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Hypergraph-Based Unified Model Development for Active Battery
Equalization Systems

Quan Ouyang1, Nourallah Ghaeminezhad2, Yang Li1, Torsten Wik1, and Changfu Zou1

Abstract— Pack-level battery usage and the inherent cell
heterogeneity necessitate effective active equalization systems
to enhance their usable capacity and lifetime. Due to the lack
of a unified mathematical model, it is difficult to quantitatively
analyze and compare the performance of state-of-the-art active
equalization systems at the pack level. To address this gap,
we introduce a novel, hypergraph-based approach to establish
the first unified model for various active battery equalization
systems. This model reveals the intrinsic relationship between
battery cells and equalizers by representing them as the vertices
and hyperedges of hypergraphs, respectively. It can offer a
convenient and concise format for comprehensive analysis and
comparison. Extensive results demonstrate the efficiency of the
proposed model.

I. INTRODUCTION

The demand for high-performance lithium-ion battery sys-
tems has grown exponentially with their widespread adoption
in electric vehicles and energy storage systems. Since a
single lithium-ion battery cell’s voltage is limited to 2.4–
4.2V due to its inherent electrochemical characteristics, a
large number of cells are usually connected in series and
parallel in a battery pack to meet the high-voltage and large-
capacity requirement for practical applications [1]. However,
cell imbalances caused by inhomogeneous conditions and
manufacture variations result in insufficient energy use, ac-
celerated capacity degradation, and even safety hazards of the
entire battery pack [2]. Thus, the battery pack necessitates
an active battery equalization system that can transfer energy
from cells with high state-of-charge (SOC) to cells with low
SOC.

Numerous active battery equalization systems have been
developed to converge the SOC levels of cells within battery
packs [3]. Extensive research has focused on the hardware
aspects of these systems, exploring various circuit designs,
including multi-winding transformers [4] and isolated modi-
fied buck-boost converters [5]. Additionally, effective control
strategies have been proposed, such as the quasi-sliding mode
control [6] and two-layer model predictive control algorithms
[7].

Compared to these achievements, much less attention has
been focused on quantitative analysis of different equal-
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ization systems at the pack level, which, however, is cru-
cial in performance evaluation and comparison of different
equalization structures. As one of the few examples, Chen
et al. quantitatively compared the system-level performance
of three types of active equalization structures, using three
individually developed models [8]. As an extension, the
mathematical models of seven balancing structures were
comprehensively reviewed in [9]. A similar work was carried
out in [10], where nine analytical algorithms were proposed
to estimate the equalization time of different active balancing
structures. However, all the referred models are based on
analyzing the total equalization currents received by each
battery cell under specific structures of the equalization
system, which will inevitably fail to capture the system
characteristics at the battery pack level, rendering them
incapable of mutual expansion and generalization.

To bridge this identified research gap, this paper in-
troduces a unified modeling framework for active battery
equalization systems grounded in hypergraph theory. The
resulting model reveals the intrinsic relationship between
cells and equalizers, in which the equalizers and cells are
represented as hyperedges and vertices, respectively. This
model can offer a clear and concise way to systematically
and comprehensively compare the performance of different
active battery equalization systems.

The remainder of this paper is organized as follows.
Section II provides an overview of active battery equalization
systems. In Section III, the unified active battery equaliza-
tion model based on hypergraphs is developed. Section IV
presents the equalization time estimation and comparison
based on the developed unified model. Detailed simulation
results and discussions can be found in Section V, followed
by conclusions in Section VI.

II. ACTIVE EQUALIZATION SYSTEMS AND THEIR
ANALYSIS

The active battery equalization systems adopt several
equalizers to transfer extra energy from the cells with high
SOC to the ones with low SOC.

A. Overview of State-of-The-Art Active Equalization Systems

Six typical active equalization systems are briefly intro-
duced here as illustrated in Fig. 1, while more comprehensive
reviews of battery equalization systems can be found in [9]
and [10].

1) Series-based cell-cell (CC) equalization system. Each
CC equalizer connects a pair of adjacent cells and
transfers energy between them. For a battery pack
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Fig. 1. (a) Series-based CC, (b) module-based CC, (c) layer-based CC, (d) CPC, (e) module-based CPC, and (f) switch-based CPC equalization systems.

with n series-connected cells, n− 1 CC equalizers are
required.

2) Module-based CC equalization system. The battery
pack is divided into m series-connected modules,
where each battery module contains b = n

m series-
connected cells. It enables balancing operations similar
to the series-based CC equalization system within each
module, while also taking into account neighboring
modules for balancing.

