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Abstract—Reconfigurable batteries can change their cell topol-
ogy in real time, which enables them to adapt their voltage
during operation. This unique capability makes interfacing power
converters redundant in applications where batteries are directly
coupled with other DC components or systems. The present paper
characterizes a 104 kWh prototype of a reconfigurable battery for
high power applications, and derives equations for calculating the
battery efficiency for the complete operating area. The battery
can adapt its voltage from 0V up to 1200V, and reaches power
values of 240 kW for charging, and 280 kW for discharging. The
results are presented in efficiency maps, showing the dependency
on voltage, power, and state of charge. Moreover, the efficiency
characteristic is compared to a conventional battery with fixed
cell topology and DC-DC converter. The reconfigurable battery
can operate at a wider voltage range and achieves better efficiency
up to an average power of 44.6 KW during charging, and 46.7 kW
during discharging. Conversely, the conventional system performs
better above these thresholds. Finally, the presented model can
be used to optimize the design of reconfigurable battery strings,
and to accurately size such systems for specific applications and
purposes.

Index Terms—battery characterization, battery losses, cell
balancing, dc-dc converter, energy storage, Thevenin equivalent.

I. INTRODUCTION

ATTERY storage systems are considered key elements of
future electricity grids. With an increasing share of vari-
able and partly uncontrollable renewable energy generation,
their balancing capability helps to ensure stable and reliable
grid operation [1], [2]. Batteries can further be utilized as
power buffers for grid components with high peak load de-
mand, such as electric vehicle (EV) fast charging stations [3].
Therefore, there has been increasing interest in combining fast-
charging stations with battery systems and renewable energy
sources [4], [5]. The battery storage enables the local usage of
renewable energy and at the same time mitigates the impact of
high power charging on the grid [6]. The different components
are usually connected to a common bus using individual power
converters, which are necessary to convert the voltage level
and to actively control the power flow [7], [8].
In the past years, the concept of reconfiguable batteries has
emerged as an alternative design solution for conventional
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battery energy storage systems (BESS). The cells of recon-
figurable batteries are equipped with semiconductor switches,
which allow to dynamically modify the topology of the battery
during operation. While this increases the design complexity,
it tackles typical challenges exhibited by conventional BESS,
in particular cell unbalance issues, and the fact that the
system performance is often constrained by single cells [9].
The variable topology further provides the battery with the
intrinsic capability of adjusting its voltage. This could make
power converters redundant in applications where batteries are
directly coupled with other DC components or systems, saving
investment costs and possibly power losses.

While the concept of reconfigurable batteries has been dis-
cussed in [10] and [11], real-life implementations are essential
for assessing their feasibility. Ji et al. [12] conducted an
experimental study with a small-scale reconfigurable battery
comprising 9 cells (2.2 Ah each), directly coupled to a DC
load. The results showed that the battery could achieve good
cell equalization while maintaining low voltage fluctuations
without any DC-DC converters. However, the application in
grid-integrated battery systems requires implementations of
larger scale. To this end, the present work investigates a
104kWh prototype of a reconfigurable battery string, devel-
oped within the research projects INSULAE and TOPChargE.
In 2021, a BESS comprising three of those strings has been
installed for field tests on the Danish island of Bornholm [13].
The strings can be individually connected to other DC com-
ponents through a busbar matrix: a photovoltaic (PV) system,
two EV fast chargers, and a grid-tie inverter. The general
working principle of the reconfigurable string design has been
previously shown through simulations [14], and the prototype
on the demonstration site has charged hundreds of EVs since
installation [15].

To seamlessly integrate this battery technology as control-
lable power units in a wide range of system applications, com-
prehensive knowledge on the operating area and the efficiency
is essential. To this end, Engelhardt et al. [16] introduced
general equations for deriving the efficiency characteristic
of reconfigurable batteries. The present work is an extended
version of this conference paper, and provides additional
key insights on string design and efficiency characteristic.
In particular, the string topology proposed in the present
paper considers an additional degree of freedom. The design
comprises two substrings, which can be either connected in
series or parallel to adapt the voltage and current limits of the
battery. Moreover, the efficiency characteristic is compared to
the one of a conventional battery with fixed cell topology and
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DC-DC converter. All in all, the study has the following key
contributions:

« The paper presents the prototype of a battery string with
reconfigurable topology on both string and cell level.

