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The battery pack performance and expected lifespan are crucial in electric vehicle applications. Balancing the charge on a battery
pack connected in series and parallel is crucial due to manufacturing discrepancies and distinct performance of each cell in a
standard battery pack. In this paper, a switched-resistor passive balancing-based method is proposed for balancing cells in a
battery management system (BMS). The value of the available voltage at the battery cell terminals is balanced using resistors in
an electrical circuit, and the excess voltage is eliminated. The cell balancing outcome demonstrates that the electrical circuit
can maintain an even voltage across each cell. The procedure of balancing involves individually adjusting each cell’s level of
charge. Passive balancing releases energy as heat by draining charge from cells that have too much charge. A passive cell
balancer is a cost-effective solution and easy to install, but due to thermal loss from a resistor, it has a low energy efficiency for
cell balancing and necessitates a lengthy balancing process. This passive cell balancer is an effective and reliable method for
low-power devices and portable applications such as electrical vehicles. The power limits during charging and discharging are

estimated using the bisection method.

1. Introduction

The price of petroleum and its effects on the environment
have recently sparked a surge in interest in electric vehicles
in the transportation industry. The IC engine vehicles are
responsible for the increase in fuel prices and environmental
effects like air pollution. If EVs are used, compared to con-
ventional energy sources, the amount of air pollution can
be reduced by three times. For battery-operated electric
vehicles, operational efficiency has grown above 80%, result-
ing in a decrease in the cost of energy used [1]. When com-
pared to the ordinary IC combustion engine’s 20% efficiency,
the energy efficiency is also raised to higher rates of 60 to
80% [2]. The range of electric vehicles is increasing as the drive
trains become less expensive, more rigid, and no emissions of
hazardous gases [3, 4].

Electric vehicles become a new medium of cheap, reli-
able, and safe transportation for the environment, which
can overcome the threat of energy crisis [5]. The general

consensus is that electric vehicles (EV) are a crucial transi-
tional technology for environmentally friendly and energy-
efficient transportation [6]. It has great benefits such a small
volume, a huge capacity, less weight, and increased safety
[7-9]. Battery as a primary power source for electric vehicles
becomes a crucial component. Due to chemical reasons,
batteries must be protected against overcharging in order
to avoid an irreversible chemical reaction that would damage
the battery’s internal cell structure and result in lower battery
performance and storage capacity [10]. The battery manage-
ment system (BMS) includes a wide range of capabilities to
assist the user in managing the battery and avoiding charging
failure [11]. Among the services a BMS offers are battery opti-
misation, protection, and monitoring. The cell balancing
method [12-14] is an integral part of BMS and serves a number
of critical purposes. Battery balancing is part of an optimisa-
tion problem. A comprehensive BMS has governed charging
with constant current constant voltage (CCCV) to guarantee
that all the cells get fully charged and all cells are balanced,
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i.e., have same voltage level and safety features included into
the battery pack to shield the driver and passengers from harm
in the case of a malfunction [15, 16].

The complicated characteristics of power batteries,
including their high capacity, high power, extensive temper-
ature change, and challenging operating circumstances,
must be handled by BMS. When a power battery is mis-
handled, it may experience extreme conditions including
overcharging, overdischarging, and overheating, which can
lead to subsequent fires or even explosions in some extreme
cases. To keep the battery in a safe state and to balance the
capacity between the battery cells, the cell balancing circuit
is crucial. State of health (SOH) refers to the battery’s overall
condition and its ability to deliver the desired results in con-
trast to its initial state. When the battery reaches a certain
threshold of degradation, the SOH indicator alerts the user
that maintenance or a battery replacement is needed in
order to lower the likelihood of battery failure [17]. Algo-
rithms for voltage balancing and state of charge balancing
are the two most often utilised algorithms for balancing
cells. Voltage balancing has been the subject of extensive
investigation [5].

In order to efficiently identify outliers (i.e., unbalanced
cells), the algorithm selects the typical properties of battery
cells [18, 19]. The abnormal cells are balanced by a passive
balancing circuit after the exact classification of normal
and abnormal cells has been obtained using the clustering
method. An accurate outlier detection method may identify
aberrant battery cells and enhance the performance of the
battery pack by boosting useable energy and increasing life-
time. Typically, the cell chemicals, initial charge capacities,
and exterior impacts of each battery pack cell vary. Addi-
tionally, the battery pack’s series-connected cells are often
charged and discharged in different energy storage systems.
Therefore, there may be an uneven state of charge in the bat-
tery cells as a result of the variations in charge-discharge
speed and lifetime [20]. Changes in voltage and cell’s capac-
ity in series connection in a pack are caused by the variances
in charging and discharging rates in these unbalanced cells.
These changes in the battery pack are the primary cause of
decreased cell capacity and shorter battery life. An auxiliary
cell balancing circuit should be utilised in BMS to correct
this energy imbalance in the cells.

These variations can also be caused by the charge and
discharge cycles of the cell and operating temperature. The
variations cause an imbalance in the cells during charge
and discharge and lead to issues such as (1) undercharging
occurs when one or more cells in the string are charged
below their maximum capacity. This reduces the overall
capacity of the battery pack. (2) Overcharging occurs when
the cells are charged above their capacity. It is a dangerous
situation, and sometimes there can be a thermal runaway
and an explosion. (3) Under discharging occurs when one
or more cells in the battery pack reach their lower threshold
while the other cells still have considerable capacity left in
them. The battery management system misjudges the situa-
tion and assumes the pack to be completely discharged. (4)
Over discharging occurs when the cell is discharged below
its lower threshold. It can permanently damage the elec-
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trodes of the cell, and sometimes even a short circuit might
occur. To avoid the above-mentioned conditions, it is neces-
sary to implement cell balancing mechanisms that can
equalize the charge contained in the cells.

The process of altering how much charge is present in
each individual cell is known as balancing. Balance can be
achieved in two primary ways: passive balancing removes
charge from cells with excess charge and releases it as heat
and active balancing which shifts charge from “high cells”
to “low cells” in an effort to preserve energy in the battery
pack.