3) Layer-based CC equalization system. This system em-
ploys a binary-tree-based structure, with multiple lay-
ers containing different numbers of equalizers accord-
ing to the layer number. In each layer, two adjacent
cells or modules are connected to the CC or MM
equalizers to achieve balancing.

4) Cell-pack-cell (CPC) equalization system. There exist
n CPC equalizers for the battery pack with n series-
connected cells, where each CPC equalizer connects
each cell and the entire battery pack. Energy is trans-
ferred between the cell and the battery pack by the
CPC equalizer when the cell’s SOC is different from
the average SOC of the battery pack.

5) Module-based CPC equalization system. The battery
pack is divided into m modules, similar to the module-
based CC equalization system. In each module, cell-
module-cell (CMC) equalizers are utilized to perform
the same operation as in the CPC equalization system
to achieve equalization.

6) Switch-based CPC equalization system. All battery
cells share one CPC equalizer, and a switching network

controls which cell is connected to the equalizer. This
structure allows bidirectional energy transfer between
any selected cell and the battery pack.

As far as we know, in the existing work comparing
different equalization systems, such as [9]–[11], the different
battery equalization systems are modeled separately, and
then individually tailored models are utilized to simulate
and evaluate the performance of each system. This is mainly
because most models of active battery equalization were de-
veloped by analyzing the total equalization currents received
by each battery cell under a specific equalization structure.
cumbersome and complex.

B. Equalization Current Analysis

According to Section II-A, the equalizers include CC,
MM, CPC, and CMC equalizers, depending on the number
of cells they are connected to. The six equalization systems
mentioned above are combinations of these four types of
equalizers.

1) Equalization currents through CC equalizers: To
achieve battery equalization, a CC equalizer transfers energy
from its connected cell with a high SOC to the other cell with
a low SOC. In this study, we define the discharging current
as positive and the charging current as negative. Also, the
cells’ SOC information is assumed to be available. Referring
to [8], for the l-th CC equalizer connected with the i-th and
j-th battery cells, it can be obtained that

Ieci,l(k) = Iecl(k) (1a)
Iecj,l(k) = − Iecl(k) (1b)



where Ieci,l denotes the i-th cell’s equalization current
through the l-th CC equalizer, Iecl is the directed equal-
ization current provided by the l-th CC equalizer, which is
commonly defined as [8]–[11]

Iecl(k) = sgn(SOCi(k)− SOCj(k))Īecl(k) (2)

where sgn(·) is the sign function and Īecl(k) ≥ 0 is
the magnitude of the equalization current. Note that for
a CC equalizer in the series-based and module-based CC
equalization systems, as shown in Fig. 1(a–b).

2) Equalization currents through MM equalizers: Similar
to CC equalizers, an MM equalizer transfers energy from its
connected module with a high average SOC to the other
module with a low average SOC. Consider the l-th MM
equalizer connected to the i-th battery module containing
b series-connected cells labeled {c, c+1, · · · , c+ b−1} and
the j-th battery module containing another b series-connected
cells {d, d + 1, · · · , d + b − 1}, where c and d are the cell
starting indices in the corresponding modules. Because of the
series connections, the same current goes through all cells in
the module, the cell equalization currents through this MM
equalizer can be expressed as

Iemc,l
(k) = Iemc+1,l

(k) = · · · = Iemc+b−1,l
(k)

= Ieml
(k) (3a)

Iemd,l
(k) = Iemd+1,l

(k) = · · · = Iemd+b−1,l
(k)

= − Ieml
(k). (3b)

Similar to CC equalizers, Ieml
is usually designed as

Ieml
(k) = sgn( ¯SOCmi(k)− ¯SOCmj (k))Īeml

(k) (4)

where Īeml
(k) ≥ 0. The average SOCs of the i-th and

j-th battery modules ¯SOCmi
and ¯SOCmj

are defined
by ¯SOCmi

(k) = 1
b

∑c+b−1
q=c SOCq(k) and ¯SOCmj

(k) =
1
b

∑d+b−1
q=d SOCq(k). Note that the MM equalizers are uti-

lized in the module-based CC, layer-based CC, and module-
based CPC equalization systems, as shown in Fig. 1(b-c, e).

