
Contents lists available at ScienceDirect

Journal of Energy Storage

journal homepage: www.elsevier.com/locate/est

Self-reconfiguration batteries with stable voltage during the full cycle
without the DC-DC converter

Feng Ji, Li Liao⁎, Tiezhou Wu, Chun Chang, Maonan Wang
Hubei Key Laboratory for High-efficiency Utilization of Solar Energy and Operation Control of Energy Storage System, Hubei University of Technology, Wuhan, 430068,
China

A R T I C L E I N F O

Keywords:
Self-reconfigurable batteries
DC-DC converter
Cell balance
Lithium-ion batteries

A B S T R A C T

This paper proposes the self-reconfigurable batteries topology without DC-DC converter, which is similar to self-
reconfigurable batteries, but it can guarantee that the voltage of the battery pack is within the set range when the
SOC (state of charge) is from 0 to 100%, even if the voltage will drop with the SOC or some cells will be
bypassed. Simply put, when the battery pack is discharged, the batteries whose SOC is high and their voltages
satisfy the demand are discharged, and the cell with lower SOC is continuously replaced, and the consistency of
the battery pack is ensured while stabilizing the voltage. The topological and control strategy are analyzed in
detail. The proposed topology is verified by the battery pack composed of 9 cells in series, the experiment result
shows that this topology not only retains the advantages of good equalization of self-reconfiguration batteries
but also maintains low voltage fluctuations even without DC-DC converters, besides, without the DC-DC con-
verter, the capacity utilization rate of the battery pack reaches 99.8%, demonstrating the superior performance
of the proposed topology.

1. Introduction

Lithium-ion batteries are widely used in a variety of applications,
including electric vehicles, energy storage systems, due to their high
energy density, long cycle life and low self-discharge rate [1]. A number
of battery cells are usually connected in series in order to supply higher
voltage and higher power to the load in a wide range of applications,
while significant efforts are made by designers to select the battery cells
such that they are as identical/matched as possible, the battery cells
will still have mismatches in practice due to manufacturing tolerances,
different self-discharge rates, uneven operating temperature across the
battery cells, and nonuniform aging process, among others [2]. Such
inevitable differences within battery cells will drift apart through cy-
cling and could potentially lead to overcharging or over discharging, it
is clear that such non-uniformity limits the battery capacity and may
even cause safety issues [3]. Therefore, to properly maintain all cells
balanced is of significant importance for enhancing battery life [4–6].

While the passive balancing dissipates the excess energy through
resistors in the form of heat, the active balancing equalizes the battery
cells by transferring the excess energy between battery cells [7]. Several
active balancing systems have already been introduced [8–14], in ad-
dition, self-reconfigurable batteries are presented in the literature as an
effective solution [15–18], however, the voltage of the self-

reconfigurable batteries is relatively unstable, which is determined by
the characteristics of the self-reconfigurable batteries (refer to
Section 2), and the voltage of battery cell varies with SOC, for example,
the NCM lithium-ion battery has a voltage range of 3.0 V–4.2 V, if the
load is powered by 100 cells in series, the voltage range of the load is
300 V–420 V. Usually, the self-reconfigurable batteries and other
equalization circuits need to be connected to the DC-DC converter to
maintain the voltage of the battery pack, as shown in Fig. 1(a).
Guertlschmid et al. presented in Ref. [19] a topology that deploys a
power converter (DC-DC) for each battery cell, the cells are connected
in series while the power converters are connected in parallel to each
cell, as shown in Fig. 1(b). Huang et al. presented in Ref. [20] a to-
pology that the cell and the DC-DC converter built a power unit, while
the battery cells are decoupled, the power units are serially connected,
as shown in Fig. 1(c).

Using the DC-DC converter is a relatively simple way, but it has
energy loss and other deficiencies In order to stabilize the voltage of
battery pack without the DC-DC converter, Kim et al. presented in Ref.
[21] a topology that the cells can be dynamically configured in series
and in parallel during operation to achieve the required voltage and
current, respectively. Gunlu presented in Ref. [22] a topology that the
cells can be connected in different configurations such as all of them
serially, all of them in parallel, to obtain the required voltage.
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Based on self-reconfigurable batteries, a novel self-reconfigurable
equalization circuit without DC-DC converters is presented and the
corresponding control strategy is proposed in this paper. The equal-
ization circuitry is simple and easy to implement. A battery pack con-
sisted of 9 cells in series is used for experience, during 0–20%, the
voltage of the battery pack is 25.3 V–28.3 V without the DC-DC con-
verter while the target voltage is 27 V, and the rang of SOC of the cell is
within 1%, besides, the battery pack capacity utilization is 99.8%, the
experience results show that the proposed equalization circuit has ex-
cellent performance.

