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Abstract: This paper presents a hybrid equalization (EQ) topology of lithium-ion batteries (LIB).
Currently, LIBs are widely used for electric mobility due to their characteristics of high energy density
and multiple recharge cycles. In an electric vehicle (EV), these batteries are connected in series and/or
parallel until the engine reaches the voltage and energy capacity required. For LIBs to operate safely,
a battery management system (BMS) is required. This system monitors and controls voltage, current,
and temperature parameters. Among the various functions of a BMS, voltage equalization is of
paramount importance for the safety and useful life of LIBs. There are two main voltage equalization
techniques: passive and active. Passive equalization dissipates energy, and active equalization
transfers energy between the LIBs. The passive has the advantage of being simple to implement;
however, it has a longer equalization time and energy loss. Active is complex to implement but has
fast equalization time and lower energy loss. This paper proposes the combination of these two
techniques to implement simultaneously to control a pack of LIBs, equalizing voltage between stacks
and at the cell level. For this purpose, a pack of LIBs was simulated with sixty-four cells connected
in series and divided into eight stacks with eight battery cells each. The rated voltage of each cell
is 3.7 V, with a capacity of 106 Ah. The total pack has a voltage of 236.8 V and 25 kW. Some LIBs
were fitted with different SOC values to simulate an imbalance between cells. In the simulations,
different topologies were evaluated: passive and active topology at the cell level and combined
active and passive equalization at the pack level. Results are compared as a response time and state
of charge (SOC) level. In addition, equalization topologies are applied in an EV model with the
FTP75 conduction cycle. In this way, it is possible to evaluate the autonomy of each equalization
technique simulated in this work. The hybrid topology active at the stack level and passive at the
module level showed promising results in equalization time and autonomy compared with a purely
active or passive equalization technique. This combination is a solution to achieve low EQ time and
satisfactory SOC when compared to a strictly active or passive EQ.

Keywords: lithium-ion batteries; battery management system; passive equalization; active
equalization; multiple inductors; electric vehicle

1. Introduction

Battery management systems (BMSs) are key to managing batteries for electric vehicles
(EVs) and hybrid electric vehicles (HEVs). The BMS is responsible for protecting the
system from damage, predicting and increasing battery life, and keeping the battery pack
in efficient and reliable operating conditions. The BMS monitors the voltage, current,
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and temperature of the cells, the state of charge (SOC), and the state of health (SOH) and
controls these parameters through hardware and software [1].

Among the different functions of the BMS, the primary function is the equalization of
the cells. Imbalance is the main factor that reduces battery life, as well as detracting from
the total battery capacity over time of use. Internal and external factors are the leading
causes of imbalance between cells. Internal sources are due to cell manufacturing processes
that result in differences in internal impedance and cell storage capacity. External factors
originate due to the thermal conditions of cell operation and high cycles of charge and
discharge [2,3].

Imbalance cells can also cause electrical failures such as overcharging (OC) and overdis-
charging (OD) failures. OC happens when the cell is charged with above voltage than
its high threshold. This failure will heat the cell rapidly and accelerate the growth of the
solid electrolyte interphase (SEI). As a consequence, an internal short-circuit and then a
thermal runaway can probably appear [4]. On another side, if a cell is discharged under
the low threshold voltage, the OD will be identified. OD causes copper oxidation, where
the copper will go from anode to cathode through the separators. This process can cause
the penetration of the separators and an internal short-circuit in the battery. OD tends
to increase the resistance and reduce the capacity. Therefore, the role of BMSs is very
important to avoid OC and OD failures to reduce the degradation’s velocity [5].

To equalize the voltage between the cells and prevent failures, there are two main
techniques, passive and active. The passive equalization technique dissipates energy from
cells with higher voltages until reaching the voltage of the smallest cell [6]. The active equal-
ization technique transfers energy between cells. There is a loss because the components
are not ideal. However, this value is lower when compared to a passive technique [7,8].
Thus, this method is more efficient than the passive method [2,3,9,10].

Alcântara Dias et al. [11] presented a study comparing 24 equalization circuits used
in automotive applications. The study uses the analytical hierarchy process to classify
the different types of equalization circuits according to their applications, energy effi-
ciency, equalization time, control methods, printed circuit sizes, and cost. In this research,
the method that still prevails in the automotive sector is the passive-equalization cell-to-heat
shunt transistor [12], due to ease of control, hardware implementation, and costs. On the
other hand, passive equalization presents losses in energy efficiency and equalization time.

