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Abstract: Electric vehicles (EVs) are becoming increasingly popular due to their low emissions,
energy efficiency, and reduced reliance on fossil fuels. One of the most critical components in an
EV is the energy storage and management system, which requires compactness, lightweight, high
efficiency, and superior build quality. Active cell equalization circuits such as those used in battery
management systems (BMS) have been developed to balance the voltage and state of charge (SoC) of
individual cells, ensuring the safety and reliability of the energy storage system. The use of these types
of equalization circuits offers several benefits including improved battery performance, extended
battery life, and enhanced safety, which are essential for the successful adoption of EVs. This paper
provides a comprehensive overview of the research works related to active cell equalization circuits.
This review highlights the important aspects, advantages and disadvantages, and specifications.

Keywords: active cell equalization; battery management systems; electric vehicles

1. Introduction

The development of electric vehicles (EVs) is currently growing and is seen as one of
the main technologies to reduce the environmental impact of transportation [1,2]. With
the increase in the dependence on fossil fuel imports and rising oil prices, the search for
alternatives to the traditional transportation system has become increasingly pressing [3].
The transportation sector is a significant contributor to global greenhouse gas emissions,
accounting for over 25% of total emissions worldwide [4]. Within this sector, private
cars such as passenger cars, sport utility vehicles (SUVs), and small vans are the largest
source of emissions, accounting for roughly 60% of the total [5]. On the other hand, global
greenhouse gas emissions are also increasing due to air traffic, leading to the research and
study of aircraft electrification to improve the management of electrical power onboard
aircraft and reduce gas emissions [6,7]. The replacement of fossil fuel-powered vehicles
with electric vehicles holds the promise of a future with cleaner air and a reduction in the
harm caused by humanity to the environment as well as to meet the Kyoto restrictions,
which aim to limit greenhouse gas emissions and combat climate change [8].

The electronic industry is facing new challenges as the sales of EVs rapidly increase [9].
According to the research described in [10-12], the key focus areas for improvement include
reducing the size of grid-connected battery chargers, developing dc-dc converters for the
interface between sources and the direct current (dc)-bus, and creating new converter
topologies for the traction system. Another crucial factor is energy storage. Energy is
typically stored in a battery pack consisting of several groups of cells connected in se-
ries/parallel [13,14]. To ensure that the batteries operate properly and within safe limits,
they are usually equipped with an electronic battery management system (BMS) [15,16].
However, commercially available BMSs are quite rudimentary and mainly rely on passive
cell balancing (putting a resistor in parallel with the most charged cells to dissipate energy
until they have the same charge level as the other cells in the pack) [17,18]. The energy
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waste of passive BMSs during cell balancing makes all too evident the importance and
opportunity for research and the development of more efficient BMS technologies [19].

A BMS should perform monitoring and protection, contributing to the integrity and
longevity of the batteries. For this, it is necessary to measure parameters such as voltage,
current, and temperature and estimate parameters such as the state of charge (SoC), depth
of discharge (DoD), state of health (SoH), and internal resistance [20-22]. In the interest of
safety, the BMS must prevent each cell from exceeding the maximum voltage, the maximum
temperature, the minimum voltage, and the maximum supported charging and discharge
current. For correct monitoring and protection, it is necessary to take into consideration
the recommendations of the battery manufacturer. If any of these scenarios occur, the BMS
must stop the harmful situation or require it to stop. Figure 1 represents a diagram that
summarizes the functions of a BMS.

Measurement Evaluation

- State of Charge (SoC);
- Internal Resistance;

- Capacity;

- State of Health (SoH).

- Voltage;
- Current;
- Temperature.

Control Communication
- Protection: - Sensor measurement
data;
- Balancing; - Configuration
- Thermal management. 8
commands;
- Requests.

Figure 1. Functions of a BMS.

