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Abstract

VDI/VDE 2206 introduces the “V-Model”, a standard in the field of automotive develop-
ment that uses systems engineering to derive requirements for (sub-)systems and compo-
nents based on vehicle characteristics. These characteristics, which are directly experienced
by drivers, are crucial in the concept phase, where virtual methods are increasingly applied.
Regarding the battery electric vehicle’s energy storage, commonly a lithium-ion battery,
vehicle metrics, especially for charging, range, and longitudinal dynamics, are of particular
relevance. This publication will demonstrate a method to derive the requirements for the
battery system based on those metrics. The core of the method is a static battery model,
which considers the needed effects and dependencies in order to adequately represent the
defined vehicle metrics, e.g., the battery’s open-circuit voltage and internal resistance. This
paper also discusses the necessity of the relevant effects and dependencies and also why
some of them can be ignored at this particular vehicle development stage. The result is a
consistent method for requirement definition, from vehicle level to battery system level,
applicable in the concept phase of the vehicle development process.

Keywords: battery-electric vehicles; battery design; virtual vehicle development; vehicle
requirements

1. Introduction

In the early development stages of battery electric vehicles (BEVs), it is essential
to define system requirements based on vehicle characteristics. This approach ensures
targeted performance, efficiency, and user satisfaction. The VDI/VDE 2206 [1] guideline
introduces the V-Model, a systems engineering framework that supports the derivation of
component-level requirements from overall vehicle behavior. This approach is especially
relevant, as virtual methods increasingly replace physical prototypes in early design phases.

Despite its importance, battery design in current design methods like [2-7] are often,
rather, approached in reverse: instead of deriving battery requirements from vehicle-level
metrics, the battery is typically designed first, based on the cell or module character-
istics, often obtained through physics-based models [8-11]. These models can later be
integrated into the vehicle, potentially using data-driven techniques [10,12] or Al-based
models [12,13] to accelerate computation, allowing for the assessment of the battery’s
impact on overall vehicle performance. However, this sequence can lead to iterative design
loops, increased development time, and misalignment between battery capabilities and ve-
hicle requirements. Moreover, employing physics-based models during the concept phase
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is generally inefficient due to their high computational demands [10] and the need for
extensive parametrization [9,11]. While data-driven methods offer faster computation [10],
they are not ideal for requirement derivation in the concept phase. These models function
as black boxes, lacking transparent physical relationships, and are heavily dependent on
the quality and scope of their training data. Consequently, they may introduce errors when
applied to operating conditions outside of the training dataset [12,13].

This paper presents a novel method for battery design that focuses on driver percep-
tion and vehicle level, rather than cell or module level. Therefore, the method integrates
directly into the decomposition and requirement definition of the V-Model methodology [1]
using virtual development methods [14,15] and supports the model-based systems engi-
neering [16,17] in conjunction with characteristics-based vehicle development [17,18]. The
primary objective of this paper is twofold:

1. To develop an electrical battery model that captures key vehicle-level metrics for
longitudinal dynamics, range, and charging behavior. These metrics are used to
parameterize the model and to derive the essential electrical requirements for the
battery system.

2. To ensure that the model remains as simple as possible for efficient use during the
concept phase, where a rough concept and conceptual flexibility are crucial [18].

To balance simplicity with accuracy, a maximum deviation of 5% from the mea-
surement data or a validated reference simulation model is considered acceptable (for
comparison, Ref. [19] states a common maximum absolute deviation of 10% for comparing
simulation to a measurement or to a reference model; by contrast, Ref. [20] allows for a
maximum absolute deviation in the used measurement devices for energy consumption of
1% in the final energy consumption determination for a BEV on a test bench). In summary,
the method and the model contribute to the development of a digital twin [21].

Temperature effects are analyzed in terms of their influence on electrical properties,
such as internal resistance and open-circuit voltage. However, within the scope of the pro-
posed method, a constant temperature of 23 °C is assumed, and no temperature variation
is considered. Therefore, the design of a thermal management system for the battery is not
a subject that will be covered within this paper.

The effects regarding long-term battery degradation are excluded from this work, as it
will instead focus on the concept phase in the vehicle development process.

By identifying which physical effects must be considered and which can be reasonably
excluded at this stage, the proposed method offers a consistent and efficient pathway from
vehicle characteristics to battery system requirements. This contributes to the requirement-
based simulation [14] and a more integrated battery design process in the context of modern
BEV development.

2. Materials and Methods

The following sections exhibit the materials and methods relevant to this publication.
Starting with the previously mentioned vehicle characteristics, which are described as
objective metrics on vehicle level, common battery charging methods are introduced. Sub-
sequently, vehicle measurements pertaining to all of the metrics relevant to this publication
are presented. Section 2.4 discusses the necessary battery model data, as well as the battery
test bench that has been employed to validate the proposed design method.

2.1. Metrics for Longitudinal Dynamics of Battery Electric Vehicles

The starting point for this method is a set of vehicle-level metrics defined in [22]. These
metrics cover a broader scope. However, for the purpose of this publication, the relevant
metrics (Table 1) are grouped into the following three main topics:
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e Longitudinal dynamics (acceleration);
e Range;
e  Charging requirements.

In the first topic, longitudinal dynamics, mainly three metrics are of particular rel-
evance for this paper. The first metric is residual acceleration, defined as the acceleration
that the vehicle still reaches at 120 km/h. The maneuver here is a full-load acceleration
from 0 to a minimum of 130 km/h at 23 °C and 80% state-of-charge (SOC). As defined
in [22], the SOC corresponds to the value shown in the driver’s cockpit for this manuscript
which is the usable SOC range or the net energy content. The second metric is residual
acceleration at 10% SOC, where the defined maneuver is a full-load acceleration from 100 to
140 km/h at 23 °C and 10% SOC. The third metric is residual acceleration at —7 °C, where
the defined maneuver is a full-load acceleration from 100 to 140 km/h at —7 °C and 80%
SOC. For the latter, it is recommended to use a climate dynamometer as test facility for an
optimal tempering. Both residual acceleration at 10% SOC and residual acceleration at —7 °C
are evaluated at 120 km/h analogously to the metric residual acceleration.

The second topic, range, is defined by two metrics: the BEV’s range itself and its energy
consumption at 23 °C and 80% SOC. As defined in [22], the basis maneuver for range is the
Worldwide harmonized Light vehicles Test Cycle (WLTC) [20]. Both metrics are referred to
the WLTC, which are used in the following to calculate the battery’s energy content.

