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Due to their favorable characteristics, lithium-ion batteries have a dominant share
of the battery market. There are a number of issues related to the use and
management of Lithium-ion batteries in this paper, specifically with regard to
the safe operation of the batteries as well as methods for balancing their cells. With
the help of a passive cell balancing algorithm and a cell measurement circuit, a
battery management system with a passive cell balancing algorithm has been
developed. The purpose of this paper is to improve the efficiency of the balancing
algorithm by implementing and analyzing a cell modelling method from the
literature, with the aim of improving its performance. The results of this study
showed that the use of the cell modelling system was able to improve the
balancing algorithm'’s balancing and charging times by 12.6%. Further, to
validate the results obtained from the measurement system and the cell
modelling system, an analysis was conducted of uncertainty propagation in
order to validate the results. As part of future research, broader testing
conditions may be used in order to better understand the positive impact of
the cell modelling system on the balancing algorithm in the future.

KEYWORDS
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1 Introduction

Identifying the requirements of the application before designing a battery is an essential
part of the process. The most important requirements of the design are the cost, the
maximum power, and the total energy consumption. A design that allows for moderation
can result in a simplified number and type of cells based on the total amount of power that
the cell can provide. According to the maximum power rating of the power electronics, the
cell chemistry and the power electronics will be chosen. In addition to the upfront dollar
value of batteries and components, the overall cost of batteries and components includes
time-dependent and ongoing factors, such as how long a battery can be used and how much
electricity is needed for charging it. Due to the economics of the application system, a passive
balancing system has been selected for the system of this application. This paper presents a
comparison of several circuits that are intended for balancing cell voltages in multi-cell
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battery packs, which is a critical component. The low cost of passive
balancing means that it is more affordable than alternative balancing
methods, despite its lower efficiency due to its lower power
consumption.

Habib et al. developed voltage balancing circuits based on LC
energy converters. Over-excess energy is directly transferred from
the higher to the lower cell. An LC tank is used for storing n energy
storage devices and four bidirectional MOSFET switches. A high
efficiency, fast balancing speed, small size, low cost, and maximum
energy recovery were also claimed for the active balancing circuit.
Through complementary plus wide modulation signals, all MOSFET
switches are controlled using a synchronous trigger pattern. Cyclic
charging and discharging of a series battery or super capacitor string
can be achieved with zero voltage gaps between adjacent cells.
According to this claim, this circuit has a resonant frequency
that is the same as the switching frequency. According to
experimental results of 95% (3.958V) and 66% (3.712V),
respectively, after 79 min, the voltage difference between two
4200 mAh Li-ion cells will be zero (0 V) (Habib and Hasan, 2023).

A circuit developed by Yun et al. balances out the imbalance in
the battery’s power that can lead to overcharging or over-
discharging. A fifth-order VBSRCKF equalization variable is used
by the authors to equalize the power of each battery pack using a
controlled source equivalent replacement second-order model and a
fly-back converter as the energy transfer circuit. According to the
authors, this scheme is effective for solving the problem of
inconsistency in battery energy caused by inconsistent battery
performance, as well as controlling the equalizing speed and the
equalizing current, so batteries are more protected (Yun et al., 2023).
Data-driven anomaly detection in battery packs is based on real-
time voltage and temperature data from multiple Li-ion cells. For
mean-based residuals between cell groups, Principal Component
Analysis is used. Analysis of residuals was carried out using a
cumulative sum control chart. Additionally, after cell balancing,
voltage signals are distorted due to mild short circuits associated
with external short circuits. By enabling the detection of anomalous
module balancing events within 14 min, the authors prove that
temperature plays a critical role. The proposed approach is also
tested with anomalies injected into a model-based locomotive. The
proposed anomaly detection approach detects and traces voltage
and temperature anomalies accurately. According to the proposed
method, 56% fewer false negatives, 42% fewer false positives, and
60% fewer missed anomalies are achieved compared with direct
thresholding (Bhaskar et al., 2023).

