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Abstract—The capacity underutilization caused by cell incon-
sistency hinders the efficient utilization of lithium-ion battery
packs. This is particularly critical for the second-life battery utili-
zation where high cell inconsistency exists. To address this issue,
this paper proposes a multi-scale reconfiguration control method
enabled by an efficient reconfigurable battery topology, aiming to
maximize the pack's capacity utilization. In this regard, a novel 4-
switch reconfigurable battery topology is proposed, offering the
advantages of all-cell flexibility and reasonable complexity. Build-
ing upon this, an all-cell equalization method is proposed, combin-
ing intra-module current sharing and three forms of inter-module
energy distribution to achieve maximum pack capacity utilization.
Moreover, real-time reconfiguration ensures effective charge
transmission when the pack voltage deviates from the expected
threshold. A lab-scale prototype of the reconfigurable battery
pack is tested, and experimental results confirm that the proposed
design and reconfiguration control can improve pack capacity uti-
lization and efficiency by 10.96% and 14.34%, respectively, with-
out any redundant design. This method provides a feasible solution
for grouping and system management of second-life battery sys-
tems consisting of highly inconsistent cells.

Index Terms—All-cell flexibility, maximum capacity utilization,
reconfigurable battery, voltage stabilization.

[. INTRODUCTION

ITHIUM-ION batteries (LIBs) have gained widespread

use in electric vehicles (EVs) due to their high en-

ergy/power density and long lifespan[1-4]. In EV appli-
cations, the first life of LIBs typically ends when any cell within
the pack experiences a 20% capacity drop, ensuring expected
mileage and reliability [5]. Consequently, retired batteries re-
tain significant residual capacities that can be repurposed for a
second life, such as grid energy storage. It has been projected
that by 2035, the number of post-vehicle battery packs available
for second-life use could reach 6.8 million, and the second-life
battery business could grow from $16 million in 2014 to $3 bil-
lion [6]. Given this substantial market potential, efficient sec-
ond-life utilization becomes highly significant.

This work is supported by the National Key Research and Development Pro-
gram of China under Grant 2023YFB2407900, National Natural Science Foun-
dation of China under Grant U22A20227 and 52072038. (Corresponding au-
thor: Zhongbao Wei)

Z. Wei and H. Cui are with the National Engineering Research Center of
Electric Vehicles, School of Mechanical Engineering, Beijing Insti-tute of
Technology, Beijing 100081, China (e-mail: weizb@bit.edu.cn; cui-
hy@bit.edu.cn).

The capacities of second-life batteries can vary greatly due
to their diverse operating histories. Since the pack's available
capacity is determined by the weakest cell, the performance of
the pack deteriorates significantly as the inconsistency spreads.
Additionally, the pack voltage fluctuates during charge and dis-
charge cycles, leading to an uncontrollable voltage gap at the
pack-load level and reducing charge transmission efficiency
[7]. Both of these factors contribute to an irreversible drop in
efficiency, resulting in significantly higher user-end costs.

Passive and active balancing methods are commonly used to
address cell inconsistency [8]. Passive balancing dissipates ex-
cess charge from higher capacity cells through resistors, but this
approach is undesirable due to its thermal energy losses and
lower energy efficiency [9]. Active balancing, on the other
hand, relies on conversion elements [10] for directional charge
transfer [11], but it is plagued by high costs, limited balancing
speed, and challenging layout requirements [12]. In terms of the
pack-load voltage gap issue, voltage compensation is often
achieved using DC/DC converters [13]. Centrally controlled
DC/DC converters are high-power devices placed at the pack
terminal to maintain voltage, while low-power DC/DC convert-
ers are distributed in series [14] or in parallel [15] with
cells/modules to regulate local voltages and ensure pack voltage
stability. Although effective for voltage compensation, the im-
plementation of DC/DCs is associated with space limitations
and efficiency losses, especially in large pack-load voltage gap.

Reconfigurable battery systems have emerged as a promis-
ing direction recently, reflecting the future trend of smart bat-
tery management [16]. With adaptive configuration switching,
reconfigurable batteries offer solutions for battery optimization
in various applications, including efficient equalization [17],
extended lifespan [18], and voltage stabilization [19]. Among
the limited studies in this area, offline optimization-based re-
configuration approaches stand out due to guaranteed optimal-
ity in capacity utilization. These methods employ optimization
algorithms such as dynamic programming (DP) to determine
the optimal cell combination that maximizes pack capacity [20],
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identify optimal reconfiguration operation for cell balancing
[21], or optimize the configuration for minimal state of charge
(SOC) consumption [22]. Despite guaranteed optimality, these
methods rely on the assumption of a given load, which is often
not met in practical applications.

Compared to offline optimization, real-time reconfiguration
is more appropriate for real-world applications as it determines
switching actions based on online detection of battery status.
Although still in its early stages, real-time reconfiguration has
been utilized for cell equalization. This is achieved by bypass-
ing the weakest cell in a timely manner, as demonstrated in [23,
24], to address the capacity inconsistency in the battery pack.
However, the weak-cell isolation always requires the presence
of a redundant cell to compensate for the resulting vacancy.

Reconfiguration also enables the pack voltage stabilization
to alleviate the excessive variation of pack voltage. To compen-
sate for the voltage deficit resulting from declining SOC, redun-
dant cells are introduced into the system [19]. Alternatively, an
adaptive approach determines the optimal number of modules
to maintain a constant pack voltage [25]. However, the inclu-
sion of redundant cells/modules unavoidably leads to a decrease
in cell utilization rate and the accelerated degradation of fre-
quently-used cells [26].