Lastly, charging metrics are used to define the charging behavior of the vehicle. The
maneuver here is a DC charging process using the maximum available power defined in
the standard Combined Charging System (CCS) [23,24]. The metrics include DC charging
time from 10 to 80% SOC and max. recharged range in 10 min regarding the WLTC range and
consumption. An alternative to the latter metric would be the maximum charging power.
In addition to the charging metrics presented in [22], it is essential to consider another
metric, namely, the residual charging power at 80% SOC.

Table 1. Summary of relevant metrics based on [22].

ID Topic Objective Metric Unit

1.1 Loneitudinal Residual acceleration m/s?

1.2 d iamics Residual acceleration at 10% SOC m/s?

1.3 y Residual acceleration at —7 °C m/s?

21 Ranee Range km

2.2 & Energy consumption kWh/100 km
3.1 DC charging time from 10 to 80% min

3.2 Charging Max. recharged range in 10 min km /10 min
3.3 Residual charging power at 80% SOC * kW

* This metric was not considered in [22], but it is relevant in this publication.

2.2. Battery Charging Methods

In order to calculate the charging time of the battery, it is necessary to select an
appropriate charging method. The most common one is “constant current-constant voltage”
(CC-CV) [25,26], which consists of a constant current phase until the cut-off voltage Ucust
is reached, followed by a constant voltage phase at Ugyst. This method is illustrated in
Figure 1 left schematically. A related method is “const power-constant voltage” (CP-CV).
The key difference between this and CC-CV is that the constant current phase is replaced by
a constant power phase, which can be seen schematically in the middle figure of Figure 1.
In addition to other methods, “a number of more complex variable current profiles [(VCP)]
have also been proposed for fast charging” [25]. The VCP method, as illustrated in Figure 1

right, is more variable than the previous mentioned approaches. It can also be interpreted
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CC-CVv

as a resulting current profile if the current is limited by the battery management system
(BMS) due to temperature monitoring or by the grid, for instance. It is essential that a
charging method is defined in advance to the method. All three of these methods are
needed in this work.

CP-CV VCP

—— Current

—— Voltage

t t t
Figure 1. Schematic overview of common charging methods [25].

2.3. Vehicle Measurements for Acceleration and Charging

Measurements on vehicle level are conducted for all metrics. An upper mid-range
electric vehicle with a battery of 100 kWh energy content and a maximum propulsion
power of 270 kW is used. In addition to the other variables, the following relevant variables
are measured over time:

e Longitudinal vehicle acceleration and speed;
e  Battery current and voltage;

e  Battery SOC;

e  Battery temperature.

Table 2 shows the mean values of three measurements related to longitudinal dynamics
(see definition in Section 2.1), and Table 3 shows their corresponding operating points. IDs
1.1 and 1.2 were measured on a proving ground. ID 1.3 was conducted using a climate
dynamometer, whose load was set to the driving resistances of the vehicle. Additionally, the
entire vehicle was conditioned until the target battery temperature of —7 °C was reached.

Table 2. Measurement results for ID 1.1, 1.2, and 1.3.

ID Objective Metric Value Unit
1.1 Residual acceleration 2.73 m/s?
1.2 Residual acceleration at 10% SOC 2.23 m/s?
1.3 Residual acceleration at —7 °C 251 m/s?

Table 3. Operating points for ID 1.1, 1.2, and 1.3.

ID Objective Metric Voltage in V Current in A
1.1 Residual acceleration 682.503 413.206
1.2 Residual acceleration at 10% SOC 572.672 453.072
1.3 Residual acceleration at —7 °C 620.048 443.486

The same climate dynamometer was used for the topic range. Table 4 shows the results
for IDs 2.1 and 2.2. The values presented here are the mean values of three measurements.
Regarding the topic charging, the vehicle was charged from 10 to 80% at maximal
power using a DC charging station which illustrated in the blue line in Figure 2. The
measurement and the IDs 3.1, 3.2, and 3.3 can be seen in Figure 2 and Table 5. In Figure 2,
the red line represents the recharged range, ID 3.2, and the yellow line applies for charging
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time and, hence, for ID 3.1. The measurement can be interpreted as VCP, as the current is
limited by the BMS due to high temperature above 30% SOC. It is needed for the validation
in Section 3.2.

Table 4. Measurement results for ID 2.1 and 2.2.

ID Objective Metric Value Unit
21 Range ! 542.86 km
2.2 Energy consumption 2 17.59 kWh/100 km

1 This value is calculated using a net energy content of ~295.5 kWh. 2 Although the speed profile is based on
WLTC, the value is not suitable for homologation.

300 . . : : . : 250

n

N
o
(a)

250

200 150

Power in kW

150 100

Recharged range in km/10 m

100 I I I I I I 50
10 20 30 40 50 60 70 80
SOCin %
Figure 2. DC charging measurement.
Table 5. Measurement results for ID 3.1, 3.2, and ID 3.3.
ID Objective Metric Value Unit
3.1 DC charging time from 10 to 80% 20.5 min
3.2 Max. recharged range in 10 min 214.0 km /10 min
3.3 Residual charging power at 80% SOC 113.3 kW

2.4. Battery Data and Measurement

In this paper, four validated simulation models of battery cells are used. The basic
battery cell specifications are shown in Table 6. For each cell, an open-circuit voltage (OCV)
and internal resistance map are available, both dependent on SOC and temperature.

Table 6. Battery cell specification.

Battery 1 2 3 4
Cell chemistry NMC NMC LFP LFP
Nominal voltage in V 3.700 3.700 3.200 3.300
Capacity in Ah 151 152 148 37

Cell 1 is further measured at system level using a battery pack test bench (Figure 3),
which, in addition to the others, is able to control the battery current up to 400 A. Similar
test setups were used in [27-30]. From the battery’s perspective, the current Iy, for charging
is negative, which is controlled by a current source. In addition to the others, the BMS
decides based on the measurement of voltage U, current I, temperature T, and SOC if the
main switch is opened or closed. The battery’s environment in the climate chamber and the
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battery itself can be tempered via the cooling plate by a thermal management system (TMS),
which controls the mass flowrate m and its temperature. The goal of this is to analyze
the general battery behavior, compare it to the cell simulation models, and validate the
method. Therefore, OCV and internal resistance are additionally measured, both on system
level. Furthermore, the defined method is applied for this battery using the test bench in
Section 3.2.

Climate chamber
- BMS

R —

ULT SoC

Cooling plate A

TMS

Figure 3. Battery pack test bench setup.

3. Method for Battery Design of Electric Vehicles

The following sections present the developed method for battery design of electric
vehicles in the concept phase based on the charging, range, and longitudinal dynamic met-
rics introduced in Section 2.1. The core of the method is a static battery model (Section 3.1),
combined with the design method (Section 3.2), which is validated in Section 3.3 using both
the vehicle-level measurements presented in Section 2.3 and the system-level measurements
utilizing the test bench presented in Section 2.4.