Battery management systems (BMSs) monitor and control
charging/discharging, estimate state of charge, protect batteries,
calculate state of health, balance cells, and manage temperature.
Control operations enable accurate, safe, and reliable battery
operation, reduce individual cell damage, and extend battery life,
according to this claim. Based on a balancing model, BMS balance
performance was estimated. The Master-Slave Balancing Model
(MS-BMS) validates the balancing model. BMS Master and Slaves
were balanced using bidirectional fly-back converters with photo-
MOS arrays. Balancing skill, circuit power, equalization speed,
control simplicity, modularization simplicity, and cost were
considered in designing the BMS. Under the five balancing
conditions, the average absolute error of the balancing duration
results is 3.12% when compared with the simulations’ results. This
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comparison demonstrates the advantages of the proposed BMS,
such as equalization speed, control simplicity, modularization
simplicity, and cost (Lee et al, 2023). Thiagarajan et al. show
that battery technologies are developing exponentially for the use
of fuel in electric vehicles, resulting in competently designed and
implemented battery management systems. A voltage difference
perturbs the performance of the battery pack through an optimized
control strategy. Battery-operated vehicles can be charged and run
more easily. Switching the resistors correctly controls the charging
circuit. Thermal balance of resistors is achieved through simulation
using a thermal power dissipation model. MATLAB Simulink is
used to test variable cell voltages. A passive cell balancing technique
is used to balance voltage errors between multiple cells in a stack. A
state of charge imbalance is the main cause of passive cell balancing
problems. Battery charging conditions are considered for parameter
estimation in the balancing technique (Thiagarajan et al., 2023).
Battery-balancing auxiliary power modules by Wang et al. offer
simplified topologies without compromising functionality or
balancing modes. The proposed system uses dual-active half
bridges to reduce the number of switches compared with
conventional dual-active bridges. Coreless transformers provide
energy transfer and isolation without a transformer core. Both
changes reduce costs of redistributive balancing. In coreless
transformers, there is less coupling between topological models
than in cored transformers. In addition to transformer currents
and output powers, a revised model includes coupling coefficients.
Following an analysis of these, balancing modes are experimentally
verified. Models can be used to select MOSFETs and guide coreless
transformer design. Analyzing similar topologies can result in 14%
cost reduction (Wang et al., 2023a). An application of Turksoy
et al’s balancing control strategy is presented. An unidirectional
common flyback was used to convert excess energy from the cells to
the battery pack. A common flyback converter transfers excess
energy from the cells to the battery pack. The algorithm aims to
minimize energy loss by removing imbalances between battery packs
in the shortest time possible (Turksoy and Ahmet, 2023). Vu et al.
have developed an internal heating technique based on balancing the
temperature and state of charge of the battery cells with the
geometrical and thermal characteristics of the battery pack. The
temperature and SOC variance in a battery pack can be reduced by
pulse heating different groups of cells at different times and in
different orders. A long period below zero degrees Celsius can be
achieved with balanced SOCs and temperatures between cells,
according to the simulation results (Vu and Shin, 2023). For
equalizing between cells and between cell groups, Wu et al. used
LC oscillation circuits and single inductor equalizing circuits. In
order to determine the appropriate operating current range for a
given battery state of health (SOH), a variable domain fuzzy control
strategy is used; the equalization current is dynamically adjusted
based on the mathematical relationship between it and the operating
current. This equalization method was tested through an
experimental platform and simulations. After 1,200 charge/
discharge cycles, experiments demonstrate a 25% improvement in
equalization speed, a 6% reduction in capacity decay, and an
extended service life compared to traditional fuzzy equalization
strategies (Wu et al., 2023).

An efficient method of modeling, selecting parameters, and
analyzing lithium-ion batteries’ operation can be developed by
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Gaslov et al. using a numerical model of a lithium-ion battery
integrated into a vehicle. Based on a complex functional 1D model of
the upper level, it can predict how lithium-ion battery packs will
function based on vehicle type and control system (active or passive
balancing) (Gaslov et al., 2023). Li and colleagues propose a double-
layer equalization approach based on reconfigurable topology and
converter active equalization. Reconfigurable topology in the inner
layer ensures a balanced set of cells. Increasing the state of charge of
the lowest cell in a battery group reduces energy transfer losses. This
topology can also reduce complexity and component count. Each
battery group contains Buck-Boost converters connected in series.
While the SOC varies, the converter maintains a stable output
voltage. The proposed method is validated using a Matlab/
Simulink equalization circuit. Despite balancing the battery pack,
the proposed method maintains a stable output voltage. A
comparison of the proposed equalization method to the
conventional active equalization method demonstrated that the
proposed equalization method is significantly more efficient (Li
et al.,, 2023). Using equalizing technology, Van et al. balanced active
cells by maintaining their temperatures and currents within an
appropriate range. Cell-to-cell balancing circuits based on CUK
converters were used to model the state of charge (SOC) and
temperature dynamics of cells in a pack. Optimal control for
active cell balancing was formulated with constraints on cell
current and temperature. This non-linear optimal problem is
solved using sequential quadratic programming (SQP) to feed
cell balancing circuits. According to the results, cell balancing
occurs quickly and adaptably, depending on discharge/charge
currents, temperature increase limits, and technical constraints of
balancing circuits (Van, 2023).