« A methodology for deriving the efficiency characteristic
for the complete operating area of reconfigurable battery
strings is proposed.

o The efficiency characteristic of the prototype is compared
to the one of a conventional system with DC-DC con-
verter, including a quantification of individual component
losses.

The remainder of the paper is structured as follows. Sec-
tion II describes the design and components of the prototype.
Section III derives equations for calculating the efficiency
of reconfigurable batteries, describes the benchmark system
comprising a conventional system with DC-DC converter, and
presents the case study. Section IV summarizes and discusses
the numerical results, followed by concluding remarks in
Section V.

II. RECONFIGURABLE BATTERY DESIGN

This section focuses on the developed prototype of a high-
power reconfigurable battery. First, the system design is intro-
duced, followed by the characterization of the different battery
components.

A. System design

The battery described in the present study was developed
in the framework of the research projects INSULAE and
TOPChargE to explore the benefits of a reconfigurable battery
in EV fast-charging applications. A battery module of this
prototype is depicted in Fig. 1. The module contains 27
lithium-iron phosphate (LFP) cells with a nominal capacity
of 100 Ah and a nominal voltage of 3.2V [17]. The cell
manufacturer Sinopoly specifies the maximum cell current for
charging and discharging at 200 A and 300 A, respectively.
The maximum cell voltage is reached at 3.65V and the
minimum cell voltage at 2.5V. All cells within the module
are connected in series via copper connectors and equipped
with a controller responsible for monitoring the respective cell
and actively controlling its connection state. The controller
can either switch its cell in or out of the series connection,
using two semiconductor switches. One switch comprises a
parallel connection of four n-channel MOSFETs [18], with a
drain-source voltage limit of 25V and a drain current limit
of 100 A, respectively. The connection states of the two cell
switches are inverse, meaning that one switch is active when
engaging, and the other switch is active when bypassing the
cell.

In order to match the voltage level of other DC components,
such as EVs or PV systems, a battery string is formed by
12 modules. Fig. 2 shows the architecture of this string
design. The battery string consists of two substrings with six
series-connected modules each. The two substrings can be
either connected in series or in parallel, to achieve different
voltage and power capabilities. The substrings are connected
in series by closing switch SW/ and opening switches SW2a

connector

cell

controller switch -

engage

switch -
bypass

Fig. 1: Prototype of a reconfigurable battery module with
27 series-connected LFP cells. Each cell is equipped with
a controller that can switch the cell in or out of the series
connection.

and SW2b. A parallel connection of the substrings is achieved
by opening switch SW/I and closing switches SW2a and SW2b.
In either connection scheme, the string voltage can be adapted
during operation by changing the number of engaged cells in
each substring. This makes it possible to connect the battery
string directly to other DC components, without the need for
interfacing DC-DC converters. The power flow to or from
the battery is controlled by changing the string voltage with
respect to the voltage of the connected component (e.g. EV,
PV). Furthermore, the state of charge (SOC) of the individual
cells can be balanced by deciding which of the cells to engage
and which to bypass, as demonstrated in [14]. Based on the
total number of cells (324), the nominal cell voltage of 3.2V,
and the nominal cell capacity of 100 Ah, the estimated energy
capacity of the battery string is 104 kWh.

B. System characterization

Fig. 3 shows the equivalent circuit of the string design,
with series-connected modules and cells. The efficiency of
the battery is mainly affected by ohmic resistances in the
circuit that cause Joule losses when an electric current is
applied. Switching losses of the MOSFETs are neglected in the
present study, since cells are usually switched once every few
minutes assuming a constant battery operating point. Hence,
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Fig. 2: String architecture comprising two substrings with
six series-connected modules each. The substrings can be
connected either in series or in parallel to adapt voltage and
power capability.
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Fig. 3: Equivalent circuit of a reconfigurable battery string with series-connected modules and cells.

