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A B S T R A C T

The continuous growth of the electric vehicles market and the increasing environmental awareness impose to
search for innovative solutions to reuse the exhausted vehicle batteries in different applications. One of the
main problems of second-life batteries is the very high mismatch among their cell capacities which reduces
the overall battery performance. The mismatch effect can be overcome by using dynamic equalization. This
technique aims to keep balanced as much as possible the State of Charge of the cells during the battery
operation, i.e. in both the charge and discharge phases. In order to do this, the dynamic equalization approach
requires a high-current active energy balancing system able to move a quantity of charge among the battery
cells much higher than the active balancing circuits sometimes used in first-life batteries. The use of a high
equalization current increases the design complexity of the balance system.

A methodology to study and compare the main balance system topologies suitable for second-life batteries
with dynamic equalization approach is presented in this work. The Adjacent Cell-to-Cell, Direct Cell-to-Cell,
Cell-to-Pack, and Pack-to-Cell active balance topologies are analyzed considering the case study of a second-life
battery composed of 10 series-connected cells with capacity values uniformly distributed around±15% of the
nominal value.

The investigation proves that the Direct Cell-to-Cell topology has the best performance. This balancing
topology improves the usable battery capacity of around 16% with respect to the case in which no dynamic
equalization is applied if a DC/DC converter with a power efficiency of only 70% is used. Finally, the results
show that the Adjacent Cell-to-Cell performance is strongly affected by the position of the cell mismatches in
the battery.
1. Introduction

The use of aged batteries in second-life applications is becoming
more and more important thanks to the increased number of battery
packs that reach the end of their first life in electric vehicles. Usually,
the first life of the traction batteries ends when the remaining capacity
reaches the 70–80% of the brand-new capacity. Furthermore, the in-
creasing concern about climate change and the need of a responsible
use of the natural resources push toward the complete utilization of
such remaining capacity, by reusing the aged batteries in applications
where the requirements are less demanding [1]. Stationary applications
are the most promising ones , where batteries are used to reduce the
load peaks in the electricity distribution network and to mitigate the
intermittent production of renewable energy sources [2,3]. Stationary
applications often require batteries with high energy capabilities but
less demanding in terms of power. In fact, these batteries are usually
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charged and discharged once a day with rather low current rates. For
example, the batteries used as energy storage systems in the electricity
distribution network are charged during the off-peak hours between 9
pm and 5 am and discharged in the remaining time [4].

As a general rule, the usable capacity of a battery composed of
series-connected cells is limited by the capacity of the less performing
cell [5]. Therefore, brand-new battery packs are manufactured with
cells that show very limited capacity mismatch among them. In any
case, charge equalization or balancing procedures are applied whenever
a charge mismatch among the cells is detected. These procedures are
usually applied at the end of a full charge and restore the fully balanced
battery status. Charge equalization is one of the most studied issues of
lithium-ion batteries. In recent years, many equalization circuits and
algorithms were published in the literature and compared in many
review studies [6–8]. These studies usually divide the equalization
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Fig. 1. Comparison between the classic balancing approach applied to the first and second-life batteries, and the dynamic equalization approach applied to second-life batteries.
approaches in two groups: passive and active. The passive approach
consists of using one or more bleeding resistors to discharge the most
charged cells to a level corresponding to the lowest charged one. The
result is that the stored charge is equalized in each of the series-
connected cells of the battery [9] and the extra charge is wasted on
purpose. Instead, the active approaches aim to move the stored charge
from the most charged cells to the most discharged ones thus reducing
the amount of wasted energy. Passive techniques are the most used
in first-life batteries, in which the fresh cells present very uniform
capacity and self-discharge current values [10]. Thus, the small amount
of energy recovered by the active techniques does not justify the higher
cost of the balancing circuit [9].

While brand-new batteries show a very uniform distribution of the
individual cell capacities, second-life batteries are instead characterized
by a larger variability of the cell capacities, which gradually increases
with the battery aging [10]. This fact leads to the problem that the
charge potentially available in the battery cannot fully be used, even
if the battery cells are balanced at the end of the charging stage. In
fact, the discharge process is interrupted when the weakest cell reaches
its cut-off voltage, while residual charge is still available in the other
cells. This problem can be overcome by using the dynamic equalization
technique [11], which uses an active charge equalization system to
move charges from the cells with higher capacity to the cells with lower
capacity while the battery is in use [12,13].

It is important to note that the goal of dynamic equalization is
completely different from that of active balancing. In fact, the active
balancing process aims to equalize the charges stored in the cells in
some specific moments of the battery life, for example at the end
of the charge. Instead, the dynamic equalization procedure aims to
continuously keep the state of charge of each cell of the battery equal
as much as possible to the others, during both the charge and discharge
phases. In this way, all the battery cells can fully be charged and
discharged, thus maximizing the usable capacity of the battery, even
if the capacities of its cells are widely spread [14].

Let us further discuss the difference between active charge balanc-
ing and dynamic equalization. The balancing technique applied to a
first-life battery is shown in Fig. 1(A). As we can note, the very low
charge mismatch among the cells can be balanced in the last part of
the charging phase allowing the complete charge and discharge of the
battery. On the contrary, second-life batteries contain aged cells whose
capacity and self-discharge current can show an important mismatch,
even larger than 15% [15]. This value makes passive balancing systems
and low-current active ones not suitable for second-life batteries, as
shown in Fig. 1(B). Second-life batteries instead require a Battery Man-
agement System (BMS) equipped with a high-current active balancing
circuit that performs a dynamic equalization approach as shown in
Fig. 1(C) [16,17]. The dynamic equalization must always be active for
the entire duration of the charge and discharge phases, to maintain
2

the State of Charge of all the battery cells balanced, and to allow the
complete exploitation of the charge stored in the battery.

