
Citation: Thomas, R.; Léto, N.;

Lachaize, J.; Bacquet, S.; Lopez, Y.;

Cassarino, L. Simulation and Testing

of Self-Reconfigurable Battery

Advanced Functions for Automotive

Application. World Electr. Veh. J. 2024,

15, 250. https://doi.org/10.3390/

wevj15060250

Academic Editor: Peter Van den

Bossche

Received: 15 March 2024

Revised: 21 May 2024

Accepted: 23 May 2024

Published: 8 June 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Article

Simulation and Testing of Self-Reconfigurable Battery Advanced
Functions for Automotive Application
Rémy Thomas 1 , Nicolas Léto 2, Jérome Lachaize 2, Sylvain Bacquet 3,*, Yan Lopez 1 and Leandro Cassarino 4

1 CEA, Liten, Université Grenoble Alpes, F-38000 Grenoble, France; remy.thomas@cea.fr (R.T.);
yan.lopez@cea.fr (Y.L.)

2 Vitesco Technologies, 40 Avenue du Général de Croutte, 31100 Toulouse, France;
nicolas.leto@vitesco.com (N.L.); jerome.lachaize@vitesco.com (J.L.)

3 CEA, Leti, Université Grenoble Alpes, F-38000 Grenoble, France
4 CEA, CEA Tech Nouvelle Aquitaine, F-33600 Pessac, France; leandro.cassarino@cea.fr
* Correspondence: sylvain.bacquet@cea.fr

Abstract: This article presents the design and production work carried out jointly by Vitesco Technolo-
gies and the CEA in order to build a Self-Reconfigurable Battery (SRB) demonstrator representative
of an electric vehicle traction battery pack. The literature demonstrates that the use of an SRB allows
for individual bypassing or serialization of each cell in a battery pack, enabling control of the voltage
output and dynamic balancing of the battery pack during all phases of vehicle use. The simulations
and tests presented in this article confirm that the use of an SRB results in a 6% reduction in energy
consumption compared to a Conventional Battery Pack (CBP) on a driving profile based on WLTP cy-
cles. Additionally, an SRB enhances fast charging performance, with a charging time that is 22% faster
than a CBP. Furthermore, it is shown that an SRB without a voltage inversion capability can still be
connected directly to the AC grid for charging without the need for a dedicated converter, using only
a single diode bridge rectifier for the whole system.

Keywords: battery management system; electric vehicle (EV); fast charge; self-reconfigurable battery

1. Introduction

As shown in many articles [1], battery-switching technologies of Self-Reconfigurable
Batteries (SRBs) promise significant improvements in terms of autonomy and battery life,
cell balancing [2–7], recharging capacity [8–11], improving the efficiency of vehicle drive
trains [12–14] and even cell aging [15–17]. Their operating principle is as follows: switches
are added to the power paths linking the cells to enable the number of active stages in series
and parallel to be modulated dynamically [18], depending on the type of SRB. Some systems
even incorporate H-bridges to enable the generation of alternating voltages, opening the
way to motor control without an inverter [19–21] and direct recharging on the AC grid
without a charger [10,22,23]. However, the increase in the number of switches raises the
question of safety impact [24–27].

The aim of this study is to highlight the benefits of a simplified and cost-effective SRB
architecture adapted from the design presented in [28]. The benefits include improved
motor inverter efficiency, reduced charging time for DC fast charging and AC charging on
the electricity grid.

In this study, fulfilling Vitesco Technologies requirements, the SRB architecture dy-
namically generates a strictly positive DC voltage to optimize the efficiency of the motor’s
inverter. It also allows the absorption of a rectified AC current to enable the battery to be
charged from an AC voltage source without a charger, by means of a simple rectifier. Hence,
only the dynamic modulation of the number of series stages is implemented. To maintain
the capability of recharging on the AC grid, a simple rectifier diode bridge is added at the
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head of the architecture instead of H-bridges on cells, as it is not necessary to generate a
sinusoidal waveform when discharging.

To assess the benefits, a Conventional Battery Pack (CBP) and the SRB system are
compared by simulation in a complete simulation environment incorporating the various
components of an electric vehicle power train. In addition, these simulations are validated
on a real demonstrator. The comparison is based on different use cases. The first use case
is a battery discharge following a driving profile based on cycles from the Worldwide
harmonized Light vehicles Test Procedure (WLTP). Different batches of cells are used such
as new and aged cells with 5% to 10% loss of State Of Health (SoH) in order to introduce
dispersion conditions representative of an aged vehicle pack [29]. It is therefore possible to
study the benefits of SRBs using an end-of-life battery pack or even a second-life battery
pack. A comparison is then made using a fast charging use case to assess the benefits in
terms of stored energy and charging time.

Finally, a direct charging experiment using a rectified AC current from the AC grid is
presented to demonstrate the possibility of charging directly from the AC grid without an
intermediate converter, despite the absence of the voltage inversion capability in the SRB
architecture implemented.