There are several works in the literature presenting various battery equalizer circuits
for VEs [23,24]. More than citing the existing topologies, this work provides a comprehen-
sive technical and theoretical analysis. In addition, it presents a discussion of the various
converter circuits, always applying the same principles, from the first to the last topology,
allowing for a better perception of the main characteristics, advantages, and disadvantages
of each one. Additionally, a helpful and intuitive comparison based on the number of
components and efficiency performance for each topology is provided. The rest of the
paper is organized as follows. In Section 2, an in-depth analysis of active cell equalizer
circuits applied to EVs is presented. In Section 3, a comparison of the active cell equalizer
circuits in terms of the component count and equalizing efficiency is performed. Finally,
Section 4 presents the main conclusions including a critical point of view about the topic.

2. Active Cell Equalizer Circuits Applied to EVs

In the field of electric vehicles, the proper functioning of the battery system is crucial
for its performance and longevity. One of the ways to achieve this is through the use of
cell equalizer circuits in the battery pack to maintain a uniform SoC. This can be achieved
through the use of passive or active cell equalizer circuits. Passive cell equalizer circuits rely
on passive components such as resistors to balance the state of charge among the cells in a
battery pack, but this balancing method has the drawback of energy loss due to dissipation
in the resistors. These methods suffer from energy inefficiency and result in a final SoC
that is equal to that of the cell with the lowest SoC [25,26]. Alternatively, the active cell
equalization method employs active circuits to transfer energy from highly charged cells to
depleted cells, thereby circumventing energy losses, and ensuring the uniformity of the
final SoC across all cells. In this way, they can ensure that the final SoC is the average of
the previous SoCs for all cells [27]. In this paper, the focus was on active cell equalizer
circuits applied to EVs to explore their advantages and limitations as well as the different
approaches used to implement them.
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2.1. Switched-Capacitor

The switched-capacitor (SC) converter allows for active balancing and its main advan-
tages are the absence of bulky magnetic components and simplicity in control since it is
controlled using a fixed frequency and duty cycle. Thus, the converter can be developed
with a reduced size and cost [28]. The conventional structure of the SC converter is present
in Figure 2a. In this structure, the energy only flows between two adjacent cells. The
balancing time is also high, which makes the structure difficult to use with a large number
of cells. The authors in [29] presented a different structure, as demonstrated in Figure 2b,
whose objective was to mitigate the problems of the conventional structure. Analogously to
the conventional method, all the semiconductors are controlled by a pair of complementary
signals with fixed frequency and duty cycle. The main advantage of this converter is the
possibility of energy being transferred from the cell with the highest voltage to the cell
with a lower voltage value. Thus, the balancing time becomes significantly shorter, making
this converter more suitable for a larger number of cells. In addition to this reference, [28]
presented a different converter, but in line with the aforementioned principle. On the other
hand, all of the positive points of the capacitor-based balancing methods are applied, that
is, they depend on the voltage difference between the cells, which may result in a greater
imbalance due to the differences in the internal resistances of the cells [30]. Finally, another
issue of the SC is that the cell voltages cannot be balanced due to the voltage drop on the
controlled semiconductors.

ell 1
]

Il 1

(a) (b)

Figure 2. Switched-capacitor converter: (a) conventional version; (b) improved version proposed
in [29].

From the analysis of Figure 2b, for a battery formed by n cells in series, 1 capacitors, Cy,
and 4n—3 controlled semiconductors, Sy, are needed, where x is the index of the controlled
semiconductor. Regarding the controlled semiconductors, S, they are divided into two
groups, S; and S,. The control of the SC converter is carried out with the help of a pair of
complementary signals with a short dead time between them in order to prevent a short
circuit to the voltage source, as presented in Figure 3. It is important to note that if the
capacitors are initially discharged, the duty cycle must be gradually increased to prevent
excessively high currents.
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Figure 3. Control signals for the semiconductors S; and S, during two periods.