Dynamic equalization requires a high equalization current to allow
a large quantity of charge to be exchanged. These specifications make
the choice of the most suitable active equalization topology difficult.
Many literature works compare the Adjacent Cell-to-Cell (AC2C), Di-
rect Cell-to-Cell (DC2C), Cell-to-Pack (C2P), and Pack-to-Cell (P2C)
active balancing architectures using both theoretical and simulative
approaches for the first-life applications [18–25]. For example, Qu et al.
in [18] show that the DC2C architectures have the best performance but
require complex hardware structures and control algorithms. Moreover,
C2P and P2C can be good alternatives to DC2C for small-size batteries.
However, these works merely analyze the case in which the battery
is composed of new cells with very low variability of the parameters,
in which the active balancing process is only used. To the best of our
knowledge, active equalization topologies have never been compared
in second-life case studies to implement the dynamic equalization
approach.

The aim of this work is to overcome this research gap, to study
and compare the main active equalization topologies, and to help the
designer in the choice of the best architecture for second-life BMS
design. The Adjacent Cell-to-Cell, Direct Cell-to-Cell, Cell-to-Pack, and
Pack-to-Cell equalization topologies are modeled using a theoretical
approach and applied to a second-life battery case study. We used a
simulative platform developed in Matlab Simulink to investigate the dy-
namic equalization topologies. The simulative approach was preferred
to avoid the complexities of the physical realization of the equalization
systems investigated and to obtain results as much general as possible
in terms of balancing circuits and mismatches of the cell capacities.
However, the results obtained by simulation can easily be extended
to real physical implementations, by using the experimental data from
literature works on the active balancing topologies, as it will be shown
in Section 7.

The rest of the paper is organized as follows: Section 2 reports on the
methodology applied to study the main active balancing topologies for
the dynamic equalization approach in second-life applications. A brief
description and the results obtained for the AC2C, DC2C, C2P, and P2C
topologies are reported in Sections 3, 4, 5, and 6, respectively. Section 7
analyzes, discusses the results, and compares the studied topologies.
Finally, the main work conclusions are summarized in the last section.

2. Methodology

Large battery packs are usually composed of modules connected in
series and/or parallel. Each module is in its turn consists of elementary
cells, and it is usually equipped with a dedicated electronic system that
includes the equalization circuit. For the sake of simplicity, this work
focuses on the dynamic equalization inside the module, but the same
concepts could easily be applied to the equalization of the capacity
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Fig. 2. Block diagram of generic active equalization system applied to a battery
omposed of N series-connected cells.

ismatch among the modules of the battery pack. As such, the terms
attery, battery pack, and module are used without distinction and
efer to one battery module.

The generic block diagram of an active equalization system ap-
lied to a battery composed of N series-connected cells is reported in
ig. 2 [22]. It consists of an 𝑁 + 1-port system able to move energy

from one port to another one. The path of the energy flux can be used
to classify the active equalization techniques in Adjacent Cell-to-Cell,
Direct Cell-to-Cell, Cell-to-Pack, and Pack-to-Cell topologies [8,18]. The
AC2C topology uses the 𝑁 ports connected to the cells to move energy
rom any cell to its adjacent ones only. The DC2C techniques, instead,
re able to move energy from any cell of the pack to any other. Both
hese techniques do not use the port labeled 𝑁 + 1 that is instead used

in the P2C and C2P techniques. The port 𝑁 + 1 is connected to the
terminals of the battery pack and allows the P2C and C2P architectures
to move energy from the entire pack to a single cell and vice versa,
respectively.

Each energy transfer is characterized by an efficiency value that de-
pends on the equalization circuit utilized. The equalization circuit can
be represented by one or more DC/DC converters that are connected
to the input and output ports of the equalization system by means of a
switch matrix. To keep the following discussion as general as possible,
the details of the specific equalization circuits are neglected, and the
process of energy transfer from port 𝑖 to port 𝑜 is modeled as:

𝑃𝑜 = 𝜇𝑃𝑖 (1)

where 𝑃𝑜 is the output power at port 𝑜, 𝑃𝑖 is the input power at port
𝑖, and 𝜇 is the power efficiency of that particular energy transfer. 𝑃𝑜
and 𝑃𝑖 are the product of the voltage and current at the corresponding
converter port. The voltage at converter ports 1...𝑁 is the same of the
corresponding cell voltage, while the voltage at port 𝑁+1 is equal to the
battery voltage (i.e., the sum of all the cell voltages). The cell voltage
is the contribution of the open circuit voltage, which mainly depends
on the cell state of charge (SoC), and a dynamic term that depends on
the cell current through its impedance [26].

The dynamic equalization technique aims at leveling the SoC of each
battery cell at any time during the battery operation, by varying the
cell current according to its actual capacity. Thus, we can assume that
the battery cells have a very similar SoC when dynamic equalization
is active. This in turn implies that all the cells have a very similar
open circuit voltage. Thus, cell voltages can differ only for the dynamic
term. However, the dynamic term is usually small compared to the open
circuit voltage [27], thus its variation among the battery cell, due to
3

b

cell impedance mismatch, can safely be neglected. In conclusion, the
cell voltages are assumed to be uniform in the battery for the purpose
of this work. In fact, as shown above, this is a good approximation when
dynamic active equalization is applied and avoids the complications of
using a dynamic cell model to compute its voltage. This allows Eq. (1)
to be written only in terms of the input and output port currents, 𝐼𝑖 and
𝐼𝑜 respectively, as:

⎧

⎪

⎪

⎨

⎪

⎪

⎩

𝜇 = 𝑃𝑜
𝑃𝑖

= −𝐼𝑜
𝐼𝑖

∀𝑜, 𝑖 = 1,… , 𝑁

𝜇 = 𝑃𝑜
𝑃𝑖

= −𝑁𝐼𝑜
𝐼𝑖

∀𝑖 = 1,… , 𝑁 ; 𝑜 = 𝑁 + 1

𝜇 = 𝑃𝑜
𝑃𝑖

= −𝐼𝑜
𝑁𝐼𝑖

𝑖 = 𝑁 + 1; ∀𝑜 = 1,… , 𝑁

(2)

where the first equation holds for AC2C and DC2C while the last two
equations for C2P and P2C topologies, respectively.

