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Abstract: The rapid growth of electric vehicles has
increased the demand for reliable and efficient battery
management systems to ensure safe operation, optimal
performance, and extended battery life. This work
presents the design and development of a comprehensive
Battery Management System (BMS) for electric vehicle
applications. The proposed system focuses on accurately
monitoring cell voltage, current, and temperature, while
also providing a reliable estimation of key battery states,
including State of Charge and State of Health. Protection
mechanisms are implemented to prevent overcharging,
over-discharging, overcurrent, and thermal runaway
conditions.

Index Terms—Battery Management System, State of charge,
State of Health, Lithium lon Battery.

I. 1.INTRODUCTION

The rapid growth of electric vehicles (EVs) has
increased the demand for sustainable and flexible charging
infrastructures capable of meeting energy, reliability, and
environmental  requirements.  Conventional  grid-based
charging stations often suffer from high peak loads, limited
renewable penetration, and dependency on fossil-fuel-
dominated power generation. To address these challenges,
hybrid energy infrastructures that integrate renewable sources,
energy storage, and advanced charging technologies are
gaining increasing attention.

Among various renewable options, photovoltaic (PV)
systems provide clean and abundant solar energy, while fuel
cells offer reliable and dispatch able power generation with
low emissions. The combination of PV and fuel cell systems
enables continuous energy availability despite solar
intermittency. In addition, Wireless Power Transfer (WPT)
technology has emerged as a promising solution for
convenient and automated EV charging, eliminating physical
connectors and improving user comfort and safety.

The design of a Battery Management System (BMS) is
governed by several fundamental principles that ensure the
safe, efficient, and reliable operation of battery packs in
electric vehicles. These principles focus on monitoring,
protection, control, and optimization of battery performance
throughout its service life.
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Accurate Sensing and Monitoring: The BMS must
continuously measure key battery parameters such as
cell voltage, pack current, and temperature. High-
precision sensors are essential to detect abnormal
conditions at an early stage and to provide reliable
data for control and estimation algorithms.

State Estimation: Reliable estimation of the State of
Charge (SOC), State of Health (SOH), and State of
Power (SOP) is a core principle. These estimates
enable accurate range prediction, performance
control, and maintenance planning. Estimation
algorithms should be robust to noise, ageing effects,
and varying operating conditions.

Protection and Safety Management: The BMS
must protect the battery from unsafe operating
conditions, including overcharging, over-discharging,
overcurrent, short  circuits, and  excessive
temperatures. Fast and reliable fault detection and
isolation mechanisms are essential to prevent battery
damage and ensure passenger safety.

Cell Balancing: Individual battery cells tend to
develop voltage and capacity differences over time.
The BMS should implement effective balancing
strategies (passive or active) to equalize cell voltages,
improve energy utilization, and extend battery life.

Thermal Management Coordination; Temperature
strongly affects battery performance, ageing, and
safety. The BMS should monitor temperature
distribution and coordinate with thermal management
systems to maintain the battery within an optimal
temperature range.

System Integration and Communication: The BMS
must communicate reliably with other vehicle control
units using standard protocols such as CAN. This
ensures coordinated control of charging, discharging,
and power delivery within the vehicle system.

Reliability and Fault Tolerance: The design should
emphasize robustness, redundancy where necessary,
and self-diagnostic capabilities. This ensures
continuous operation even under sensor failures or
harsh environmental conditions.
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e Scalability and Modularity: A well-designed BMS
should support different battery pack sizes and
configurations. Modular architecture allows easy
adaptation to various vehicle platforms and future
battery technologies.
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Fig. 1. Basic diagram of BMS

1.2. Battery types in Electric vehicles, and Battery
Management System

The safe and effective operation of an electric vehicle (EV)
depends on constant monitoring of the wvehicle's battery
management system

Tablel: Types of batteries in Electric vehicles

Type Liion Lead acid NiCd
Life cycle 600-3000 200-300 1000
Nominal voltage 3.2-3.7 2 1.2
Charging 80-90 50-85 70-80
efficiency
Charging 0-45 20-50 20-45
temperature (°C)
Discharging 20-60 20-50 20-65
temperature (°C)

1.3. Working of Battery Management System (BMS)

BMS is organised into three primary tasks: Monitoring,
Controlling, and Protection, each responsible for specific
operations to ensure safe and efficient battery performance, as
shown in Fig. 1.