3.1. Battery Model

In the literature, various battery models exist for simulating the electrical charac-
teristics of batteries [31-39]. Within the concept phase of vehicle development based on
the V-Model methodology, the main goal of a battery model is its ability to simulate, at
minimum, all defined metrics. In other words, the model should only incorporate a min-
imum number of parameters necessary to simulate the metrics defined in Section 2.1. It
is standard practice to use electrical equivalent circuit models (ECMs). The basic model
considers an OCV with an internal resistance in series at a minimum, cf. [33,36,40]. Resistor-
capacitor circuit elements (RC) can be added to simulate the dynamic behavior of the
battery [33,35,36,40]. Other elements can be added in order to simulate the battery more
precisely, cf. [33,36]. However, these additions also need more effort for parameteriza-
tion. Therefore, the basic model serves as a starting point for this paper and is extended
if required.

The basic model is displayed in Figure 4. Here, the OCV is Upcy and the voltage over
the resistor is Ug;. R; equals the battery’s internal resistance. The battery voltage Uy, is
given by Equation (1) and the battery current by Equation (2). The charged or discharged
power Pocy is calculated by Equation (3) and the terminal power Py, by Equation (4):

Upgr = Uocy — Ug; (1)
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Ug;

Ibat = Tll (2)
Pocv = Uocv - Ipat 3)
Pbut = ubat'lbat (4)

Ri Ibat

_— >
Ugi
Uocr Upar

Figure 4. Basic battery model.

The characteristics of batteries are typically dependent on SOC and temperature [41,42].
Both the OCV and the internal resistance can be modeled dependent on SOC and temper-
ature. However, as demonstrated in other publications, for example [42,43], it has been
determined that the internal resistance is not significantly SOC dependent. Therefore, the
following paragraph will analyze which dependencies must be added to the basic battery
model based on vehicle and battery measurements. As none of the defined metrics listed in
Table 1 exceed 80% or fall below 10% SOC, the relevant SOC range is predefined between
10 and 80%. The relevant temperature range is assumed to be —7 to 23 °C, as outlined
in [22], which defines both metrics: residual acceleration and residual acceleration at —7 °C.

The OCV is first analyzed. Figure 5 presents the OCV maps for each battery listed in
Table 6, showing their dependency on SOC and temperature. These maps were gathered
from a validated simulation model, which was parameterized based on the cell data
provided by the respective battery suppliers. The model consists of an ohmic resistance
with three RC elements connected in series, as previously applied in [39,44], and serves
as the reference for this analysis. The voltage of the OCV maps is normalized to their
upper cut-off voltage. The operating points for the three metrics of residual acceleration
are also shown.

It can be seen that the gradient of the normalized OCV in the SOC direction is qual-
itatively higher than in direction of temperature T. However, Equation (7) is used for a
quantitative evaluation in both directions for all three metrics of residual acceleration. In
order to compare both directions equally, both gradient maps are normalized using the min-
imum and maximum value of SOC and temperature between 0 and 1. The normalizations
are SOCjorm, Equation (5), and Tj;orm, Equation (6).

SOC — min(SOC)

SOCuorm = max(SOC) — min(SOC) ©)
T —min(T)
Toarm = max(T) — min(T) ©)
_ ([ 9Uocv dUocy
VUOCV N (asocnorml aTnorm (7)

Table 7 shows the results of the gradient evaluation in the direction of SOC in volts
per normalized SOC, and Table 8 in the direction of temperature in volts per normalized
temperature. It can be seen that the absolute values of the gradient in the direction of
temperature are significantly smaller compared to the absolute values of the gradient in
direction of SOC, being on average 163 times lower for both NMC batteries and 56 times
lower for both LFP batteries. Therefore, the OCV will be modeled as SOC-dependent only.
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A comparison of OCV on battery system level between 23 °C and —7 °C using the test
bench of Section 2.4 and battery 1 from Table 6 can be found in Appendix A.1, which
underlines this conclusion. It is noteworthy that, for both NMC batteries, the gradient in
direction of SOC is higher than for the two LFP batteries. The reason for this is that LFP
batteries show, in general, a lower OCV increase dependent on SOC, cf. [45-47].

Battery 1 Battery 2

¥ %
= E
g 20(X t g 20(X
3 B
£ 0 g 0 0.95
g g
£ 20 . £ 20 o
Q v <
= 20 40 60 80 = 20 -
SOC in % SOC in % 09 o
N
O Battery 3 U Battery 4 g
£ = 0.85 Z
& &
3 s
g 8
) L 0.8
o Qo
: :
= 20 40 60 80 &=
SOC in % SOC in %
aa=» OCV 9 Residual acceleration
% Residual acceleration at 10 % SOC ¥ Residual acceleration at -7 °C
Figure 5. OCV maps of batteries dependent on SOC and temperature.
Table 7. Normalized gradient evaluation of OCV in direction of SOC in V/-.
Battery 1 2 3 4
Residual acceleration 1.017 1.096 0.011 0.070
Residual acceleration at 10% SOC 1.041 1.552 0.179 1.095
Residual acceleration at —7 °C 1.010 1.088 —0.048 0.059
Table 8. Normalized gradient evaluation of OCV in direction of temperature in V/-.
Battery 1 2 3 4
Residual acceleration 0.005 0.006 0.001 0.001
Residual acceleration at 10% SOC —0.009 —0.008 —0.009 —0.005
Residual acceleration at —7 °C 0.010 0.006 0.003 0.024

Another simplification can be made if it is assumed that, in the context of the battery
design, only the range from 10 to 80% SOC is relevant. This assumption is underlined by
the metrics defined in Table 1. As a result, the OCV is linearized by Equation (8). Here, the
linear factor k in % is introduced. The theoretical voltage at 0% SOC is Uy’

Uocy (SOC) = k-SOC + Uy’ ®)

Figure 6 shows the comparison between the measured/simulated OCV (solid lines)
alongside their linear approximations (dashed lines) for all four batteries. Table 9 provides
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a quantitative comparison between the actual and approximated values. Three evaluation
criteria were used:
e  Pearson correlation coefficient R;

e  Mean relative error (MRE);
e  Root-mean-square error (RMSE).

1 T T T T T T
o 095} — T . =
& [ [
£ === = P
S o9l == 1
be o=
15 ===
N _— ==
Tés 0.85 1 === Battery 1 ——— —- U,y(SOC) of Battery 1
5 = - - Battery 2 — — — —- UOCV(SOC) of Battery 2
Z 08F Battery 3 Uy (SOC) of Battery 3
Battery 4 ——— —- UOCV(SOC) of Battery 4
0.75 1 1 1 T T T T
10 20 30 40 50 60 70 80
SOC in %

Figure 6. OCV of measurement/simulation and their linear approximation.