The SRB demonstrator developed by Vitesco Technologies and the French Alternative
Energies and Atomic Energy Commission (CEA) integrates a maximum of 120 cells in series
with a maximum current of 125 A for charging and discharging. The system consists of a
main controller that communicates with 20 modules. These modules are connected to each
other in series in the power path. Each module independently controls the switching of
six cells, each of which can be dynamically connected in series or bypassed. The system is
flexible, making it easy to add or remove modules in series to adjust the maximum voltage.
Initially, the system is composed of 14 Ah NMC cells. Then, in a second phase, 90 Ah
cells are used. The total number of modules used is adjusted to match the number of cells
available for each batch of cells. This setup makes it possible to validate the operation of
cell switching in an electric vehicle application.

This article is an expansion of the work presented in EVS36 [30] with additional
experimentations based on the introduction of a fourth batch of cells from a used BMW-i3
battery pack that has traveled 25,000 km. The different geometry of these cells meant
that the demonstrator had to be modified. The driving profiles also had to be adapted to
the new cell capacities. This expansion made it possible to present the results of an SRB
system integrating cells directly representative of a real battery pack in use and resulting
from a large-scale industrial process, which is unprecedented in the state of the art of
reconfigurable battery packs.

2. Simulation

The main objectives are to demonstrate the benefits of the different capabilities listed
in the introduction to this paper, by comparing the proposed SRB solution with equivalent
CBP. With regard to optimizing the efficiency of the motor inverter, it is necessary to
consider an SRB capable of supplying the necessary voltage up to the end-of-discharge
conditions of the system. Thus, compared with a CBP for a given segment, the equivalent
SRB to be considered must be made up of a larger number of cells in series. Lower-capacity
cells are then required to maintain the relevance of the comparison from an energetic
point of view. A process of adaptation is therefore necessary. This is why different battery
configurations are simulated, in an environment representative of electric vehicles, to carry
out the comparison.

The two batteries are dimensioned in order to provide the same energy at the wheel at
the beginning of life, taking into account a capacity dispersion of 2% within the cells. In
this simulation, the reference CBP is a 96S3P battery with 60 Ah cells, while the SRB has
a 144S2P architecture with the same 60 Ah cells. To reduce the cost of this technology, a
grouping of cells in series is also considered: instead of having one cell for each bypass
switch/serial switch entity, groups of four cells in series for each bypass switch/serial
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switch entity are used. Consequently, the SRB in this simulation has 36 groups with each
group consisting of four 1S2P cells and one bypass switch/serial switch entity.

2.1. Driving Simulation

The simulation environment representative of electric vehicles is described in detail in
a previous study [31], where it was used to compare balancing solutions during driving
cycles. For this study, the simulation model is improved by the use of representative
energetic cells based on actual parameters as well as a representative dispersion of the cells
in the pack.

Figure 1 highlights the benefits, in terms of driven distance, of the aged SRB compared
with the aged CBP. The comparison is made based on a capacity reduced to 70% of the
nominal capacity and a capacity dispersion of 4.8%. The cumulated losses in the battery
pack are detailed for the SRB values, while the values in brackets correspond to the
difference SRB minus CBP. Due to the control DC link voltage capability, one can see
that a better global powertrain efficiency is achieved with a reduction of 51 Wh per 100 km.
This increased efficiency and the SRB’s ability to manage the dispersal of capacity result in
a 6% (+24 km) increase in range, which is of the same order of magnitude as the gains seen
in [13].
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Figure 1. Sankey diagram for SRB/CBP comparison—driving use case.

2.2. Fast Charging Simulation

The CBP and SRB system configurations used for the previous driving profile are
this time used to simulate 130 kW DC fast charging. This time, the nominal capacities are
used to compare the solutions at the beginning of their lifetime. With regard to the SRB
configuration defined above, the voltage set point of the DC bus output is fixed to 450 V.
To take better account of the constraints of fast charging, the simulation model is updated
with an improved thermal representativeness.

Figure 2 illustrates this comparison. By convention, the charging current and power
are positive, as they are considered from the charger point of view. The power curves show
that the maximum charge power can be maintained for a much longer time with the SRB
system than with the CBP system. This is due to the faster rise in cell temperature in the
CBP configuration, which leads to the limitation of the charging current.
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Figure 2. Simulation of fast DC charging for CBP and SRB.

At the beginning of the charge, almost all of the SRB cells are set in serial to reach
the DC link voltage set point. Consequently, the cell-to-cell dispersion within the SRB is
higher than the CBP’s one when the charging power remains high. Nevertheless, when the
charging power decreases, a smaller number of cells is required in serial. Then, power cell
balancing is possible again, resulting in a very low cell-to-cell dispersion. This illustrates
the great effectiveness of SRB power cell balancing.

Table 1 highlights the energies and losses involved in fast charging for both CBP and
SRB. The losses are increased by 40% in the SRB compared to the CBP because of the
additional electronic components and the higher recharging power allowed. Assuming
identical charger efficiency, the DC charging efficiencies are, respectively, 97.0% and 98.2%
for SRB and CBP. However, despite this increase in losses, the charging time from 20% to
80% state of charge is reduced from 37 min (2234 s) to 28 min (1687 s) due to the reduction in
current required to charge the battery, which delays the rise in cell temperature. Charging
time is therefore 24% faster with the SRB based on a battery capable of undergoing the
same WLTP test than with the CPB configuration. This reduced fast charging time is a key
element in the competitive BEV market [32]. In addition, the maximum current required
from the charger is reduced.
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Table 1. Energies and losses for fast DC charging.