It can be concluded that existing reconfiguration methods
have several explicit drawbacks. First, these methods treat mod-
ules as inseparable entities for optimization, preventing any
cell-level manipulation. This limits the flexibility of reconfigu-
ration and hinders optimized battery utilization. Second, exist-
ing works only consider simple pack topologies and have not
explored efficient solutions for more practical and complex par-
allel-series topologies. Third, the inclusion of redundant
cells/modules in the reconfiguration process increases the com-
plexity and cost of the battery system. Currently, there is a lack
of efficient solutions that exploit the potential of configuration
itself without introducing any auxiliary components.

To bridge the aforementioned gaps, this paper proposes a
novel multi-scale reconfiguration control method. This method
is based on a 4-switch reconfigurable battery topology, aiming
to achieve all-cell flexibility, consistency, and output voltage
stabilization. The following primary contributions are made: (1)
With the intra- and inter-module adaptive energy allocation on
a novel 4-switch battery topology, the highly-desired all-cell
flexibility and equalization can be realized for the practical se-
ries-parallel battery pack. (2) The reconfiguration contributes to
exploiting the pack capacity to the greatest extent even with
high cell in-consistency in the second-life battery utilization.
The pack capacity utilization rate can be improved by 10.96%.
(3) The reconfiguration can also stabilize the pack voltage
within an expected range to ensure high conversion efficiency.
(4) The capacity maximum utilization and voltage stabilization
can be achieved without module replacement or redundant de-
sign, which reduces the system cost greatly.

The rest of the paper is organized as follows. Section II in-
troduces the proposed reconfigurable battery topology and ex-
perimental setup for validation. Section III elaborates the multi-
scale reconfiguration control method. Section IV presents the

experimental results and discussions. Section V draws the pri-
mary conclusions of the paper.

II. RECONFIGURABLE TOPOLOGY

A. Reconfigurable Battery Topology and Prototype

To meet the practical demands for output power and voltage,
LIB cells are typically connected in series and parallel to form
a battery pack. However, it should be highlighted that the static
connections in traditional packs do not fully utilize the cell ca-
pacities, particularly in the context of high cell inconsistency
observed during the second-life usage of LIBs.

Unlike traditional batteries, reconfigurable batteries possess
a distinctive feature where cells are equipped with switches, en-
abling flexible reconstruction [27]. A novel 4-switch reconfig-
urable topology is employed to strike a favorable balance be-
tween complexity and flexibility, as shown in Fig. la.
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Fig. 1. 4-switch reconfigurable battery. a) Schematic diagram of 4-switch re-
configurable battery. b) Allowing connection of the 4-switch reconfigurable
battery: series connection in bl), parallel connection in b2), parallel-series con-
nection (cells are connected in parallel first and then connected in series to con-
stitute a pack) in b3), and arbitrary combination of connection in b4).

The 4-switch topology enables various combinations of se-
ries, parallel, and parallel-series connections among cells, as
shown in Fig. 1b. The inclusion of switch SK (k is the number
of cells) grants independence to each cell, regardless the cell
connection. Additionally, switches S¥, S¥, and S¥ allow for dy-
namic switching between series and parallel connections of
cells/modules. The high reconfigurability yet moderate number
of switches endow the 4-switch topology with board application
prospects and potentials for various performance optimization
of battery pack. For example, this topology allows regular cali-
bration of all in-pack cell capacity, promising the robustness of
reconfigurable algorithms in the presence of capacity changes
induced by temperature fluctuations and battery degradation.

B. Prototype of Reconfigurable Battery Pack
A laboratory-scale prototype with assembly flexibility is es-
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tablished, as depicted in Fig. 2. The prototype comprises a bat-
tery management system (BMS), a reconfigurable battery pack
consisting of LiFePOs cells and switch arrays, as well as a
DC/DC converter for voltage conversion. The capacities of em-
ployed cell are distributed within [1.4Ah, 2Ah], reflecting a
high capacity inconsistency typical observed in second-life
LIBs. The BMS (Huahai Technologies, RapidECU-U4B) esti-
mates the cell status based on current and voltage data collected
by sensors. It then makes real-time decisions on the switching
actions and sends the corresponding commands to the switch
array for dynamic adjustment of the cell connections. The
DC/DC converter operates to compensate for voltage gaps re-
sulting from changes in battery equilibrium potential and over-
potential. All the components used in the reconfigurable proto-
type are off-the-shelf, widely adopted parts, enabling it to oper-
ate in real-world scenarios rather than being limited to con-
trolled laboratory environments.

a ] .
g Pack Vil 3[.4: !b
DC/D

High-
voltag
Wire
+

Switch Array Sensmg Board
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‘ \ulk Vi
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.......

Switch
Command

Reconfigurable
Battery Pack
Fig. 2. Lab- scale prototype of 4-switch reconfigurable battery pack: (a) device

connection and communication, and (b) device layout.

III. MULTI-SCALE RECONFIGURATION CONTROL

Based on the designed battery prototype, a multi-scale con-
trol method is proposed for capacity maximum utilization and
voltage stabilization. To maximize the pack's capacity, a hier-
archical equalization control method is employed, which is fur-
ther divided into intra- and inter-module equalization.

A. Intra-module Cell Equalization

Parallel-cell imbalances are common within module, which
is reflected in the following three aspects: (1) More than 10%
SOC deviation is observed when two intra-module cells with
the same initial SOC but different capacities are discharged at
1C [28]. (2) Intra-module imbalance worsens as the discharging
current increases [29]. (3) Spontaneous intra-module equaliza-
tion is only notable when the cells are idle, requiring nearly 1
hour for the equalization of 4 cells [30]. These findings high-
light the need for improving intra-module cell equalization.

