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Abstract—Utilizing controllable switches in battery systems
can provide flexible and dynamic configurations for batteries
at the cell, bank, and pack levels. The reconfigurable battery
packs (RBPs) enable optimization of connection configurations
with respect to the overall performance, safety, and lifetime.
Despite multiple topologies and control strategies previously pro-
posed in the literature, the quantitative analysis and systematic
performance evaluation of RBP dynamics remain challenging
due to the absence of a mathematical model at the pack level.
To bridge this gap, this work introduces a unified modeling
framework for various RBPs. We first develop logic gate-based
mappings between the operation of batteries and controllable
switches, allowing for the isolation or connection of any battery
cell or bank. Following this, we develop detailed battery models
in state-space form from cells to complete packs. Illustrative and
experimental results show that these models are able to accurately
and efficiently capture the internal states of RBPs, such as
the state-of-charge (SOC), voltage, and current distribution of
individual cells under different scenarios. This novel modeling
framework and its internal models can significantly simplify the
analyses, design, and management of RBPs.

Index Terms—Battery management, battery systems, logic
gate, reconfigurable battery packs (RBPs), unified model.
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NOMENCLATURE

Expansion

Cell j in bank i.

Current of bank i.

Current vector for all battery banks.
Current of B, ;.

Current vector for all cells in bank i.
Current vector for all cells in the pack.
Maximum allowed cell current.
Minimum allowed cell current.
Current of the battery pack.

Number of cells in each battery bank.
Number of banks in the battery pack.
Ampere-hour capacity of B; ;.

Contact resistance of the bank-level
switch.
Contact resistance of the cell-level
switch.

Internal resistance of B ;.
Bank-level switches.

Cell-level switch.

State-of-charge (SOC) of cell B; ;.
SOC vector for all cells in bank i.
Sampling period.

Binary operating state of bank i.
Binary operating state of B; ;.

Input matrices of the RBP model.
Terminal voltage of bank i.

Terminal voltage vector for all banks.
Terminal voltage of B; ;.

Terminal voltage vector for cells in
bank i.

Maximum allowed cell voltage.
Minimum allowed cell voltage.
Open-circuit voltage (OCV) of B, ;.
OCYV vector for all cells in bank i.
OCYV vector for all cells in the pack.
Terminal voltage of the battery pack.
State vector of the RBP model.
Output vector of the RBP model.
Coulombic efficiency.

I. INTRODUCTION

HE rapid development of electric vehicles (EVs) and
energy storage systems (ESSs) has placed lithium-ion

© 2025 The Authors. This work is licensed under a Creative Commons Attribution 4.0 License.
For more information, see https://creativecommons.org/licenses/by/4.0/
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(Li-ion) batteries at the forefront of research and innovation.
Due to its inherent electrochemical characteristics, the voltage
of a single Li-ion battery cell typically ranges from 2.0 to
4.2 V. To meet the high-current and high-voltage demands in
EV and ESS applications, hundreds or even thousands of cells
are commonly interconnected in both series and parallel within
a battery pack. The parallel-series connection is among the
most prevalent configurations, in which a certain number of
battery cells are arranged in parallel to form battery banks, and
these banks are then connected in series to construct a large
battery pack [1], [2], [3]. However, cell imbalances arising
from inhomogeneous conditions and manufacturing variations
result in the battery pack’s performance being limited by its
weakest cell, rendering a significant portion of the battery
pack’s capacity severely underutilized.

To address battery imbalances, numerous cell equaliza-
tion systems have been developed, which can be broadly
categorized into passive and active types [4]. Passive cell
equalization systems utilize shunt resistors to dissipate the
excess energy of higher charged cells, thereby aligning them
with lower charged ones [5]. In contrast, active equalization
systems transfer and coordinate energy among different cells
through external equalizers, such as switched transformers
and converters. Compared with their passive counterparts,
active equalization systems can significantly improve the
energy efficiency and balancing speed of battery packs [6],
[7].

Despite these advances, traditional equalizer-based systems
equipped in battery packs are limited by fixed pack configura-
tions and are generally focused on balancing SOC. However,
it is equally or even more important to balance the temperature
and lifetime of different battery cells and to enhance the
overall system’s reliability and robustness. This underscores
the necessity for flexible configurations in more advanced
battery management systems (BMSs).

To have more connection flexibility in battery manage-
ment, reconfigurable battery packs (RBPs) have emerged as
a concept enabling dynamic reconfiguration at cell, bank,
and/or pack levels [8], [9]. Typical RBPs incorporate a
series of controllable switches into the conventional battery
pack, allowing to bypass any selected cells or banks. The
dynamic reconfiguration capability confers multiple advan-
tages, including enhanced fault tolerance, improved SOC and
temperature uniformity, extended energy delivery, and better
coordination of cells with heterogeneous ages and chemistries
[10].

Existing research on RBPs has mainly focused on develop-
ing the hardware infrastructure, particularly exploring diverse
switch connection topologies [11], [12], [13], [14]. For exam-
ple, Han et al. [10] provided a comprehensive summary of
various reconfigurable battery topologies that employ between
one and six switches per battery cell. Despite the enhanced
system flexibility, the cooperative and optimal control of a
large number of switches remains a significant challenge in the
implementation of dynamic reconfiguration in battery systems.
Correspondingly, a few recent attempts have been made to
advance the design of configuration control algorithms, such
as the flexible path planning-based reconfiguration strategy

[14], dual-scale hierarchical equalization scheme [15], and fast
battery balance method [16].

In contrast to these preliminary achievements in hard-
ware structures and control algorithms, to the best of the
authors’ knowledge, no studies have been conducted on
establishing mathematical models of RBPs at the pack level.
Yet, such models are indispensable for quantitative analysis,
performance evaluation, design optimization, and advanced
management of RBPs. The closest studies address the model-
ing of battery packs with fixed configurations, as seen in [17]
and [18]. Moreover, for a battery pack with parallel-series
connections, several reconfiguration topologies have been pro-
posed, as demonstrated in [11], [12], [13], and [14]. Although
these RBP designs offer similar functionalities, they differ in
their control variables, primarily due to varying numbers of
switches per cell or switch configurations.

Given the diversity in switch configurations and control
variables across different RBPs, creating individual models for
each design is inefficient and time-consuming. This raises a
key research question: How can we develop a unified mathe-
matical model for a wide range of RBP topologies? Solving
this problem would streamline model development, improve
the analytical consistency, and support scalable deployment of
RBPs.

To bridge the identified research gap, this article develops
a novel and unified modeling framework for RBPs. Logic
gates are basic components of integrated circuits and are
commonly used in combination to execute complex logic
operations [19]. These components find extensive applications
across fields, such as computer hardware [20] and control
systems [21], due to their excellent real-time performance and
high level of integration. Given their versatility and efficiency
in various fields, we introduce logic gates into the field
of battery research and establish a set of logic gate-based
mappings for three typical RBPs. These mappings enable
battery-focused modeling that provides substantial advantages
for control-oriented applications compared with conventional
switch-based modeling. Following this, we develop unified
mathematical models to describe the dynamics of RBPs,
encompassing scales from individual cells to complete packs.
These models, validated across different scenarios, demon-
strate high accuracy, computational efficiency, and adaptability
for modeling RBPs of diverse topologies.