Causes of imbalance can be listed as (a) imbalance
results from anything that could lead to a SOC divergence
between two cells, (b) cells with different Coulombic efficien-
cies, and (c) cells are given the same initial conditions (the
same z(0), the same Q, and the same i,). However, as a
result of varying efficiency #, cell SOCs differ while being
charged. Another factor that might contribute to imbalance
is when cell’s net currents differ from one another.

Coulombic efficiency can be given as

£(0)=20) - & [ 1(Oa(r)d. )

Current equation can be represented by
inet(t) = Z.app(t) * iself-discharge(t) + Z.leakage(t)’ (2)

where i,,,(t) is the current being drawn from the battery
pack during application, i discharge () 15 the rate at which
individual cells discharge their stored energy, and iy (t)

is the current used to run the BMS circuit.

Various cells may have varying self-discharge rates,
resulting in different i . (¢). Varying cells may experience
different leakage currents, which can change i, (¢).

Figure 1 represents good and bad cell w.r.t. SOC varia-
tions. Unbalance occurs when cells draw a net current that
is different from one another. A pack temperature gradient
can exacerbate the issue because self-discharge rates, elec-
tronic performance, and Coulombic efficiency are all tem-
perature-dependent.

A balanced battery pack has cells that are all at the same
state of charge (SOC) at some point in its cycle [21]. What
real-time standard should be used to choose which cells to bal-
ance? (a) Which balancer circuits should ever be “turned on”?
(b) Until ASOC at the balancing set point is tiny, we might
decide to balance using SOC estimates. However, it can bal-
ance wrong cells if SOC calculations are bad. (c) Another
option for balancing, particularly when employing quick
active balancing, is to rely on voltage measurements (until A
v is minimal). Voltage is a poor predictor of SOC, but it is sim-
pler. Wasteful since it frequently balances the “wrong” cells,
(d) even balancing based on total energy available is an option.
It ensures that the battery pack’s potential energy is used to the
fullest extent, prior to reaching a design limit, often for the
minimum cell voltage. Battery SOC (and consequently volt-
age) can be increased by allowing current to flow via low to
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FIGURE 1: Representation of good and bad cell in a battery pack.

high resistance loads. For each cell, a precise cell model and
state estimation are required.

Design for balance activities can be done considering the
following things. When it should be balanced is another
problem that must be fixed. (a) Continuously: required for
HEV; required if quick active balancing is performed to
maximise the amount of power and energy in the pack that
is available. Being accurate with SOC estimates makes doing
it right harder. (b) On charge only: applicable to EV, PHEV,
and E-REV. Increases range: only when plugged in does the
charge disappear. However, longer charging durations are
necessary to enable full balance. (c) Predictive: predict the
location of the charge’s end point. Even when it is not imme-
diately clear that balancing is required, it balances
proactively.

Active balancing solutions save an additional 4.15 per-
cent of energy per charge/discharge cycle for the total battery
pack, as shown by the authors’ experimental setup results
from four separate case studies [22]. Their large energy stor-
age capacity [23] makes them more unstable than other bat-
teries like lead-acid batteries, and they need to be closely
monitored to make sure they stay within their safe working
limits. According to the authors’ documentation in [24],
some cells in these battery packs have a different state of
charge (SOC) than others. This is because temperature, leak-
age current, and self-discharge rates will become imbalanced
after being subjected to multiple charge/discharge cycles.
This charge imbalance makes subsequent charge/discharge
cycles more challenging and reduces the battery’s total
capacity. Due to differences in production and temperature,
internal impedance, and self-discharge rates, cells in series
strings will always be mismatched [25]. As the performance
of a battery is dictated by the weakest cell in the chain, a mis-
match results in a loss of capacity or power during charge or
discharge mode. Improper cell balancing shortens the bat-
tery’s lifespan and increases the risk of an explosion. A
supercapacitor [26] is charged to act as a replacement for
the cell with the highest state of charge (SOC) in the balan-
cing circuit during vehicle regeneration. A switched-resistor
balancing circuit is modelled using the theory of switched

systems [27]. Then, the particle swarm optimisation method
is fused with the cell balancing design. In [28], the authors
provide a comprehensive overview of state-of-the-art
approaches to cell balancing in low-voltage environments.
Everything from the size and cost of the circuit to the needed
speed of balancing and the complexity of the controls is con-
sidered. Passive balancing is an easy-to-implement and low-
cost cell bypass strategy. Cell-to-cell balancing processes can
considerably enhance energy efliciency; nevertheless, they
have higher system costs and control complexity than cell
bypass balancers. SOC estimate increases processing com-
plexity [29] when voltage-based balancing is used. We pres-
ent a simple method for SOC estimation using a generic
extended state observer, which does not rely on any sensors
in use at the moment and may thus materialise the system’s
resilience in the face of disruption.

