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Abstract—In this study, we introduce a battery energy storage
system (BESS) with reconfigurable cell topology as the direct
power source for fast-charging of electric vehicles (EVs). In the
proposed scenario, the BESS is following the charging request
of the EV by changing its cell topology in a real time fashion.
The BESS is modelled at the cell level in order to demonstrate
the reconfigurable design, and linked with an EV model. The
simulation results confirm that the BESS can maintain a balanced
level of its cell states while following the voltage request of the
EV with satisfactory precision. However, the approach of adaptive
cell switching shows to be not sufficient for fulfilling the current
request. Therefore, complementary solutions are necessary to
achieve a suitable control of the charging current.

Index Terms—adaptive cell switching, battery energy storage
system, electric vehicles, fast-charging, reconfigurable battery

I. INTRODUCTION

The transition towards a more environmentally friendly and
sustainable use of energy is one of the main drivers for the
electrification of the transport sector. Especially, in power
systems with a high share of renewable energy, replacing fossil
fuel powered vehicles by electric vehicles (EVs) is a promising
option to reduce carbon emissions [1], [2]. However, the rising
numbers of EVs pose new challenges for the electric power
system, such as an overall increased energy demand, as well as
congestion and voltage unbalances in the distribution grid [3],
[4]. Specifically, fast-charging processes are impacting the grid
due to the high peak-load demand and the inflexible charging
times [5]. As part of the H2020 INSULAE project, we deploy
and test a local DC microgrid consisting of renewable energy
sources (wind, photovoltaics), a BESS, and a DC fast-charging
station [6]. In this concept, the BESS provides temporal
flexibility for integrating the renewables, and at the same
time serves as a buffer during the fast-charging processes to
decrease the impact on the connected AC distribution grid.
Conventionally, the design of battery systems comprises mul-
tiple cells that are connected in a fixed topology. However,
due to production tolerances and temperature gradients during

This work has received funding from the H2020 INSULAE project under
the Grant Agreement No. 824433. The goal of the project is to provide
innovative energy solutions for decarbonising European islands. For more
information, visit http://insulae-h2020.eu/.

operation, individual battery cells can show different char-
acteristics and deviating ageing processes. These unbalance
issues decrease the effective capacity of the whole battery,
as charging and discharging processes are limited by the
weakest cells. Moreover, cells with a lower capacity are more
likely to be overcharged or overdischarged, which accelerates
the ageing process further [7]. Eventually, faulty cells may
cause the entire battery to become non-functional. In order
to improve energy efficiency, reliability and life span of the
battery, sufficient cell balancing techniques are required [8]. A
promising solution is to design battery systems with a recon-
figurable topology [9], [10]. The flexibility is achieved through
power switches, which are used to bypass and engage complete
battery cells. Therefore, the overall system performance is
not limited by single cells since all battery cells are operated
according to their individual performance.

In the present work we investigate, if the reconfigurable
design of a stationary battery can further be used to directly
follow the charging request of an EV by adapting the cell
topology in a real-time fashion. While the concept of battery
buffered fast-charging stations has already been analysed in
literature, an external DC-DC converter is commonly used
as a controllable interface to the EV [5]. To the best of our
knowledge, no study has yet explored the option of charging
an EV directly with a reconfigurable BESS, without any power
converter interconnecting the two units. Utilizing the intrinsic
controllability of a reconfigurable BESS could make power
converters dispensable, thus decreasing power losses and in-
vestment costs for EV fast-charging. The aim of the paper
is threefold. Firstly, to introduce a modelling approach that
captures the proposed reconfigurable BESS design. Secondly,
to demonstrate the performance of the BESS when following
the charging request of an EV based on simulations. Thirdly,
to discuss the limitations of the technology and give an outlook
on how to improve the concept.

The rest of this paper is organized as follows. The proposed
BESS design is described in section II. Section III is focused
on the modelling approach and the control of the battery cells.
The case study is characterized in section IV. Simulation
results are presented and discussed in section V. Finally,
relevant conclusions are drawn in section VI.



II. RECONFIGURABLE BATTERY SYSTEM

In order to allow power transfer from the BESS to the
EV, both units are assumed to be provided with compatible
equipment according to the charging standard IEC 61851,
such as the correct type of connector and the ability to
follow the same communication protocol [11]. The most
important electronic peripheral device inside the BESS is
the battery management system (BMS). It is responsible for
ensuring safety and increasing reliability of a BESS as well
as protecting individual cells inside the battery system. In
the present work, we assume a series connection of all
cells, as exemplified by the two cells shown in Fig. 1. To
achieve a reconfigurable design, each cell is equipped with two
power switches, e.g. metal–oxide–semiconductor field-effect
transistors (MOSFETs). The switches are controlled by the
BMS in order to either engage or bypass their respective cell
without disconnecting the current path through the battery, as
demonstrated for cell i and cell (i + 1) in Fig. 1.
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        Control of MOSFETs
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Fig. 1. Section of the proposed reconfigurable BESS design.

