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Abstract:

The long life cycle, high in energy densuity and low in self-discharging rate made liathium-ion batteries popular
Howewer, when multiple cells are connected in series, inconsistencies in internal resistance, capacity, and self-discharge
rates arise due to manufacturing and environmental factors. These inconsistencies can lead to overcharging or over-
discharging of individual cells, reducing battery capacity, shortening lifespan, and posing safety risks. Balancing
methods are essential to address these issues. Existing methods are categorized into: Dissipative balancing: Converts
excess energy into heat, leading to energy loss. Nondissipative balancing: Transfers energy between cells using
capacitors, inductors, or transformers, offering higher efficiency. A bidirectional flyback converter topology with
multiple winding input/output is suggested in the paper to get over the drawbacks of current techniques
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1. INTRODUCTION:

Batteries are the most widely used energy storage technologies in the new era of clean energy employing
renewable energy sources and electric vehicles (EVs)[1]. The use of electric vehicles is one way to reduce
air pollution on a worldwide scale. It also includes intermediate solutions like hybrid electric and plug-in
hybrid cars (PHEV and HEV, respectively), which combine gasoline and electricity [2]. Since the weakest
cell in the battery pack effectively drains the entire pack when it runs out of power, the battery pack's
performance is restricted by that cell's capacity. The SOC measurement is used to evaluate the health of
each individual battery cell in the pack by calculating the ratio of the cell's residual charge to its capacity.
The SOC measures the battery's voltage, integrated charge and discharge currents, and temperature in
order to determine the battery's charge level. BMS combines passive or active cell balancing with battery
monitoring, including SOC measurements, to improve battery pack performance. Batteries are made up
of cells arranged in series or parallel. Battery cells are always nearly identical in their traits., such as SOC,
self-discharge rate, capacity, internal impedance, and temperature, even if they are from the same
production batch. The cells have a slight voltage differential as a result of the change in these properties
[3-4]. By preventing the imbalance between the battery cells, the BMS is crucial in extending battery life.
By altering the SOC values of the individual battery cells and by utilizing cell protection strategies, BMS
configurations are created to extend battery life. [5]. Battery management systems (BMSs) are electronic
control circuits that keep an eye on and manage battery charging and discharge. The identification of
battery type, voltages, temperature, capacity, state of charge, power consumption, remaining running
time, charging cycles, and other features are among the features that need to be monitored To ensure that
the charge is maximized and the battery can deliver the necessary amount of charge at all times, the BMS
balances the battery cells [8][9], Otherwise, the imbalance may cause rapid degradation, lower charge,
higher losses and/or heating effects, and/or higher heating effects [10].

2. SYSTEM MODELING

A. Types of Cell balance techniques

Without a balancing system, the voltages of the different cells will diverge over time, resulting in poor
efficiency and even risks. Cell imbalance in battery systems is a critical issue in the system life of the
battery. The cell equalizing is crucial for ensuring that, after a full charge, battery pack have the same
voltage and SOC. dissipative and non-dissipative techniques are the two basic cell balancing strategies.
B. Types of cell balancing technique

Passive balancing dissipates the surplus energy of high SOC cells by parallel connecting shunt
resistors[11]. This method makes it possible to balance the energy levels of cells and continuous waste
power. Also, here the balancing speed is not fast enough. Only nickel-based batteries and lead-acid
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batteries continue to use this technique.[12].. The active cell balancing technique uses capacitive or
inductive charge shuttling to move charge from the high-charged cell to the low-charged cell. In order to
balance out differences between cells in series, active balance techniques move electrical energy from

higher SOC cells to lower SOC cells.[15][16], with minimal damage.

3.MODEL AND SIMULATION OF BALANCER CIRCUIT
The switched resistor method, and the two-switch flyback converter method's circuit and simulation,
together with their outcomes.
A Switched Resistor Technique
The switching shunt resistor cell balancing circuit [19] is seen in Figure.1, where V1, V2, V3, and V4 are
the cell voltages that are connected in series, Q1, Q2, Q3, and Q4 are the semiconductor switches of each
cell; and R1, R2, R3, and R4 are the fixed shunt resistors of each battery cell.