To analyze the behavior of the converter presented in Figure 2b, it is possible to divide
the operation into two stages, as shown in Figure 4. The first stage, T1, begins with the
semiconductor S; closed and S, open, as illustrated in Figure 4a. In this stage, there are
two possible situations, that is, if the capacitor voltage is higher than the cell voltage, the
capacitor, C,, will charge the cell. Otherwise, the capacitor, C;, will charge through the
cell. The variations in the capacitor voltage and current during the charging process of the
capacitors are expressed in the Equations (1) and (2), where Vi, is the initial voltage
of capacitor C,,. The V_,, is the voltage of Cell n, r is the sum of the ESR of the capacitor
and ON-resistance of the switches, and C is the capacitor value. In the case the capacitor
has a higher voltage, C,, will discharge to the battery cell. The variations in the capacitor’s
voltage and current during the discharging process are described by Equations (3) and (4),
where Vymay is the initial voltage of Cy,.

t

Vcn(t) - VCE”” o (Vcelln B ‘/Cnmin)67T (1)
V, — Ve
iCn(t> = we_% 2)
_t
Ven (1) = Veern + (Venyyy — Veelin)e € €)
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Figure 4. Operating modes of the SC converter: (a) first stage, T1; (b) second stage, T».
Regarding the second stage, T3, the semiconductor S opens and S closes, as can be

seen in Figure 4b. Thus, all the capacitors, C;;, are connected in parallel and the load flows
from the capacitors that have a higher voltage to those that have a lower voltage value. For
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C,, with the initial voltage Vi, it will be charged by the constant voltage V,;, during T5.
The variation in the capacitor’s voltage and current during the charging process can be
expressed by Equations (5) and (6). Similarly, for C,, with the higher initial voltage, Vcyumax,
it will discharge to the constant voltage source V;, and the capacitor voltage and current
are expressed by Equations (7) and (8) [31].

_t
Vealt) = Vi (Vi — Ve Je o
Voo — Ve .
icy(t) = WTC"WWE*% ©)
t
VCn(t) = Vaw + (VC”max — Vav)eif (7)

Vi -V
i (1) = ~e e e ®)

2.2. Double-Tiered Switched-Capacitor

The double-tiered switched capacitor (DTSC) converter is a derivation of the SC, as
shown in Figure 2a. The main difference between them is that the DTSC uses two levels
of capacitors for energy reduction, as shown in Figure 5. According to what has been
illustrated, for a battery formed by n cells in series, n capacitors, C,, and 2n controlled
semiconductors, Sy, are needed, where x is the index of the controlled semiconductor. Anal-
ogously to the SC converter, the control of the DTSC converter was also carried out with
the help of a pair of complementary fixed frequency and duty cycle signals [32]. Having
more layers means more paths between the cells, and consequently, less impedance in the
transport of the charge over a specific distance. With this improvement, the cells that are
not directly connected through the capacitor of the first level now have the opportunity
to exchange energy through the capacitors of the second level. As a result, the balancing
time of the DTSC can be significantly reduced without major hardware or control mod-
ifications [33]. On the other hand, although the balancing time is even shorter, there is
still no possibility of a direct energy exchange between all cells. In addition, the same
disadvantages related to the capacitor of the SC converter also apply to this converter [30].

Figure 5. Double-tiered switched-capacitor converter.



Energies 2023, 16, 3255

6 of 20

To analyze the behavior of the converter, it is possible to divide the operation into two
stages (Figure 6). The first stage, T, begins with the semiconductor S; being closed and
S, open, as illustrated in Figure 6a. In this stage, only cells 1 and 2 can exchange energy.
Thus, two cases are possible, that is, if the capacitor voltage is higher than the cell 1 or 2
voltage, the capacitor, C,, will discharge to charge the cell. Otherwise, the capacitor, Cy,,
will charge through the cell. Regarding the second stage, T, the semiconductor S; opens
and S closes, as can be seen in Figure 6b. In this, only cells 2 and 3 can exchange energy,
with a behavior similar to the first stage [33]. The variation in the capacitor’s voltage and
current during the charging process can be expressed by Equations (9) and (10), where
Venmax and Vepin are the initial voltage and final voltage, respectively, and r is the sum of
the ESR of the capacitor and the ON-resistance of the switches.

_t
VCn(t> = (VCnmax - VCnmin) (1 —€ ’C) + Venmax )

Vi — Vewmi
iCn(t) _ VCnmax = Cnmin 67% (10)

[
1]
||

(a)

Figure 6. Operating modes of the DTSC converter: (a) first stage, T1; (b) second stage, T.