Alvarez et al. [13] also presented a study reviewing passive and active equalization
topologies. The authors reinforce that passive topologies have advantages in terms of ease
of hardware implementation; however, they have a large energy loss due to thermal dissipa-
tion. On the other hand, active equalization topologies have low energy loss, although these
topologies also present challenges when implemented. For example, the topology of equal-
ization through capacitors is simple to implement and has low cost, but with a disadvantage
in terms of surge currents that can damage cells.

Inductor-based equalizers for active equalization feature controlled current. The equal-
ization time depends on the topology chosen; for example, the topology presented by the
authors Angkittitrakul, S. et al. [14] is through inductors in parallel the cells connected in
series. This topology has a disadvantage because the energy is transferred only to adjacent
cells; in a series connection, the energy transfer from the first battery to the last cell takes
a long time. One solution to this problem is using multiple inductors, as presented by
authors Moghaddam, A. F. and Van Den Bossche, A. [15]. This way, it is possible to transfer
energy from the first cell to the last cell, reducing the total equilibrium time between the
cells. The disadvantage of this system is the more significant number of Mosfets to control
the circuit.

Studies have been presented to improve the form of energy transfer, equalization
time, and reduction in the size of active circuits. For example, instead of a cell transferring
energy to just one lower-energy cell, it can transfer energy to more than one lower-energy
cell at the same time, reducing the total equalization time. This technique was proposed
by the authors Xu, Peng et al. [16] in a circuit based on full bridge LC converters. In the
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proposed system, the response time is shorter and the number of electronic components
is also shorter. The authors Lu, Chusheng et al. [17] presented a topology that promises
to reduce the number of inductors in the circuit and increase the equalization response
time. The contribution of this article is to replace some inducers with Mosfets. From
the simulated results and compared with other techniques, the equalization time improves
by around 30%.

Another alternative to balance cost and energy efficiency is to combine the two equal-
ization methods. Fang et al. [18] presented a proposal for a hybrid balancing topology based
on a DC/DC converter and shunt resistors. The converter transfers power between mod-
ules to cells with low power. Additionally, cells with higher energies are dissipated through
resistors. Zhang et al. [19] presented a study combining active topologies. The system is
divided into two layers. One layer is responsible for transferring energy between modules,
and another layer acts only between cells through a buck-boost converter. The authors
achieved results with short equalization time and low energy loss. Among the works pre-
sented and discussed, none considered equalization occurring simultaneously at the stack
and cell levels. In addition, the authors did not present results based on vehicle autonomy.

In this article, the proposal is to implement at the simulation level in Matlab and
Simulink a hybrid equalization topology to simultaneously equalize the voltage difference
between the stack and module. The passive technique is through energy dissipative
resistors, and the active technique is through multiple inductors. For this, a package of
64 cells connected in series is assembled. The pack is divided into eight piles. Each stack
has eight cells. To simulate a voltage imbalance condition, some cells were fitted with
different SOC values. To correct the values and compare the equalization time and the
state of charge (SOC) level, a purely passive and active topology and a combination of
these two techniques are applied, running simultaneously at the stack and module levels.
Subsequently, equalization techniques are applied in an EV model to assess autonomy in
an FTP75 driving cycle. The values for implementing this topology are also discussed. This
study corroborates to evaluate the feasibility of combining these techniques to develop a
BMS system with fast equalization time and less energy loss that can be applied in projects
with cost restrictions and spatial dimensions.

2. Battery Equalization

This section describes in detail the passive, active, and hybrid equalization topology
and the electric vehicle (EV) model used to compare the autonomy of the topologies.
In Section 2.1, the passive equalization topology is presented. In Section 2.2, the active
equalization method is shown. In Section 2.3, the hybrid equalization topology is presented
and the electric vehicle model is presented. It is important to note that in this work,
the thermal effects are neglected, and only the operation of the circuit for energy transfer
between cells and stacks is prioritized.

2.1. Passive Equalization Method

The passive equalization topology is used in a wide range of different battery manage-
ment applications. The advantage of the technique lies in the simplicity of the components
and control logic. Figure 1 shows a diagram of the passive topology used in simulations in
the Simulink environment. The topology is composed of resistors, switches, and a control
logic [2,20]. Basically, an algorithm checks the SOC of each cell, and for example, if only
cell 2 has a SOC lower than 100%, the energy of the other cells will be dissipated until
reaching the energy corresponding to cell 2. The energy dissipated in the resistors shunt
can be estimated by Joule’s law, as described in Equation (1):

Qdissipation = I2
balanceR, (1)

where Qdissipation is the dissipative power, imbalance is the bypass current through the
shunt resistor, and R is the resistance of the shunt resistor.
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Figure 1. Schematic drawing of passive equalization.

