two parts, a
real-time component which is placed directly in the HBS and
an offline component which is placed in a more resource-heavy
component (like a PC). In this way, a part of the DT would
support real-time data gathering and feedback, while a second
part would provide less time-critical inputs which could relate
to the life-cycle of the system, such as ageing and control
strategies. The User Entity provides an interface facilitating
user interaction with DTs services, while Cross-System Entity
is responsible for data security and integrity.

The ISO 23247 general framework matches the concrete
needs of the DT HBS well, so although the standard is defined
for another domain originally we find it to be a well-suited
match. Indeed, each layer and component of the framework is
necessary for realising a DT to meet all the needs of the HBS
case and as such could act as a suitable reference framework
for practitioners in terms of scope, as it is not overly complex
nor too simplistic in nature.

VI. DISCUSSION

Implementing the conceptual framework presented in this
paper requires several different technical components. The DT
requires several different software services to fully realise a
scalable solution, with robust hardware integration. Therefore,
further investigation is required to propose actual implemen-
tation requirements which at this stage are omitted from the
reporting. Notably, the implementation needs to consider the
specific HBS case to formulate the requirements and needs.
Indeed, with a specific case, a more realistic formulation of
requirements can be made, e.g., for the physical aspects of
device communication. In future work we aim to apply the
framework for a specific HBS implementation to provide fur-
ther feedback, and by doing so more strictly examine the ISO
23247 suitability. The reason for considering the ISO 23247
standard for the HBS case is partly due to the emphasis on
scalability and interoperability [31]. Indeed, an HBS platform
by definition needs to be constructed with these concerns in
mind for the physical entity, and therefore ISO 23247 is a
good candidate as it focuses on similar characteristics.

Another reason to consider ISO23247 is that the standard
is a this stage one of the few disseminated standards which
has been applied in several real cases (in different domains),
indicating a general readiness of the standard. DTs have been
proposed for battery systems in recent literature, partly detailed
in the background and related work section. However, due
to the nature of the HBS case, the existing DTs are hard
to apply as they do not emphasise the same concerns as
the HBS case. At the same time, there has not been an
attempt at mapping a standard-based framework for DTs in the
broader battery system domain. As such, applying a standard
framework for the HBS case is potentially beneficial for two
reasons. First, the standard-based framework can assist in
the construction of the DT for the HBS case, and secondly,



mapping concerns in the battery domain to the framework can
assist practitioner in the broader battery domain due to the
carry-over in components. Therefore we expect that this work
can facilitate future investigations with the ISO 23247 standard
in a broader perspective for battery systems.

VII. CONCLUSION

This paper has presented a first step towards a standard-
based reference architecture for digital twins in the complex
battery domain. A digital twin is a potential solution to
assist in battery observation and control by introducing high-
fidelity system models which can be used at run-time or
off-line as part of a wider control loop. Notably, a digital
twin could improve on several identified challenges related to
run-time measurements and control, while offering prognosis
capabilities. However, implementing digital twins requires
substantial effort, and there is a gap in the literature for a
standard digital twin framework in the complex battery system
domain. We propose the 1SO23247 standard as a candidate
to formulate a reference architecture to assist practitioners in
future digital twin implementations and confirm the suitability
of the standard in a heterogeneous battery system context.

As future work, we are currently working on creating
a prototype implementation that adheres to the presented
reference architecture to address its practical viability. The
prototype will consider a heterogeneous battery system and
consist of both a hardware and software implementation in
addition to the digital twin.
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