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Project Abstract

AENEAS aims to contribute towards climate-neutral and environmentally friendly water
transport through three new next generation clean energy storage solutions. Eventual impact
is an increase of the global competitiveness of the EU waterborne transport sector by
European technology leadership for energy storage solutions for diverse waterborne
applications.

AENEAS will develop three innovative electric Energy Storage Solutions (ESS) for waterborne
transport, which are advanced beyond the traditional battery systems, including Solid-state
batteries (SSB), Supercapacitors (SC) and a Hybrid system which combines SSB and SC.

The solutions enable (partial or full) electric shipping, taking into account conditions specific
ships might encounter, including adverse conditions outside sheltered waters or going
upstream on rivers. AENEAS will evaluate them for a range of applications and end uses in
short-sea shipping and in-land waterways. At the same time AENEAS will define the pathway
for the three ESSs for application in different ship types, achieving a comprehensive
understanding of the ESSs and their applicability for diverse waterborne transport.
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Public Summary

This deliverable, “Components model of ESS, PMS/EMS, power consumers and mission
profile” is a part of Task 2.1, Work Package 2 - Concept design and Optimization. The main
objective of this task is pre-sizing of energy/power management strategies and architectures
using advanced simulation tools. This also includes to draft the required simulation component
requirements.

The final output of this task will be different Energy Storage Solutions (ESS) simulation
components that will be used in the simulation models on system level to mimic the different
Energy Storage Solutions (ESS) studied within AENEAS. The focus during the whole task, and
this deliverable, will be on power/energy performances and efficiency using a DC grid.

A brief description of each of the tools used is also included in order to understand the
backgrounds of different simulations.
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1 Introduction

1.1 Rational of this deliverable

The main objective of this deliverable is to develop various simulation components for Energy
Storage Solutions (ESS) simulation models. These simulation components shall be designed
with a focus on power/energy performance and efficiency using new approaches.

This deliverable belongs to the WP2 whose lead beneficiary is SIEMENS.
The document consists of the following parts:
e Introduction
e Component model development
o Descriptions of modelling tools used

o SC, SSB, PMS/EMS models including required input data, applied modelling
approaches, and modelling parametrisation and evaluation

e Mission profiles

SIE, I2M and ABEE provided the descriptions and overview of the tools that will be used for
simulations in this task. Modelling approaches for SSBs and SCs were also described for all
tools used.

EMS/PMS models and components were analysed and approaches were described by SIE
and UVA.

The main result is a first version of all modelling approaches for each ESS type, as input for
the definition of the use-cases of the following tasks.

Attainment of the objectives and explanation of deviations

The objectives of this deliverable are achieved without any deviations.
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2 Component model development

2.1 Modelling tools

2.1.1 Simcenter Amesim

Simcenter Amesim is a commercial simulation software for the modelling and analysis of multi-
domain systems. The software package is a suite of tools used to model, analyse and predict
the performance of systems involving different physical domains (mechanical, electrical,
magnetic, hydraulic, pneumatic, thermal, and thermodynamic) and control. Models are
described using nonlinear time-dependent analytical equations that represent the system’s
behaviour. Compared to 3D CAD modelling this approach gives the capability to simulate the
behaviour of systems before detailed CAD geometry is available, hence it is used earlier in the
system design cycle or V-Model.

To create a simulation model for a system, a set of libraries is used. These contain pre-defined
components for different physical domains. The icons in the system have to be connected
through ports, which have several inputs and outputs. These external variables are either effort
variables (intensive properties) or flux variables (extensive properties). This framework comes
from the Bond Graph Theory [1]. In most of the physical domains (electrical, 1D translation
mechanical, 1D rotation mechanical, hydraulic, magnetic), the product of the effort and flux
variables gives the transmitted power and integration over time of this power gives the
transmitted energy (Figure 1).

Mechanical Hydraulic

+ Torque[Nm)]
+ Rotation speedfrad/s]

Figure 1: Component connections

Simcenter Amesim is therefore naturally made for multi-domains simulations as components
can connect different physical domains using different ports ensuring the conservation of
energy.

At each time step in each component several variables are computed, from received inputs
and the parameters, including the output external variables and the derivative value of the state
variables. Between the time steps, the Simcenter Amesim solver integrates over time all the
states variables to calculate the next point. Both the time steps and the integration algorithm
are dynamically chosen by the solver to ensure a very good accuracy of the integration.

Simcenter Amesim is an open simulation platform that can be coupled with other simulation
software in multiple ways. It complies with the Functional Mock-up Interface (FMI), which is a
set of standards that specify how to couple simulation models built with various simulation
software tools or how to couple the simulation software themselves in the aim of performing
transient simulations of the coupled system. A simulation software tool which complies with
these standards may act:
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+ either as an exporting tool that can create components called Functional Mock-up
Units (FMU) containing models or simulators to be used by other simulation software

* or as an importing tool that can use FMU generated by other simulation software
The FMI standards define two kinds of interface:

* FMI for Model Exchange which describes a standardized way for interfacing a model
with a simulation environment that provides at least a numerical solver.

* FMI for Co-simulation [2] [3], which deals with the coupling of simulators (each
simulator having its own numerical solver embedded in the FMU) through a master co-
simulation environment.

Similarly, Simcenter Amesim has dedicated coupling capabilities with Simulink. The Simcenter
Amesim-Simulink and Simulink-Simcenter Amesim interfaces make it possible to perform
simulations with a combination of Simcenter Amesim and Simulink models. Since there are
two software packages involved, the interfaces provide two main options: importing the
Simcenter Amesim model into Simulink, or importing the Simulink model into Simcenter
Amesim. With the Simcenter Amesim-Simulink interface the user has the choice of these two
methods.

In addition to these two methods, it is also possible to export the Simcenter Amesim solver
(with the Simcenter Amesim model) to Simulink. This is sometimes called co-simulation since
we use the solvers from the two software packages, and they perform the simulation together.

2.1.2 ConfigTool

ConfigTool simulation tool is based on an ultra-lean novel power-driven energy distribution
system simulation method. The fundamental idea of this simulation method is to simplify the
simulation approach to such an extent that a faster simulation and subsequently numerical
optimization becomes feasible, which is to be used in particular in the early concept phase for
the design of “energy distribution systems” like the design of a battery thermal management
system of vehicles of all kinds. This simplification is achieved through a smart new maodelling
approach by reducing the equations to exclusively those physical quantities that are either
relevant to the energy exchange between the individual components or of interest to the
results.