While the control approach is generally independent of
the battery cell chemistry, lithium-iron phosphate (LFP) cells
were chosen for the present analysis due to their almost
constant voltage and resistance profiles for state-of-charge
(SOC) values between 10 % and 90 %. In order to stay in the
linear region, we assume that the BESS will only be operated
within the mentioned SOC range. More information on the
cell specifications are provided in the following section, where
we also introduce the control concept for deciding on the
connection state of each individual cell.

III. MODELLING APPROACH

To demonstrate the concept of the adaptive cell topology, a
MATLAB & Simulink® model of the BESS was developed.
The BESS model was linked with an EV model in order to
analyse the performance of the reconfigurable design for the
EV fast-charging use case.

A. General assumptions

Fig. 2 provides an overview of the two models and their
linkage. Both the BESS and the EV model consist of two sub-
models each. The first submodel is describing the behaviour
of the respective BMS. The second submodel is representing
the physical properties of the battery including the effects
of charging and discharging on the battery state. To provide
clarification, variables that refer to the BESS model have the
superscript “BESS”, and variables that refer to the EV model
have the superscript “EV”. If no superscript is given, the
variable is a common representation that is applicable for both
models.

The individual cells are modelled as a Thévenin equivalent
containing two elements: the open-circuit voltage Voc,cell and
the cell resistance Rcell. The cell voltage is therefore given as

Vcell = Voc,cell − Icell ·Rcell, (1)

where Icell is the cell current. For simplification purposes,
thermal conditions are not considered in both models.

B. BESS model

In order to capture the reconfigurable design, each cell of
the BESS model is modelled separately and can be identified
by its cell number i. The cells were characterized in the
laboratories of Nerve Smart Systems ApS in order to determine
the SOC dependency of the cell open circuit voltage. For the
present analysis, we assume a linear interpolation between
V BESS

oc,cell = 3.25 V and V BESS
oc,cell = 3.35 V, referring to SOC values

of 10 % and 90 %, respectively. More information on the cell
parameters are given in Table I.

TABLE I
BESS CELL SPECIFICATIONS

Nominal cell capacity CBESS
nom,cell 100 Ah

Nominal cell voltage VBESS
nom,cell 3.3 V

Minimum cell voltage VBESS
cell,min 3.25 V

Maximum cell voltage VBESS
cell,max 3.35 V

Maximum cell current IBESS
cell,max 200 A

Cell resistance RBESS
cell 0.35 mΩ

MOSFET resistance RBESS
mos 0.6 mΩ

Number of cells (series) NBESS
cell 192

The submodel BESS Battery has two inputs. The first input
is the battery current Ibatt, and the second input is a vector
including a binary control variable ΓBESS

cell,i ∈ {0; 1} for each
of the cells. This variable defines, whether a cell is engaged
(“1”) or bypassed (“0”). Since all cells are connected in series,
the individual cell current is a function of the overall battery
current and the individual cell connection state, given by
IBESS

cell,i = Ibatt · ΓBESS
cell,i . The sign convention for the current is

defined so that positive values correspond to a discharging of
the BESS. Hence, the individual cell SOC is calculated as

SOCBESS
cell,i = −(1/CBESS

nom,cell,i) ·
∫

IBESS
cell,i dt + SOCBESS

init,cell,i, (2)
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Fig. 2. Overview of the combined BESS-EV model including data connections and their physical linkage.

where SOCBESS
init,cell,i is the initial cell SOC. For the linkage

with the EV model, only the currently engaged cells are
relevant as these cells are contributing to the power transfer.
Hence, the total open-circuit voltage of the BESS is given as

V BESS
oc,batt =

NBESS
cell,s∑
i=1

(V BESS
oc,cell,i · ΓBESS

cell,i ). (3)

The total resistance of the BESS comprises a series con-
nection of the individual cell resistances and the on-state
resistance of the MOSFETs. Since one MOSFET is always
active for each cell, the total BESS resistance is calculated as

RBESS
batt =

NBESS
cell,s∑
i=1

(RBESS
cell,i · ΓBESS

cell,i ) + NBESS
cell · RBESS

mos . (4)

While the battery open-circuit voltage and the battery
resistance are used as inputs for the Model Linkage, the
internal monitoring of the cells is realized by feeding back
the information of the individual cell states from submodel
BESS Battery into submodel BESS BMS. Based on the cell
states and the reference values Iref and Vref received from the
EV, the BESS BMS estimates the optimal connection scheme
according to the following two control objectives: 1) fulfilling
the charging request sent by the EV, and 2) balancing the
state of charge of the different cells. Decision process and
cell switching are considered with a total delay of 0.1 s.

