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Abstract: This paper proposes a design of energy balance circuit for two adjacent Lithium-ion battery
cells in the cell string based on the modifying of the bidirectional CuK converter principle. This design
only uses one MOSFET to transfer energy between two cells in a direction controlled by the first relay,
second relay controls the cutting energy balance circuit off the cells when they have the same energy
level. The control command sent by the management battery system (BMS) to the energy balance
circuit via an RS485 communication protocol controls the direction of transferring energy, the
amplitude of the balance current, the frequency and duty of PWM, the PWM signal applied to
MOSFET is programmed by a microprocessor PIC18F2685. This design overcomes some
disadvantages caused by applying the principle of bidirectional CuK converter to design the energy
balancing circuit, these are the need for a multiple level DC source to open MOSFETs and issue of the
energy loss on the elements of energy balance circuit. This design is also easy to expand for the battery
string with a large number of cells. The energy balance control strategy can be implemented directly
by each the energy balance circuit or remotely by BMS using RS485 communication. The experimental
results of online optimal energy balance control based on state of charge (SoC) feedback for 07
SAMSUNG 22P battery cells connected in series are presented to prove the efficiency of the energy
balance circuit design for two adjacent cells proposed in this paper.

Keywords: Lithium-lon battery; balance circuit; CuK converter; the cell string; state of charge;
optimal balancing control
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1. Introduction

Recently, there is a growing rapidly in electric vehicles with low contamination and low noise in
comparison with traditional gasoline-powered vehicles. To power for electric vehicles (EV), the battery
pack with a lot of cells connected in series and parallel to achieve high voltage and capacity is the main
part of electric vehicles. Lithium-on battery cells are used widely for EV because of their advantages
such as self-discharge rate, high density, no memory effect, and lower weight. To keep the battery pack
operating safely, optimally, and protect it from overcharging/discharging, catching fire or exploding,
etc. , the battery management system (BMS) is equipped with the battery pack [1]. One of the main
functions of BMS is energy balancing control of cells, there are two strategies for energy balancing
control that is energy balancing control based on voltage and state-of-charge (SoC) feedback [2]. The
energy level of cells in the string may be different in the practical operation because the cells normally
are different in terms of manufacturing tolerances, different self-discharge rates, uneven operating
temperature across the battery cells, and nonuniform aging process [1,4].

To ensure all cells in string operate safely and to avoid events such as over discharging,
overcharging, and explosion during operation, the remaining energy of cells must be equal all the time.
If a cell has lower energy than other cells, it can be over discharged, while the other cells still have
energy. Consequently, that cell is damaged and may not even be able to provide electrical energy to
the load. Meanwhile, if a cell has higher energy than other cells, it can be overcharged. A cell
overcharged or over discharged can be exploded, caused fire, so this can damage to the devices [5].
Hence, the battery pack is usually equipped with energy balance circuits to keep the energy level of
cells at the same level to avoid the states mentioned above. In practical operations, it is very important
to maintain balanced energy levels in order to enhance the battery life; the remaining energy of the cell
is usually presented by the SoC, the minimum SoC difference between all cells in the string must not
exceed 2%.

There have been many literatures about the energy balancing control method; the two main types
include active cell balancing method and passive cell balancing method. Passive balancing methods
are gradually not used in energy storage system applications and electrical vehicles because they
dissipate electrical energy in the power resistors and cause electrical energy wastage [6]. Active cell
balancing methods use capacitors and inductors, together with switching circuits, to transfer the
electrical energy from cells with higher energy levels to those with lower energy levels. So the
electrical energy stored in the cells is not wasted, although the structure of the energy balancing circuit
and balancing control strategy are complex, especially for a large electrical storage system with many
serially connected cells. In addition, the cost of the processor for this energy balancing circuit is high.

