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Abstract-High voltage Li-ion battery packs are typically 
configured in a modular fashion. In this paper, the performance 
of different battery pack balancing topologies is analysed at both 
module and cell levels. Two-level balancing topologies, including 
cell-to-cell balancing at intra-module level and module-to-module 
balancing at inter-module level, are considered in the analysis. 
Topologies are comprised of combinations of line shunting, ring 
shunting, synchronous fly-back, multi-winding, and dissipative 
shunting. Aspects of battery pack balancing performance, such 
as minimum balancing time, minimum plug-in charge time, and 
minimal energy loss in balancing are calculated using linear 
programming. Component counts of every balancing topology 
for the entire battery pack are also compared to assess circuit 
complexity. 

I. INTRODUCTION 

As an energy source in electrified vehicles, the battery pack 
provides energy and power to the vehicle [1]. The operational 
voltage of the battery pack usually requires many cells to be 
connected in series to optimize power, efficiency and cost of 
the electrified powertrain. Cell to cell differences in capacity 
and impedance are common sources of imbalance in the 
battery pack. Cell imbalance can lead to incomplete use of 
pack energy and can accelerate cell aging/degradation. 

There are many balancing methods developed to handle 
this problem [2]. Most approaches are actively controlled 
such that the battery management system must open/close 
switches and control other electronic components [3]. They 
can be further classified into dissipative balancing and redis
tributive balancing methods. Dissipative balancing is simple, 
but has high energy loss. A typical dissipative balancing 
method uses shunting resistors [4], [5]. Many redistributive 
balancing topologies have been proposed [4]-[12], these aim 
for higher energy efficiency through transfer of energy between 
cells. However, redistributive balancing methods typically have 
higher complexity and cost compared to dissipative balancing. 
Recently, Daowd et al. have proposed a pack-level balancing 
system using different redistributive balancing methods at the 
cell and module connection levels [13]. 

The balancing topology should operate in an optimal man
ner to achieve different balancing control objectives. Balancing 
control objectives can be classified into voltage based, state of 
charge (SOC) based, and capacity based [14]. Einhor et al. [11] 
demonstrated through simulation and experimental testing that 
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SOC and capacity based methods are more effective than a 
voltage based approach. The SOC and capacity based balanc
ing approaches require high-accuracy algorithms for SOC and 
capacity estimation to operate optimally. 

The balancing control strategy and its algorithm also affect 
performance of the balancing system. Caspar and Hohmann 
proposed an on-line optimization based strategy that consid
ered a non-linear cell model and inductive balancing circuits. 
The goal of their approach was to reduce energy loss during 
the balancing process, moreover a dynamic optimization al
gorithm was applied to find the optimal switching sequence 
and duty cycle. Fuzzy logic based control algorithms have also 
been proposed to adaptively control equalization currents [15], 
[16]. Recently, Najmabadi evaluated cell-to-cell and cell-to
pack based control approaches on a redistributive balancing 
prototype [17]. 

Analytical research on performance and optimal design 
of balancing circuits have also been recently performed. 
Narayanaswamy et al. [18] used multi-objective optimiza
tion for minimizing energy dissipation losses and installa
tion volume. Switching and conduction losses of different 
electronic components were considered in the design opti
mization. Baronti et al. [7] developed generalized models 
of four redistributive balancing topologies to calculate the 
minimum energy loss and the balancing time. Performance 
of a balancing topology was analysed numerically using 
probability density function distributions of many initial cell 
state cases. Preindl et al. [6] proposed a linear programming 
based method to compute the worst case balancing time and 
energy loss among different balancing topologies. Symmetries 
and convexity properties of the topologies were exploited to 
make the method computationally tractable when determining 
worse cast performance given ranges of cell initial SOC states. 

High voltage Li-ion battery packs are typically configured 
in a modular fashion where multiple cells are connected in 
series to form modules and multiple modules are connected 
in series to form the battery pack. Balancing is needed at both 
module and cell level, i.e. cells are balanced within a module, 
and modules balanced at the pack level. Performance of the 
battery pack is influenced by the balancing circuit design and 
the battery size factor (BSF), the latter refers to the battery 
pack configuration such as the number of cells in series inside 



a module and the number of modules in series that form the 
battery pack. Balancing time, plug-in charge time, and energy 
loss of five balancing topologies, including line shunting, ring 
shunting, synchronous flyback, multi-winding, and dissipative 
shunting are studied at both module and pack levels. A total 
of 25 combinations of different two-level balancing topologies 
are evaluated in this paper The linear programming approach 
presented in [6] is extended to consider a modular battery pack 
design and mixed combinations of dissipative/redistributive 
balancing. Components counts of the two-level topology com
binations are also presented. The performance is bench marked 
against conventional dissipative balancing. 

