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Abstract: Active load balancing in battery cells has significant advantages in energy storage
systems and electric vehicles (EVs). However, diversity in balancing network power electronics
components, energy transfer paths, etc., leads to a multitude of architectures and topologies,
each yielding varying performance, complexity, and cost. Therefore, this work implements and
compares the load balancing performance of (i) series, (ii) module, and (iii) layer-based adjacent
battery cell network topologies, each managed by a different nonlinear model predictive control
(NMPC) strategy. The solution is built on the dynamics of active balancing networks and
battery cells and incorporates high-fidelity balancing currents to characterize the load using
state of charge (SOC). The simulation results, which are performed on twelve adjacent cells,
reveal that load balancing in cells connected in layer-based topology is achieved in 1430 s. While
series and module-based topologies achieved the load balancing objective in 2980 and 2770 s,
respectively.

Keywords: Electric vehicle; model predictive control; applications of power electronics;
constraint control system; decentralized control

1. INTRODUCTION

Forming the backbone of energy storage systems and
electric vehicles (EVs), batteries have a critical role to
play. Moreover, due to the limited voltage supply of a
single cell, they are usually connected in a string of se-
ries and parallel configurations to meet the demands of
high-end power applications (Qi et al. (2022)). However,
this setting usually leads to a charge imbalance among
cells that subsequently affects the battery’s performance.
Therefore, load balancing, which is broadly categorized as
active (ALB) and passive balancing, can ameliorate these
impacts. Moreover, based on balancing circuits, control
schemes, interconnection of cells, and paths of energy
transfer, the balancing strategies are further subcatego-
rized into architectures and topologies. Thus this flexibility
in design parameters leads to various balancing systems,
with each suited for a specific application and yielding
different performance, such as balancing time (BT), ease
of implementation, computational time, etc. (Ma and Gao
(2024)).
Lukasiewycz et al. (2016) provided an automated syn-
thesis framework to formulate a balancing circuit and
its control. Ouyang et al. (2024) proposed a hypergraph-
based approach in an attempt to unify the modeling for
ALB topologies. This scheme facilitated determining the
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minimum number of equalizers required for balancing,
and by finding a correlation between BT and the graph’s
Laplacian matrix, they were able to streamline the process
of evaluating various topologies. Khan et al. (2024) intro-
duced an H-bridge into a duty cycle balancing (DCB) and
cell-to-pack balancing scheme, forming H-DCB, to bypass
certain cells in 96 serially connected cell configurations.
Using simulation, the authors demonstrated the efficiency
of the proposed scheme relative to conventional DCB,
achieving 1.5 times faster balancing speed. To reduce the
communication and processing overhead, Chatzinikolaou
and Rogers (2017) introduced a hierarchical balancing
strategy to perform cell balancing and other objectives.
By using a decentralized battery management system and
multiple control layers, the authors achieved balancing
within 2 mV. Similarly, to reduce the architecture’s com-
plexity, Wei et al. (2021) employed a constant current
strategy to balance the battery’s voltages. By using LCC
multiresonant as a common equalizer, the proposed work
transferred charge from a string of cells to a single cell in
an open loop setting. Bani Ahmad et al. (2022) proposed
a topology that eliminated the need for balancing three
branches of battery systems and reduced it to just a single
branch. Their approach involved making use of idle cells,
treating them as redundant units that can be dropped
while balancing, subsequently leading to lower operational
costs. Furthermore, Ghaeminezhad et al. (2021) provided
a comparative performance of various topologies, such as



adjacent, non-adjacent, and mixed topologies, in terms of
equalization speed, hardware implementation, economic
viability, etc.
In literature, various balancing architectures and topolo-
gies have been proposed. For instance, in our previous
works Javed et al. (2022) and Javed et al. (2024a), we
formulated high-fidelity modeling of four different archi-
tectures and performed balancing using a simple control
scheme. Therein, we demonstrated that including the dy-
namic balancing parameters had a significant impact on
ALB performance. Similarly, Uppal et al. (2023), and
Azam et al. (2024) extended that by using nonlinear model
predictive control (NMPC) on buck-boost (BB) archi-
tecture and integrating the thermal model, respectively.
Therefore, this work aims to integrate the high-fidelity
modeling currents into the NMPC framework to evaluate
the performance in terms of BT and computational cost
for three distinct balancing topologies: series-based cell-
to-cell (SB), module-based (MB), and layer-based (LB)
topologies.
The rest of the paper is organized as follows: Section 2
outlines the mathematical modeling of each topology, and
NMPC problem is formulated for ALB in Section 3; the
results are discussed in Section 4, and, finally, the paper
is concluded in 5.