In [24], the authors of the li-ion battery pack present an
overview of converter-based cell balancing topologies.
Approaches that use energy-efficient DC-DC converters to
optimise cell balancing in medical devices are discussed.
These approaches take into account circuit design, balancing
time, implementation ease, and cost. This research paper
[30] examines equalization circuits that use capacitors,
inductors, and transformers. It provides a comprehensive
comparison and shows how researchers have enhanced
and adjusted these fundamental circuits. The purpose of this
function may be to create [31], with battery thermal perfor-
mance and cell SOH as inputs. A supercapacitor can be used
to power the vehicle’s traction motors and reduce the length
of time that low state of charge (SOH) or high-temperature
(Tc) cells are in use, hence extending the lifespan of the bat-
teries. The audit will look at things like voltage balancing,
current protection, cell voltage monitoring, and temperature
[32] regulation. In this investigation, we introduce the equal-
ization circuit construction and equalization technique [33],
and we explore the characteristics of many equalization
approaches. Some general factors, such as equilibrium and
component efficiency, are used to evaluate various voltage
balancing circuit topologies [34]. Because of inherent and
environmental differences between supercapacitor cells and
the need for series connections, the entire pack must
undergo voltage equalization [35]. A comparison research
takes into account things like price, time, efficiency, speed,
size, modularity, and control [36]. In order to keep the bat-
tery charged consistently, the authors of [36] suggest
employing an equilibrium technique based on an artificial
potential field. By apportioning the charging current in an
even fashion, the battery’s charge can be brought to an even
state. Although equalizers based on capacitors are conve-
nient and inexpensive, they pose a risk to cells because of
the surge currents they generate. Inductors allow for rapid
regulation of current and balance when used in equalizers.
They are expensive, bulky, and difficult to install and experi-
ence magnetization losses and saturation problems. Equal-
izers based on converters regulate both the incoming cell
current and the outgoing cell current [37]. As far as possible,
you should try to minimize the time spent charging and
maximise the period between charges. This cannot happen
until all the cells in the pack are in sync with one another.
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TaBLE 1: Comparison of accuracy of cell balancing techniques.
Sr.no.  Method Accuracy References
1 FLC Improve the equalization time and efficiency by 49% and 48%, respectively [47]
2 FLC Minimizes SOC deviation and equalization duration by 18.5% and 23% [48]
3 Neuro- Obtained a learning accuracy error of 1.8 x 107 [49]
fuzzy
4 MPC Balancing terminates when SOC difference is 2% [50]
5. MPC Achieves 93% efficiency in balancing [51]
6. GA GA scheme reduces equalization time by 1002.5 sec, and GA scheme improves energy efficiency 93.1% [52]
7. PSO Achieves the maximum SOC gap within 2%. Improves the capacity by 13.2% [53]
8. ACO Obtains total energy loss up to 1.53 in entire balancing process [54]

The discrepancies between individual cells in large
lithium-ion battery packs make recycling them difficult
[38]. A less efficient and perhaps dangerous charging process
results from an unbalanced pack caused by these differences.
The RC mode of operation greatly decreased the current that
was transferred between neighbouring cells [39]. Since this
equalizer does not rely on capacitors, it can be used in bat-
tery banks that span a wide voltage range [40]. Each cell’s
voltage and charge is brought back to their normal values
by a virtual force function [41] generated by the artificial
potential field. A feedback control law evenly distributes
the battery charge current to quickly achieve balance among
the batteries. The coupled inductor’s magnetizing induc-
tance is preserved during construction [42]. An industry-
standard balancing circuit with n switches was designed to
provide uniformity throughout a battery pack’s cells. In
comparison to the standard cuck converter-based balancing,
the voltage loss is less when two MOSFETS per cell are used
as the switch. We also provide a method for determining the
optimum frequency at which a balanced active cell can func-
tion [43], as well as a control circuit to maintain that fre-
quency. When such optimally scaled active cell balancing
designs are run by choosing the best frequency, energy can
be dissipated by around 49% less than it would be using
the intuitive method of picking parts with the lowest parasitic
resistances, as shown by the results of case studies. For the
equalization of all cells of supercapacitors connected in series,
the balancing procedures need to have a fast equalization
speed [44], high efficiency and reliability, cheap cost, easy con-
trol, and a simple structure. Passive and active balancing strat-
egies can be distinguished. If a battery cell is replaced but does
not have the same charge as the others, the battery will not be
destroyed, but it will take more time to equalize, as stated by
the authors in [45]. To finish out the monitoring infrastruc-
ture, a new Bluetooth-based smart-monitoring system and a
mobile application built with “MIT app inventor 2” track the
voltage levels of individual cells. Each cell’s potential in a
series-connected battery pack should stay the same under ideal
charging and discharging conditions [46]. Possible mismatch
between series-connected cells affects charging and dischar-
ging of a battery pack.

The comparison of cell balancing using different
methods is shown in Table 1.

The structure or the full manuscript is described here.
Section 2 of the manuscript represents cell balancing tech-

niques, with details about passive cell balancing techniques.
Section 3 represents power limit estimation during charging
and discharging process, Section 4 describes about method-
ology used for conducting this research activity, Section 5
represents the result obtained from this research activity,
and Section 6 represents the concluding remarks.

2. Cell Balancing Techniques

In the literature, various cell balancing algorithms have been
presented. Methods for balancing cells are often divided into
two categories: passive circuits and active circuits. By utilis-
ing more energy cells than others, a passive cell balancing
method uses resistors to balance the cell energy of a battery
pack. Despite being simple to design, this passive cell balan-
cing circuit typically has a low energy transfer efficiency due
to energy losses brought on by heat dissipation from the
resistors. On the other approach, an active cell balancing cir-
cuit uses a power electronic interface to convert higher cell
energy to lower cell energy. This active cell balancer is more
effective than a passive cell balancer, but because each cell
must be coupled to a separate power electronic interface,
its control algorithm may be complicated and its production
costs high [55].

In a cell balancing system, a wide range of general elec-
tronic techniques may be applied. For Li-ion batteries, sev-
eral cell balancing techniques have been devised [56, 57].
Based on cell voltage and SOC, it can be divided into passive
and active cell balancing approaches [58, 59]. Figure 2 lists
the topologies that are most typical.

Through the use of resistor components, the passive
equalizing procedures remove the excess charge from fully
energised cells, making all the cells with a charge that is
identical to that of the lowest cell [60]. Passive balancing is
suitable for lower power applications such as electrical vehi-
cles [12]. In active balancing, cells transfer discharge from
high- to low-energy cells [61-63]. The intricate circuitry
used in this method raises the cost of the entire system.
Active cell balancing is therefore appropriate for higher
power application [64-67].

2.1. Passive Cell Balancing. To dissipate extra energy from
the high-voltage cells in a series string, passive equalization
relies on resistance [68]. Due to the inexpensive components
and straightforward control mechanisms, this type of
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FiGURre 2: Cell balancing methods.

equalization is most used in industry [69]. Till all the cells
come in equilibrium with the remainder of the string, energy
is dissipated as heat [70]. Due to power losses and thermal
management, the equalization current must be kept at a very
low level, which results in longer balancing time [71]. Pas-
sive cell balancing techniques are of two types: (1) fixed
shunt resistor and (2) switched shunt resistor. Both are
explained in below sections.