Table 1 Specified

variables
. variable Specification
a1l
1~ R1
Vi T
— e oot Cell Nominal | 3.7V
(01,02 05,04) )
o voltage
va R2
Cell rated | 6.5A.h
e capacity
vz —= R3
Resistance 1Q
4/ -
a1 R Switches 4
va —Le

Figure.1: Switching shunt resistor cell balancing circuit

B Two switch Flyback convert balancing Technique

Flyback converters, which can be either unidirectional or bidirectional, are utilised in isolated structures.
The unidirectional arrangement stores the energy of the highly charged cell in the transformer when the
coupled switch is on and transfers it to the pack when it is off.When it comes to energy transmission, a
bi-directional flyback converter is far more flexible because it allows for energy transfer from the pack to
the cells.
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Figure.2 : Two switch flyback cell balancing circuit
Figure.2 depicts the multi-input multi-output (MIMO) based bidirectional flyback converter that makes
up the balancing circuit. The SOC of a single cell is gathered, compared to the SOC values of other cells..
Each cell comes with two alternative transformer windings that are linked in series with two MOSFETs
[20-21] on each winding. Assuming SOC1 > SOC2, and using Celll and Cell2 as an example, as shown
in Figure.3, the equivalent circuit model transfers the energy Celll to Cell2. The main waveform of
transfers energy celll to cell2 as shown in Figure 3.1. Through control the on-off combination of
MOSEFETs the bidirectional energy flow is made possible.
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Figure.3 : Transferring energy from Celll to Cell2. Figure 3.1: Balancing
waveform

Energy is transported utilising the transformer as an energy storage component. The primary and
secondary loops of the transformer switches operated alternately during the equalisation period where T
is the switching period and D is the PWM duty cycle.

Model[0 — DT], Cell 1 discharges while Qal is on, Qcl, Qb1, and Qd1 are off, the transformer's primary
inductor stores energy, and the primary winding's upper and lower poles are both positive. Celll
equivalent circuit discharging model is shown in Figure 4.

— N CoT TSt |
Lm2 e A | ) B3
vz =T T e U1 l - g
_ 2
-_ . —_— . __ |
Figure 4 Cell 1 equivalent discharging circuit Figure 5 Cell2 charging loop equivalent

circuit

The model uses U1 to represent the voltage of Cell 1. R1, L1, Lm1 & Rml to represent the primary
winding of equivalent resistance , leakage inductance, magnetisation inductance and resistance
respectively; and Us to represent the MOSFET voltage drop.

If we assume that the current in Figure.4 is flowing in a positive direction, Kirchhoff's law gives us the
following results:

« WRFUSLS

® i=iRyt iim

e Eu=EutEritEL+ErnitErm

Figure 5 shows the voltage of Cell 2 which is represented by U2, the secondary loop inductance and
resistance are represented by Lm2 and R2 respecitively, and the MOSFET's on voltage drop is represented
by Us2. If the current direction is assumed to be positive, Kirchhoff's voltage law can be used to determine
this

i iZR2+U2+U52=LmZ%

¢ Epn=EuatErtEn

C. Balancing Controling strategy

In the ideal scenario, each cell of the SOC is equal to the batter average SOC (SOCd) after equalisation
is finished, ignoring the circuit loss. The equation 1 shows batteries' unbalanced states are divided as
SOCd the reference value and related equalisation algorithms are developed based on various unbalanced
states. In modern approach the specific differences are considered above and below the SOCd based on
the electrical and component parameters.

+ igmRm1 = U1

s0Cd = = X1, SOCi (1) Eq.l

where n represents the batteries' cell count

Take four cells linked in series and define as SOCmax1 > SOCmax2 > SOCmin2 > SOCminl.
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Figure.6: An overview of the balancing process
The entire flow chart of the balancing strategy is shown in Figure 6, where the highest balancing mode is
denoted by 0, the second-highest by 1, and the lowest by 2.

W=0 means SOCmax1 > SOC,; > SOCmax2 > SOCmin2 > SOCminl.

W=1 means SOCmax]1 > SOCmax2 > SOC,; > SOCmin2 > SOCminl.

W=2 means SOCmax]1 > SOCmax2 > SOCmin2 > SOC,; > SOCminl.