2. MATHEMATICAL MODELING

The mathematical models of SB, MB, and LB cell-cell ac-
tive cell balancing topologies are presented in this section.
The atomic unit for all the topologies that balances the
SoC levels of two adjacent cells n and n + 1 has been
depicted in Fig. 1. For transferring charge amongst the
cells, a bi-directional BB converter is employed, and the
dynamics of a Li-ion cell is represented using a simplified
equivalent circuit model (ECM)–an open circuit voltage
source vn and a resistor R0n in series representing the
internal resistance of the cell n. The mathematical model
of the atomic unit shown in Fig. 1 is given as follows:

2.1 Mathematical Model of the Atomic Unit

Fig. 1. Schematic of Series-based topology
The dynamics of SoC levels of the cell n and n + 1 are
given as

ẋn = η−1
n Ibn(xn, xn+1, ui,1, ui,2),

ẋn+1 = η−1
n+1Ibn+1

(xn, xn+1, ui,1, ui,2), (1)

where xn, ηn and Ibn represent SoC level, coulombic
efficiency and current (A) of the cell n, respectively; and
ui,1 and ui,2 are the control inputs, which are duty cycles
of MOSFETs Qi,1 and Qi,2 of the BB converter i.
Depending on xn and xn+1 the charge transfer between
the cells in Fig. 1 is accomplished in the following manner.
If xn > xn+1, Qi,1 is turned on using ui,1, which allows cell
n to charge the inductor Li. Later, when both MOSFETs
are open, a discharging current flows from Li to cell n+1
through the body diode Di,2, hence accomplishing the
charge transfer from cell n to n + 1. Similarly, when
xn+1 > xn, ui,2 can be employed to transfer charge in the
reverse direction. This transfer of charge from high-SoC
cell to low-SoC cell continues until the SoC levels of the
cells are balanced. The charging and discharging currents
of Li are collectively known as balancing currents, which
depend upon various static and dynamic parameters of
the network in Fig. 1. The following high-fidelity mean
balancing current model is used in this work, which is
adapted from our earlier work Javed et al. (2024b).

Ici,j =
vh

TRci

(
ui,jT − td + τci (e

κi − 1)

)
, (2)

Idi,j
=

τdi
(eχi − 1)

T

(
−Ipi

− a0i(t0i − ui,jT )

τdi
(eχi − 1)

+ 1

)
, (3)

t0i = ui,jT + τdi
ln

(
Rdivh

(vl + VFi,j
)Rci

(1− eκi) + 1

)
,

χi =
ui,jT − t0i

τdi

, a0i =
vl + VFi,j

Rdi

.

Ipi
=

vh
Rci

(
1− eκi

)
, κi =

td − ui,jT

τci
,

λi =
td − t

τci
, ϕi,j =

ui,jT − t

τdi

, Rdi
= R0l +RLi

,

Rci = R0h +RLi +Rds, τci = Li/Rci , τdi = Li/Rdi ,

where Ici,j and Idi,j represent the charging and discharging
currents of BB converter i (i = 1, 2, . . . , N − 1) and
its MOSFET j (j = 1, 2); vh = max(vn, vn+1) and
vl = min(vn, vn+1), and R0h and R0l are the higher and
lower open circuit voltages (V) and series resistances (Ω)
of two adjacent higher and lower SoC cells, respectively;
VFi,j is the forward voltage drop of diode Di,j parallel to
MOSFET Qi,j (cf. Fig. 1); τc and τd are time constants
(s) for charging and discharging of inductor i, respectively;
Ipi

is the peak inductor current at t = ui,jT ; td, t0i and
T represent dead time, time instant at which inductor
current is zero, and switching time period, respectively;
duty cycle of Qi,j is denoted by ui,j , and Li represents the
inductance of the inductor i (H); RLi