2.1.1. Fixed Shunt Resistor: Passive Balancing. For passive
balancing systems, the simplest electronic designs are used.
In general, each cell has a resistor connected in parallel with
it that is utilised to remove charge. The energy that is taken
out of the cell is released as heat. The fixed shunt resistor
design is very simple compared with other designs.
Figure 3 depicts a shunt resistor balancing circuit, where
R, R, ..., R, are resistances and BC,, BC,, ..., BC,, are indi-
vidual cells.

According to the theory, high-voltage cells will self-
discharge more quickly than low-voltage cells due to their
higher balancing current. However, keep in mind that even
if the pack is evenly distributed, the circuit is always losing
charge. If the voltage goes down a certain level, a variant of
the device utilises the Zener diodes to switch off balancing.
This fixed shunt resistor passive balancing circuit with the
Zener diode is shown in Figure 4, in which Ry, R,, R;, ...,
R, are resistances; ZD,, ZD,, ..., ZD, are the Zener diodes;
and BC,, BC,, ..., BC, are individual cells.

The Zener voltages were selected to match a 100% SOC
set point. In the case of a lead-acid battery, that voltage is
2.20 volts. The resistor circuit is turned on, when the voltage
rises beyond the Zener set point, which causes the charge to
be slowly drained away until the cell’s voltage falls beneath
the Zener set point. It should be noted that this design is
applicable to lead-acid and nickel-based chemistries only;
lithium-ion chemistries are not supported by this design.

2.2. Switched Shunt Resistor: Passive Balancing. The Zener
diode can be changed out for a BMS-controlled switch in
order to adapt the above concept to lithium-ion chemistries.
This switch is some kind of transistor circuit as shown in
Figure 5. In Figure 5, R, R,, ..., R, are resistances; S;, S,,
..., S, are switches; and BC,, BC,, ..., BC, are individual
cells.

This design is more complex due to the electronics
needed to operate the transistor, but the balancing method
is far more flexible. When a cell has too much charge, the
BMS closes switches, enabling the cell to drain. The circuitry

BC2| BC1|

R

FIGURE 3: Fixed shunt resistor passive balancing circuit.

BGC, | BC1||

FIGURE 4: Fixed shunt resistor passive balancing circuit with the
Zener diode.

Control

FIGURE 5: Switched shunt resistor passive balancing circuit.

to control either an internal transistor switch or a battery
stack is incorporated into current battery stack monitoring
or an external transistor switch, so the increased complexity
is not as significant an issue as it formerly was (for faster bal-
ancing). When compared to active balancing systems, the
main benefit of any of these passive balancing methods is
the simplicity (and hence reduced cost) of the circuits
involved.

Shortcoming of this technique are as follows: (1) Energy
that may be used for other purposes is wasted as heat as a
result of this practise. (2) In a balance-at-top design, after a
weak cell is fully discharged, energy is still present in the cell
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that might be used by an active balancing system. (3) Heat is
produced. The energy lost as heat is given as

P= Vnom X Ibalance' (3)

More heat is produced in rapid balancing. The balancing
transistors and resistors are typically required to have high
current ratings and high wattage requirements, respectively.
The amount of heat produced during balancing may be
comparable to the heat produced during typical cell opera-
tion. Managing heat is expensive that may need to do more
cooling as a result. Comparing the life of a battery pack to
one with an active balancing design, it may be shorter. The
weakest cell in the pack decides whether the pack will sur-
vive. The pack can achieve a homogeneous end-of-life con-
figuration by using strong cells to support weak cells
through active balancing.

3. Power Limit Estimation

Power limit specifies how quickly we may add or remove
energy from pack without disobeying a set of design con-
straints. It has been presumed that the cell terminal voltage
is the main design limitation. A current research topic
searches to use physics-based models and power limit calcu-
lations to compute limits determined not by terminal voltage
but by gradual damage. Predictive computations for the
power limit are required. It is necessary to indicate the max-
imum constant discharge/charge power levels that can be
considered “safe” over a time horizon of AT.

The power limits can be addressed for three things: (1)
discharge power, (2) charge power, and (3) both discharge
and charge powers. Estimating the maximum discharge
power that can be kept constant for AT without exceeding
preestablished design constraints for cell voltage, SOC, max-
imum design power or current, depending on how the bat-
tery is performing right now. Power when charging and
discharging, where (1) and (2) can be coupled arbitrarily,
can have different values for AT.

Limits also depend on the temperature and other aspects
of the operating state of the battery pack at the time. Part-
nership for new generation vehicles (PNGV) described
hybrid pulse power characterization (HPPC) technique for
power limit estimation. In order to enforce constraints on
cell terminal voltage, power is calculated. This power is pre-
dictive over the following AT and updates more frequently
than once every AT. A simplified cell model is given in
Figure 6.

The current can be expressed as

s COIRU) @

To compute power limit, assume only that maintaining a
terminal voltage between v, and v, . is of interest to us.
Calculate maximum discharge current as constrained

idis,volt — OCV(ZVI (t)) ~ Vmin ) (5)
et Rjis.at
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OCV (z (1)

v (t)

FIGURE 6: Simplified cell model.

Pack discharge power is then calculated as

Pdis =NN min «dis,volt 6
Vs Vmin 1 . ( )
n

max P max,n

Set R=Ry,, T, and clamp v(t) =v,,, for the charging
power in equation (4).

Conventionally, charge current is supposed to have a
negative sign and a signed minimum value for a maximum
current.

cchgvolt _ OCV(zn(t)) " Vmax

min,n

(7)

Rchg,AT

Pack charge power is then calculated as

Pchg

min P min,n

max
=N.N,v, (iChg’V"“). (8)
n

Hence, it can be said that HPPC power limit estimation
method first collects current-voltage pulse data from cells
and then calculates discharge/charge resistances Ry, and
Repg a7- Using simplified cell model, it clamps terminal volt-

age to either v, or v, and uses pulse resistances to com-
pute maximum-magnitude current. Then, it multiplies
current by voltage to make estimate of power limits.