During each iteration, the BMS estimates the predicted cell
voltages in engaged state using (1) with Icell = Iref. The
decision making algorithm then sorts the vector containing the
predicted voltages of all cells in decreasing order, according to
their respective cell SOC. Starting from the cells with highest
SOC, the correct number of cells is determined so that the
sum of the selected cell voltages is closest to the reference
voltage Vref. The selected cells will get engaged, while the
remaining ones will get bypassed. Hence, the newly connected
cells are always the ones with the highest SOC, which ensures
keeping a balanced SOC level across the battery pack while

following the charging request of the EV. The number of
switching events is reduced by introducing a tolerance band
defining the maximum allowed SOC difference between all
cells. Consequently, the individual cells can remain in their
respective connection state until they have to be switched in
order to stay within the allowed SOC tolerance.

C. EV model

The battery submodel of the EV is based on a previous
work [12]. The battery has a capacity of CEV

batt = 112.6 Ah
and a nominal voltage of VEV

nom,batt = 350 V. It is equipped
with an under- and over-voltage protection that allows an
operative voltage range between VEV

min,batt = 254.4 V and
VEV

max,batt = 398.4 V.
The submodel EV Battery has two inputs: the charging current
Ibatt, and the binary control variable ΓEV

batt ∈ {0; 1}, repre-
senting the state of the EV contactor (“0” if open, and “1”
if closed). The battery states V EV

oc,batt, REV
batt, and SOCEV

batt are
monitored by the BMS, realized through the feedback to the
submodel EV BMS. Based on this information, the EV BMS
determines the optimal values for charging current and voltage
and communicates the reference values Vref and Iref to the
BESS. More information on the EV charging profile is given
in the case study description in section IV.

D. Model Linkage

The Model Linkage represents the physical connection of
both batteries. The inputs are the respective battery open-
circuit voltages and resistances. Fig. 3 shows the equivalent
circuit that is used to describe the linkage of the two systems.
In order to only allow current flow from the BESS to the EV,
the switch with the binary control variable Γbatt ∈ {0; 1} is
closed (“1”) for V BESS

oc,batt ≥ V EV
oc,batt. Consequently, the resulting

battery current is calculated as

Ibatt = Γbatt ·
V BESS

oc,batt − V EV
oc,batt

RBESS
batt + REV

batt
. (5)
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Fig. 3. Equivalent circuit for the model linkage.

The current Ibatt is the output of the Model Linkage and
is used as an input for the submodels BESS Battery and EV
Battery.

IV. CASE STUDY

The case study aims at testing the proposed BESS concept
with respect to the defined control objectives. Based on the
introduced model, a simulation of a complete fast-charging
process is performed. The initial SOC of the EV is set to 0 %,
and the target SOC is 100 %. During the charging process,
the reference values Vbatt and Ibatt sent by the EV follow the
progressions shown in Fig. 4.

t0 t1 t2 t3 t4

IEV
batt,max

VEV
batt,max

Time

Iref Vref

Fig. 4. Qualitative fast-charging profile for the case study.

It is assumed that at t0 = 0 s authentication and information
exchange between EV and BESS were successfully completed
and that the EV contactor is closed. The charging process is
divided into four phases:

1) Voltage ramp-up (t0 − t1): The EV requests from the
BESS to ramp up the output voltage with 2 V/s. Current flow
is still prevented at this point. Vref is increased until is reaches
the EV battery voltage. At t = t1 the voltage ramp-up is
completed and the power transfer can start.

2) Current ramp-up (t1−t2): The requested charging current
Iref is increased by 1 A/s until it reaches its maximum value
IEV
batt,max = 112.6 A, which corresponds to a charging rate of 1C.

During this phase, the optimal charging voltage is calculated
as Vref = V EV

oc,batt + REV
batt · Iref.

3) Constant current charging (t2−t3): The reference current
is kept constant at its maximum. The reference voltage Vref is
calculated equally as in phase 2.