Based on the values of average SOC (SOCd), there are three possible modes which are Model,Mode2
and Mode3

Model: The W = 0 balancing mode is used when SOCmax1 > SOCd > SOCmax2 > SOCmin2 >
SOCminl. The Cellmax]1 is connected to the transformer's primary side in this balancing mode, while
the Cellmax2, Cellmin2, and Cellmin1 are attached to its secondary side. Cellmax1, Cellmax2, Cellmin2,
and Cellminl exclusively absorb energy during this mode of energy balancing. MOSFETs energy-
absorbing cells are progressively switched on. Cellmax] first sends energy to Cellminl during the
equalization process, while Cellmax2 and Cellmin2 are in a waiting state When SOCmin1 = SOCmin2,
Cellmin2 begins charging at the same pace as Cellminl, and as Cellminl's SOC rises, the matching
MOSEFET of Cellmin2 turns ON. When the matching MOSFET for Cellmax2 is ON and SOCmin1 =
SOCmin2 = SOCmax2, Cellmax2 begins absorbing the energy generated by Cellmax1 at the same rate as
Cellmin2 and Cellmin1. The equalization process is complete when SOCminl = SOCmin2 = SOCmax2
= SOCmax]. Figure.7 depicts its control flow diagram.

Lo - ) = : )

Cellmax1 discharges

v

Cellmax1 discharges

v

Only cellminl charges

< Only cellminl charges
SOCmax1<=S0Cm
ax?
Cellmin2 charges, as cellminl P

Cellmax2 charges, as
does

A

cellmax1 does

v

SOCmax2<=S0Cmin2 SOCMax2<=S0Cm
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W=1
Only Cellmax1
discharges
\4
Only Cellminl
Cellmin2 Cellmax2
charges, as discharges, as
cellminl does cellmax1 does
\ 4 A\ 4

Cellmax1 and Cellmax2 discharge, while
cellminl and cellmin2 charge

Table 2: change in SOC of cells

Cell |Cell2 | Cell3 | Cell

1 4
Initia | 85% | 60% 45% | 25%
1
SOC
Final | 24.5 | 25.07% | 25.57 | 25%
SOC | 9% %
Figure.7 depicts its control flow diagram. When w= 0 Figure.9 depicts its control flow diagram when

w=2

Mode2: The W = 1 balancing mode is used when SOCmax1 > SOCmax2 >SOCd > SOCmin2 >
SOCminl. Cellmax1 and Cellmax2 are connected to the transformer's primary side in this balancing
mode, while Cellmin2 and Cellminl are attached to its secondary side. Cellmin2 and Cellminl only
absorb energy during this mode of energy balancing, while Cellmax1 and Cellmax2 only release energy.
Cellmax1 first sends energy to Cellmin1 during the equalization process, while Cellmax2 and Cellmin2
are in awaiting mode. The Cellmax1 SOC is continuously decreasing as its energy continues to transmit.
When the equivalent MOSFET for Cellmax2 is ON and SOCmax2 = SOCmax1, Cellmax2 begins to
release equal energy rate as Cellmax1. Concurrently, Cellmin1's SOC is still rising. When the equivalent
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MOSEFET of Cellmin2 is ON and SOCminl = SOCmin2, Cellmin2 begins charging at the same rate as
Cellminl. Cellmax2 and Cellmax1 transmit energy to Cellmin2 and Cellminl when SOCminl =
SOCmin2 SOCmax2 = SOCmax]1. The balancing process is complete when SOCminl = SOCmin2 =
SOCmax2 = SOCmax]. Figure.8 depicts its control flow diagram.