The emphasis of this simulation method is to simulate energy exchange between the individual
components, but not the exchange of those substances (e.g., coolants, hydraulic liquids) that
are responsible for this energy transfer. In contrast to conventional modelling approaches, the
connections of the components in the system are not physically modelled, however, all physical
limits and boundary conditions such as available power, possible power consumption, as well
as technical feasibility and constraints such as minimum/maximum power of the individual
components will be respected in the simulation. This permits to substantially reduce a large
number of equations. For example, the very computationally intensive flow equations are
completely omitted for characterizing an energy management system.

In addition, each component will be modelled only in a way that is less physically complicated,
but in accordance with all the physical laws and technical constraints of the component. This
results in a reduction of the elaborated equations that characterize each component physically
in detail to the essentials equations that adequately describe the overall physical behaviour as
such.
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Each physical component is characterized by its power (P). Moreover, there is a controlled
process that manages the exchange of energy packages (1) between the components at
specific time steps.

AE = P - At (1)
Dynamic connection and disconnection of components based on user-defined strategies is
possible. Due to this the approach is considered as a discrete-event simulation.

Main application areas of the Config-Tool are for example:

o configuration of “energy distribution systems” (e.g., electric vehicle powertrains)
¢ right-sizing of components

e optimization of concept variants

e peak shaving of energy distribution

e operation & control strategies concepts

To sum up: ConfigTool focuses on system simulation for energy distribution systems for
concept development in very early design stage. The tool unique selling point is its robust and
fast simulation that enables numerical optimization of concept variants.

2.1.3 Simulink

Simulink is a complete software tool that offers a block diagram environment for conducting
multidomain simulations and implementing model-based designs. It facilitates the development
of complex systems by supporting system-level design, simulation, automatic code generation,
and continuous testing and verification of embedded systems.

With Simulink, users can create and manipulate block diagrams using a user-friendly graphical
editor. It provides a wide range of customizable block libraries, which contain pre-built
components representing various system elements. These blocks can be interconnected to
represent the desired system architecture and behaviour.

Simulink also includes solvers that enable the modelling and simulation of dynamic systems.
These solvers accurately compute the system’s response to inputs and help analyse its
behaviour over time. The software integrates seamlessly with MATLAB, allowing users to
incorporate MATLAB algorithms directly into their models. Furthermore, simulation results can
be exported to MATLAB for further analysis and post-processing.

Simulink supports the modelling of both linear and nonlinear systems, incorporating real-world
phenomena like battery, gear slippage, and hard stops. It allows users to design hierarchical
models by organizing blocks into subsystems, enabling the representation of discrete
components that mirror real-life systems. Through simulation, these components can interact
and their behaviour can be analysed. This approach proves valuable in testing conditions that
are challenging to replicate solely with hardware prototypes, particularly in the early stages of
the design process when physical hardware may not be accessible.

Model-Based Design places a system model as the central element in the development
workflow. This approach enables the rapid and cost-effective development of dynamic
systems, including control systems, signal processing systems, and communications systems.

Model-Based Design offers several advantages, including:

e Utilizing a unified design environment across project teams
e Establishing direct links between designs and requirements
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e Continuously identifying and rectifying errors by integrating testing with the design
process

e Enhancing algorithms through multidomain simulation

e Automating the generation of embedded software code and documentation

o Facilitating the development and reuse of test suites

The key tasks involved in Model-Based Design include:

e |dentifying modelling goals, determining components, and designing the system layout

e Modelling and testing individual components, integrating them, and testing the overall
system

e Designing and testing new components

By following these tasks, Model-Based Design allows for efficient and effective system
development, ultimately leading to improved outcomes in various domains. Figure 2 depicts
the workflow of tasks for model-based design.

Simscape

Simscape enables a rapid creation of models of physical systems with the Simulink
environment. With Simscape physical components models can be built based on physical
connections that directly integrate with block diagrams and other modelling paradigms,
Simscape add-on products more complex components and analysis capabilities.

Simscape helps to develop control systems and test system level performance. It helps to
create custom components models using the MATLAB based Simscape language, which
enables test-based authoring of physical modelling components, domains and libraries.
Models can be parametrized using MATLAB variables and expressions, and design control
systems for your physical system in Simulink. Models can deploy to other simulations
environments, including hardware-in-the-loop (HIL) systems, Simscape supports C-code
generation.

Determine
Modeling Goals

Determine Test System
Components Model
Model System Integrate
Layout Components
Model Test system
Components components

Analyze Model

Design New Test Designed
Components + Components

Figure 2: Model-based design task considering the workflow
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Simscape block diagrams use physical signals instead of regular Simulink signals. We need
converter blocks to connect Simscape diagrams to Simulink sources and scopes. Simulink-PS
converter block to connect Simulink sources or other Simulink blocks to the inputs of a
Simscape physical network, also used it to specify the input signals units. PS-Simulink
converter block is used to connect outputs of a Simscape physical network to Simulink scopes,
an example is shown in Figure 3.

L Electrical Reference

s[> >3~g
Simulink-PS :
Repeating Converter

Se Controlled -
quence - —
Stair Temperature Source .“r ’/’ | od |

Thermistor
f(x)=0 ¢ +
-_—
— Battery
Solver —i— Thermal Reference b %
Configuration ’ 1
Voltage Sensor —
f,.._ i Constant

= 1>\

PS-Simulink — Scope
Convertert Switch

A
O T

Constant1

0.009739

Display

Figure 3: Connecting Simscape diagrams to Simulink sources and scopes

Simscape Battery offers a range of design tools and parameterized models specifically
designed for battery systems. It enables the creation of digital twins and facilitates virtual
testing of battery pack architectures. With Simscape Battery, users can design battery
management systems, assess battery system behaviour under normal and fault conditions,
and model various battery pack operations.

The parameterized models provided by Simscape Battery showcase functionalities such as
cell balancing and state of charge estimation. Users can effectively build battery pack models
and implement control strategies for battery management systems (BMS) using controllers,
estimators, monitors, and balancers. Additionally, the software allows for the simulation of
battery cooling systems, enabling the evaluation of thermal management for individual
modules or packs.

2.2 Model requirements

When developing components models for ESS like for example solid-state batteries, several
key requirements need to be considered in general. Energy density is a crucial factor,
determining how efficiently energy is stored. Power density is also important, as it indicates
how quickly the battery can deliver energy. The desired operating voltage range, also the
operating temperature and charging time should be specified to ensure compatibility and
efficient rechargeability. Additionally, the physical dimensions need to be determined for
seamless integration.