For balance and unbalance operations, a dynamic voltage
compensator (DVC) is proposed based on a battery energy
storage system. Medium-voltage distribution systems are
supported during voltage sags by adding the compensation
voltage to the transformer’s grid side and switching its primary
winding. Asymmetrical and symmetrical grid-side voltage sags,
along with two voltage-current closed-loop control strategies, are
constructed by identifying symmetrical and asymmetrical grid-side
voltage sags. Positive and negative sequence inner current loops are
enhanced with circulating current suppression algorithms to reduce
DC bias caused by circulating current between the primary
windings. The proposed voltage support methodology is verified
through simulations and experiments (Xu et al., 2023). This linear
fast charger uses both a digitally controlled bi-directional linear
regulator and a current-mode linear regulator (LR). To increase
efficiency and reduce volume and cooling complexity, state-of-the-
art isolated dc-dc converters rely heavily on high-voltage capacitors,
high-frequency switches, and high-power magnetics. With the same
rated EV charge power, the LR loses 83.6% less. LFC stations with
three ports achieve 93.4% efficiency, while wasting 28.6% less energy
than BA-DCFCs. Active state-of-charge and health balancing are
integrated into LFCs at the station, BESS, and LR levels (Assadi et al.,
2023). Zhang et al. proposed RVSF and PIC as fast state of charge
balancing control strategies. First, an RVSF-based balancing control
is introduced that integrates energy interaction between storage
units during balancing to enhance traditional droop SOC controls. A
PIC-based SOC balancer is then proposed. During SOC balancing,
the PIC strategy ensures at least one storage unit operates at
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maximum power flow. Moreover, a strategy for dealing with
systems with inconsistent energy storage units is presented. A
plan with multiple energy storage units is simulated using PLECS
and MATLAB simulation software. Various operating conditions
show that the proposed strategies are valid and feasible, and they
increase system load capacity and duration in hardware-in-the-loop
simulations (Zhang et al., 2023). According to Yun and colleagues,
fires caused by gradual damage are caused by a voltage imbalance in
the cell, which inflows compensation current. As a result of their
different capacities, batteries connected in series age at different
rates, which leads to a rise in compensatory current until a fire
occurs. In this study, battery-capacity deviations increase with
battery age, resulting in higher compensation currents. As a
result of the proposed solution, a wider range of battery-capacity
deviations will be permitted. With Simulink simulations, we
identified problems, suggested improvement measures, and
identified improvement measures to verify the proposed method
(Yun and Kee, 2023).

From the literature, many approaches are implemented to make
the cells balance. A complex control has been required specially for
the capacitors and transformers unit that would be applied. While
using a resistor requires a simple control algorithm, this resistor also
introduces a robust balancing circuit. Moreover, the applied
approach could be applied in wide battery conditions. In detail,
an algorithm for controlling the shunt resistors is proposed by the
present paper which is based on the use of finite state machines
(FSM). This algorithm is applicable to the enhancement of the
battery management system of lithium-ion battery cells, which are
equipped with shunt resistors. A second section introduces an
overview of the battery model as well as a set of topologies for
balancing cells in different systems and how they are implemented.
In Section 3, the measurement of voltage, current, and temperature
is demonstrated so that how they are needed in the process of
controlling the devices. A discussion of the effects of the proposed
control algorithms on the measurements is shown in Section 4 along
with measurement results. The final conclusion and future work will
be discussed in Section 5 of the document.

2 Mathematical modelling

Battery has been used in applications, but the main usage of the
battery now is electric vehicles (EVs). The configuration of the EV-
battery system is represented in Figure 1A. The battery and electric
vehicle behavior is simulated by many mathematical models,
executed with a tunable integration time. The model outputs
consist of the battery current and the cell voltages and the
corresponding versions of the measurement noise and. They
form the input of the battery state estimator, which in turn
computes the SOC estimation as well as the vector of equivalent
circuit model (ECM) parameters. The traction battery, simulated by
the application, and the battery state estimator, implemented in an
embedded system,
Consequently, the interface between the hardware in loop (HiL)

interact by using digital signals only.
model and the hardware can be implemented as a digital
communication layer, without the need for reproducing the
power interface of the battery, as instead required for validating

other BMS functions such as cell balancing. The battery model is
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FIGURE 1

(A) The complete configuration of the EV-battery system, (B) connection of the battery cells.
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FIGURE 2
Electric circuit model with two RC branches of the battery cells
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FIGURE 3
The different approaches of the battery cells balancing system

able to simulate a battery composed of a given number of series-
connected cells. The only input is the battery current which is the
same for all the series-connected cells, as shown in Figure 1B
(Schmitt et al., 2023; Corapsiz and Kahveci, 2023).

Figure 2 shows the ECM of the battery, where at each time step,
the model generates the arrays of the cell voltages V, temperature
and SOC, as well as the current values of the model parameters. Each
cell temperature is determined on runtime by a simple cell thermal
model (CTM) that allows the simulator to provide an approximated
estimation of the temperature changing. In the battery pack the cells

Frontiers in Energy Research

are organized in M modules thermally isolated each other (as in
Figure 6). A module contains N/M cells that are side by side, so each
CTM interacts with the nearest two in order to simulate the cell-to-
cell heat exchange. This is a very common choice to simulate a Li-ion
battery with high accuracy in a HIL platform. The left hand side
models the cell capacity Q, and evaluates the SOC as the voltage
across a linear capacitor with a capacity equal to Q, (expressed in
Coulomb) divided by 1V. The cell voltage V' is obtained by the sum
of the open-circuit voltage Voc and a dynamic term, which accounts
for the internal resistance R, and the double layer (V') and diffusion
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The different configurations of the battery cells balancing system, (A). Passive-fixed resistor, (B). Passive-switched resistor, (C). Active-charge
shuttling-one switched capacitor, (D). Active-charge shuttling-multiple switched capacitors, (E). Active-energy convertor-switched transformer, (F).
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(V) effects of the Li-ion battery during charging and discharging.
The model parameters change with manufacturing variations,
ageing and operating conditions, such as temperature, state of
charge and current rate. In order to model the dependency of the
parameters [Ry, Ry, R,, C;, and C,] on temperature, current and
SOC, their values are stored in a dataset. In this work, the dataset has
been populated with the values extracted from pulsed current tests
(PCT) performed at different temperatures and with different pulse
amplitudes on a 1.5 Ah NMC cell. Actually, the abbreviation NMC is
used as equivalent for LiNiMnCoO2, which is the abbreviation for
Lithium-Nickel-Manganese-Cobalt-Oxide.
consists of three phases. The first one is the Initial phase, in
which the cell is completely charged (CC-CV mode) and then
discharged, with the rated current, at the temperature of 25°C.