For the passive equalization simulation, eight cells connected in series were used.
In parallel with the cells, eight resistors of 1 ohm are connected to dissipate energy. The con-
trol is done through an algorithm that reads the state of charge value of each battery and
compares the values. The state of charge values used for passive equalization is described
in Table 1. Values were randomly selected to represent a voltage difference between cells.

The battery data used for all tests were based on NCM (cobalt nickel and manganese)
prismatic cells manufactured by the company Sunwoda. Each cell is tuned with a nominal
voltage of 3.7 V, a capacity of 106 Ah, and an average internal resistance of 0.0013 ohms.

Table 1. Initial parameters for simulating the passive equalization topology.

Cell Voltage (V) Initial Charge State (%)

1 3.7 100
2 3.69 99.73
3 3.38 91.35
4 3.45 93.24
5 3.41 92.16
6 3.52 95.13
7 3.58 96.75
8 3.37 91.08

2.2. Active Equalization Topology

This topology is reproduced from [15]; in the article, the authors used capacitors
to represent battery cells. In this work, the Simulink battery blocks were used. During
simulation, inductors and MOSFETs are considered ideal devices while ignoring the ef-
fects of parasitic capacitances and parasitic inductances [21,22]. As shown in Figure 2,
the circuit consists of 8 cells connected in series, 7 inductors with the value of 1 Henry, and
15 MOSFETs/switches. The control is done by a PWM, with a frequency of 50 Hz and an
amplitude of 3 V. The operation can be described in two stages of circuit operation: (i) in
the first stage, switches S1 to S7 are turned on to store energy in the inductors. At this
time, switches S8 to S14 are kept off. Still, in this step, the energy from cells 1, 2, and 3
is transferred to inductors L1 to L7. Equation (2) generally represents the equation for
calculating the voltage across inductor L1 to L7.
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VLk = Lk
diLk
dt

= VCelln (2)

where k represents inductor 1, 2, 3, or 4 and n represents cell 1, 3, 5, or 7.
Equations (3) and (4) describe the equation to calculate the voltage value across

inductors L5 and L6:

VL5 = L5
diL5

dt
= Vcell1 + Vcell2 (3)

VL6 = L6
diL6

dt
= Vcell5 + Vcell6 (4)

Equation (5) describes the calculation for inductor L7 voltage:

VL7 = L7
diL7

dt
= Vcell1 + Vcell2 + Vcell3 + Vcell4 (5)

(ii) In the second stage of operation, switches S1 to S7 are turned off, and switches S8
to S14 are activated. At this time, the energy stored in the inductors is transferred to the
cell. Equation (6) represents the energy from inductor L1 being transferred to cell 2:

VL1 = L1
diL1

dt
= −Vcell2 (6)

Similarly, for inductors L2 to L4:

VLk = Lk
diLk
dt

= −Vcelln (7)

where k = 2, 3, or 4 and n = 4, 6, or 8.
The voltage of inductors L5 and L6 can be calculated, respectively, by Equations (8)

and (9):

VL5 = L5
diL5

dt
= −Vcell3 − Vcell4, (8)

VL6 = L6
diL6

dt
= −Vcell7 − Vcell8. (9)

Equation (10) represents the calculation for voltage of inductor L7:

VL7 = L7
diL7

dt
= −Vcell5 − Vcell6 − Vcell7 − Vcell8 (10)

The voltage and state of charge values used for the active equalization simulations are
the same as those described in Table 1.
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Figure 2. (a) Schematic diagram of the multiple inductor circuit. (b) The first stage of circuit operation
closes switches S1 to S7. (c) The second stage of circuit operation closes switches S8 to S14.



Batteries 2022, 8, 178 6 of 15

2.3. Hybrid Equalization Topology

The hybrid topology is shown in Figure 3. The pack proposed in this work contains
64 cells connected in series. Each cell has a rated voltage of 3.7 V and the total pack volt-
age is 236.8 V. The modules are divided into eight stacks. Each stack (Level1) contains
eight cells connected in series. The voltage difference between cells can be adjusted with
passive or active balancing. The voltage difference between the stacks (Level2) can also
be adjusted through passive or active equalization. Thus, this work simulates the follow-
ing equalization conditions: (i) active equalization between stack and passive cell levels;
(ii) passive equalization between stack and active cell levels; (iii) passive equalization
between stack and passive cell levels; (iv) active equalization between stack and active
cell levels.