Similarly, limits based on SOC, max current, and power
can also be obtained. If we have design limits such that
Zpin < 2, (£) < 2., to impose these constraints, we can com-
pute current for each cell in the pack. Current limitations are
determined via simple mathematics using the SOC of each
cell.

dis,S0C _ Zy(t) = Zmin
min = AT/Q
)

e550C _ Zn () = Zmax
min,n T’IAT/Q *

Power estimates can be made more conservative by
using side information on SOC estimation uncertainty, such
as data from xKF. This serves as (assuming here that we
desire to use a 30, confidence interval)
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I-dis,SOC _ (Zn(t) B 30'z,n) ~ Zmin

max,n AT/ >
¢ (10)
ichg»SOC _ (Zn(t) B 3Uz,n) ~ Zmax
min,n 7’IAT/Q

So, even if estimate of z, is inaccurate, future SOC will
not violate limits if estimate is within +30 bounds.

Pack discharge currents with all restrictions in place are
computed as soon as all cell current limits have been deter-
mined

dis  _ N. min . min -dis,SOC min -dis,volt (1 1)
lmax —'p lmax’ lmax,n lmax,n .
n n

We are finding the value of current closest to zero among
all of the limiting currents based on electronics, future SOCs,
and future voltages. Recalling that charge current has nega-
tive sign, “max” must be used to compute the value of cur-
rent closest to zero.

max max
chg . .chg,SOC .chg,volt
mm N max <1min’ lmin,n lmin,n . (12)
n n

Pack power is the total cell power calculated at the high-
est allowable current and expected future voltage.

h,
Pmm = max < cpmm’ Z l:nf] t+ AT )

N,
ch S ch, chg HAT\  hg Rang AT
Pmign = max <Nspmin’ Z mf] <OCV< ( ) - lmii I\]Q> - men C]\g] >
P

n=1 P

Pﬁ:ixfmln < spmax’ Zl‘riri:x n t+AT )

) . AT Ry AT
Pdls ~mi , -dis oCV «dis dls dis, .
max min < spmax Z lmaX < ) llTlﬂX NPQ max N

Hence, it can be said that we can compute power addi-
tionally based on future SOC limits, electronics current
limits, and load power limits. Additionally, we can use con-
fidence interval on SOC from xKF (Kalman filtering) to pro-
duce conservative estimate of available power.

We can use Octave code to compute HPPC limits. We
now compute “truth” power limits using exact SOC from
carefully calibrated lab tests. We can compute more realistic
power limits using SOC estimate and bounds produced by
sigma point Kalman filter (SPKF). SPKF method is more
conservative because it uses bounds.

This improved HPPC technique still has its limitations.
The utilised cell model is too simple to produce accurate
findings. Overly optimistic or pessimistic results might be
produced, either creating a risk for safety or battery health
or using batteries inefficiently. Additionally, HPPC assumes
the untrue starting equilibrium condition. As a result, we
typically reduce the HPPC estimations by a trust factor. Bet-

ter power prediction can be achieved by combining the most
potent algorithm possible for using the cell model and a bet-
ter cell model.

Now assume more accurate model in state-space form

(14)

Also, assume AT seconds is exactly k,; sample time
duration. After that, model can be used to estimate voltage
AT seconds into future by

vkt kyr) =h(x, [k + kgl K+ ko) (15)
where x,[k + k, ;| was found by simulating state equation for
k4 time samples. Assume that cell input remains constant
from time index k to k + k,;, and denote it simply as u,,.

A special case is when the state equation is linear, when

x,[k + 1] = Ax, [k] + Bu,,[k], (16)

where A and B are constant matrices.
Charge power is then computed as

N,
h h h
:m%l pzl:m%l Vi t+AT) Z rCm%lh( [k+kAT]’un)’
n=1
(17)

with u, containing zmm as its value for current.

Dlscharge power is computed as

N, N,
dis «dis -dis
Pmax_N Z ImaxV n(t+AT)=NpZ maxh( [k+kAT] )
n=1 n=1

(18)

-dis

e as its value for current.

with u, containing i

-dis,volt

3.1. Bisection Search. To use full cell model to find 7319, or

seek u,, to solve

:h(xn[k_’—kAT}’un) ~ Vmin- (19)

.chg,volt
min,n

n) ~ Vmax- (20)

To use full cell model to find i or seek u,, to solve

0=h(x,[k+kyr], u

Locating the root of a nonlinear equation is a problem
that must be addressed. When it is known beforehand that
at least one root lies between values x; root x,, the bisection
search method searches for a root of h(x) (value of x such
that h(x) = 0). The bisection algorithm assesses the function
at the middle point x4 = (x; + x,)/2 for each iteration. To
maintain the various signs on h(x;) and h, either x; or x,
is replaced by x,,;; depending on the evaluation’s sign (x,).
This computational step reduces the uncertainty of the root
position by half. Bisection iteration is repeated until interval
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between x; and x, as small as desired: if € is needed, preci-
sion and algorithm require at most [log,(|x, —x,|/€)]
iterations.

4. Methodology

In this study, the cell balancing for the battery pack was car-
ried out using switched-resistor passive balancing technique.
A battery pack having 100 cells used in an electric vehicle
was chosen for this study. Once the vehicle moves around
5000 km, the battery cell individual SOC (%) was examined.
It was found that the individual SOC (%) values for different
cells are different, that means battery pack is unbalanced.
Then, resistors along with the switching circuits were
employed to balance the battery pack. Cells are balanced
whenever their terminal voltage is more than 2mV greater
than the lowest terminal voltage of all 100 cells in the battery
pack. Different values for resistors were used for balancing
the same pack to know how much time it takes for balancing
and how much power gets wasted in the balancing.

It was being attempted to minimize the power wastes in
individual cells as well as for the entire battery pack. Also,

the total time required for the balancing of the battery pack
is considered. It was being attempted to balance the pack in a
reasonably less time. Balancing resistance values from 5 Q to
200Q) were used for balancing. The balancing resistance
values were fine-tuned to get the best results within accept-
able values, for user’s convenience. The cell balancing was
carried out through simulation studies, carried out in Jupy-
ter Notebook using Octave codes. Current variation and cell
voltage variation, solid surface concentration at electrodes,
solid potential voltage, electrolyte concentration, electrolyte
potential, and flux variations were studied at negative and
positive electrodes.