3) Equalization currents through CPC equalizers: The
CPC equalizer l enables energy transfer between its con-
nected cell i and the battery pack whenever their SOC
difference exceeds a given small threshold. The equalization
current on the pack side is 1

n of the equalization current on
the cell side. Moreover, since the i-th cell is included in the
battery pack, it also receives the same equalization current
on the side of the battery pack. Hence, the cell’s equalization
current through the l-th CPC equalizer Iepp,l

(1 ≤ p ≤ n)
can be calculated by [9]

Iepp,l
(k) =

{
n−1
n Iepl

(k), p = i

− 1
nIepl

(k), p = 1, 2, · · · , n, p ̸= i
(5)

where Iepl
is commonly designed as

Iepl
(k) = sgn(SOCi(k)− ¯SOCP (k))Īepl

(k) (6)

with Īepl
(k) ≥ 0. The average SOC of the battery pack

¯SOCP is defined as ¯SOCP (k) =
1
n

∑n
i=1 SOCi(k). Note

that a CPC equalizer will generate unequal equalization cur-
rents on its connected cell and battery pack. CPC equalizers
can be seen in the CPC, module-based CPC, and switch-
based CPC equalization systems, as illustrated in Fig. 1(d–f).

4) Equalization currents through CMC equalizers: The
CMC equalizers have the same structure as the CPC equal-
izers. Their only difference is that one side of the CMC
equalizer is connected to the battery module instead of the
entire battery pack. For the l-th CMC equalizer connected
to the i-th cell and the j-th battery module (containing cells
c, · · · , i, · · · , c+ b− 1), similar to (5), the cell equalization
current through the l-th CMC equalizer Iecmp,l

(c ≤ p ≤
c+ b− 1) is

Iecmp,l
(k) =

{
b−1
b Iecml

(k), p = i

− 1
b Iecml

(k), p = c, · · · , c+ b− 1, p ̸= i

(7)

where Iecml
is usually designed as

Iecml
(k) = sgn(SOCi(k)− ¯SOCmj (k))Īecml

(k) (8)

with Īecml
(k) ≥ 0. The CMC equalizers are utilized in

the module-based CPC equalization system, as shown in
Fig. 1(e).

III. UNIFIED MODEL DEVELOPMENT FOR ACTIVE
BATTERY EQUALIZATION SYSTEMS

A. Hypergraph representation of equalizers and cells

To uncover the intrinsic connection between battery cells
and equalizers, the cells are regarded as the vertices, and
the equalizers that transfer energy between cells are treated
as edges. Note that the MM, CPC, and CMC equalizers
are connected to more than two battery cells, as seen in
Fig. 1, which means that an edge connects several ver-
tices. These edges are called hyperedges in the concept of
hypergraphs [12]. For an active equalization system with
ne equalizers for a battery pack with n series-connected
cells, the battery cells are labelled as B1, · · · , Bn, the CC
equalizers are labelled as e1, · · · , en1

, the MM equalizers are
labelled as en1+1, · · · , en2

, the CPC equalizers are labelled
as en2+1, · · · , en3 , and the CMC equalizers are labelled as
en3+1, · · · , ene , respectively. Then, the active equalization
system can be represented by a hypergraph G = (ν, ε) with
the vertex set ν = {B1, B2, · · · , Bn} and the hyperedge set
ε = {e1, e2, · · · , ene

}.
The hyperedges el (1 ≤ l ≤ ne) are ordered pairs of

disjoint subsets of vertices, denoted as el = {H(el), T (el)},
where H(el) and T (el) denote the head and tail of el,
respectively [13]. The element of the incidence matrix C ∈
Rn×ne of the hypergraph G, denoted as cp,l (1 ≤ p ≤ n, 1 ≤
l ≤ ne), can then be defined as

cp,l =


wlh , if Bp ∈ H(el)

wlt , if Bp ∈ T (el)

0, otherwise
(9)

where wlh and wlt are the weights. To visualize the hyper-
graphs, in Fig. 2, each hyperedge is represented as a big



Fig. 2. Electric circuit presentation and equivalent hyperedge of different equalizers: (a) CC, (b) MM, (c) CPC, and (d) CMC equalizers.

ellipse distinguished by different colors, enclosing all the
connected vertices. Without loss of generality, we define the
top subsets of cells in Fig. 2 as the heads and the bottom
subsets as the tails. The incidence vector corresponding to
the hyperedge el, denoted as cl ∈ Rn, can be generally
formulated as

cl = [c1,l, c2,l, · · · , cn,l]T

= [· · · , 0, wlh , · · · , wlh︸ ︷︷ ︸
Bi∈H(el)

, 0, · · · , 0, wlt , · · · , wlt︸ ︷︷ ︸
Bj∈T (el)

, 0, · · · ]T .

(10)

The weights wlh and wlt can be derived based on the
relationship between the equalizing currents on both sides
of the equalizer.