The remainder of this paper is organized as follows. The working
principle and shortcomings of self-reconfiguration batteries are in-
troduced in Section 2. In Section 3, a detailed analysis of the equal-
ization circuit and control strategy proposed in this paper. The char-
acteristics of the equalizing circuit are introduced in Section 4.
Experimental and analysis of experimental data are given in Section 5.
Finally, the conclusion of this paper is given in Section 6.

2. Self-reconfigurable batteries

2.1. Working principle

In this section, we briefly introduce the working principle of self-
reconfigurable batteries and analyze its shortcomings, a detailed ana-
lysis of self-reconfigurable batteries can be referred to [23–25].

As shown in Fig. 2, the self-reconfigurable batteries consist of n cells
and 2n switches, each cell is connected to two switches. By controlling
the two switches ON or OFF, the cell can be bypassed or connected to
the battery pack to achieve battery pack equalization.

If the battery pack is discharged, as shown in Fig. 3(a), the SOC of
cell 1 is the lowest, followed by that of cell 2, the SOC of cell 3 is
relatively high, and the SOC of cell 4 to cell n is the same and higher
than that of cell 1, cell 2 and cell 3. Although we assume that the SOC of
cell 4 to cell n is the same, in fact, this is impossible. However, the
battery pack allows a small inconsistency in the SOC of the cell, we can
consider the cell in the range of permitted inconsistency of the battery
pack to be consistent, which is simplified to be the same here.

Changing the switching state of the cell 1, cell 2 and cell 3, the
switch in series with the cell is OFF (S12, S22, S32) and the switch in

parallel with the cell is ON (S11, S21, S31), as shown in Fig. 3(b), cell 1,
cell 2 and cell 3 are bypassed, while other cells are discharging until the
time of Fig 3(c), the SOC of cell 3 is equal to that of cell 4 (cell 5 to cell
n), and cell 3 is reconnected to the battery pack. Similarly, cell 2 is
reconnected to the battery pack as shown in Fig. 3(d), and cell 1 is

Fig. 1. Simplified diagram of the different self-reconfigurable batteries topol-
ogies with DC-DC converters (a) common method (b) Ref. [19] (c) Ref. [20].

Fig. 2. Self-reconfigurable batteries topology.

Fig. 3. Self-reconfigurable batteries equalization diagram (a) initial state,
(b)–(e) equalization process.
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reconnected to the battery pack as shown in Fig. 3(e).
The working principle of the self-reconfigurable batteries is that in

the discharge phase, the cell with high SOC is always discharged (cell 4
to cell n in Fig. 3(b), cell 3 to cell n in Fig. 3(c), cell 2 to cell n in
Fig. 3(d)), and the battery pack is equalized by reducing the discharge
time of the cell with low SOC. In the same way, when the battery pack is
charged, the cell can be equalized by reducing the charging time of the
cell with high SOC

2.2. Disadvantages of self-reconfigurable batteries

As shown in Fig. 3(a), it is assumed that the battery pack is com-
posed of 10 cells in series, that is, n = 10, the voltage of cell 1, cell 2,
cell 3 and cell 4 are 3.3 V, 3.5 V, 3.6 V, and 3.7 V, respectively, then, the
voltage of the battery pack of Fig. 3(b) to Fig. 3(e) are shown in Table 1.

Since the voltage of the cell will gradually decrease as the SOC, as
shown in Table 1, even if all the cells are connected to the battery pack,
the voltage between Fig. 3(b) (36.3 V) and Fig. 3(e) (33 V) is different,
which exacerbates the voltage variation, and makes it is almost im-
possible to apply a circuit to a load that requires a higher voltage range
unless the DC-DC converter is added.

3. Proposed battery equalization topology

Fig. 4 is the topology proposed in this paper, compared to Fig. 2,
only the connection of the battery cell is changed, and some parallel
cells are connected in series. It should be noted that we have not added
or reduced the cells.

