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Abstract—Battery cells within battery energy storage systems
(BESS) do not have homogeneous attributes, and the lowest
capacity ones limit the performance and lifetime of the whole
pack. Modern battery management systems (BMS) solve this
problem with balancing, while providing the required service,
and safe operation to the user. Reconfigurable battery systems
(RBS) are BESSs that involve a BMS with reconfiguration.
Reconfiguration uses feedback to determine the circuit switching
logic. This paper presents a structured review of the control
algorithms for RBSs. The RBSs are divided into groups according
to their control strategies and control implementations. Finding
the adequate control strategy requires well-defined objectives and
control design. The control implementation focuses on physical
and architectural aspects, like the reconfiguration frequency, the
balancing operation and the control topology. The considerations
and categories are discussed with the advantages, disadvantages
and academic examples, and then an innovative industrial BMS
is introduced.

Index Terms—Battery management systems, charge equaliza-
tion, active balancing, reconfiguration, control strategy.

I. INTRODUCTION

An urgent topic of our decade is decarbonization and it is
currently achieved by pouring large investments into renew-
able energy generation and electrical vehicles [1]. Fluctuations
are imminent in the power generation and demand, therefore
energy storage systems (ESS) become necessary. A promising
commercial technology is the battery energy storage system,
BESS. Furthermore, battery packs substitute fuel tanks in case
of e-mobility.

Recently, lithium-ion battery cells are preferred in the indus-
try due to their relatively high energy density and tolerance
to large currents, but they are only durable in a restricted
range of operating conditions [2]. This range is called the
safe operating area (SOA). Lithium-ion cells are sensitive
to overcharging or over-discharging, to extremes of voltages,
currents, temperatures, and how often they are used.

Battery packs consist of a large number of battery cells. Due
to manufacturing variations, the electrochemical properties of
the cells are not homogeneous, resulting in different charge
capacities, internal impedances, self-discharging rates and
thermal properties [2]. For this reason, cell imbalance occurs,
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a term that refers to several physical properties differing for
every cell.

The weakest cell always limits its neighbours because of
its reduced operation range [3]. The current is limited due
to increased internal impedance, and the capacity is limited
as the weakest cell reaches its operation limit of state of
charge (SoC) sooner. Predominantly, in a serial connection, the
weakest cell limits the maximum current; in a parallel connec-
tion, the weakest cell limits the capacity. The varying internal
resistance and the self-discharge increases the variance of
SoCs of the cells along just some cycles. As the passing of
cycles speeds up for the affected cells, it enhances aging.
The internal resistances of the cells increase, limiting their
performance. Furthermore, their capacity decreases. In other
words, their state of health (SoH) is reduced. In this indirect
way, the weakest cell reduces the battery pack’s lifetime as
well.

A. Battery management systems

Battery management systems (BMS) are responsible for:
• fulfilling the service requirements from the user,
• protection of the cells, by limiting the usage to SOA,
• balancing the SoC of the cells to increase their perfor-

mance and lifetime,
• thermal management,
• potentially fault tolerance.

The state-of-the-art BMS design techniques up to 2010 are
described in [2]. These methods revolve mainly around estima-
tion of SoC and SoH, the balancing strategies (top balancing,
midbalancing, bottom balancing), and the basic topologies
made from commercial components. The differences between
passive and active balancing are presented.