This test procedure

This phase ensures that the following test will start from a well-
known status. Then, 1-h pause, in which the cell to settle down
ensuring that all the transients are expired before starting the real
test. Finally, Test phase, in this phase the charge/discharge cycle is
then repeated a second time at the temperature and current of
interest. The discharging and charging processes are stopped for
5 min at 1% SOC and then every 9% SOC in this second cycle. A
pause of 1 hour is applied between the charging and the discharging
cycles (Wang and Zhao, 2023; Corapsiz and Kahveci, 2023).

The model is then generalized to simulate a cell with the same
technology but different capacity by proportionally scaling the lookup
table values with the capacity, directly for the resistive elements and
inversely for the capacitive ones. Regarding the open-circuit voltage
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only the dependency on SOC is considered, while the capacity is kept
constant during the tests. The variability of the cell behavior is
considered by setting the initial SOC, the model parameters and
the capacity of each cell individually (Al-Gabalawy, 2021a).

Figure 3 shows the different approaches of battery cell balancing,
where these approaches are divided on passive and active. In the
passive approach, a fixed shunt resistors are installed in parallel with
the battery cells. Maybe, there is a switch installed to control the
position of this resistor as in Figure 4A, B, and the main advantages
of this approach are low cost and easy implementation. Active
balancing system contains two families. In the first one (charge
shuttle), it might use a switched capacitor or multiple switched
capacitors in order to enhance the cells balancing performance as in
Figure 4C, D. While, in the second one (energy converter) a
transformer is installed for the battery cells, where this
transformer might be switched or shared as in Figure 4E, F

Specifically, in order to balance passively, it uses the simplest
electronic design. As a general rule, each cell’s charge is drain by
placing a resistor in parallel with it. As heat is dissipated from the
cell, the energy is removed. As a result, high-voltage cells will self-
discharge more quickly than low-voltage cells if the balancing
current is greater for the high-voltage cells. It is important to
note, however, that the circuit dissipates charge regardless of
whether the pack is balanced or not. When cell voltage falls
below a certain point, zener diodes are used to shut off
balancing. A “100% SOC” setpoint is maintained with the zener
voltages. In the case of lead-acid cells, about 2.2 V. A cell’s charge is
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FIGURE 5
The share bus battery cells balancing approach.
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(A). Differential Voltage Divider ADC Input (for one cell only), (B). Cell temperature sensing circuit, and (C). Battery input protection and charging

control.

depleted when its voltage rises above the zener set point, which
activates the resistor path. It is possible to replace the zener diode
with a BMS-controlled switch in the above example, which will also
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work for lithium-ion chemistries. Transistor circuits are used in this
switch. It is more complicated because the transistor must be
controlled electronically, but it is also more flexible when it
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comes to balancing strategies. Overcharged cells are enabled to drain
by the BMS when switches are closed. There is no longer as much
concern about the added complexity. An internal transistor switch
can be controlled by modern battery-stack monitoring chips,
whereas an external transistor switch can be controlled more
quickly. Any passive balancing method has the advantage that its
circuitry is simple (and consequently low-cost). There are three
general categories of active balancing circuits; move charge via
switched capacitors, move energy via transformer/inductor
designs, and discharge high cells with DC-DC converters.
Compared with the number of batteries in the circuit below,
there is one fewer capacitor. Switching is done repeatedly back
and forth by single-pole-double-throw transistor circuits (no
intelligence behind the switching). Two adjacent cells can be
considered. Voltages of the high-voltage and low-voltage cells are
equalized by charging and discharging the capacitors. Battery packs
can equalize themselves over time. From one end of a pack to the
other, charge takes a long time to propagate. The charge can be
moved directly from a high-voltage cell to a low-voltage cell in a
switched capacitor. Capacitor-based designs have the disadvantage
of relying on voltage differences between cells to work. It is very
uncommon for lithium-ion chemistries to have large variations in
voltage between cells despite a large variation in SOC. Switching the
primary rapidly creates an approximate waveform, which is
reproduced at the secondary with the switched transformer
approach. A transformer with a wound ratio of n: 1 is connected
across n primary cells. As a result of the transformer, the voltage
output is decreased by factor of », but the current output is increased
by factor of n. Diodes plus switches determine where the charge is
dumped. In addition to being much more efficient than passive
balancing, it is also faster than capacitive methods, but due to its high
cost, transformers and electronics are necessary. This design will
become more feasible due to automated controls chips being created
by silicon vendors. The shared transformer uses a transformer with
custom windings and a diode circuit as a simplified variation of the
prior scheme. Current is routed through diodes by a control that
switches the primary rapidly. The balancing process is automatic
and does not require complex algorithms (Al-Gabalawy, 2021a; Al-
Gabalawy, 2021b).

