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Optimal Cell-to-Cell Balancing Topology Design for
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Abstract—A battery pack can see energy imbalance among its
cells resulting from cell-to-cell variation in capacity, internal resistance, and other parameters. Its successful and safe operation thus
necessitates dynamic energy equalizing to adjust each cell’s stateof-charge to the same level. The cell equalizing system for a serially
connected battery pack is modeled as a multiagent system here. A
consensus-based state-of-charge equalizing algorithm is proposed
with its convergence proved through theoretical analysis. Following
this development, an interesting and important problem is investigated: how to add extra individual cell equalizers or edges to the
original cell equalizing system’s topology to maximally accelerate
the equalizing process. It is found that the balancing time depends
on the algebraic connectivity of the topology graph, which is measured by the second smallest eigenvalue of the graph’s Laplacian
matrix. Then, a combinatorial 0-1 optimization problem is formulated and addressed to optimally choose added edges that lead to
the maximum increase in the algebraic connectivity. The proposed
results are validated through simulation and experiments, which
demonstrate that the balancing time can be significantly reduced
by just adding one optimal individual cell equalizer to the original
cell equalizing system.
Index Terms—Balancing time, cell equalizing, individual cell
equalizer, lithium-ion battery, multi-agent system.

I. INTRODUCTION
ECHARGEABLE lithium-ion batteries are widely used
in numerous applications stretching from consumer electronics products to electric vehicles and utility-scale energy storage, due to their advantages of high energy/power density, low
self-discharge and long cycle life [1], [2]. Since a single cell’s
voltage is inherently limited by its electrochemical characteristics, battery packs are built by connecting multiple cells in
series to provide needed high voltage. However, the consistency
among cells in terms of internal resistance and other parameters
cannot be ensured by the existing battery manufacturing process. The cell-to-cell difference can be further exacerbated in
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daily operation by spatially uneven temperature distribution in
the pack and cells’ non-uniform aging rates, which will eventually cause energy imbalance among cells.
The state-of-charge (SOC) indicates the battery’s remaining
usable capacity [3], which is one of the most important parameters for a battery management system when it dynamically
optimizes the battery’s operation for better performance and life
extension [4]. SOC difference among cells is the most critical
problem of the cell imbalance for the battery pack. Since the
pack should be cut off from charging or discharging to avoid
danger if one of the cells reach the upper or lower SOC threshold, the cell with the lowest SOC restricts the usable capacity,
and the one with the highest SOC limits the rechargeable capacity of the entire pack. This then will force significantly conservative use of battery cells. An extreme example is that two cells
in a serially connected battery pack have SOC of 0% and 100%,
respectively. In this case, neither charging nor discharging can
be performed without causing damage. Consequently, the battery pack does not allow any practical use, though there is still
a great deal of energy remaining in the other cells. This hence
calls for SOC balancing to adjust the SOC of each constituent
cell to the same level, which will crucially enhance the effective
capacity of the entire battery pack [5].
There present approaches for cell balancing can be divided
into two categories: passive and active [6], [7]. Passive methods
remove the excess charge of the cells through shunt resistors
using an equalizing current smaller than 10 mA/Ah [8], virtually dissipating the electric energy as heat. Active cell balancing
strategies deliver energy from cells with higher SOC to cells with
lower SOC through the active cell equalizing circuits [9]–[17],
which are more advantageous with faster equalization speed
and less dissipative energy. Based on the energy flow topology, active cell balancing can be performed in different ways
ranging from cell-to-cell and cell-to-pack to pack-to-cell and
cell-to-pack-to-cell [6]. Compared with others, the cell-to-cell
balancing topology is more efficient [18], [19], which is often
based on the individual cell equalizers (ICEs). Their popularity
is attributed to the satisfactory equalization speed, easy implementation, and reasonable size and cost. Moreover, allowing for
integrated infrastructure and modular design, they are suitable
for many practical applications. With the growing interest in
the ICE-based equalizing, much research and development has
been focused on improving cell balancing from the perspective
of algorithm design. A plethora of important results have been
proposed, e.g., the fuzzy algorithms in [10], the constrained optimization for simultaneous thermal and SOC balancing in [11],
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the SOC-based droop method in [12], the adaptive backward
control algorithm in [14], the modularized equalization method
in [15], and the neuro-fuzzy control method in [20].
Currently, there is an emerging interest in distributed consensus control strategies for cell balancing in a reconfigurable
battery system that allows access to individual cells for monitoring and control purposes [21]. A multi-agent control is utilized
for the cell equalizing system of the battery pack with the cellto-pack-to-cell topology [22]. A multi-agent based distributed
control algorithm has been proposed in [23] for the SOC equalization of distributed energy storage units in an AC microgrid.
Building further on the multi-agent system (MAS) perspective
from the literature [21]–[23], this paper aims to develop more
efficient cell-to-cell balancing systems and algorithms. Considering the equivalent topology graph of the cell-to-cell equalizing system, one can view the cells as nodes and the ICEs
connecting the cells as edges. Differing from the edges defined
based on the communication links in the existing literature, the
edges (ICEs) are the energy transfer channels between cells.
As such, the entire system will form a MAS, in which each
cell is a dynamic agent in interaction with its ICE-connected
neighbors. Leveraging this unique perspective, we can view
the SOC balancing as a process of the agents (cells) reaching
consensus under control and thus a consensus-based new equalization algorithm. The gain can be a variable in this designed
equalizing algorithm, which is more efficient and conductive
for implementation compared with the constant gain designed
in [21]–[23]. By utilizing the Lyapunov stability theory, the
convergence conditions of the cell equalizing algorithm are deduced. This convergence analysis offers a useful guide for the
cell equalizing strategy design. In this paper, a particularly interesting problem is investigated for the first time: whether the
equalization process can be accelerated considerably if a small
number of ICEs are added to enhance the cell connections. It can
be proven that the balancing time decreases with the increase in
the second smallest eigenvalue of the Laplacian matrix of the
cell/ICE-based MAS, which quantifies the algebraic connectivity of the MAS. Then, the question becomes how to effectively
determine the ICE edges added to the original MAS in order to
maximize the algebraic connectivity. An optimization problem
can be formulated accordingly and addressed by 0-1 programming. Different from the studies only based on simulation in
[21], [22] or Hardware-in-the-Loop simulation in [23], our resultant strategy is systematically validated through theoretical
analysis, simulation, and experiments. This investigation makes
up another contribution of this work and further distinguishes
it from the current literature. In addition, extensive simulations
and experiments are presented to verify the proposed results and
findings, which in particular address an absence of experimental
validation of multi-agent-based balancing in the literature.
II. CELL EQUALIZING SYSTEM
Consider a battery pack consisting of n cells numbered in order and connected serially. A cell equalizing system is integrated
with the pack, which is based on m ICEs that can transfer energy between the cells. The cell equalizing system is considered