Along with optimising the EV's performance and driving
range, it is also critical to guarantee the battery pack's
longevity and safety. As a result, keeping an eye on the BMS
is essential to maintaining an electric car. Following the
guidelines and maintenance protocols set out by the
manufacturer is crucial to ensuring that the BMS operates in a
way that is both effective and efficient. A BMS's regulating

and protection chamber is in charge of tasks including cell
balancing, temperature monitoring, state of charge (SOC)
management, predictive maintenance, and battery protection
[12-14]. BMS schematic monitoring, control, and protection,
as seen in Fig. 1.

e Monitoring

This block represents the sensing function of the BMS. Here,
the system continuously —measures important battery
parameters such as:

1. Cell and pack voltage.
2. Charging and discharging current.
3. Battery temperature.

By sensing these parameters, the BMS obtains real-time
information about the operating condition of the battery.
Accurate monitoring is essential for detecting abnormal
conditions and providing data for further control and
protection actions.

e Controlling

The controlling block processes the monitored data and makes
decisions to regulate battery operation.
Its main functions include:

1. State of Charge (SOC) estimation — determining
how much energy remains in the battery

2. Driving cut off circuits — controlling when charging
or discharging should stop

This block ensures that the battery operates within safe limits
and delivers the required power efficiently during vehicle
operation.

e Protection

The protection block is responsible for safeguarding the
battery and the vehicle against unsafe conditions.
It includes functions such as:

1. Precharge circuit — safely charging the DC-link
capacitors before full connection to avoid inrush
currents.

2. Cut off capacitor / cut off circuit — disconnecting
the battery during faults like overvoltage, under
voltage, overcurrent, or overheating.

This work prevents damage to the battery pack and improves
overall system safety and reliability. The methodology for
designing a Battery Management System (BMS) for electric
vehicles follows a systematic approach that includes battery
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modelling, parameter sensing, state estimation, control
strategy development, fault detection, and system validation.

Il. SYSTEM DESCRIPTION

Model of Battery

Figures 2 and 3 show the redox flow battery's
comparable circuit model. An equivalent circuit can be used to
represent the redox flow battery's charge and discharge
characteristics. Its straightforward design makes it simple to
conduct simulation tests and view the results.
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Fig. 2. Circuit diagram of battery

Rreac and Rres stand for the equivalent internal resistance
loss, R for the fixed resistance losses, C for the dynamic
response capability, and Vi for the open-circuit voltage,
terminal current, ip for the current, and Vstack for the stack
voltage and stack current in Figure 2. In relation to the overall
charge the battery may achieve, SOC represents the proportion
of the battery's maximum charge that is still accessible [22].

Cell balancing

Because of the architecture of the cell string, cell imbalance in
battery systems is a problem to be addressed and a critical
determinant in the battery system's lifespan. A battery system
may result in overcharged or undercharged cells if a balancing
technique is not used [24, 25]. Li-ion cells are particularly
affected by this. However, battery consistency issues result
from ageing effects, ambient temperature variations, and
corresponding changes in internal resistance and capacitance
of batteries. These issues reduce battery pack safety,
longevity, and efficacy [26]. Therefore, developing a fair and
efficient equalisation control strategy is crucial to resolving
these battery inconsistency problems. The uneven distribution
of cells to voltages, which causes either an overcharge or an
undercharge of cells, is seen in Fig. 5. Active and Passive
Balancing The battery pack equalisation control mechanism is
divided into two categories: balancing approaches and
balancing approaches. Every battery structures its dissipation
equalisation method using parallel resistors, which has
disadvantages such as slow equalisation speed, high power
consumption, heat dissipation, and low efficiency [27]. There
are two ways to further accomplish passive balancing:

switched shunt and fixed shunt. A resistor is always connected
across the cell in a fixed shunt, which results in significant
power loss. Additionally, with a switched shunt, the excess
energy held in the cell is released as needed via a switch. With
the assistance of the AFE IC, the MCU controls this
switching. On the other hand, the non-dissipation Active
equalisation method equalises quickly, efficiently, and with
little energy. It is made to make use of circuits for energy
transfer, such as capacitors or inductors.
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Fig. 3. Cicuit diagram of battery contactor

Active cell

The active cell balancing technology transfers charge
from a high-charged cell to a low-charged cell by means of
capacitive or inductive charge transfer [28]. In order to
balance out variations among cells in series, active balance
techniques move electrical energy from higher SOC cells to
lower SOC cells. Maintaining a steady charge distribution
throughout a battery's series-connected cells over time—
ideally without causing any energy losses during the
equalisation process—is the fundamental goal of an active
balancing strategy. This is further complicated by the fact that
the basic idea behind all active balancing methods is the
transfer of charge from cells with higher SOC to cells with
lower SOC via switched capacitors acting as intermediary
storage banks. The active cell balancing technique ensures that
all of the energy stored in the battery is used up, maximising
its useable capacity in contrast to the passive balancing
method.
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Passive cell