The rest of the paper is organized as follows. The linear 
programming based analysis method is shown in Section II. 
Section III presents four redistributive balancing topologies 
that are used at both cell balancing and module balancing 
levels. In Section IV, pack-level analysis is presented. Con
clusions and future work is highlighted in Section V. 

II. BALANCING TOPOLOGY ANALYSIS METHOD BASED 

ON LINEAR PROGRAMMING 

In this section, a linear programming based analysis method 
is presented. Equality constraints, inequality constraints, and 
the objective functions are presented. A more theoretical 
presentation of the basics of this approach are provided in [6]. 
The balancing algorithm is based on SOC, the stored charge 
in a cell at time T can be expressed using Coulomb counting 
as 

1 iT SOC(T) = sOC(O) + - i(t)dt 
Q 0 

(1) 

where SOC(O) is the initial SOC, Q is the total capacity in 
units Ah, and i is current through the cell. In a battery pack 
system, the current includes charging/discharging current of 
the pack and the balancing current into/from individual cells. 

Many balancing circuits work with high frequency switch
ing power electronics. In this paper, the analysis ignores 
cell electrochemical dynamics and focuses on average charge 
movement between cells to find the optimal average balancing 
commands including the selection of cells being balanced, 
balancing current amount and direction. The distributed charge 
in cell j during time T is linearized to ibjT with unit Ah, where 
ibj is the average balancing current of the lh cell. The SOC 
of the cells and the balancing topology is represented in the 
form 

where the topology matrix T represents the interconnection 
capabilities and modular design of the two-level battery pack 
balancing topology. 

An equality constraint is needed to represent a balanced 
system state at the terminal time T. When all cells in a string 

are balanced, the SOC of all the cells satisfy 

1 n 
SOC1 = SOC2 = . . .  = SOCn = - L SOCi (3) 

n 1 
This can be expressed as 

LX(T) = 0 (4) 

where 

X(T) = [SOC1(T) SOC2(T) ... SOCn(T)]T (5) 

L= (I- �l. lT) (6) 

Considering the average balancing command 

[. .  . ]T v = UT = Zb1T Zb2T ... ZbnT (7) 

and the initial cell SOC states x(O), the equality constraint 
becomes 

1 Lx(O) + L 
Q 

Tv = 0 (8) 

When considering minimum plug-in charge time, the equality 
constraint is modified to ensure that the SOC of each cell 
is 100% fully charged at time T. This leads to a simplified 
equality constraint 

1 x(O) + 
Q 

Tv = 1 (9) 

Inequality constraints are needed to represent limits of 
balancing currents. This leads to the balancing current vector U 
to be subject to a constraint of the form Hu :s; k, mUltiplying 
both sides by the balancing time T yields 

[H - k] [ � ] :s; 0 (10) 

When considering energy dissipatation, it should 
be noted that the balancing current vector should 
also contain absolute values of the balancing current, 
i.e. U = [ib1,ib2, ... ,ibn,lib11,lib21, ... ,libnf and 
v [ib1 T, ib2T, ... , ibn T, lib11T, lib21T, ... , libn IT]T. The 
vector [v T]T becomes the vector that the linear programming 
optimization solver computes. 

Two objective functions are possible, one related to bal
ancing time, the other to energy dissipated. The solution to 
the formulated linear program provides the optimal balancing 
command for a topology considering different sets of initial 
conditions, e.g. varying spreads of cell SOc. To evaluate the 
worst-case performance of balancing time and energy dissi
pated of a topology more efficiently, an approach exploiting 
topology symmetries is used [6]. Instead of n2 cases, this 
approach considers the following n - 1 limiting extremes 
cases [6] 

x(O) = ( SOChigh ; SOClOW ) [ �1: ] (11) 

( SOChigh + SOClOW ) k -_ 1 - 1 + , , ... ,n 
2 



The objective function for computing the worst-case bal
ancing time or plug-in charge time is 

max min T 
kE{I, ... ,n-l} (12) 

The objective function for computing the worst-case energy 
dissipated of a topology is 

max min 
kE {I, ... ,n-l} 

n libilT 
L (l-7])� 
i=1 

(13) 

where 7] is the link efficiency of the topology. In this paper, 
an efficiency of 90% is assumed. 