Fig. 1.
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Equivalent diagram of battery cells and their connected ICEs.

Fig. 2. (a) Balancing of two cells by an isolated modified buck-boost converter,
(b) Equalizing currents supplied by the i-th and to the j-th cells.

as a multi-agent system with the interaction topology G, in
which the battery cells are treated as the nodes or agents, and
their connected ICEs are considered as the edges [24], as illustrated in Fig. 1.
A. Individual Cell Equalizers
In this paper, the isolated modified bidirectional buck-boost
converters are chosen as the ICEs, though the results to be
proposed can be readily extended to other types of ICEs.
Operational principle: Fig. 2(a) illustrates a schematic diagram of two cells connected by an isolated modified bidirectional buck-boost equalizer, which is taken from a complete
cell equalizing system. The ICE, numbered l, is composed of
two MOSFETs Ql1 and Ql2 , two resistors Rl1 and Rl2 , and a
transformer Tl . It has a symmetrical structure, thus allowing the
energy transfer between its connected i-th and j-th cells bidirectionally. When the energy is transferred from the i-th (j-th)
cell to the j-th (i-th) cell, as shown in Fig. 2(a), the balancing
process can be divided into two alternating steps in a switching
period:
1) Step 1: MOSFET Ql1 (Ql2 ) is turned on, and MOSFET
Ql2 (Ql1 ) is turned off. Transformer Tl is charged by the
i-th (j-th) cell.
2) Step 2: MOSFET Ql1 (Ql2 ) is turned off, and MOSFET
Ql2 (Ql1 ) is turned on. Transformer Tl charges the j-th
(i-th) cell.
By repeating the above two steps, the energy can be transferred from the i-th (j-th) cell to the j-th (i-th) cell. According to
the principle of inductor volt-second balance [25], the average
inductor currents in each step keep constant when the converter
operates in a steady state. Hence, the average inductor currents can be utilized as the equalizing currents in the following
sections.
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Example 1: For the l-th isolated modified buck-boost converter connecting the i-th and j-th cells, the circuit parameters
are selected as Rl1 = Rl2 = 25 mΩ and Tl = 10 μH, where the
resistors are utilized to measure the equalizing currents. The
voltages of the i-th and j-th cells are set as VB i = 3.91 V and
VB j = 3.72 V, respectively. By utilizing the Cadence Dspice
tool to simulate the cell equalizing process, the transient equalizing current curves through the isolated bidirectional buck-boost
converter are illustrated in Fig. 2(b). Their average equalizing
currents are about 0.63 A and 0.54 A, respectively. The energy
transfer efficiency is about 85% through the l-th converter. It is
consistent with the analysis of the isolated modified buck-boost
converter.
Equalizing currents: For the situation that energy is transferred from the i-th (j-th) cell to the j-th (i-th) cell, the current from the i-th (j-th) cell to its connected l-th ICE, denoted
as Iil (k) (Ij l (k)), is treated as the controlled equalizing current. The current from the l-th ICE to the connected j-th (i-th)
cell is βl Iil (k) (βl Ij l (k)), where βl is defined as the energy
transfer efficiency of the l-th ICE, which satisfies 0 < βl ≤ 1.
Hence, the equalizing currents for the i-th cell and the j-th cell
through the l-th ICE can be expressed in a unifying way as
follows:

with

(1)



1, energy transferred from cell i to cell j
kl =
 0, otherwise
1, energy transferred from cell j to cell i
kl =
0, otherwise
where Ieq i l (k) and Ieq j l (k) are the equalizing currents for the
i-th cell and the j-th cell through the l-th ICE, respectively.
Since the energy can flow only in one direction at each time, it
satisfies kl kl = 0. Considering the i-th and j-th cells with i < j,
the current flow is referred to as positive if it goes from the cell
i to the cell j and negative otherwise. Here, a positive flow
implies kl = 1 and kl = 0, and a negative one implies kl = 0
and kl = 1. Then, it can be represented that

ul (k) =

Iil (k),

ul (k) ≥ 0

Ij l (k),

ul (k) < 0

(2)

where ul (k) is the controlled equalizing current of the l-th ICE.
Based on (1)–(2), the equalizing currents for the i-th and j-th
cells through their connected l-th ICE (for i < j) are


For the i-th battery cell in an n-modular serially connected
battery pack with m ICEs, its terminal current is obtained as:
IB i (k) = Is (k) +

m


cil Ieq i l (k)