Balancing can be passive, when resistive elements convert
the excess energy of higher SoC cells to heat. Balancing is
active, when switching elements are used to redistribute the
charge among the cells. Active battery equalization topologies
are compared extensively in [4]. In this categorization, the
topologies can be cell-bypass, cell-to-cell, cell-to-pack, pack-
to-cell, or cell-to-pack-to-cell. Typically, to actively transfer
charge between cells, an energy storage unit (ESU) (such as
inductor, capacitor or transformer) is utilized. A counterexam-
ple is the pulse width modulation switching between parallel-
serial and serial-parallel circuit logics [5].
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Active balancing methods may use fixed switching logic
or reconfigurable switching logic. In case of fixed switching
logic, cells may be connected occasionally in parallel. Al-
ternatively, they can connect through an ESU, which helps
to control the dynamics of the balancing current. Reconfig-
urable battery systems (RBS) utilize reconfigurable switching
logic, using the estimation of the SoCs. They modify the
switching logic according to a control strategy. This normally
results in less unnecessary transfer of charge or lower rate of
transfer. Hence copper losses are reduced compared to fixed
switching logic, and variable voltage levels are possible at the
point of connection of a battery string. On the other hand,
requirements on circuit components are higher. Gates may
experience more dynamic and larger range of voltages, and
measurement units are expected to provide higher resolution to
enable reliable feedback. The reviews like [6]–[10] summarize
cell modeling, estimation of SoC and SoH, control hardware
and their topologies, fault accommodation, control design,
scaling or granularity, and communication. Generally, the re-
configuration algorithms are strongly dependent on the circuit
topology. In [10], it is discussed that there are still no strategies
to design application specific RBSs, and with upscaling, or
increasing algorithmic complexity, both computation time of
optimization algorithms and the communication burden grow
quickly. The most universal circuit topology is depicted in
Fig. 1, which is capable of series, local parallel, global parallel
connections and bypassing cells/modules. Other topologies
can be provided by the simplification of it.

B. Contribution

The contribution of this paper pertains to analyzing con-
trol algorithms written for RBSs regarding both holistic and
pragmatic perspectives. The potential design choices are listed
with their benefits and drawbacks. Afterwards, the modular
and commercial BMS, Nerve Smart System’s NerveSwitch®
[11] is shows an industrial aspect. It is compared to alternative
solutions in the literature through categorizing the main traits
of the reconfiguration control algorithms, while explaining the
design choices.

NerveSwitch® is a BMS, which gains advantage in the
market by eliminating the need of DC-DC converters, and by
providing service and balancing the cells at the same time. Its
modularity enables it to easily fit a large range of BESSs.

This paper is organized as follows. Section II reviews the
control strategies for RBSs. Section III categorizes the litera-
ture according to physical and architectural considerations for
implementing the control strategy. Section IV describes the
novel commercial system, and motivates its categories with
design choices. Section V discusses the outcomes of the paper.

II. CONTROL STRATEGY

Lithium-ion systems provide high reliability in a safe
operation area (SOA), which depends on SoC, current and
temperature [2]. Hence at least a basic model of the cell
and the topology is required for adequate usage. The models
may rely on first principles from chemistry, thermodynamics

or electricity (see equivalent circuit models, e.g. [12]) and
empirical observations [13], [14]. Measurements, and these
models are used to provide numerical values of how far
the system is from its control objectives. The procedure for
decision making follows a control design, which aims at
meeting these targets.

Understanding the dominant dynamics of the cell helps to
design an adequate control algorithm for the BESS. Using
larger discharge current, the usable cell capacity decreases,
which is the rate capacity effect. If sufficient relaxation time
(scale of minutes) is given, the maximum open-circuit voltage
belonging to the SoC is restored, this is the recovery effect.
This dynamics and its dependency on temperature is described
in [15]. Based on the temperature and the service power,
optimal discharge currents and idle times can be selected for
particular chemistries.

A. Control Objectives

The control objectives consist of safety measures, mainte-
nance of the cells, providing the required service, and fault
tolerance. With regards to the control system design, the
time horizon of objectives is a paramount aspect. Objectives
with identical time horizon may contradict each other and
cause stability issues, furthermore, long term objectives are
often neglected. The objectives can be constant, changing in a
predefined manner, predictable or unpredictable. Accordingly,
the control algorithm may use planning or prediction. For
instance, the service power is predicted by a recursive least
squares algorithm in [16].