It is now useful to recall the definition of SoC in the following
equation:

𝑆𝑜𝐶(𝑡)
def
=

𝑄𝐶 (𝑡)
𝐶𝐶

=
𝑄𝐶 (𝑡𝑖) − ∫ 𝑡

𝑡𝑖
𝑖(𝜏)𝑑𝜏

𝐶𝐶
(3)

where 𝑄𝐶 (𝑡) is the charge stored in the cell, 𝐶𝐶 is the actual cell
capacity and 𝑖(𝜏) is the cell current. The cell coulombic efficiency is
neglected in (3) since it is very close to 1 for lithium-ion cells.

Starting from the definition of SoC in Eq. (3), we can calculate
the charge (𝑄𝑗) that the dynamic equalization algorithm should move
from/to the 𝑗th cell to reach the fully charged or discharged status at
the end of the charge and discharge phases, respectively. For example,
Eq. (4) shows the 𝑗th cell SoC when the cell is completely discharged at
time 𝑡𝑓 (𝑆𝑜𝐶𝑗 (𝑡𝑓 ) = 0), starting from a fully charged condition at time
𝑡𝑖 (𝑆𝑜𝐶𝑗 (𝑡𝑖) = 1).

𝑆𝑜𝐶𝑗 (𝑡𝑓 ) =
𝐶𝐶𝑗

− ∫ 𝑡𝑓
𝑡𝑖

(𝐼𝐵 + 𝐼𝑁+1 + 𝐼𝑗 )𝑑𝜏

𝐶𝐶𝑗

= 0 (4)

The integral in (4) can be expressed as the sum of the three quan-
tities of charge: 𝑄𝐵 , 𝑄𝑁+1, and 𝑄𝑗 . 𝑄𝐵 is the charge provided by
the battery to the external load and is therefore the exploited battery
capacity 𝐶𝐵 . 𝑄𝑁+1 and 𝑄𝑗 are the charges moved through the ports
𝑁 + 1 and 𝑗, respectively. The calculation of these charge quantities
can be obtained in a closed form only if the power efficiency 𝜇 of the
active equalization system is equal to 1 (ideal case) and 0 (passive
balancing). In the ideal case, the charge balance in the equalization
circuit is expressed by (5) as:
𝑁
∑

𝑗=1
𝑄𝑗 +𝑁𝑄𝑁+1 = 0 (5)

Moreover, 𝑄𝑗 can be written as 𝑄𝑗 = 𝐶𝐶𝑗
−𝑄𝐵 −𝑄𝑁+1 from (4) and

therefore battery capacity 𝐶𝐵 in the ideal case is:

𝐶𝐵|
|

|

𝜇=1
=

∑𝑁
𝑗=1 𝐶𝐶𝑗

𝑁
(6)

This equation states that the maximum usable capacity of the battery
is equal to the average of the cell capacity values, independently of is
the equalization topology used if its power efficiency is equal to one.
The same result is obtained considering the opposite case in which the
battery starts from a fully discharged condition and is fully charged. On
the other hand, all the moved energy is wasted if 𝜇 is equal to 0, and
o the battery capacity is equal to the minimum cell capacity.

𝐵|
|

|

𝜇=0
= min

𝑗∈[1,… ,𝑁]
𝐶𝐶𝑗

(7)

Instead, the equalization topology affects the value of 𝐶𝐵 if 𝜇 is
ifferent from 0 and 1 as it will be demonstrated in the next sections.
he AC2C, DC2C, P2C, and C2P topologies are modeled and then
pplied to a simple case study (Case A) to analyze and compare the

ehavior of each one. Case A is a second-life battery composed of 10
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cells with a capacity uniformly distributed in the range 20Ah ± 15%,
i.e., from 17 to 23Ah with steps of 0.66Ah. The cells are supposed to
be arranged with increasing capacity from Cell 1 to Cell 10, with no
loss of generality. Different cell arrangements will be considered and
discussed if needed. Moreover, the accuracy of the cell SoC estima-
tion is key to obtain a good dynamic equalization algorithm and to
accurately control the battery behavior. Several improvements in the
accuracy of the battery state estimation algorithms can be found in
the literature [27,28]. Therefore, another assumption of this work is
to consider the state estimation algorithm accurate enough to consider
the capacity of each battery cell and its SoC known.

3. Adjacent Cell-to-Cell (AC2C)

The Adjacent Cell-to-Cell technique uses 𝑁 −1 bidirectional DC/DC
converters to move energy from any cell to one of two adjacent
cells [18]. Its block diagram is shown in Fig. 3. It is derived from the
diagram of Fig. 2 where the 𝑁 + 1th port is omitted and the charge
transfer is only limited to adjacent cells. Flyback [21], Buck–Boost [29],
and switched–capacitor [30] converters are the most frequently used
circuits to realize these DC/DC converters. The flyback converter is
more expensive because it requires a transformer, but its control algo-
rithm is simpler than the other ones. On the other hand, the Buck–Boost
converter is composed of a simple and cheap circuit but the control
algorithm is more complex. The circuit of the switched–capacitor ar-
chitecture is very simple and extremely cheap, being composed of
capacitors that are connected alternatively between two adjacent cells.
The drawback of this approach is the rather low balancing current.

Let us describe the equations derived from the application of this
charge balance approach after a complete discharge phase according
to the procedure described in Section 2.