, Rds, Rci and Rdi

represent resistances of inductor, on-state switching, and
charging and discharging paths of inductor, respectively;
and the open circuit voltages of cell n and n+1 are given
as

vn =

8∑
s=1

psx
(8−s)
n , vn+1 =

8∑
s=1

psx
(8−s)
n+1 , (4)

where p = [88.56,−320.46, 472.36,−368.96, 166.57,−44.01,
7.18, 2.95].
The expression of current Ibn of the cell n given in (1) is
dependent on the type of adjacent cell balancing topology.
The mathematical models of the balancing topologies



for charge equalization of the battery pack consisting of
N = 12 series connected cells are given in the following
subsections.

2.2 Series-Based Cell-Cell Topology

To balance the SoC levels of N cells, N − 1 BB converters
are required, as shown in the zoomed image of Fig. 1. The
current of the cell n depends upon its positioning in the
battery pack, for instance, the first n = 1 and the last
n = N cells can only transfer/receive charge to/from cell
2 and cell N − 1, respectively. On the other hand, the cell
1 < n < N has two adjacent neighbors, therefore, its net
current contains balancing currents of two adjacent BB
converters. The total currents of first (Ib1), n (Ibn) and
last (IbN ) cells are characterized as

Ib1(x,u) = −Ic1,1(x1, u1,1) + Id1,2
(x1, x2, u1,2),

Ibn(x,u) = −Icn,1(xn, un,1)− Ic(n−1),2
(xn, u(n−1),2)

+ Id(n−1),1
(xn−1, xn, u(n−1),1) + Idn,2

(xn, xn+1, un,2)

IbN (x,u) = −Ic(N−1),2
(xN , u(N−1),2)

+ Id(N−1),1
(xN−1, xN , u(N−1),1), (5)

where n = 1, 2, · · · , N represents a cell in the battery pack,
x = [x1 x2 · · · xN ]

T is the vector representing SoC levels
of the cells, u =

[
u1,1 u1,2 . . . u(N−1),1 u(N−1),2

]T is the
duty cycle vector.
It is pertinent to mention here that both Ici,j and Idi,j

in (2) and (3) are positive; however, a negative sign
is assigned to Ici,j in (5). This is due to the current
convention followed in this work, according to which a
current entering the cell is considered positive, whereas
a current going out of a cell is given a negative sign.

2.3 Module-Based Cell-Cell topology

Fig. 2. Schematic of Module-based topology

The total number of cells and the BB converters are similar
to the SB cell-cell topology, however, as shown in Fig. 2
the cells are divided into M modules with each module

containing N/M cells. The number of BB converters
within a module are N/M − 1, and there are M − 1 BB
converters to equalize the average SoC of each module.
This offers increased balancing speed by equalizing the
SoC at the cell and module levels. In this topology the
net currents of the cells of the battery pack are given as

Ib1 = −Ic1,1(x,u) + Id1,2
(x,u) + Im(z,µ), (6)

Ibn = −Icn,1(x,u)− Ic(n−1),2
(x,u) + Id(n−1),1

(x,u)

+ Idn,2
(x,u) + Im(z,µ),

IbN = −Ic(N−1),2
(x,u) + Id(N−1),1

(x,u) + Im(z,µ),

µT =
[
µ1,1 µ1,2 . . . µ(M−1),1 µ(M−1),2

]
zT = [z1 z2 . . . zM ]

where Im represents the current of module m ∈ [1,M ],
which is given by (7); zm is the average SoC of the cells
contained in the module m; and µ is the duty cycle (control
input) vector for module level BB converters.
I1 = −Ic1,1(z1, µ1,1) + Id1,2

(z1, z2, µ1,2),

Im = −Icm,1(zm, µm,1)− Ic(m−1),2
(zm, µ(m−1),2)

+ Id(m−1),1
(zm−1, zm, µ(m−1),1) + Idm,2

(zm, zm+1, µm,2),

IM = −Ic(M−1),2
(zM , µ(M−1),2)

+ Id(M−1),1
(zM−1, zM , µ(M−1),1). (7)