Battery 
  Pack

Engine

Stack 1

Stack 

8 Cells with 
equalization

Stack 2
8 Cells with 
equalization

Stack 8
8 Cells with 
equalization

    Equalization
        Circuit
(Active or Passive)

Level2

236.8V

Level1

Pack
+

Cell1

Cell2

Cell8

    Equalization
        Circuit
(Active or Passive)

    Equalization
        Circuit
(Active or Passive)

    Equalization
        Circuit
(Active or Passive)

    3.7V

    3.7V

    3.7V

    29.6V

    29.6V

    29.6V

Figure 3. Schematic diagram of hybrid equalization topology.

For the simulations, the initial values of the cells are different, as shown in Table 1.
It is important to note that for the pack simulations, only Stack 1 has cells with different
voltages. The other stacks have an initial charge state of 100%. The values were adjusted
randomly and could be added to all stacks. However, it would increase the processing time
for the simulations, and summarizing for just one stack, it is possible to evaluate the energy
transfer between the stack and the cell level. Table 2 presents the values defined for the
pack tests.

Table 2. Initial charge state values used in battery pack simulations.

Stack Stack Voltage (V) Initial Charge State (%)

1 28.2
Cell 1 = 100; Cell 2 = 99.73; Cell 3 = 91.35;

Cell 4 = 93.24; Cell 5 = 92.16; Cell 6 = 95.13;
Cell 7 = 96.75, and Cell 8 = 91.8;

2, 3, 4, 5, 6, 7, and 8 29.6 100

To validate the topologies proposed in this work, an electric vehicle model is used
for running tests in an urban driving cycle. The model was developed by the author Isaac
Ito and made available on MathWorks [10]. The model is developed in Simscape, and its
components are an engine, high voltage battery, and longitudinal vehicle. In an attempt to
validate the tests developed, the block of high voltage batteries is changed. Instead, the pack
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developed for purely passive, active, and hybrid topology is added. The conduction cycle
chosen is FTP75, European standard [23], shown in Figure 4.
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Figure 4. FTP75 driving cycle used in the simulations.

3. Results and Discussions

This section presents the results and discussions of simulations in the Simulink envi-
ronment. Section 3.1 presents the results of passive and active equalization at the cell level.
Section 3.2 presents the results of equalization by hybrid topology. Section 3.3 presents the
results of hybrid equalization for an electric vehicle model with an urban driving cycle.

3.1. Passive and Active Cell-Level Equalization

For the passive and active equalization simulations, the initial values of the cells were
considered different to represent a state of disequilibrium between the cells. The values are
described in Table 1 (Section 2.1). Figure 5 presents the result of passive equalization at the
cell level. The control algorithm identifies the value of the smallest cell and dissipates the
energy of the other cells until reaching the value of cell 8, which is the smallest in relation
to the other cells. The equalization time is approximately 8 h 10 min, and the balanced
state of charge is approximately 74%. The passive equalization current between the cells is
approximately 3.8 A. The current value is within the cell operating range of 106 Ah.

Figure 6 shows the result of active equalization. The energy from cells with higher
voltage is transferred to cells with lower voltage until reaching an equilibrium point.
The equalization time is approximately 3 h 33 min, with an average state of charge of
approximately 85%. The active equalization current is approximately 20 to −30 A. This
value is within the cell operating condition of 106 Ah. From these results, the active method
has a better response time for equalization and lower energy loss compared to the passive
method. This condition will reflect on the lifespan of the cells because the less energy is
dissipated, the longer the lifespan of the cells. In addition, the heat dissipation of the active
method will be lowered, which contributes to a better thermal management performance
of a battery pack [24,25].

The current value can be limited according to the cell operating characteristics. In the
simulations of this work, no current control was implemented. If the current value is
limited, the equalization time increases. However, the energy transfer efficiency does
not change.
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Figure 5. Passive cell-level equalization.
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Figure 6. Active cell-level equalization.