For modelling supercapacitors, capacitance plays a vital role in efficient energy storage. Power
density is important to meet high-power demands. The operating voltage range and the
operating temperature range should be defined to ensure compatibility. Moreover, the physical
dimensions and form factor must be specified for integration purposes.
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Three different tools, ConfigTool, Simcenter Amesim, and Matlab/Simulink, offer distinct
approaches to modelling solid-state batteries (SSB) and supercapacitors (SC).

ConfigTool is a tool that provides a fast and simplified modelling approach. It allows for quick
prototyping and initial assessments, making it suitable for rapid concept exploration and
numerical optimization of concept variants.

Simcenter Amesim takes a more comprehensive approach by utilizing electrical circuit models
for each component. This method enables detailed analysis and optimization, considering
electrical characteristics and component interactions. Simcenter Amesim offers higher
accuracy and precision in the modelling process.

Matlab/Simulink is a versatile tool widely used for system modelling and simulation. It provides
a flexible platform to incorporate various physical and mathematical models. With
Matlab/Simulink, complex and dynamic models of solid-state batteries and supercapacitors
can be developed, allowing for detailed analysis, control system design, and performance
evaluation.

2.3 Solid state battery (SSB) models

2.3.1 Input data

All three different tools, ConfigTool, Simcenter Amesim, and Matlab/Simulink are used for
modelling SSBs. With regards to Simcenter Amesim there are three types of battery model in
Simcenter Amesim as shown in Table 1

» Simple equivalent circuit model, which consists of a voltage source to represent the
open-circuit voltage (OCV) and a resistance. This model would only represent the basic
electrical and thermal behaviour of the battery, with few functional parameters and no
coupling to other advanced features such as thermal runaway modelling.

* Advanced equivalent circuit model, which in addition can include RC circuits to
accurately represent the battery dynamic behaviour related to the diffusion and the
charge transfer phenomena inside the battery. This model can be used when you need
to simulate the dynamic behaviour, the aging or the thermal runaway of the battery.
Note that depending on the selected options, the model can have a less complex
equivalent circuit.

* Electrochemical model, which describes in detail the chemical process taking place
inside the battery cell, such as the charge transfer, the diffusion, etc. The
electrochemical models do not produce a better fidelity than the advanced equivalent
circuit model. However, their parameters define the battery geometry and the
electrochemical characteristics of its materials. They can therefore be used to predict
battery behaviour before it is manufactured.

AENEAS - GA n° 01095902 Page 13 | 42



Deliverable D2.1

Table 1: Overview of the battery models in Simcenter Amesim

Modelling approach Simple equivalent Advanced Electrochemical
circuit equivalent circuit
Schema
Rowm
Cagell] CaprlNacl  Cex b,
G[’L’. ‘U DCV‘CE%E_W_’“

Thermal loss Yes Yes Yes
Thermal runaway No Yes No
Aging Yes Yes Yes

For the ConfigTool the main input parameters for such battery models are:

o Cell voltage: Uic

¢ Internal cell resistance: Ric (SoC, T)
e Capacity of a cell: Ec

¢ Heat capacity of a cell: Cc

e Thermal coefficient: Cinc

The model is similar like the simple equivalent circuit as describe above for Simcenter Amesim.
Especially state variables, namely state of charge and temperature, will be taken into account
for e.g., the internal cell resistance.

2.3.2 Modelling approaches
Simcenter Amesim

The battery models are stored behind components icons for individual cell and modules/packs

(Figure 4).

44 e b b
aof + - @ a
4iBAT | D] < @fel

BatPackGene ? BatPackElectroc...
BatCellGene BatCellElectroch...

Figure 4: Battery icons

In all cases, the battery model component will exchange variables with other components
through ports. There are three types of ports for these models: electrical ports, where
instantaneous current and potential are exchanged, a thermal port where a temperature and a
heat flow rate are exchanged. Additionally for the battery pack models, a signal port gives the
state of charge as an output. Simcenter Amesim is based on a causal approach, the
inputs/outputs (I/0O) at the ports may vary depending on the connected elements. An example
of the 1/O for a battery pack is presented Figure 5.
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Zh
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Figure 5: Example of battery pack 1/0 (submodel ESSBATPAOQL)

The battery model used in the AENEAS project will be the advanced equivalent circuit model.
It is based on an equivalent circuit model such as shown in Figure 6.

Cairr[1] Cairr[Nrc] Cet
Rohm
‘ I
od Tttt
EAAAN
OCVICD Rdiff[1] Rdiff[NRC] Rt U

Figure 6: Dynamic equivalent circuit model of battery cell

Most of the parameters can be set as tables or expressions as a function of the battery
operating condition, such as the state of charge and the temperature.

The battery representation can be very simple, taken into account only the most basic
phenomena:

¢ Open circuit voltage, which defines the battery voltage when it is at rest.
e Ohmic resistance, which defines the instantaneous voltage drop depending on the
charge or discharge current.

In addition, the modelling of different advanced phenomena can be activated:

e Faradic efficiency, which takes into account the faradic loss that occurs during charge.
This will be considered in the AENEAS project only if the cell shows significant
hysteresis.

e Hysteresis modelling, which takes into account the change of open circuit voltage
related to the charge and discharge history. This will be considered in the AENEAS
project only if the cell shows significant hysteresis.

o Entropic coefficient, which models the voltage change in OCV due to temperature
change and the reversible heat flow related to this phenomenon. This will be considered
in the project, in order to ensure an accurate thermal behaviour of the model.

o Diffusion and charge transfer, which capture the transient of the battery voltage drop,
using RC circuits. This will be considered in the project.
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e Aging, which estimates the calendar and cycle aging on the battery capacity and
resistances. This will not be considered in the AENEAS project.

e Thermal runaway, which represents the exothermic reactions in the cell during a
thermal runaway. This will not be considered in the AENEAS project.

In addition to the parameters of the different electric circuit, the battery model has the cell
capacity as parameter, as well as the number of cells in series and in parallel in the case of a
battery pack. A thermal model can be connected to the battery model. In this case, additional
parameters such as thermal capacitance, convective heat exchange area and convective heat
exchange coefficient will have to be set. All the parameters are accessible and can be changed
by the user. The most relevant parameters to be changed for the optimization process will be
identified with WP3 partners.