III. BALANCING TOPOLOGIES 

In this section, passive balancing and four induc
tor/transformer based topologies, depicted in Fig. 1, are con
sidered. A topology matrix T is introduced for each case to 
describe the relation between balancing current and SOc. A 
linearized analysis is performed by simplifying the dynamic 
process of balancing to an average balancing current over the 
balancing time-interval from ° to T. 
A. Dissipative shunting 

Conventional passive balancing dissipates energy through 
a shunting resistor for each cell. The topology matrix is a 
negative diagonal matrix T = diag( [-l··· - 1]). When 
balancing, the magnitude of the balancing currents ibi is 
assumed to be constant, its value can be approximated as the 
nominal cell voltage divided by the shunting resistance. For a 
more fair comparison the same maximum magnitude is used 
for passive and active balancing, however charging current are 
not allowed when dissipative shunting is used. The inequality 
constraints can easily be modified to enforce this [6]. 

B. Line shunting 

Line shunting topology is shown in Fig. l(a). In this topol
ogy, charge of neighboring cells are moved by a converter [8]. 
Therefore, n cells in series need n-l converters. The topology 
matrix for line shunting is 

1 
- 1  1 

- 1  1 
T = (14) 

- 1  1 
- 1  nx(n-l) 

The balancing current is limited by the current limits libi I :s; 
ilimit. This leads to the following inequality constraint 

H 
I 

[ Inxn -Inxn 1 -Inxn -Inxn 
Onxn Inxn 
Onxn -Inxn 

u 
� 

ibl 

ibn 
libll 

libnl 

k 
I 

< Onxl [ On" 

- ilimit ·lnxl 
Onxl 1 (15) 

C. Ring shunting 

The ring shunting topology is shown in Fig. 1 (b). It is 
similar with line shunting, but the first cell and the last cell are 
connected by a fly-back converter [6]. The topology matrix is 
given by 

1 - 1  
- 1  1 

T= - 1  1 (16) 

- 1  1 nXn 
The balancing current has the same limitation as with line 

shunting, so the matrix H and vector k are the same as with 
line shunting shown in (15). 

D. Synchronous fly-back converter 

Fig. 1 (c) shows the circuit topology of synchronous fly-back 
converter based active balancing. Each cell in the string is con
nected with the entire module by an independent bidirectional 
synchronous fly-back converter [10]. The ith cell is balanced 
by the secondary side current of the ith fly-back converter 
iis and the primary side current of all fly-back converters iip, 
where subscript i E [1 , n]. The cells SOC at terminal time T 
is derived as 

SOCi(T) 1 IT SOCi(O) + 
Q t=O 

iis(t)dt (17) 

-� (IT ilp(t)dt + . . .  + r inp(t)dt) 
Q t=O Jt=o 

The relationship between average secondary side and pri
mary side currents is given by Is = nIp. Therefore, the battery 
system in linear form is 

r 
1 -' 

In 

T= .
n 

1 
n 

1 

�i� 1 
n1 1 - -n 

(19) 

1 
n 

Since the fly-back converters in the topology are independent, 
the balancing currents are also limited by (15). 

E. Multi-winding transformer 

Multi-winding transformer based topology is shown in 
Fig. l(d). It should be emphasized that only one secondary 
side winding works in one cycle [9], [11], [12]. In one cycle, 
one cell is active and the other n - 1 are inactive. The cells 
SOC are expressed by 

SOCi(k + 1) SOCi(k) + �iis(t)dt - �iiP(t)dt 
(20) 
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Fig. 1: Four actively controlled redistributive balancing topologies a) Line Shunting b) Ring Shunting c) Sychronous Fly-back 
Converter d) Multi-winding transformer. Note each topology design is assumed to balance a string of cells and/or a string of 
modules. 

for one active winding, and 

(21) 

for n-1 inactive windings. Note i i= j. Over a long time-scale 
T, the state of charge of a cell can be expressed as 