⎧

⎪

⎨

⎪

⎩

𝐶𝐶1
= 𝑄𝐵 +𝑄1 2

𝐶𝐶𝑗
= 𝑄𝐵 −𝑄𝑗 𝑗−1 +𝑄𝑗 𝑗+1 ∀𝑗 = 2, … , 𝑁 − 1

𝐶𝐶𝑁
= 𝑄𝐵 −𝑄𝑁 𝑁−1

(8)

{

𝑄𝑗+1 𝑗 = 𝜇𝑄𝑗 𝑗+1 if 𝑄𝑗 𝑗+1 ≥ 0 (when 𝑗 𝑗 + 1 is the input port)
𝑄𝑗+1 𝑗 =

1
𝜇𝑄𝑗 𝑗+1 if 𝑄𝑗 𝑗+1 < 0 (when 𝑗 𝑗 + 1 is the output port)

(9)

To the best of our knowledge, the battery exploitable capacity
𝐵 cannot be calculated in closed form using the AC2C model when
is different from 0 or 1. The value of 𝐶𝐵 depends on both the

apacities and positions of the cells in the battery. However, an iterative
rocedure can be applied to obtain the quantities of charge to move
mong the cells to maximize the usable capacity of the battery and thus
etermining 𝐶𝐵 . The procedure starts defining a target value (𝑄𝑡𝑎𝑟𝑔) for

𝑄𝐵 and calculates the quantity of charge that must be moved from/to
each cell to obtain this capacity value. 𝑄1 2 is calculated according to
the first equation of system (8) by substituting 𝑄𝑡𝑎𝑟𝑔 to 𝑄𝐵 . Then, the
second equation of system (8) and the system (9) are used to calculate
𝑄𝑗 𝑗+1 for all battery cells with 𝑗 index from 2 to 𝑁 − 1. Finally, the
equation related to cell 𝑁 provides a feedback on the 𝑄𝑡𝑎𝑟𝑔 value chosen
at the beginning of the iteration, as reported in (10).

⎧

⎪

⎨

⎪

⎩

𝐶𝐶𝑁
+𝑄𝑁 𝑁−1 > 𝑄𝑡𝑎𝑟𝑔 ⟹ 𝐶𝐵 > 𝑄𝑡𝑎𝑟𝑔

𝐶𝐶𝑁
+𝑄𝑁 𝑁−1 = 𝑄𝑡𝑎𝑟𝑔 ⟹ 𝐶𝐵 = 𝑄𝑡𝑎𝑟𝑔

𝐶𝐶𝑁
+𝑄𝑁 𝑁−1 < 𝑄𝑡𝑎𝑟𝑔 ⟹ 𝐶𝐵 < 𝑄𝑡𝑎𝑟𝑔

(10)

In particular, the sum of 𝐶𝐶𝑁
with the charge quantity moved from

cell 𝑁 − 1 to cell 𝑁 (𝑄𝑁 𝑁−1) is the maximum charge that can be
delivered from cell 𝑁 . If this value is higher than 𝑄𝑡𝑎𝑟𝑔 , there still
remains some charge stored in cell 𝑁 that is not delivered to the load,
since the discharge ends due to the undercharge condition of the other
cells. Therefore, 𝐶𝐵 is higher than the current 𝑄𝑡𝑎𝑟𝑔 value. Instead, if
the sum 𝐶 + 𝑄 is lower than 𝑄 , the maximum charge that
4

𝐶𝑁 𝑁 𝑁−1 𝑡𝑎𝑟𝑔
Fig. 3. Block diagram of a generic Adjacent Cell-to-Cell active equalization system
applied to a battery composed of N series-connected cells.

can be extracted from the 𝑁th cell, and thus from the battery, is lower
than 𝑄𝑡𝑎𝑟𝑔 . For these reasons, we find the value of 𝑄𝑡𝑎𝑟𝑔 equal to 𝐶𝐵
only when the available charge from Cell 𝑁 is equal to 𝑄𝑡𝑎𝑟𝑔 . Fig. 4
reports the 𝐶𝐶𝑁

+ 𝑄𝑁 𝑁−1 as a function of 𝑄𝑡𝑎𝑟𝑔 charge for different 𝜇
values obtained with the application of the described procedure to Case
A. 𝑄𝑡𝑎𝑟𝑔 is changed in a range from 𝐶𝐵|

|

|

𝜇=0
to 𝐶𝐵|

|

|

𝜇=1
, i.e., the minimum

(17Ah) and the average (20Ah) cell capacity in Case A.
The deliverable charge 𝐶𝐶𝑁

+𝑄𝑁 𝑁−1 is equal to 𝑄𝑡𝑎𝑟𝑔 for 17Ah and
20Ah with 𝜇 of 0 and 1, respectively, as theoretically demonstrated
in (7) and (6). The dashed line identifies the optimal value 𝐶𝐵 as a
function of 𝜇. The results show that the maximum charge extracted
from the battery when dynamic equalization is applied decreases with
the efficiency of the converter, as expected. Another interesting aspect
highlighted by the results shown in Fig. 4 is the sensitivity of the
dynamic equalization algorithm in calculating the equalization charges
𝑄𝑗 𝑗+1. Choosing the proper values of the equalization charges 𝑄𝑗 𝑗+1,
and thus of the equalization times, is more difficult in equalization
systems with low efficiency. In fact, the high slope of the low-efficiency
curves may result in a large variation in the charge available in cell 𝑁
(given by 𝐶𝐶𝑁

+ 𝑄𝑁 𝑁−1) and so in 𝐶𝐵 for a small error in setting the
𝑄𝑡𝑎𝑟𝑔 value.