Figure 5 illustrates a new approach called Shared bus where one
small dc-dc converter is used for each cell and a capacitive shared
low-voltage bus is used to balance each cell. It is normal to map
balancing metrics to a DC level between 9 and 14 volts. In addition
to SOC and voltage, it is possible to use more advanced metrics. If
the cell’s metric is below the shared-bus voltage, charge is transferred
from the low-voltage bus to the cell using a controlled DC-DC
converter. If the cell’s metric is above the shared-bus voltage, charge
is transferred from the cell to the low-voltage bus. It is possible to
replace Dbidirectional DC-DC converters with unidirectional
converters if the load power is large and consistent enough on
the low-voltage bus. With a single isolated shared bus and no
additional communication, the H-bridge DC-DC converter
reduces costs by combining a modular structure with a simplified
isolated shared bus. Compared to passive balancing, this solution
can achieve greater cost-effectiveness since it is able to balance and
replace the large DC-DC converters currently used to convert pack
voltage to 12 volts DC for vehicle accessories, as well as achieve
better balance (Al-Gabalawy, 2021b).
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3 Monitor and control algorithm

An MCU manages all of the BMS systems and algorithms. Its
responsibilities are: collecting system measurements, controlling
system isolation and charging, applying the balancing algorithm,
deriving quantities such as R; and accumulating, data logging, and
communication. An STM32F103C8T6 MCU was selected for its low
cost and broad range of capabilities, which reduce the constraints on
development. Further advantages of the STM32 are that, if
necessary, it can be placed into low power modes to conserve
power, or even be replaced with a low power version in the same
line after development is completed. An SD card is connected to the
MCU to log the state of the BMS, batteries and record any specific
events. The MCU and other components require standard 5 V. This
could be supplied with a buck converter taking power from the full
stack of the battery. This means a step down of ~11 V and a lower
efficiency for the converter. A higher efficiency could be found by
taking the input of the buck converter from only the two lowest cells,
reducing the step down to ~2.5V, but this would inherently
unbalance the battery. The penalty of lower efficiency is
acceptable as the average current for the MCU and peripherals is
minimal.

Measuring the terminal voltage of each cell is done using an
analog to digital converter (ADC) polled by the MCU at 2Hz. The
voltage from ground to the negative terminal of a particular cell
will be referred to as the common mode voltage (VCM), while the
voltage across the cell will be referred to as the differential voltage
(Vaigs). Figure 6A shows the voltages described in relation to two
cells. It is a set of simple resistive voltage dividers could be
utilized without the concern about input voltage limits that op-
amps would bring. The benefits of this solution would be that
voltage dividers have fewer components, and they only require
one ADC with simple power requirements. However, scaling the
voltages will be subject to resistor tolerances, reduced resolution,
increased source impedance, and will not be suitable for large
numbers of cells (Al-Gabalawy et al., 2021; Al-GabalawyMostafa
et al., 2021).

The cutoff frequency for the filter can be seen in Eq. 1, where Ry
and R, are the upper and lower resistors, respectively

R, +R,
RiR,

W_3qp = (1)

For optimum results, both channels of the differential input
would be connected to the sensing points with identical voltage
dividers. Any mismatch in the resistors results in the presence
of Veu in the ADC input. in the ideal case, only Vg;rs will
appear on the input to the ADC. Common mode rejection ratio
(CMRR) is a standard measure for the proportion of the
common mode signal at the output of a system. CMRR is
defined in Eq. (2). Differential amplifiers can have CMRRs in
excess of 100 dB, thanks to their precision-trimmed internal
resistor networks. Considering the network shown in Figure 6A
with 1% precision resistors, the worst case CMRR is calculated
in Eq. 3 to be 30.1 dB for cell B4. To give perspective, this
equates to an intrusion of Vcy 10% the size of Vyirr. The
common mode influence is linear, meaning that it can be
mitigated through calibration.
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The battery current was measured with an INA219 dedicated
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So, from Eq. (3) into Eq. (2)