(4)

l=1

for 1 ≤ i ≤ n. Here, IB i (k) is the i-th cell’s terminal current,
which is positive (negative) when the cell is in the discharging
(charging) mode; Is (k) is the current through the battery pack
supplied by an external power source or to a load, which is the
same for all cells due to the serial connection; Ieq i l (k) is the
equalizing current for the i-th cell through the l-th ICE; cil is
the coefficient, which satisfies
⎧
cell i connected with ICE l and i < j
⎨ 1,
cil = −1, cell i connected with ICE l and i > j
⎩
0,
cell i is not connected with ICE l
(5)
with j the other cell’s index connected with the l-th ICE. Since
the battery cell’s SOC is a quantity defined as the ratio of the
remaining capacity to its nominal capacity, the discrete-time
dynamics of i-th (1 ≤ i ≤ n) cell’s SOC can be calculated as:
SOCi (k + 1) = SOCi (k) − ϕi IB i (k)

Ieq i l (k) = kl Iil (k) + kl βl Ij l (k)
Ieq j l (k) = kl βl Iil (k) + kl Ij l (k)

B. Cell Equalizing System Model

(6)

with the auxiliary variable
ϕi = ηT0 /(3600Qi )
where SOCi (k) is the i-th cell’s SOC, Qi is the i-th cell’s
capacity in Ampere-hour capacity, T0 is the sampling period,
η denotes the Coulombic efficiency, which satisfies η = 1 for
discharging and η = ηc ≤ 1 for charging with ηc equal to the
ratio between the cell’s discharging and charging capacities [26].
Based on (3)–(6), the model of the cell balancing system for an
n-modular serially connected battery pack can be represented
as:
xi (k + 1) = xi (k) − ϕi

m


bil cil ul (k) − ϕi d(k)

(7)

l=1

where xi (k)(1 ≤ i ≤ n) denotes the i-th battery cell’s SOC,
ul (k)(1 ≤ l ≤ m) is the controlled equalizing current of the lth ICE, d(k) represents the external current of the battery pack
Is (k), and bil is a coefficient that satisfies
⎧
1,
cell i connected with ICE l and
⎪
⎪
⎪
⎪
(ul (k) ≥ 0, i < j or ul (k) < 0, i > j)
⎨
bil = βl , cell i connected with ICE l and
(8)
⎪
⎪
(k)
<
0,
i
<
j
or
u
(k)
≥
0,
i
>
j)
(u
⎪
l
l
⎪
⎩
0,
cell i is not connected with ICE l.
C. Consensus-Based Cell Balancing Algorithm Design

Ieq i l (k) = ul (k),

I (k) = βl ul (k);
 eq j l
Ieq i l (k) = βl ul (k),
Ieq j l (k) = ul (k),

ul (k) ≥ 0
(3)
ul (k) < 0.

The cells’ SOCs are assumed to be known in the serially connected battery pack, since the SOC estimation has been well
studied in the literature such as [27]–[29]. For l-th (1 ≤ l ≤ m)
ICE connecting the i-th and j-th cells, the controlled equalizing current of the proposed consensus-based cell balancing
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algorithm can be represented as follows:
ul (k) = α(k)(xi (k) − xj (k))

(9)

with i < j, where α(k) is a positive real gain, bounded and
satisfying αm ≤ α(k) ≤ αM with αm , αM > 0. It should be
pointed out that (9) takes a form that is the most efficient and
conducive for implementation. If needed, it can be generalized
to proportional functions, saturation functions, or other expressions. With the designed input in (9), the model of the serially
connected battery pack (7) can be written as:

with Π = C T ΨC̄. Since A(k)  In ×n from (11) with  denoting the matrix inequality, using the Cauchy-Schwarz inequality
[31], it can be obtained that
−2xT (k)AT (k)CC T Ψξ(k)
≤ λm sT (k)s(k) + 1/λm ξ T (k)ΨCC T Ψξ(k)
≤ sT (k)Πs(k) + 1/λm ξ T (k)ΨCC T Ψξ(k) (15)
where λm > 0 is the minimum eigenvalue of the positive definite
matrix Π. Then, (14) can be deduced as follows:

x(k + 1) = x(k) − ΨC̄u(k) − Ψξ(k)
u(k) = α(k)C x(k)
T

ΔV (k) ≤ −p(k)sT (k)Πs(k) + M11
(10)

where x(k)  [x1 (k), . . . , xn (k)] ∈ R ; u(k)  [u1 (k),
. . . , um (k)]T ∈ Rm ; Ψ  diag{ϕ1 , . . . , ϕn } ∈ Rn ×n with
diag{·} the diagonal matrix; C  [cil ] ∈ Rn ×m with cil in
(5) and C̄  [bil cil ] ∈ Rn ×m with bil in (8), respectively;
ξ(k)  [d(k), . . . , d(k)]T ∈ Rn . By substituting the input to
the cell equalizing model, (10) can be represented that
T

n

x(k + 1) = A(k)x(k) − Ψξ(k)

(11)

with
A(k) = In ×n − α(k)ΨC̄C T
where In ×n denotes the identity matrix with dimension n. The
following theorem summarizes the convergence property of the
above SOC balancing approach.
Theorem 1: The cells’ SOC differences in the n-modular
serially connected battery pack can reach uniformly bounded
under the protocol (9) if the following two conditions are satisfied:
1) Each cell is connected with at least one ICE, and at least
n − 1 ICEs are used for the n-modular battery pack, i.e.,
the graph
√ is connected.
√ G of the cell equalizing system
2) (1 − 1 − λM )/λM < α(k) < (1 + 1 − λM )/λM ,
where λM is the largest eigenvalue of the positive definite
matrix C̄ T ΨC.
Proof: Motivated by the Lyapunov function in [30], a Lyapunov candidate V (k) ∈ R is selected as
V (k) = s (k)s(k)
T

(12)

where s(k) = C T x(k), C can be considered as the incidence
matrix of the graph G as defined earlier in (10). A manifold is
defined where all the battery cells’ SOCs are identical such that
Γ  {x ∈ Rn |x1 = x2 = · · · = xn }.