Active cell energy balancing methods include cell bypass, cell-to-cell, cell-to-pack, pack-to-cell,
and cell-to-pack-to-cell methods as presented in the materials [7-9]. In reference [10], all active
balancing methods were compared. By analyzing the parameters, the authors showed that cell-to-cell
methods are more efficient and can be used in high power applications. To realize the cell-to-cell
methods, power converters have been applied to equalize the energy level of cells in the battery pack.
In references [1] and [11], the authors commented that the Cuk converter is very efficient to transfer
energy between two adjacent cells. The Cuk converter is a DC-DC nonisolated converter [9,12,13], it
requires two inductors, one internal capacitor, and two MOSFETs to transfer or receiver the energy for
every pair of adjacent cells in the string. The advantage of this converter is the control of the demanded
current and the current delivered to each cell by changing the duty of the PWM signals applied to
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MOSFETs, which allows a smooth regulated current in both cells involved in the transfer. However, it
is expensive and complex to design and implement in the practice.

There are two disadvantage problems when applying the principle of the bidirectional Cuk
converter to create a energy balance circuit for the cell string: The first is that the original CuK circuit
uses two MOSFETSs to control the energy transfer in two directions. For the energy balancing control
of n cells in the string, an n — 1 energy balance circuit is required based on the conventional CuK
circuit [9]. To open 2(n — 1) MOSFETs in the n-1 energy balance circuit, there is the need for DC
power with differential voltage levels, so it causes an inconvenience during circuit fabrication. The
second is that when the energy levels of all cells are balanced, the n-1 energy balance circuit would
still be connected to the cells; this will cause leakage current through the capacitors between the two
cells, leading to energy loss [14]. In this study, to overcome the two above disadvantages, the energy
balancing circuit is formed by using only one MOSFET and a relay to control the energy transfer
between two adjacent cells; another relay is used to cut off the energy balancing circuit from the two
cells when the two cells have the same energy level. When the energy levels of cells are balanced,
relay 1 is opened, and the energy balance circuit is separated from the two cells; hence, the loss of
electrical energy is zero. The balance control can be implemented directly by each the energy balance
circuit for any two adjacent cells or remotely for all cells in the string by BMS using communication
driven by a microprocessor using the RS485 communication protocol [15].

The remainder of this paper is organized as follows. In Section 2, the energy balancing circuit
based on the original CuK converter and its disadvantages is presented. Section 3 presents the proposed
energy balancing circuit for two adjacent cells based on the modifying of the bidirectional CuK
converter. Section 4 describes the experimental results of the energy balancing control remotely based
on SoC feedback. Finally, the conclusions are drawn in Section 5.

2. The energy balancing circuit based on the original CuK converter

Suppose that there are n cells connected in series, n — 1 energy balance circuit based on the
bidirectional Cuk converter as shown in Figure 1. In general, each energy balance circuit equalizes the
energy level of two adjacent cells. Figure 2 explains the energy balance circuit for cell 1 and cell 2, the
energy of cell 1 is transferred to cell 2 by applying the PWM signal with desired amplitude and
frequency to the left MOSFET Q;. In the switching duty cycle, the conductor L, stores energy from
cell 1, the energy stored in the capacitor C in the previous period is charged to cell 2. In the remaining
time of switching period, the stored energy of L, is transferred to C. Therefore, the energy of cell 1 is
transferred to cell 2 by accumulating and transmitting the energy of inductor L; and capacitor C. The
same process is explained for transferring energy from cell 2 to cell 1, the PWM signal is applied to
the right MOSFET Q,. In the switching duty cycle, the energy of cell 2 is stored in the L, the capacitor
transfers its energy to cell 1, in the remaining time of switching period, the stored energy of L, is
transferred to C [9,19]. The frequency of the PWM signal is 10 kHz and higher, so the currents of
L., L, are always operated in the transient period.
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Figure 1. The configuration of n — 1 cell balance circuits for n cells connected in series.
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Figure 2. The configuration of the cell balance circuit for cell 1 and cell 2 based on the
principle of the bidirectional Cuk converter.