II. OVERVIEW OF RBPS WITH PARALLEL—
SERIES CONNECTION

Parallel—series connection is commonly employed in battery
packs to meet the high current and voltage requirements of
various loads [2]. As illustrated in Fig. 1(a), in a traditional
battery pack composed of m x n battery cells, m cells, labeled
as Bii,...,Bij,...,Bi, (1 <i<n), are connected in parallel
in the battery bank i. Subsequently, n banks are connected in
series to constitute the battery pack. To transform a traditional
battery pack into an RBP, multiple controllable switches are
incorporated, enabling the selective bypassing of individual
battery cells or entire banks from the electrical circuit. While
a comprehensive review of RBPs is available in [10], five
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Fig. 1.
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(a) Traditional battery pack. RBPs with (b) Topology 1 [11], (c) Topology 2 [12], (d) Topology 3 [13], (e) Topology 4 [14], and (f) Topology 5.

typical topologies for RBPs are specified and discussed in this
section.

1y

2)

3)

4)

Topology 1 [11]: As illustrated in Fig. 1(b), each battery
bank i is equipped with two bank-level switches, labeled
as S?, and S7,. Within bank i, each battery cell B;;
1<j<m 1s connected to one cell-level switch S i
By coordinated control of these switches, any cell or
bank can be flexibly and dynamically isolated from or
connected to the electrical circuit.

Topology 2 [12]: This configuration maintains the
same bank-level switch deployment as Topology 1 [see
Fig. 1(c)]. However, unlike Topology 1, each battery
bank i is treated as a single large-capacity battery
cell, and cell B;; within bank i cannot be individually
bypassed.

Topology 3 [13]: Each battery bank i is equipped with
two bank-level switches § bl and S? P2 but their con-
nection structure differs from that of Topology 2 [see
Fig. 1(d)]. Similar to Topology 2, this configuration does
not allow for cell-level isolation within the banks.
Topology 4 [14]: Each battery bank i is equipped with
three bank-level switches [see Fig. 1(e)], denoted by S f{ 1
§?,, and S?;. This topology, as an extension of Topology
3, integrates an additional (redundant) switch for each
battery bank, thereby enhancing the overall reliability
and safety of the battery pack.

Fig. 2. Illustrative topology of RBPs allowing arbitrary connections of
battery cells in the electrical circuit, including series, parallel, and bypass
configurations [22].

5) Topology 5: Each set of a cells connected in parallel is
equipped with one cell-level switch [see Fig. 1(f)]. In
contrast to nm cell-level switches required in Topology
1, Topology 5 reduces this number to nm/a. This design
effectively balances the advantages of Topologies 1 and
2 by enabling the isolation of groups of parallel cells
while significantly reducing the total number of switches
required.

Remark 1: The RBPs that allow arbitrary connections of
cells in series, parallel, and bypassed configurations, such
as the one illustrated in Fig. 2, are not considered in this
work. This topology and similar kinds require a substantial
number of switches, resulting in prohibitively high hardware
costs. Moreover, such configurations can significantly alter
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b
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Fig. 3. of RBPs

Operation examples
(b) Topology 4.

with (a) Topology 3 and

the traditional parallel-series connection structure of battery
packs, dramatically increasing system complexity and poten-
tially compromising overall reliability and safety.

It is important to note that in Topology 3, certain switch
configurations can lead to the inadvertent short-circuiting of
some battery banks and their internal cells. Considering an
RBP consisting of four banks [see Fig. 3(a)], a short circuit
occurs in bank 3 if banks 2 and 4 are bypassed while bank
3 remains connected. Topology 4 resolves this by adding
switches 523(1 < i < n). Topology 4 resolves this by
introducing switches S f’3 (1 <£i < n), allowing the short circuit
to be avoided by disconnecting switch S 233 [see Fig. 3(b)].

Due to this inherent risk of short circuits, Topology 3 is
excluded from further analysis in this work. Furthermore, for
the RBP with Topology 5, users typically treat each set of
a battery cells as one large cell with a large capacity and
are primarily interested in understanding the dynamics of the
single large-capacity cell. Based on this consideration, its
dynamics become analogous to those of Topology 1. Hence,
this work focuses exclusively on analyzing the RBPs with
Topologies 1, 2, and 4.

III. LoGIC GATES MAPPING OPERATIONS FROM
BATTERIES TO SWITCHES

While the potential advantages of dynamic reconfiguration
in battery packs are significant, experimentally validating
these advantages across various scenarios can be resource-
intensive and time-consuming. To address this challenge, we
turn to mathematical modeling as a powerful and efficient
alternative. Mathematical models enable the state evolution of
all battery cells in an RBP to be simulated in a cost-effective,
rapid, and comprehensive manner. Such models can facilitate
quantitative analysis and systematic performance evaluation of
RBPs, thereby obviating the need for extensive and complex
experimental tests. As a result, significant savings in time,
costs, and energy can be achieved. Furthermore, the use
of simulations allows for the exploration of a wide range
of conditions and scenarios, enhancing the robustness and
reliability of the performance assessments.

A. Motivation for Battery-Focused Modeling

The reconfiguration of RBPs, as illustrated in Fig. 1, is
achieved through the modulation of controllable switches’

Battery continuous
performance states

Battery binary
operating states

Model-based reconfiguration
1 control algorithm
(unified RBP model)
Logic gate-based Switch
mapping 1 states

RBP with Topology 1

Logic gate-based
mapping 2

Switch | i
states | RBP with Topology 2

Logic gate-based
mapping 4

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Switch | .
<ates 7| RBP with Topology 4

Fig. 4. Model-based control framework for RBPs.

operating states. Each cell can be either connected to or
bypassed from the electrical circuit, with these states denoted
as ON and OFF, respectively. The operating states of control-
lable switches determine the connection states of the battery
cells. These binary states of individual switches serve as the
ultimate control variables of RBPs. The number of switches in
RBPs varies depending on the specific topology employed. For
RBPs composed of nm cells, Topologies 1, 2, and 4 incorporate
nm + 2n, 2n, and 3n switches, respectively.

A straightforward approach for RBP modeling and model-
based management is to consider each switch’s operating state
as a control variable. However, there are two significant pitfalls
to this switch-focused modeling. First, the control objectives of
a BMS typically include optimizing battery performance (e.g.,
with respect to fast charging and cell balancing), lifetime, and
safety. Explicitly considering both battery and switch states
in a mathematical formulation results in a high-dimensional
and complex problem. Specifically, for vehicle or utility-
scale battery systems, this approach involves numerous state
and control variables, subject to a considerable amount of
constraints imposed on these variables. The second pitfall is
that given each topology has a unique number or positioning
of switches, the switch-focused modeling approach will lead to
distinct model formulations for RBPs of different topologies.
This implies that mathematical models must be meticulously
developed for each individual RBP on a case-by-case basis.
While this process requires considerable time and resources,
the obtained individual models complicate subsequent model-
based analyses, designs, and management of various RBPs.