(13)

Since the graph G of the cell equalizing system is connected,
it can be obtained that V (k) ≥ 0 and V (k) = 0 if and only if
x ∈ Γ, i.e., s = 0 [30]. Based on (11) and (12), it yields
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(16)

with
p(k) = (2α(k) − α2 (k)λM − 1)
M11 = (1 + 1/λm )||C T Ψξ(k)||2 .
√
√
Since (1 − 1 − λM )/λM < α(k) < (1 + 1 − λM )/λM ,
p(k)Π is positive definite. From (16), ΔV (k) is negative outside the set {||s|| ≤ M11 /(p(k)λm )}. The Lyapunov function V (k) will decrease monotonically until the solutions enter
to the set {||s|| ≤ M11 /(p(k)λm ) + δ} with a small positive
value δ and the solutions cannot leave the set from that time
on. Based on the boundedness analysis in [32], the cells’ SOCs
are uniformly bounded around the manifold Γ with the bound
||s|| ≤ M11 /(p(k)λm ) + δ, which is equivalent to that the
cells’ SOC differences are uniformly bounded. Since the current d(k) is small enough compared with the cells’ capacities
in Ampere-hour Qi in practice, M11 is small and thus resulting in a small ultimate bound of cells’ SOC differences. For
the case that the cells’ capacities are the same in the battery
pack, C T Ψξ(k) = 0m and M11 = 0, where 0m is a zero column vector of dimension m. Then, the cells’ SOC differences
can converge to zero. When the battery pack is in the standby
mode with ξ(k) = 0n , M11 = 0 and the global consensus of the
cells’ SOCs is also achieved.

III. OPTIMAL EQUALIZING TOPOLOGY DESIGN
In the previous section, a consensus-based cell equalizing
strategy is demonstrated, and its effectiveness examined through
a convergence proof. In order to enhance the critical time efficiency, this section considers accelerating the equalization process by adding a number of ICE-based edges to the graph. Since
additional ICEs will increase the cost of the overall cell equalizing system, the problem of both interest and importance is,
given a fixed number of ICEs, where to add them to enable maximum reduction of the equalization time. Built on the results in
Section II, this investigation represents another significant step
toward efficient cell balancing, making new contributions to the
current literature such as [9]–[17].

ΔV (k) = V (k + 1) − V (k)
= −sT (k)(2α(k)Im ×m − α2 (k)C̄ T ΨC)Πs(k)
− 2xT (k)AT (k)CC T Ψξ(k) + ξ T (k)ΨCC T Ψξ(k)
(14)

A. Balancing Time
Since the cell equalizing system is modeled as a MAS, the
cell balancing issue can be transferred as a distributed averaging problem. In order to analyze the cell equalizing speed, the
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balancing time can be defined as:
T () = min{τ : x(k) − x̄(k) ≤ , ∀kT0 ≥ τ }

(17)

for all x(0) = x̄(0), where || · || denotes the 2-norm; x̄(k) =
1
T
n 1n 1n x(k) stands for the average vector that x(k) converges
to, with 1n the vector of n ones; x(0) is the cells’ initial SOC
vector and T0 is the sampling period;  is the maximum tolerant
difference between the cells’ SOCs and the average SOC. Since
the energy transfer efficiency βl in (1) is close to 1 in practice,
by assuming the efficiency βl = 1 , it yields C̄ = C. Based on
(11), it can be obtained that
A(k) = In ×n − α(k)ΨCC T .

(18)
T

As the graph of the cell equalizing system is connected, CC
has an eigenvalue 0 with the associated eigenvector being 1n .
Hence, it yields A(k)1n = 1n . With the effect of Ψξ(k) ignored
on the averaging issue, it can be simplified by assuming Ψξ(k) =
0n . With (11) and (18), the dynamics can be derived:
x(k) − x̄(k) =

A(k − 1) −

1
1n 1Tn
n

x(k − 1)

1
= A(k − 1) − 1n 1Tn
n

(x(k − 1) − x̄(k − 1))

1
= A(k − 1) − 1n 1Tn
n

1
· · · A(0) − 1n 1Tn
n

× (x(0) − x̄(0)).

(19)

Because 0 < αm ≤ α(k) ≤ αM , it is deduced that A(k) 
In ×n − αm ϕm CC T  Am , where ϕm is the minimum diagonal element of Ψ. Then, it yields
A(k − 1) −
≤ Am −

1
1n 1Tn
n

1
1n 1Tn
n

· · · A(0) −

1
1n 1Tn
n

k

.

(20)

From (19) and (20), when the difference between the cells’
SOC and the average SOC x(k) − x̄(k) ≤  after k sampling
periods, it should satisfy that
Am −

1
1n 1Tn
n

≤ Am −

(x(0) − x̄(0))
k

x(0) − x̄(0) ≤ .

(21)

Since ρ(Am − n1 11T ) < 1 with ρ(·) the spectral radius [33],
from (17) and (21), it can be deduced that the balancing time
satisfies
T () ≤

where λ1 (·) ≤ λ2 (·) ≤ · · · ≤ λn (·) are the eigenvalues of
a matrix sorted in the magnitude-increasing order. Since
αm ϕm λi (CC T ) is much less than 1, 0 ≤ λi (Am ) ≤ 1 for
1 ≤ i ≤ n. Referring to [33], it is obtained that
ρ Am −

1 T
11
n

= λn −1 (Am )
= 1 − αm ϕm λ2 (CC T ).