The maximum exploitable battery capacity 𝐶𝐵 was obtained by
comparing 𝐶𝐶𝑁

+ 𝑄𝑁 𝑁−1 with 𝑄𝑡𝑎𝑟𝑔 . The values reported in Fig. 4
(dashed blue line) for different values of 𝜇 depend on the initial
hypothesis of cells order in ascending order of capacity. In fact, it
should be noted that the 𝐶𝐵 values obtained with the AC2C topology
are strongly influenced by the distribution of the capacity mismatch
among the cells of the battery. The arrangement of cells, ordered from
the lowest to the highest capacity, forces the charge movement from the
highest cells to the lowest ones, passing through all the intermediate
cells. For each cell involved in the transfer, the starting quantity of
charge is reduced because of the efficiency of the DC/DC converter.
The net result is the lowest value of 𝐶𝐵 . Indeed, Case A represents the
worst distribution of mismatch, because it moves the largest quantity
of charges before equalization is reached The procedure to calculate
the maximum battery capacity 𝐶𝐵 was repeated for all the possible per-
mutations (10! = 3,628,800) of the battery cell position. The minimum,
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Fig. 4. Comparison between 𝐶𝐶𝑁
+𝑄𝑁 𝑁−1 and 𝑄𝑡𝑎𝑟𝑔 charges for different 𝜇 values. This

comparison produces feedback to identify the battery capacity (𝐶𝐵) using Eq. (10). (For
interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)

Fig. 5. 𝐶𝐵 values obtainable with the Adjacent Cell-to-Cell topology for different
C/DC efficiency 𝜇 with the cell capacity distribution of Case A (blue line). The orange

ine shows the minimum, mean and maximum 𝐶𝐵 values obtained by permuting the
ell position of Case A. (For interpretation of the references to color in this figure
egend, the reader is referred to the web version of this article.)

aximum, and mean (orange line) values of 𝐶𝐵 for each 𝜇 are reported
n Fig. 5.

As anticipated above, the arrangements of the cells from the lowest
o the highest capacity and vice-versa are the worst conditions, because
he largest quantity of charge is moved from the upper cells to the lower
nes through the intermediate cells (and vice versa with the opposite
rder of the cells) before the equalization is reached. The best cell
osition arrangement is not the same for all the values of 𝜇 because 𝜇
nfluences the remaining quantities of charge in each step. Indeed, 𝐶𝐵
s maximized by minimizing the number of charge movements. Cells
5

𝑄

Fig. 6. Maximum battery capacity distribution for different 𝜇 obtained with all the
possible permutations of the cell position starting from Case A.

with capacity mismatches of opposite signs with respect to the mean
value should be placed the closest possible, to minimize the number of
charge movements. The distributions of the maximum battery capacity
𝐶𝐵 for all the cell permutations with 𝜇 of 0.1, 0.3, 0.5, 0.7, and 0.9 are
eported in Fig. 6. It shows that 𝐶𝐵 is strongly dependent on the cell
rrangement. For example, it varies from 18.4Ah to 19.7Ah when 𝜇 is
.7.

. Direct Cell-to-Cell (DC2C)

The DC2C topologies aim to directly move energy from any cell
f the battery to another one [18]. Fig. 7 shows the two main
rchitectures used to implement the DC2C topology.

Each cell is equipped with one bidirectional isolated DC/DC con-
erter with two ports in the first architecture (DC2Cp) [31]. One port
s connected to the cell, while the second one is connected to a common
us. In this way, each converter moves energy from its cell to the
us and vice-versa, thus realizing a two-step transfer through two
onverters. The second DC2C architecture (DC2Cs) is composed of only
ne isolated DC/DC converter with one input and one output port [32].
he input and output ports can be connected to any cell of the battery
hrough a switching network that must carefully be controlled to avoid
hort circuits between cells. The same model is used to describe the two
rchitectures. It is reported in the following equation system:
{

𝐼𝐶𝑗
= 𝐼𝐵 + 𝐼𝑗 ∀𝑗 = 1, … , 𝑁

−
∑

𝐼𝑜 = 𝜇
∑

𝐼𝑖
(11)

here 𝑜 and 𝑖 are the indices of the cells that are charged and dis-
harged, respectively. The parameter 𝜇 has a different meaning for
he two architectures. It is the product of the energy efficiencies of
he bidirectional DC/DC converters used to move energy from cell
to the bus and from the bus to cell 𝑜 in the DC2Cp architecture.

nstead, 𝜇 is the product of the efficiencies of the switching network
nd the unidirectional DC/DC converter in the DC2Cs architecture. The
urrent equations reported in system (11) can be transformed in charge
quations using the same approach applied to the AC2C topologies.
lso in this case, 𝐶𝐵 cannot be derived with a closed-form equation,
ut it can easily be obtained with an iterative procedure. The process
tarts defining a value of 𝑄𝑡𝑎𝑟𝑔 and calculating the quantity of charge to
e moved from/to each cell replacing 𝑄𝑡𝑎𝑟𝑔 to 𝑄𝐵 in the first equation
f (11) that is written as:
𝑗 = 𝐶𝐶𝑗
−𝑄𝑡𝑎𝑟𝑔 ∀𝑗 = 1, … , 𝑁 (12)
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Fig. 7. Block diagram of the two main topologies of Direct Cell-to-Cell active equalization system applied to a battery composed of 𝑁 series-connected cells.
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Fig. 8. Comparison between −
∑

𝑄𝑜 and 𝜇
∑

𝑄𝑖 charges for different 𝜇 values. This
omparison produces a feedback to identify the battery capacity using the equation
ystem (13).

The feedback on the 𝑄𝑡𝑎𝑟𝑔 value is produced by the second equation
f the system (11) which is rewritten with the charge variables. The
eedback effect at the end of the iteration is reported in the equation
ystem (13).