Simulink and Simscape

Similarly, the models used in Simscape Battery aim to replicate battery behaviour through
electrical equivalent circuits, allowing for compatibility with commercial circuit simulation
software. These models feature a simple structure while still providing sufficient accuracy to
approximate simulated variables, even when the state of charge (SoC) and temperature exhibit
dynamic variations.

The equivalent circuit battery block within Simscape Battery utilizes a resistor-capacitor (RC)
circuit battery, which can be parameterized using equivalent circuit modelling (ECM). To
simulate the SoC and terminal voltage, the block takes into account the load current and
internal core temperature. By employing parameter lookup tables, the equivalent circuit battery
block calculates the combined voltage of the battery network. These lookup tables are
functions of the SoC and battery temperature and are generated using the same block.

The specific parameters implemented in the equivalent circuit battery block are represented
as lookup tables, which are functions of the SoC and battery temperature. These parameters
include:

e Series resistance, R, = f(SoC, T)

e Battery open circuit voltage, En = f(SoC, T)
o Battery capacity, Cpar = f(T)

o Network resistance, R, = f(SoC, T)

¢ Network capacitance, C, = f(SoC, T)

To compute the combined voltage of the battery network, the block employs these equations:

n
Vi=En—lsa Ro— ) Va @)
1
_ t
batt Jo
Lo = 4
batt Np ( )
Vour = NsVr (5
n 2
2 Va
Ppattross = Ipaee Ro + Z R_ (6)
T n
t
LdAmpHr = f Ipge dt (7)
0
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Here, En is battery open-circuit voltage, lvar is per module battery current, lin is the combined
current flowing from the battery network. R, is series resistance, N, is the number of parallel
branches, Ns is the number of RC pairs in series, Vou, VT combined voltage of the battery
network, V, voltage for n-th RC pair, R, is the resistance for n-th RC pair, C, is capacitance for
nth RC pair, Cvar battery capacity, Prar battery power, Prosssart IS the negative of battery network
power 0SS, PgatLoss iS battery network power l0ss, Psiworedsart iS battery network power stored,
PLdsar is Battery network power, and T is battery temperature.

The Equivalent Circuit Model (ECM) is widely used in battery numerical analysis. It typically
involves a one or two RC block model, which offers computational simplicity and can be easily
combined with other methods, such as coulomb counting with OCV/SOC correlation for
periodic recalibration during rest. The ECM is also adaptable to advanced techniques like the
extended Kalman filter.

By reducing the general ECM with multiple RC blocks to a simplified ECM with just a single
RC block (Figure 7), it becomes possible to account for all dynamic characteristics of the cell.
This includes nonlinear open-circuit voltage, average discharge current, and inner cell
temperature. During the parameter estimation procedure, dependencies of the ECM on the
state of charge (SoC) and temperature are identified. These dependencies are then
implemented as lookup tables, which define the values of the equivalent circuit elements.

The ECM model undergoes thorough validation using independent experimental data to
ensure accuracy. Once validated, it becomes a reliable tool for general simulation, allowing for
analysing and predicting battery behaviour in various scenarios.
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Figure 7: Equivalent circuit model

ConfigTool

In ConfigTool a model of a battery cell is done which describes the cell properties (see above).
Afterwards the cell model is used to characterise a battery pack. The characterisation of the
battery pack is modular, due to the parametrisation of a single cell. This modular approach
enables easy adjustment and customization of the model of a battery pack.

The characterisation of the battery is used to calculate the state variables. The thermal
characteristics are implemented describing how the whole battery pack, is exchanging heat to
the environment (components, cooling system...). This heat exchange is mainly determined by
the mechanical pack configuration, cooling system applied as well as the operating conditions
of the battery pack.
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2.3.3 Modelling parametrisation
Simcenter Amesim

The Simcenter Amesim advanced battery model can be parameterized from battery tests with
current, voltage and temperature data. The battery Electro-thermal Identification tool (Figure
8) can be used to identify the parameters from these measurements. The workflow is shown
Figure 8. The tool takes as input the battery test profiles with current, voltage and temperature
data. These test profiles can be experimental tests, or simulation of complex battery models
(electrochemical models, for instance). Then the tool provides a step-by-step guide through
the whole identification process. The main steps are data import, capacity calculation, electrical
model identification, thermal model identification, model set-up and validation, and finally data
export. The outputs of the tool are model parameters values, which are tables in function of
state of charge, current and temperature. These data are sent directly to the battery model in
Simcenter Amesim.

Battery electric and thermal

Battery Electro-thermal models in Simcenter Amesim
Identification Tool in
Simcenter Amesim

Battery test bench

Characterization [

profile of current [ ) y
[ V]

Simulation of complex
battery model
(e.g., electrochemical

[ =0 model)
E ﬂ, Step-by-step
NC }i i‘ R

¥ Heatflowrate
—

Current, voltage and ‘

temperature data

A 4

1y} :

Figure 8: Workflow of the battery electro-thermal identification tool

Simulink and Simscape

In Figure 9, the parameter estimation steps are depicted, which involved running the pulse
discharge curve for each temperature separately through the estimation task. This process
yielded a set of one-dimensional lookup tables for each temperature, representing the four
parameters (Em, Ro, R1, and C1) as functions of the state of charge (SOC). By repeating this
procedure at different temperatures, four sets of data were obtained, characterizing the specific
cell chemistry being considered. These lookup tables and a linear interpolation process formed
the two-dimensional lookup tables used to determine the values of the equivalent circuit
elements during the simulation phase. It is assumed in the resulting model that the cell
impedance remains relatively unchanged, regardless of the magnitude of the discharge
current. This assumption simplifies the model and allows for efficient simulation of the battery
behaviour.
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Figure 9: Flow diagram of the parameter’s estimation procedure

ConfigTool
To describe a battery pack starting from a single cell the following parameters are used:

o Thermal resistance of the battery to the environment: Rlpatenv
e Total number of cells: p * s, with:

o p =number of cells connected in parallel

o s =number of cells connected in series

With the parameters of the battery cell and the parameters of the battery, characterisation of
the battery pack model is done. The characterisation can be functions of the state variables
namely the state of charge (SoC) and temperature (T). The main characterisation variables
are:

o Capacity of battery: Eg
e Heat capacity of battery pack: Cg
e Average temperature of battery pack: Tpat
o Power of battery: Ppat
o Electrical Power: Pepat
o Thermal Power: Pinpat

Example formulas:
Ep = psE. 8
Cp = psCc 9)

The state variables get updated with each time step. Where following equations are used in
the model:

S0C(t;) = SoC(t;_y) + “ebe020 (10)
B
Pinbat(ti) At;
That (t1) = Tpge(ti—q) + 25— ctB (11)
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In the last formula Pupa is the difference between generated heat and dissipated heat,
generated by the battery pack.