B. Application of hypergraphs to equalizer modeling

By using the hypergraph theory and its properties de-
scribed in Section III-A, a unified model can be developed for
all the active battery equalization systems. According to the
definition of the incidence matrix in the hypergraph theory,
the equalization current received by cell p from equalizer l
satisfies

Iep,l(k) = cp,lIl(k) (11)

where Il represents the directed equalization current pro-
vided by equalizer l in any type of active equalization
system. For example, Il can be embodied as Iecl , Ieml

,
Iepl

, and Iecml
. By vectorizing the equalization current

received by the in-pack battery cell from equalizer l as
Iel = [Iec1,l , · · · , Iecn,l

]T , based on (11), it yields

Iel(k) = clIl(k). (12)

1) Hypergraph-based modeling of CC equalizers: For the
CC equalizer (hyperedge) el (1 ≤ l ≤ n1), as shown in
Fig. 2(a), we have H(el) = {Bi}, and T (el) = {Bj}. As
per (10), we can obtain

cl = [· · · , 0, wlh︸︷︷︸
p=i

, 0, · · · , 0, wlt︸︷︷︸
p=j

, 0, · · · ]T . (13)

Based on (1) and (11), it can be concluded that wlh =
1, wlt = −1. In fact, for any CC equalizer el connecting
cell i and j,

Iel(k) = [· · · , 0, 1︸︷︷︸
p=i

, 0, · · · , 0, −1︸︷︷︸
p=j

, 0, · · · ]T Iecl(k) (14)

where 1 ≤ l ≤ n1.



2) Hypergraph-based models of other equalizers: For
the MM equalizer el (n1 + 1 ≤ l ≤ n2) illustrated in
Fig. 2(b), H(el) = {Bc, Bc+1, · · · , Bc+b−1} and T (el) =
{Bd, Bd+1, · · · , Bd+b−1}. For the CPC equalizer el (n2 +
1 ≤ l ≤ n3) Fig. 2(c), H(el) = {Bi}, T (el) = {B1, · · · ,
Bi−1, Bi+1, · · · , Bn}. For the CMC equalizer el (n3 +
1 ≤ l ≤ ne) illustrated in Fig. 2(d), H(el) = {Bi},
T (el) = {Bc, · · · , Bi−1, Bi+1, · · · , Bc+b−1}. By using the
same procedure as in Section III-B.1, we can obtain

Iel(k) = [ · · · , 0, 1, . . . , 1,︸ ︷︷ ︸
p=c,··· ,c+b−1

0 . . . , 0, −1, . . . ,−1︸ ︷︷ ︸
p=d,··· ,d+b−1

,

0, · · · ]T Ieml
(k), n1 + 1 ≤ l ≤ n2 (15)

Iel(k) = [− 1

n
, · · · ,− 1

n︸ ︷︷ ︸
p=1,··· ,i−1

,
n− 1

n︸ ︷︷ ︸
p=i

,− 1

n
, . . . ,− 1

n︸ ︷︷ ︸
p=i+1,··· ,n

]T

× Iepl
(k), n2 + 1 ≤ l ≤ n3 (16)

Iel(k) = [ · · · , 0,−1

b
, · · · ,−1

b︸ ︷︷ ︸
p=c,··· ,i−1

,
b− 1

b︸ ︷︷ ︸
p=i

, −1

b
, . . . ,−1

b︸ ︷︷ ︸
p=i+1,··· ,c+b−1

,

0, · · · ]T Iecml
(k), n3 + 1 ≤ l ≤ ne (17)

C. Hypergraph-based battery system modeling
According to Coulomb counting, the dynamics of the i-th

(1 ≤ i ≤ n) cell’s SOC in the battery pack can be described
by [14]:

SOCi(k + 1) = SOCi(k)−
ηT0

3600Qi
(Is(k) + Ieqi(k))

(18)

where Qi and Ieqi are the ampere-hour capacity and total
equalizing current of cell i, T0 denotes the sampling period,
η represents the coulombic efficiency, and Is is the current of
the battery pack through the external power source or load,
which is the same for all cells due to their series connection.
Based on the equalization currents in (14)–(17), the total
equalization current vector for the cells in the battery pack
Ieq = [Ieq1 , Ieq2 , · · · , Ieqn ]T can be calculated as

Ieq(k) =

n1∑
l=1

clIecl(k) +

n2∑
l=n1+1

clIeml
(k)

+

n3∑
l=n2+1

clIepl
(k) +

ne∑
l=n3+1

clIecml
(k). (19)