−
∑

𝑄𝑜 < 𝜇
∑

𝑄𝑖 ⟹ 𝐶𝐵 < 𝑄𝑡𝑎𝑟𝑔

−
∑

𝑄𝑜 = 𝜇
∑

𝑄𝑖 ⟹ 𝐶𝐵 = 𝑄𝑡𝑎𝑟𝑔

−
∑

𝑄𝑜 > 𝜇
∑

𝑄𝑖 ⟹ 𝐶𝐵 > 𝑄𝑡𝑎𝑟𝑔

(13)

The procedure is applied to Case A varying 𝑄𝑡𝑎𝑟𝑔 in the range from
𝐵|
|

|

𝜇=0
to 𝐶𝐵|

|

|

𝜇=1
and 𝜇 from 0 to 1. Fig. 8 reports the diagrams of

∑

𝑄𝑜 and 𝜇
∑

𝑄𝑖 for several values of 𝜇, whereas Fig. 9 summarizes
the battery capacity values obtainable as a function of the DC/DC con-
verter transfer efficiency. 𝐶𝐵 ranges from 17Ah to 20Ah, as expected
for 𝜇 = 0 and 𝜇 = 1.
6

Fig. 9. 𝐶𝐵 values obtainable with the Direct Cell-to-Cell topology for different DC/DC
fficiency 𝜇 with the cell capacity distribution of Case A.

. Pack-to-Cell (P2C)

The energy moves from the entire battery pack to a single cell in
he P2C topologies. Two different P2C architectures can be identified.
heir block diagrams are shown in Fig. 10. The first architecture
P2Cs) consists of a unidirectional DC/DC converter with the input
ort connected to the battery pack and the output port connected to a
witch matrix that selects one particular battery cell [33,34]. Instead,
he second architecture (P2Cp) consists of a unidirectional DC/DC
onverter with the input port connected to the battery pack and 𝑁

output ports, one for each cell composing the battery pack [35].
The two P2C architectures can be described by the same equation

system using the approach applied to the DC2Cp and DC2Cs architec-
tures. The P2C equation system is reported in (14) and is obtained by
applying the Kirchhoff’s law to each cell and imposing the correct sign
of the current value to each DC/DC port, together with the efficiency
equation of the energy transfer, i.e. Eq. (1).

⎧

⎪

⎪

⎨

⎪

⎪

⎩

𝐼𝐶𝑗
= 𝐼𝐵 + 𝐼𝑁+1 + 𝐼𝑗 ∀𝑗 = 1, … , 𝑁

𝐼𝑗 ≤ 0 ∀𝑗 = 1, … , 𝑁
𝐼𝑁+1 ≥ 0
−
∑𝑁

𝑗=1 𝐼𝑗 = 𝜇𝑁𝐼𝑁+1

(14)

An iterative procedure very similar to the ones used in AC2C and
DC2C techniques can also be applied to the P2C model to obtain 𝐶𝐵 as a
function of the 𝜇 value of the balancing system. A target battery charge
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Fig. 10. Block diagram of a generic Pack-to-Cell active equalization system applied to a battery composed of N series-connected cells.
Fig. 11. 𝑄𝐵 values for Case A with different 𝑄𝑡𝑎𝑟𝑔 and 𝜇 values.

value (𝑄𝑡𝑎𝑟𝑔) is defined in the range from the minimum to the maximum
cell capacity values. The quantity 𝑄𝑗 , equal to the difference between
𝑄𝑡𝑎𝑟𝑔 and the cell capacity 𝐶𝑗 , is calculated for each 𝑄𝑡𝑎𝑟𝑔 value. The
𝑄𝑗 values represent the quantity of charge to add or remove from the
cell 𝑗 to reach an available quantity of charge equal to 𝑄𝑡𝑎𝑟𝑔 . However,
the unidirectional DC/DC converter only allows charge to be moved
from the battery pack to the cells, so the positive values of 𝑄𝑗 must
be set to 0. The sum of 𝑄𝑗 divided by −𝜇𝑁 is the quantity of charge
that the DC/DC converter removes from all the battery cells, i.e. 𝑄𝑁+1.
The maximum quantity of charge that can be delivered from all the
cells to the load (𝑄𝐵) is calculated using Eq. (15), which is obtained
from the first equation group of the system (14) written with the charge
variables.

𝑄𝐵 = min
𝑗∈[1,… ,𝑁]

(𝐶𝐶𝑗
−𝑄𝑁+1 −𝑄𝑗 ) (15)

Finally, 𝐶𝐵 is the maximum value of 𝑄𝐵 that depends on 𝑄𝑡𝑎𝑟𝑔 . This
procedure is applied to Case A with 𝜇 in the range from 0.1 to 1. The
7

Fig. 12. 𝐶𝐵 values obtainable with the Pack-to-Cell topology for different DC/DC
efficiency 𝜇 with the cell capacity distribution of Case A.

value 𝜇 = 0 is not considered, because the division between the sum of
𝑄𝑗 and 𝜇𝑁 leads to an illegal operation. The 𝑄𝐵 values obtained with
Eq. (15) for each 𝜇 are reported in Fig. 11.

Fig. 11 shows that 𝑄𝐵 increases with 𝑄𝑡𝑎𝑟𝑔 until the maximum value
is reached. Then, if 𝑄𝑡𝑎𝑟𝑔 increases 𝑄𝐵 starts to decrease because the
contribution of the charge drained by the DC/DC converter from the
battery pack is higher than the one delivered to the cells. The maximum
values of each 𝑄𝐵 curve for a given 𝜇 is the value of 𝐶𝐵 . These values
are reported in Fig. 12 as a function of the converter transfer efficiency.

6. Cell-to-Pack (C2P)

The aim and the architecture of the C2P topology are very similar
to those of P2C, as it can be noted from the block diagrams shown in
Fig. 13. The only difference is that the DC/DC converters move energy
from a given cell of the battery to the entire battery pack in this case.
Two different architectures can also be defined for C2P topology: C2Ps,
and C2Pp.