Mode3: The W = 2 balancing mode is used when SOCmax1 > SOCmax2 > SOCmin2 > SOCd >
SOCminl. The Cellminl is linked to the transformer secondary side in this mode, while the Cellmax1,
Cellmax2, and Cellmin2 are attached to the primary side of the transformer. Cellmax1, Cellmax2, and
Cellmin2 only produce energy while Cellmin1 only absorbs energy in this balancing state. The matching
MOSEFETs for the energy-releasing cells are progressively switched ON. Cellmax1 first transfers energy to
Cellmin1 during the process of equalization, while Cellmax2 and Cellmin2 are in a waiting state. When
SOCmax2 equals SOCmax1, Cellmax2 begins discharging at the same pace as Cellmax1 as the SOC of
Cellmax1 continues to drop. At this point, the matching MOSFET of Cellmax2 is ON. When the
matching MOSFET for Cellmin2 is ON and SOCmax2 = SOCmax1 = SOCmin2, Cellmin2 begins
energy releasing at the same speed as Cellmax2 and Cellmax1. The equalization process is complete when
SOCminl = SOCmin2 = SOCmax2 = SOCmax]. Figure.9 depicts its control flow diagram.

Figure.8 depicts its control flow diagram when w = 1

4.SIMULATION AND RESULT ANALYSIS

1.Switched Resistor Technique Simulation model: Four cells are linked in series for the simulation, and
the parameters are displayed in Table.1 with MATLAB/Simulink shown in Figure.10 The controller had
been a MATLAB function that was embedded. Switches are controlled depending on the SOC of the
battery cells. The switching algorithm follows: First, need to find the lowest SOC value among the battery
pack. Then the remaining switches will keep on until all SOCs are the same, which means the remaining
cells' SOC values are matched with the lowest SOC value of the cell. The simulation were seen in
Figure.11 where cell 4 has a minimum SOC value of 25% and the remaining cell SOCs are 80%, 60%,
and 45%, respectively.

Figure.10: Simulation model

o -

0 500 1000 1500 2000 2500 3000 500

Figure.11: SOCs of cells
Table 2 shows the change in cell SOCs during balancing operation. Figure 11 depicts the variation of
SOC in this method. Here, cell 4 has the lowest SOC, which is 25%. The remaining cell SOCs must all

balance or equalize, but energy transmission is not possible in this situation, extra energy is dissipated
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using a shunt-connected resistor. The time total for this operation is 3500 s. The first 1200 s, celll, cell2
and cell3 are uniformly discharging. In the periods of time from 1200 s to 2100 s, the cell2 and celll is
discharging. Similarly, from 2150 s to 3250 s, only cell 1 is discharging. At last, all cells are balanced after
3250s.

Figure.12 shows the cell balancing current during static conditions. Here, cell 4 has OA, which means it
has the least SOC value, which is why it is unlinked to the resistor. Cell 3 is linked to the resistor until
its SOC matches the SOC of cell4, then the cell current will decrease gradually and become zero after
3250 seconds. Similarly, cell 3 and cell 2 gradually reached zero current after 1200 s and 2150 s,
respectively. The voltage analysis during the balancing condition is seen in

i s
L} 3 \ PR |
(L= Bl
1 w " L] F ) ] E ) E ) [] 50 100 1500 200
Balrcig e Balancig e ]
Figure 12 : Cell currents Figure 13: Cell voltages

Figure 13 It is known that cell voltage and cell SOC are directly proportional. In the first 1250 s, the first
three cells are discharging uniformly, and the voltage is also decreasing. After 1250 s, cell 4 and cell 3
stopped discharging, which is why the voltage of those cells is constant. During 1250 s to 3250 s, cell 2
discharges up to 2150, and cell 1 discharges up to 3250 s.
2. Simulation of two switch flyback converter method

The simulation model for two switch flyback converter is seen in Figure 14 and parameters are seen
in Table 2 [27].

Two switch flyback converter simulation model

@Q
&
=8
)
=)

?i

?p;

L
=]

[
C @

d@ 4‘]

Figure 14 : Two switch flyback converter cell balancing simulation model
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Table 3 Specified Variables Case Celll % | Cell 2% | Cell3% | Cell4 %
Table 4: Change in SOC of cells 1 | Initial | 92.76 84.49 83.46 85.52
Variable Specified value SQC
- Final 85.75%
Each cell Nominal | 3.7V
voltage SOC
Fach ool tated | 65A N 2 | Initial | 92.76 83.46 89.66 85.52
capacity SOC
M [0)
primary  winding | 48mH gglél 86.56%
[nductance __ 3 | Initial | 9276 |91.73 | 90.69 |86.52
secondary winding | 48mH SOC
Inductance
Final | 89.72%
O,
Duty cycle 50% SOC