Let's consider 02 MOSFETs of the cell balance circuit (see Figure 2). Two MOSFETs have no
same voltage level on their pins D and S because the pin D of MOSFET 1 and pin S of MOSFET 2 are
connected. To turn on MOSFET 1, the voltage of the PWM signal in the switching duty cycle is large
than V, + 3.6 V with 3.6 V is voltage V;; of MOSFET. Similarly, to turn on MOSFET 2, the voltage
of PWM signal applied to pin G is higher than V; + 3.6 V. Thus, to realize n — 1 balance circuits for
n cells connected in series, there is the need for power supply with 2(n — 1) voltage levels, so the
system is quite inconvenient to implement. On the other hand, when the energy levels of two adjacent
cells are balanced, two MOSFETs are turned off, there is no PWM pulse on the MOSFETs, but because
the electronic components are not ideal, so there are leakage currents through inductors and capacitors,
this causes the dissipating unnecessarily the electrical energy of the cells.

Two things presented above are two disadvantages of applying the principle of bidirectional Cuk
converter to design the cell balance circuits for cell string with n cells connected in series. In part 3,
the cell balancing circuit for two adjacent cells based on the modifying of the bidirectional Cuk
converter is proposed to overcome the two above disadvantages.

AIMS Energy Volume 10, Issue 2, 219-235.



223

3. The cell balancing circuit for two adjacent cells based on the modifying of the bidirectional
CuK converter

The cell balancing circuit { for two adjacent cells i and i + 1 based on the modifying of the
bidirectional CuK converter is proposed as shown in Figure 3 below, in which there is main part as 02
conductors L, L,, capacitor C, 01 MOSFET, 02 relays, the microprocessor PIC 18F2685, 02 diodes.
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[ ] [ ]
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Figure 3. The proposed cell balancing circuit for two adjacent cells based on the modifying
of the bidirectional CuK converter

Suppose that the energy level of two cells is equalized based on the SoC feedback, SoC; denote
SoC of cell i, the operation principle of the cell balancing circuit is presented as follow:

When SoCs of two cells i and i + 1 is balanced in range of |SoC; — SoC,| < ¢, € isthe balance
threshold set by technical requirements, relay 2 opens, the entire circuit including L,, L, and capacitor
C; is isolated from two cells, there is no current leaked through the cells, inductors, and capacitors, so
no electricity is wasted. When two cells have the difference of SoCs out of desired range
|SoC,-SoC,| = ¢, relay 1 turns on, the capacitor C; and 2 inductors L;, L, are connected to the cells,
the cell balance circuit operates. If SoC; > SoC,, relay 1 turns on, the energy of cell 1 transfers to cell 2
based on the principle of the Cuk converter. If SoC, > SoC; relay 1 turns off, the energy of cell 2 is
transferred to cell 1. Microprocessor PIC18F2685 exports the PWM signal with desired duty to
MOSFET and the signals to control relays in order to control the energy balance of two cells. In the
switching period, the amount of energy transferred from cell to cell depends on the frequency and duty
of the PWM signal applied to MOSFET. The manipulated variable of balance control loop can be
choosen flexibly (duty or frequency). The communication RS485 of the energy balancing circuit with
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fixed address receives the message from the BMS, the BMS implements the SoC estimation, state of
health (SoH) estimation, and cell balance control. The message frame is “ADD_Freq Relay Duty”,
in which:
e Add: the address of the cell balancing circuit (00 to 255)
e Freq: the frequency of PWM signal (10 kHz to 20 kHz)
o Relay:
00—turn off two relays; the cell balancing circuit is isolated from cells
10—turn on relay 2, turn off relay 1, energy of cell i transfer to cell i + 1
11—turn on relay 2, turn on relay 1, energy of cell i + 1 transfer to cell 1
e Relay: switch duty (0% to 99%)
The advantages of the proposed energy balancing circuit for two adjacent cells in this work
include:
e No dissipating unnecessarily the electrical energy of cells
o Expanding easily the number of energy balance circuit for the cell string with large number cells
by using RS845 communication protocol
o Suitable for different energy equalizing control strategies (equalizing based on SoC or voltage of
cells). The capability of remotely equalizing control via network or directly equalizing control by
balancing circuit itself.
e No need for multiple level DC source to open MOSFETs of energy balance circuits.
The photo of the printed circuit board of the proposed energy balancing circuit are shown in
Figure 4 below.