2.4 Layer-Based Cell-Cell Topology

Fig. 3. Schematic of Layer-based topology

In this topology, SoC levels of N cells are equalized by
employing ⌈logN2 ⌉ layers of BB converters, with each layer
containing ⌊N/2l⌋ equalizers, where 1 ≤ l ≤ L − 1 and L
represents the total layers in the topology. It is important
to note that the last layer has only one BB converter. The
net current of the cell n is given as

Ibn =

L∑
l=1

2×⌊N/2l⌋∑
nl=1

I lnl
(xl,ul)

+ ILnL
(xL,uL) (8)

I lnl
=

{
−Icrl,1(u

l
rl,1

, xl
nl
) + Idrl,2

(ul
rl,2

, xl
nl
, xl

nl+1)

−Icrl,2(u
l
rl,2

, xl
nl
) + Idrl,1

(ul
rl,1

, xl
nl−1, x

l
nl
)

,

ILnL
=

{
−Ic1,1(u

L
1,1, x

L
1 ) + Id1,2

(uL
1,2, x

L
1 , x

L
2 ) 1st cell

−Ic1,2(u
L
1,2, x

L
2 ) + Id1,1

(uL
1,1, x

L
1 , x

L
2 ) 2nd cell

,

where, nl is odd, nl is even and I lnl
is the current of cell

nl in layer l; the duty cycle vector of layer l is given is
ul = {ul

rl
}, where rl = 1, 2, . . . , ⌊N/2l⌋; xl = {xl

nl
} with



nl = 1, 2, . . . , 2×⌊N/2l⌋ represents the SoC vector of layer
l; and uL =

[
uL
1 uL

2

]T and xL =
[
xL
1 xL

2

]T are duty cycle
and SoC vectors of the last layer.
As shown in Fig. 3 there is a dedicated BB converter for
each pair of cells in l = 1. Whereas, for l > 1, each
equalizer balances the average SoC levels of cells on its
left and right sides. The expression for net current of cell n
in (8) might look ambiguous initially; however, from Fig. 3
it can be seen that the current of each layer contributes in
Ibn

3. NONLINEAR MODEL PREDICTIVE CONTROL
DESIGN FOR CELL-CELL TOPOLOGIES

Due to the nonlinearity in the expressions of charging and
discharging currents in (2) and (3), the SoC dynamics of
cell n (1) are nonlinear; therefore, in the subsequent sub-
sections, the NMPC problem is formulated for balancing
the SoC level of cells for the aforementioned topologies.

3.1 NMPC Design for Series-Based Cell-Cell Topology

Only one NMPC is required to equalize the SoC levels of
the cells in this topology. The optimal control problem in
this case is given as

min
x(k),ν(k)

J(x(k),ν(k)), (9)

J =

k0+Hp∑
k=k0

N∑
n=1

(
xn(k)− x̄(k)

)2

,

x̄(k) =
1

N

N∑
n=1

xn(k),

subject to

x(k + 1)− f̃(x(k), ν(k)) = 0, (9a)
x(k0) = xk0 , (9b)
νi,k ∈ [0, 0.4− td/T ], (9c)
xn(k) ∈ [0.05, 0.95], (9d)
νT
i,1(k)νi,2(k) = 0, (9e)

where xT (k) = [x1(k) x2(k) . . . xN (k)] is the vector
representing SoC levels of cells; ν(k) = u(k) − td/T ; f̃ is
the discrete version of fT =

[
η−1
1 Ib1 η−1

2 Ib2 . . . η−1
N IbN

]
;

xk0
is the vector of current cell’s SoC at k0; νT

i,1(k) =

[ν1,1 ν2,1 . . . νN−1,1] and νT
i,2(k) = [ν1,2 ν2,2 . . . νN−1,2].

The constraint in (9e) is added so that both MOSFETs of
a BB converter do not turn on simultaneously.