Assuming that the battery pack is composed of 90 cells, the self-

reconfigurable batteries with DC-DC converter can be 30S3P, when the
DC-DC converter realizes 3 times voltage conversion, as shown in
Fig. 5(a). To obtain a higher voltage, the topology proposed in this
paper needs to be connected 90 cells in series, that is, 90S1P, as shown
in Fig. 5(b), the original 60 cells connected in parallel are all connected
in series to obtain a higher voltage, that is, m = 60 in Fig. 4.

3.1. Principle of stabilizing the voltage

To stabilize the voltage of battery pack at 120 V, as shown in Fig. 6,
the battery pack consists of 40 cells in series, assuming that they are
consistent, and the voltage of the cell in Fig. 6(a) to (d) is 4.0 V, 3.7 V,
3.4 V and 3.0 V respectively.

The voltage of the battery pack of Fig. 6(a) to (d) is shown in
Table 2.

As shown in Fig. 6(a), the voltage of the cell is high, and only 30
cells need to supply power to the load. Since the voltage of all cells in
the battery pack is the same, only the first 30 cells need to be selected to
discharge, and the last 10 cells are bypassed. As shown in Fig. 6(b), to
maintain the voltage, 32 cells are required, just like the previous ana-
lysis, the first 32 cells are selected to discharge, Fig. 6(c) and (d) can be
deduced by analogy.

The topology proposed in this paper requires the number of cells
connected in series m as shown in (1).

≥m Ut
Uc (1)

Where Ut is the target voltage of the battery pack, Uc is the dis-
charge cut-off voltage of the cell, and for NCM battery, its discharge cut-
off voltage is 3.0 V, that is, Uc is 3.0 V.

Table 1
The voltage of the battery pack of Fig. 3(b) to (e).

The voltage of the battery pack /V The total voltage of 10 cells /V

Fig. 3(b) 25.9 36.3
Fig. 3(c) 28.8 35.7
Fig. 3(d) 31.5 34.8
Fig. 3(e) 33 33

Fig. 4. The topology proposed in this paper.

Fig. 5. Connection of 90 cells (a) traditional self-reconfigurable batteries
(30S3P) (b) the topology proposed in this paper (90S1P).
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3.2. Control strategy

The above analysis only introduces the principle of circuit stability
voltage but ignores cell equalization. In this section, we will introduce
the control strategy of the proposed circuit through Figs. 7 and 8, so
that the battery pack can maintain the SOC consistency of cells in the
battery pack while stabilizing the voltage.

If the battery pack is discharged, as shown in Fig. 7, the SOC of the
cell 1 to cell 3 is the same and highest, the SOC of the cell 4 to cell 6 is
the same and medium, and the SOC of the cell 7 and cell 8 is the same
and lowest.

Assuming that cell 1 to cell 6 can meet the battery pack voltage
requirements, then they will be connected in series to the battery pack,
and the remaining 2 cells with the lower SOC are bypassed (as shown in

Figs. 7(a) and 8). After a while (as shown in Fig. 7(b)), the difference
between the SOC of the cell 5 (cell 6) and the cell 7 (cell 8) satisfies the
(2) and reaches the set condition, at this time, the first judgment con-
dition in Fig. 8 is true, cell 5 and 6 are bypassed, cell 7 and cell 8 are
connected to the battery pack (as shown in Fig. 7(c)).

− ≥SOC SOC SOCset7 5 (2)

Where SOCset is the difference in SOC. Similarly, as shown in
Fig. 7(d), after a while of discharge, the difference between the SOC of
cell 4 and cell 5 reaches a set threshold, the cell 4 is bypassed and the
cell 5 is connected to the battery pack, as shown in Fig. 7(e), cell 6 is
connected to the battery pack, because the cell 6 connected to the
battery pack will make the voltage of battery pack more close to the set
voltage (the second judgment conditions in Fig. 8), it should be noted
that this is a hypothetical situation to facilitate the introduction of the
working principle of the circuit.

From the analysis of Figs. 7 and 8 that even if there is a large in-
consistency in the initial SOC of each cell in the battery pack (as shown
in Fig. 7(a)), after a while, the SOC consistency of the battery pack is
significantly improved (as shown in Fig. 7(e)). As analyzed in Fig. 3,
this is because the battery cell discharged is always the cell with high
SOC in the battery pack, and the cell with low SOC is bypassed, but
unlike the traditional self-reconfigurable batteries, refer to (1), because
of the extra batteries in series, when the cell with low SOC is bypassed,
the cell with high SOC can replace the bypassed cell to supply power to
the load, so as to keep the voltage of battery pack within the set range.