In contrast, battery-focused modeling offers a fundamen-
tally superior approach that overcomes the limitations of
switch-focused modeling. With the battery-focused modeling
approach, we only need to consider battery states, including
binary operating states and continuous performance states,
such as SOC and state of health (SOH) of battery cells. Con-
sequently, the model’s dimensionality and complexity can be
significantly reduced, leading to lower computational resource
consumption and shorter development time. These advantages
make battery-focused modeling particularly suitable for large-
scale battery packs with hundreds of cells in EVs and ESSs.
Moreover, despite variations across different RBPs concerning
the number or positioning of switches, the set of operating
states remains consistent among these battery systems. In
other words, for the configuration control of various RBPs,
as illustrated in Fig. 4, the control inputs and state variables
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embedded in state-space RBP models will be identical. This
uniformity paves the way for the development of a unified
model applicable to all considered RBPs.

B. Logic Gate-Based Mappings

Binary variables u and u; ; are used to denote the operating
states of battery bank i and its constituent battery cell j,
respectively. Specifically, the binary variable being 1 indicates
that the corresponding unit, namely a bank or a cell, is con-
nected to the electrical circuit, and O indicates disconnection
from the circuit. Furthermore, binary variables Sb and S¢ are
employed to define the operating states of bank-level and cell-
level switches, respectively. A value of S = 1 denotes that the
switch is in the closed position (i.e., “ON” state), while S =0
corresponds to the open position (i.e., “OFF” state).

Logic gates are the fundamental components of digital
circuits, responsible for executing elementary Boolean oper-
ations, such as conjunction (AND), disjunction (OR), and
negation (NOT). Each gate processes one or more binary inputs
and generates a single binary output based on a predefined
logical function. For instance, an AND gate outputs 1 (high
signal) only when all its inputs are 1, while an OR gate outputs
1 if at least one input is 1. A NOT gate inverts the input,
outputting 1 for an input of 0 and O for an input of 1. Since u
and S are the binary variables, logic gates are well-suited for
mapping their relationships. Hence, to enable the development
of a unified model for various RBP topologies within the
battery-focused modeling framework, this section introduces
a set of logic gates designed to map battery operations to
switch configurations. Each logic gate is specifically tailored
to accommodate the unique topology of a particular RBP
configuration.

1) Logic Gates for RBPs With Topology 1: As illustrated
in Fig. 1(b), the connection or bypass of battery bank i
can be achieved through the joint operation of its associated
bank-level switches, i.e., {S? HE S ,}. To bypass battery bank i,
switches are set as S b =1 and S b = 0. At the cell level, the
switch §¢ i determlnes the connectlon or isolation of the battery
cell B;; to the electrical circuit. Based on these specifications,
the logical relationship between battery operations and switch
operations at time step k in this topology can be expressed as
follows:

St (k) = ub (k) (1a)
Sty (k) = ul (k) (1b)
S¢ k) =uf; (k) (Ic)

where uf’ denotes the logical NOT operator on uf’ Conse-
quently, the logical relationship between battery operations
(inputs) and switch operations (outputs) can be represented
by the logic gates illustrated in Fig. 5(a).

2) Logic Gates for RBPs in Topology 2: As illustrated
in Fig. 1(c), this topology exclusively employs bank-level
switches with S 2 ,and S ?,2 controlling each battery bank i. The
bank-level operations in this topology are identical to those in
Topology 1. Specifically, when S?, = 0 and S?, = 1, battery
bank i is connected to the electrical circuit, corresponding to

= 1. When Sf”l =1 and sz = 0, the bank is bypassed,

NOT
> 57, (k)
u; (k) S, (k)
uy (k) 8¢, (k)
(a)
NOT
> 87, (k)
u’ (k) S/, (k)
(b)
875 (k)
NOT AND
uf, (k) >
OR
S}k
AND
NOT
u’ (k) > OR
i — Sk
S, (k)

(©)

Fig. 5. Logic gates for (a) Topology 1, (b) Topology 2, and (c) Topology 4.

namely uf’ = 0. Consequently, the logical relationship between
battery operations and switch states is mathematically identical
to that described by (la) and (1b). The corresponding logic
gate representation is depicted in Fig. 5(b).

3) Logic Gates for RBPs in Topology 4: As illustrated in
Fig. 1(e), switch § fz must be set to 0 when battery bank
i requires bypassing (i.e., u? = 0). However the state of
Sb1 cannot be determined solely by u? and must consider
the operating states of both battery banks i—1 and i. The
operating states of battery banks i—1 and i present four distinct
combinations, as illustrated in Fig. 6. When both banks are
simultaneously connected or bypassed, S i1 should be OFF,
namely, S,1 = 0. For the other two scenarios, in which only
the bank i—1 or i is connected, S i1 must be turned on, namely,
St =1

Based on the preceding analysis, the states of switches S ﬁ |
and sz can be modeled by the following logic expressions
with respect to ul.b and ”?71

Sy () = uly () ul (k) + b, (ot (k)
S (k) = ul (k).

The switch S?; must be turned-off when both S? and S?,
are on s1rnu1taneously to avoid short- c1rcu1t1ng of battery bank
i. When bank i needs to be bypassed, S? i3 should be turned-on
to maintain the continuity of the electrical circuit, as shown in
Fig. 6(c) and (d). For the scenario depicted in Fig. 6(a), S f?,3
can be either ON or OFF. To simplify the logical relationship,
we define it to be on in this work. Consequently, the control
logic for S i3 in Topology 4 can be expressed as follows:

(2a)
(2b)

Sty (k) =St () STy () = ul, (k) + ul (k). 3)
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Sb
i,2
Banki po—
S?
Sb
i i2
Banki [|<o"—
Sh

Bank i-1

Bank i-1

(@

Fig. 6. Switch’s states for various connection scenarios of battery banks i and i+1. (a) Both banks are connected. (b) Bank i—1 is bypassed while Bank i is
connected. (c) Bank i—1 is connected while Bank i is bypassed. (d) Both banks are bypassed.

It is important to note that in (2) and (3), ug should always
be set as 1. The logical relationships described by these
equations can be represented by the logic gate configuration
illustrated in Fig. 5(c).

4) Virtual Switches to Facilitate Unified Modeling: Unlike
Topology 1, RBPs in Topologies 2 and 4 lack cell-level
switches, resulting in discrepancies in the number of switches
across the three topologies. To facilitate unified modeling at
the battery cell level, we introduce virtual cell-level switches
S to Topologies 2 and 4. These virtual switches are defined
to be permanently in the closed position, expressed as follows:

Stk =u;;(k)=1, Vk 4)

Namely, each battery cell B;; in Topologies 2 and 4 is
conceptually connected to a closed virtual switch.

Another advantage of introducing virtual switches and defin-
ing §7; and u;; as in (4) is that even when users specify the
disconnection of a particular battery cell B;; in Topologies
2 and 4, the model will automatically convert this input to
u;; = 1. This approach ensures that the inherent hardware
constraints of Topologies 2 and 4 are consistently respected in
the model.

5) Benefits of Using Logic Gate-Based Mappings: In addi-
tion to facilitating battery-focused model development, the use
of logic gates can bring about a set of other benefits for the
management and control of RBPs, as noted in the following.