In this method we can vary the charging current based
on the transformer parameter. The charging current range of battery is 0.2C to 0.8C. where C is cell
capacity. In this simulation charging current is assumed to 2.2A [28]. The pack have four cells arranged
in series with nominal voltage of 3.7V and capacity of 6.5Ah. All MOSFETs are controlled by a pair of
comparable PWM signals, which significantly reduces the amount of control signals. Here simulation is
carried for three different cases

3.Simulation Result

Figure 14 depicts the modelling for the two-switch fly back converter-based cell balancing technique.
Simulation results are provided in Table 4 for a variety of chance scenarios.

Case 1

In this case, after observing all SOC values of cells, it is known that celll has the highest SOC value and
the others have low SOC values. The average SOC is 86.55%, which lies between cells1 and4. Based on
flowchart Figure 6, the W is 0. The balancing algorithm flows based on flowchart Figure.7, which means
one cell is discharging and other cells are continuously charging step by step. In first 180's, celll discharges
with a +5.2A current, and cell4 charges with a -2.2A current. In the period of time from 180 s to 520 s,
the SOC of cell4 and cell3 matches each other, therefore, both these cells charge parallel with a -2.2 A
current. From 520 s to 630 s, the cell4, cell3, and cell2 charges with a similar current of -2.2A. During
complete balancing operation, cell 1 discharges with +5.2 A current. All cells are balanced after 630 s.
The balanced SOC value of the battery pack at the end of equalisation is 85.75%. The change in SOC,
voltage, and current of battery cells are shown in Figure 14.1.a, Figure 14.1b and Figure 14.1c

<SOC1 (%>
— <S0C 2 (%P>
83— T T e <S0C 3 (%)> [
<SOC4 (%P>

92— 1 1 —

91— T T —

90— T T —

Cell SOC(%)

| | | |
0 100 200 300 400 500 600 700
Offset=) Balancing Time(s)

Figure 14.1a: cell SOC
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Case 2

In this case, after observing all the SOC of cells, it is known that, two cells have a high value of SOC and
another two cells have a low value of SOC. The average SOC is 87.85%, which lies between cell3 and
cell4. Based on flowchart Figure.6, the W is 1. The balancing algorithm flows based on flowchart Figure.8,
which means two cells are discharging and other cells are continuously charging step by step. In first 280
s, cell 1 discharges with +5.2 A current and cell2 charges with -2.2 A current. And in the periods of time
from 280 s to 370 s, the celll and cell3 SOCs matched each other, therefore, these cells charges with -
2.2A current. During the time period from 370 s to 810 s, the celll, cell3 discharges with +5.2 A current,
and cell2, cell4 charges with -2.2 A current. The total period of balancing operation is 819 s. Figure14.2a,
14.2b, and Figure 14.2.c, shows the change in SOCs of battery, variation of battery voltage, and the
change in battery current

93

92—

8

Cell SOC (%)
8

@
S

o 100 200 300 400 500 600 700 800

Balancing time (s)
Figure 14.2a: cell SOC
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Figure 14.2b: Cell voltage Figure 14.2c: Cell current

Case 3

In this case, after observing all SOC values of cells, after observing, three cells have close and high SOC
values and other cell have low SOC value. The average SOC is 90.43%, which lies between cell3 and
cell4. Based on flowchart Figure.6, the W is 2. The balancing algorithm flows based on flowchart Figure.9,
which means three cells are discharging and another cell is continuously charging step by step. The first
90 s, cell 1, discharges with +5.2A current, and cell4 charges with -2.2A current. And in the periods of
time from 90 s to 280 s, initially the cell 1 and cell 2 SOCs matched each other, therefore, these cells
discharge with +5.2 A current. During the time period from 280 s to 570 s, the celll, cell2 and cell3
discharges with +5.2A current and cell4 charges with -2.2A current. The total period of balancing
operation is 570 s. Figure 14.3a, Figure 14.3b and Figure 14.3c, shows the change in SOCs of battery,
variation of battery voltage and change in battery current.

ul | | |

92

a1 —

Cell SOC (%)
g

o 100 200 300 400 500
Ottsat=0 Balancing time (s)