2.3. Switched Capacitor-Inductor

The switched capacitor-inductor (SCI) or resonant switched-capacitor converter, as
represented in Figure 7, uses two energy-storing elements. This converter presents a scheme
similar to the SC, but an inductor is added in series with the capacitor. The main problem
of the switched capacitor topology, as above-mentioned, is that the cell voltages cannot be
balanced due to the voltage drop on the controlled semiconductors [34]. Therefore, this
converter emerged with the same operating principle and with zero-current switching
(ZCS) to balance the cell voltage automatically. This scheme solves a disadvantage of the SC
converter, since the inductive element opposes sudden changes in the current. Therefore,
current peaks are avoided when switching. However, it is difficult to apply this topology to
systems with a low voltage between cells. This is, if the voltage difference between the col-
lector and the emitter is lower than the forward voltage drop, the controlled semiconductor
will not conduct, resulting in a residual voltage between cells. Furthermore, the compen-
sation current becomes smaller as the voltage difference becomes smaller, resulting in a
higher balancing time. The architecture consists of 1 cells connected in series, 2n1 controlled
semiconductors, Sy, n—1 capacitors, Cy, and n—1 inductors, L, where x and y are the index
of the controlled semiconductor and capacitors and inductors, respectively [35].
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Figure 7. Switched capacitor-inductor converter.

To analyze the SCI behavior, it is possible to divide the operation into two stages
(Figure 8). The first stage, T, starts with the semiconductor S; closed and S, open, as
illustrated in Figure 8a. In this stage, only cells 1 and 2 can make energy exchanges. Thus,
two cases are possible, that is, if the capacitor voltage is higher than the cell 1 or 2 voltages,
the capacitor Cy and inductor L, will discharge to charge the cell. Otherwise, the capacitor
Cy and inductor Ly will charge through the cell. The state equations for stage 1 are present in
Equations (11) and (12), and the equations that characterize the voltage across the capacitor
and the resonant current are Equations (13) and (14). AV is the amplitude of V¢, and I, is
the amplitude of the resonant current i;. w is the resonant angular frequency and is equal
to1/,/LyCy, and ¢ is the initial angle of the resonant state.

in(t) = Cy— (11)

Ln% +VCy = Veertn (12)
Vey(t) = Veenn + AVy cos(wt + ¢) (13)
ir(t) = Ly sin(wt + @) (14)

Regarding the second stage, T5, the semiconductor S opens and S closes, as can be
seen in Figure 8b. In this stage, only cells 2 and 3 can make energy exchanges, with the
behavior being similar to the first stage [34]. The equations that characterize the voltage
across the capacitor and the resonant current are shown as (15) and (16).

VCn(t) = Veertn — AVy COS(‘"’t + (P) (15)

ir(t) = =Ly sin(wt + ¢) (16)

To change the operation state of the power semiconductor when the current passes
through zero, Equation (17) determines the system’s frequency, f, where R is the circuit’s
resistance (includes the internal resistance of the power semiconductor, inductor, and capaci-
tor), L is the value of the inductor’s inductance, and C is the value of the capacitor’s capacity.

1 /4L — R2C
f= 27 412C (17)



Energies 2023, 16, 3255

8 of 20

@ B

Figure 8. Operating modes of the SCI converter: (a) first stage, T1; (b) second stage, T5.

2.4. Single Inductor

The single inductor (SI) converter belongs to the family of converters whose balance is
carried out using inductive elements. In this case, only one inductor is used for balancing.
Thus, the positive terminals of each cell are connected to one inductor terminal, while the
cells’ negative terminals are connected to the other inductor terminal. In addition, as illus-
trated in Figure 9, for a battery formed by # cells in series, 211 + 2 controlled semiconductors,
Sxy, and 2n + 2 diodes, Dy, are necessary, where x represents the conduction orientation and
considering the image can be 1 or 2. and y identifies the number of arms and considering
the image can be a, b, ¢, or d. This converter presents advantages such as high efficiency in
balancing, a modular design, and the possibility of transferring energy not only between
adjacent cells but between all of them. The main disadvantage is related to the balancing
process since the energy is only transferred to the cell with the lowest voltage in the second
part of the period [36]. In addition, it requires more hardware, specifically diodes, PWM
channels, and voltage sensors.