2.3.4 Evaluation of SSB modelling approaches

The model evaluation is done using experimental data as presented for one of the approaches
below. In the previous section sketched dynamic equivalent circuit model of a battery cell can
predict accurately its electrical and thermal behaviour. A comparison with experimental results
for a commercial NiRich NMC-SiC 18650 battery cell with 3 Ah nhominal capacity is presented
in this section. Figure 10 presents the comparison for the hybrid pulse tests which have been
used to identify the parameters of the battery electrical model. Figure 11 gives a zoom of the
discharge phase. The model accurately represents the electrical and thermal behaviour of the
real cell on the change of State of charge and temperature.

—— measured voltage at 26 degC —— measured voltage at 41 degC
— model voltage [V] — moddl voltage [V]
44 44
4.0 = 4.0 -
3.6 3.6
3.2 3.2
2.8 2.8
3 3
24 x10 24 x10
0 40 80 120 160 0 40 80 120 160
X: Time [s] X: Time (s}
- measured temperature at 26 degC - measured temperature at 41 degC
- model temperature [degC] — model temperature [degC]
28.0 424

== 422
215 e
418
416
414
412
41.0
408
406

265

x10 x10’

26.0

0 40 80 120 160 0 40 80 120 160

X: Time [s] X: Time [s]

Figure 10: Voltage and temperature comparison between the experimental and model data for
hybrid pulse tests at different temperatures
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Figure 11: Zooms of the results for the hybrid pulse tests

All the battery models used within future work of ANEAS will be calibrated using the
AENEAS data provided by WP3.

2.4 Supercapacitor (SC) models

2.4.1 Input data

Supercapacitors (SCs), also called Electrochemical double layer capacitors (EDLC) or
Ultracapacitors (UCAP), are electrostatic energy storage systems, which can be used in
association with battery systems to absorb or supply high electric power pulses. They prevent
batteries from premature aging due to high current and high thermal losses, generated inside
the cells and packs.

SCs systems store energy electrostatically in the electrochemical double layer at
electrodes/electrolyte interfaces, enabling very fast energy conversion, thus providing high
capability of current absorption and release.

Experimental investigations of SCs enable not only the required valuable insights into the
behaviour of a SC but also serves as a crucial resource for the calibration of a
mathematical/computational model of such SC. These models incorporate various parameters,
equations, and algorithms to simulate the behaviour of the capacitor under different operating
conditions. However, for the model to accurately and reliably represent the real-world
behaviour of the capacitor, it requires calibration and fine-tuning.

By comparing the experimental data to be obtained from the experiments as foreseen in Task
3.2 with the predictions generated by the model, adjustments can be made to the model's
internal parameters or equations. This calibration process aims to bring the model's predictions

AENEAS - GA n° 01095902 Page 21 | 42



Deliverable D2.1

into closer alignment with the observed behaviour of the capacitor. For the ConfigTool, for
example, the following main input parameters are used to model a capacitor:

e Capacitor voltage: Uicap

¢ Internal capacitor resistance: Ricap (SOC, T)
e Capacity of a capacitor: Ecap

o Heat capacity of a capacitor: Ccap

e Thermal coefficient of a capacitor: Cincap

e Leakage current: licap

The input for the capacitor model is similar to these of a battery cell. However, one of the
relevant differences between these models is the leakage current, which describes the SoC
loss of the capacitor over time.

2.4.2 Modelling approaches
Simcenter Amesim and Simulink

There are two types of supercapacitor model in Simcenter Amesim (Table 2). The quasi-static
model is used when the dynamic behaviour due to diffusion and charge transfer can be
ignored. Otherwise, the dynamic model can be used to represent the dynamic behaviour. The
two models are based on the equivalent electric circuits shown in the following table. The
model can represent the electric behaviour of the supercapacitor and estimate the thermal
losses as well but does not account for the aging of the component.

Table 2: Supercapacitor model

SC modelling Quasi-static Dynamic
approach
Schema - o

=1 _——
Thermal loss Yes Yes
Aging No No

The supercapacitor models are stored behind two components icons (Figure 12:
Supercapacitor cell and pack icons), one for an individual supercapacitor, one for a capacitor

module/pack.
r bb
el

+ -
i UCAP
i

UcapPackGene
UcapCeliGene

Figure 12: Supercapacitor cell and pack icons

The variables exchanged at the ports are similar to the one for the battery, as presented in
Figure 12.
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Figure 13: Example of supercapacitor pack I/O (submodel ESSUCAPPS01)

Simulink will be used for further parametrization and analysis based on the Simcenter Amesim
model.

ConfigTool

The modelling approach for SCs is quite similar to the approach for SSBs. The initial step in
the modelling process of the supercapacitor pack is the parametrisation of a single capacitor,
which serves as the foundation for subsequent modelling of the entire pack. By defining the
number of capacitors in series and parallel, the pack can be modelled, enabling the desired
modularity of the supercapacitor pack. This modularity is essential for sizing the proposed initial
architecture.

The supercapacitor model is based on a battery model (as described in 2.3) which is enhanced
by a capacitor functionality (i.e., Voltage based on SoC). Additionally special modelling focus
is put on the interaction between the modelled battery and capacitor behaviour.

The characterisation of the capacitor pack is used for calculating the state variables associated
with the supercapacitor pack, particularly the temperature and state of charge. The
characterisation will incorporate the representation of losses and thermal inefficiencies.

2.4.3 Modelling parametrisation
Simcenter Amesim and Simulink
The electrical equivalent circuit used to describe the Simcenter Amesim UCAP cell for the

guasi-static model is shown in Figure 14. It takes into account main capacitance, internal
resistance and electrical leakage.
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Figure 14: Electrical equivalent circuit model of the quasi-static UCAP submodel

The parameters needed to use this submodel are usually given by manufacturers' datasheets.
The accumulator nominal capacitance, Cacc is related to the number of charges that can be
stored in the UCAP at Vmax and is given by the manufacturer.