Figure 14.3a: Cell SOC
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Figure 14.3b: Cell voltage Figure 14.3c: Cell current

RESULTS AND DISCUSSIONS

This session describes the simulation conducted for the switch flyback converter, and switched register
techniques. Simulink software and MATLAB are used to run the simulation and generate the findings
Table 4 comparison of balancing techniques

Cell 1 | Cell 2 | Cell 3 | Cell 4
Switched Resistor method
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Initial SOC | 85% 60% 45% 25%
Final SOC 24.59% 25.07% 25.57% 25%
Two Switch Flyback Converter method

Case 1 Initial SOC | 92.76% | 84.49% | 83.46% | 85.52%
Final SOC 85.75%

Case 2 Initial SOC | 92.76% | 83.46% | 89.66% | 85.52%
Final SOC 86.56%

Case 3 Initial SOC | 92.76% [ 91.73% | 90.69%  86.52%
Final SOC 89.72%

Contribution of the Work

The battery modelled in MATLAB Simulink is as seen in Figure.10, cell has a 3.7 V nominal voltage, and
the 6.5 Ah capacity of each Li-ion battery is to be considered for simulation. Table 4 shows the change in
the SOC of the battery cell

In switched resistor method, after observing the variation in SOC of cells, it is known that all cell SOC
will be approximately equal to the lowest cell SOC at the last of the balancing operation. The battery will
be balanced after a period of 3256 s. That means it takes more time to balance the battery pack. Here n
= 4, the battery pack SOC after equalization (SOCe) is 25.45% and energy efficiency (1)) is 48.47%. That
is very low balancing efficiency, and there is complete energy wasted. It is basically a passive cell balancing
method where energy is dissipated and has a high simulation time (3256 s) with a lower energy efficiency
of around 48.47%. That’s why it is suitable for low-rated batteries. This method continuously dissipates
energy in the type of heat, which results in the cell reducing its light span.

In case of Single After observing the change in SOC of cells, it is known that all cell SOC will be balanced
at intervals of 92 s. Compared to the switched resistor method, this requires minimum time to balance
the battery. Another is balancing efficiency, i.e. 1 = 96.67%. Compared to switch register method, this
method has decent energy efficiency, and there is a no repeating charging and discharging of cells during
balancing operation. Compared to the switched register method, this method has a fast-balancing
operation, around 92 seconds for 4 lithium-ion cells.

At last, in two switch fly back converter method, after observing the change in SOC of cells, it is known
that all cell SOC will be balanced over a moderate period of time. This balancing period lies between the
switched resistor method and the single inductor method. All three cases of battery pack will be balanced
before the period of 800 s. The balancing efficiency of three different cases is calculated using Eq.1, and
their results are seen in Table 5

Table 5 Energy efficiency

[n.S0Ce(%)] | X SOCi(%) (%)
Case 1 4(85.75)] 92.76+84.49+83.46+85.52 | 99.00
Case 2 4(36.56)] 92.76+83.46+89.66+85.52 | 97.41
Case 3 4(39.72)] 92.76+91.73+90.69+86.56 | 99.48

The  overall
efficiency of the two-switch fly back converter method is 98.63%. Compared to both the switch method
and the single inductor method, this has more energy efficiency or balancing efficiency, and one of the
key featuresis the variation of charging current. The control strategy is based on time-sharing
participation in equalization, which is the order of the initial SOC of cells.

CONCLUSION AND FUTURE SCOPE

In this project, lithium-ion battery, fundamental operation of BMS, and the importance of SOC are
understood.

From the literature summary, objectives were drawn, most importantly equalization efficiency.

From simulation study of the balancing circuits, it is observed that the balancing time in single inductor
has a lower balancing period compared to the switched resistor method.

A comparison between the switch resistor method, the single inductor method, and the two-switch fly
back converter method revealed that the two-switch fly back converter has a variation in charging current
with a proper transformer parameter and a decent balancing period.

According to the simulation study, the active cell balancing technique outperforms the passive cell
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balancing technique in terms of balancing period and energy efficiency.

Future scope

In the future work, cell balancing can be performed using lossless cell balancing method based on
switching matrix
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