Then, by defining the state vector x(k), the diagonal
matrix D, the vector d(k), and the control variable vector
u(k) as x(k) = [SOC1(k), SOC2(k), · · · , SOCn(k)]

T ∈
Rn, D = diag

{
ηT0

3600Q1
, · · · , ηT0

3600Qn

}
∈ Rn×n, d(k) =

[Is(k), · · · , Is(k)]T ∈ Rn, u(k) = [Iec1(k), · · · , Iecn1
(k),

Iemn1+1
(k), · · · , Iemn2

(k), Iepn2+1
(k), · · · , Iepn3

(k),
Iecmn3+1

(k), · · · , Iecmne
(k)] ∈ Rne , where diag(·)

represents a diagonal matrix, the unified model for battery
equalization systems can be formulated in the following
state-space form:

x(k + 1) = x(k)−DCu(k)−Dd(k) (20)

where C = [c1, · · · , cne
] is the incidence matrix.

IV. EQUALIZATION TIME ESTIMATION BASED ON
UNIFIED MODEL

Based on the formulated unified model (20), the equal-
ization time of each battery equalization system can be
estimated and compared conveniently. The equalization time
can be defined as:

Te = min{τ : 1
n ||x(k)− x̄(k)|| ≤ ϵ,∀kT0 ≥ τ} (21)

where || · || stands for the 2-norm, x̄(k) = 1
n1n1

T
nx(k), and

ϵ is the upper bound of SOC imbalance tolerance. Below,
Algorithm 1 is proposed to estimate the equalization time.

Algorithm 1
1) Set the cells’ capacity Qi and initial state-of-charge,

SOCi(0) (1 ≤ i ≤ n), the tolerance bound ϵ, and the
sampling period T0.

2) Based on the connection of CC/MM/CPC/CMC equal-
izers, set the vectors cl (1 ≤ l ≤ ne) through (10) to
obtain the incidence matrix C = [c1, · · · , cne ].

3) Iterate x(k) based on the state-space model (20) while
ignoring the external current, i.e., setting d(k) = 0n.

4) Terminate and output Te = kT0, if 1
n ||x(k)− x̄(k)|| ≤

ϵ. Otherwise, set k = k + 1 and return to Step 2).

As seen in the literature works [8], [10], each equalization
system needs a specific estimation algorithm for its equaliza-
tion time, making it inconvenient for the systematic compar-
ison and advancement of various equalization systems. The
issue can be well remedied using Algorithm 1 which uses
the unified model for all equalization systems.

V. MODEL EFFICACY VALIDATION RESULTS

MATLAB-based simulations are conducted to evaluate the
effectiveness of the proposed unified battery equalization
model. The experimental results are taken from [15], in
which four battery cells with a capacity of 65Ah were used
to generate the SOC evolution trajectories. With the initial
SOCs as x(0) = [62%, 48%, 63%, 42%]T , comparative re-
sults between the model-based outputs and measured outputs
are presented in Fig. 3, where the experimental SOC was
calculated from Coulomb counting, and the fluctuations were
due to noise of the utilized current sensors. In addition to
series-based CC equalization systems, the proposed model
is further assessed on the layer-based CC equalization sys-
tem, with the results illustrated in Fig. 4. A high level of
consistency is achieved between the model’s predictions and
the experimental data, thereby corroborating the validity of
the developed model.

To further test the proposed battery equalization
model on other system structures, a battery pack con-
sisting of 12 cells with the capacity of 3.1Ah in
[9] is utilized for simulation, where the cells’ ini-
tial SOC vector is x(0) = [65%, 62%, 85%, 79%, 75%,
63%, 77%, 71%, 82%, 88%, 76%, 68%]T . The simulation re-
sults obtained by Algorithm 1 for the module-based CC,



Fig. 3. (a) Experimental result [15], (b) simulation result based on model
(20) for a series-based CC equalization system.

Fig. 4. (a) Experimental result [15], (b) simulation result based on model
(20) for a layer-based CC equalization system.

CPC, and module-based CPC systems are illustrated in
Fig. 5(a)-(c), which are consistent with those in [9]. The
simulation result for the switch-based CPC equalization
system is also given in Fig. 5(d).

VI. CONCLUSION

This study presents a novel hypergraph-based modeling
framework for active battery equalization systems, which
reveals the inherent relationship between cells and equal-
izers, facilitating straightforward analysis and comparison of
different systems. The obtained unified model can serve as
an efficient tool for various model-based applications, e.g.,
advancing control strategies and driving progress in battery
equalization technologies for a sustainable energy transition.
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