Figure 9. Single inductor converter.

To analyze the SI behavior, it is possible to divide the operation into two stages, as
illustrated in Figure 10. For example, it was assumed that cell 1 has a higher voltage than
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cell 2, and therefore, cell 1 will have to discharge while cell 2 has to charge. To allow
cell 1 to discharge, in the first stage, T, the semiconductors Sy, and Sy, close, and all
the others remain open, as illustrated in Figure 10a. The current flowing through the
inductor 7; and the energy transferred by the cell can be calculated using Equations (18)
and (19), respectively, where T is the period, D is the duty cycle, and V; is the cell voltage.
Regarding the second stage, T, cell 2 will charge, since the semiconductors Sy, and 51,
close and all the others remain open, as illustrated in Figure 10b. The current flowing
through the inductor decreases with a constant slope and can be calculated using Equation
(20). Regarding the energy transferred, as there is only an exchange between two cells, the
equation for calculating is the same (Equation (19)) [37].

ir(t) = %t (18)
E= %iLDT (19)
ir(t) = %DT — %t (20)
S
- : :
(a) (b)

Figure 10. Operating modes of the SI converter: (a) first stage, T1; (b) second stage, T».

Table 1 summarizes the actions of the controlled semiconductors considering the
voltage of each cell and comparing them with the others. The value of inductance, L, can
be calculated using Equation (21).

I < VcellDzT

- 2(1/1 — 1)iL (21)

Table 1. Actions of the controlled semiconductors, Sy

Vcelll > VcellZ Vcelll > Vce113 VcellZ > Vcelll VcellZ > VcellS Vce113 > Vcelll VcellS > VcellZ

Ton S1a — Sop S1a — Sap S1p — Sac S1p — Sac S1c — Soq Sic — Sad
Tog=T —Ton  Sop — S1c Soc =S4 Soc — S14 S2q — S1p S2a — S1p Sap — Sic

2.5. Switched Inductor

The switched inductor (Swl) converter, also often referred to as a buck-boost converter,
belongs to the family of converters whose balance is carried out using inductive elements.
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In the converter present in Figure 11, an inductor was connected between two adjacent
cells, allowing for the exchange of energy between the cell with a higher voltage value
and the cell with a lower voltage value. It requires 2(n — 1) controlled semiconductors,
Sx,and n — 1 inductors, L,, where x and y are the index of the controlled semiconductor
and inductors, respectively, to balance the 7 cells [38]. The advantage of this converter is
the high balancing current, thus allowing for faster balancing, greater efficiency than the
capacitor-based topology, and lower production cost than the transformer-based topologies.
On the other hand, this balancing circuit has a higher cost than the capacitor-based topology
and a slower balancing than the transformer-based topologies. In addition, a filter capacitor
may be required due to the high switching frequency [39].

Figure 11. Switched inductor converter.

The principle of the Swl converter operation can be divided into two phases. In order
to analyze the converter, three cells were considered. Thus, there were four controlled
semiconductors, S1, Sy, S3 and S4 (S1 and S, are complementary to Sz and Sy, respectively),
two inductors L; and Ly, and the current in each inductor i ; and 7. In the first phase, the
controlled semiconductors S; and S, close in order to allow the cells with a higher voltage
to transfer energy to the inductors, while the controlled semiconductors Sz and S4 remain
open, as can be seen in Figure 12a.

(a)

Figure 12. Operating modes of the SwI converter: (a) first stage, T1; (b) second stage, T5.
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In the second phase, the controlled semiconductors S; and S, open, while the con-
trolled semiconductors S3 and Sy will close, allowing the stored energy to flow from the
inductors to the adjacent cells, as represented in Figure 12b.

If the voltage of cell 1 is higher than the voltage of cell 2, the controlled semiconductor
51 closes while the controlled semiconductor S3 remains open, as can be seen in Figure 13a.
The current flowing through L; can be calculated through Equation (22).