Table 9. Comparison of OCV between measurement/simulation and their linear approximation.

Battery 1 2 3 4
R 0.995 0.998 0.933 0.928
MRE in % 0.440 0.282 0.305 0.333
RMSE in V 0.019 0.013 0.012 0.013

Table 9 demonstrates that the linear approximation yields accurate results, particularly
for the two NMC batteries (battery 1 and 2), with correlation coefficients of 0.995 and 0.998,
respectively. Even for the LFP batteries (battery 3 and 4), the correlation remains above
0.92, indicating that the linear model is suitable across different chemistries. The MRE is
below 0.5% for all batteries, with the LFP batteries showing intermediate values between
the two NMC batteries. In relation to the nominal voltage of 3.7 V for battery 1 shown in
Table 6, the RMSE is low, reaching only 0.019 V for battery 1. These result confirm that the
linear approach provides sufficient accuracy and can be reliably used within the proposed
design methodology. As mentioned above and calculated in Table 7, LFP batteries show a
lower SOC gradient than NMC batteries. Based on the similar error values for all batteries
shown in Table 9 combined with the SOC-limitation between 10 and 80%, no higher error
rates are expected for LFP compared to NMC.

Second, the battery’s internal resistance R; is analyzed. This is conducted in a similar
manner as for OCV. Figure 7 shows the normalized internal resistance for the batteries of
Table 6, dependent on SOC and temperature. Similarly to OCV, these maps were gathered
from a validated simulation model, which was parameterized based on the cell data
provided by the respective supplier. The model consists of an ohmic resistance with three
RC elements connected in series as previously applied in [39,44], and serves as the reference
for this analysis. The normalization is performed by using the maximum resistance. Battery
dynamics or a differentiation for charging and discharging is not considered here. In
Figure 7, the sum of the ohmic resistance and the three resistors of the RC elements was
used. The operating points for the three metrics of residual acceleration are also shown.
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Battery 1 Battery 2

0.8

Temperature in °C
(@)

Temperature in °C
(@)

20 40 60 80 20 40 60 80 0.6
SOCin % SOCin %

Battery 4 404

Normalized resistance

0.2

Temperature in °C
Temperature in °C

20 40 60 80
SOCin % SOCin %

20 40 60 80

- Ri % Residual acceleration

¥ Residual acceleration at 10 % SOC ¥  Residual acceleration at -7 °C

Figure 7. Internal resistance of batteries dependent on SOC and temperature.

It is obvious that the temperature influences R; qualitatively more than the SOC
(Figure 7). To analyze this assumption quantitatively, a similar evaluation as for OCV shall
be made by using the normalized gradient in both directions. Equations (5) and (6) apply
to this evaluation as well. However, as the internal resistance is evaluated, the normalized
gradient calculation must be adapted for it, which is shown in Equation (9).

oR; oR;
VR | — ! 7 : ) 9
: (asocnorm 0T orm ©)

Based on the gradient evaluations in Tables 10 and 11, the metric residual acceleration
at —7 °C exhibits the highest absolute gradient values in the temperature direction across
all batteries. For example, battery 3 shows an absolute gradient of 33.886 m(}/-, which
is significantly higher than any other value in both tables. In contrast, the corresponding
absolute gradient in the SOC direction for the same metric is only 0.616 mQ2/-, highlighting
a pronounced directional difference. The pattern is consistent across all batteries: the
gradient in direction of temperature for residual acceleration at —7 °C is at least nine times
higher than the SOC gradient, with battery 3 showing a factor of 55. When comparing
the gradients of residual acceleration and residual acceleration at 10%, the gradients in both
directions for each of the metrics do not show such a contrast. This indicates that the
influence of SOC on internal resistance is less significant and cannot be clearly distinguished
based on gradient behavior for all batteries. Nevertheless, the internal resistance is also
dependent on SOC as the gradient in direction of SOC for the metric residual acceleration
at 10% shows which can result in deviations for low SOC values. In conclusion, the
temperature, particularly at —7 °C, has the strongest impact on the internal resistance,
making residual acceleration at —7 °C the most sensitive metric. Therefore, the dependency
of SOC on resistance is reasonably neglected in the context of the design method. This
conclusion is consistent with the results reported in [42,43]. However, as temperature
variation was excluded from this publication in the Introduction, a temperature-dependent
internal resistance is not further analyzed here.
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Table 10. Normalized gradient evaluation of R; in direction of SOC in mQ}/-.
Battery 1 2 3 4
Residual acceleration —0.170 0.983 —0.148 0.618
Residual acceleration at 10% SOC —3.350 —-1.917 —7.977 —1.810
Residual acceleration at —7 °C 0.812 1.755 —0.616 1.076
Table 11. Normalized gradient evaluation of R; in direction of temperature in mQ)/-.
Battery 1 2 3 4
Residual acceleration —1.328 —0.982 —1.876 —1.320
Residual acceleration at 10% SOC —3.633 —1.513 —3.821 —1.840
Residual acceleration at —7 °C —11.493 —9.516 —33.886 —12.222

In order to consider the metrics range, enerqy consumption, DC charging time from 10
to 80% SOC, and max. recharged range in 10 min, the SOC has to be calculated using Pocy,
Equation (10). In this instance, the maximum battery energy Epg amar in Ws is used, which
can be calculated using the defined range r in km and the defined energy consumption
7 in 150%, Equation (11). By solving Equation (10) for dt, the charging time t., can be
calculated using its integral from SOC; to final SOC,, Equation (12). Lastly, the maximal
recharged range ,q, in wkﬁ is used to determine a maximal charging power Py, a1,y in
W, Equation (13). In combination with the metric residual charging power at 80% SOC, a
charging curve can be derived based on the charging methods presented in Section 2.3:

dsoC

POCV(SOC) = EBat,Max'T (10)
1000-3600
EBat,Max = rnT (11)
SOC,
tch = EBat Max"* / ———dsSOC (12)
’ P 50C
so0, ocv (SOC)
1 1000-3600
PCh,Max = Trech® 10-60 /N 100 (13)

With the presented model, all defined metrics for the concept phase in the context of
longitudinal dynamics, range, and charging are considered. Therefore, no further model
enhancements are needed at this point.