4. Analysis of the topology proposed in this paper

4.1. When the cell reaches the discharge cut-off voltage

Since the topology proposed in this paper has no DC-DC converter,
the voltage provided by the battery pack for the load is the sum of all
available cell voltages. As shown in Fig. 9, when the cell 6 to the cell 8
reach the discharge cut-off voltage and the cell 1 to the cell 5 are not

Fig. 6. Voltage stabilizing principle of the topology (a) powered by 30 cells, (b)
powered by 32 cells (c) powered by 35 cells (d) powered by 40 cells.

Table 2
The voltage of Fig 6(a) to (d).

Cell voltage/V Number of cells The voltage of battery pack/V

Fig. 6(a) 4.0 30 120
Fig. 6(b) 3.7 32 118.4
Fig. 6(c) 3.4 35 119
Fig. 6(d) 3.0 40 120

Fig. 7. Control strategy based on the proposed circuit (a) initial state, (b)-(e)
equalization process.
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available, if the total voltage of cell 1 to cell 5 cannot meet the
minimum voltage required by the load, the capacity of these cells
cannot be released, resulting in a lower battery pack capacity utiliza-
tion.

Refer to (2), the maximum SOC in Fig. 9 is not greater than the
SOCset, that is, when the SOCset is larger, although the number of op-
erations of the switching device in the circuit can be reduced, the
available capacity of the battery pack may be low. However, when the
SOCset is smaller, although the available capacity of the battery pack
can be better utilized, the number of operations of the switching device
increases. Therefore, to solve the defect reflected in Fig. 9, only need to
set the SOCset to be large when the SOC of battery pack is high, so as to
reduce the number of operations of the switching device, when the SOC
of battery pack is low, the SOCset is set to be small to fully utilize the

available capacity of the battery pack.

4.2. The influence of the topological proposed in this paper on the cell

As shown in Fig. 5, although the cells are connected differently in
Fig. 5(a) and (b), however, since the number of cells used in the battery
pack is 90, the total energy stored in the battery pack is the same, and
the total energy available for use is the same.

If the required power of the load is P, the currents I1 and I2 provided
by each of the cells in Fig. 5(a) and (b) are as shown in (3) and (4),
respectively.

=
×

I
P η

Ucell
1

/
90 (3)

=
×

I P
Ucell

2
90 (4)

Where η is the conversion efficiency of the DC-DC converter, Ucell is
the voltage of cell, and we assume that the voltages of all the cells are
the same. Refer to (3) and (4) that the current of each cell in Fig. 5(a) is
slightly higher than that of Fig. 5(b), because of the power loss of the
DC-DC converter, making the battery pack need to provide higher
power to meet the load's power demand.

Although the proposed topology connects the originally parallel
cells in series, it can be seen from the above analysis that this has little
impact on the performance of the battery pack. However, it should be
noted that the topology proposed in this paper usually supplies all the
cells together when the battery pack is close to the cut-off voltage, but
usually, some of the cells do not supply to the load. If the SOC is 100%,
Fig. 5(a) is powered by 90 cells (the voltage of battery pack is 270 V),
the topology proposed in this paper is only powered by 64 cells
(64 × 4.2 V = 268.8 V), the maximum power that the battery pack can
provide is only 64/90 of Fig. 5(a). But the total energy that the battery
pack can provide is the same because the battery pack is composed of
90 cells.

Therefore, when the power provided by the battery pack has some
redundancy, the topology proposed in this paper can better achieve the
goal of self-reconfigurable batteries with DC-DC converter and avoid
the energy loss caused by the DC-DC converter. However, when the
voltage required by the load is high, only the DC-DC converter can be
used to match the load voltage.

5. Results and discussion

This paper chooses ICR 18650 lithium-ion battery produced by
SAMSUNG for the experiment, whose nominal capacity and voltage are
2.2Ah and 3.7 V, respectively, it was produced in April 2018, and 9 cells
are connected in series.