the equivalent circuit shown in Fig. 3 is the basis for the
efficiency equations which will be derived in Section III-A.
A representative cell was characterized to obtain the pro-
gressions of open-circuit voltage and internal resistance, as
shown in Fig. 4. The open-circuit voltage was determined
by measuring the voltage at currents of 3.5 A (discharging)
and -3.5A (charging), corresponding to C-rates of slightly
above 1/30, and averaging the two curves. The cell capacity
between minimum and maximum cell voltage was estimated
at 106.9 Ah, thus approximately 7 % higher than stated in the
datasheet. This value served as the base quantity for expressing
the voltage as a function of the cell SOC with values between
0% and 100 %. As indicated in Fig. 4, the cells are operated
within 10% (3.21V) and 90% (3.35V) of their nominal
capacity to stay within the linear region of the open-circuit
voltage characteristic and to prevent over- or undercharging.
The dynamic behaviour of the cell was modelled with
a second order Thevenin equivalent circuit. Pulse charge
experiments were conducted to estimate the values of the
RC branches at different SOC values within the operating
area, for both charging and discharging. The current was
controlled with a DC power supply [19], with pulses of 100 A
(-100 A for charging) for 6 minutes followed by a relaxation
time of 90 minutes. The voltage was measured with a NI-
9215 module [20]. For the present study, the efficiency is
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Fig. 4: Open-circuit voltage and internal resistance (Ry + 1)
of one LFP cell as a function of the SOC.

calculated considering static operating points. The internal cell
resistance Rinccen 1s considered as the sum of Ry and R;. As
elaborated in [21], resistance R, is neglected for the power
loss estimation, since the time constant R,C, has an average
value of 230 minutes. In comparison, the time constant R;C
has an average value of 1.6 minutes.

Besides Joule losses inside the cells, additional losses are
caused by the elements used to integrate the cells in the
battery system. As seen in Fig. 1, the cells are linked via
copper connectors that are bolted on the printed circuit board
(PCB) terminals of the cell controller. This bolting resistance
Reom-trm 18 always present, independent of the cell activation
state. If a cell is bypassed, Joule losses are caused by the
conducting path of the PCB, Rpcg, and the on-state resistance
of Switch 1, Ry, (see Fig. 3). In contrast, if a cell is active, the
current flows through the internal cell resistance Rincen, the
bolting resistances between cell and PCB terminals, Rcejptrm,
the resistance of the PCB, Rpcg, and the on-state resistance
of Switch 2, Ry.s. The resistances of PCB and connecting
terminals (at a torque of 12N m) were measured via the 4-
point probe method at the obtained values listed in Table I.
The measurements were performed using a BK-Precision 8601
as current source [22], with an accuracy of +0.35% for the
applied current of 10 A. The voltage was measured using a
Fluke 8846A [23], with an accuracy of 4 (0.0035 %+0.5 uV)
for the given measurement range. The switch resistance Rpos
derives from the parallel connection of four MOSFETs in on-
state. The copper connectors used to link cells and modules
have a cross-sectional area of 66 mm? and a specific resistivity
of 0.0168 2 - mm? /m. The connectors have different lengths
and, consequently, different resistances, as listed in Table 1.

In case of parallel operation of the two substrings, the
voltages of both substrings must be matched before connect-
ing. The resulting inrush current is determined by the voltage
difference between the two substrings and the total resistance
in the circuit. Typically, the maximum voltage difference is
equal to Voccen/2, while the resistance is given by the equiv-
alent circuit shown in Fig. 3. Assuming both substrings have
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TABLE I: Ohmic resistances of battery components.

Symbol Value  Description
Reell-m 30 u2  Terminal resistance cell-PCB
Reonn-trm 27u)  Terminal resistance connector-PCB
Rpcp 120 u©2  PCB resistance
Rmos 145u2  On-state resistance of switch
211 i ég P—g Resistances of cell connectors, with
R 1 % 62 p.Q different values due to different
conn,cell 1% 97 HQ connector lengths. Numbers of cell
1 % 194 ﬁﬂ connectors are given per module
10 X 71 uQ2 .
Rconn,mod 3 % 571 ﬁﬂ Resistances of module connectors

an average SOC of 50% and a target voltage of 350V, the
resulting inrush current is estimated at 6.76 A, corresponding
to a C-rate of 0.0676. While such current levels are easy to
handle, the presented design could also be complemented with
inrush current limiters [24], [25], to further mitigate the impact
when switching from series to parallel configuration.

III. CHARACTERIZATION OF BATTERY EFFICIENCY

The methodology is structured as follows. First, general
equations for the efficiency are derived taking into account
the reconfigurable design. Second, a benchmark system is in-
troduced which allows to compare the efficiency characteristic
of the reconfigurable battery to that of a conventional solution.
Finally, the case study is described.