4) Constant voltage charging (t3 − t4): The reference
voltage is kept constant at VEV

batt,max, while the reference
current decreases according to Iref = (VEV

batt,max−V EV
oc,batt)/R

EV
batt.

At t = t4 the charging is completed.

At the beginning of the case study, all BESS cells are
balanced with SOCBESS

init,cell = 90 %, corresponding to VBESS
cell,max.

The tolerated maximum SOC difference between all cells is
set to 5 %. The simulation is executed with a fixed time-step
of 0.1 s.

V. SIMULATION RESULTS

In this section, the simulation results for the proposed
case study are presented. First, the general output of the
simulation is described. Then, the performance of the BESS
is evaluated with respect to its two objectives: fulfilling the
charging request sent by the EV, and balancing the SOC of the
individual BESS cells. The section further covers a discussion
of the results including the limitations of the study.

A. General Outcome

Fig. 5 provides an overview of the progressions of voltage,
current, and SOC, for the completed charging procedure.
In their respective graphs, the curves of Vbatt and Ibatt are
compared to their reference value sent by the EV. While the
deviation from the reference values appears to be marginal in
case of the voltage profile, the progression of the charging
current shows clear deviations from the EV request. This will
be further analysed in subsection V-B. In Fig. 5 c., the SOC
progressions for both the BESS and the EV are presented.
With the start of the current ramp-up, the SOC of the EV
begins to increase and becomes linear at the beginning of
the constant current charging phase. After entering into the
constant voltage charging phase, the slope decreases due
to the declining charging current and the SOC converges
towards the targeted 100 %. The SOC progression of the
BESS is analysed in subsection V-C.
The charging process is completed after 69 min, with a total
energy transfer from the BESS to the EV of 39.80 kW.
The power losses of the MOSFETs amount to 1.42 kW,
corresponding to 3.66 % of the transferred energy. These
losses could be reduced by designing the switches with
several MOSFETs in parallel to share the current. Another
improvement with respect to the battery operation is to bypass
complete modules when none of their cells is engaged. This
decreases the power losses significantly, as for each bypassed
module, the power losses of 24 MOSFETs are avoided.

B. Fulfillment of Charging Request

Due to the wide range of the BESS voltage, a total view
of the charging process as presented in Fig. 5 a. does not
show any differences between Vbatt and Vref. Therefore, Fig. 6
provides a closer view on the voltage progressions for an
exemplary time interval between 380 s and 480 s.
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charging process

Besides the voltages Vbatt and Vref, the figure also shows the
open-circuit voltages of both the BESS and the EV model.
The previously introduced equivalent circuit in Fig. 3 gives
the relation between the voltages shown in the graph. The
voltage drop V BESS

oc,batt−Vbatt is due to the resistance RBESS
batt , and

the voltage drop Vbatt − V EV
oc,batt is due to the resistance REV

batt.
As seen in the graph, V EV

oc,batt increases continuously while the
increment of V BESS

oc,batt occurs in steps. The steps are a result of
the adaptive cell switching performed by the BESS. Through
connecting the appropriate number of cells, the BESS BMS
can control Vbatt in order to meet the charging request of the
EV. During the shown time interval, five additional cells were
engaged, indicated by the corresponding number of voltage
steps.

The graph shows that the BESS is able to follow the
reference voltage with a high precision. Since the voltage
control is based on connecting and disconnecting individual
cells, the lowest precision is achieved when the cell voltages
are at the maximum. According to (1), this is the case when
the cells have their highest V BESS

oc,cell and at the same time the
current is minimal. With respect to the whole charging process,
these conditions are met at the beginning of the current ramp-
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Fig. 6. Enlarged view on model voltages for an exemplary time interval

up, where the BESS cells are still fully charged. For the
simulated scenario, the maximum observed deviation from the
reference value was |Vbatt − Vref|max = 1.67 V. The charging
standard [11] specifies the maximum voltage deviation during
the power transfer as 5 % of the requested voltage. The lowest
tolerance is therefore given at the beginning of the current
ramp-up with 254.4 V · 5 % = 12.72 V, since the reference
voltage is the lowest at this point. Additionally, periodically
occurring voltage ripples shall not exceed 5 V. Consequently,
the precision of the presented voltage control concept is
sufficient with regard to the made assumptions.