Battery
Chemical

Energy
[kWh]

Battery
Losses
[kWh]

MosFet
Losses
[kWh]

BusBar
Losses
[kWh]

Battery
Energy
[kWh]

CBP −50.20 0.80 0.00 0.12 −51.11

SRB −50.19 0.83 0.60 0.10 −51.72

3. Experimental System Overview

The experimental system is an adaptation of the presented system in [28]. It consists
of one master and twenty modules, each composed of 6 switchable cells. The modules
provide voltage and temperature measurements through an isolated RS485 bus to the
master. The master controller measures the overall voltage and current, processes the
cell voltage and temperature measurements received from the modules and sends back
the switching orders to be applied. In addition, this master controller includes high-level
application management capabilities such as battery pack voltage regulation, dynamic cell
balancing and safety features. Dynamic cell balancing is performed by alternating the cells
used on the power path in order to manage the current drawn on each cell to provide the
output power [33]. The state of charge of each series level is assessed by coulomb counting
using a single current sensor located at the battery pack, combined with information on
the bypass or series states of each level. For the test carried out in this study, the global
amount of energy exchanged when operating WLTP cycles, or during the fast charging test,
is assessed using the current sensor of the power lab equipment of the climatic chamber.

The architecture of the experimental SRB is illustrated in Figure 3. Unlike many
reconfigurable batteries that rely on a phase-shifting carrier, this implementation uses a
true real-time process to control the output voltage while using low-cost local controllers.
This enables a faulty cell to be removed and replaced by the master controller in less than
100 µs from the time it is detected. It also allows the shape of a signal such as a disturbed
electrical grid to be tracked as closely as possible, thereby reducing the size of the filtering
components. In the case of DC discharge and DC fast charge, switch SW1 is closed and
switch SW2 is open. For AC charging, switch SW1 is open and switch SW2 is closed to
connect the SRB to the electrical grid via a rectifier diode bridge. The SRB then generates a
rectified signal adjusted in real time to follow the waveform of the rectifier bridge with a
slightly lower amplitude to create a charging current flowing through the cells. The internal
global current sensor is used to control the current exchanged by adjusting the voltage
differences between the SRB and the output of the rectifier diode bridge.

The CBP and SRB are compared using, for both cases, the self-reconfigurable electrical
architecture, in order to use the same experimental setup. Hence, by serializing all the
cells, the demonstrator behaves like a CBP, where all the cells of the batch are serialized
without possible modification, while the SRB can control its output voltage by bypassing
some cells. As the first cell in each module is used to power the switching electronics, the
related serial levels are constantly bypassed from the power path to avoid interference in
the comparison between SRB and CBP, in end-of-charge or end-of-discharge conditions
and in the energy balance.

To charge and discharge the system, a secure test chamber with an 800 V 400 A power
supply serving as both a source and sink is employed. Figure 4 shows the test bench setup
in operation inside the test chamber. The experimental comparison enables the results
obtained by simulation to be verified.
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4. Experimental Comparisons with a Driving Profile Based on the Worldwide
Harmonized Test Cycles for Light Vehicles (WLTC)

In the case of discharge comparisons over a driving cycle, one of the main objectives
is to demonstrate the feasibility of optimizing inverter efficiency with a real SRB system.
To this end, the inverter model is considered reliable and the simulation of its efficiency
is used to generate the power profiles applied to the experimental configurations as well
as the battery voltage set point profile for the SRB. The aim of the experiment is then to
verify that the SRB is indeed capable of responding to the dynamic profiles of the voltage
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set point and that the gain in autonomy compared with a real CBP corresponds to those
observed in the simulation. Additionally, another objective of the experiment is to compare
the behavior of a CBP (in which cells cannot be bypassed) and that of an SRB with regard
to cell-to-cell dispersion. Indeed, cell-to-cell dispersion has a significant impact on the
performance of electric vehicles [34–36]. The comparison is carried out during a discharge
imposed by a driving profile, which consists of several consecutive WLTCs.

Four batches of cells are created to address different use case scenarios. For each
comparison, the same batch is used in both the CBP and the SRB. The first batch comprises
72 new NMC 14 Ah CALB cells. The second batch consists of 36 NMC 14 Ah CALB
cells artificially aged by a laboratory cycling process. The aging process was carried
out individually for each cell and therefore does not incorporate the aging divergence
phenomenon that can be observed in a Conventional Battery Pack. The third batch is made
of 36 cells from a mix of new NMC 14 Ah CALB cells and new NMC 14 Ah CALB cells
slightly discharged to give a lower initial capacity. This batch is used to emulate a second
life scenario using cells from different States Of Health (SOHs). The fourth batch is made of
42 NMC 94 Ah SDI cells from a real BMW i3 battery pack of around 25,000 km, in order
to assess the benefits associated with the characteristics of the cells in a real commercial
battery pack. A first batch of 60 new cells, a second and third batch of 30 cells and a fourth
batch of 35 cells are finally used for comparison, considering that the first cell of each
module is permanently bypassed from the power path. The characteristics of the different
batches are summarized in Table 2.