The key of intra-module equalization is to distribute the cur-
rent flux among parallel cells in a manner that ensures equali-
zation. To achieve this, an intra-module cell equalization
method is proposed. The procedure of the intra-module cell
equalization is summarized in Table I. The core idea of intra-
module cell equalization is to differentiate the cell conduction
time based on its capacity ownership and consumption rate. In

specific implementation, the conduction duration of the intra-
module cells is regulated by intermittently PWM engagement
of the cell series switch S¥. Due to the mutual backup of parallel
cells, the failure or removal of any individual cell will not ad-
versely affect the regular functioning of the other cells.

It should be noted that the OFF duration of each intra-module
cell is staggered to ensure that at least one cell remains online
to sustain the main-circuit current, as the module will be offline
if the bypass period of parallel cells within the module overlaps.
Moreover, the PWM period should be set within a reasonable
range. This is because high-frequency PWM results in remark-
able energy loss, while low-frequency PWM compromises the
control resolution and, the equalization performance.

TABLEI
Procedure of the intra-module cell equalization method.

Input: Capacity CF(0)(T), ohmic and polarization resistances R¥(T),
R, (T), R (T) of the k-th cell (k € [1,K]?) at current temperature.

Step I: Initial duty cycle calculation: Set j = 0%, define a proper PWM pe-
riod, set the initial duty cycle of the maximum-capacity cell D*(0)
as 100%, calculate the initial duty cycle of remaining cells Dy (0) as:

ckoy(m Rk(T) + RE (T) + RE,(T)
D(0) = Cr(0)(T) R(T) + RIL(T) + RI5(T)

Step 2: Determination of initial ON/OFF duration of switches: ON dura-
tion of each cell is determined by D, (0) and the PWM period. Stag-
ger each cell OFF duration.

Step 3: Switch actuation:

Cell time-sharing intervention according to the determined ON-

Dg"(0) -

OFF duration by intermittently PWM engaging the cell series
switch S¥; Estimate SOC; (j) when PWM cycle ends.
Step 4: State feedback:

If SOC,(j) < SOCyp,,°
Equalization ends;

Else
J = j + 1; Fine-tune D, (j) with cell SOC differences by PID;
Back to Step 3.

9 K is the number of cells within a module; ® j is the PWM cycle index; ©
SOC,, is the equalization threshold of SOC.

B. Inter-module Equalization

Unlike existing works that disable the flexibility of intra-
module cells, an inter-module equalization controller that in-
volves the participation of all cells is proposed. The inter-mod-
ule equalization is categorized into three independent modes:
cell-transfer, collaborative splitting, and strong-module split-
ting equalization. These modes are suitable for different adja-
cent scenarios, including strong-weak, strong-strong, and
strong-equalized module adjacency. It should be noted that
these three modes cover all possible conditions that may occur
during the entire period in equalization.

TABLE II
Procedure of the cell-transfer equalization method.

Step 1: (Cell transfer)

Check all the cell and module capacities at current temperature.

If strong-weak module adjacency is satisfied

The strong-module cell adjacent to the weak module is split out
and integrated to the weak.

Step 2: (Differentiated discharge)
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The transferred cell undertakes a 1/N® discharge pressure of the
weak module. The discharge rate of the weak/strong module is de-
creased/increased.
Step 3: (Cell return)
If extra capacity of the strong module is released Or lacking capac-
ity of the weak is made up
The transferred cell returns to the strong module.

9 N is the number of cells in the weak module after cell transfer.

TABLE 111
Procedure of the collaborative-splitting equalization method.

Step 1: (Collaborative splitting and weak modules exit)
Check all the cell and module capacities at current temperature.
If strong-strong module adjacency is satisfied
The last/first one-third cells of the former/latter strong module
are split out; All split-out cells are combined as a new interim
module; A weak module is bypassed.
Step 2: (High-rate discharge)
The two split modules undertake 1.5x high-rate discharge com-
pared with other modules. The bypassed weak module is idle.
Step 3: (Dual-module recombination and weak modules return)
If extra capacity of either strong module is released
The temporary interim module is split to recombine the original
two modules; The bypassed weak module re-enters the series
module sequence.

TABLE IV
Procedure of the strong-module splitting equalization method.

Step 1: (Strong-module splitting and weak modules exit)
Check all the cell and module capacities at current temperature.
The maximum-capacity cell in the strong module is split out;
The split-out cells and remaining cells constructs two series sub-
modules respectively;
A weak module is bypassed to maintain the number of modules.
Step 2: (Double-rate discharge)
The split module undertakes double-rate discharge compared with
other modules. The bypassed weak module is idle.
Step 3: (Strong-module recombination and weak modules return)
If extra capacity of the strong module is released
The two sub-modules recombine the original one module; The
bypassed weak module re-enters the series module sequence.

a Module
Splitting
b Cell
Transfer
/

Fig. 3. Switch action of a) module splitting and b) cell-transfer reconfiguration
in inter-module equalization.

The procedure for cell-transfer, collaborative splitting and
strong-module splitting methods are summarized in Table II, IT1
and IV respectively. These three inter-module reconfigurable
equalization methods involve two forms of configuration
switching: strong module splitting and cell transfer. The corre-
sponding switching actions are shown in Fig. 3. It can be seen

that the module split reconfiguration is realized by the simulta-
neous actuation of three switches, while the cell transfer recon-
figuration requires the coordinated control of six switches.