In contrast to the voltage, the deviations of the actual
current from its reference seem considerably larger. According
to (5), the current is a function of the voltage difference
V BESS

oc,batt − V EV
oc,batt divided by the total resistance. Consequently,

the voltage steps caused by the cell switching are directly
affecting the charging current. When V EV

oc,batt is increasing in
a linear fashion and V BESS

oc,batt is increasing in steps, the charging
current will follow the inverse sawtooth progression seen in
Fig. 5 b., consisting of a positive step followed by a linear
decrease. In the present study, the peak-to-peak values reached
up to 15.1 A. During the constant voltage charging phase,
where V EV

oc,batt is approaching its maximum value, the BESS
is decreasing V BESS

oc,batt by successively disconnecting cells in
order to follow the decreasing reference current. This then
leads to the negative current steps during this charging phase,
as seen in Fig. 5 b. The charging standard [11] specifies
the maximum current tolerance for Iref < 50 A as ±2.5 A,
and for Iref ≥ 50 A as ±5 %. Furthermore, current ripples
occurring with a frequency of below 10 Hz must not exceed
1.5 A between positive peak top and negative peak top at full
scale output. Both limits are clearly exceeded throughout the
charging process. Consequently, the control concept presented
in this study does not meet the current requirements specified
in [11].

The results show, that additional techniques are required to
reduce the current deviations. A possible solution could be to
further improve the granularity of the output voltage, since
the voltage steps are directly reflected in the progression of
the charging current. One conceptional measure with respect



to the BESS design is to use cell types with a lower open-
circuit voltage. Another solution is to smoothen the BESS
output voltage by connecting a DC-DC converter with an
voltage range of V ∈ [0, V BESS

oc,cell ] in series to the battery pack.
The output voltage of the converter could be controlled by
the BMS in order to compensate the deviations between Vbatt
and Vref. According to (5), the charging current can further
be controlled by adjusting an additional series-connected vari-
able impedance. Based on the introduced Simulink model,
future studies could aim at comparing different approaches
for complementing the reconfigurable battery concept in order
to achieve a sufficient current control.

C. SOC Balancing

Fig. 5 c. shows the overall SOC level of the BESS cells
during the charging process. The upper line represents
the maximum cell SOC and the lower line represents
the minimum cell SOC present in the system. The graph
demonstrates, that the maximum SOC difference between all
cells did not exceed the targeted value of 5 % throughout the
whole charging process. Therefore, it can be concluded that
the objective of balancing the cell SOCs is met. The overall
SOC level follows a step-like decrease because the controlling
algorithm uses the flexibility emerging from the provided
tolerance band of 5 % to minimize the number of switching
events per cell. An engaged cell always stays engaged until
its SOC decreases to 5 % below the maximum cell SOC
present in the battery pack. After getting disconnected, it
remains bypassed until it becomes the cell with the maximum
SOC due to the discharging of other cells. This behaviour
leads to the temporary plateaus visible in the graph. At the
end of the fast-charging scenario, the overall SOC level of
the cells reached an averaged value of 24 %.

D. Model Limitations

For prospective analyses, the existing model is to be further
improved. With respect to the shown results, it is important
to consider that the presented model does not describe any
transient response when connecting or disconnecting individ-
ual cells. Although the current ripples seen in the results
were caused by the limited voltage granularity, connecting and
disconnecting of individual cells might still cause additional
transient effects that can lead to unacceptable voltage and
current progressions. Hence, also capacitances and inductances
of the respective circuit elements should be included in
an improved model. Furthermore, thermal dependencies and
switching delays are to be considered.
With regard to the presented control algorithm, a more so-
phisticated version could also include the temperature and
the state-of-health of the individual cells. Thus, preventive
measures against overheating and ageing of individual cells
are considered in the decision-making. Consequently, possible
effects of the cell switching on the battery life-time can be
analyzed.

VI. CONCLUSIONS

In the present study, we analyse the capability of a BESS
with reconfigurable cell topology to provide charging power to
an EV. In the proposed fast-charging scenario, the BESS was
directly coupled with the EV, without any power converter
interconnecting the two units. By engaging and bypassing in-
dividual cells, the BESS was following two control objectives:
1) fulfilling the voltage and current requests sent by the EV,
and 2) balancing the cell SOCs across the battery pack. The
simulation results showed that the BESS was able to keep
all cell SOCs within the tolerance band throughout the entire
charging process. Furthermore, the voltage request of the EV
was met in a satisfactory manner. However, the approach of
cell switching proved to be not sufficient for fulfilling the
current request. The presented control concept is therefore to
be complemented with a suitable current control in order to
comply with recent charging standards. Future studies could
focus on more sophisticated control concepts, with additional
objectives such as maintaining thermal stability and improving
the life-time of the BESS.
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