3.2. Proposed Design Method

Basis for the design method is the model deduced in Section 3.1. The first step is to
calculate the maximum energy content of the battery using Equation (11) and the metrics
ID 2.1 and 2.2. The maximum energy content will be the usable net energy analogous to the
SOC definition. The maximal charging power using Equation (13) and the metrics ID 2.2
and 3.2 can also be calculated.

The next step in the process is to incorporate the battery model and the operating
points, which have been defined by the metrics. The main goal here is to determine values
for R;, k, U(’), and Ieoust (CC-CV) or Poust (CP-CV), respectively. The three operating points
are as follows:

e ID 1.1: Residual acceleration;
e ID 1.2: Residual acceleration at 10% SOC;
e ID 3.3: Residual charging power at 80% SOC.
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Current and voltage can be determined for each operating point. For IDs 1.1 and
1.2, either a measurement, for instance Table 3, or a backward-calculating longitudinal
dynamics model can be used. Using a simulation model is especially useful in the early
concept development; this is previewed in [14] and will be presented in a future publication.
Current and Voltage forID 1.1 are IIDl.l and UIDM and for ID 1.2 are IIDl.Z and ulDl.z. ID1.2
is always defined at 10% SOC. Usually, ID 1.1 is defined at 80% SOC; however, it can also
be defined at other SOC values, given that the 80% definition is rather regarded as a “worst
case” design. This SOC value is SOCjp1.1. For the third operating point ID 3.3 Pgy, it is
assumed that the constant voltage Ugys is valid. Therefore, the current at this point can be

calculated as follows:
Pgo

uconst

Igo = (14)

It should be noted that, for VCP, the current at this point is given by the profile.
Therefore, ID 3.3 is needed only for CC-CV or CP-CV. For CC, the constant current is
calculated by
b

Ch,Max (15)

Iconst - uconst

Using CP, power is constant; therefore, Pconst equals Pey, par- If VCP is used, neither
current nor power have to be constant, because current is given by the profile. Using
Equations (1), (2) and (8), a system of three linear equations in the form A-x = B is

deployed, which can be solved for U}, k and R;:

1 SOCip1a —Iip1a uj Urp11
A=1]1 10% ~Impio |,x=1 k |,B=| Up1a (16)
1 80% _180 Ri uconst

The parameterization process is shown in Figure 8 by using an example. As demon-
strated in Section 3.1, the internal resistance, which is the slope of each line, remains equal
for all operating points. First, ID 1.1 residual acceleration is considered at its defined SOC (1.
in Figure 8). Second, ID 3.3 residual charging power at 80% SOC defines another line with the
same slope and adding the constant voltage Ucoust (2. in Figure 8). Third, ID 1.2 residual
acceleration at 10% SOC is considered as the third line, adding the theoretical voltage at 0%
SOC U], (3. in Figure 8). The displacement in voltage is considered by the linear factor k.
Equation (16) can also be interpreted as a plane in three-dimensional space, as shown in 4.
in Figure 8.

The last step is to consider the charging time, ID 3.1, using Equation (12) in order
to achieve the desired constant voltage Uyt in the CV phase. In this case, Pocy(SOC)
depends on the chosen charging method (Section 2.2). Equations (17)—(19) show the
charging time calculations split in CC (fcc), CV (tcy), and CP (tcp). The constant current
in Equation (17) is I,nst, the constant voltage in Equation (18) is Ugpst, and the constant
power in Equation (19) is Peopst. The detailed derivation of the equations can be found in
Appendix A.2 (CC), 3 (CV), and 4 (CP).

E Ul + k-SOC
bee = _ EBatMar | 0/+ x (17)
Leonst 'k uO +k-10%
tcV _ 2EBat‘,MaacRi
\/74k2l16(umnstfl/%)*kz(uconstfz‘u(,))z
) tan71 —2~k2'80%+k(ucanst_z'u(/))
\/74k2u(/)(uconst7u6)7k2(UCOHStfz'u(/))z (18)
—tan™

1 —2:k2-SOCy 4Kk (Uconst —2-Uj )
\/_4k2 Upsoco (uconst - U6) —k2 (ur:onsr —2~U6)2
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tep = 4 Eutms |/ (k.SOC, + Up)? + 4Peonst R,
_ k-SOCx+UY, ) +4Peonst-R;
—2+/PeonstR; | tanh ™ U 0) d
2\/Pconst'Ri ( )
19
2
1 [ (K 10%4U} ) +4Peont R, .
—tanh ( P K + k(SOCyx — 10%)
2
—\/(k-lo% + LI(’)) + 4PconstRi:|
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Figure 8. Exemplary parameterization process for U(’,, kand R;

In Equations (17)—(19), SOCy is the transition from CC or CP to CV. For CC-CV, the
value is determined by the intersection between CC and CV:

Uconst = u(/) + k'SOCx - Ri'Iconst (20)
SOCx _ uconst - U(/]){—l- Ri'Iconst (21)
For CP-CV, the value is determined by the intersection between CP and CV:
U, — (U} +k-SOC
Pconst = uconst‘lbut = uconst' const ( Ig‘+ X) (22)
1
R Peonst /
— i const U —Uu
SOC, = — oot T ZCOMT 70 (23)

k

Finally, the complete charging times can be determined by adding the particular
charging times:

tcccv = tcc +tev (24)

tcpcy = tcp +tev (25)
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For VCP, the defined current profile Iycp(SOC) can directly be used for Equation (12):

80%
dsoC

1
t =E . 2
vep Bat,Muxlf/ Uocy (SOC) Ty cp(SOC) (26)
OOO

As all of the methods cannot be solved for Ugyust and Equations (17)—(19) and (26) are
non-linear, a non-linear root-finding algorithm, e.g., Newton’s method or False-position
method [48,49], is used to find the desired value for U yst.

3.3. Validation

Firstly, this section compares the method with the existing vehicle measurement,
shown in Figure 2. The method used mean measured operating points for the longitudinal
dynamics metrics, as measured in Table 2, are presented in Table 3. The remaining measured
metrics are listed in Table 4 for range and Table 5 for charging. All of these metrics and
their operating points are inserted into the model in order to apply the design method, in
this case the one using VCP. The simulation’s VCP is equivalent to the measured current.
The result of this DC charging maneuver in comparison to the measurement can be seen in

Figure 9.
Power Voltage Current
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Figure 9. Comparison between simulation and measurement for VCP.