V.
i (1) = 22)

(a) (b)

Figure 13. Operating modes of the SwI converter: (a) discharging of cell 1; (b) charging of cell 2.

Thus, when the controlled semiconductor S; opens, the current flows through the
antiparallel diode of the controlled semiconductor S3 to charge cell 2, as represented in
Figure 13b [23]. The current flowing through L can be calculated through Equation (23).

Vcel I

Vv,
iz, (#) = DT — celly

Lq

t (23)

2.6. Cuk

The Cuk type power converters can be applied in the balancing of cells in a battery.
The main advantage of balance using Cuk converters is the control of the input current and
the current delivered to each cell. In this way, none of the cells presents a pulsating current.
However, they are expensive because they have more components, and the design can be
complex [23].

Cuk is a non-isolated dc—dc converter, whose main characteristic is to present an
inverse voltage at the output. The conventional circuit of the Cuk converter is represented
in Figure 14. The Cuk converter presents a bidirectional energy transfer capacity with
high efficiency. This requires 2(n — 1) controlled semiconductors and inductors and 7 — 1
capacitors to balance # cells. The presence of inductive elements at the input and the
output stage allows for the regulation of the current in the cells involved in the energy
transfer. However, since a converter is required for each pair of adjacent cells, it becomes
an implementation with a high cost. The control is very similar to the switched inductor
topology. This converter can be analyzed as a cascaded buck-boost converter and the
operating principle is divided into two stages [23].
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X} L

Veas
L ity |

Figure 14. Cuk converter.

To analyze the SI behavior, it is possible to divide the operation into two stages, as
illustrated in Figure 15. Initially, the controlled semiconductors S; and S, are turned on,
while the others remain open, as shown in Figure 15a. In the next stage, the controlled
semiconductors S3 and Sy close, while the others remain open (Figure 15b) [40]. The
operating principle was simplified for three cells to investigate the circuit.

Il

I
~—

3

[

Il

Vorr =
L i 1 - )
— : —C v
=
E3
3

Ve (Cz- L
Ro E
-

Figure 15. Operating modes of the Cuk converter: (a) first stage, T1; (b) second stage, T».

In the first mode, S; is closed and S; is open, as can be seen in Figure 16a. The
equations that allow us to calculate the voltage in each cell are shown as (24) and (25):

di
Veern (1) = L=+ (24)

di
Very (1) = —La=—% + Ve (25)
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Figure 16. Operating modes of the Cuk converter: (a) discharging of cell 1; (b) charging of cell 2.

In the next mode, S; is open and the diode in anti-parallel to the controlled semi-
conductor S, conducts, as represented in Figure 16b. The equations that allow for the
calculation of the voltage in each cell are shown as (26) and (27):

diry

Ve, (t) = LIW + Ve (26)

di
Ve, () = ~Lo— > (27)

The expression for the average current in the inductor can be obtained from the load
balancing of capacitor C; is Equation (28), where D is the duty cycle and T is the period [41].

i11(1—D)T —i,DT =0 (28)

2.7. Single Flyback

The single flyback (SF) converter, which is represented in Figure 17, uses a transformer
to balance the cells. The single transformer balancing method shares the same topology
as the SI. Thus, as illustrated in Figure 17, for a battery formed by # series cells, 2n + 2
controlled semiconductors, Sy, and 2n + 2 diodes, Dy, are required, where x represents
the conduction orientation and considering the image can be 1 or 2, and y identifies the
number of arms and considering the image can be a, b, ¢, or d. This converter allows for
faster balancing than the capacitor and inductor-based topologies. On the other hand, it
has a higher cost and lower efficiency [39].

In order to study the behavior of the converter, it was possible to divide the operation
into two stages (Figure 18). As an example, it was assumed that cell 1 had a higher voltage
than cell 2, and, therefore cell 1 will have to discharge and cell 2 will have to charge. In
order to allow the cell to discharge, in the first stage, T, the semiconductors Sy, and Sy,
close, and all the others remain open, as illustrated in Figure 18a. Thus, the current in the
transformer increases to the upper limit, according to Equation (29), meaning that energy is
transferred from cell 1 to the transformer. L;, is the magnetizing inductance and ir,, is the

magnetizing current.
Vcel !