Table 2. Batch characteristics.

Cell Batch ID Use Case Cell Details Nb of Cells Nb of Modules Nb of Cells Used
for Comparison

1 Beginning of life New NMC 14 Ah
(CALB) 72 12 60

2 Aged cells
Artificially aged

NMC 14 Ah
(CALB)

36 6 30

3 Second life

Mix of full and
partially

discharged NMC
14 Ah (CALB)

36 6 30

4
Cells with a

lifetime of around
25,000 real-life km

BMW-i3 NMC
94 Ah (SDI) 42 7 35

To assess the dispersions involved in the experimental comparisons, cell capacities
are estimated by coulomb counting with a specific charge and discharge cycle at a rate of
0.1 C between a minimum voltage of 3 V and a maximum voltage of 4.18 V. A dispersion of
0.95% for batch 1 of the new cells is observed, which remains realistic compared with what
can be classically assessed for other cell references in the literature [37]. The dispersion of
artificially aged cells in batch 2 is of the same order at 1.1%, which is quite low for cells
representative of an aged pack [38]. This can be explained by the use of an individual aging
process rather than a group process as in a Conventional Battery Pack where discrepancies
can be observed with the increase in the number of cycles. The capacities of cells constituting
batches 1 and 2 are, respectively, presented in Figure 5a,b, while the capacities of the cells
in batches 3 and 4 are shown in Sections 4.3 and 4.4. The distinctive colors of each cell serve
to enhance contrast during reading and have no other significance.
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The power profile generated from the simulation corresponds to the power consumed
at the wheel. It takes into account the number of cells included in each batch to provide
the corresponding power set point to be applied to the CBP and SRB packs. The optimum
voltage set point for SRB tests is also generated for each batch according to the number of
cells to be used.

Unlike the CBP, the SRB has the ability to balance the cells during charge and discharge.
As the cells are always balanced, the SRB allows all the energy to be extracted from all the
cells in the pack. In a CBP, this is not possible because the pack discharge must stop when
a cell reaches its lower voltage limit, even if other cells still have energy. To ensure a fair
comparison between CBP and SRB, all cells are fully charged and properly balanced before
each test. All cells start at 4.18 V, and the test stops at the end of the driving profile or when
the first of the cells under consideration reaches 3 V.

4.1. Driving Profile with New Cells (Batch 1)

Figure 6 shows the result of the driving profile with new cells (batch 1) in the SRB
(top) and CBP (bottom) configurations. On the SRB profile, the battery output voltage
set point (in orange) is perfectly stable at around 125 V, with the exception of two slots of
around 200 s at times 1540 s and 3320 s, where the set point voltage changes dynamically to
follow the parts of the WTLP cycle where power requirements are greater. The SRB voltage
measurement (in blue) shows that the battery is perfectly in line with the set voltage, even
during the most dynamic periods of the WLTP cycle, demonstrating the SRB’s ability to
generate the voltage profile required to optimize the inverter’s efficiency in various driving
phases. This optimization enables the SRB to complete the entire driving profile, unlike the
CBP, which stops prematurely at 4364 s because a cell reaches the low voltage limit of 3 V.

Over a discharge period of 4364 s, which marks the end of the CBP’s discharge,
the SRB discharged 2886 Wh, while the CBP discharged 3060 Wh. The SRB therefore
consumed 5.7% less energy than the CBP for the same distance traveled. The fact that
the observed difference in consumption corresponds to the difference predicted by the
simulation shows that the power profiles imposed are consistent with the simulation. At
the end of the CBP driving profile, we observed that the cells were not well balanced, with
a VCellMax–VCellMin difference of 180 mV, due to the dispersion of the cells’ capacity
in batch 1. In contrast, the SRB was able to balance the cells at all times, resulting in a
VCellMax–VCellMin difference of less than 5 mV at the end of the driving profile. The
figures of this test are reported in Table 3.
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Table 3. Figures of WLTC test with new cells (batch 1).

CBP SRB

Run time 4364 s 4458 s

Remaining energy at end of cycle 0 Wh 104 Wh

Cell balance at end of cycle ∆ = 180 mV ∆ < 5 mV

Discharged–charged energies @4364 s: 3060 Wh (batt low) @4364 s: 2886 Wh
@4455 s (end cycle): 2981 Wh (104 Wh left)

4.2. Driving Profile with Artificially Aged Cells (Batch 2)

Figure 7 shows the result of the driving profile with aged cells (batch 2) with the SRB
(top) and CBP (bottom) configurations. The power profiles and the SRB set point profile are
updated to take into account the reduction in the number of available cells compared to the
first batch discharge experiment. The cells in batch 2 exhibited a lower average capacity,
which resulted in neither the CBP nor the SRB configuration reaching the end of the test.