The power limit estimation was performed while the bat-
tery pack is being charged and discharged with the help of
hybrid pulse power characterization technique, sigma point
Kalman filtering, and bisection method. The SOC values
were estimated using sigma point Kalman filtering. Using
terminal voltage V ;. and V., discharge power limit was
calculated. Octave codes were used to compute HPPC limits.
Similarly, charging limit was calculated. The bisection search
was repeated, till the interval between both roots became
smaller as per the requirement.
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FIGURE 11: Power limit estimation during charging using bisection method.

The initial condition for cell was considered as 25°C and
SOC% as 50%. The SOC was varied between 10% and 90%,
voltage from 2.8V to 43V, and current from -200A to
350 A. In bisection search, zero crossing was observed. The

effective resistance values were calculated, and power limits
were estimated for 8-hour duration. The power estimation
techniques have been implemented through simulation studies
carried out in Jupyter Notebook using Octave codes. The
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experimental values, i.e., true values and the power estimation 5. Results and Discussion

results obtained based on the simulation studies, are compared

to check its validity. The results obtained from simulation stud- ~ The experimental values and the results obtained from the
ies and experimental values are discussed in the below section. ~ simulation studies are described in this section. Figure 7
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FIGURE 14: Reduced order model simulation for solid surface conc. at negative and positive electrodes.

shows how quickly a battery pack becomes unbalanced.
Here, we simulated a battery pack having cell-to-cell varia-
tions. The purpose was to see how quickly we might expect
the pack to become out of balance after discharging and
charging for multiple cycles. Here, the batteries were simu-
lated for the SOC% variation between 20% and 90% for dis-
charging and charging conditions. It was simulated for 5
randomly selected battery packs, each having 100 cells for
20 discharge/charge cycles. A histogram of the relative fre-
quency of end-of-charge SOC after the completion of 20 dis-
charge/charge cycles is shown here in Figure 7. This helps in
visualizing the spread of SOC values as well as their overall
distribution after 20 cycles. The difference between mini-
mum SOC and maximum SOC of all cells simulated over
20 cycles was also analysed, which were observed between
21.59% and 21.73%. The SOC spread in percent after 20
cycles is 0.15%.

HPPC power limit was obtained based on knowledge of
true SOC and also based on an SOC estimate output by a
sigma point Kalman filtering. In dataset, profiles of power
versus time were demanded from a cell and the resulting
data were used by an SPKF to estimate SOC. True SOC
was used to calibrate the testing. Firstly, effective resistances
were computed and then used in HPPC method. The
obtained results are shown in Figure 8. The initial condition
for cell was considered as 25°C and SOC% as 50%. The SOC

was varied between 10% and 90%, voltage from 2.8V to
4.3V, and current from -200 A to 350 A. The effective resis-
tances were obtained as 3.68 mQ2 for charging and 3.70 mQ
for discharging. The power limit obtained for discharging
is shown in Figure 8, and the power limit obtained for charg-
ing is shown in Figure 9. It can be seen that during dischar-
ging from 0 to 7 hours, maximum power can be around
0.9kW to 0.8kW, while in between 7 and 8 hours, power
limit drops from 0.8 kW to 0 W. During charging, the power
limit was observed as 0 to 0.2kW for 0-1 hour, 0.2 to 0.4 kW
for 1-5 hours, 0.4 to 0.5kW for 5-7 hours, and 0.5 to 0.7 kW
for 7-8 hours.

It can be said that, when the vehicle is running, it is con-
suming energy from the battery. Hence, battery gets slowly
discharged. As the SOC% and terminal voltage for cells
decrease, its ability for delivery maximum power get
decreases. Similarly, when charging starts, then the SOC%
and battery terminal voltage increase, so the ability to deliver
maximum power increases with time. When the battery
pack is fully charged, that is the time it can deliver maximum
power. The negative sign denotes the opposite direction for
the power flow.

We further analysed power limits using bisection
method. A bisection search was implemented for a zero
crossing (a root) of an arbitrary function between two limits.
Here, we used bisection search to find a zero crossing
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FIGURE 15: Reduced order model simulation for electrolyte conc. at negative and positive electrodes.

between -1 and 2 with tolerance of 10”. The zero crossing
was obtained at -9.5 x 1077, The initial condition for the cell
was considered as 25°C and SOC% as 50%. The voltage was
obtained as 3.96V after 10 seconds of discharge with 1A
current. Here, we have computed power limits for all points
in time corresponding to a dynamic cell test. It uses the
bisection method, first with ideal knowledge of cell state
and then with SPKF estimated cell states. Bisection power
estimation using true cell state as well as using SPKF was
carried out for 28510 iterations. The power limit obtained
for discharging using bisection method is shown in
Figure 10, and the power limit obtained for charging using
bisection method is shown in Figure 11. Here, also it can
be seen that during discharging from 0 to 3 hours, maximum
power can be around 0.9kW, between 3 and 8 hours of
power limit drops from 0.9kW to 0.5kW, while power limit
drops from 0.5kW to 0 W and no power after 8 hours. Dur-
ing charging, the power limit was observed as 0 to 0.3 kW for
0-1 hour, 0.3 to 0.4kW for 1-5 hours, 0.4 to 0.6 kW for 5-7
hours, and 0.6 kW for 7-8 hours.

Further, we have carried out simulation studies using
reduced order model (ROM) for charging and discharging
conditions. This model was chosen as it gives faster results
(similar to four resistor-capacitor equivalent-circuit model)
then the earlier used model. We were also able to evaluate

how well ROM predicts various intracellular electrochemical
variables against their actual values at various cell sites.
Figure 12 shows the current plot for 25 minutes, using
max current at 2C rate. The voltages were also predicted
for the same interval of 25 minutes using reduced order
model. The true value of the voltage and the predicted volt-
age using ROM method are illustrated in Figure 13. It was
observed that cell voltage varied between 3.48 V and 3.95V.