CMRR =20 log<R
1

current sensor and a 0.1 Q) shunt resistor. In each cell, the current
was simply calculated from the battery current minus the current
through the shunt resistor, which is known through Ohm’s law
and the state of the shunt switch. The reasons behind selecting
the INA219 were its bidirectional capability and high resolution.
The adopted shunt resistor gave the system a 0.1 mA resolution
and a maximum current of 3.2 A. This range can easily be
adjusted by replacing the resistor during development. The
sense resistor was placed in a high-side configuration, above
the positive terminal of B4. This does not cause the same issues of
sensing as was seen with voltage. The INA219 incorporates, as is
common in most current sensors, a precision—trimmed
differential amplifier with a CMRR of 120dB. High side
sensing was used to remove the need for a voltage divider, to
sense the voltage on the negative terminal of cell Bl (Al-
Gabalawy and Hussien, 2020; Al-Gabalawy et al., 2021).
Samsung specifies that the INR18650-30Q should only be
operated between 0 °C and 50 °C. To monitor this, the
temperature of each cell is measured with negative temperature
coefficient (NTC) thermistors, one for each cell. Although a single
sensor may be sufficient, and is often found in practice, four are used
to give finer detail during development. The biasing circuit is shown
in Figure 6B, where the nodes TEMP_B1 among others are ADC
inputs to the MCU. The MCU’s internal ADC uses the same 3.3V
supply as a voltage reference, simplifying the measurement. The
simplicity and inexpensiveness makes thermistors suitable for this
application. How-ever, thermistors do not produce the most
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accurate temperature measurements. The reason for measuring
temperature in this project is to avoid overheating and damaging
the cells, so that the accuracy they provide is sufficient. In order to
calculate temperature from the ADC measurement, a simplified
Steinhart-Hart equation is used, as shown in Eq. (5). In it the Rjpyer
is the nominal resistance of the lower resistor, B is the thermistor’s
Steinhart-Hart parameter and Ry is the nominal resistance of the
thermistor at temperature T (Al-Gabalawy and Hussien, 2020).

B

Tet = ——F—~ (5)

loge<R/ v )

Where,

Ryrc = R (71 - 1) (6)

NTC lower VTEMP_Bn

And

Teo = Roe Ty (7)

Where, 7, is a factor shows the performance of the nominal
resistance of the thermistor R, in considering the nominal
resistance temperature 7).

A key requirement of the BMS is safe charging and operation.
As discussed by (Bhaskar et al., 2023; Habib and Hasan, 2023;
Thiagarajan et al., 2023; Xu et al., 2023), improper management of
LiBs can lead to battery degradation or damage to other systems.
The BMS must be able to handle various fault scenarios, in
addition to the normal charging cycle. Control Hardware and
Charger has been used to control charging and isolation of the
battery, the BMS uses two MOSFETSs that individually control the
battery charging or discharging current. Bergveld et al. (Xu et al,,
2023) stated that the system should be partitioned according to
the application requirements. Following their advice, the charger
is an external device to minimize onboard weight, while control
over charging termination will remain with the MCU onboard.
The charger is a DC power supply with current and voltage
control functions set to 1.5 A and 16.8 V, respectively, as
recommended by the manufacturer. Selective control over

__Y/ System
o y ™, Log
(rm( oo —cerur (e
=, ®

( Termination
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(A). Isolation (ISO) control finite state machine, (B). Charging (CHG) control finite state machine.

Frontiers in Energy Research

08

frontiersin.org


https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2023.1191579

Hussien et al.

charging and discharging current is accomplished by arranging
the MOSFETs in anti-series, with their body diodes opposing each
other. In Figure 8 the MOSFET controlling discharging and
charging currents are referredto as ISO and CHG respectively.
Cell voltage, current and temperature are identified as critical
parameters for safety. This is implemented in the BMS with five
fault conditions checked by the MCU, if any of the conditions
occur, either ISO or CHG will be switched off according to the
finite state machine models illustrated in Figure 7A, B. The
Boolean fault conditions are: over voltage, under voltage, over
charge current, over discharge current, and over temperature.
These combined the wvalues CHG_FAULT =
Over_Voltage|Over_Charge_Current|Over_Temperature and
ISO_FAULT = Under_Voltage|Over_Dischar ge_Current|Over_
Temperature. The fail safe configuration of the battery input

are into

ensures that the battery only operates under supervision of the
MCU. The CHG and ISO MOSFETs require the MCU’s active

10.3389/fenrg.2023.1191579

control to connect the battery. Additionally, a fuse protects the
battery and load against current faults that occur faster than the
MCU can respond. Due to the MCU being powered from the
battery through the ISO MOSFET, it can be booted either by
connecting a charger, or with the momentary switch portrayed in
Figure 6C (Abdul-jabbar et al., 2022).

The finite state machines (FSMs) in Figures 8A, B determine
how the BMS handles various combinations of fault conditions. The
FSM in Figure 10 also handles charging control. The variables CHG
and ISO are the state of the MOSFETs. The variables ISOcount and
CHGcount provide a cool-down period after a fault before the
checks if the fault has been resolved. This system allows the BMS to
protect itself from harm, while still recovering from temporary
faults. When a new fault occurs, ISOcount and CHGcount are
set to their maximum value, n (100). After which, the variables count
down until the safety test is performed. If a fault occurs when the
count has not yet been cleared, the countdown is reset to n — 1. Both
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Frontiers in Energy Research

09

frontiersin.org


https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2023.1191579

Hussien et al.