It is obvious that the current (Figure 9 right) is almost identical, as it is predefined.
However, voltage differs from the measurement, especially below 40% SOC (Figure 9
middle). Consequently, the terminal power also differs below 45% SOC (Figure 9 left).
The underlying cause of this is that neither battery dynamics nor the SOC dependency
of the internal resistance at low SOC levels are modeled. This tradeoff has already been
mentioned in Section 3.1. However, if one compares time-dependent measurements and
simulations quantitatively using R, MRE, and RMSE (Table 12), it can be seen that this



World Electr. Veh. ]. 2025, 16, 579

15 of 26

method achieves a good first estimation for DC charging in the concept phase. R is close to
1 for current, voltage, and power, indicating a high correlation between measurement and
simulation. The MRE remains below 1.1% for all parameters, with the lowest deviation
observed for current and slightly higher values for voltage and power. These low error
rates confirm the reliability of the simulation in capturing the key characteristics of the
charging process. Lastly, the RMSE values are within acceptable ranges for early-phase
estimations when compared to the maximal values shown in Figure 9.

Table 12. Comparison between simulation and measurement using VCP.

Power Voltage Current
R 0.999 0.986 1
MRE in % 1.023 0.993 0.235
RMSE 3.969 kW 10.192V 0.879 A

Secondly, both CC-CV and CP-CV are used to design a virtual battery. The resulting
parameters are validated. However, during the publication’s creation process, it was
impossible to create an entirely new battery for validation. Therefore, battery 1 of Table 6
served as the target design, as it was available for measurement and validation. The first
step is to find a solution for the battery parameters using CC-CV and CP-CV, respectively,
that matches with the parameters identified by the DC charging maneuver from Figure 9.
This is achieved by using an optimization algorithm. In the second step, the identified
current profiles are applied to the battery test bench, prescribed as input current. In the final
step, the measured data is compared to the simulation results for each charging method.
These comparisons are illustrated in Figures 10 and 11. It should be noted that the metric DC
charging time from 10 to 80% does not match the value shown in Table 5. The reason for this
is that the value in Table 5 would require a current profile exceeding 400 A, which surpasses
the maximum current limit of the test bench, as specified in Section 2.4. Therefore, this
metric was adjusted to 21.7 min to comply with the test bench limitations. This adjustment
does not affect the validity of the comparison between the measurement and simulation. It
should be noted that another unavoidable effect is evident in the measurement, especially
with regard to the voltage. At about 41% and 54% SOC, the charging process had to be
stopped for cooling because the battery reached its maximum temperature. Otherwise, the
BMS would throw an error and open the main switch. The cooling sections are excluded
from the diagrams. In this case, the battery’s environment and the battery itself were
initially conditioned at 23 °C by the TMS. However, during the charging process, the
cooling liquid was set to 15 °C to delay the reaching of the battery’s maximum temperature.
Regarding OCV or internal resistance, the cooling has almost no influence, as both do not
vary significantly above 23 °C in combination with SOC > 45%, cf. Figures 5 and 7 in
combination with Figures 10 and 11. However, it can be seen that, for both CC-CV and
CP-CV charging, the dynamics have an influence on the voltage, especially below 45%
SOC, where the internal resistance varies additionally.

Compared to VCP, CC-CV and CP-CV measurements indicate better values for R,
MRE, and RMSE, as demonstrated in Tables 13 and 14, respectively, for the time-dependent
values. As with VCP, for both CC-CV and CP-CV current was predefined and, hence,
it correlates with R = 1. Voltage achieves a value for R only near to 1 because of the
unconsidered effects of internal resistance dependency at low SOC. This is also reflected in
a worse MRE for the voltage compared to the current. However, compared to the absolute
maximum values, the RMSE is low for power, voltage, and current. In conclusion, all
of the analyzed charging methods, VCP, CC-CV, and CP-CV, show a high reliability for
early-phase estimations. Especially in the concept phase, where precise real-world data
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may not yet be available, these results demonstrate that the method provides a robust
first approximation.
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Figure 10. Comparison between simulation and measurement for CC-CV.
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Figure 11. Comparison between simulation and measurement for CP-CV.
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Table 13. Comparison between simulation and measurement using CC-CV.

Power Voltage Current
R 1 0.981 1
MRE in % 0.819 0.780 0.147
RMSE 3.258 kW 8.505V 0.373 A

Table 14. Comparison between simulation and measurement using CP-CV.

Power Voltage Current
R 1 0.977 1
MRE in % 0.916 0.793 0.201
RMSE 3.571 kW 8.516 V 0.657 A

4. Discussion

This section discusses the benefits of the presented method for the concept phase in
the vehicle development process using the V-Model methodology and concludes with a
summary of the method’s limitations.

4.1. Benefits of the Method for Vehicle Development Process

The primary objective of this publication was to develop a method capable of deriving
battery system requirements based on the longitudinal dynamics, range, and charging
metrics, as introduced in Table 1. The method is specifically tailored for the concept phase
within the V-Model. In contrast to other battery design approaches such as [5,6], the
proposed method eliminates iterative loops during the concept phase by utilizing a static
battery model that incorporates the battery’s OCV and the internal resistance.

A key benefit of the method’s model lies in its simplicity and efficiency. The OCV
is modeled as temperature-independent based on gradient evaluations in SOC (Table 7)
and temperature direction (Table 8), which showed no significant influence. This finding
was further validated at the battery system level for battery 1 in Table 6 (Appendix A.1).
Moreover, many established battery models also neglect temperature dependency in OCV
modeling, e.g., [32,34,35,37,47], supporting the validity of this simplification. Within a
applicable SOC range from 10 to 80%, the OCV can be effectively linearized by using
Equation (8), further streamlining the modeling process. The battery’s internal resistance
was identified as rather temperature-dependent, a finding that is consistent to those re-
ported in [42,43]. As temperature is neglected in this method, the internal resistance is
constant. This simple battery model allows for a fast and efficient first battery design in the
concept phase.

By applying the method described in Section 3.2, which uses the presented battery
model, requirements can be derived in a fully backward manner according to the V-Model,
using a requirement-based simulation approach. The method requires the load points at
the battery based on the metrics of Table 1 as input. It is possible to use a default charging
profile (CC-CV or CP-CV) or to incorporate a predefined charging profile in VCP, which
allows us to consider battery limitations regarding the temperature or grid, for instance.
It outputs the OCV, R;, and Ucoust- Consequently, the presented method ensures that the
battery design is both fast and efficient in the concept phase, where usually only few
data is available. This allows for further analyses in the development process without the
necessity for a fully developed battery. Overall, the proposed method offers a number of
key advantages:

e  Reduction in development loops: Eliminates iterative redesigns by enabling direct
requirement derivation.
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e  Model simplicity: Uses a static model with linearized OCV and constant R;, reducing
computational complexity.

e  Early applicability: Enables battery system design even with minimal input data,
supporting early-phase decision-making.

e Time and cost efficiency: Accelerates the concept phase and reduces resource con-
sumption by avoiding detailed simulations and measurements.