3.2 NMPC Design for Module-Based Cell-Cell Topology

As shown in Fig. 2 there are two levels of NMPC: module-
level NMPC, which balances the SoC levels of the module,
and cell-level NMPC, which equalizes the cell’s SoC levels.
The NMPC formulation for both the controllers is given
below

min
z(k),w(k)

J(z(k),w(k)), (10)

J =

k0+Hp∑
k=k0

M∑
m=1

(
zm(k)− z̄(k)

)2

,

z̄(k) =
1

M

N∑
m=1

zm(k),

subject to

z(k + 1)− g̃(z(k), w(k)) = 0, (10a)
z(k0) = zk0

, (10b)
wi,k ∈ [0, 0.4− td/T ], (10c)
zn(k) ∈ [0.05, 0.95], (10d)
wT

i,1(k)wi,2(k) = 0, (10e)
where zT (k) = [z1(k) z2(k) . . . zM (k)] is the vector rep-
resenting SoC levels of cells; w(k) = µ(k)− td/T ; g̃ is the
discrete version of gT =

[
η−1
1 I1 η−1

2 I2 . . . η−1
M IM

]
; zk0

is
the vector of module SoC at k0; wi,1 and wi,2 are modified
control input vectors for the first and second MOSFETs
of the module level BB converters.
The cell level NMPC problem formulation in MB cell-cell
topology is similar to (9) but the dynamics of the cell
represented by f is different-

fT =

[
η−1
1 Ib1 + Im η−1

2 Ib2 + Im . . .
η−1
N IbN + Im

]
,

where Im is the current of the module that contains the
cell.

3.3 NMPC Design for Layer-Based Cell-Cell Topology

From Fig. 3 it is evident that there is separate NMPC for
each layer. A generalized NMPC formulation for layer l is
given as

min
xl(k),U l(k)

J l(xl(k),U l(k)), (11)

J l =

k0+Hp∑
k=k0

[
2×⌊N/2l⌋∑

nl=1

(
xl
nl
(k)− x̄l(k)

)2

+

2∑
nL=1

(
xL
nL

(k)− x̄L(k)

)2
]

x̄l(k) =
1

M

2×⌊N/2l⌋∑
nl=1

xl
nl
(k), x̄L(k) =

1

2

2∑
nL=1

xL
nL

(k),

subject to

xl(k + 1)− h̃l(xl(k),U l(k)) = 0, (11a)
xl(k0) = xl

k0
, (11b)

U l
nl,k

∈ [0, 0.4− td/T ], (11c)
xl
nl
(k) ∈ [0.05, 0.95], (11d)

U lT

nl,1
(k)U l

nl,2
(k) = 0, (11e)

where xl is the SoC level of cell n for l = 1, and for l > 1 it
represents the average SoC dynamics of the cells on the left
and right side of the BB converters (see Fig. 3) in layer l;
U l = ul− td/T ; and h̃

l is the discrete version of hl, which
is given as
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Fig. 4. State of charge for series-based cell-cell topology.

hlT =

[
η−1
1

L∑
l

I l1 η−1
2

L∑
l

I l2 . . . η−1
nl

L∑
l

I lnl

]
(12)

4. RESULTS AND DISCUSSIONS

The aim of this work was to evaluate the performance,
i.e., BT, of three different topologies using the high-fidelity
balancing current within the NMPC framework. We have
performed simulations on twelve serially connected cells,
the parameters of which are adopted from Uppal et al.
(2023). Moreover, the balancing criterion is when the
standard deviation of cells’ SoC σ(x) becomes equal to
0.01. Figures 4, 5, and 6 depict the evolution of SoC for SB,
MB, and LB topologies, respectively. These figures show
that for a specific x0, all the topologies have been able to
equalize the pack. However, their respective BTs vary, as
illustrated in Figure 7; for instance, the BTs are 2980, 2770,
and 1430 s for SB, MB, and LB topology, respectively.
Apart from achieving the fastest balancing, LB topology
is also computationally feasible, with a computational time
of 360 s; whereas MB and SB took 1800 and 2700 s,
respectively, on a Core(TM) i7 CPU @ 1.80 GHz and 16.0
GB of RAM. This is because, for LB topology, the NMPC
problem becomes sparse due to a dedicated BB converter
for each pair of cells in each layer. Moreover, Figures 8,
9, and 10 show the 22 duty cycles—with 2 for each BB
converter—for SB, MB, and LB topologies, respectively.

5. CONCLUSION

The future work aims to extend this work by including
non-adjacent-based topologies as well as quantifying their
impacts at the system level, i.e., range extension of EVs.
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