Indicator: (Address, freq, duty)

PIC18F2685

MOSFET

Capacitor C

Pins: DC, RS485, connected to cells

Figure 4. Two sides of the printed circuit board of the proposed cell balaning circuit.

Figure 5 depicts the main plug circuit, it helps expand the number of energy balancing circuit for
cell string with number of cells larger. In this figure, six balancing circuits are plugged in the main
plug circuit to equalize for 7 cells. This design can be applied to the battery string with maximum 256
cells connected in series.
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Connected to
BMS systems
(RS485)

Connected to 7 cells

Figure 5. The main plug circuit of energy balance system for cell string.

For this proposed balancing circuits, the direct or remote balancing control algorithm can be easily
applied. With direct balance control, the simple balancing control algorithm (using either voltage or
SoC comparison) is installed to microprocessor PIC18F2685 to balance two adjacent cells. For
complicated balancing methods (optimal balance, the SoH-aware active cell balancing etc.), the control
algorithm is implemented remotely by BMS using RS485 communication.

4. The experimental results of optimal balance control using SoC feedback

This experimental test using optimal balance control strategy using SoC feedback for battery
string with 7 cells SAMSUNG 22P connected in series is conducted to proof the performing effectively
of the proposed cell balance circuit in this paper. The experimental system is shown in Figure 6. The
physical parameters of cell SAMSUNG 22P are listed in Table 1.

Figure 6. Setup of balance experimental system at 101, A4 buliding, TNUT.
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Table 1. The physical parameters of cell SAMSUNG 22P.

Model ICR18650-22P

Capacity 2150 mAh Rated

Voltage 3.62 V Nominal

Charging 4.20 V Maximum; 1075 mA Standard; 2150 mA Maximum
Discharging 2.75 V Cutoff; 430 mA Standard; 10000 mA Maximum

A measurement module is used to measure voltages of cells, current of pack and cell temperature.
The voltage signals of cells are converted to 10-bit digital signals to transfer to computer via RS485
communication. The load is motor YONG-CHIDA-1d67 240 W, 24 V,10 A BLDC with a maximum
speed of 295 rmp. The power supply is 195 W Owon ODP 3032 (36 V, maximum current 6 A) with
two programmable channels. To equalize the energy level of 07 cells, 06 proposed balance circuits in
this paper are used with their parameters listed in the Table 2. The energy transferred between two
adjacent cells is directly proportional to current of balance circuits, the balance current amplitude
depends on the duty of PWM applied to MOSFET. In this test, the duty of PWM is ranged from 0
to 0.5 which corresponds to the range of 0% to 50%.

Table 2. The parameters of energy balance circuit.

L C T f S0Chmin S0Cmax Iemax Tdmax
0.1 mH 470 uF ls 10 kHz 5% 95% -1.5A 2A
Implemented in the v
measurement module Read the current, voltages and
and LabVIEW software temperature from the measurement
Implemented in the MATLAB Estimate SoC and control Implemented in
software SoC balancing one sampling
-------------------------------------- l time interval
Implemented in the LabVIEW Display the chart and
software record results

T

Yes

Figure 7. Flow chart of the algorithm of energy balance control for cell string based on
SoC feedback.
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The computer with configuration Core(TM) i3-6100 CPU 3.70 GHz 16 GB RAM is installed
LABVIEW and MATLAB softwares, those software play role of the battery management systems (BMS)
to estimate SoC and control optimal balance of cells [16]. MATLAB software is used to estimate SoC of
cells based on sigma-point Kalman filter and control cell balancing based on SQP algorithm [17, 18].
LabVIEW 2018 is used to create the graphical user interface; the MATLAB software is embedded in
LabVIEW to run the algorithms online. Flow chart of the algorithm of optimal balance control
implemented in the BMS is plotted in Figure 7.