4.2. Limitations of the Method

Despite the advantages of the proposed method for fast and efficient battery system
design in the concept phase, several limitations must be acknowledged to ensure the proper
application and interpretation of the results.

The method is based on a static battery model with constant internal resistance and
a simplified representation of the OCV. Battery dynamics using RC elements or War-
burg impedances [33] are not captured, which leads to deviations when comparing with
measured charging curves (Figures 9-11). The discrepancy is highest below 45% SOC.
Furthermore, temperature effects are not taken into consideration. While the OCV showed
minimal temperature sensitivity within the evaluated range, internal resistance is known to
vary significantly with temperature, which is confirmed in Section 3.1, especially in Figure 7
and Table 11. However, temperature variation in the internal resistance was excluded
from the Introduction. Furthermore, due to the losses in the internal resistance, the battery
warms up itself, which is not included in the method, but it must be considered later during
the development process, especially in the design of a TMS for the battery. Therefore,
the method must be expanded for temperature consideration in future research, which
starts with involving the metric residual acceleration at —7 °C. Appendix A.4 addresses the
simplifications made in the model for internal resistance and compares it to a validated
reference simulation model for battery 1 using CC-CV.

The method has been validated for both NMC and LFP battery chemistries. A dis-
tinction between these chemistries is not made due to the scope of the concept phase
in the vehicle development process. Consequently, specific effects associated with each
chemistry, such as hysteresis behavior observed in LFP batteries [39], are not considered.
Applicability to other lithium ion chemistries, such as lithium ion manganese oxide or
lithium nickel cobalt aluminum oxide, is expected to be feasible, as [45] demonstrates that
similar ECMs can be reasonably applied to these chemistries as well. The method may also
be suitable for sodium-ion batteries, given that several successful applications of ECMs for
this chemistry have been reported [50-52]. Regarding solid-state batteries, which represent
another emerging technology for BEV, a similar assessment can be made. Multiple studies,
e.g., [53-55], have employed ECMs to simulate solid-state battery behavior. Nevertheless, a
definitive decision regarding the method’s applicability to other chemistries and whether
adaptions of the method are necessary remains open and will require further validation.

The derived battery configuration represents a minimum requirement set based on
driver-relevant metrics. If a more capable battery is selected due to modularity goals
or platform strategies, the validity of the method is not compromised. However, other
essential design constraints, such as packaging space, weight, cost, or thermal management,
are not included and must be addressed in separate development stages.

The method is tailored to specific vehicle-level input parameters. In instances where
alternative or additional metrics are used, a modification of the method may be necessary.
Moreover, unrealistic or inconsistent vehicle-level inputs can result in implausible battery
system outputs, emphasizing the need for careful input validation. Additionally, the
method does not explicitly account for constraints imposed by charging standards like
CCS [23,24]. Therefore, results must be critically assessed for plausibility.
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5. Outlook

Future work has to focus on extending the proposed method to incorporate tempera-
ture effects on acceleration, range and charging behavior, as defined in the metrics in [22].
In particular, the temperature dependency of the internal resistance should be considered,
as demonstrated in the gradient analysis in Section 3.1 and discussed in detail in Section 4.
Prior studies [42,43] have shown that the internal resistance exhibits an exponential rela-
tionship with temperature. Additionally, accurate range estimation at lower temperatures
requires accounting for the reduction in usable capacity under cold conditions.

Another key development will be the integration of the method into a comprehensive
design process for BEVs’ longitudinal dynamics and powertrain. This includes coupling
with a backward-calculating longitudinal dynamics model, as previewed in [14], which en-
ables a comprehensive virtual and requirement based system design of BEV. The application
and validation of this extended approach will be presented in an upcoming publication.
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The following abbreviations are used in this manuscript:

BEV Battery electric vehicle

BMS Battery management system
CcC Constant current

CCS Combined charging system

CP Constant power
Ccv Constant voltage
DC Direct current

ECM  Equivalent circuit model
LFP Lithium-Iron-Phosphate
MRE Mean relative error
NMC  Nickel-Mangan-Cobalt
RMSE  Root-mean-square error

R Pearson correlation coefficient
50C State-of-charge
TMS Thermal management system

VCP Variable current profile
WLTC  Worldwide harmonized Light vehicles Test Cycle
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Pocv(SOC) = Upcv (SOC)- Ueonst

Appendix A
Appendix A.1. Comparison of OCV at Battery System Level

Using the test bench from Figure 3, two OCV measurements were conducted at 23 °C
and —7 °C. Both are displayed in Figure A1l. The charging process at —7 °C was stopped
periodically in order to hold the temperature as the battery warms up because of its internal
resistance while charging. With R > 0.999 and RMSE < 0.002 normalized voltage, it can be
concluded that the temperature dependency is neglectable in the concept phase.
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Figure Al. Comparison of OCV between 23 °C and —7 °C.

Appendix A.2. Derivation of CC

In CC, the constant current is I;,us:, which is defined positive for discharging. Using
Equations (3) and (8), Pocy can be derived:

Pocv(SOC) = Uocy(SOC) - (—Ieonst) = — (k-:SOC + Up) - Leonst (A1)

By inserting Equation (A1) in (12), the following integral can be solved for SOC from
10% to the transition to CV at SOCy:

— SOC, .
tcc = EBat,Max 10% mdSOC
__ Epat,Max SOCx
- Leonst 10% mdsoc
_ _ EaMax + [log(k-SOC + UO) 4 C]f(()?’/fx (A2)

Teonst 'k
= — Bldex [log (LI} + k-SOCy) — log (U + k-10%)]
_ _ Enaiar ), (Up+k-SOCx
- Leonst -k ( U6+k<10% )

Appendix A.3. Derivation of CV

In CV, the constant voltage is Uconst, which replaces Uy,;. The following equation for
Pocy can be determined by using Equations (1)-(3):

— Upcy (SOC) _ Uocy(SOC)-Ueonst — Uocy (SOC)?
R; R;

(A3)
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With Equation (8), Pocy becomes

(k-SOC + U})-Ugopst — (k-SOC + U})?
R;

Pocy (50C) = (A4)

By inserting Equation (A4) in (12), the following integral can be solved for SOC from
the transition to CV at SOC, to 80%:

80% R;

tcy =E dsoC
cv B”t']v;‘;x/fsocx (k-SOCHUp) Ut — (k-SOC+UY)*
00 R
=E : dsocC
Bat Max Jsoc, k-SOC-Ugonst+ Ul Uconst—k2-SOC2 —2k-SOC- ) — (U}
_ i 80% 1
= EBut,MaszfSOCx —k2~SOC2+SOC~k(Uconst—ZU())+U6(Uw,m—u[f)) dsocC
[ ZEBat,MaxR[
\/_4k2u6(uconst_u[,))_kz(uconst_z‘u(l))2
tan—1 —2:k2-SOC+k(Ugonst—2-Uj) o (A5)
\/*4k2u6(ucanst*ué)*kz(uconstfz‘u(,)) '
— 2EBut,M/szi
\/*4k2u6(ucanst*u{])*k2(uconstfz'u(/))z
Ntan—1 —2:k2-80%+k (Uconst—2-Uf )
\/_4k2u(l)(uronst_u6)_k2(umnsi‘_z‘u(/))z
_tan-1 —2:k2-SOCy +Kk(Uconst—2-Ug )

\/74]{2 Ué(umnst*u(/)) —k? (ucunst 72'u(l))2

Appendix A.4. Derivation of CP

In CP, the constant power is Pust, which is defined as the power at the battery
terminals. By using Equations (3) and (4),

P,
Pocv (SOC) = Upcy(SOC)-I = uOCV(SOC)‘%nS: (A6)
a

Using Equations (1) and (2), the terminal voltage Uj,; can be determined:

P,
Upar = Uocv (SOC) — R;-1 = Upcy (SOC) — R;- Lclo;it (A7)
a

Equation (A7) results in a quadratic equation for Uy, with two solutions. The only
plausible solution is

1
Upat = 5 (UOCV(SOC) + \/_4'Ri'Pconst + Uocv(SOC)2> (A8)
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By inserting Equations (A6) and (AS8) in (12), the charging time for CP from 10% to the
transition to CV at SOC, is given:

¢ 1 EBat, Max SOCx Uocy (SOC)++/4-R;Peonst+Uocy (SOC)* dsOC
CP = 2 Propst 10% uocv(soc)

l EBat,Max fsocx \/4 R;: Pconst+(k'SOC+U6)
Peonst  J10% k-SOC+U]

dsoC

E a; ax 2
= %% |:k (\/(k~SOC + U6) + 4Peonst-R;
2
_ k-SOC+U}))"+4Peonst R; x
2/ PropiRitanh 1(” S s >+k~SOC>]fé?>/f

Eﬂ ax 2
S e

k- x 1) const I\
—Zs/PconstRitanhl<\/( SOCu+Up) + 4Ptk ) +k-SOC,

2\/PconstRi

A9
- <\/ (k10% + U2)? + 4Pyonst Ry (A9)

2

_ k-10%+U) )" +4PonstR;

—24/PeonstRjtanh 1<\/( 2\/1%23@,1%' t ) +k'10%>}
E a ax 2
= &5 |\ (SOC,+ Up)? + 4P R
2
_ k'Socx"ru, +4Pcons 'Ri

—2+/PeonstR; (tanh ' (ﬂ zwpmizt-Ri : )

0, A 2 R:
—tanh ™! < v L) P ) ) + k(SOCx — 10%)

_ \/(klo% + U6)2 + 4P60nstRi:|

Appendix A.5. Comparison of Model Simplifications Regarding Internal Resistance to a Reference
Simulation Model

To assess the limitations of the model used in the proposed method, the validated
reference simulation model for battery 1 was employed. As described in Section 3, the refer-
ence model includes an ohmic resistance and three RC elements in series. All components
are dependent on both SOC and temperature (see Figures 5 and 7). Additionally, the model
incorporates validated virtual black-box representations of both BMS and TMS.

The following simplifications are simulated using the defined CC-CV charging profile
from Section 3.3 as a representative case for comparison:

1.  Exclusion of RC elements;

2. Neglecting SOC dependency of all resistor elements (R(SOC) = const.);

3. Neglecting temperature dependency of all resistor elements (R(T) = const.);

4. Exclusion of RC elements and every dependency of the resistors (R(SOC,T) = const.).

The virtual battery was initialized under the same boundary conditions as the vali-
dation measurements in Section 3.3: an initial and environment temperature of 23 °C and
cooling liquid temperature of 15 °C. The results of all simulations, including the reference
simulation, are presented in Figure A2. As in the measurements, all simulations reach the
maximum battery temperature, necessitating cooling. These cooling phases are excluded
from Figure A2. The current profile is not shown, as it remains identical for all varia-
tions. Table A1 summarizes the evaluation criteria for voltage and for each simplification
compared to the reference, as voltage exhibited the largest deviations in Section 3.3.
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Figure A2. Analysis of model restrictions using a reference battery model.

Table Al. Evaluation criteria of the model restrictions compared to the reference for voltage.

Model Restriction 1. 3. 4.
R 0.996 0.991 0.975 0.967
MRE in % 0.089 0.329 0.764 0.905
RMSE inV 1.634 3.497 6.302 7.506

Analysis of 1.:

Neglecting the RC elements induces errors when the current gradient is non-zero, such as
during current switching events. Compared to the reference, the largest voltage deviation
occurs at the beginning, reaching a maximum error of 3.812% until the reference reaches
its quasi-static value at approximately 15% SOC or 1.19 min, which closely matches the
simulation result without RC elements. The mean deviation of 0.089% (see Table A1)

remains below the maximum error.

Ignoring the SOC dependency of the internal resistance results in only minor deviations
(MRE: 0.329%, Table A1), supporting the simplification made in Section 3.1. Neverthelless,
the voltage starts at a higher level than the reference and increases more slowly over SOC
and time, eventually aligning with the reference at 30% SOC or 4.6 min.
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Analysis of 3.:

Neglecting the temperature dependency of the internal resistance leads to greater deviations
(MRE: 0.764%, Table A1) than ignoring SOC dependency. Additionally, the voltage of the
reference is clearly exceeded above 23% SOC or 3 min.

Analysis of 4.:

When all simplifications regarding internal resistance are applied, which are no RC el-
ements, no SOC dependency and no temperature dependency, the highest deviations
occur, as expected. The maximum deviation is 3.156% and the mean deviation is 0.905%
(Table A1), which remains below the defined maximum deviation of 5%. This result reflects
the combined effects of the previous three simplifications: errors during non-zero current
gradients, higher initial voltage, slower voltage rise at the beginning, and exceeding the
reference above 20% SOC or 2.4 min.

Impact of the simplifications on the method:

Ignoring RC elements (1.) introduces errors when the current gradient is non-zero. Further-
more, since the simplified model considers only a static (ochmic) resistance, only this value
can be derived from the method. Ignoring SOC dependency (2.) causes errors particularly
at low SOC levels. Additional errors arise from neglecting temperature dependency (3.),
which prevents the resistance from decreasing as battery temperature rises during charging.
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