The topology matrix of the multi-winding transformer is 
derived in the same form as the synchronous fly-back con
verter. However since there is only one active winding in one 
cycle, the balancing currents should be limited by additional 
constraints libi I :s; ilimit and I:�=l libi I :s; ilimit· The overall 
inequality constraint is 

ibl 
Inxn -Inxn °nxl 
-Inxn -Inxn ibn Onxl 
Onxn Inxn libll 

< ilimit . Inx 1 (23) 
Onxn -Inxn Onxl 
Olxn llxn ilimit 

libnl 
IV. BAT TERY PACK BALANCING ANALYSIS 

The overall topology of the battery pack structure, from 
cell to module and from module to pack, will affect the overall 
balancing performance. If a battery pack has 96 cells in series, 
e.g. Fig. 2, there are many ways to integrate multiple cells in 
a module and then integrate modules to form a pack. In this 
paper, four kinds of subdivisions are considered, these include 
6x16, 8x12, 12x8 and 16x6 arrangements where the former is 
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Fig. 2: Battery pack two level balancing topology. Each 
module employs a dissipative balancing circuit or one of the 
four redistributive circuits in Fig. 1. 

the number of modules and the latter is cells per module. The 
four redistributive topologies considered in this paper generate 
16 combinations of pure redistributive balancing pack topolo
gies. In addition, 8 mixed two-level dissipative/redistributive 
balancing topologies are also considered. One dissipative only 
balancing topology is used as a benchmark. 

To consider different battery pack architectures, the topol
ogy matrix for the battery pack needs to be modified to account 
for the two level structuring. Cell SOC balanced via two levels 
is given by 

SOC(T) = SOC(O) + � J i'b°dule(t)dt + � J i�ack(t)dt 
(24) 



The last two terms are controllable balancing currents in 
module level representing cell-to-cell balancing current and 
pack level representing module-to-module balancing current, 
respectively. If a 96 cell battery pack consists of m modules 
and each module contains n cell, the sacs of the battery pack 
can be expressed as 

[ SOC,(r) 1 [ SOCI(O) 1 SO;96(T) 
(25) 

SOC96 (0) 
imoduleT bl 

1 [ Tm 1 imoduleT 
+- b96 

Tp .pack 
Q 

Tm 
tbl T 

.pack 
tbm T 

where T m and T p represent topology matrices that are 
described in Section III. Subscript m and p denote module 
and pack levels, respectively. Topology matrices of these 
different complete pack balancing configurations are computed 
in Matlab script and solved using the linear program solver 
linprog [19]. Parameters of the battery pack are listed in 
Table I. 

TABLE I: Parameters of battery pack 

Number of cells 96 
Number of modules m 

Number of cells per module n 
Maximum module/cell level balancing current SA 

Maximum initial SOC deviation \0% 
A. Peiformance in idle mode 

Performance of balancing topologies in idle mode, zero pack 
current, are analyzed in this section. Constraints (8) and (10) 
are employed. Figure 3a) and b) show the worst-case balanc
ing time and the worst-case energy dissipation for different 
balancing combinations. Note that the x-axis represents one 
dissipative cell balancing topology, 16 redistributive balanc
ing combinations, and 8 mixed balancing combinations. The 
capital letter before slash represents module level balancing 
topology and the capital letter after slash represents pack 
level balancing topology. D is dissipative shunting resistor 
as passive balancing topology, L is line shunting, R is ring 
shunting, F is synchronous fly-back, and M is multi-winding 
transformer. Four shaded bars denote 6, 8, 12, and 16 modules 
structures from dark blue to light blue. 

From the results of these two plots, dissipative balancing 
topology has fast balancing time, but high energy loss. The 
multi-winding transformer topology leads to slow balancing 
time, because of only one channel working in one cycle. 
Combinations between ring shunting and synchronous fly-back 
converter have nice performance from these two aspects. As 
for the mixed balancing topologies, FID configurations can 
provide fast balancing time. Considering energy loss, DIF 
and DIM topologies with 16 modules outperform other mixed 
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Fig. 3: Idle-mode performance analysis a) The worst-case 
minimum balancing time b) The worst-case minimum energy 
loss. 

configurations. The shortest balancing time is 0.4 hour from 
combination of FIF. The lowest energy loss is 66Wh from 
combination FIR with six modules. 