A. Efficiency of reconfigurable battery

The efficiency of a reconfigurable battery with series-
connected cell topology is directly influenced by the number
of active cells. In particular, the two possible activation states
of each cell must be considered. The resistance of each cell,
including its controller, can be represented with a constant
plus a variable part. Since always one of the two switches per
cell is in on-state mode, and the PCB resistance is the same
for either cell connection state, the total cell resistance (cell +
controller) has a constant part of

Rcell,consl =2 Rconn—lrm + RPCB + Rmos~ (l)

In case a cell is enabled, a variable part is added to the total
resistance:

Rcell,var =2 Rcell»trm + Rint,cella (2)

where Rincen is the SOC dependent internal cell resistance.
The connector resistances of cells and modules, together with
the constant part of the cell resistances, can be summarized as
a constant part of the battery resistance:

Rconn,batl = § Rconn,mod + E Rconn,cell (3)
Rbatt,const = Ncells : Rcell,const + Rconn,batt (4)

The battery voltage depends on the current and the number of
active cells, and is formulated as

Neens

%all = Z (V;)c,cell,i - Rcell,var,i . ]balt) . Fcell,i (5)
=1

*Rball,const : Iballa

where T'cepp; is the connection state (“1” engaged, “0” by-
passed) of the i-th cell. The current o is defined in generator
convention, with positive values corresponding to discharging,
and negative values to charging. Under the assumption that all
cells show the same characteristic and that the BMS balances
their SOC during operation, the equation can be simplified to

Vbatt = Nacl . (V;)c,cell - Rcell,var . Ibatl) - Rball,const : Iballv (6)

where N, is the number of active cells. The battery power is
defined as Py = Vhay - Ibaw, While the Joule losses are given
as

1Dloss = I[?an : (Nacl : Rcell,var + Rbatt,const)~ (7)

Finally, based on Joule losses and total battery power, the
battery efficiency is formulated as

Poatt+ Ploss
Pout 5 for Pbau <0
n= 1, for Pbatt == 0 (8)
B batt
Poat+Ploss fOr Pbatt > O

For the present string architecture with two substrings,
which can be connected either in series or in parallel, the
two cases must be considered independently. In case of the
series connection, the equations presented above are directly
applicable. In case of the parallel connection, the power losses
are first calculated for a single substring, assuming the full
battery voltage, Viay, but only half the battery current, Tpy/2.
Subsequently, the battery efficiency is calculated considering
twice the power losses, 2 - Plgs-

B. Benchmark system description

Conventional batteries with fixed cell topology do not
have the intrinsic capability of adapting their voltage during
operation. Thus, they require power converters for connecting
to other components or systems. Fig. 5 compares the two
distinct system designs.

Iy [P Iy

—

z . == | I
3 =

reconfigurable
battery

conventional battery
+ DC-DC converter

Fig. 5: Comparison between reconfigurable battery and con-
ventional system. The latter comprises a fixed-topology battery
with DC-DC converter.

In the present study, the conventional system serves as a
benchmark to evaluate the efficiency characteristics of the
reconfigurable battery design. The comparison is conducted
for the use case of battery-powered EV fast charging, as
this is the primary intended application of the developed
prototype. Hence, the voltage V; must match the considered
use case, i.e., power transfer from the stationary battery
to an EV. Currently, the majority of current EV models
relies on 400 V charging systems. Based on the minimum
and maximum cell voltage [17], the two substrings of the
reconfigurable battery will be operated in parallel, since this
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Fig. 6: Buck converter circuit of the benchmark system.

will achieve voltages between 405V and 591.3V in case all
cells are engaged.

For the benchmark system, assumptions for both battery
and DC-DC converter must be made. The conventional
battery is considered with the same cell configuration as the
reconfigurable battery, thus, with a 162s2p topology (two
branches of 162 series-connected cells—6 modules with
27 cells each). However, it does not require the elements
necessary for engaging and bypassing of cells. Compared to
the equivalent circuit shown in Fig. 3, the resistances for the
MOSEFETS, Rpos, for the PCBs, Rpcg, and for the interface of
connectors and PCBs, Rconn-tm, are therefore not considered.
The components of the DC-DC converter are selected based
on the voltage and current limits. The voltage on the battery
side, V5, can range between 405V and 591.3V at currents
of up to 600 A. To achieve a suitable voltage range for EVs,
the output voltage of the DC-DC converter, V], is defined
to range between 250V and 420 V. Fig. 6 shows the layout
of the considered buck converter, while Table II details the
parameters of the individual components. The calculation
of power losses follows the methodology presented in [26],
assuming a switching frequency of f; = 10kHz.