Remark 2: After establishing the logic gate-based mappings
from battery operations to switch operations, the battery binary
operating states can be used as model inputs, replacing the
actual control inputs, i.e., the switch operating states on the
cell and bank levels. This implies that in the battery-focused
RBP model, only batteries need to be considered, with no need
to incorporate switch states. As a result, the number of control
inputs is reduced from nm + 2n, 2n, and 3n to nm + n, n, and
n for Topologies 1, 2, and 4, respectively, thereby lowering
model dimensionality and complexity. Although the logic gate-
based mappings differ among these topologies, they are not
required in the subsequently developed battery-focused math-
ematical model and introduce no additional computational
cost. In practical implementations, these mappings can be

realized using integrated circuits, such as field-programmable
gate arrays (FPGAs).

Remark 3: These logic gates naturally impose hard con-
straints on switching operations, leading to grouped and
coordinated control of switches. This innovative approach can
significantly reduce the risks of false control coordination
and time delays in the operation of individual switches,
which would otherwise undermine the safety, reliability, and
performance of RBPs. For example, the switches S f’ ,and § 5'7,2
in Topology 2 must not be closed simultaneously to avoid
short circuits of battery bank i. Through (1a) and (1b), such a
constraint is inherently satisfied.

IV. UNIFIED MATHEMATICAL MODEL FOR RBPs

Building upon the logic gate-based mappings established
in Section III, we now develop a unified mathematical model
applicable to all considered RBP topologies. This model is
constructed hierarchically, starting from individual cells and
progressing through battery banks to encompass the entire
battery pack. For the unified model, we define the operating
states of individual cells and banks, i.e., uf] and uf’ for
l1<i<mnand 1< j<m, as its input.

A. Battery Cell Model

The dynamics of any battery cell B;; within the RBP can
be approximately governed by a Rint model [23]. This model
offers an optimal balance between computational complexity
and model accuracy, particularly for pack-level simulations
and predictions for battery behavior. The Rint model is com-
posed of a voltage source representing the OCV, denoted
by ij, and a resistor characterizing the internal resistance,
defined as r; ;. Within this model, the dynamics of B, ; in the
RBP are described by

SOC;; (k4 1) = SOC,; ; (k) - QT If] (k) (5a)
L]
Vi k) = V() —rij (k) IF; (k) (5b)

where the state variable SOC; ; represents the SOC of B; ;. The
variables Vi, and I7; denote the cell’s terminal voltage and
current, respectlvely The parameters 7, Q;;, and T indicate
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Fig. 7. Equivalent circuit model of the battery bank i with cell-level switches.

the coulombic efficiency, cell capacity, and sampling period for
discretization, respectively. We define I;; > 0 when the battery
cell is discharging and ;; < O when charging. As shown
in (5), the OCV and internal resistance primarily determine
the cell’s terminal voltage, while the initial SOC and capacity
influence the SOC dynamics. The parameterization of battery
electrical models has been extensively studied in the literature,
and readers are referred to [24] and [25], for example, for more
details.

In (5), the OCV and internal resistance are SOC-dependent,
which can be expressed as follows:

(6a)
(6b)

VY (k) = fi; (SOC; (k)
rij (k) = h; ; (SOC; ; (k))

where f; ;(-) and h;;(-) are the nonlinear functions. The cell
imbalance phenomena in the RBP can be characterized by
assigning different values to SOC;;, f;;(-), and h;;(-) in (5)
and (6) for each battery cell B; ;. Note that (5) and (6) can also
capture the dynamics of the RBP composed of heterogeneous
cells, such as nickel-cobalt-manganese (NCM) batteries and
lithium-iron-phosphate (LFP) batteries, which exhibit distinct
OCV-SOC curves and resistances.

Remark 4: The battery cell model presented in (5) is a
simplified representation that omits certain electrochemical
phenomena, including double-layer effects, charge-transfer
reactions, and diffusion in solid electrodes. It is adopted in
the unified modeling framework primarily for demonstration
purposes, without loss of generality. It is important to note that
this model can be readily replaced by a more sophisticated
model, such as the Thevenin model [26] or the nonlinear
double-capacitor model [27].

B. Battery Bank Model

1) To Model Banks of RBPs in Topology 1: The equivalent
circuit model for battery bank i in the RBP of Topology
1 is illustrated in Fig. 7. In this configuration, each cell is
equipped with a cell-level switch characterized by a contact
resistance rcg.

For the cell electrically connected to the battery bank, i.e.,
ui j(k) = 1, the bank voltage Vl.b can be derived from the cell’s

voltage V7, and current [7; according to Kirchhoff’s voltage

law, resulting in
Vi () = resl (k) = V7 (k). ™

For the cell bypassed in bank i, where u; (k) = 0, its
current IZ ; is 0, and its terminal voltage equals its OCV V&,
as described in (5b). According to Kirchhoff’s current law, the
total current at the bank level, If’ , 1s the sum of the currents
from all individual cells within the bank i. This relationship
accounts for both connected and bypassed cells. This analysis

leads to the following formulations:

b c c _
Ve ) = VP (k) + red (), g, (k) =1 @)
: Ve, ul; (k) =0
e oy V&), ) =1
I (k) = {o, ) =0 (8b)
Iy =Y I (k). (8¢)
j=1

where the bank voltage and total current are scalars, expressed
as V' eR and I’ € R.

2) To Model Banks of RBPs in Topology 2 or 4: For the
RBPs in Topology 2 or 4, all cells within bank i are always
connected, i.e., uj j(k) = 1, as described in (4). The absence
of cell-level switches results in zero contact resistance, i.e.,
res = 0. Consequently, the relationship between a bank and
its internal cells with respect to current and voltage can be
established based on Kirchhoft’s current and voltage laws,
respectively, leading to

Vi (k) = V7 (k) (%a)

k=) 1. (9b)
j=1
3) Unified Bank Model: To facilitate the model presentation

in a matrix—vector form, we define the following vectors and
matrix:

. . . . T
Vi =V, Vi, Ve, R
T
Vo= VALV V] R
. T
If=[I,I, .. 0, e R”

C _ . C C C mxm
Ui = diag (uf,, uf,, ..., u,) €R

where diag(-) represents the diagonal matrix. Using these
definitions, (8b) can be expressed in matrix form as I (k) =
Ui (k)I{ (k). By combining (8) and (9), the vectorized cell
voltage Vi and the bank current Iib can be expressed as
Vi (k) = UF () (V7 () Ly + RIS (K))
+ (Ln = U (k) V7 (k)
17 (k) = 1,Uf () I (k)

(10a)
(10b)
with

res, for Toplogy 1

R =
‘ 0, for Toplogies 2 and 4

where I, is the identity matrix with dimensions of m x m and
1,, represents the column vector with m ones.
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By combining (5) and (10), the mathematical models for
battery bank i in the RBPs with Topology 1, 2, or 4 can be
unified and presented as follows:

SOC; (k + 1) = SOC; (k) — Bl (k) (11a)
US (k) 1,V? (k) = U (k) V¢ (k)

— (R; (k) + R,L,) U7 (k) I (k) (11b)

I; (k) = 1,05 (R I (k) (11c)

where SOC; denotes the vector of SOCs of all cells in bank i,
and B; and R; are diagonal matrices, which are mathematically
defined as follows:

SOC; = [SOC;;,S0C;5,...,S0C;,,|" € R”

T T T
B; = diag ('7—"— il ) e Rmxm
Qi,l Qi,2 Qi,m

R, = d1ag (}’l‘,l,l’i’z, Ce ,ri,m) e R™*™,

Using (11b), we calculate the voltage values of all branches
connected to the electrical circuit of bank i and compile
them into the vector U¢1,,V?. This formulation allows for a
unified representation of the voltage distribution within bank
i, regardless of whether individual cells are connected or
bypassed.