Typically, the service related objectives are short term
ones, like providing the required power, voltage, current
or impedance, and maintaining the integrity of the BESS.
Keeping the cells in the SOA of voltage, current and tem-
perature ranges are prioritized as well. Additionally, fault
accommodation may be considered to alleviate the effects of
a failure [12], [17]. Faults can be short-circuit, open circuit,
or thermal runaway [18]. Intermediate term objectives are
the balancing of the SoCs, and utilizing maximal capacity
by considering rate capacity and recovery effects. Note that
balancing is sometimes regarded as an automatic consequence
of the switching topologies used, hence it may be neglected
from the objectives [19], [20]. The long term objective is to
maximize the lifetime of the pack. This is the most challenging
one, as the estimation of the main indicator of the aging,
the SoH, still divides the literature [2]. Aging depends on
the combination of a lot of factors. Lifetime is prolonged by
reducing the cell temperature in [21], but note that the internal
resistance is then also larger [22].

B. Control Design

The control algorithm (Fig. 2) is the decision making pro-
cess, which utilizes the model and measurements (or processed
information from other control units, see Section III-C) to
determine the state of the system. The algorithm determines
the actuation based on comparing this state to the target
state (or conveys it to other control units). The decision is



a) b) d)c)

Fig. 1. The most universal circuit topology with the possible switching logics: a) engaging the middle and bypassing the other cells; b) series connection;
c) local parallel connection of the left cells; d) global parallel connection of the side cells

made about both the reconfiguration, and the allocated time
durations of sublogics. The algorithm always involves a rule
base, it is likely to use a model, and it may leverage some
optimization, like data driven or graph-based control design
as well. Note that the estimation of physical quantities covers
a large independent area in the literature [23], hence it is not
considered in this work.

Model based algorithms use either time domain or fre-
quency domain (e.g. [24]) models. The emphasized dynamics
is mostly linear, when considering the equivalent circuit
model. Adding the dynamics of the chemistry, it becomes
nonlinear [14], [15]. The distributed control units estimate
SoC independently in [12], and their average is used to decide
which modules to engage. The alignment is smoothed with
low pass filters, and convergence of the estimations is proved.

Graph-based algorithms [3], [15] normally reconfigure the
entire switching logic, which may lead to temporary pause of
supply [19]. Generally speaking, these algorithms are finite
state machines (FSM), as they have a finite number of states.
They do path selection to address the problem. Unfortunately,
the encountered path selection problems may be NP-hard
[25]. Regarding data driven applications, like artificial neural
networks or fuzzy systems [26], [27], there is not sufficient
amount of user data yet today. A Markov model is described
in [17] to overcome this problem. It is a typical example of a
FSM, and it is straightforward to generate use cases with it.

For larger scale applications, the control design should be
scalable [17]. In [28], the effect of the level and complexity
of reconfiguration on the computation time is investigated,
like reorganizing cells among modules. The genetic algorithm
is stated as the ultimate control design solution for scale-wise
unbounded systems, however, it is computationally expensive.

III. CONTROL IMPLEMENTATION

The control strategy aims at fulfilling control objectives,
while using feedback for decision-making. Control implemen-
tation is the set of pragmatic design choices, with which
the control strategy is fitted to the physical system. The
implementation may consist of decisions about reconfiguration
frequency, time allocation for balancing, or distributing control
action.

A. Reconfiguration frequency

The reconfiguration switching logic can be
• static,
• dynamic, with static gate drive, and
• dynamic assisted with PWM.

Static reconfiguration updates the apparent circuit topology
at the beginning or end of cycle intervals, like charging,
discharging, balancing or idle modes [16], [29]. Dynamic
reconfiguration updates more frequently, either being triggered
by an event, or synchronized by the clock. Generally, static re-
configuration will have lower investment cost, while dynamic
reconfiguration will provide better balancing performance and
robustness to unknown factors. Some of the control strategies
applied, especially with graph search, take longer computation
time [28]. Graph search may also simplify the system with
using FSMs [3], [17]. These factors limit the maximum recon-
figuration frequency, and often motivate static reconfiguration.