(24)

From (18), (22), and (24), the balancing time T () can be decreased by enlarging α(k) or the second smallest eigenvalue of
CC T . While a high α(k) can be selected to reduce the balancing
time, it is still limited by the maximum ICE-allowed balancing
current. Hence, we focus on the more interesting and important problem of how to modify the topology of the equalization
system to increase λ2 (CC T ) toward reducing the total equalization time. In the graph theory, L = CC T is referred to as the
Laplacian matrix. Its second smallest eigenvalue λ2 (L) is also
called the algebraic connectivity of the graph G in [34], which
is a measure of how well-connected a graph is. Hence, it can be
concluded that the cell equalizing system converges faster for a
graph with larger algebraic connectivity λ2 (L).
B. Traditional Cell Equalizing Topology

k

1
1n 1Tn
n

Fig. 3. (a) Traditional architecture of the cell equalizing system, (b) Traditional topology graph of the cell equalizing system.

1
log(x(0) − x̄(0)) − log()
T0 ∝ ρ Am − 11T .
1
T
n
− log(ρ(Am − n 11 ))
(22)

where log(·) is the logarithmic function. Based on (18), (20)
and referring to [33], it yields
λi (Am ) = 1 − αm ϕm λn −i+1 (CC )
T

(23)

The traditional configuration of a serially connected battery
pack with n cells and n − 1 ICEs is shown in Fig. 3(a). Its overall
topology can be represented by an undirected graph Gcon 
(ν, ε) as in Fig. 3(b), with the node set ν = {Bat1, Bat2, . . . ,
Batn} and the edge set ε = {ICE1, ICE2, . . . , ICEn − 1}.
This undirected graph Gcon is fixed and connected since there
is a path between any pair of two distinct nodes, which implies
that the equalizing charge can be transferred from one cell to
any other ones in the battery pack through their connected ICEs.
Its Laplacian matrix L(Gcon ) ∈ Rn ×n can be calculated as:
⎡

1
⎢ −1
L(Gcon ) = ⎢
⎣···
0

−1
2
···
0

0
−1
···
0

···
···
···
···

⎤
0
0 ⎥
⎥
.
···⎦
1 n ×n

(25)
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C. Position Identification of the Added ICEs for Reducing the
Balancing Time
Based on (22) and (24), the problem of reducing the cell
balancing time at a maximum level by adding some more ICEs
for the battery pack can be reformulated as the following issue.
For the traditional graph Gcon = (ν, ε) illustrated in Fig. 3(b), it
needs to add γ edges εa from a set of mc candidate edges εc that
lead to the greatest increase in the algebraic connectivity of the
new topology graph Gn ew = (ν, ε ∪ εa ). The set of candidate
edges εc is chosen that ε ∩ εc = ∅. That is, if two cells have
already been connected through an ICE, no extra ICEs will be
assigned to connect with them. Referring to [34], it can be recast
to solve the problem as follows:
maximize λ2 (L(Gn ew ))
subject to |εa | = γ, εa ⊆ εc

(26)

where λ2 (L(Gn ew )) denotes the algebraic connectivity of the
new topology Gn ew . From [34], the Laplacian matrix of the new
topology graph L(Gn ew ) is obtained as:
L(Gn ew ) = L(Gcon ) +

mc


ζsl sTl

(27)

l=1

where L(Gcon ) denotes the Laplacian matrix corresponding to
the original traditional graph Gcon ; mc is the number of the
candidate edges; sl is the edge vector of the candidate edge set,
which is defined as sl i = 1, sl j = −1, and all the other entries
0 for a candidate edge l connecting nodes i and j with i < j; ζ
is a 0–1 value which satisfies that

1, edge l is added
ζ=
0, otherwise.
Then, the issue (26) can be formulated as a 0–1 programming
problem as follows:
maximize λ2 (L(Gcon ) +

mc


ζsl sTl )

l=1

subject to

m


ζ = γ, ζ ∈ {0, 1}

(28)

l=1

where ζ is the optimization variable. By solving the 0–1 programming in (28), the position of the added ICE can be identified
that leads to the greatest increase in the convergence speed of the
cell equalizing system. Since the computational burden of (28)
increases exponentially with respect to γ, it is more difficult to
solve when γ is large. It is argued in [34] that a greedy heuristic
can be used to deal with this problem, which adds the edges one
at a time, in the hope of constructing an approximately optimal
solution with limited computational cost. A suggested way is to
add an edge each time to connect the nodes i and j, which has
the largest value of (vi − vj )2 where v is a eigenvector of the
current Laplacian and vi and vj are the i- and j-th columns of v.
Although the above heuristic algorithm represents a suboptimal
solution, it is highly feasible and applicable in the design of
an actual battery cell equalizing system. In practice, a limited
number of ICEs are added in the original cell balancing system,

355

TABLE I
ALGEBRAIC CONNECTIVITY CHANGE WITH ADDING AN OPTIMAL EDGE
Number of
cells n
5
15
50
100
200

λ2 (L(G c o n ))

Nodes connected by
the added edge (i,j)

λ2 (L(G n e w ))

0.382
0.0437
0.0039
0.00098688
0.00024674

(1, 5)
(1, 15)
(1, 50)
(1, 100)
(1, 200)