Leakage resistance, Rieak IS an electrical parameter that can be evaluated thanks to
experimental self-discharge tests on large time scales (At > 1h).

Riear = Ucell(o) * liggx = Ucell(o) *A L * CACC(Ucell(A t) - Ucell(o)) (12)

where lieak is the leakage current that can be approximated by the charge flow in the leakage
resistance (i.e., the charges that are taken from the main capacitance).
The entropic coefficient a is a constant used to describe reversible heat flow rate. Its evaluation
is described in Schiffer et al. (2006) work. The filtering capacitance Cs is a numerical parameter
used to break algebraic loops. It has no physical meaning and has to be small enough to be
negligible.

The dynamic ultracapacitor model takes into account phenomena at different time scales, from
instantaneous accumulation to electrical leakage. The electrical circuit representing the UCAP
electrical behaviour is shown in Figure 15.
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Figure 15: Dynamic UCAP phenomena modelled with an equivalent electrical circuit

The first loop (blue) composed by Racc and Cacc accounts for high frequency phenomena
(t<10ms) then ionic diffusion (t < 100s) is described by a transmission line (green) composed
by Nrc loops. The two next branches are for charge redistribution phenomenon (t < 1h) and
the last resistance (red) accounts for leakage, the characteristic time of which is the highest (t
> 1h). The electrical parameters of this circuit are temperature dependent (Rmeif) and/or voltage
dependent (Cmoit, Rp1, Cp1).

Electrical parameters of this circuit are estimated in order to fit Electrochemical impedance
spectrum and galvanostatic measurements. The transmission line describes, in the temporal
domain the diffusion impedance Zg which can be expressed in the frequential domain as
follows:

Electric resistances Rmoiit and capacitances Cmotit Of the transmission line are, respectively,
temperature and voltage dependent. The Cmoir capacitances follow a linear law as a function
of applied voltage modelling variable capacitance of the UCAP.

ConfigTool

The parametrisation of the SC is driven to adequately mimic the interplay between the
behaviour of the battery and capacitor interaction. Additionally, the parametrisation of the
leakage current is required to model SC losses overtime.

To characterize a pack of capacitors starting from a single capacitor, the following parameters
are required.:

e Thermal resistance of the battery to the environment: Rlcapenv
e Total number of capacitors: p * s, with:

o p =number of capacitors connected in parallel

o s =number of capacitors connected in series

By considering the parameters of both an individual capacitor and the capacitor pack, it
becomes possible to perform a characterization of the SC model. This characterization
involves functions that may depend on the state variables, specifically the state of charge
(SoC) and temperature (T). The key variables used in the characterization process are as
follows:

o Capacity of capacitor pack: Ecap
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e Average temperature of the capacitor pack: Tcap
o Heat capacity of capacitor pack: Ccap
e Power of capacitor pack: Pcap
o Electrical Power: Peicap
o Thermal Power: Pin cap
Example formulas:
Ecap = PSE. (13)
Ceap = psCc (14)

The state variables get updated with each time step. The following equations are used in the
model:

Pel,cap(ti) At;

Ecap

SoC(t;) = SoC(t;_,) + (15)
Pth,cap (ti) At;

Ccap

Tcap(ti) = Tcap(ti—l) + (16)

2.4.4 Evaluation of SC modelling approaches

The model evaluation is done by using experimental data as presented for one of the
approaches. The previous presented dynamic Ucap model can predict accurately the electrical
and thermal behaviour of an ultracapacitor. A comparison with experimental results for a 3500F
Ucap is presented in this section. The electrical test performed is a succession of charge
pulses of 200 A during 30 s followed by 10 min rest period and then -200 A discharge pulse
during 30 s at 23 °C.

Figure 16 presents the comparison of voltage and temperature between the experimental
measurements and the simulated results, obtained with the two modelling approaches. It
appears that both models give a correct estimation of both voltage and temperature, compared
to the experimental data.
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Figure 16: Comparison between experimental and modelling voltages and temperatures

A closer look on electrical behaviour shows the differences between the quasi-static and
dynamic approaches. As shown in Figure 17, the relaxation during rest periods is not well
predicted by the quasi-static model. It can be explained by the lack of charge redistribution
modelling. Consequently, the voltage remains constant according to the quasi-static model,
whereas the dynamic one is able to show the slow drop of voltage, observed in experimental
results, during relaxations.
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Figure 17: Detailed view of voltage and temperature

The quasi-static and dynamic models will be calibrated using the AENEAS data provided by
WP3.

2.5 PMS/EMS models

2.5.1 Modelling of the PMS/EMS

Power and Energy Management Systems (PMS/EMS) models can be constructed in
Simcenter Amesim from the detailed description of the functions to be represented (load
levelling, boost function, peak shaving) using different capabilities:

e By a block-diagram approach using the standard “Signal, Control” library
e Using the State Chart environment to model event-driven systems
e By connecting the plant model with a control model developed in Simulink

While designing power and energy management for shipboard power system of electric
vessels, it is essential to first predict the total power and energy demand of the voyage and
scheduled stay of electric vessels at harbours. During manoeuvring of electric vessels, power
demand may vary depending on multiple factors such as changes in torque and power
fluctuation caused by drive shaft of vessels due to varying rational speed of propeller.
Whereas, there is always a trade-off of power and energy densities in all energy storage
systems. Besides this, energy storage systems are characterised with some specific technical
features such as efficiency, life span depending on number of charge/discharge cycles, and a
response time to power fluctuations. Therefore, only a single source of energy storage system
for shipboard power system of any electric vessels may not be technically and economically
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viable solution to manage power and energy demand. Typically, a hybrid energy storage
system consisting of two or more energy storage systems is a suitable solution to cope with
these challenges. In our case study hybrid energy storage system consisting of solid-state
battery and ultracapacitor have been proposed while considering the power and energy
demand of a specific vessel. Solid state battery has a high energy density, and ultracapacitor
has high power density characteristics. When both energy systems are hybridised, they are
capable to deal with high energy demand as well as power fluctuations especially caused by
high power demand with a rapid response time of electric vessels. The following Figure 18
presents the control algorithm to be employed for shaving peak-load demand of shipboard
power system of electric vessel. This shows that in normal conditions, when load demand Pjoad
is equal or less than the battery power (prattery), battery energy storage system is only source
of power supply, whereas, when the Pioad exceeds prattery then the power is being supplied
simultaneously by battery and ultracapacitor with hybrid energy storage solution. The above
conditions are valid when the state of charge of the battery (SoChattery) iS between 20-80% or
above 80%. Otherwise, only ultracapacitor will supply power when SoChattery iS less than 20%.