4) Unified Bank Model With Measurable Input: Due to
the constraints of hardware costs and space, it is impractical
to furnish each individual cell in battery banks with a ded-
icated current sensor. Instead, only the total current of the
battery pack is typically measurable. Cell imbalance further
complicates this issue, as the currents flowing through the m
parallel-connected cells in each bank are not equal. In addition,
these currents fluctuate as the associated cell-level switches
change their operating state within the reconfigured battery
pack, posing a significant challenge for the accurate acquisition
of cell-level currents in the RBP. This variability, combined
with cell imbalance and the lack of individual current sensors,
poses significant challenges for accurately acquiring cell-level
currents If. These challenges consequently hinder effective
applications of the battery bank model described in (11).

To address these challenges, we propose a method to derive
the currents of battery cells in parallel connection in the RBP.
This approach aims to overcome the limitations imposed by
the lack of individual current sensors and the dynamic nature
of the RBP. The proposed method is as follows. We begin by
defining 0,, € R™*"™ as the zero matrix of dimension m X m.
Within (11b), since R; is full rank and R > 0, the matrix R; 4
R;I,, is invertible. By multiplying (R; +R,I,)”" on both sides
of (11b), the cell-level currents I{ can be calculated through

Ui (R If (k) = (R (k) + R,L,)""

. UIC (k) (Vlu (k) — lmvib (k)) (12)

where Uf(k) on the left-hand side of the equation can be
eliminated due to U (k)I{ (k) = I{ (k).

When U¢(k) # 0, 17 (Ri(k) + R,L,)"' U¢(k)1,, is a nonzero
scalar, ensuring invertibility. By defining an intermediate vari-
able (vector) @ as follows:

® = (17 R+ RL) " U1,) " (1L R+ RI)™).

Then, the size of ® is 1 x m. The key idea is to express the
bank voltage Vi” in terms of the bank-level current If’ rather
than the cell-level currents /7. To achieve this, we multiply
both sides of (11b) by @

@ (k) Uf (k) 1,V (k) = @ (k) U5 (k) V' (k)

=@ (k) (R; (k) + RL,) Ui () I} (k). (13)
From (13), two important relationships can be derived
OKk)U; ()1, =1 (14a)
O (k) (R; (k) + RLy) Uy (k) I (k)
= (1L R +RL)™" Uflm)“ 1LUS IS (k). (14b)

By substituting the results from (11c) and (14) into (13), we
can derive an expression for the bank voltage V? as follows:

VP (k) = @ (k) US (k) V7 (k)

— (1R () + RL) " USK) 1,) " 12 (k) (15)

where only the bank-level current If’, cell-level OCV values
V?, cell-level operating states Uy, and model parameters are
required. Equation (15) provides a practical method for calcu-
lating the bank voltage using quantities that are either directly
measurable or can be estimated with reasonable accuracy. This
approach overcomes the challenges associated with measuring
individual cell currents in the RBP.

When Us (k) = 0,,, a special condition arises in the battery
bank model. This scenario represents the case where all battery
cells in bank i are disconnected from the electrical circuit. In
this scenario, all currents of these cells and the bank-level
current are 0, leading to 2 = 0 and I¢ = 0,,. Correspondingly,
the bank operating state u?(k) = 0. The general bank model
derived in (15) does not apply in this case, as the matrix
(Ri(k) + R_YI,")’IUI.C(k) becomes a zero matrix, leading to
potential mathematical singularities.

For the bank i connected in the electrical circuit, its bank-
level current I? equals the pack-level current IP. When it is
bypassed, If’ = 0. This relationship is formulated as follows:

7 () = u () 17 (k) . (16)

By substituting (15) and (16) into (11a), the state equation
for battery bank i can be rewritten as follows:

SOC; (k + 1) = SOC; (k) — B;G; (SOC; (k), I” (k)). (17)

In (17), G;(-) is essentially a function of SOC; and I” in the
form of

Gi()
=m+&uﬂUﬂW%%mﬁ&hf
L) (1 R+ R USVE — 1) 1m]

where the time index k is omitted from all variables for brevity.
Note that the elements of V{ and R; are dependent on SOC,
as indicated by (6). This dependency introduces nonlinearity
into the model. Moreover, the matrices U¢ and u’ capture
the dynamic reconfiguration of the battery pack at both cell
and bank levels. Finally, to implement the unified bank model
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obtained in (17), one only needs the initial SOC of battery
cells SOC;(0), measured pack-level current 77, and model
parameters including R, R;, and the SOC-OCYV relationship.
This formulation provides a comprehensive framework for
modeling the bank-level voltage in RBPs, accounting for cell
imbalances, dynamic reconfiguration, and measurable inputs.
It allows for practical implementation in BMSs by relying on
readily available measurements and estimates.

C. Battery Pack Model

The terminal voltage of the battery pack, denoted by V7,
is determined by the number of nonbypassed battery banks
among all the n banks and the contact resistances of actively
connected switches within the electrical circuit. Based on
Kirchhoff’s voltage law, V7 can be calculated by

VP (k) = 11U (k) VP (k) — arysI? (k) (18)
where U’ = diag(uf,ug, .. ,uZ) e Rwxn oy =
[Ve,VE,...,VE] € R", and « represents the number of closed

bank-level switches connected in series with the nonbypassed
battery banks, which depends on the specific topology and can
be calculated as follows:

n, for Toplogies 1 and 2

ZZS”, ZS%S%, for Toplogy 4.

i=1 p=1 i=1
(19)
Remark 5: Within RBPs with Topology 1 or 2, each battery
bank i is associated with two bank-level switches, S ?,1 and
Sf?’z. Regardless of the operating state of the battery bank,
one of these switches is always ON while the other is OFF.
Consequently, this setup results in the value of @ being equal
to the total number of banks in the battery pack, namely, = n
in (19) for Topologies 1 and 2.
Remark 6: Within RBPs with Topology 4, the number of
closed bank-level switches can be calculated as follows:

n 3
@ =ZZSZP

i=1 p=1

(20)

where S b i p can be derived from battery operating states through
(2) and (3). According to the setup in Section III-B3, when
S f,z is ON, S f,S will also be ON (while S f’, , is OFF). However,
in such cases, only S ib’z is series-connected with nonbypassed
battery banks, and the contact resistance of S 23 should not be
considered. Therefore, we exclude the redundant contribution
of §%; from ;. This is achieved by subtracting ) 7", S?,S?;
from «;. This adjustment is reflected in the calculation of «
in (19) for Topology 4.