Further, solid surface study was carried out for four sub-
cellular regions which were obtained using reduced order
method. These four locations were (a) negative electrode,
at electrode/current-collector boundary, (b) negative elec-
trode, at electrode/separator boundary, (c) positive electrode,
at electrode/separator boundary, and (d) positive electrode,
at electrode/current-collector boundary. The true value and
the results obtained using ROM for the solid surface concen-
tration at four mentioned locations are shown in Figure 14.
The solid surface concentration at negative electrode/current
collector varies from 8590 to 8990 mol/m?>, negative elec-
trode/separator varies from 8050 to 9150 mol/m’, positive
electrode/separator varies from 9200 to 9980 mol/m>, and
positive electrode/current collector varies from 9275 to
9425 mol/m’.

Next, we have analysed the electrolyte concentration at
the above four mentioned locations in the cell. The true
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FiGurk 16: Reduced order model simulation for solid potential voltage at negative and positive electrodes.

value and the results obtained using ROM for the electrolyte
concentration at four mentioned locations are shown in
Figure 15. The electrolyte concentration at negative elec-
trode/current collector varies from 1960 to 2096 mol/m”,
negative electrode/separator varies from 1988 to 2027 mol/m’,
positive electrode/separator varies from 1952 to 2022 mol/m’,
and positive electrode/current collector varies from 1978 to
2007 mol/m”.

Next, we have attempted to plot solid potential. Solid
potential is zero at negative electrode current collector and
equal to cell voltage at positive-electrode current collector.
The solid potential at the remaining two locations showed
variations which were analysed and shown in Figure 16.
Solid potential at negative electrode/separator was observed
varying between -70uV and 364V and at positive elec-
trode/separator was observed varying between 3.49V and
3.95uV.

Next, we have analysed electrolyte potential at the four
earlier mentioned locations in the cell. The true value and
the results obtained using ROM for the electrolyte potential
at four mentioned locations are shown in Figure 17. The
final voltage estimation RMS error was carried out which
was obtained as 1.76 mV. The electrolyte potential at nega-
tive electrode/current collector varies from -0.374V to
-0.298V, negative electrode/separator varies from -0.454 V

to -0.25V, positive electrode/separator varies from -0.59V
to -0.23V, and positive electrode/current collector varies
from -0.52V to -0.22'V.

We also analysed flux from solid to electrolyte. The true
value and the results obtained using ROM for the flux from
solid to electrolyte at the four mentioned locations are
shown in Figure 18. The flux at negative electrode/current
collector varies from -10 ymol/m*/sec to 18 ymol/m?/sec,
negative electrode/separator varies from -37 umol/m?*/sec
to 72 pmol/m?/sec, positive electrode/separator varies from
-70 pmol/m*/sec to 29 umol/m*/sec, and positive elec-
trode/current collector varies from -11 umol/m*/sec to 6
pmol/m?*/sec.

Side-reaction rate due to solid electrolyte interphase
(SEI) growth was also analysed. Figure 19 represents side-
reaction rate due to SEI growth. Here, large negative values
can be considered as bad (very fast side reaction), and values
near zero can be considered as good (slow side reaction). It
can be seen that side reaction rate is maximum when SOC
is max, i.e, 100% and when C-rate is more, i.e., higher
current.

In next section, we have shown the results for cell balan-
cing. As mentioned earlier, in this study, we have used pas-
sive balancing techniques for balancing the cells. We have
tuned the resistance values used in the switched-resistor
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FIGURE 17: Reduced order model simulation for electrolyte potential at negative and positive electrodes.

passive balancing system, to obtain a better balancing. When
the resistance value is too low, balancing power dissipated by
the resistor is high. The total heat generated by all balancers
in the pack will be high, resulting in a need for a bigger (and
more expensive) thermal-management system. But the bal-
ancing is fast. When the larger (and more expensive) resistor
and transistor components are used, balancing is slow, but
heat generation is less. Hence, choosing the appropriate
value for the balancing resistance is important.

Figure 20 shows an unbalanced battery pack, with indi-
vidual SOC values. These cells have SOC% values between
87% and 95%. It consists of 100-cell battery pack having
mismatched cells. This was achieved with more than 3,000
miles (around 5,000 km) of vehicle driving plus multiple bat-
tery pack charging events, all without balancing. Here, we
have used different balancing resistance values for balancing
the system. The balancing strategy is based on cell terminal
voltage, and cells are balanced whenever their terminal volt-
age is more than 2mV greater than the minimum terminal
voltage of all 100 cells in the battery pack.

Maximum cell voltage is around 4.2 V. Cell power can be
represented by V?/r. Maximum power dissipated by all cells
in a 100-cell battery pack occurs when 99 cells are above the
minimum voltage. In this case, maximum pack power can be
represented as 99 V*/r. This information was useful in guess-

ing the initial value of balancing resistance, which were fur-
ther fine-tuned to get the best results, which are given in
Table 2. Balancing process is explained through the flow-
chart given in Figure 21. Once balancing is completed, the
obtained plots are represented in Figure 22.

From Table 2, it can be seen that, if 5 resistor is used, it
can balance the battery pack in less than 1 hour; however,
329.9058 W power will be lost. If 200 Q) resistor is used, it
can balance the battery pack in less than 29.2375 hours,
and the power loss will be only 8.2476 W. Hence, it can be
said that, if the balancing resistance value is lower, the balan-
cing is fast, but the balancing power is high which is getting
wastages as heat. If the balancing resistance is high, the
balancing is slow, but the balancing power is less. This
switched-resistor-based balancing is inexpensive, compact,
and easy to regulate and fabricate [72], in comparison to
other techniques. Table 3 shows the reported results by
the authors in [73], for cell balancing for three cells under
study for the equalization time and energy loss. Table 4
shows the reported results for cell balancing for four-cell
combination.

Figure 22 represents the status of the battery pack post
balancing done with the help of 170 Q resistor; in this case,
individual cell balancing power was obtained as 0.0992 W,
total balancing for the battery pack as 9.7031 W, and
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FIGURE 18: Reduced order model simulation for flux at negative and positive electrodes.
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FIGURE 19: Side-reaction rate due to SEI growth.

balancing time as 24.8114 hours. At this stage, almost all the
cells are balanced, with SOC around 87%. Terminal voltages
of all cells came around 4.06 V.