⎧

⎪

⎪

⎨

⎪

⎪

⎩

𝐼𝐶𝑗
= 𝐼𝐵 + 𝐼𝑁+1 + 𝐼𝑗 ∀𝑗 = 1, … , 𝑁

𝐼𝑗 ≥ 0 ∀𝑗 = 1, … , 𝑁
𝐼𝑁+1 ≤ 0
−𝐼𝑁+1 =

𝜇
𝑁

∑𝑁
𝑗=1 𝐼𝑗

(16)

The model equations are reported in (16) and they are very similar
to the P2C ones. However, the calculation of 𝐶 is easier than in P2C
𝐵
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Fig. 13. Block diagrams of a generic Cell-to-Pack active equalization system applied to a battery composed of N series-connected cells.
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Fig. 14. 𝑄𝐵 values for Case A with different 𝑄𝑡𝑎𝑟𝑔 and 𝜇 values.

topology because the unidirectional DC/DC converters move charge
from single battery cells to the entire battery pack. The maximum
capacity 𝐶𝐵 is obtained by setting 𝑄𝑡𝑎𝑟𝑔 equal to the minimum cell
capacity. Indeed, each cell is discharged of a quantity of charge equal to
𝑄𝑡𝑎𝑟𝑔−𝐶𝐶𝑗

in order to bring all the cell capacities equal to the minimum
one. The process is very similar to passive balancing. However, the
energy is not completely wasted as in passive balancing, because the
extracted charge is returned to the pack and all the cells are charged
with the same quantity of charge, thus maximizing the usable capacity
of the battery. To better explain this concept, the same procedure
explained for P2C topology is used with the C2P model to calculate the
𝑄𝐵 values for Case A with different 𝑄𝑡𝑎𝑟𝑔 and 𝜇 values. The obtained 𝑄𝐵
values are reported in Fig. 14 in which we can note that the maximum
𝑄𝐵 value is obtained with 𝑄𝑡𝑎𝑟𝑔 equal to the minimum cell capacity
(85% of 20Ah). Fig. 15 reports the maximum values of 𝐶𝐵 obtained
with different 𝜇. These values are the maximum values of 𝑄𝐵 reported
in Fig. 14.
8

F

Fig. 15. 𝐶𝐵 values obtainable with the Cell-to-Pack topology for different DC/DC
efficiency 𝜇 with the cell capacity distribution of Case A.

7. Topology comparison

Let us now have a comparative evaluation of the different dynamic
equalization techniques described in detail in the above sections.

7.1. Comparison of simulation results

The individual 𝐶𝐵 curves for the AC2C, DC2C, P2C, and C2P topolo-
ies are shown in Fig. 16.

All the curves are obtained from case-study A except for topology
C2C. In this case, the same cell capacity distribution of Case A is
sed but all 10! permutations of the cell positions are considered since
C2C results strongly depend on the capacity mismatch distribution.
he AC2C diagram reports the minimum and the maximum values of
𝐵 as bottom and top of the error bars drawn over the relative mean
alue. The minimum value of 𝐶𝐵 for AC2C is lower than in the other
opologies for 𝜇 values higher than 0.1. On the other hand, the mean
alue of 𝐶𝐵 is higher than those of the P2C and C2P topologies, whereas
he maximum value is very similar to the one obtained with the DC2C
opology. The DC2C topology shows the best performance in terms of
sable capacity.

It is important to note that a significant quantity of charge is
oved by the dynamic equalization circuit to obtain an improvement

f the exploitable battery capacity. This quantity depends on the active
alancing architecture adopted and the DC/DC converter efficiency.
ig. 17 shows and compares the quantity of charge moved with the
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t

Table 1
Characteristics of some active balancing prototypes presented in literature.

Architecture Components 𝜇 𝐼𝑜𝑢𝑡
MOS W MC C D (%) (A)

AC2C Buck–boost [36] 5n − 4, n − 1 91 0.4
Forward converter [37] 2n 2n − 1 n − 1 95 2

DC2C LLC converter [38] 2n 2n 1 2n 2n 90 1
Switched–Capacitor [39] 4n 2n 2n 95 0.4
Flyback converter [40] n n/2 1 95 2.3

P2C LCC converter [35] 2n + 2 4 1 1 88 0.5
Forward–flyback [41] n + 1 n + 1 1 84 0.7

C2P Forward–flyback [41] n + 1 n + 1 1 84 0.4

Note: n = number of cells, MOS = MOSfet, W = winding, MC = magnetic core, C = capacitor, D = Diode.
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Fig. 16. Comparison of the battery capacity values obtainable with the presented
opologies for different DC/DC efficiency 𝜇 values with the cell capacity distribution of

Case A. All the possible permutations of the cell position are considered for the AC2C
topology.

AC2C, DC2Cp, P2Cp, and C2Pp topologies, as a function of DC/DC
converter efficiency. The comparison is made by considering the charge
passing through the output ports of the DC/DC converters for the
various architectures. The maximum value of the charge for the AC2C,
DC2Cp, and P2Cp topologies is considered. Instead, the value of the
charge moved in the C2Pp topology is divided by the number of cells
to obtain a fair comparison.

This comparison allows us to have an estimate of the power re-
quested by the DC/DC converters to carry out the dynamic equalization.
The higher is the moved quantity of charge, the higher is the DC/DC
converter output current and power requested to perform a successful
dynamic equalization. In other words, the architecture that moves a
lower quantity of charge requires a lower power and less expensive
DC/DC converters than the other architectures.

7.2. Application of state-of-the-art active balancing architectures to dy-
namic equalization

Let us now try to apply the simulation results obtained on the
dynamic equalization topologies to a more realistic scenario. To this
end, we considered the characteristics of some prototypes presented in
the literature that were used as active balancing circuits [35–41]. These
features are summarized in Table 1 that includes the main components,
efficiency, and mean output current value 𝐼𝑜𝑢𝑡 of the circuits.