The control law for the shipboard power system of electric vessels is represented by Eq. (17).
According to this equation, the real power point of the entire shipboard power system of electric
vessels and ESS must reach and/or follow their reference points. The power quality and
limitations of the shipboard power system adhere to industrial standards such as IEEE 519-
2014 and IEC 61000.

S0Cmax and SoCnmin indicate custom-built maximum and lowest battery SoCs limitations for the
battery, respectively. When SoC touches SoCmax, the power charger turns to a standby manner
preventing the overcharging of the battery. The SoC rise-rate is confined by the limited
AS0Cmax to avoid significant changing in the degree of charging over continuous intervals of
time. ATHDioaq is the change in total harmonic distortion on the loads side, AVioad(ms) is the
RMS voltage deviation, Aficad is the load frequency deviation, and AVqc wus is then change in
DC bus voltage.

¥ | {P ()= Lrg s (f)}
[Eﬁgw Wmﬂ T Prss() = 1 Ess rer (1) )
where Pgo(1) =B, on (O + By seapaciror (0
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L £80C (1) £ SoC
0<
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Figure 18: Control algorithm for shaving peak-load demand with hybrid energy storage
systems

The PMS/EMS models can be connected to the plant model (SSB, UCAP or hybrid system)
by adding the required sensors in the plant model. The power flow will typically be controlled
through power converters (DC/DC). Figure 19 presents a simple hybrid storage system plant
model with a battery, an ultracapacitor and a DC/DC converter, where additional sensors has
been added (Power, Energy and Voltage sensors in this case) to enable a connection with a
PMS/EMS system.
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Figure 19: Example of plant model of a hybrid storage system with additional sensor for
PMS/EMS connection

The Signal, Control library contains signal or block components, and makes it possible to
construct block diagram models. A block diagram model represents a dynamic physical system
graphically. This kind of representation comes from the Signal Processing and Control
Engineering domains. This library can also be used to generate complex signals to pilot
physical systems.

Figure 20 shows a very simple Peak Shaving strategy implemented with this block diagram
approach: above a certain power demand threshold of the load, the DC/DC converter is
commanded to provide the additional power.
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Figure 20: Simple Peak shaving strategy using Signal, Control library

The Statechart Environment is a visual formalism that can be used to describe reactive
subsystems such as discrete controllers, schedulers, etc, in a more convenient way than
offered by classical submodel assemblies. The Statechart Environment is designed to provide
an easy-to-use graphical environment to create statecharts, integrate them in the plant model,
execute them, and animate them for verification.

Figure 21 shows the same simple Peak Shaving strategy implemented with the state chart.
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Figure 21: Simple peak shaving strategy using State Chart

As presented in part 2.1.1, Simcenter Amesim can interface with Simulink in multiple ways. If
the PMS/EMS control is implemented in Simulink, it can be imported or it can cosimulate with
the plant model in Simcenter Amesim. For that, an interface block defining the Input/output
exchange variables has to be integrated into the plant model, as presented Figure 22.

Figure 22: Simulink interface block
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ConfigTool

The modelling of Power and Energy Management Systems (PMS/EMS) within AENEAS using
ConfigTool will allow to optimize how the available power sources and energy storage devices
are utilized the best, to meet the power demands of the system. Peak shaving is achieved
through the optimization of power allocation and dynamic adjustments to the distribution.
Efficient operation is enabled by effectively managing the power flow and maintaining the
operating ranges (e.g. max. operating temperature, max. power load...) of each component.
The optimization of such systems is made possible by very fast-computing times, compared
to traditional 1-D modelling approaches.
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3 Mission profiles

3.1 Introduction

Within the 3 AENEAS use-cases there are several mission profiles in addition to these already
shown further down, that will be studied. For each of these mission profiles the individual best
suited architecture will be elaborated (e.g., maximum battery lifetime, minimum diesel-engine
usage). As a starting point for these analysis two concrete mission profiles have been already
defined. The mission profiles are characterised in D1.1, via electric load energy consumptions
for different operating phases, as well as battery cycle analysis of installed batteries, for two
Grimaldi ships: the Eco Ship — RoRo ship and Cruise ferry. These mission profiles, that are
currently managed with a specific architecture (see also D1.1), the architecture of these will be
further analysed and optimised, to even better match the operating requirements (e.g., by
potential integration of SCs). Furthermore, changes of the operating strategies will be
investigated to deploy the full potential of the architecture used, respectively.

The averaged electrical load energy values (obtained from WP1) can be used as basis for
initial sizing of ESS systems, but for optimization of the sizing and of the EMS/PMS control, a
more detailed description of the energy flows on the vessels is needed. Grimaldi provided two
samples of data provided by their data collector system, in order to check the relevance of the
available information and data format for future WP2 activities.

The simulation and optimization of the AENEAS use cases will be done in WP2 after the
selection of use cases. They will be selected among the multiple use cases defined in D1.1
and elaborated in D1.2. The details of the 3 use cases (load profiles, propulsion system, energy
management...) to be used for optimising the energy/power system of each use case will be
available in D2.2.

3.2 Description of Grimaldi Samples

3.2.1 Sample 1: ROPAX ship example

Grimaldi provided a set of data for a ROPAX ship for a complete week with a time stamp of 2
minutes. This data includes:

e The vessel speed;

¢ the power of the two main engines (and the power at the shaft)
o the power of the three Diesel generator (and the total power)
o the power of the 2-shaft generator (and the total power)

e The status of the two battery banks (charge or discharge)

e The power of the two battery banks

e The state of charge of each battery pack (2 per bank)

¢ the number of array available per pack

o the miles

e the port

¢ the position

¢ the status (navigation or port stay)

Figure 23 shows the data after reformatting for integration in a simulation tool (here Simcenter
Amesim).
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—— ROPAX SHIP 09:SPEED [kn] [null]
—— ROPAY SHIP 09:POW MAIN ENGINE PS5 [kW] [null]

v ROPAX SHIP 09:POW MAIN ENGINE SB [kw] [null]

—— ROPAX SHIP 09:POW SHAFT [k] [null]
FTM ROPAX SHIP 09:POWER. DIESEL GENERATOR 1 (kW] [rull]
ROPAX SHIP 09:POWER. DIESEL GENERATOR 2 (k] [rull]
—— ROPAX SHIP 09:POWER DIESEL GENERATOR 3 (kW] [rull
ROPAX SHIP 09:TOTAL POWER DIESEL GENERATORS [Ki] [null]