3.2. Hybrid Equalization

In the battery pack proposed in this article, sixty-four cells are divided into eight
modules. Each module has eight cells controlled by a passive or active equalization
method. The total voltage of each module will be different due to different load conditions
between the cells. In this way, it is important to adjust the voltage value between the
modules. Thus, a study of different combinations of equalization at module and cell level is
presented to verify which equalization method presents better time and SOC performance.
The combinations are active at the module level and active at the cell level, passive at the
module level and passive at the cell level, hybrid passive at the module level and active at
the cell level, and hybrid active at the module level and passive at the cell level. The initial
charge state values are shown in Section 2.3, Table 2.

Figure 7 shows the active equalization at the stack level and active at the module level.
The equalization between the stacks takes place in approximately 2 h and at the cell level
with a time of 4 h 40 min. The difference between the equalization times may be related
to the voltage imbalance; in Stack 1 all cells have a voltage difference, which takes longer
to balance. Analyzing the voltage difference between the stacks, only Stack 1 has a lower
voltage than the others; consequently, the equalization time is shorter.
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Figure 7. Active equalization at stack and cell levels.

Figure 8 shows passive equalization at the stack level and passive at the cell level.
The equalization time between stacks is approximately 3 h, and the state of charge is 74%.
At the cell level, equalization takes approximately 8 h 10 min. Compared with the purely
active method shown in Figure 7, the state of charge is 24% lower, and so this difference will
impact the battery pack autonomy, heat generated by energy dissipation, and battery life.
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Figure 8. Passive equalization at stack and cell levels.

The purely active method for balancing is the most efficient, though it is not always
feasible to use in battery packs, as an example in projects where there are physical space
limitations. An alternative is the hybrid equalization topology.

Figure 9 shows the result of a hybrid simulation for passive equalization between
stacks and active at the cell level. The stack equalization time is approximately 1 h 30 min,
with a SOC of 85%. Active cell equalization has a time of approximately 4 h and a SOC
of 85%. Finally, another hybrid equalization method is simulated, active equalization
between stacks and passive equalization at the module level, Figure 10 shows the results.
The equalization time between stacks is 3 h and at cell level 7 h 10 min. The SOC is 96%.
Compared with the method presented in Figure 9, the equalization time is longer, but the
state of charge is 2% less than the purely active method.

Table 3 summarizes the comparison of all the methods simulated in this work. The hy-
brid active equalization method between stacks and passive at module level presents a
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96% SOC, 2% smaller than the value of SOC of the purely active method. Secondly, the hy-
brid passive method between stacks and active at the cell level presents an SOC of 85%
and satisfactory response time when compared to the purely active method. The disadvan-
tage of applying this method in practice is that the active topology has a more significant
number of electronic components, which requires the use of greater physical space in the
battery pack.
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Figure 9. Passive stack-level and active cell-level hybrid equalization.
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Figure 10. Hybrid equalization: active stack level and passive cell level.

Based on the results obtained in the simulations, the use of two different equalization
topologies, passive and active, can be used in practice in projects with restrictions on
the volume available in the battery pack casing. For example, in the configuration of the
simulated pack in this work, which was based on an actual research and development
project at the Federal University of Technology—Paraná, the sixty-four cells in series are
divided into eight stacks. To apply a purely active topology, the number of electronic
components is significant, such as inductors, MOSFETs, and control circuits. In this way, it
would not be possible to develop eight slave modules for each stack, because the physical
space available in the casing is restricted. The solution is to use slave modules with the
passive equalization technique. An example of a compact commercial integrated circuit is
the BQ79656-Q1 from Texas Instruments. From the simulated results, applying the active
topology only to equalize the voltage difference between the stacks, the energy efficiency
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is significant when compared to a purely passive technique, and also satisfactory when
compared to a purely active technique.

Table 3. Comparison of equalization topologies.

Topology Equalization Time SOC—Stack (%) SOC—Cell (%)

Active cell-level
balancing 3 h 33 min - 85

Cell-level passive
balancing 8 h 10 min - 74

Active stack-level and
cell-level active balancing 2 h (stack) 4 h 40 min (cell) 98 98

Passive stack-level and
cell-level passive

balancing
3 h (stack) 8 h 10 min (cell) 74 74

Active stack-level and
cell-level passive hybrid

balancing
3 h (stack) 7 h 10 min (cell) 96 96

Passive stack-level and
active cell-level hybrid

balancing
1 h 30 min (stack) 4 h (cell) 85 85

The cost for the construction of the hybrid topology, considering the main components
of power electronics, and based on reference to the market values consulted in September
2022, the approximate total value for the development of the hybrid system is shown in
Table 4 when active at stack level and passive at the module level. This value can be more
expensive as it involves two equalization topology techniques. However, considering
the energy efficiency advantages, the value is satisfactory when compared to a purely
active technique.