ISOcount and CHGcount follow the same logic in Eq. (8), but
referring to the appropriate fault conditions (Abdul-jabbar et al.,
2022; Habib et al., 2022; Shukla and Patel, 2022).

n at ISO FAULT = 1and ISO COUNT =0
n—1 at ISO FAULT = 1land 0<1SO COUNT <n
ISO COUNT -1 at ISO FAULT =0and 0<ISO COUNT <n

(8)

ISOcount = {

4 Results and discussions

Tests were performed varying the number of cells targeted for
unbalancing and varying the relative imbalance. Nine combinations of
target cells and relative imbalance were tested: three combinations of cells
and three levels of relative imbalance. This gave a cross-sectional view of
the performance of the system in mild to extreme cases of imbalance in
one or more cells. In each test either one (B1), two (B1 and B2) or three
(B1, B2 and B3) cells were targeted for unbalancing. This is similar to the
tests performed by [30, 35], but the distribution of imbalance cells is
varied across multiple tests, rather than lumped in one test. The target
relative imbalance was either 15%, 20% or 30%. A test targeting cell
B1 for 15% relative imbalance is shown in Figures 8A, B and C for the

Cell Voltage Cell Voltage Highlight
(=]
o
4200 Sq
£~ EF
)
| g —
— 1 1 %v -— * 1
4150 § 58
s >3 N
£ °
° o)
24100 ¥ 190 200 210
S Shunt States
8 4050 o NI |
8
f oz DL | |
w000 So NI R |
&
[ . |
[+4]
] 120 150 180 210 190 200 210
Time [m] Time [m]
5 52 [l 52 ] 5¢ [ rermination Batancing
data from test: 20% imbalance, one cell

Voltage Difference Between Cells

15% imbalance 20% imbalance 30% imbalance

ST ce R

180 auo

s 25
E o
8 10
[ 4 -
g s H
£ 50 e
E, 25 : z
0
£ 125
o
> 100 g
75 g
s L\h‘ﬂ,m b\__un/‘\ :
o
25 @
(]
80 120 0
Time from start of test [m]
FIGURE 9

10.3389/fenrg.2023.1191579

purpose of analyzing the details of a test. Figure 8A shows the terminal
voltage of each cell for the duration from setup to past test completion
where cell BI was discharged to give a relative imbalance of 15%. For
clarity and comparability, the setup and test portions are plotted
separately. During the setup period the battery is discharging and the
unbalance function is active. After the target imbalance is reached there is
a period of rest before the test. During the test the battery is charged.
Figure 8B shows the difference in voltage between the highest and lowest
voltage cells during the test period in Figure 8A. Most notable is the fact
that a voltage imbalance of ~65 mV was induced and then successfully
reduced to 12 mV by the balancing system. The rapid changes in the
voltage difference between 35 and 80 min is caused by shunt resistors
being switched on and off as the cell voltages converge.

Figure 8C shows the net charge in each cell, the relative imbalance
between B1 and the other cells, and the state of each shunt during the
test. The accumulated charge is the integral of the current through each
cell, for reference, le + 6 mq ~ 278 mAh. The charge is initialized to
zero at the start of setup. Negative charge corresponds to a discharging
of the cell. The exact state of the balancing shunts during the test are
shown in Balancing Shunt States During Test. Note that the border of
the regions has lower transparency, so the darker regions represent
times when the shunts were repeatedly connected and disconnected.
The plot Accumulated Charge in Figure 8C clearly shows the imbalance
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TABLE 1 Maximum and final voltage difference values.

10.3389/fenrg.2023.1191579

Test case Maximum voltage difference (mV) Final voltage difference (mV)
One cell 15% 69.0 12.2
20% 71.2 8.82
30% 120 18.4
Two cells 15% 68.7 7.79
20% 81.5 21.6
30% 116 25.7
Three cells 15% 64.9 8.52
20% 75.3 12.0
30% 110 24.6
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(A) Relative imbalance between cells, (B) Cell voltage difference for 10 repetitions of cell B1 with a relative imbalance of 30%, (C) Relative imbalance

for 10 repetitions of cell B1 with a relative imbalance of 30%.

between the cells. The cells are balanced while charging, but their charge
does not return exactly to zero. It is likely that the assumption that all
cells were equally charged at the start of setup was incorrect.
Nevertheless, the relative imbalance is successfully reduced to less
than 5%. In the period from ~35 to ~70 min the balancing shunts
are not applied. This produced the at section in Relative Imbalance, and
was due to the low voltage difference as seen in Figure 8B. In the event
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that the balancing system was able to correct the imbalance before a cell
reached its maximum voltage, a separate subroutine named termination
balancer was called.

Figure 9A shows three plots, the voltage of the cells during the
charging phase of a test, a highlight of the final section, and the
corresponding shunt states for that section. The first plot, Cell
Voltage, shows the terminal voltage of all four cells. The lines at
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4200 mV and 4150 mV represent the maximum safe voltage and the
minimum charged threshold respectively. The second plot, Cell
Voltage Highlight, show that when cell B4 reaches the maximum
voltage before the battery is fully charged, a fault condition is activated
and the charger is disconnected for the cool down period. This fault
condition is triggered four times. The exact fault condition caused
termination balancer to be called, during the cool down period it
applied the shunt resistors to cell B4 to discharge it before charging
recommenced. Subsequently, when the third and fourth faults
occurred, the other cells had high enough voltages to also require
shunting. The third plot, Shunt State, shows in red the periods when a
shunt was applied by the termination balancer function. Note that the
shunt for cell B4 is on almost continually, unlike those for cells B2 and
B3. Both the balancing system and the termination balancer function
are attempting to balance the cell. The voltages in Figure 15 contain an
interesting staircase-like form. This is a result of the voltage control
system in the external charger, not due to any internal resolution
limitation of the BMS.