—— ROPAX SHIP 09:POW SHAFT GENERATOR 1 [kw] [rull]

ROPAX SHIP 09:POW SHAFT GENERATOR 2 [ki/] [null]
L‘r]’-{“‘"‘ ROPAX SHIP 0%: TOTAL POWER SHAF GENERATORS [ki] [null)
ROPAX SHIP 0%:POW BATTERY PS [kW] (charge <0) [null]

= ROPAX SHIP 03:POW BATTERY SB [kw] (charge <0} [null]

sttt ROPAX SHIP 09:STATE OF CHARGE PS 1 [null]

n r‘—h — ROPAX SHIP 09:5TATE OF CHARGE PS 2 [null]

" —— ROPAX SHIP 09:5TATE OF CHARGE SB 1 [nul]

ROPAY SHIP 09:STATE OF CHARGE SB 2 [nul]
pe—] —— ROPAX SHIP 09:NUMBER. OF ARRAY AVAILABLE PS 1 [null]
| ROPAY SHIP 09:NUMBER. OF ARRAY AVAILABLE PS 2 [null
ROPAY, SHIP 09:NUMBER. OF ARRAY AVAILABLE SB 1 [null]
| —— ROPAX SHIP 09:NUMBER. OF ARRAY AVAILABLE S 2 [null]

| | ROPAY SHIP 09:MILES [null]

e U

Figure 23: Ropax ship data for simulation

3.2.2 Sample 2: RORO Ship example
Similarly, Grimaldi provided the data for a RORO Ship, with the following quantities included:

The vessel speed,;

the power of the two main engines (and the power at the shaft)
the power of the three Diesel generator (and the total power)
the power of the 2-shaft generator (and the total power)

The power of the solar panel

The power of the two battery banks

the number of array available per bank

the miles

the port

the position

the status (navigation or port stay)

Data can be reformatted to be used in the simulation tools (Figure 24).
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—— RORO SHIP 09:SPEED [kni] [rull]
— RORO SHIF 05:POW MAIN ENGINE PS [kW] [null]
RORO SHIP 09:POW MAIN ENGINE S8 kW] [null]
—— RORO SHIP 09:POW SHAFT [kw] [nul]
RORO SHIP 09:50LAR PANEL POWER. [kW] [null]
RORO SHIP 09:POWER DIESEL GEMERATOR. 1 k] [rull]
— RORO SHIF 09:POWER DIESEL GEMERATOR 2 kW] [ull]
RORQ SHIP 09:POWER DIESEL GEMERATOR. 3 [kw] [null]
— RORO SHIP 09:TOTAL POWER DIESEL GENERATORS [kw] [null]
RORO SHIP 09:POW SHAFT GENERATOR 1 [kW] [rull]
RORO SHIP 09:POW SHAFT GENERATOR 2 k] [null]
RORO SHIP 09:TOTAL POWER SHAF GEMERATORS [kw] [rull]
— RORO SHIF 0%:POW BATTERY 1 [kw] [null]
RORO SHIP 09:POW BATTERY 2 k] [ull]
L. | — RORO SHIP 09:5TATE OF CHARGE 1 [null]
- | — RORO SHIP 09:5TATE OF CHARGE 2 [null]
RORO SHIP 09:NUMBER. OF ARRAY AVAILABLE 1 [rull]
—— RORO SHIF 05:NUMBER. OF ARRAY AVAILABLE 2 [null]
RORO SHIP 09:MILES [null]

sz e |
[ e e
! Vo !

Figure 24: RoRo ship data for simulation

3.3 Example of use in a Simcenter Amesim model

Figure 25 shows an example of the use of the data (here the RoPax data) in a Simcenter
Amesim model. The power request to the ship battery is read in the formatted datafile and
provided as an input to the simulation model: the DC/DC converter is controlled to extract the
same power from the battery model.

ROPAX-SHIP
data

POW BATTERY PS (kW] (charge <0) nbarray=1/19
() -3|4
POW BATTERY S8 k] (charge <0)
(=
STATE OF CHARGE PS 1 (nb array 8)
(S)a]
STATE OF CHARGE PS 2 (nb array 10)

@

STATE OF CHARGE SB 1 [nb array 11)

\EEJH w____._._._.____ S —

STATE OF CHARGE SB 2 (nb array 11)

(B

Figure 25: Example of use of RoPax data in Simcenter Amesim

In this case, a battery model has been sized to correspond approximately to the battery pack
of the vessel. Fehler! Verweisquelle konnte nicht gefunden werden. presents the results of
the model on a part of the RoPax data corresponding to a navigation phase (battery charging)
a port stay (battery discharging) and a second navigation phase (battery charging). The state
of charge computed by the model is in good adequation with the two estimations of state of
charge available in the data sample.
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= Power battery PS [k

= State of charge PS 1 [%6]
= State of charge PS 2 [36]
state of charge - model [3%]

Figure 26: Simcenter Amesim results: power demand on the battery pack and state of charge
comparison of the model with recorded state of charge measurements
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4 Conclusions

To conclude, the different ESS simulation components that will be used in the simulation
models on system level to mimic the different Energy Storage Solutions (ESS) studied within
AENEAS has been presented, as well as the EMS/PMS strategies and the links to mission
profiles

All these developed high-level, power-based component models will be further used in other
tasks within the WP2. These components, once developed and validated, will serve as
valuable building blocks for the implementation of various systems and functionalities within
the project. Further implementations of the T2.1 outcomes will happen in WP5, as the models
generated in T2.1 will be compatible to HIL test setup in WP5. This task has also been running
in parallel with T3.1 and close collaboration and information exchange between partners has
been vital during this parallel execution, ensuring smooth progress.
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Abbreviations and Definitions

Term Definition
SC Supercapacitor
SSB Solid state battery
ESS Energy storage system
BMS Battery management system
EMS Energy Management System
PMS Power Management System
FMU Functional Mock-up Unit
FMI Functional Mock-up Interface
SoC State of charge
RC Resistor-capacitor
ECM Equivalent circuit modelling
EDLC Electrochemical double layer capacitors
UCAP Ultracapacitors
I/0 Input/output
ocv Open circuit voltage
HIL Hardware-in-the-Loop
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