Reconfiguration frequency influences the balancing perfor-
mance and efficiency of RBSs [30]. Since reconfiguration is
based on feedback, higher frequency increases the resolution
requirements towards the measurement unit, with respect to
both time and accuracy. Additionally, the requirement on
reconfiguration delay is harsher. Selecting too high frequency
may lead to circuit hazards. In [31], circuit hazards are
avoided by temporary switching logic. Additional rule-base
is considered to avoid pause in the service in [19]. Higher
switching frequency increases switching and gate drive losses,
but copper losses are reduced as well [30]. When ESUs are
utilized [12], higher frequency eases the requirement on the
size.

Pulse Width Modulation (PWM) is a widespread tool of
control deployment [26], [32]. Optimal switching frequency
is discussed with regards to capacity, efficiency and thermal
characteristics in [33]. Meanwhile, high PWM frequencies
decrease the lifetime of the battery [31].

B. Balancing operation

Balancing operation is challenging to define, since it can be
either the intention of the designer, or an apparent topology
ensuring the equalization of SoCs. It compensates for the
variations caused by the difference of leakage currents, or
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reduced capacities [2]. It can be done unintentionally as well,
by occasionally connecting cells in parallel, like in [14].

The cell current could be categorized by its work. If the
work is done along the electric field of a cell, it can be seen
as service current. Otherwise, it is done between the anodes
(or cathodes) of cells due to the difference of SoCs, and it can
be seen as balancing current. However, dividing the service
current among the cells also balances their SoC in an indirect
way.

Regarding the control applications, they approach the dual-
ity of service and balancing by either providing dedicated time
for balancing, or doing them simultaneously [8] (see Fig. 3).
Hence balancing operation can be

• scheduled or
• integrated.

Generally speaking, scheduled balancing compromises service
capability in time-usage, while integrated balancing compro-
mises it in capacity-usage (since a fraction of the apparently
used capacity does not carry out service). To provide the same
power for the same circuit, scheduled balancing will need to
use larger current, which faces rate capacity effect, and quicker
aging due to larger temperatures [21]. Alternatively, integrated
balancing uses less current, but there is less utilization of the
recovery effect. Rate capacity effect of integrated balancing
may be reduced by connecting cells with similar SoC in series
with variable resistances [25]. However, this increases copper
losses. In [16], the relations between utilizable capacity,
discharge rates and operation/rest times are measured, and
the two balancing operations are combined to achieve optimal
performance.

C. RBS control topology

When a larger scale BESS is used, the distribution of control
action has a fundamental effect on performance. The topology
of the RBS control can be
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Fig. 3. Scheduled balancing. The two largest SoC cells are used each time
instant, until the minimum SoC (light green) limits the operation

• centralized (flat),
• hierarchical (master-slave) or
• distributed,

(similarly to the BMS categories in [2]). Centralized RBS
control makes control decisions in one central control unit.
Typically, systems with complex switching topologies are
better utilized with centralized RBS [3], [19], [28]. Hier-
archical RBS control makes some of the control decisions
locally for modules/cells, and these control units are ordered
to fulfill commands from the central control unit. For example,
feedback at lower level, like droop control can be managed
by sending reference values from above [24]. A special
example of hierarchical RBS control is the AC battery, where
often a higher level control unit balances both on bank and
cell level, while tracking the AC signal reference with a
multilevel inverter [32]. In case of distributed RBS control, the
control units work in a cooperative manner, without a central
control unit. Typically for larger scales, they only cooperate
with some neighbours. Centralized and hierarchical control



systems are more robust to stability issues and are more
likely to find global optimal operations than the distributed
counterparts. On the other hand, they have higher computation
burdens. Distributed and hierarchical RBS control has lower
demands on their communication lines and are less prone to
communication hazards than the centralized ones [12]. On the
contrary, their operations are more prone to electromagnetic
interference, since the control units are located closer to the
high power electronics.

The modularity of a RBS control topology is the ability to
attach additional modules/cells to the system or restructuring
an already existing one without the necessity of re-configuring
the control units. It is vital for commercial systems.