The three inter-module equalization methods are distin-
guished by their speed of equalization and aging stress. For in-
stance, the strong-module splitting achieves faster equalization
compared to the other two. However, this improved rapidity
comes at the cost of increased degradation, as the split-out cells
in the strong-module splitting method are exposed to module-
level current and may experience premature aging. A compari-
son of three equalization methods is provided in TABLE V.

TABLE V
Comparison of three forms of inter-module equalization.
Adj t Equalizi Batt
Method _]ace.n quatzing a' N Complexity
scenario speed aging
Cell transfer Strong- Medium Medium  Low
weak
Collaborati Strong-
0, a. orative rong Slow Slow High
splitting strong
Strong- -
rf)n.g module Strong Fast Fast Medium
splitting equalized

It is important to highlight that a wide variation in pack volt-
age negatively affects energy conversion efficiency. An intui-
tive approach is to dynamically adjust the number of series
modules to keep the total voltage within a narrow range. When
the pack voltage falls below the lower threshold in discharge,
two strong adjacent modules are reconfigured to form three se-
ries modules based on the collaborative splitting principle. Col-
laborative splitting is chosen for voltage stabilization because it
mitigates the degradation tendency of a single split module.
Above measures can also be employed for fault-tolerant control
of module failures. When a module fails, the collaborative-
splitting reconfiguration allows for the compensation of module
vacancies arising from the failed module, thereby ensuring the
maintenance of a relatively stable pack voltage.

C. Method Overview

The cell-level reconfiguration focuses on intra-module cell
equalization control, the module-level reconfiguration is aimed
for inter-module equalization control, while the pack-level re-
configuration is oriented towards the pack-voltage stability con-
trol. The above three levels of reconfiguration control cooperate
with each other to create a multi-scale reconfigurable control
method, as illustrated in Fig. 4a.

It worth noting that the proposed multi-scale reconfigurable
control method exhibits both hierarchical attributes in logic and
a stepwise feature in the time domain. Specifically, the inter-
module equalization is prioritized as it requires sufficient ca-
pacity margin on cells, which may not be feasible at the later
stage of equalization. Once the capacity difference of modules
is completely eliminated, intra-module cell equalization begins.
When the pack terminal voltage drops below the set threshold
during inter- or intra-module equalization, the reconfigurable
voltage stability control is triggered to split strong modules in
order to maintain a stable pack voltage. The module splitting

Authorized licensed use limited to: Chalmers University of Technology Sweden. Downloaded on June 14,2024 at 18:37:44 UTC from IEEE Xplore. Restrictions apply.

© 2024 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See https://www.ieee.org/publications/rights/index.html for more information.



This article has been accepted for publication in IEEE Transactions on Transportation Electrification. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/TTE.2024.3399218

IEEE TRANSACTIONS ON TRANSPORTATION ELECTRIFICATION

operation interrupts the original equalizing process and the con-
troller recalculates new equalization objectives for modules and
intra-module cells, initiating a new round of equalization start-
ing with inter-module and then intra-module equalization steps.

The aforementioned mechanism of updating equalization tar-
gets also applies to fault-tolerant equalization for cell and mod-
ule failures. If a cell or module fails, the capacity distribution of
intra-module cells and the capacity comparison of modules
change, rendering the original equalization goal unattainable.
To address this, the multi-scale controller adjusts the capacity
difference between modules and the PWM duty cycle of cells
to achieve equalization in the presence of cell/module faults.

The prioritization of three inter-module equalization methods
at different stages of module equalization is shown in Fig. 4b.
The combination of cell-transfer and collaborative splitting is
recommended in the initial stage of equalization, as it enables
rapid equalization while preventing accelerated battery aging.
In subsequent stages, when only a few un-equalized modules
are adjacent, the independent use of cell-transfer or collabora-
tive splitting is preferred. Once no adjacent un-equalized mod-
ules, strong-module splitting is employed to achieve rapid
equalization across all modules.
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Fig. 4. Schematic diagram of a) multi-scale reconfiguration control method,
and b) priority of three inter-module equalization methods.

5
IV. RESULTS AND DISCUSSION
A. Validation of Intra-module Cell Equalization
alowo FeDiscell] b2 Fre.Dis.Cell 1
----- Fre.Dis.Cell 2 ) ~-=-=Fre.Dis.Cell 2
80 N, e Fre Dis.Cell 3 15 Rea ™ s Fre.Dis.Cell 3
- - ~FreDis.Cell4| = " - - =Fre.Dis.Cell 4
~ <
X060 z
240 &
Cos
20
0
0 500 1000 1500 2000 0 500 1000 1500 2000
Time(s) Time(s)
C100 quDis Cell 1 d: N —Equ.Dis.Cell 1
————— Equ.Dis.Cell 2 --=-=Equ.Dis.Cell 2
F170) N - Equ.Dis.Cell 3 15k w Equ.Dis.Cell 3
- - ~EquDis.Cell4| = X - - ~Equ.Dis.Cell 4
_ <
260 EX
] '3
S 12 g
40, 08 =3
Q0.5
10 R
20
2450 2500 2550 0
0 500 1000 1500 2000 2500 0 500 1000 1500 2000 2500
Time(s) Time(s)

Fig. 5. Intra-module cell dynamics: a) SOC, b) capacity of cells in free dis-
charge, and c¢) SOC, d) capacity of cells in equalizing discharge.