The MCU used in the experiment is STM32F407. To measure the
voltage of the cell, the LTC6804 manufactured by Linear technology is
used. This chip is powerful and can measure the voltage of 12 series-
connected cells, the maximum error is 1.2 mV. ACS712-05 is used to
measure the current. The switch components use the relay produced by
SONGLE, which has the advantages of low conduction resistance, and
its maximum conduction current is 10A, meeting the experimental re-
quirements. It should be noted that this platform only verifies the ra-
tionality of the proposed topology, we can use semiconductor devices
such as MOSFET instead of relays in the application such as electric
vehicles, battery energy storage [21]. The load is replaced by a 100 Ω
sliding rheostat, for convenience, the load is constant in experience. The
EKF (Extended Kalman Filter) algorithm is used to estimate the SOC of
each cell, which has the advantage of high estimation accuracy
[26].The voltage, SOC, current and other information are displayed on
a 3.2-inch TFT color screen. The equilibrium experimental platform is
shown in Fig. 10.

Since the normal distribution of cell performance in the battery pack

Fig. 8. Control flow chart.

Fig. 9. When the cell 6 to the cell 8 reach the discharge cut-off voltage and the
remaining cells are not available.
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[27,28], the initial SOC of 9 cells are shown in Table 3.

5.1. Cell balance and output voltage performance

The topology and control strategy proposed in this paper are used
for experiments, where the target voltage of the battery pack is 27 V
and SOCset = 2% is considering the consistency of the battery pack. The
SOC of each cell and the voltage of the battery pack are shown in
Figs. 11 and 12, respectively.

As shown in Fig. 11, at the 60 s, cell 1 to cell 7 are discharged, while
cell 8 and cell 9 are bypassed because the SOC of cell 8 and cell 9 is
lower, and the voltage supplied by cell 1 to cell 7 is about 25.5 V, which
is close to 27 V. At about 480 s, cell 7 (the lowest SOC in the power
supply battery pack) is lower than cell 8 (the highest SOC in the bypass
battery pack) 2% (SOCset), cell 7 is bypassed and cell 8 is connected to
the battery pack, since the SOC of cell 7 and cell 8 are similar, there is
no change in the voltage of the battery pack at this time. At about
1140s, the battery pack has 8 cells instead of 7 cells connected in series,
and the voltage of the battery pack rises to about 28.9 V, as shown in

Fig. 10. Equilibrium experiment platform.

Table 3
Initial SOC of 9 cells.

SOC/%

cell 1 51.5
cell 2 51.3
cell 3 51
cell 4 50.5
cell 5 50
cell 6 50
cell 7 49.3
cell 8 49.1
cell 9 49

Fig. 11. The SOC of the topology proposed in this paper.

Fig. 12. The voltage of Fig. 11.

Fig. 13. The SOC of self-reconfigurable batteries.
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Fig. 12, because compared with 7 cells, if 8 cells are connected in series,
the voltage of the battery pack is closer to 27 V (as shown in Fig. 7).

For the convenience of comparison, we conducted the experiment
again with self-reconstructing batteries, as shown in Figs. 13 and 14,
respectively.

As shown in Fig. 13, the battery pack starts to equalize after the
60 s, since the SOC of cell 7, cell 8 and cell 9 is low, these cells will be
bypassed. that is to say, during the 60 s to 420 s, only cell 1 to cell 6 are
discharged, as shown in Fig. 14, the voltage of the battery pack is about
22 V, however, the voltage of all the cells is about 33 V. At 420 s, the
SOC of cell 7 to cell 9 reaches the set condition, cell 7 to cell 9 are
connected to the battery pack and cell 4 to cell 6 are bypassed, as well
as the analysis above, the voltage of the battery pack does not change
much until about 600 s, the SOC of the 9 cells tends to be the same, cell
4 to cell 6 are connected to the battery pack, all the cells are discharged,
and the voltage of the battery pack is the total voltage of all the cells of
the battery pack, about 33 V.

As shown in Fig. 13, the range of self-reconfigurable batteries is
reduced from 2.5% at the 60 s to 0.7% at 600 s, which better balances
the battery pack, however, as shown in Fig. 11, the range of battery
pack is reduced from 2.5% at 60 s to 1.6% at 1200 s, which is longer
compared to self-reconfigurable batteries because the voltage of battery
pack must be considered when bypassing the cell (the self-reconfigur-
able batteries bypasses 3 cells (Fig. 13) and the topology proposed in
this paper bypasses 2 cells (Fig. 11)), so the number of cells bypassed is
limited. Moreover, the topology proposed in this paper cannot make the
battery pack as balanced as the self-reconfigurable batteries (Section 3).

Since the topology proposed in this paper is similar to the self-re-
configurable batteries, it has the advantages and disadvantages of self-
reconfigurable batteries. However, as shown in Figs. 12 and 14, when
the battery pack is discharged, compared with the self-reconfigurable
batteries, the topology proposed in this paper can better stabilize the
voltage of the battery pack and maintain the voltage of the battery pack
within the set range, even if the cell is bypassed.