During a discharge period of 4027 s, the SRB discharged 1388 Wh while the CBP
discharged 1468 Wh. The SRB consumed 5.45% less energy than the CBP for the same
period, which once again shows that the power profiles applied are consistent with the
simulation. The 1.1% capacity dispersion of artificially aged cells is not sufficient to
introduce an additional gain in favor of the SRB, especially if the end of the CBP and SRB
discharge occurs in a moderate power section of the WLTP cycle. Nevertheless, it can be
observed that the emergence of cell voltage dispersion in the CBP occurs concurrently with
the end of the second high-power phase of the WLTP cycle at 3500 s. The cell voltage
imbalance of the CBP is also increased, as shown in Figure 7d. This suggests that a slightly
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greater dispersion in cell capacity could have had a greater impact on the results. The
figures of this test are presented in Table 4.
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Table 4. Figures of WLTC test with new cells (batch 2).

CBP SRB

Run time 4027 s 4329 s

Remaining energy at end of
cycle 0 Wh 0 Wh

Cell balance at end of cycle ∆ = 220 mV ∆ < 5 mV

Discharged–charged energies @4027 s: 1468 Wh @4027 s: 1388 Wh
@4329 s: 1436 Wh

4.3. Driving Profile with Second-Life Heterogeneous Cells (Batch 3)

The reparability of battery packs is becoming increasingly of interest to industry for
the purpose of maintenance and optimizing system lifespan [39,40]. Heterogeneous cells
in terms of capacity, and even different chemistries, can then constitute a reconditioned
battery pack. To illustrate this, the operations of the CBP and the SRB are compared by
conducting a driving profile with cells of heterogeneous capacities. Hence, a third batch
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of 30 cells is made using a mix of new cells at 100% state of charge and new cells with a
downgraded capacity, as shown in Figure 8. Eight cells in batch 1 are slightly discharged
to present a reduced capacity, introducing a dispersion of 3.15% for batch 3. For accuracy,
the lowered capacities are set before each test using a voltage threshold and a discharging
current below C/10.
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The power profiles and the SRB set point profile are identical to those of the second
batch discharge experiment, which had the same number of cells. The results of the driving
profile applied to batch 3 are illustrated in Figure 9.
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In the CBP configuration, the weakest cell voltage drops before the others during the
second high-power period of the WTLP cycle, causing the cycle to be halted at 3514 s, as
shown in Figure 9c,d.

Figure 9a shows that the SRB is able to generate the output voltage corresponding to
the voltage set point profile despite the use of a group of heterogeneous cells. The cells of
the SRB are well balanced during the driving profile, while the battery voltage is controlled
to maximize the inverter yield. The SRB allows weaker cells to be set aside while energy is
extracted from all the other cells. Additionally, perfect balancing helps to avoid voltage
drop due to high discharge current peaks, allowing the driving profile to continue. Hence,
the system stops at 4347 s with perfectly balanced cells as shown in Figure 9b. The SRB
consumes 5.3% less energy than the CBP for the same period of 3514 s. The figures of this
test are presented in Table 5.

Table 5. Figures of WLTC test with cells from batch 3.

CBP SRB

Run time 3514 s 4347 s

Remaining energy at end
of cycle 0 Wh 0 Wh

Cell balance at end of cycle ∆ = 428 mV ∆ = 21 mV

Discharged–charged energies @3514 s: 1416 Wh @3514 s: 1341.5 Wh
@4347 s: 1437 Wh

4.4. Driving Profile with Cells from Real Battery Pack (Batch 4)

In industrial battery packs, cells with similar characteristics are assembled together to
obtain the most homogenous batches possible during the manufacturing phase in order
to maximize battery life [41]. In this test, the comparison is made using cells from a real
25,000 km industrial battery pack to show the benefits obtained from the slight dispersion
of cells that can be found in real life. The driving profile is extended by repeating the same
profile several times to match the increase in the battery capacity. The duration of the
discharge process is calibrated to achieve a depth of discharge of approximately 10% of
the battery’s capacity for the two use cases where the discharged energies are compared.
The profile is then repeated to fully discharge the battery in order to assess the energy
remaining in each case.

The capacities of the fourth batch’s cells used for this test are shown in Figure 10. The
dispersion in capacity between cells in batch 4 is 0.37%. The capacity of the worst cell is
approximately 91.67 A·h (98.57% of nominal capacity) with an average cell capacity of
92.29 A·h (99.23% of nominal capacity).

Test results are shown in Figure 11 with the SRB in the top part and the CBP in
the bottom part. In both cases, the end of discharge is reached during a high-power
phase. A state of charge of 10% is reached in 21,023 s in the CBP configuration, whereas
the SRB configuration reaches 10% SOC in 21,869 s. In terms of energy, this leads to
a reduced consumption of 4% when considering the energy consumed at 21,023 s for
both configurations.

Regarding the total run time, the CBP configuration stops at 22,693 s, whereas the SRB
configuration stops at 23,524 s, despite the fact that the SRB had to handle an additional
power peak. In this context, the performance of the SRB dynamic balancing had no impact
due to the very low imbalance of the cells from batch 4. Nevertheless, in terms of time
duration, this leads to a gain of 3.66%, which is far from being insignificant considering the
limited age of the battery pack. The figures of this test are presented in Table 6.
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Table 6. Figures of WLTC test with new cells (batch 4).