To validate the effectiveness of intra-module cell equaliza-
tion, a module with 4 parallel cells is tested. The spontaneous
imbalance during free discharge is first investigated. The evo-
lutions of cell SOCs and capacities in free discharge are pre-
sented in Fig. 5a and 5b, respectively. It is evident that the cell
SOCs deviate from each other as the discharge progresses, re-
sulting in a 10% SOC deviation. This SOC divergence indicates
a gradual deterioration of cell imbalance. The initial capacity
gaps among cells remain largely unchanged, as the spontaneous
allocation of discharge current within the module does not
match the capacity distribution among cells.

In contrast, the usage of intra-module equalization leads to a
consistent SOC trajectory and gradual convergence of capacity,
as depicted in Fig. 5¢ and 5d. This is attributed to the adaptive
charge flux distribution enabled by the equalization method,
which ensures consistent SOC consumption irrespective of ini-
tial capacity imbalances among cells. Specifically, the capaci-
ties of intra-module cells change proportionally with their ca-
pacity comparison, aiming to reach an almost common capacity
termination. It is observed that all cells almost simultaneously
reach the cut-off threshold, with SOC divergence limited to
only +1%, as illustrated in the zoom-in figure in Fig. Sc. This
confirms the efficacy of the intra-module equalization ap-
proach. Although it seems consume the entire experimental du-
ration to reach equal cell capacity from the perspective of ca-
pacity balancing, the goal of intra-module equalization is to bal-
ance cell SOCs. The presence of overlapping SOC evolution
throughout the experiment demonstrates that the intra-module
cells maintain equalization from start to finish.

B. Validation of Inter-module Equalization

To evaluate the performance of inter-module equalization,
the intra-module equalization is excluded herein, thus the par-
allel cells keep free discharge throughout the following three
experiments for the validation of inter-module equalization.
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configuration switching actions in 4 stages: A is the start of discharge, B is the cell-transfer stage, C represents the cell-return stage, and D is the end of equalization.

1) Cell-transfer Equalization:

Cell-transfer equalization is applicable when a strong module
is adjacent to a weak module, which is typically encountered
during the initial stages of equalization. In this approach, the
cell within the strong module that is closest to the weak module
is isolated and merged to the weak module. This cell transfer
the results in a reduction of current flux across the weak module,
while increasing the current flux across the strong module. Con-
sequently, a convergent equalizing effect is achieved. To vali-
date the effectiveness of cell-transfer, two experiments are con-
ducted involving two modules, six cells with varying capacities
in both non- and equalized discharge. The capacity evolution of
modules and intra-module cells with/-out the cell-transfer is
shown in Fig. 6, along with the depicted configuration switch-
ing actions that exemplify the equalization principle.

The capacity deviation between M/ and M2 remains con-
sistent in the non-equalized condition, as depicted in Fig. 6a.
Additionally, the cell residual capacities display significant dif-
ferences when the experiment ends (Fig. 6¢). By implementing
cell-transfer equalization, the cell C4 is separated from the
stronger M2 and integrated into M1 at 200s of the equalized ex-
periment (Fig. 6d: stage B). Considering the approximately
even distribution of current among intra-module cells, the trans-
fer of C4 results in a 25% reduction in current flux across M1,
while the flux passing through M2 is increased to 1.25%. Con-
sequently, a noteworthy portion of the discharge load is seam-
lessly transferred from the weaker M1 to the stronger M2, lead-
ing to a gradual convergence of module capacities (Fig. 6b).
From a cellular perspective, the capacity drops of the C5 and
C6 in M2 are accelerated, while the charge consumption on C/-

C4 decelerates starting from 200s. Once the additional 0.9Ah
capacity of M2 is released and both modules reach 2.88Ah at
1134s, the cell-transfer concludes and the C4 cell returns to M2
(stage C in Fig. 6d). Subsequently, the two modules remain
equalized until the experiment ends.

2) Collaborative Splitting Equalization:

In scenarios where two strong modules are adjacent, collab-
orative splitting demonstrates greater superiority compared to
cell-transfer equalization. In this approach, both strong modules
are split, and the split-out cells form a new interim module. To
affirm the effectiveness of collaborative splitting equalization,
two experiments are conducted on a 3P-3S battery, and the cor-
responding experimental outcomes are presented in Fig. 7.

As depicted in Fig. 7a, the capacity differences remain rela-
tively unchanged until the non-equalized experiment concludes.
The substantial gap in module capacities in Fig. 7c indicates
poor utilization of pack capacity, with 0.9Ah and 1.05Ah
wasted in modules M2 and M3, respectively. On the other hand,
the effectiveness of collaborative splitting becomes apparent
from 200s in the second experiment. As shown in Fig. 7d, the
highest-capacity cells of M2 and M3, C6 and C7, are split and
connected to form a new module between M2 and M3. This ac-
tion significantly increases the discharge flux of M2 and M3 to
approximately 1.5x of the previous condition. Consequently,
the capacity decrease of M2, M3, and the corresponding cells is
accelerated, as evident in Fig. 7b. Once the additional 0.9Ah
capacity of M2 relative to M1 is consumed at 1217s, C6 and C7
return to original modules, and the dual-module splitting con-
cludes. A comparison of Fig. 7c and stage D in Fig. 7d clearly
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shows that the inconsistency among cells has been significantly — reason is that C4 in M2 reaches the discharge termination prem-
reduced by collaborative splitting equalization, representing a  aturely due to the excessive discharge by the M2 splitting. This
substantial improvement compared to the non-equalized case. = phenomenon can be effectively addressed when implementing
It can be seen that the pack operating time is reduced from  the intra-module cell equalization.