The following figures show the results and give a cross sectional view
of the performance for all nine cases of target cells and relative imbalances.
Each figure contains a small multiple of plots showing all combinations of
the two independent variables, number of target cells and relative
imbalance. The initial conditions for each test case is shown in
Figure 9B, all cells have been discharged, with some more so. Across
each row, the plots increase in relative imbalance, and down each column
the plots increase in the number of cells targeted by the unbalance
function. The plot in Figure 9C shows a similar response for all cases as
were seen in the example case in Figure 8B. All nine tests have a peak at
the end of discharging which is corrected by the balancing system by the
end of charging. The same artefacts from shunts being switched and the
non-linear voltage response of LiBs occur in each plot. In the plots for
30% relative imbalance, there was an additional lower peak that occurred
half way through charging. The second peak seen in Figure 9C is due to
the voltage of one cell rising faster than the others. It is not being charged
faster, in fact it is being targeted by the balancing system. The estimated
cell OCV is plotted in Figure 9D showing the voltages of all four cells
without the influence of charging rate and time. The OCV, as estimated
by Lievre’s and discussed in the next chapter, does not change the order of
the voltages, but simply removes the large changes in over potentials from
shunt switching. Table 1 lists the maximum and final values for the plots
in Figure 8C. The maximum voltage difference is of course greater for
higher relative imbalances; the final value is also higher. Importantly, the
final voltage difference is significantly reduced in all cases. Figure 10A
shows the relative imbalance between the cells for each test. All tests show
the target imbalance being met and then corrected by the end of charging.
Tests with higher relative imbalance have smaller plateaus of imbalance
during charging. As discussed, the plateaus are due to periods when the
cells voltages are within the tolerance of the balancing algorithm (10 mV).
Naturally, this occurs more often with more mild imbalances.

The following figures show the results of a single test replicated
10 times to show the repeatability of the results. All test results are
shown superimposed, with varying hues of color for each. Replication of
the results was conducted under several test conditions, confirming the
results. Figure 10B shows the difference between cell voltages during the
tests. The initial voltage difference of each test varies by almost 100 mV,
but the variation decreases to ~25 mV by the end of the test. Figure 10C
shows practically identical levels of relative imbalance during the
discharge phase of the tests, and only minor deviations during the
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charging phase. Variation in the charging response occurs at 50 min,
when the cell voltages in some tests are close enough to not trigger
balancing.

5 Conclusion

It has proven effective to use finite state machines in the charging
and fault handling of the BMS. The safety and charging systems
performed nominally throughout the testing of the BMS. In one
instance, the fault condition could not be handled by the simple FSM
logic, and it needed to be altered. An under-voltage fault isolates the
battery when it is fully discharged. Normally, the MCU and all other
systems would shut down in such a situation. The BMS would also
isolate the battery if the MCU was still running from external power,
such as during testing or when an application required it. The battery
voltage would rise above the under voltage threshold when the over
potentials from discharge current disappear. This project proposes
and verifies a new balancing algorithm. Many analysis techniques had
to be developed since passive balancing algorithms are rarely
discussed in the literature. There is only one passive balancing
algorithm discussed in literature: a method that uses balancing
shunts only in the final charging stages. According to the rationale
behind the system, charging currents during that final stage are very
close to the currents through a shunt, effectively blocking charging for
the shunted cells. Cell voltages show battery imbalance, but capacity
and state of charge explain it. As a result, the relative imbalance
represents the empty, or discharged, capacity for fully charged cells
(Wang et al., 2023b).
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Glossary

LC Inductor-capacitor

MOSFET Metal Oxide Silicon Field Effect Transistors
mAh Mille Ampere hour

VBSRCKF Visual Basic Carriage Return Line Feed
BMS Battery management system

MS-BMS Master-Slave BMS

SOC State of Charge

SOH State of health

HiL Hardware in loop

SQP Sequential quadratic programming

DvVC Dynamic voltage compensator

LR Linear regulator

LFC Linear fast charger

BA-DCFC Multi-port Battery-Assisted DC Fast Charger
RVSF Reference voltage scheduling function
PIC Command iterative calculation

ESS Energy storage system

FSM Finite state machines

EVs Electric vehicles

LIBs Lithium-ion batteries

ECM Equivalent circuit model

CTM Cell thermal model

NMC Lithium-Nickel-Manganese-Cobalt-Oxide
PCT From pulsed current tests

ADC Analogue to digital converter

MCU Microcontroller unit

CMRR Common mode rejection ratio

NTC Negative temperature coefficient

CHG and ISO Charging and isolation

W_348 The cutoff frequency

R; and R, The upper and lower resistors respectively
R; and Ry Circuit resistors

Vem Common mode voltage

Vaifr Difference voltage

Aaiff Differential amplifiers

Acm Common mode amplifiers

Ryte Negative temperature coefficient resistor
Rigyer The nominal resistance of the lower resistor
Teen Battery cell temperature
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The thermistor’s Steinhart-Hart parameter

The nominal resistance of the thermistor
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The nominal resistance temperature of the thermistor
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