CBP SRB

Run time to 10% 21,023 s 21,869 s

Total run time 22,693 s 23,524 s

Remaining energy at end of cycle 989 Wh 976 Wh

Cell balance at end of cycle ∆ = 82 mV ∆ = 15 mV

Discharged–charged energies @21,023 s: 10,192 Wh
@22,693 s: 10,959 Wh

@21,023 s: 9783 W.h
@21,869 s: 10,320 Wh
@23,524 s: 11,076 Wh

4.5. Conclusion on Driving Profile

For each batch of cells tested, the conclusion is that the SRB manages to provide the
dynamical output voltage corresponding to the voltage set point required to optimize the
efficiency of the motor inverter. The fact that the observed difference in energy consumption
corresponds to the difference predicted by the simulation shows that the imposed power
profiles and the optimized voltage profile are consistent with the simulation presented in
Section 2. In addition, good reproducibility is obtained with the different battery sizes.

Finally, the dynamic balancing capabilities of the SRB enable additional autonomy
gains to be achieved by allowing the weakest cells to be set aside while energy is extracted
from all the other cells. Perfectly balancing cells avoids voltage drop due to high discharge
current peaks, enabling greater autonomy to be achieved with the driving profile.

5. Experimenting with Direct Charging of SRB on Electrical Grid

Removing the AC–DC inverters permits us to increase the charge yield [42]. To charge
the Self-Reconfigurable Battery directly from the electrical grid without a charger, it is
necessary to generate a perfectly synchronized voltage waveform. Furthermore, the voltage
waveform of the electrical grid is never a perfect sinusoid; it has unpredictable distortions
that must be taken into account when controlling the current exchanged with the battery.
Due to the high control frequencies of the master controller, the SRB can produce an
arbitrary voltage at its output. Hence, the output voltage of the SRB is directly adjusted
in real time from the output of a charge current control loop that regulates the current
exchanged with the electrical grid.

A Simulink algorithm is created to allow the SRB to be charged without a dedicated
charger through a standard 16 A single-phase grid. The master controller contains a charge
controller block based on this algorithm. This block receives as input the mean charge
current set point and the instantaneous values of the grid voltage and the current exchanged.
The output of this block is the number of cells to be connected in series, used to drive the
output voltage in accordance with current regulation.

As the SRB developed for this study does not have the capacity to generate a negative
voltage, a rectifier diode bridge is used to interface with the electrical grid. Filtering and
safety elements are also added in series to the power circuit. The components used to
connect the SRB to the power grid are illustrated in Figure 12, while the SRB architecture is
illustrated in Figure 3.

At the beginning of the charging phase, the algorithm controls the SRB pack voltage
until it matches the rectified grid voltage. When the signals are properly synchronized, a
relay is closed to start charging. The start of SRB charging is shown in Figure 13 with the
grid voltage (blue curve), the rectified grid voltage (green curve) and the charge current
(pink curve). The test was carried out with a charging current of 3 A mean on a real
electrical grid, so the sinusoidal curves are not perfect; nevertheless, the algorithm was
able to perfectly match this voltage and its imperfections. Figure 14 shows a charge at
16 A. The shape of the current is always rectified and sinusoidal, regardless of the value of
the current.
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6. Fast Charge Comparison

The objective of this test is to compare the behavior of the CBP and SRB during fast
charging on a DC link. A first comparison is carried out with the same 12 modules using
the batch 1 cells previously used for the WLTP tests. The first cell of each module is still
permanently removed from the power path. A second comparison is carried out with eight
modules from batch 4b, this time including the first stage of each module in the power
path. Table 7 shows the batch characteristics used for each fast charge comparison.
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Table 7. Batch characteristics used for fast charge comparison.

Cell Batch ID Use Case Cell Details Nb of Cells Nb of Modules Nb of Cells Used for
Comparison

1 Beginning of life New NMC 14 Ah
(CALB) 72 12 60

4b
Cells with a lifetime

of around
25,000 real-life km

BMW-i3 NMC 94
Ah (SDI) 42 8 42

The charging current profile applied to the cells is adjusted according to the cell
voltage, decreasing as the voltages approach end-of-charge conditions. To simplify control,
the adjustment consists of three constant current amplitudes.

The Self-Reconfigurable Battery has the capability of individually bypassing cells at
the end of their charge, whereas the Conventional Battery Pack must stop charging the
whole system at the first cell in the end-of-charge state. Therefore, the criteria used to
select the charging current level for each system must be different to take account of the
differences in operation.

In the case of the CBP, the charging current level is affected by the voltage of the
most charged cell, with different voltage thresholds to distinguish each level. However, a
part of the cell voltage measured is related to the instantaneous current flowing through
it due to its impedance. This voltage therefore decreases when the charging current is
reduced. Hence, a hysteresis is added to the voltage thresholds to prevent a return to a
higher charging current.

In the case of the SRB, only the highest voltage threshold 4.18 V is used to trigger a
bypass of cells exceeding this value. The charging current level is then adjusted according
to the number of cells remaining to be charged. The cells in bypass are put back into
series when their voltage drops due to the relaxation effect. A hysteresis is applied to the
voltage threshold used to reconnect the cells in series. This hysteresis is proportional to the
amplitude of the charging current according to (1).