From (16), the vector of currents passing through all battery
banks, denoted by P =[P, Ié’, .. ,I,bl]T € R", can be expressed
in vector form as follows:

1P (k) = UP (k) 1,17 (k) . 1)
The currents of all individual cells in the RBP can be compiled

into the vector 1¢ = [(I)T,(IHT,...,I5T]T € R™. Based on

(12) and (21), the cell-level currents /¢ and the pack voltage
V? can be calculated as follows:

I°(k) = U (k) [R (k) + RL] ™"

Vet -V (k)@ 1] (22a)
VP (k) = [CT [R (k) + R,L,]™ U () C] ™

[CTR() + RL, 17" U (k) VO ()

~U’ (k) 1,17 (k)] (22b)

where ® denotes the Kronecker product. The matrices C, U¢,
R, and V? are defined as follows:

C=1,81,eR"™"
U = diag (U5, US, ..., US) €
R = diag (R}, Ry, ...,R,) € R"™ "™

ve=[vi) ()" ()] er

Here, matrix C maps bank-level quantities to cell-level quanti-
ties, with each column corresponding to a bank and with ones
for all cells in that bank. U¢ represents the operating states
of all cells in the pack, with each Uf the diagonal matrix
of cell operating states for bank i. R represents the internal
resistances of all cells in the pack, with each R; the diagonal
matrix of cell internal resistances for bank i. V° compiles the
open-circuit voltages of all cells in the pack, and each V{ is
the vector of open-circuit voltages for cells in bank i. Key
features of these definitions.
1) Modularity: The block diagonal structure of U and R
allows for easy updating of individual bank properties.
2) Scalability: These definitions can accommodate RBPs
of varying sizes by adjusting n and m.
3) Reconfiguration Handling: U° captures the dynamic
reconfiguration at the cell level for the entire pack.
The objective of this work is to develop a unified mathemat-
ical model in state-space form that can accurately describe the
behavior of RBPs across all considered topologies, including
their embedded banks and cells. In this model, the state
variable is represented by x and the output by y = [yy,...,y4]7.
The model inputs comprise the pack-level current £ = I” € R,
bank-level operating states U, and cell-level operating states
U°. We define

x=[socl,soct,...,soc!]" e R

= [T @) )] e

an Xnm

y2=1I°€R™
y3=Vb€Rn
y4:VpeR.

With the above definitions, the unified state-space model for
RBPs can be derived from (17), (18), and (22), resulting in

x(tk+1)=xk) - B(k)G(x(k),E& (k) (23a)
yi (k) = F (x(k)) = H (x (k) G (x (k) , & (k) (23b)
y2 (k) = G (x(k), & (k) (23¢)
y3 (k) = D (x(k), & (k) (23d)
ya (k) = 170" (k) D (x (k) , & (k) — arysé (k) (23¢)
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where the matrix B, functions F(-), H(-), G(-), and D(-) are
given by

B =diag(By,B>...B,)
F(x)=[fi.1 (SOC11) ..., fim (SOCi,)
s fu1 (SOCa1) s fum (SOCun)]
H (x) = diag (k1,1 (SOCy1), ..., h1m (SOCy )
cos Byt (SOCu1) s+ o hm (SOCo )
G (x,6) = (H(X) + RIy) U (F(x) =D (x,6) ® 1)
D(x,&) = (CT (H (x) + R, U°C) ™
(CT (H (x) + RLy) ' UF (x) - U'1,£) .

It is worth mentioning that U* always equals I,,,, for RBPs with
Topology 2 or 4, regardless of the inputs, since they have no
cell-level switches.

Remark 7: The unified state-space model for RBPs,
presented in (23), demonstrates significant flexibility and
extensibility, particularly in accommodating more complex
cell models. The state variables in the present formulation
encompass the SOC of all individual cells within the RBP
system. If a higher order cell model is applied, as noted
in Remark 4, this system’s model can be seamlessly aug-
mented. Such an augmentation would enhance the model’s
ability to capture more nuanced cell dynamics. In this sce-
nario, while certain model components, such as the involved
state variables and the output y;, need to be updated, the
fundamental structure of the unified state-space modeling
framework will remain unchanged. The extended model could
better address scenarios where detailed cell dynamics play
a crucial role, such as in high-performance or safety-critical
applications.

Remark 8: The pack-level current & in the unified state-
space model (23) plays a crucial role in the system dynamics.
During discharge, £ is primarily determined by the applied
load. During charging, ¢ is influenced by the characteristics
of the employed battery charger. When the design objective is
to optimize or control battery configurations, as represented by
U’ and U¢, under a given profile of £, it becomes advantageous
to treat & as a disturbance in the model (23). The focus
thereby shifts to designing robust control strategies for U’
and U°¢ that can accommodate variations in &. Moreover,
the optimization problem can be formulated to find optimal
configurations that perform well across a range of expected &
profiles. In addition, it allows for a clear distinction between
the controllable aspects (configuration) and the uncontrol-
lable aspects (load demand) of the system. Furthermore, it
encourages the development of configuration strategies that are
resilient to variations in load profiles. Finally, it aligns with
real-world scenarios where load demands may be uncertain or
variable.

Remark 9: Due to its concise mathematical structure, the
unified RBP model (23) can serve as an efficient and pow-
erful tool for rapidly simulating and predicting the SOC,
terminal voltages, and currents of all individual cells and
banks within the RBP system. This model can accommodate
RBPs with any number of series-connected banks and parallel-
connected cells in a bank. Moreover, it may be extendable to

b o_
u, =1

b
K S\ OFF S!, OFF
b
u =1 S5, ON " St ON
S?, ON
b F
|:| >.—__ St OFF S, OFF
- b_ sh ¢
. s" on ul =1 25 ON
u, =1 22 S;, ON
b
S OFF . S?, OFF
b S;" us =1 875 ON
Uy = 32 ON Ssliz ON
b : S?, ON
4+ = ON
b b OFF 43
ul =0 Sia S?, OFF

@ ®)

Fig. 8. For given operating states of battery banks, the derived operating
states of bank-level switches using logic gate-based mappings. (a) RBPs with
Topologies 1 and 2. (b) RBP with Topology 4.

topologies beyond those depicted in Fig. 1, suggesting broader
applications in diverse battery system designs. These features
significantly facilitate and simplify the analysis, optimization,
and management of RBPs. In addition, the proposed model
can also simulate the dynamics of battery packs with a fixed
configuration by setting U” and U°® as the identity matrices,
and R, and r,s to zeros.

Remark 10: The developed state-space model (23) facilitates
the design of various model-based control strategies for RBPs.
For instance, based on (23), a nonlinear model predictive
control (NMPC) algorithm can be designed as follows to min-
imize the SOC variations among battery cells while satisfying
voltage and current constraints

min J (x (k)
Uub&ky,..., U k+N-1),
vek),...,U(k+N-1)

s.t.Vie{0,1,...,N—1)

x(k+ 1) =x(k) - B(k)G (x(k), & (k)
Vi lum < F (x (k) — H (x (k)
X G (x(k),&K)) < Vil

Lylun < G (x (k)€ (k) < Ty lum (24)

with

J(x (k) =|lx(k+N)—x(k+N) )”2Q
N-1
+ Y (et +i) - 2k + DIl
i=0
U K+ )|y, + U G+ i)||§2)

where V;, and Vj; denote the minimum and maximum allowed
cell voltage, and I, and I{, are the minimum and maximum
allowed cell current, respectively. The notation ||x||2Q represents
x"Qx, N is the prediction horizon, and Q, R}, and R, are the
corresponding positive weighting matrices.