It is easier to use the passive cell balancing method
than the active cell balancing method. Because the excess
energy in the cells is released as heat via a dissipative bypass
pathway until the charge is equal to that of the lower cells in
the pack or charge reference, this approach will affect the
battery's run time [29]. There is no energy transmission
between cells because of the dissipative nature of passive
balancing, which resistors make possible. This is because cell
energy is lost as heat. Because of this, this method is
ineffective and generates a lot of heat when the charge is
released into the atmosphere via a resistor. Because the excess
charge of cells with high SOC is lost as heat through a resistor,
the conventional passive methods of cell balancing lead to
worse energy efficiency. However, when equalisation is
achieved without active control, this method performs well in
low-cost system applications. It cannot be utilised with
lithium-based batteries due to the high danger of explosion
[30]. The balancing rate is determined by the size of the
resistor, which is connected in parallel to each cell in this way.
We may observe the presence of a shunt resistor and a shunt
MOSFET. When the cell voltages of analogous cells are out of
balance, the MOSFET is driven.

Fig. 4. DC-DC Active charge balancing
Table 2: The simulation design parameters of the resonant
converter are shown in the table 2

Component Type Parameters
Switching Frequency 20 KHz
Resonant Inductor (Lr) 184 uH
Series Capacitor (Cs) 2.368 uF
Parallel Capacitor (Cp) 403 nF

The modes of operation of the proposed converter are
discussed below

Mode-1:

S1isturned ON and S2 remains OFF. The entire battery string
has been discharged by the inductor of the resonant circuit Fig
Sa.

Mode-2:

The inductor current rises and the voltage of the parallel
capacitor starts decreasing Fig 5b.

Mode-3:

The parallel capacitor (Cp) starts charging. The diode D1 and
D2 are turned OFF Fig 5c.

Mode-4:

The inductor current (Ir) starts decreasing and the Diode D1
is forward biased Fig 5d.

Mode-5:

S1is turned OFF, and after ZVS condition is achieved Q2 is
turned ON Fig 5e.
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Fig. 5. Modes of operation of the cell balancing LCC converter

I11.RESULTS AND DISCUSSIONS
Passive Balancing of the cells are performed in-order to
understand the time taken for balancing and the temperature
rise of the cells. The Graph shows the SOCs of 4 cells in the
battery stack during passive balancing. Fig.6.1
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Fig. 6. SOCs of the cells during passive balancing

The four cells' initial SOCs are assumed to be 0.2,
0.22, 0.28, and 0.36. The cells are let to cycle between
charging and discharging at a steady current of around 4A
(Fig. 6.2). With reference to the Tl datasheets, the balancing
resistor is assumed to be 20Q.

The balancing of the individual cell voltages and the current
flow through the battery stack is shown in the Fig.6.2 and

Fig.6.3.

The Active balancing is carried on two conditions.
1) Battery is on rest neither charging nor discharging
2) Balancing is done by comparing the OCVs.
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The balancing time is almost 10 times smaller compared to the
passive balancing. OCV and SOC have a non-linear
characteristic, and the 200mV difference in OCV the
minimum difference in SOC can be 10%. The threshold OCV
can be selected such that SOCs can be matched with a
tolerance of 5%. The balancing time on comparing with the
passive balancing is found to be nearly 10 times less and the
SOCs with respect to their OCVs have a large difference
compared to the one taken in the passive balancing. The
balancing of the OCVs of the cell is shown in fig 6

In the simulation model four cells are taken where the OCV of
cell 4 is around 200mV lesser than other cells. The balancing
of the cells is found to be happening less than 30 min. The
current and the voltage waveform of the resonant converter are
shown in fig 6and, fig 7
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Fig. 8. Inductor current of the LCC converter
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Voltage across series capacitor
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Fig. 9. Volatge across of the LCC converter

IVV.CONCLUSION
The Battery Management System is the heart of the

batteries and in that charge, equalization is a serious issue
which must be given consideration. AFE handles the cell
monitoring which include the sensing of cell temperature and
the cell voltage. It also handles the cell balancing which can
be done either passive or active. The battery cut off switch
along with the gate drivers connects or disconnects the battery

with pack and thus it

is a bi-directional switch. A

microcontroller is put as a bridge between the AFE, Gate
drivers, CAN Transceiver, and other sensing which controls
all the functionalities of BMS. Thus, collectively BMS takes
care of everything related to the battery and takes care of the
constraints which affect the lifecycle.This work shall be
further investigated on the following points

&)

2)

3)

4)

5)

1) The SOCs of the cells will be considered for
balancing

2) State space model will be used for designing an
algorithm to balance the battery packs

3) The balancing circuit will be compared with other
topologies in efficiency and balancing time
parameters
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