Bypass to series Hysteresis [mV] = Current [A]/1000 (1)

The amplitude of the charge current for each level is adjusted between batch 1 and
batch 4b to take account of the differences in terms of cell capacity. The cells in batch 1 are
intended for power applications and accept a maximum continuous C-rate charge current
of 10 C. Such a current is not recommended to preserve the health of the cells, but it is
used in this study to illustrate the capabilities of the SRB electronics. It should be noted
that in the case of batch 4b, the maximum current is limited by the current capacity of the
test chamber. When the batch 4b cells are used, the experimental set-up has to change
the test chamber, which reduces the capacity in terms of maximum current. As a result,
the charge current rate is reduced for this batch, especially as the cells in batch 4b have a
capacity 6.7 times greater than that of the cells in batch 1. This reduced charge rate enables
the use of higher voltage thresholds for the CBP configuration. The fast charge conditions
are summarized in Tables 8–10.

Table 8. Fast charge conditions for CBP using cells from batch 1.

CBP Condition Batch 1 Charge Current (A)

VcellMax < 4.1 V 125 (8.9 C)

4 V < VcellMax < 4.15 V 24 (1.78 C)

4.14 V < VcellMax < 4.18 V 12 (0.86 C)
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Table 9. Fast charge conditions for CBP using cells from batch 4b.

CBP Condition Batch 4b Charge Current (A)

VcellMax < 4.15 V 90 (0.96 C)

4.05 V < VcellMax < 4.16 V 24 (0.25 C)

4.14 V < VcellMax < 4.18 V 12 (0.08 C)

Table 10. Fast charge conditions for SRB using cells from batch 1 and batch 4b.

SRB Condition Batch 1 Charge Current (A) Batch 4b Charge Current (A)

Series cell > 10 then 24 A 125 (8.9 C) 90 (0.96 C)

Series cell > 10 then 12 A 24 (1.78 C) 24 (0.25 C)

Series cell > 10 then stop 12 (0.86 C) 12 (0.08 C)

6.1. Comparison of Fast Charging with New Cells (Batch 1)

Figure 15 shows a comparison between the CPB and SRB during the fast charge phase
with cells from batch 1.
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With the cells from batch 1, the state of charge 80% is reached before the first cell
voltage threshold. Therefore, both the CBP and SRB reach this state of charge in around
332 s with a constant charging current of 125 A. The SRB is capable of bypassing a cell that
reaches a voltage of 4.18 V and of reconnecting it in series when its voltage falls below a
predefined threshold. In Figure 15a, the SRB voltage drops as cells are removed from the
supply circuit when they reach this voltage threshold. When the number of cells in series
falls below the 10-cell threshold, the charging current is reduced, which enables the SRB to
return all cells to the power path, thus increasing the output voltage. One can note that the
SRB takes advantage of the 80% to 100% state of charge interval to reach the full charge
state in 22.8% less time than the CBP.

The total energy consumed by the charger is 3418 Wh for the SRB compared with
3342 Wh for the CBP, which represents a difference of 2.27%. This is due to the additional
losses introduced by the series switches on the SRB. The figures of this test are presented in
Table 11.

Table 11. Results of fast charging time for batch 1.

CBP (s) SRB (s)

SOC 20% 87 87

SOC 80% 332 334

Vcell max = 4.1 V 338 347

Vcell max = 4.15 V 502 366

SOC 100% 776 599

6.2. Comparison of Fast Charging with Cells from Real Battery Pack (Batch 4b)

Figure 16 shows a comparison between the CPB and SRB during the fast charge phase
with cells from batch 4b. With the cells from batch 4b, the state of charge 80% is still reached
before the first cell voltage threshold. Therefore, both the CBP and SRB reach this state of
charge in 2908 s with a constant charging current of 90 A. It can be seen in Figure 16a that a
longer time is needed for the SRB to fall below the 10-cell threshold, due to the reduced
ratio between charging current and cell capacity. This longer time allows the discarded cells
to be reconnected, resulting in a noisier SRB output voltage corresponding to alternating
serial and bypass phases.

In this comparison, the SRB still takes advantage of the 80% to 100% state of charge
interval to reach the full charge state 15.4% faster than the CBP. The total energy consumed
by the charger is 17,645 Wh for the SRB compared with 17,007 Wh for the CBP. This
represents a difference of 3.75%, this time including the first cells of each module from
which energy is drawn to power the switching electronics. The figures of the fast charge
comparison of batch 4b are presented in Table 12.

Table 12. Results of fast charging time for batch 4b.

CBP (s) SRB (s)

SOC 20% 727 727

SOC 80% 2908 2908

Vcell max = 4.15 V 2959 2978

Vcell max = 4.16 V 4069 3012

SOC 100% 6012 5087
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7. Discussion

The experimental system is not far from being able to be integrated into a demonstrator
vehicle, given the level of maturity above TRL 4 achieved by the developments initiated
since 2012 at the CEA [43], as well as the size of the demonstrator in terms of on-board
battery as well as power, current and voltage capacity.

The experimental validation of the results obtained by simulation demonstrates that
it is possible to simulate the behavior of a real SRB device at vehicle scale with a good
level of representativeness. This demonstration is especially important as it was car-
ried out using the models and simulation tools developed by Vitesco for its industrial
development processes.