Ly

iLn(t) = (¢~ Ty) (29)
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Figure 17. Flyback converter.

(a) (b)

Figure 18. Operating modes of the SF converter: (a) discharging of cell 1; (b) charging of cell 2.

Regarding the second stage, T, cell 2 will charge, since the semiconductors Sy, and
Sy close and all the others remain open, allowing the energy stored in the transformer
to charge the cells, as illustrated in Figure 18b. The D,y diodes are used to protect the
cells from possible short circuits [42]. It is possible to calculate the current iy, using
Equation (30), where k is the turn’s ratio of the secondary winding of the transformer
and Ipk 18 the maximum value of the ij,,. Table 1, as for the single inductor converter,
summarizes the actions of the controlled semiconductors considering the voltage of each
cell and comparing it with the others [43].

1. . Vpuck

ipack(t) = E(lpk - Nl (t— TZ)) (30)

2.8. Multi-Winding Transformer

The multi-winding transformer (MWT) based balancing method, represented in
Figure 19, has advantages such as fast balancing and simple control techniques. On the
other hand, the circuit presents complexity in the design of the MWT and has a limited
number of windings due to the correspondence of the parameters for the turn’s ratio and
leakage inductance, especially for a large number of cells [44]. The circuit consists of # cells
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connected in series. Each cell is associated with a primary winding of transformer T and a
controlled semiconductor 5. The diode on the secondary side allows for discharging the
magnetization inductance of the secondary. The MWT converter balances by switching the
controlled semiconductor S, with a constant frequency and duty cycle [45].

Figure 19. Multi-winding transformer converter.

The operation of the MWT converter can be divided into two stages, as shown in
Figure 20. In Stage 1, all three controlled semiconductors (S1, Sy, and S3) are closed
simultaneously, as seen in Figure 20a. During this stage, energy is transferred from the
cells with higher voltage to the cells with lower voltage through transformer T. The voltage
across L can be calculated through Equation (31).

1

(b)

Figure 20. Operating modes of the MWT converter: (a) first stage, T1; (b) second stage, T».

Assuming a higher voltage in cells 2 and 3, and a lower voltage in cell 1, the cur-
rents i, and i.3 flow from the cells to the transformer, while the current i.; flows from
the transformer to the cell. The voltage and current across L can be calculated through
Equations (31) and (32), respectively.

dip

(31)
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ip =i +io+ica (32)

In Stage 2, two modes of operation are possible. Initially, S1, Sy, and S; are open
simultaneously, as seen in Figure 20b. This causes the voltage on inductor L to become
negative and the current to flow through the diode, discharging L. When the current ip
reaches zero, the converter enters the second mode of operation, known as discontinuous
conduction mode (DCM) [46]. The voltage across L can be calculated using Equation (33).

Vi = = (Veenn + Veerz + Veenis) (33)

3. Discussion

This section compares the converters presented and described above in terms of
components and performance. This comparative analysis took into consideration a BMS
consisting of three cells. Thus, if BMS for a larger number of cells is required, an inter-
polation would be necessary and the method presented here can be used to identify the
best solution.

The first comparison was based on the number of capacitors, inductors, diodes, MOS-
FET, and transformers in a three-cell converter. The comparison is shown in Figure 21. As
can be seen, the SC used the higher number of MOSFETSs (nine in total). This converter
also requires more capacitors (three in total), as does the SCI converter (also three in total).
Regarding the use of diodes, both the SI and SF converters used eight diodes. In terms of
the use of inductors, it was the Cuk converter that had the most (four in total). Regarding
the transformers, only the SF and MWT topologies used one, but the first one only used one
primary and one secondary, while the second one used as many primaries as the number
of cells. Considering the sum of all variants (capacitors, inductors, diodes, MOSFETs, and
transformers), the SI and SF topologies required the most elements (17 in total), and the
MWT converter required the least (six in total).

8
7
6
5 =1
4
3 [
2
1
0
sC DTSC scl S Swi Cuk SF MWT
MOSFETs Capacitors O Inductors Diodes O Transformers

Figure 21. Comparison of the CC—CC converters for active balancing.