Table 3. Initial SoC of the cells in the string.

Cell 1 Cell 2 Cell 3 Cell 4 Cell 5 Cell 6 Cell 7
76 86 62 96 48 91 72

The charging/discharging and cell equalizing are conducted simultaneously in this test, the initial
SoC of cells is listed in Table 3. Figure 8 depicts the varying of current in the test. The time total for the
test is 3000 s. In the first 600 s and in the periods of time 1250 s to 1800 s and 2480 s to 2780 s,
the cells were discharged with a discharge current of 1.5 A. For the periods of time 600 s to 1250 s
and 1800 s to 2480 s, the cells are charged with a constant current of 1 A. From 1780 s to 3000 s,
the cells are no charge/discharge. Figure 9 and Figure 10 show the changing in voltage of cells and the
temperature of cell 5 during SoC balance experiment of cells. The results of the optimally equalizing
process of the cells are shown in Figure 11. With the initial SoC of cells as shown in Table 3, the cells
have the same SoC equal to 53% after a time of 3000 s. equalizing process is stopped by BMS
system when the SoC deviation of cells is within +1%.

— Current

Current (A)

ey

0 500 1000 1500 2000 2500 3000
Time (S)

Figure 8. The current of cell in the test.
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Figure 9. The voltage of cells in the test.
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Figure 10. The temperature of cell 5 in the test.
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Figure 11. The SoC balance process of cells in the cell string under optimal control.

In Figure 11, for the first 600 seconds, 7 cells are discharged and equalized simultaneously, SoCs
of cell 2, cell 4 and cell 6 are reduced more than the remaining cells’ SoCs in the string because those
cells transfer charge to adjacent cells with lower SoC levels. In the period of time from 600 seconds
to 1250 seconds, the cells are charged, so the their SoC increases, but SoC of cell 4 is reduced because
it transfers charge to the cell 3, cell 5. SoCs of cell 2 and cell 6 slowly increase because they transfer
energy to adjacent cells with lower SoCs. SoCs of cells 3 and 5 increase strongly due to both being
charged and being received charge from cells 4 and 6. SoC of cell 7 increases significantly because it
is charged and received charge from cell 6 simultaneously.

At the time of 1200 seconds, two groups of cells with approximate SoC levels are formed
including group of cell 6 and cell 7 and group of cell 1, cell 2, cell 3, cell 4 and cell 5. During a period
of time from 1250 seconds to the 1780 seconds, the cells in the string are discharged, their SoCs are
reduced, the cells with higher SoC level (cell 6, cell 7) decrease more than the others with lower SoC
levels because they discharge and transfer energy simultaneously to adjacent cells with lower SoCs.
During the time of 1780 seconds to 2480 seconds, all cells in the string are charged, the group of cells
with lower SoC levels (cell 1, cell 2, cell 3, cell 4, cell 5) have the increasing of SoC larger than the
group of cell 6 and cell 7 because they are charged and received the energy from cell 6 and cell 7
simultaneously. At the time of approximate 2500 seconds, SoC of the two groups are balanced, so all
SoC of cells in the string are equal, it means that energy levels of all cells in the string are equalized.

In the period of time from 2480 seconds to 2780 seconds, all cells are discharged, so their SoCs
are decreased, the SoC’s decreasing rates of two groups are same because their SoCs are approximately
equal. In the period of time from 2780 seconds to 3000 seconds, all cells have no charging/discharging,
their energy levels are still equalized continuously, the equalizing process is ended at the time of the
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SoC differences of all cells in the string smaller than 1%. Figures 12 to 17 are the detailed descriptions
of the energy transfering control between two adjacent cells implemented by 6 balance circuits.