TABLE II: Buck converter parameters.

Component Symbol Value  Description

Inductor [27] R; 14.69m  Internal resistance

(267p40p) L; 100.13puH  Inductance
Ry 0.8m 2 Drain to source typical resistance
Ry 1.45m$  Internal diode resistance
Ve 0.4V  Collector-emitter saturation voltage

{SSE]'T module Viee 300V  Collector-emitter test voltage

(2 in parallel) Iee 300 A  Collector test current

P Eon 12.8mJ  Turn on switching energy per pulse

Eoft 29.8 mJ  Turn off switching energy per pulse
Qrr 21 uC  Reverse recovery charge

The auxiliary consumption of the two system designs is
considered similar and, therefore, neglected in the present
analysis. Auxiliary consumption is mainly determined by the
equipment used for monitoring the battery (microcontrollers,
sensors, drivers) and the thermal management system [29].
Hence, it largely depends on external factors such as the usage
pattern or ambient conditions. In all Lithium-based batteries,
the battery management system must continuously monitor all
cells [30], independent of whether the design has a fixed or
variable cell topology.

C. Case study

A sensitivity analysis is conducted to determine the impact
of different battery setpoints on the efficiency. The analysis is

designed to cover the complete operating area of the recon-
figurable battery. The investigation is made for both the series
and parallel connection of the two substrings. The number of
active cells is varied between N, = 1...324 € N, and the
current Iy, is varied in 0.1 A steps between the operating cell
current limits for charging (-200 A) and discharging (300 A).
Furthermore, the analysis is performed for different SOC val-
ues, which changes the cell characteristic according to Fig. 4.
Based on equations (1) — (8), the other state variables (voltage,
power, etc.) are derived using the physical properties of the
real system. Besides efficiency considerations, operating limits
imposed by the maximum cell number, as well as cell current
and voltage limits are investigated. Furthermore, the same
analysis is performed with the benchmark system, considering
a battery with fixed topology and DC-DC converter.

IV. RESULTS AND DISCUSSION

This section presents and discusses the results and is divided
into three parts. First, the progressions of battery efficiency and
number of active cells are derived for different voltage levels
and as a function of the power setpoint. Second, efficiency
maps for the complete operating area are presented, showing
the impact of power, voltage, and SOC on the efficiency. Third,
the efficiency characteristic is compared to the benchmark sys-
tem, including a breakdown of component losses for different
operating setpoints.

A. Efficiency at discrete voltage levels

Fig. 7 shows the efficiency of the battery system in depen-
dency of the power, together with the number of active cells
needed to achieve the respective setpoints. The results were
obtained at a battery SOC of 50 %, and the substrings are
connected in series. Efficiencies and cell numbers are given for
discrete voltage levels between 300 V and 1000 V, which is the
range in which the prototype is usually operated. In the graphs,
the operating limits of charging and discharging current, as
well as the maximum number of cells are indicated. The results
show that higher voltage levels lead to higher efficiencies. This
is because for the same power setpoint, the current is lower at
higher voltage levels, leading to lower Joule losses. The graph
further shows that higher power levels can be achieved during
discharging, since the maximum discharging current of the
cells, Igismax, is higher than the maximum charging current,
Iehmax- The two lines for the current limits mark operational
boundaries of the battery string, as highlighted in the plot.

The lower subplot shows the number of cells that need to be
engaged to achieve the respective voltage levels, as a function
of the power setpoint. The required number of active cells is
lower for charging and increases continuously with the power.
At high voltage and power levels (top right corner), the number
of active cells reaches the maximum cell number N in the
battery string. No additional cells can be engaged from this
point, marking another operational limit of the system.

B. Efficiency maps
In the previous subsections, the general characteristic of
the reconfigurable battery string was shown and discussed for
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Fig. 7: Battery efficiency and number of engaged cells at
discrete voltage levels, as a function of the power setpoint.

discrete voltage levels in steps of 100 V. The following analysis
utilizes the fine resolution of the performed sensitivity analysis
to develop continuous efficiency maps. Fig. 8 presents the
obtained values as a contour map with dependency on battery
power and voltage for different SOC levels, namely at 20 %,
50 %, and 80 %.

The outline of the contour map is enclosing the operating
area of the battery string. The maximum charging current is
restricting the area from the left-hand side, while the maximum
discharging current is the restricting factor on the right-hand
side. The maximum number of available cells is eventually
imposing a limit to the overall string voltage, thus the upper
edge of the area. Generally, the efficiency is highest for low
absolute values of the power. For a given battery power, higher
voltage levels achieve higher efficiencies as already discussed
in Section IV-A.