1.3820
0.1729
0.0158
0.0039
0.00098688

since the added ICEs will increase the cost. Usually, γ = 1 can
be adopted for actual application, and we will show that the
balancing time can be significantly reduced by only adding one
optimal ICE in the simulation and experiments. Note that since
we use the distributed cell equalizing algorithm (9), the control
complexity of the cell balancing system after adding the ICE
only increases a little.
Table I shows the change of the algebraic connectivity with an
optimal edge added, making the comparison for battery packs
with the numbers of cells varying from 5 to 200. It indicates that
the algebraic connectivity is smaller for the battery pack with
a larger number of cells, which agrees with the fact that longer
string battery packs need more equalizing time. The algebraic
connectivities increase by almost three times after adding an optimally selected edge. Adding this edge can significantly reduce
the balancing time for the serially configured packs. It should be
noted that this optimal edge is the one that connects the first and
the last cells in the string. This result will be quite useful since
it can be used as a general rule and makes the new connection
and wiring easy to implement.
IV. SIMULATION RESULTS
MATLAB-based simulations are conducted for a battery pack
with 15 cells to validate the usefulness of adding the optimal
ICEs to the traditional cell equalizing system. The cells’ capacities are randomly selected, varying from 1.9 Ah to 2.1 Ah with
[Q1 , . . . , Q15 ] = [1.94 Ah, 2.03 Ah, 2.07 Ah, 1.93 Ah, 2.06 Ah,
1.97 Ah, 1.99 Ah, 2.01 Ah, 2.05 Ah, 2.04 Ah, 1.96Ah, 1.95Ah,
1.91 Ah, 2.02 Ah, 1.92 Ah]. The cells’ initial SOCs are given
as Case 1: SOC(0) = [71%, 72%, 75%, 72.5%, 76%, 78%,
73%, 74%, 81%, 75.5%, 76.5%, 70%, 80%, 77%, 73.5%], and
the initial difference between the cells’ SOCs and the average
¯
¯
SOC is ||SOC(0) − SOC(0)||
= 11.87%, where SOC(0)
=
1
T
1
1
SOC(0)
denotes
the
initial
average
SOC
vector.
The
enn n n
ergy transfer efficiency of the converter is set as 0.9. The sampling period is T0 = 2 s, and the gain α(k) is designed as 40 in
the proposed consensus-based cell balancing algorithm (9). For
the traditional cell equalizing system, the SOC response under
the designed consensus-based cell balancing algorithm is illustrated in Fig. 4(a), and the SOC difference between the cells’
SOCs and the average SOC is shown in Fig. 4(b), when the battery pack is in the standby mode. It demonstrates that the SOC
difference decreases exponentially and will converge to zero.
When the battery pack is alternately charged and discharged at
a current of 0.5 A with a period of 100 s, the SOC response
and the SOC difference are illustrated in Fig. 4(c) and 4(d),
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Fig. 4. (a) SOC response when the battery pack is in a standby mode,
(b) SOC difference between the cells’ SOCs and the average SOC when battery
pack is in a standby mode, (c) SOC response when the battery pack is in a
charging/discharging mode, (d) SOC difference between the cells’ SOCs and
the average SOC when the battery pack is in a charging/discharging mode.

respectively. For the cells with different capacities, the SOC
difference will converge to a small bound less than 0.025%
(magnitude of the oscillation), which matches the theoretical
analysis.
Now consider the case of adding one ICE to accelerate the
balancing process. It should be noted that the simulations can
be readily extended to the cases of adding multiple ICEs. The
consumed balancing time when the difference between the cells’
SOCs and the average SOC enters into the tolerable bound
¯
≤ 1.4% in (17) is referred to as the
of SOC(k) − SOC(k)
convergence time instant here. The optimal ICE is selected to
connect the first and 15-th cells according to the analysis above.
For the traditional topology of the cell equalizing system, the
difference between the cells’ SOCs under the cell balancing
control converges to the tolerable bound after 4772 s as shown in
Fig. 4(a) and 5(a). By adding the optimal ICE, the balancing time
is decreased to 1286 s, which is only 26.95% of the original case,
as illustrated in Fig. 5(b). Then, some other simulation results are
given to demonstrate the performance of the selected position
of the added ICE. For the case of adding the ICE connecting
the cell 3 and the cell 14, its topology’s algebraic connectivity
is 0.1649 and the cell balancing duration is 1446 s in Fig. 5(c).
When the ICE is added to connect the cell 9 and the cell 12,
the cell balancing duration is 4392 s, shown in Fig. 5(d). It is
obvious that there is the largest initial SOC difference between
the ninth cell and the 12-th cell, since they have the highest
SOC with 81% and the lowest SOC with 70%, respectively. But
the improvement of the balancing speed with adding the ICE
connecting with the ninth and 12-th cells is much less significant
than adding the optimal ICE. Hence, as shown in TABLE II, the
maximum improvement of cell equalizing speed can be obtained
by adding the optimal ICE. If a passive balancing system is
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Fig. 5. SOC response with (a) the traditional topology, (b) adding one ICE
connecting the first and 15-th cells, (c) adding one ICE connecting the third and
14-th cells, (d) adding one ICE connecting the ninth and 12-th cells.
TABLE II
SIMULATION RESULTS FOR DIFFERENT POSITION OF THE ADDED ICE
Cells connected by
the added ICE (i, j)
None
(1,15)
(3,14)
(9,12)

λ2 (L(G n e w ))