0.6 [
——D1-1
——D1-2
0.5
04
)
S5 0.3
a
0.2
0 . ;
0 500 1000 1500 2000 2500 3000
Time (s)

Figure 12. The duty applied to MOSFET of SoC balance circuit 1, the blue line describes
energy transferring from cell 1 to cell 2; the orange line explains energy transferring from
cell 2 to cell 1.

Figure 12 depicts the energy transfering control between cells 1 and 2 performed by balance circuit 1.
For the first 450 seconds, cell 2 transferred energy to cell 1 with maximum amplitude (duty = 0.5). At the
time of 450 seconds and forward, the SoCs of two cells were nearly same, the energy transfer amplitude
was gradually decreased, the duty of PWM signal was decreased from 0.5 to 0 at the time of 600
seconds, then the 2 cells had the same SoC level. For the period of 600 seconds and forwards, two cells
were charged, cell 1 had a SoC higher than SoC of cell 2, because cell 2 transferred the energy to
adjacent cell 3, cell 1 transferred energy to cell 2 until the time of 2780 seconds, at that time SoCs of
two cells are nearly the same, then cell 2 transferred energy to cell 1 with smaller amplitude to maintain
the energy equalizing process.
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Figure 13. The duty applied to MOSFET of SoC balance circuit 2, the blue line describes
energy transferring from cell 2 to cell 3; the orange line explains energy transferring from
cell 3 to cell 2.
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Figure 14. The duty applied to MOSFET of SoC balance circuit 3, the blue line describes
energy transferring from cell 3 to cell 4; the orange line explains energy transferring from
cell 4 to cell 3.
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Figure 15. The duty applied to MOSFET of SoC balance circuit 4, the blue line describes
energy transferring from cell 4 to cell 5; the orange line explains energy transferring from
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Figure 16. The duty applied to MOSFET of SoC balance circuit 5, the blue line describes
energy transferring from cell 5 to cell 6; the orange line explains energy transferring from

cell 6 to cell 5.
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Figure 17. The duty applied to MOSFET of SoC balance circuit 6, the blue line describes
energy transferring from cell 6 to cell 7; the orange line explains energy transferring from
cell 7 to cell 6.

Similar to the explanation of Figure 12 and Figures 13 to 17 show the control of the charge
transferring process to adjacent cells performed by the remaining balancing circuits. For the balance
circuit 5, the energy transfer process is only conducted in the one direction from cell 6 to cell 5 for the
entire equalizing process, because cell 6 initially had the highest SoC (96%), and cell 5 had the lowest
SoC (48%). This test is carried out under the scenario of discharge/charge and equalizing control
simultaneously, so the time for equalizing will be longer (approximately 3000 secondsas shown in the
figures). If the the cells are equalized under scenario with no discharging/charging, the equalizing
process could be faster.

5. Conclusions

This paper has presented the design of the energy balance circuit for two adjacent Lithium-ion
battery cells in the battery string based on the modifying of the principle of bidirectional CuK converter.
This design only uses 01 MOSFET to transfer energy between two adjacent cells, 1 relay to control
the energy transfer direction, 01 relay to connect/disconnect the energy balance circuit to cells. The
energy balance control can be implemented directly by each the energy balance circuit or remotely by
BMS using RS485 communication. This balance circuit is suitable for different cell equalizing control
strategies (equalizing based on SoC or voltage of cells). This design eliminates the need for a multiple
level DC source to open 2n MOSFETs, which leads to inconvenience when designing n — 1 energy
balance circuits based on the principle of bidirectional CuK converter for a battery string with n cells
connected in series. This design eliminates the energy loss on the elements of balance circuits when
the cells are equalized, this design also is expanded easily for the battery string with large number of
cells. The practical optimal energy equalizing control for 07 serial Samsung 22 P battery cells based
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on SoC feedback was implemented to prove the efficiency of the balance circuit proposed in this article.
This balance circuits can be effectively applied to the balance control problem of battery with high
power formed by Lithium-Ion cells in electric vehicles or in the electrical storage stations applied in
renewable energy systems.
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