It can be noted that the balancing power should be less
than 10 W for efficient practical applications and for wider

acceptance by the users. The individual cell’s balancing
power should be less than 0.1 W. Total balancing time
should be less than 30 hours. Authors recommend the bal-
ancing with the 170 Q resistor using this switched-resistor
balancing technique, as it satisfies most preferred users
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F1cure 20: Histogram of battery pack individual SOC values before balancing.

TaBLE 2: Balancing resistance, balancing power, and balancing time based on simulation study.

Sr. no. Balancing resistance () Cell balancing power (W) Battery pack total balancing power (W) Balancing time (hours)

5 3.3728 329.9058 0.7222
2 10 1.6864 164.9529 1.4466
3 20 0.8432 82.4765 2.8969
4 30 0.5621 54.9843 4.3481
5 40 0.4216 41.2382 5.8006
6 50 0.3373 32.9906 7.2544
7 100 0.1686 16.4953 14.5417
8 150 0.1124 10.9969 21.8686
9 160 0.1054 10.3096 23.3389
10 165 0.1022 9.9971 24.0747
11 170 0.0992 9.7031 24.8114
12 175 0.0964 9.4259 25.5478
13 180 0.0937 9.1641 26.2847
14 190 0.0888 8.6817 27.7603
15 200 0.0843 8.2476 29.2375

Sense the voltage of
all cells

Identify cell with maximum voltage
and cell with minimum voltage

Max Voltage - Min
Voltage > 2 mV/

Yes | Open all balancing switches ‘

Close the corresponding switch to
enable cell to drain

Battery Pack is balanced, continue
to monitor cell voltages

Continue balancing and to monitor
cell voltages @

FIGURE 21: Flowchart representing proposed passive balancing approach.
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maximum cell balancing power versus time, (c) postbalancing histogram of SOC values, and (d) cell voltages during balancing.

TaBLE 3: Balancing time and energy loss for three-cell pack balancing as reported in [73].

Cell Initial Passive cell balancing using switched shunt resistor Active cell balancing using single switched capacitor

Cells Final Equalization time Energy loss Final Equalization time Energy loss
voltage S0C SOC (sec) (mWh) SOC (sec) (mWh)
Cell1  100% 60% 94%
33V Cell 2 90% 55% 2200 7.1 90% — 0.5 (in 12 hrs)
Cell 3 60% 60% 66%
Cell1  100% 65% 85%
71V Cell2  90% 65% 950 11.5 85% 40000 0.5
Cell 3 60% 60% 80%

TaBLE 4: Equalization details for four-cell battery bank as reported in [30, 74-76].

Equalizer Component count Equalization time (s)  Power loss (W) Efficiency
Switched-inductor topology 6 MOSFETs, 3 inductors 16 6.22 85.87% [30]
Layer of inductor topology 6 MOSFETS, 3 inductors 15 6.99 88.1% [30, 74]
Single inductor topology 10 MOSFETs, 10 diodes, and 1 inductor 23 2.46 83.21% [75]
Single inductor architecture 2 MOSEFETs, 5 SPDTs, and 1 inductor 22 4.43 84.9% [76]
Switched resistor 4 resistors 17.7 — [30]
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criteria. It can be said that this balancing technique can be
effectively used for balancing cells in practical applications,
in electric vehicles.

6. Conclusion

Constantly keeping tabs on individual lithium-ion cells, bal-
ancing and reliable operation of a lithium-ion battery pack is
a major challenge. If these imbalances are not corrected, they
will only get worse during repeated charge and discharge
cycles. Battery SOC of each battery cell after 20 cycles was
plotted to show though the simulation study, that how
quickly SOC can diverge. By causing overvoltage and under-
voltage cell situations, which will quickly damage and age
the batteries and may cause overheating and catastrophic
failure, this will reduce the performance of the battery pack.
Even if the vehicle is stored for extended periods, balancing
is required due to self-discharge. In the study, a switched-
resistor passive balancing of Li-ion battery pack was pro-
posed. The experimental data, simulation study, and the
implementation of the passive balancing process of
lithium-ion battery pack were the focus of this study. Cur-
rent variation and cell voltage variation, solid surface con-
centration at electrodes, solid potential voltage, electrolyte
concentration, electrolyte potential, and flux variations were
studied at negative and positive electrodes. It was also
observed that side reaction rate is maximum when SOC is
maximum and C-rate is more. The power limits were esti-
mated for charging and discharging conditions, using HPPC
and bisection methods. It was observed that power limit
increases after charging and decreases after discharging,
based on the battery SOC% and terminal voltage. Maximum
power was estimated as 0.9kW for 0 to 1 hour during
discharge. Maximum power was estimated as 0.5-0.7 kW
during 7-8 hours of charging. Multiple iterations were per-
formed to examine the effectiveness of the proposed balan-
cing design. We executed the developed code for multiple
discharge/charge profiles over many random battery packs,
each containing 100 cells, under a variety of scenarios. The
suggested balancing algorithms were used to identify the
unbalanced cells, and switches were used to balance them.
The outlier cells were identified and balanced which helps
in boosting usable energy. Results obtained show that, if
the balancing resistance value was lower, the balancing was
fast, but the balancing power is high which is getting wast-
ages as heat. If the balancing resistance was high, the balan-
cing was slow, but the balancing power was less. Balancing of
the given unbalanced pack was achieved with the help of
170 balancing resistor, with individual cell balancing
power as 0.09 W and total balancing power for the battery
pack as 9.70 W in 24.81 hours. It helps in enhancing battery
pack performance, increases the life cycle, and hence ensures
a very safe operation during most challenging conditions.
Hence, it can be stated that the balancing method is an
essential technique for uninterruptible and reliable power
supply from energy storage system in electrical vehicles. Fur-
ther, cell balancing can be attempted with active balancing
and using intelligent techniques.
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