2135s to 2003s with the implementation of collaborative. The
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3) Strong-module Splitting Equalization:

The strong-module splitting equalization is suitable for the
situations in which the strong and equalized modules are adja-
cent. In these cases, the strong module is divided into two sub-
modules in series, resulting in the split module carrying double
flux compared to other modules. When the additional capacity
of the strong module is utilized, the split-out cells return and the
split module recombines. The same six cells used in the cell-
transfer equalization case are employed again to validate the
strong-module splitting controller. The changes in module and
cell capacity with/-out the strong-module splitting equalization
are depicted in Fig. 8, as well as the configuration-switching
actions focused on equalization at various stages.

Again, Fig. 8c shows that the initial capacity difference of
0.9Ah between M7 and M2 is reserved to the end of discharge
without equalization. An evident uneven distribution of residual
capacities within M/ and M2 is observed. In contrast, when the
strong-module splitting equalization takes effect around 200s in
the second experiment, the capacity of the stronger M2 de-
creases faster. This is due to the split of the cell C4 from M2
through switch actions. As a result, the strong M2 is divided
into two sub-modules and discharges at a double rate compared
to M1. The capacity of C4 rapidly drops as it carries the current
originally shared by three cells. When a discharge flux of 0.9Ah
flows through all modules at 681s, the capacity of un-split M1
reduces by 0.9Ah while M2 releases 1.8Ah. At this point, the
capacity gap between M1 and M2 is completely compensated,
and the split-out C4 returns to M2. Subsequently, it is observed
that the capacities of both modules decrease synchronously to
the defined threshold of 0.7Ah. Comparing Fig. 8c and 8d, it is
further evident that the differences in cell capacities are almost
eliminated at the end of equalization. These results highlight the
role of strong-module splitting in eliminating module capacity
gaps and mitigating cell capacity inconsistencies.

C. Validation with Battery Pack

The proposed multi-scale reconfiguration control method is
implemented on a reconfigurable battery pack with 3P-5S de-
sign, which better represents practical scenarios. The experi-
mental results with/-out the proposed method are depicted in
Fig. 9. Without utilizing the proposed method, as seen in Fig.
9a and 9c, the capacity inconsistencies of cells and modules re-
main unchanged, resulting in a significant amount of unutilized
capacity. Additionally, the pack voltage is uncontrollable. As
shown in Fig. 9e, the pack voltage falls outside the allowable
boundary, and the voltage deficit cannot be restored due to the
fixed battery configuration. This inevitably hampers the effi-
ciency of the DC/DC and obstructs the efficient transfer of bat-
tery charge.

Referring to the results shown in Fig. 9b, 9d, and 9f, it is ev-
ident that the battery behaviors change at different stages. From
0 to 1508s, module equalization and intra-module cell equali-
zation are conducted successively. The early period from 0 to
1508s is zoomed in and illustrated in Fig. 9g and 9h. It can be
observed that three forms of inter-module equalization are con-
ducted either simultaneously or in an orderly manner to ensure
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Fig. 9. Experimental results with/-out the multi-scale reconfiguration. a) Cell
capacities, ¢) module capacities, and e) pack voltage when the propose method
is absent. b) Cell capacities, d) module capacities, and f) pack voltage under the
multi-scale reconfiguration control. g) Zoom-in cell capacities, and h) zoom-in
module capacities in the early-stage of 0-1508s in the multi-scale reconfigura-
tion discharge.

the rapid equalization of all modules. Based on the enabling se-
quence of the module-equalization form, this period can be fur-
ther divided into Stage 1-3.

Correspondingly, the configuration changes at each stage are
illustrated in Fig. 10. At Stage 1, the collaborative splitting and
cell-transfer equalization collaborate to utilize the excess capac-
ities of strong modules M1, M2, and M3. Simultaneously, the
weak module exit-return mechanism enables, removing the
weak module M5 to offset the increase in the number of series
modules resulting from collaborative splitting. In Stage 2, cell-
transfer between M3 and M4 is conducted exclusively, as the
original strong modules M/ and M2 have been equalized by the
end of Stage 1. The weak module M5 returns as the additional
intermediate module of Cel/ 3 and 4 by collaborative splitting
disappears. Once the excess capacity of M3, relative to the av-
erage module capacity, is discharged, Stage 2 transitions to
Stage 3 for strong-module equalization, as there is no suitable
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adjacent condition for other module equalization modes. When
all modules are equalized at 317s, inter-module equalization
concludes, and intra-module equalization commences, corre-
sponding to Stage 4 in Fig. 10. It is observed that the available
capacities of the modules consistently decrease under the con-
trol of the intra-module equalization controller.

When the pack voltage reaches the lower limit at 1508s, the
voltage stabilization control is activated. Specifically, the two
strong modules M3 and M4 are split collaboratively to form
three new modules, Spt. M 4, B, and C, as depicted in Fig. 10.
This results in an increase of 3.2V in the pack voltage, as shown
in Fig. 9f, effectively preventing the occurrence of an uncon-
trollable voltage gap and ensuring a high DC/DC efficiency.
However, the voltage stabilization disrupts the previously
equalized state prior to 1508s. Consequently, both inter- and in-
tra-module equalization are consecutively carried out again to
find a new equalization for both modules and intra-module cells.
As depicted in Fig. 9b and 9d, the equalization of modules and
cells is successfully achieved at 1936s and 2302s, respectively.
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TABLE VI
Performance of battery pack with/-out the proposed method.
Available Capacityuti- DC/DC ef-  Efficiency
capacity lizing rate ficiency rise
Benchmark 20.28Ah 78.39% 94.62% -
Proposed 23.11Ah 89.33% 97.13% 14.34%
method

The capacity and energy utilization of the 3P-5S pack are
measured and summarized in Table VI. The capacity utilization
rate observed with the proposed method shows an increase of
approximately 11%, while the battery pack efficiency improves
by 14.34%. The experiment sets the lower threshold of SOC at
10%, theoretically allowing for a maximum capacity utilization
ratio of 90%. Remarkably, the proposed method brings the pack
very close to this theoretical upper limit, ensuring high-effi-
ciency operation of the battery system.