V. SIMULATION RESULTS AND DISCUSSION

To evaluate the developed unified modeling framework,
which includes battery models at cell, bank, and pack levels,
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Fig. 9. Comparison of the proposed model against the ground truth (baseline) for RBPs with Topology 1. (a)-(d) Cell SOCs. (e)—(h) Cell-level currents.

(1)—(1) Cell-level voltage.

extensive simulations are conducted using MATLAB R2022b
on a 1.70-GHz Intel i5-10310U CPU. The simulation setup
features a battery pack consisting of four battery banks
connected in series, with each bank comprising four cells
connected in parallel. The battery pack size is intentionally
kept small to expedite model-based simulations and simplify
the presentation of results. However, as noted in Remark 9,
these numbers can be readily scaled up to meet the power
and energy requirements of real-world battery systems. The
nominal capacity of these cells is 28 A-h, and the ambient
temperature for the tests is set to 20 °C. The initial SOC
for different battery cells is randomly selected from the
range of [65%,75%]. The selected controllable switches for
reconfiguration have a contact resistance of 0.01 Q and an
open conductance of 107% S. Sections V-A-V-C will present
results from various simulation scenarios, focusing on aspects
such as SOC evolution, voltage and current distributions, and
the impact of different reconfiguration strategies. Performance
metrics, including computational time and prediction accuracy,
will be evaluated to demonstrate the efficacy of the unified
modeling framework.

Accurately simulating a fixed-configuration battery pack and
its cell-level dynamics presents significant challenges. These
challenges are further amplified for dynamically RBPs. To
comprehensively examine the accuracy and efficiency of the
control-oriented model in (23), the Simscape simulator in the

Simulink environment serves as a test bed. This simulator
incorporating an embedded battery model is built on a set
of blocks and has been experimentally validated against real-
world batteries. In the Simscape model of the specified RBP, to
describe the dynamics of battery cells, the battery cell model
in (5) is extended to include a resistor—capacitor (RC) equiv-
alent circuit. Parameters for this benchmark model, including
cell OCYV, series resistance, network resistance, and network
capacitance, are sourced from the Simulink Library [28].

In the developed control-oriented RBP model (23), the
internal resistance of battery cells, namely, r;; = h;;(-), is
calculated as the sum of the series resistance and the network
resistance. These parameter values are derived from the bench-
mark model in Simscape. The network capacitor is omitted
in this formulation to simplify the model while maintaining
sufficient accuracy for control purposes. The sampling period
for the model is set to 1 s.

A. Results for RBPs With Uniform Cell Parameters

We first assess the accuracy of the proposed model (23)
under conditions where all battery cells in the RBP have
uniform model parameters, equal to their nominal value. Such
conditions typically occur in the early stages of a battery
pack’s life.

For demonstration purposes, we consider the following
scenario: the RBPs operate under a constant pack-level current
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Fig. 10. Validation of the proposed model for reproducing terminal voltages
in the RBP with Topology 1. (a) Bank-level voltages. (b) Pack voltage.

of 30 A, with battery bank 4 and cell B4 bypassed. The
corresponding operating states are given by

U’ = diag(1,1,1,0)
U¢ =diag(1,1,1,1,1,1,1,0,1,1,1,1,1,1,1, 1).

In accordance with the above battery operating states, the
operating states of bank-level switches for the RBPs with
Topologies 1, 2, and 4 are derived utilizing the logic gate-
based mappings established in Section III-B. The results are
illustrated in Fig. 8. For the RBPs with Topology 1, all cell-
level switches are ON, except S 5,4, which is OFF. In the RBPs
with Topologies 2 and 4, there are no cell-level switches.
Consequently, U°¢ is set to Ij.

1) For the RBP With Topology 1: The SOC, current, and
voltage of individual battery cells simulated by our model in
(23) are compared with those from the Simspace simulator,
which serve as the ground truth. The comparison results are
presented in Fig. 9. Although its simpler structure and much
fewer state variables, our model yields signal trajectories that
closely match those of the benchmark. This high degree of
consistency corroborates the validity of the proposed modeling
framework and its internal models across different levels.

From Fig. 9(e)—(h), the currents of parallel-connected cells
differ due to inconsistencies in their SOC values. Even if
the battery bank is bypassed, mutual currents persist among
its parallel-connected cells. Furthermore, voltages of these
cells within the same bank vary due to nonuniform contact
resistances of cell-level switches. These characteristics are
accurately captured by our model, which further verifies its
effectiveness.

In addition, the voltages of battery banks and the battery
pack predicted by the proposed model are compared with their
ground truth. As shown in Fig. 10, the proposed model is able
to quickly converge to its benchmark, resulting in negligibly
small steady-state modeling errors.

2) For the RBP With Topology 2 or 4: The voltage profiles
of battery cells within each battery bank in Topology 2 are
illustrated in Fig. 11. Again, a high level of consistency is
achieved between the results of our mathematical model and
the Simscape simulator. Unlike in Topology 1, the parallel-
connected cells within the same bank in Topology 2 display
identical voltage values. This observation aligns with our
expectations, considering the absence of cell-level switches
in Topology 2.
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The pack voltage profiles of different topologies are investi-
gated. By comparing Topology 1 in Fig. 10(b) with Topology
2 in Fig. 12, it is observed that the pack voltages differ for
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Fig. 14. Simulation results of (a)—(d) SOCs, (e)—(h) currents, (i)—(1) voltages of battery cells for RBP with Topology 1 based on the unified mathematical

model (23) and Simscape block-based model.

RBPs with different topologies. Specifically, although the same
battery cells are installed for all three RBPs, the RBP with
Topology 2 exhibits the highest pack voltage during discharge.
This is because, compared to the other two topologies, Topol-
ogy 2 has fewer closed switches connected in series with the
active battery banks and cells, resulting in a lower voltage drop
caused by the contact resistance of the switches.

B. Results for RBPs With Inconsistent Cell Parameters

Due to manufacturing variations and nonuniform operat-
ing conditions, the cells in a battery pack are intrinsically
heterogeneous. In addition to the ideal scenario considered
in Section V-A, we further evaluate RBP models from the
developed unified modeling framework, taking into account
the inconsistencies in cell parameters. Fig. 13 depicts the
nominal parameter values used for battery simulation in Sim-
scape. Using these nominal values as the mean, we assume
cell parameters in real-world applications follow a random
distribution with a variance of 2%.

To operate the RBP system, the pack-level current 17 is
specified as 17(¢) = 50 A. The other two model inputs, i.e., the
bank-level operating states U” and cell-level operating states
U° are defined as follows.

1) During (0,500 s], no battery bank or cell is bypassed.
2) During (500, 1000 s], bank 1 and cell B, are bypassed.
3) During (1000, 2000 s], bank 3 is bypassed.

4) During (2000, 3000 s], banks 2 and 4 are bypassed.