5.2. The capacity efficiency of the battery pack

As shown in Fig. 9, when the voltage of the battery pack is in-
sufficient to meet the load voltage demand, the battery pack cannot
continue to supply power to the load. To test the capacity utilization of
the battery pack, the battery pack is discharged until it falls to the cut-
off voltage, the initial SOC of the 9 cells is as shown in Table 4.

When the voltage of the battery cell in the battery pack is lower than
3.0 V, it is considered that the cell can no longer discharge. To increase
the usable capacity of the battery pack, the SOCset is 1% when the

battery pack is discharged, The SOC of each cell and the voltage of the
battery pack are shown in Figs. 15 and 16.

The analysis of Fig. 15 is the same as that of Fig. 11, and the details
are not described here. However, it can be seen that the consistency of
the battery pack is increasing from 0 s to about 1800 s, at the 1800 s,
the SOC of 9 cells is almost the same, this also occurs at approximately
3400 s, as shown in point A of Fig. 15. In terms of voltage, since the SOC
of 9 cells is low, in the beginning, 8 cells are discharged, and the voltage
of the battery pack is about 28.3 V. However, compared with Fig. 12

Fig. 14. The voltage of Fig. 13.

Table 4
Initial SOC of the 9 cells when the battery
pack drops to the cut-off voltage.

SOC/%

cell 1 21
cell 2 21
cell 3 21
cell 4 20
cell 5 20
cell 6 20
cell 7 19
cell 8 19
cell 9 19

Fig. 15. The SOC of the topology proposed in this paper when the battery pack
drops to the cut-off voltage.

Fig. 16. The voltage of Fig. 15.
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and Fig. 14, the voltage drops rapidly in Fig. 16, this is because com-
pared with SOC = 50%, the OCV varies with the SOC is larger when the
SOC is 0 to 20%.

At point A in Fig. 15, we connect all the cells to the battery pack, the

SOC and voltage are shown in Figs. 17 and 18, respectively.
Compared with Fig. 15, as shown in Fig. 17, about 3400 s, the SOC

of the battery pack is almost uniform until the voltage of the battery cell
is lower than 3 V, and although all the cells are discharged in advance,
the available capacity of the battery can be better utilized, however, the
voltage of the battery pack is increased, as shown in Fig. 18, about
3400 s, the voltage of the battery pack is close to 29 V.

In Figs. 15 and 17, the remaining capacity of each battery cell in the
battery pack and its initial available capacity are shown in Fig. 19.

As shown in Fig. 19, the SOC of most cells drops to 0, the SOC of
each battery cell is also less than 1% (SOCset), and the initially available
capacity of the battery pack is about 3960 mAh. In Fig. 15, the re-
maining available capacity of the 9 cells is about 48.4 mAh, the capa-
city utilization rate is about 98.8%, and in Fig. 17, the remaining
available capacity of the 9 cells is about 8.8 mAh, and the capacity
utilization rate is about 99.8%. However, it should be noted that the
initial SOC of the battery pack is about 20% if the battery pack starts to
discharge from 100%, the remaining available capacity of the 9 cells in
Fig. 15 is also about 48.4 mAh, but the total available capacity will
become 19800 mAh instead of 3960 mAh. The capacity utilization rate
is 99.8% instead of 98.8%, the battery capacity utilization rate in
Fig. 17 will be close to 100%.

At the end of the battery pack discharge, all the cells can be dis-
charged when the battery packs tend to be consistent to maximize the
available capacity of the battery pack, but in fact, the above target can
be achieved by lowering the SOCset, and as shown in Figs. 19, 15 and 17
of battery pack capacity utilization rate is not much different, and in
most applications, the battery pack is rarely discharged to the cut-off
voltage.

6. Conclusion

In this paper, a topology without DC-DC converter is proposed,
which can not only ensure the consistency of the battery pack but also
maintain the voltage of the battery pack during the use of the cell, the
performance of the topology has been demonstrated experimentally.
This topology can be widely used in applications where the power of
the battery pack is redundant, because, for 3.7 V battery, the battery
pack has a minimum of only 3/4.2 of the battery cell discharge, in
addition, the optimal selection of SOCset in Fig. 7 is related to the
performance of the equalization system, this issue has been planned to
be carried out in the future.
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