The BMS used in the experiment is developed based on the
MPC5744P core control unit. The compiled reconfiguration al-

gorithm has a target machine code size of only 52kB, signifi-
cantly smaller than the memory of the MPC5744P. The average
calculation load rate for executing the algorithm is 9.35%.
Therefore, the computational complexity of the multi-scale re-
configuration can be comfortably handled by the BMS.

To further validate the effectiveness and scalability of the
proposed method, an additional set of 20 experiments is con-
ducted, focusing on the multi-scale reconfiguration control us-
ing the 3P-58 reconfigurable prototype. In each experiment, 15
cells are randomly selected from a pool of 50 second-life cells
with varying aging states to constitute the battery pack. These
battery packs are distinguished by different levels of cell and
module capacity differences. The statistical analysis of all 20
experimental results is shown in TABLE VII. It can be seen that
that with the increase of cell or module capacity differences, the
capacity utilization and DC/DC efficiency of the pack both de-
crease. However, when reconfiguration control is enabled, the
average capacity utilization is increased by more than 10%, and
the average DC/DC efficiency is improved by approximately
3%. The statistical results demonstrate the effectiveness of the
proposed method, which can significantly improve the capacity
utilization and energy conversion efficiency of the battery pack.

TABLE VII
Statistical analysis of 20 multi-scale reconfiguration experiments.
CA;e;;%e Avera‘ge Average Average
Capacity difference pacity - capacity  pone popc
utilizing utilizing . R
range . . Eff. with-  Eff. with
rate with-  rate with out Ref Ref.
out Ref. Recf. ’ )
10% ~15%  79.10% 89.24% 94.43% 97.50%
Cell  15%~20% 77.70% 88.76% 94.55% 97.35%
20% ~25%  75.95% 88.39% 93.92% 97.07%
5% ~ 10% 79.09% 89.25% 94.32% 97.41%
Nllltl)ed_ 10%~15%  78.13% 88.91% 94.57% 97.36%
15%~20%  76.62% 88.53% 94.11% 97.22%

D. Validation of Control Robustness

It is important to note that all of the experiments described
above are conducted at a temperature of 25°C. To further assess
the robustness of the multi-scale reconfiguration, the equaliza-
tion performance of a 3P-58S reconfigurable battery pack under
varying battery temperatures is evaluated.

Firstly, the performance of the multi-scale reconfiguration
with fixed cell parameters is examined. Fig. 11(a) shows the
evolution of cell capacity when the cell parameters at 25°C are
used as inputs for reconfiguration control in an experimental
environment at 10°C. It can be observed that without the tem-
perature adaptive parameter update, achieving the goal of
equalizing all in-pack cells is difficult. Although the cell capac-
ities show a convergence trend during the experiment, they di-
verge significantly towards the end at 2163s, indicating poor
equalization performance and inadequate capacity utilization.

In contrast, when the parameter update mechanism is ena-
bled, i.e., using the real cell parameters at 10°C as inputs for
reconfiguration-based battery multi-scale control at 10°C, the
cell capacity evolution depicted in Fig. 11(b) is significantly
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improved. The load supporting time is extended from 2163s to
2210s, indicating the release of more pack capacity. Further-
more, all cell capacities almost converge at the same point by
the end of the experiment, indicating successful achievement of
equalization among all cells. Statistical analysis shows that the
pack capacity utilization in the parameter-update reconfigura-
tion is 88.67%, which is close to the theoretical upper limit. In
conclusion, the parameter adaptive update of the multi-scale re-
configuration control ensures its scalability and robustness in
the face of changing operating conditions.
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Fig. 11. Experimental results of cell capacity evolution in multi-scale recon-
figuration (a) without (b) with temperature adaptive cell parameter updates.

E. Validation with Large-scale Battery Systems

The proposed multi-scale reconfiguration control is further
applied to a large-scale battery system to demonstrate its effec-
tiveness and applicability. For the purpose of easy and rapid
implementation, the hardware-in-the-loop (HIL) experimental
validation is adopted. A battery pack consisting of 444 LiFePO4
battery cells in a 37P-12S configuration is employed, which is
a representative number of cells adopted in the commercial
Tesla Model S. The cell capacities are distributed within
[2.594Ah, 3.390 Ah], reflecting a high capacity inconsistency
typical observed in second-life LIBs. The cell resistances are
inconsistent in accordance with the different cell capacities, re-
flecting the fact that the capacity decreases and the internal re-
sistance increases during the cell aging process.

The validation of reconfigurable voltage stabilization at pack
level is omitted here due to the lack of detailed DCDC effi-
ciency information compatible with the employed large-scale
battery system. However, as discussed in Section I1I-B, the es-
sence of voltage stabilization is achieved through module col-
laborative splitting. If the collaborative splitting is proven to be
feasible, the voltage stabilization is expected to be effective.