With regard to the results obtained with the different batches of cells, it can be seen
that the disparities between the cells do not affect the ability of the experimental SRB to
generate the voltage profile required to optimize the inverter’s efficiency.
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The results also show that the impact of an SRB’s balancing performance depends
on the unbalanced characteristics of the cells and the power rating used at the end of
the discharge. It can be seen that the higher the power demand at the end of discharge,
the greater the impact on the SRB’s balancing capacity. In this respect, it is important to
note that perfectly balancing cell voltage before a power peak is not necessarily sufficient.
Managing the voltage drops of the cells with the highest impedance during the power peak
is also significant. In the case of this study, the proposed SRB system is able to replace in
real time an active cell reaching its end-of-discharge voltage threshold. The swap with an
inactive cell of any local controller is performed in a time interval of less than a few tens
of microseconds, so that no disturbance of the output voltage occurs. In addition to the
gains in autonomy presented in this study, we can therefore expect to see interesting gains
in terms of power availability.

With regard to fast charging on a DC source, the main contribution of SRB systems is
made from the time at which the conventional system reaches the first conditions requiring
a drop in charging current. In this study, the conditions are voltage conditions, but they
could also be over-temperature conditions in certain contexts as seen in the simulation or
even conditions related to model-based parameters that the state of the art is beginning to
use to optimize fast charging in conventional systems [44]. In this area, SRBs could gain an
advantage from the prospect of improved cell parameter identification capabilities [45–47].

Despite all the advantages mentioned above, the adoption of reconfigurable batteries
in the industrial sector is currently limited to start-up companies such as SwitchESS, with
which the CEA has collaborated [48], or Bavertis [49]. The integration of reconfigurable
batteries involves concentrating responsibility for a range of functions, such as the battery,
the BMS, the charger and even the motor inverter. For Tier 1 manufacturers, this represents
an important challenge, both economically and technically. Recently, the industry has taken
a close interest in this technology, as shown by the interest expressed by Vitesco [50] and
Stellantis [51].

8. Conclusions

This paper reports the results of simulation and experimentation of the advanced
capabilities of a Self-Reconfigurable Battery, including battery output voltage control,
active balancing during operation, AC grid charging without an inverter and fast DC
charging. The performance of the SRB as a DC–DC power source is compared to that
of a Conventional Battery Pack, revealing improved efficiency and faster charge rates.
Specifically, the SRB increased the driving range by 6% and reduced charging time by 22%.
In addition, the experimental results demonstrate the SRB’s ability to operate heterogeneous
cells correctly and extend battery life by reproducing the aging observed in real automotive
batteries. It also demonstrates the capability of using unsorted cells or heterogeneous cells
for second life.

To extend this study, given that the SRB introduces many more electronic components
than the CBP, elements other than performance need to be taken into account to make a fair
comparison between the two solutions, such as cost, reliability and safety.

As far as the cost aspect is concerned, estimating the economic benefit of reconfigurable
batteries is complex because it has to integrate the benefits at the level of the overall system
to be relevant. For example, improving the energy efficiency of the powertrain as a whole
can reduce the cost of the battery for an equivalent range. Additionally, this improvement
can also reduce the amount of CO2 equivalent consumed, which is a very important cost
criterion for manufacturers because of the regulations introduced in recent years. The cells
are also less susceptible to aging, which extends the life of the pack and therefore saves
the consumer a certain amount of money. Still on the economic aspect, the SRB’s ability
to integrate heterogeneous cells opens the way to the use of batteries that could be less
expensive to produce because they would be less constrained in terms of homogeneity,
or even could be from second life. In all the cases mentioned, dedicated detailed studies
would be required to estimate the savings made.
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From a reliability point of view, the large number of components used for switching
raises questions, especially when SRBs are paradoxically highlighted for their ability to
improve battery reliability by isolating faulty cells. However, SRBs have a certain potential
because, although they use a large number of components, the mature manufacturing
process of MOSFET and limited voltage range required make them more reliable than
the increasingly sophisticated power components such as SIC and GAN switches used in
power converters, even more so as the voltage levels of battery packs are becoming higher
and higher to meet the constraints of rapid charging. The number of components used
must therefore be considered in light of the Mean Time Between Failures (MTBF), by means
of a rigorous analysis of the system’s fault tree.

From the point of view of software constraints, the greater the complexity of the code,
the more difficult and costly it is to ensure. The use of a distributed system such as the one
presented in this study makes it possible to partition the software functions. In this way,
the role of the software corresponding to the local controllers can be limited to ensuring
the translation of the serial/bypass commands received from the central controller into
local switch control with the appropriate transitions. In this way, it is possible to simplify
the software used by the local controllers as much as possible in order to guarantee a
satisfactory level of reliability and safety. This allows for mitigating the level of criticality
applied to the central node software.

This project is a unique opportunity to work on these points, and the initial analysis
shows that an SRB designed to automotive standards in a robust and safe manner could be
a competitive solution if the powertrain is considered as a whole, including throughout
its lifetime. Overall, this study highlights the impressive capabilities of an SRB and its
potential for use in a variety of applications.
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