Balancing time

0.0437
0.1729
0.1649
0.0544

4772 s in Fig. 5(a)
1286 s in Fig. 5(b)
1446 s in Fig. 5(c)
4392 s in Fig. 5(d)

utilized for the cell equalizing, the equalizing current should
be smaller than 10 mA/Ah [8]. A straightforward calculation
shows that the balancing time is more than 34560 s for the above
15-modular battery pack, if we terminate the cell equalizing
process when the difference between the maximum SOC and
the minimum SOC is less than 1.4%. Thus, compared with the
passive balancing system, the proposed active cell balancing
system with the optimal topology needs much less balancing
time.
Comparison for different initial SOCs: Since the cells’
maximum capacity is 2.1 Ah, the upper bound of the balancing
time for all initial SOC distributions is about 9244 s according
to the theoretical analysis in (22) and (24), if the cell equalizing system follows the traditional topology. After adding an
ICE to connect the first and 15-th cells, the upper bound of the
balancing time is reduced to about 2334 s, which is only about
25.3% of the original time cost. For distinct initial SOC distributions, the actual balancing times and the improvements
of the cell equalizing speed are different. But for the optimal cell equalizing topology, the upper bound of the balancing
time can be reduced at a maximum level for all initial SOC
distributions. In order to show that the designed optimal cell
equalizing topology can improve the cell balancing speed for
any initial cells’ SOCs, simulations for eight more different initial cells’ SOCs (Case 2 to Case 9) are validated, where the
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TABLE III
SIMULATION COMPARISON OF BALANCING TIME FOR DIFFERENT INITIAL CELLS’ SOCS
Initial cells’ SOCs /%
Case 1: [71, 72, 75, 72.5, 76, 78, 73, 74, 81, 75.5, 76.5, 70, 80, 77, 73.5]
Case 2: [73, 74, 77, 81, 76, 80, 76.5, 70, 72.5, 71, 75.5, 75, 73.5, 78, 72]
Case 3: [72, 73.5, 73, 71, 70, 72.5, 74, 76, 75, 76.5, 78, 80, 75.5, 81, 77]
Case 4: [77, 76, 74, 73, 80, 75, 76.5, 72.5, 72, 81, 70, 71, 73.5, 75.5, 78]
Case 5: [78, 75.5, 77, 73.5, 81, 76, 76.5, 72, 71, 80, 73, 72.5, 75, 70, 74]
Case 6: [75, 72, 81, 70, 73.5, 73, 76.5, 76, 71, 74, 75.5, 72.5, 78, 77, 80]
Case 7: [72, 70, 73, 74, 71, 76, 75.5, 75, 81, 80, 77, 73.5, 78, 72.5, 76.5]
Case 8: [73, 71, 72, 73.5, 70, 75, 76.5, 76, 72.5, 80, 78, 74, 77, 81, 75.5]
Case 9: [70, 71, 72, 72.5, 73, 73.5, 74, 75, 75.5, 76, 76.5, 77, 78, 80, 81]

Traditional balancing
time /s

Balancing time after
adding an optimal ICE /s

Reduced balancing
time /s

4772
3350
7988
2080
6014
2914
6634
7412
8564

1286
1474
2112
1106
1374
1166
1968
1860
1914

3486
1879
5876
974
4640
1748
4666
5552
6650

initial cells’ SOCs are selected as the random combinations of
the elements of the above given SOC(0) in Case 1. The comparison results are given in TABLE III of the balancing times
for the traditional cell equalizing system and the cell balancing
system with adding one optimal ICE connecting the first and
15-th cells. From TABLE III, the longest balancing times are
8564 s in Case 9 for the traditional topology and 2122 s in Case
2 for the optimal topology, which are close to the upper bounds
calculated in (22). The balancing time can be decreased to less
than 2334 s after adding one optimal ICE for all initial cells’
SOC distributions. The balancing time can be reduced 974 s for
the worst case and 6650 s for the best situation, which validates
the performance of the added optimal ICEs for different initial
SOC conditions.
V. EXPERIMENTAL RESULTS
This section presents an experimental validation of the aforeproposed results. A serially connected battery pack composed of
five NCR 18650(MH12210 − 3400 mAh) lithium-ion batteries
is utilized in the experiment as shown in Fig. 6(a). Through several charging and discharging tests (charging/discharging the
cells from the full-charged state/empty state until the cells’
voltages are equal to the cut-off voltage/end-of-charge voltage), the capacities of these cells are identified as 3.1 Ah and
the Coulombic efficiency ηc is 0.96. The relationships between
the cells’ OCVs and SOCs are illustrated in Fig. 7(a). A selfdeveloped isolated modified buck-boost converter is shown in
Fig. 6(b). It consists of a 3.46 μH WE-FB Flyback transformer,
two NTD6416AN-1G MOSFETs, a MAX627CPA+ dual-power
MOSFET driver, and two 0.5 Ω resistors. The experimental
bench is illustrated in Fig. 6(c). The battery pack is charged
and discharged by the LANHE battery test system, with the current curve of the federal urban driving schedules [29], denoted
in Fig. 8(a). The sampling and control signals are constructed by
a NI general purpose inverter controller (GPIC) Single-Board
9683. The controlled equalizing current is set as:
⎧
xi (k) − xj (k) ≥ 1
⎪
⎨Ie ,
Ie
ul (k) =  1 (xi (k) − xj (k)), −1 < xi (k) − xj (k) < 1
⎪
⎩
−Ie ,
xi (k) − xj (k) ≤ −1
(29)

Fig. 6. (a) Serially connected battery pack, (b) Isolated bidirectional buckboost converter, (c) Experimental test bench.