The capacity evolution of modules and cells in the 444-cell
large-scale battery system in three equalization scenarios, i.e.,
without equalization, under passive balancing, and under multi-
scale reconfiguration, is shown in Fig. 12. Without any equali-
zation, as can be seen in Fig. 12a and 12b, the capacity evolu-
tion of all modules and cells are nearly parallel. This proves that
the imbalance of modules and cells also exist in large-scale bat-
tery systems, not just in the laboratory-scale prototype. When
traditional passive balancing is implemented, the capacity in-
consistency among modules and cells mitigates to a certain ex-
tent, as shown in Fig. 12c and 12d. The capacity evolution of
modules gradually converge, but there still remains a significant
capacity gap when the passive balancing experiment ends.
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Fig. 12. HIL experimental results for method validation. a), ¢) and ¢) Module
capacities, b), d) and f) all in-pack cell capacities of free discharge, under pas-
sive balancing, and under the proposed multi-scale reconfigurable control
method, respectively.

The convergence of cell capacities is even weaker, as passive
balancing is only applicable to series modules. Therefore, the
cell balancing can only rely on negligible spontaneous balanc-
ing of intra-module parallel cells. The proposed multi-scale re-
configuration is then implemented in the same battery system.
As can be seen in Fig. 12e and 12f, the capacity difference
among modules and cells are almost completely eliminated
when the reconfiguration enables. It can be seen that the module
equalization is achieved in just 340 seconds by reconfigurable
control, demonstrating its significant advantage in balancing
speed compared to traditional passive balancing. Although
some cells release relatively large capacities in inter-module
equalization phase, that is, several cell capacity is outlier from
the majority, the capacity of all in-pack 444 cells converges to
an extremely narrow range in the end of experiment. It is worth
mentioning that the reconfigurable experiment lasts longer than
the other two, indicating the elimination of weak cell limitations
and the utilization of the large-scale battery system's capacity
to its fullest extent in multi-scale reconfigurable control.

TABLE VIII
Performance of large-scale battery system in different method.
Available ca- Capacity utiliz-  Capacity utiliz-

pacity ing rate ing rise
Benchmark 1037.93Ah 77.82% -
Passive 1099.95Ah 82.47% 4.65%
balancing
Proposed 1187.18Ah 89.01% 11.19%
method
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The capacity utilization of the 444-cell large-scale battery
pack under different equalization scenarios is measured and
summarized in TABLE VIII. It can be seen that the capacity
utilization of the large-scale battery pack under reconfigurable
control approach its maximum capacity utilization ratio of 90%.
Compared to unbalanced situation, passive balancing increased
the pack capacity utilization by 4.65%, while the proposed
multi-scale reconfigurable control achieved a capacity utiliza-
tion improvement of 11.19%.

All above phenomenon clearly indicate that the proposed
multi-scale reconfigurable method can achieve maximum ca-
pacity utilization and higher energy conversion efficiency in
large-scale battery systems, superior to widely adopted passive
balancing methods.

The reconfiguration HIL experiment of large-scale battery
system also adopts the MPC5744P-based BMS controller. With
an average calculated load rate of 38.74% during the experi-
ment, it can be inferred that the proposed multi-scale reconfig-
uration control approach possesses low computational com-
plexity and presents a highly feasible solution for optimizing
the operation of large battery packs.

The recent concerns regarding the safety of using second-life
batteries in large-scale grid energy storage are valid. This is pri-
marily due to the limitations of static-connected retired batteries,
which fail to address capacity disparities among individual cells
and are thus susceptible to issues such as overcharging and dis-
charging of weaker cells. In response to these challenges, the
multi-scale reconfigurable control method proposed in this pa-
per offers a potential solution by ensuring equalization of all
cells within the battery pack. This approach significantly en-
hances the fault tolerance and overall safety of second-life bat-
tery systems comprising highly inconsistent cells. Moving for-
ward, the demonstration application of reconfigurable second-
life batteries in small-scale scenarios like home energy storage
systems, communication base station energy storage, and low-
power electric vehicles can serve as a basis for gradually ex-
panding their application in large-scale grid energy storage.

V. CONCLUSIONS

Based on a 4-switch reconfigurable battery topology, a multi-
scale reconfiguration control method is proposed to mitigate the
significant cell inconsistency that arises during second-life us-
age of batteries. To validate the effectiveness of the proposed
method, a laboratory-scale prototype of the reconfigurable bat-
tery pack with the proposed controller is constructed. The major
conclusions are summarized as follows:

(1) The 4-switch topology ensures all-cell flexibility. The
multi-scale reconfiguration promises all-cell equalization. With
the proposed method, the deviation of cell residual capacities in
a highly-imbalanced pack can be confined to 54.5mAh, equiv-
alent to state-of-charge inconsistency of only 1.26%.

(2) The pack voltage can be stabilized within a defined range
by using the proposed method. The regulation resolution equals
to the single-cell voltage, which is refined enough considering
the high pack voltage in practical applications.

(3) The capacity inconsistency of second-life batteries can be

compensated efficiently by using the proposed method, i.e., the
capacity utilization is elevated by 10.96%, approximating the
theoretical upper limit of total capacity of pack. Meanwhile, the
pack efficiency can be improved largely by 14.34%.

Considering that the large capacity inconsistency among
cells challenges the efficient and safe post-vehicle applications,
the proposed method can provide an insightful solution for the
management of the second-life battery systems.

The application scope of the multi-scale reconfiguration con-
trol is not restricted to the employed 4-switch reconfigurable
topology, but can be partially or completely extended to other
topologies that support intra-module cell independence and in-
tra-module configuration changes. In the future, the feasibility
of the multi-scale reconfiguration control in other topologies
will be explored. In addition, it is important to consider the po-
tential risk of battery system failures when introducing a large
number of switches in reconfigurable topologies. Therefore, the
detailed reconfiguration-based fault-tolerant control is also an
important topic in the research future.
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