In addition to the constitution, which will have a direct impact on the cost, size, and
weight of the BMS, the performance must also be considered. The efficiency is a critical
aspect when it comes to active cell equalization circuits. The efficiency of these circuits
plays a significant role in determining the overall performance of the energy storage and
management system of EVs. By incorporating features such as low resistance components,
high switching frequencies, and advanced control techniques, the efficiency of these circuits
can be improved, which leads to improved battery performance, extended battery life,
and enhanced range in EVs. In order to implement a metric about the circuit balancing
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Cell1

Imbalance

Cell 2

Cell3

efficiency, the comparison of active and passive balancing strategies is demonstrated in
Figure 22. Figure 22a shows the cells’ initial SoC, a significant unbalance being visible.
Figure 22b shows the cells’ SoC after an ideal passive balancing, with all the cells keeping
the same SoC equal to the lowest cells” SoC before balancing. Finally, Figure 22¢ shows
the cells” SoC after an ideal active balancing with all the cells presenting the same SoC,
equal to the average SoC of the cells before balancing. In this theoretical scenario, all
of the reusable energy (E,.,sape) Was redistributed by the cells (E,;s.7) without losses,
corresponding to a 100% efficiency calculated by Equation (34). In practice, the converters
used to balance the cells presented some losses, so the efficiency will always be less than
100%. The worst scenario corresponded to the passive balancing where all the energy was
dissipated (E,,,;,; = 0), corresponding to 0% efficiency.

E
reused
n = —resed 100 (34)
Ereusabie
Passive Balance Active Balance
100% 100%
90% 90%
80% 80%
70% 70%
60% 60%
50% 50%
40% 40%
30% 30%
20% 20%
10% 10%
0% 0%
Cell 4 Cell 1 Cell 2 Cell 3 Cell4 Cell 1 Cell 2 Cell 3 Cell 4
(b) (c)

Figure 22. Comparison of the two types of balancing: (a) initial cells’ SoC; (b) final cells’ SoC with
passive balance; (c) final cells” SoC with active balance.

Table 2 presents a comparative analysis of the efficiency of some active balancing
converter efficiencies found in the literature. As it is possible to see, various converter
topologies presented an efficiency greater than 90%, with the best performance of 99.7%
being achieved with the 14 cell SwI topology.

Table 2. Comparison of the CC—CC converters for active balancing.

Balancer Type Switch Cell Cell Cell Efficiency
Amounts Amounts Type Capacity
Switched-capacitor [47] 4n —3 8 Li-on 15.5 Ah 97.73%
Double-tiered capacitor [32] 2n 1 Li-on 12 Ah 99%
Switched capacitor-inductor [35] 2n - - - 89.1%
Single-inductor [36] 2(n+1) 1 Li-on 10 Ah 91.5%
Switched-inductor [48] 2(n — 1) 14 LiFePO4  3.35Ah 99.7%
Cuk [41] 2(n — 1) 1 LiPo 1 Ah 94%
Single flyback [49] 2(n+1) 1 LiFePO4  2.65 Ah 88%
Multi-winding flyback [46] n 4 Li-on 2.6 Ah 73.5%

4. Conclusions

In this paper, the concept of active cell equalization was investigated. Active cell
equalization circuits are an important aspect of the design and operation of a BMS for
electric vehicles. These circuits serve to regulate the SoC of each cell within the battery
pack to ensure its longevity and prevent harmful situations. Through the transfer of energy
from cells with high charge to cells with low charge, the active equalization method helps
to keep the battery pack operating at peak performance and increases its overall efficiency.
This makes active cell equalization circuits an essential component in electric vehicles, and
as the popularity of EVs continues to grow, it is likely that the importance of this technology
will also continue to grow.
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All the presented and discussed converter topologies have their own advantages
and disadvantages and can be applied to different scenarios depending on the specific
requirements. A study on the performance of active balancing converters revealed various
topologies with an energy efficiency higher than 90%, very promising data that support
that the active balancing of cells can represent significant energy savings, which is why the
study and development of these solutions is of great importance.
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