Fig. 7. (a) Relationship between the cells’ OCVs and the SOCs, (b) Equalizing
currents through the isolated bidirectional buck-boost converter.

where Ie = 0.18 A and 1 = 0.5% for 1 ≤ l ≤ m and 1 ≤ i <
j ≤ n. The equalizing process is terminated when the difference
between the cells’ SOCs and the average SOC enters into the
tolerable bound of  = 1.4% in (17). This can effectively avoid
the excessive equalization and reduce the energy supply cost for
the cell equalizing circuits. Note that other suitable values can
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Fig. 8. (a) External current, (b) SOC response under the traditional topology,
(c) SOC response with adding one ICE connecting the cell 1 with the cell 5, (d)
SOC response with adding one ICE connecting the cell 2 with the cell 4.

also be assigned to the controlled equalizing current, depending
on the needs.
A preliminary experiment is conducted first to verify the performance of one ICE connecting two cells. The frequency of the
PWM applied on the MOSFETs is 124 KHz, and the duty cycles
applied on the MOSFET Q1 and Q2 are set as 63% and 35%,
respectively. The terminal voltages of the two connected cells
are VB 1 = 3.82 V and VB 2 = 3.71 V, respectively. The cells’
transient equalizing current curves through the connected ICE
are illustrated in Fig. 7(b), which are obtained by measuring the
voltage of the resistor R1 and R2 in the converter. It can be
calculated that the average equalizing current I1 = 0.1798 A,
I2 = 0.1084 A.
In the experiment, we focus on the case when one ICE is
added, i.e., γ = 1. Similar lines can be followed to enable
cases where γ > 1. From Table I, for this five-cell battery
pack, the optimal way of adding the ICE is to connect the
cell 1 and the cell 5. By adding this ICE, the algebraic connectivity increases from 0.382 to 1.382. For the purpose of
comparison, another experiment is performed, which investigates adding the ICE non-optimally to connect the cells 2 and
4. In this latter case, the algebraic connectivity will only increase to 0.6972. The initial SOCs of the battery cells are set
as Case 1: SOC (1) (0) = [81%, 82%, 76%, 78%, 74%], which
is obtained by discharging them from the fully charged states.
Fig. 8(b) illustrates the equalization when the topology is traditional. It is seen that the differences between the cells’ SOCs
gradually converge, but it takes about 3368 s when they reach
the pre-specified range, which can be too long. By adding the
ICE connecting the cell 1 and the cell 5, from Fig. 8(c), it is
shown that the equalizing duration is reduced considerably to
2034 s, which decreases 1334 s of the balancing time compared

Fig. 9. Experimental results of SOC response with (a) the traditional topology
with initial SOCs of SOC (2 ) (0), (b) adding one optimal ICE with SOC (2 ) (0),
(c) the traditional topology with SOC (3 ) (0), (d) adding one optimal ICE with
SOC (3 ) (0), (e) the traditional topology with SOC (4 ) (0), (f) adding one optimal ICE with SOC (4 ) (0).

with the traditional topology. For the situation that the ICE is
added to connect the cells 2 and 4, the cell balancing duration
is about 2336 s as is shown in Fig. 8(d). While this brings some
improvement, it underperforms the optimal addition strategy.
It demonstrates that the equalization speed increases with the
algebraic connectivity of the topology, agreeing with the theoretical analysis. Furthermore, it also shows the importance of
how to add the extra ICE. The convergence rate is enhanced
significantly when optimal addition is made to connect the cells
1 and 5. By contrast, less improvement is observed when the
cells 2 and 4 are connected.
Comparison for different initial SOCs: To examine the
effects of initial cells’ SOCs on the balancing time, more experiments are performed, which let cells start from different
SOCs to balance. Three more cases are experimented with the
results summarized in Fig. 9 and TABLE IV, where the cells
begin with Case 2: SOC (2) (0) = [74%, 81%, 78%, 82%, 76%],
Case 3: SOC (3) (0) = [81%, 74%, 82%, 78%, 76%], and Case
4: SOC (4) (0) = [82%, 76%, 78%, 81%, 74%]. It is observed
that, in all cases, adding one edge to connect the first and
fifth cells will significantly reduce the balancing time. The
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TABLE IV
COMPARISON OF BALANCING TIMES FOR DIFFERENT INITIAL SOCS
Initial cells’ SOCs
[81%, 82%, 76%, 78%, 74%]
[74%, 81%, 78%, 82%, 76%]
[81%, 74%, 82%, 78%, 76%]
[82%, 76%, 78%, 81%, 74%]

Traditional

New

Reduced

3368 s
2616 s
1926 s
2388 s

2034 s
1884 s
1508 s
1648 s

1334 s
732 s
418
740 s

TABLE V
COMPARISON OF AVERAGE SOCS AFTER CELL BALANCING
Traditional

New

75.34%
75.64%
76.08%
75.66%

75.98%
75.80%
76.16%
75.96%

Average SOC at 3700 s with SOC (1 ) (0)
Average SOC at 3000 s with SOC (2 ) (0)
Average SOC at 2300 s with SOC (3 ) (0)
Average SOC at 2800 s with SOC (4 ) (0)

comparisons of the average SOCs at the end of the cell equalizing process for the traditional cell balancing system and the cell
balancing system with adding one optimal ICE are illustrated
in TABLE V. It can be verified that there is more energy remaining (higher average SOC) in the battery pack with the cell
balancing system adding one optimal ICE, since it needs less
balancing time and thus causes less energy transfer loss in the
experiments.
VI. CONCLUSION
This paper takes the novel perspective of modeling the cell
balancing for a battery pack as a multi-agent system, in which
the cells are considered as the nodes and their connecting ICEs
are treated as the edges. A consensus-based SOC equalizing algorithm is proposed to have the ICEs work together efficiently to
achieve cells’ SOC equalization, and its convergence is proved
by utilizing the Lyapunov theory. Building upon this result, we
propose to add a small number of ICEs, i.e., edges from the
perspective of topology, to accelerate the equalizing process effectively. It turns out that the balancing time is associated with
the algebraic connectivity of the graph. Therefore, the problem
becomes how to determine the added edges to increase the algebraic connectivity of the original graph at a maximum level.
With this insight, an optimization problem is formulated for optimal determination of extra edges to speed up the equalization,
and it is solved by using 0–1 integer programming. The resultant
strategy is validated by both theoretical analysis, simulation, and
experiments.
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