Furthermore, the contour maps for the different SOC values
reveal differences, mainly due to the dependency of the cell
resistance on the charge level. Since the cell resistance is
increasing during discharge when approaching the lower SOC
limit, the efficiency map in Fig. 7 (a) reveals a steeper decline
with increasing discharge power. Besides the higher density
of contour lines, this effect is particularly apparent at the
right edge, where the efficiency values are considerably lower
compared to the other two subplots. Similarly, during charging,
the cell resistance experiences an increase when approaching
the upper SOC limit, visible in Fig. 7 (c). Furthermore, the cell
resistance has a direct impact on the outline of the operating
area, in particular on the upper edge. For higher values of the
cell resistance, the upper limit, indicating the voltage achieved
by engaging all cells, drops more sharply. This behaviour is
caused by the fact that during discharging the voltage drop

along all resistive elements must be provided by the engaged
cells. With higher cell resistances, more cells need to be active
to achieve the required voltage at the battery terminals. Hence,
the maximum number of cells is reached earlier compared
to discharging with lower cell resistances. Conversely, during
charging the voltage drop along the resistive elements adds
to the open-circuit voltages of all engaged cells. As a result,
a lower number of active cells is needed to achieve the
required battery voltage level. Consequently, in the case of
charging, higher cell resistances allow the battery to achieve
higher voltage levels but also lead to lower efficiencies. It is
noteworthy that when approaching the upper and lower charge
limits of the cells, additional operating limits will be imposed
by the maximum and minimum cell voltage. In this case, the
charging or discharging current has to be restricted so that the
cell voltage limits are not violated.

C. Comparison to conventional system

The modular string architecture with two substrings enables
a transformation of the operating area by connecting the
two substrings in parallel. In this operating mode, the string
current is shared by the two substrings. While the parallel
connection decreases the string voltage, it increases the power
capability at low voltage levels. This change in the operating
area is apparent from the efficiency map in Fig. 9 (a). The
efficiency characteristic of the benchmark system introduced
in Section III-B is shown in Fig. 9 (b). The two battery
designs reveal clear differences in the operating area. While
the benchmark system is restricted to voltage values between
250V and 420V, the reconfigurable battery has a significantly
wider voltage range, reaching from 0V up to 587 V.

Furthermore, the progression of the efficiency is different
for the two systems. While the reconfigurable battery shows
a decreasing efficiency with increasing absolute power, the
efficiency characteristic of the benchmark system is influenced
by the DC-DC converter leading to a sharp decline when
approaching zero power. To quantify the difference between
the two systems, Fig. 10 shows the absolute difference in
efficiency, in percentage points, with focus on the more narrow
voltage range of the benchmark system. The contour map
reveals higher efficiencies of the reconfigurable battery at low
power values, while the benchmark system performs better
at high power values. The turning point where both systems
have the same efficiency is dependent on the voltage setpoint.
During charging, the turning point ranges from 31kW at
250V to 57kW at 420V, with an average value of 44.6 kW.
During discharging, the turning point ranges from 31 kW at
250V to 61 kW at 420V, with an average value of 46.7 kW.

The models of both systems further allow to allocate the
power losses to the different system components, as presented
in Fig. 11. The comparison is done for two different setpoints,
the first at 350 V/25kW, and the second at 350 V/100 kW.
All in all, the total power losses are significantly higher at the
second operating setpoint. While the reconfigurable battery has
lower power losses at 25 kW, the conventional battery design
performs better at 100 kW, as discussed previously. The losses
of the reconfigurable battery are divided into losses caused
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by (i) battery cells including cell terminals, (ii) connectors,
(iii)) MOSFETS, and (iv) PCBs, including connector terminals.
While the benchmark system does not have MOSFET or PCB
losses due to its fixed cell topology, the DC-DC converter
causes (v) switching and (vi) conductive losses.