B. Performance in plug-in charge mode 

The effect of balancing topology on the plug-in charge 
process is described here. It is assumed the battery pack 
is balanced at or before its fully charged state. A constant 
current -i-C mode pack charging scheme is assumed. These 
assumptions ensure feasibility of the combined charging and 
balancing process in terms of the simplified linear program
ming based analysis. The constraints employed are (9) and 
(10). 

A subset of 16 two-level redistributive topologies are con
sidered. The performance of 15 redistributive-balancing en
abled topologies are compared with the dissipative balancing 
topology, results are shown in Fig. 4. The results depicted in 
Fig. 4a) indicates the redistributive only balancing topologies 
can slightly shorten the worst case charging time. This arises 
since the most energy is lost during the charging process as 
depicted in Fig. 4. Redistributive balancing enabled topologies 
can recover this energy to charge other cells. 

C. Component counts 

Major components needed for the balancing topologies 
are summarized in Table II. Circuits containing dissipative 
balancing at the cell or module level use fewer components. 

V. CONCLUSIONS 

From the above analysis, overall battery pack balancing 
topologies can be evaluated considering balancing time, energy 
loss, effect on plug-in charge and component counts. Five 
top performing two-level balancing topologies are compared, 



TABLE II: Component Counts 

Number of switches Number of sensor resistors Number of inductorsl transformers 

FIL 2n·m+2(m-l) 2n· m+ (m-l) m -1 indcutors 
n . m 2-winding transformers 

FIR 2n ·m+2m 2n·m+m m -1 indcutors 
n . m + 1 2-winding transformers 

FIF 2n ·m+2m 2n· m+2m n . m + m 2-winding transformers 

F/M 2n·m+2(m+l) 2n·m+m n . m 2-winding transformers 
1 m-winding transformer 

LIL 2(n -1) . m + 2(m -1) (n -1)· m + (m -1) (n -1) . m + m -1 inductors 

LIR 2(n -1) ·m+2m (n-l) ·m+m (n - �) . m + m -1 inductors 
1 2-winding transformer 

LIF 2(n -1) ·m+2m (n-l) ·m+2m (n -1) . m inductors 
m 2-winding transformers 

LIM 2(n -1) . m + 2(m + 1) (n-l)· m+ 1 (n -1) . m inductors 
1 m-winding transformer 

RIL 2n . m + 2(m -1) n·m+(m-l) (n -1) . m + m -1 inductors 
m 2 winding-transformers 

RIR 2n· m+2m n·m+m (n - �) . m + m -1 inductors 
m + 1 2 winding-transformers 

RIF 2n· m+2m n·m+2m (n -1) . m inductors 
2m 2-winding transformers 

(n -1) . m indcutors 
RIM 2n·m+2(m+l) n·m+l m 2-winding transformers 

1 m-winding transformer 

MIL 2(n -1) . m + 2(m -1) m+m-l m -1 inductors 
m n-winding transformers 

m -1 inductors 
MIR 2(n -1) ·m+2m m+m 1 2-winding transformer 

m n-winding transformers 

MlF 2(n -1) ·m+2m m+2m m 2-winding transformers 
m n-winding transformers 

M/M 2(n -1) . m + 2(m + 1) m+l I m-winding transformer 
m n-winding transformers 

DIF n·m+2m n·m+2m m 2-winding transformers 

DIL n ·m+2(m-l) n·m+(m-l) m -1 inductors 

DIR n· m+2m n·m+m m -1 inductors 
m n-winding transformers 

DIM n 'm+2(m+ 1) n·m+l I m-winding transformer 

FID 2n·m+m 2n·m+n·m n . m 2-winding transformers 

LID 2(n-l)m+m (n-l)m+n ·m (n-I)m inductors 

RID 2n·m+m 2n·m �n -l)m inductors 
m 2-winding transformers 

MID 2(n+ l)m+m m+n·m m n-winding transformers 

two are pure redistributive-only balancing topologies, two 
are mixed balancing topologies, and the remaining is pure 
dissipative-only balancing topology. They are compared graph
ically in a spider-chart as shown in Fig. 5. In the spider chart, 
the scoring is from 0 in the center to 1 at the edge to represent 
bad to good comparative performance. Balancing time and 
energy loss in two modes of FIF with 6 modules and FIR 
with 6 modules outperform others. Compared with other mixed 
topologies, FID with 6 modules has the fastest balancing time. 
The passive balancing topology and DIF with 16 modules need 
less components compared to others. 
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