IV. THE NERVESWITCH®
NerveSwitch® is a dynamic reconfiguration BMS, which

provides reliable service without the need for DC-DC con-
verters, while keeping the cells of the battery balanced. The
control system is modular and hence applicable to different
topologies and battery chemistries. Currently, its commer-
cialised BESS uses 100 Ah lithium iron phosphate (LFP)
cells, which provide solutions to concerns regarding cycle life,
power density, charge-discharge current ranges, and there is
no chance of thermal runaway [2]. A 312 kWh pilot BESS
powers a DC microgrid on the Danish island of Bornholm
[34]. The simulated efficiencies are presented in [35], giving
93.3% efficiency for EV fast charging at 50 kW charging level.
Reconfiguration electronics cause 1.2% power loss.

The hierarchical RBS control has four levels (see Fig. 4).
The control levels in a decreasing order of hierarchy are:

• Energy Management System (EMS),
• String Control Module (SCM),
• Module Controller (MC), and
• Cell Controller (CC).
The choice, which cells shall be engaged, is made by a

complex rule-base constructed from professional expertise.
The EMS focuses on the service perspective, considering the
power, voltage, current and impedance requirements towards
the battery pack. Furthermore, it also manages the equalization
of the string SoCs. It can connect the battery strings in series
or parallel through cross-over modules, which units determine
the busbar topologies and communication connections.

The SCM focuses on the protection and maintenance of
the battery cells, while also satisfies the service commands
from the EMS. The SCM divides the cells into groups of
engaged and bypassed ones. The number of engaged cells
depends on the voltage requirement. The interface to the pack
is either a DC link or an inverter, which is used at its optimal
efficiency. In case of discharging, when the highest SoC cell
of the engaged group reaches the highest SoC of the bypassed
group, the cells are redistributed. This logic is to minimize the
switching frequency, as the highest SoC cell of the bypassed
group is likely to take the most time to become the highest
SoC cell of the whole string. This way the recovery effect
is maximized. At the same time, a group of cells having the
lowest SoC is prioritized for engaging, for the whole discharge
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period. This is because the cells, which are further from
100% SoC, are the ones with more utilizable capacity. If they
are prioritized, they get discharged first and get selected in
the charging phase as well. Hence they are used more and the
pack SoH is being balanced. Charging operation is analogous
to the discharging one.

The MC does basic safety checks and controls the tempera-
ture within the module with a fan. The CC uses MOSFETs for
either engaging or bypassing cells. It implements safety limits
to keep the cell in the SOA, bypasses the cell in case of a fault,
and it communicates its state towards the MC. The safety
operations are directly triggered by the hazardous events.

V. CONCLUSION

This paper presents control algorithms for reconfiguration
battery systems. It is structured to help the control design with
motivations, drawbacks and corresponding examples from
the literature. Reconfiguration algorithms use feedback to
make decisions about actuation, and their use require both
an abstract control design and pragmatic considerations. This
is for the sake of the dynamical needs of the chemistries of



the battery cells, reducing losses and avoiding circuit hazards.
Finally, to broaden the perspective with a well-tried example,
a commercial application is introduced.

There are further aspects of control algorithms, which could
not be covered in the given volume. The estimation of physical
variables of the system, like SoC and SoH, is widely covered
by the literature. Another aspect could be the physical level
of reconfiguration; whether it is applied to cells or modules.
It provides a trade-off between the investment cost and the
effectiveness of the balancing. The effect of scaling on the
selection of control design could be discussed as well.

As a result of the review, the following gaps are found in the
literature. First, integrated balancing is still not implemented
sufficiently, most probably, as it requires more sophisticated
design. With regards to control algorithms, predictive control
design is not discovered yet. Moreover, since there is not
much available data of use cases, use case generation could
be enhanced to advance data driven designs. Then learning,
for instance reinforcement learning, may be the solution to
further improve RBS control.
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