Particularly at 25 kW, switching losses are the dominant
source of losses for the benchmark system. In contrast, at
100kW, the cells contribute to 61.5% of the power losses
of the benchmark system, while conduction and switching
losses contribute to 22.4% and 14.1 %, respectively. Con-
nector losses only add a minor contribution of 2%. In case
of the reconfigurable battery, the cells cause 70 % of the
overall losses at 100kW, PCBs 14.6 %, MOSFETs 12.2 %,
and connectors 3.2 %. Although the losses of the components
enabling the reconfigurable cell topology (PCBs, MOSFETs)
level out the converter losses at this operating setpoint, the
reconfigurable battery has higher cell and connector losses
than the benchmark system. While the engaged cells in the
reconfigurable battery always experience the full current I,
the cells of the conventional battery experience the lower
current I, due to the conversion ratio of the buck converter.
In this regard, the benchmark system benefits from being
designed for a specific voltage range, while the operating area
of the reconfigurable battery is significantly broader. Hence,

a future study could compare the presented string design to a
conventional battery system with the same operating area.

D. Further considerations

Besides efficiency considerations, other relevant aspects
are the power and energy density of the two designs. The
module shown in Fig. 1 has a volume of 76.90 L. The total
string volume comprising the grouping of 12 modules, man-
agement system (57.24 L), and cross-over module (38.31L)
for series/parallel configuration, is 1018.35 L. Considering the
maximum discharge power of 280 kW and the energy capacity
of 104kWh, the volumetric power and energy densities of
the prototype system are 274.95W/L and 102.12Wh/L,
respectively. The conventional battery modules are considered
with the same volume, since the switches of the reconfigurable
modules are integrated in the cell monitoring equipment
present in all Li-ion battery systems, thus, adding no extra
volume. Similarly, also conventional battery systems require a
management system with the same key functionalities (e.g.,
safety, monitoring, cell balancing). While the conventional
system does not include any cross-over module, DC-DC
converters with the specifications defined in Section III-B
have a similar volume [31], [32]. Hence, the corresponding
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volumetric power and energy densities of the conventional
design are 245.5 W /L and 102.12 Wh/L, respectively, which
is comparable to those of commercial LFP-based battery
systems [33].

Further considerations center around the application of bat-
teries in integrated systems, including the compatibility and
coordination with other units. In this regard, the broad voltage
range of the reconfigurable string allows the connection to
various DC components with diverse operating voltages, such
as 400V and 800V EVs, PV systems, or AC grid-connected
inverters. This facilitates novel microgrid architectures that do
not require any DC-DC converters [34]. Another candidate
application are traction batteries for EVs, where a broad
power range is required. In this use case, the average power
consumption is considerably lower than the rated power [35],
[36], hence, the higher efficiency of the reconfigurable design
at low power values is advantageous. To this end, a future
study could compare reconfigurable and conventional batteries
in different applications, considering additional aspects such
as costs, reliability, and control complexity.

V. CONCLUSION

The present paper characterizes a prototype of a recon-
figurable battery for high-power applications. Each of the
324 cells is equipped with a cell controller that can switch
the cell in or out of the series connection. Consequently,
the battery has the intrinsic capability to adapt its voltage
during operation and can be directly connected to other DC
components like EVs or PV systems, without the need of
interfacing power converters. General equations for calculating
the battery efficiency were derived and served as the basis for
developing efficiency maps for the complete operating area of
the prototype. The battery can adapt its voltage between 0V
and up to 1200V, and reaches power values of 240 kW for
charging, and 280 kW for discharging. A sensitivity analysis
was performed to determine the influence of battery voltage,
power, and SOC on the efficiency. The results show that for
a given power setpoint, higher voltage levels allow to achieve
better efficiencies, while the highest efficiencies are achieved
at low power values. A comparison to a conventional battery
with DC-DC converter showed that reconfigurable battery
can operate at a wider voltage range and achieves a better
efficiency up to an average power of 44.6 kW during charging,
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Fig. 10: Absolute efficiency difference between reconfigurable
battery and benchmark system.
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Fig. 11: Comparison of component power losses at discrete
operating points for both the reconfigurable and the conven-
tional battery system.

and 46.7 kW during discharging. Conversely, the conventional
system performs better above these thresholds. All in all, the
introduced method of estimating the efficiency characteristic
can be applied to other battery specifications, for instance,
different cell numbers or cell chemistries. This makes the
model a suitable tool for designing and sizing reconfigurable
batteries for specific applications. Furthermore, the results and
insights presented in this paper can serve as an input for
models that take a more high-level view on the system. In
particular, the efficiency maps can be used to develop and
test energy management strategies of reconfigurable batteries
in various applications, as they capture operating area and
efficiency as a function of power, voltage, and SOC.
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