The idea is to apply the reported circuits to a dynamic equalization
scenario represented by our Case A and to compare them with respect
9

e

Fig. 17. Maximum charge moved by DC/DC converters in all the considered topologies
for 𝜇 values in the range from 0 to 1.

to the cost, complexity, maximum achievable battery capacity 𝐶∗
𝐵 ,

nd equalization time 𝑡𝐸𝑞𝑢. The comparison is shown in Table 2.
he cost of each architecture is evaluated using the esteemed unit
ost of each component provided in [42]. Instead, the architecture
omplexity is considered proportional to the number of MOSFETs in the
ircuit. The maximum achievable battery capacities are calculated by
aking the simulation result shown in Fig. 16 that corresponds to the
eported efficiency of the circuits. Finally, the equalization time 𝑡𝐸𝑞𝑢
s obtained as the ratio between the maximum charge moved by the
C/DC converter shown in Fig. 17 and the reported current 𝐼𝑜𝑢𝑡 of the

nvestigated architecture.
The high efficiency of all the literature architectures allows them to

each very good performance in terms of achievable battery capacity.
t is worth noting that the use of dynamic equalization leads to an
ncrease from 14.5 to 17.4% of the exploitable capacity of the battery.
he DC2C flyback-based architecture presented in [40] has the best
erformances of cost, complexity, achievable battery capacity, and
qualization time. However, the table highlights that the P2C and
2P topologies are suitable solutions to implement dynamic equaliza-
ion thanks to their very good trade-off among cost, complexity, and
fficiency.

The equalization time can be considered acceptable when compared
o the time in which the battery is fully charged or discharged (𝑡𝑎). The

dynamic equalization system will not be able to maintain the SoC of
all the battery cells balanced if 𝑡𝐸𝑞𝑢 is higher than 𝑡𝑎. In this case, the
sable battery capacity 𝐶𝐵 becomes lower than 𝐶∗

𝐵 and the dynamic
qualization technique fails to obtain the maximum achievable capacity
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Table 2
Results of literature active balancing architecture applied to Case A second-life battery
with dynamic equalization approach.

Architecture Cost ($) Comp. 𝐶∗
𝐵 (Ah) 𝑡𝐸𝑞𝑢 (h)

AC2C Buck–boost [36] 51.4 5 19.81 11.1
Forward converter [37] 40.4 2 19.90 2.2

DC2C LLC converter [38] 40 2 19.91 2.9
Switched–Capacitor [39] 55 4 19.96 7.4
Flyback converter [40] 14 1 19.96 1.3

P2C LCC converter [35] 25.6 2 19.60 10.4
Forward–flyback [41] 18.6 1 19.47 7.0

C2P Forward–flyback [41] 18.6 1 19.52 12.6

Note: Cost per unit ($): MOS = 1, W = 0.6, MC = 1, C = 0.2, D = 0.15 [42].

gain. However, an improvement of the exploited battery capacity will
always be obtained when dynamic equalization is used.

7.3. Comparison with the literature

The achievement of the above mentioned capacity gain makes dy-
namic equalization very appealing for second-life battery applications
where the battery modules may be rather heterogeneous in perfor-
mance.

The results obtained in this work confirm and extend those obtained
in [18,22] in which the DC2C, P2C, and C2P topologies were compared
one to the other and to the passive equalization circuit, in the scenario
of charge balancing of the cells of a first-life battery. The authors only
considered a SoC mismatch among the cells in that work, and the
investigation of the possible cell capacity variation was not considered.
Moreover, the figures of merit taken into account in [18,22] were the
energy losses in the balancing process and the required balancing time.
These performance indices are the most suited when the energy balance
of the battery pack is required. On the contrary, the investigation
reported in this paper is focused on the dynamic equalization technique
that maximizes the usable capacity of a battery, one of the most im-
portant issues in second-life applications. In other words, the dynamic
equalization methods investigated here are not performed once in a
while when the cell charge mismatch in terms of SoC exceeds a given
threshold. Instead, dynamic equalization is continuously applied to the
battery, in order to extract the maximum possible charge during the
operational tasks of the battery itself. Such capability is not needed
in first-life applications, but it may become fundamental for the full
exploitation of the battery performance in second-life applications,
where the capacity mismatch of the cells may be relatively large.

8. Conclusions

This work has presented a novel methodology to study and compare
the architectures for the active energy equalization among the cells of a
battery . This methodology is applied to a second-life battery in which
dynamic equalization allows cells with large capacity mismatch to be
exploited at best. The proposed methodology is applied to compare the
performance of Adjacent Cell-to-Cell, Direct Cell-to-Cell, Cell-to-Pack,
and Pack-to-Cell active balancing topologies. The battery considered
as case study has 10 series-connected cells with a capacity uniformly
distributed in the range 20Ah ± 15%.

The comparison highlights that the Direct Cell-to-Cell architecture
has the best performance among all the considered active balance
topologies. Instead, the Adjacent Cell-to-Cell performance is strongly
affected by the distribution of the mismatches among the cells in the
battery. The results obtained by the simulation are combined with
the characteristics of some active balancing circuits presented in the
literature to verify the results in realistic scenarios. The considered
active balancing circuits improve the exploited battery capacity when
they are used in the dynamic equalization approach. The capacity
10
obtained raises from 14.5 to 17.4% with respect to the case in which
no dynamic equalization is applied.

The results obtained show that the methodology described here
can be useful to designers in the choice of the best architecture to
implement the dynamic balancing approach for second-life battery ap-
plications, in order to mitigate the effects of the cell capacity mismatch
and to facilitate the reuse of exhausted automotive batteries.
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