For the RBP with Topology 1, as illustrated in Fig. 14, the
battery states and outputs reproduced by (23) exhibit a high
degree of similarity to those obtained from the baseline model,
corroborating our model’s accuracy. Specifically, when battery
bank 1 is isolated during the time interval (500, 1000 s], as
shown in 14(e), there are still interaction currents among its
battery cells due to cell-to-cell inconsistencies, rather than all
currents being 0. This shows that battery behaviors can be
accurately simulated using the proposed model when the RBP
is dynamically reconfigured. The evolution profiles of the pack
voltage for RBPs with Topologies 1, 2, and 4 are shown in
Fig. 15. Similar to the scenario in Section V-A, variations in
pack voltage across different topologies are observed, and the
RBP with Topology 2 exhibits the highest voltage.

Tests are also conducted to evaluate the influence of the
switch contact resistance on the RBP’s voltage. In the pro-
posed model, the contact resistance is set to 0.008, 0.009, 0.01,
and 0.011 Q, respectively. The pack voltage profiles for RBPs
with Topologies 1 and 2 are shown in Fig. 16. The results
demonstrate that higher contact resistance leads to a greater
pack-level voltage drop.

To further validate the performance of the unified model,
simulations are carried out on the RPB with Topology 1. The
federal urban driving schedule (FUDS) test profile [26] is
employed, with a maximum current of 50 A. The pack-level
current profile is shown in Fig. 17(a). The comparison results
between the proposed model (23) and the baseline model in
terms of the cell-level SOCs and the pack-level voltage are
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Fig. 17. Simulation results of (a) pack-level current, (b)—(e) cell SOCs, and
(f) pack voltage for RBP with Topology 1 based on the unified model (23)
and the Simscape block-based model.

presented in Fig. 17(b)—(f). The strong agreement between the
two models demonstrates the proposed model’s high accuracy.

C. Computational Efficiency Analysis
The practical implementation of RBP models in real-time
management systems necessitates a careful evaluation of

computational requirements. The results, as presented in
Table I, demonstrate an average reduction of 47.12% in
computational time compared to the Simscape simulator
in Simulink. It should be pointed out that constructing or
extending a model based on Simpscape blocks for RBPs
needs good knowledge and experience in power electron-
ics and is very time-consuming, especially for applications
demanding high energy and power. This complexity primarily
stems from the need to interconnect a large number of bat-
tery cell blocks with corresponding switch blocks and wires
to simulate physical connections. In contrast, applying our
mathematical model circumvents the complexity of physical
block connections and significantly accelerates the RBP design
process. In addition, the obtained state-space form enables
the scalability of the model and facilitates the adjustment of
dimensions m and n to adapt to larger scale battery packs,
thereby substantially diminishing computational costs relative
to the modeling approach based on the SimScape simulator.
This computational efficiency is especially pronounced in the
context of large-scale battery system modeling.

To evaluate the proposed model when extended to large-
scale RBP systems, simulations are conducted on an RBP with
Topology 1, where m = 6 and n = 10. The battery bank 4 is
bypassed. The results of cell SOCs, currents, and voltages are
illustrated in Fig. 18.

Moreover, for battery management, fault prediction and
diagnosis, state and parameter monitoring, optimization, and
closed-loop control are indispensable. While striving for per-
formance metrics, such as accuracy and optimality, it is crucial
to ensure constraint satisfaction for safety. To this end, battery
models are required as a fundamental tool to simulate and
predict the dynamics of each RBP. This necessitates prop-
agating the RBP model online, often multiple times within
each time step, especially if iterative optimization methods
or model-based predictive control are applied. Therefore, the
computational efficiency is of utmost importance, particularly
when hundreds of battery cells are contained in the pack. With
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Fig. 18. Simulation results of (a) SOCs, (b) currents, and (c) voltages of the battery cells for RBP with Topology 1.

TABLE II
RELATIONSHIP BETWEEN OCV AND SOC OF THE BATTERY CELLS

SoC| 0% 5% 10% 20% 30% 40%
OCV | 2.5V  3.44V 3.502V 3.564V 3.636V 3.7V
SOC | 50% 60% 70% 80% 90% 100%
OCV | 3.774V 3.866V 3.952V 4.024V 4.08V 4.2V

Fig. 19. Laboratory setup for RBP with Topology 1.

high computational efficiency, our proposed model lays a solid
foundation for the online advanced management of RBPs that
ensures both performance and safety.

VI. EXPERIMENTAL RESULTS

To test the performance of the proposed mathematical
model, a laboratory prototype of the RBP with Topology 1
is built, as shown in Fig. 19. The RBP consists of two series-
connected battery banks, each with two parallel-connected
NCM 18650 1500-mA-h battery cells. The relationship
between the cell OCV and SOC is seen in Table II. The cells’
internal resistance are 0.0761, 0.0801, 0.0786, and 0.0809 Q,
and their initial SOCs are 65.74%, 62.80%, 64.19%, and
62.44%, respectively. The contact resistance of the MOSFETSs
is 0.05 Q. The pack-level current is set as 1.8 A. The bank-
level and cell-level reconfigurations are defined as follows.

1) During (0, 100 s], no battery bank or cell is bypassed.
2) During (100,200 s], cell By is bypassed.

3) During (200, 300 s], cells B;; and B, are bypassed.
4) During (300,400 s], cell B;; and bank 1 are bypassed.
5) During (400,450 s], no battery bank or cell is bypassed.
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Fig. 20. Experimental data and simulation results from our proposed model
(23). (a) and (b) Cell voltages. (c) and (d) Cell currents.

The simulation results from our model are compared with
the experimental data in Fig. 20. As expected, and consistent
with Remark 4, the system model using the one-state cell
representation in (5) does not fully capture transient dynamics.
However, it reliably reproduces the current and voltage pro-
files in steady and quasi-steady states. This corroborates the
effectiveness of the proposed battery model.

Remark 11: As depicted in Fig. 20, transient current spikes
lasting approximately 1-3 ms occur during configuration
transitions due to the sequential nature of physical switch
operations. These spikes are not intrinsic to reconfigurable
battery technology but arise from specific hardware and con-
trol implementations. They can be mitigated by improving
the coordination of switching signals, incorporating snubber
capacitors to suppress current transients, and deploying fast-
acting fuses as a final safeguard to interrupt unexpected surge
currents. Note that the transient currents are not present in our
model results.

VII. CONCLUSION

This work has, for the first time, developed a unified
modeling framework for RBPs with various topologies. First,
a set of logic gate-based mappings is developed to translate the
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operations from batteries to switches. These mappings not only
allow the RBP controller design to focus solely on batteries
but also significantly reduce the number of control variables,
the risk of false control coordination, and time delays in the
operation of individual switches. Once the control policy is
derived, it can be mapped to the control of switches at both
the cell and bank levels. We then proceed with modeling
from individual battery cells through banks and onward to
packs, resulting in unified mathematical models capable of
capturing their respective characteristics. This framework and
its embedded models were validated under different scenarios
and demonstrated high fidelity and computational efficiency.

The unified modeling framework features a state-space form
and can accommodate RBPs with any number of series-
connected banks and parallel-connected cells in a bank. This
paves the way for a range of model-based analyses, opti-
mization, and management of RBPs. In the future, we will
experimentally validate models resulting from the developed
framework under more diverse conditions and aging levels,
and apply them in model-based optimization and control
applications.
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