Table 4. Approximate cost for building the hybrid topology to be active at the stack level and passive
at the cell level.

Topology Components Value (USD)

One module-level
active topology

14 Mosfets, 7 inductors, and a
control circuit 300.00

Eight passive topology
slave modules

Front-end integrated circuit, power
resistors, voltage, current,

and temperature instrumentation
2000.00

Total cost = 2300.00

3.3. Hybrid EQ Applied to an EV

Simulations with the EV model are essential to validate the different combinations
of the proposed topology and evaluate the autonomy. Based on the results presented in
Section 3.1, two combinations were chosen to test in the EV model: purely passive and
hybrid active between stacks and passive at the cell level. The parameters used in the
simulations are presented in Table 3, Section 2.3.

Figures 11 and 12 present the results of the purely passive topology implemented in
the EV. The FTP75 drive cycle is repeated until the battery is fully discharged. Figure 11
shows in detail the driving cycle (km/h), the total pack voltage (V), the state of charge (%),
and the pack current (A).
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Figure 11. Simulation results of the EV model. The driving cycle is repeated until the battery pack is
fully discharged. The equalization of stacks and cells is done by the passive method.

Figure 12 presents in detail the voltage and SOC between the eight stacks and the
voltage and SOC at the cell level of Stack 1, where it is possible to verify the equalization
between stacks with the passive equalization occurring in approximately 2000 s. Passive
cell-level equalization does not happen at this time. The passive equalization time is around
28,800 s, as shown in Section 3.1. Each driving cycle has 2474 s. For this simulation with
purely passive topology, it was possible to perform almost seven complete cycles (16,980 s).
With an average speed equal to 34.1 km/h, it is possible to cover a distance of 119.7 km.
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Figure 12. Simulation results of the EV model. Details of voltage and SOC behavior of passive
equalization at stack and cell levels.

Figures 13 and 14 present the results of the hybrid equalization methodology, active
between stacks and passive at the cell level (Stack 1). Figure 13 shows in detail the speed
(km/h) during the driving cycle, the voltage (V) of the battery pack, SOC (%), and current
(A) of the pack.

Figure 14 presents in detail the voltage (V) and SOC (%) between the stacks and Stack
1. In this configuration, the distance traveled was 164.2 km, 44.5 km more than the purely
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passive topology. In this way, this combination is an alternative to increase the autonomy
of a battery pack by adding an active equalization topology only between the stacks of the
pack. It is important to point out that the pack current was not controlled, and at the end,
when the voltage is reduced, the current is above 106 Ah. This value can be controlled and,
in practice, will decrease the EQ speed. Energy efficiency is not affected in this case.
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Figure 13. EV model simulation results. The driving cycle is repeated until the battery is fully
discharged. EQ is active across stacks and passive at the cell level.
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Figure 14. Simulation results of the EV model. Details of voltage and SOC behavior of passive
equalization at stack and cell levels.

4. Conclusions

BMSs are responsible for managing an EV batteries. From the voltage, current, and tem-
perature readings, several parameters are controlled to maintain the correct functioning of
the pack. The equalization of voltage between the cells is one of the fundamental parame-
ters for the useful life of the batteries, in addition to adequate charge control to guarantee
the autonomy of the EV. There are two main cell EQ methods: passive and active. This
article collaborates in the study of the combination of these two techniques to evaluate the
autonomy of a pack in a driving cycle.
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Based on simulated results, the hybrid EQ technique, active between stacks and
passive at the cell level, has a range of 44.5 km more than the purely passive topology.
In this topology configuration, the active equalization circuit is added only to transfer
energy between the stacks. At the cell level, a passive equalization circuit is applied.
Therefore, the proposal of the hybrid topology presented and simulated in this article is
promising for applications in electric vehicles, since it is possible to build printed circuit
boards (PCBs) with dimensions in the order of prismatic cells, simplify the management of
control circuits and obtain higher energy yield when compared to purely passive techniques.
It is essential to highlight that in this article that active EQ is based on a circuit of multiple
inductors, other types of circuits can also be applied, such as circuits based on capacitors,
and converters, among others that can present a better performance equalization time.
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