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Abstract

The secret to increasing the use of sustainable energy is efficient energy storage. Designing
a battery system that encompasses specific volume requirements offers a prolonged life cycle and
exhibits rapid charge and discharge characteristics necessitates careful consideration. In this
project, we used a technique to improve the battery of the Electric Vehicles (EVs) by controlling
in charging voltage into battery by using a buck boost dc/dc converter. the buck boost converter is
required as factors such as speed, ground clearance. can increase or decrease the charging voltage.
Thus, this project consists an analyzed for input buck-boost converter (IBBC) and proposes
charging of EV battery. IBBC small-signal model is derived and used to design a controller for
four switches. And the project shows the Simulink model of the four switches buck boost converter
that is applied in EV battery and the results of the simulation and performance of the IBBC and all
of this is discussed.

Most DC/DC converters are used in applications where both VIN and VOUT are fixed or
have a narrow range. However, there are applications where either VIN or VOUT, or both, have a
very wide range. For example, the voltage of the battery in a battery charger has a wide range from
minimum charge to full charge; thus, the DC/DC converter used in the charger needs to provide a
wide output range.



Chapter 1: Introduction

Introduction

Problem Discussion

The main disadvantage is the limited driving range due to the limited capacity of the

battery which cannot be usually recharged quickly. Since most of the cars in cities don't drive
more than 50 km during a day and since this is easily possible for electric vehicles, they are the
best vehicles which help to improve the environmental conditions in cities and their suburbs.
The type of battery used in the project is lithium. The increased demand for LIB is a result of its
availability and dependability. LIBs have alleviated environmental challenges and demonstrated
considerable potential. Numerous technologies, such as portable devices, hybrid electric cars,
mobile devices, laptops, and digital cameras, rely on their efficiency. Due to their high capacity,
low open circuit voltage, low-volume expansion, and high absorption energy, LIBs are also used
in thermal runaway modeling and detection compared to other batteries (Na/K/Ca). Compared to
conventional batteries, LIB has 10 times longer lifespan and continues to function at 80% of its
rated capacity after 2000 cycles and also the price of LIB technology is falling at a real-term rate
of 8%—16% per year.

Despite the technology’s potential, LIBs still have a number of disadvantages. High voltages
can damage LIBs and cause them to overheat. Major issues have resulted from this. Additionally,
as LIBs get older, they lose capacity and frequently break down. Their price, which is roughly 40%
more expensive than Ni--Cd, is another obstacle preventing their wider use. Finally, although
having a higher energy density than other battery types, LIBs still have an energy density around
100 times lower than gasoline with a 2- to 3-year lifespan following production.[2].



1.2Aims and Objectives

1.2.1 Scope of the Work

The basic advantages of electric vehicles (EVs) are: (a) no emissions at the point of their
operation, (b) very low emissions, if the energy is produced in normal power stations, (c) lower
energy consumption compared to conventional cars, and (d) very low noise during operation.

A four-level DC/DC Buck Boost power converter is introduced. The primary application for
this converter is to regulate the center capacitor voltage. The steady-state and average-value
models for the proposed converter are developed and compared in simulation. The converter was
constructed in the laboratory and verified on a four-level motor drive system. It was shown that
the four-level DC/DC converter provides capacitor voltage balancing and allows higher output
voltage utilization from the inverter.

control method based on model predictive current control is proposed for such converter
with inherent smooth mode transfer capability without extra design on mode detection and transfer
scheme. Modulator and mode detection are replaced by an optimization process through cost
function. This largely simplifies the design and makes it easily implemented. Seamless transfer
between buck and boost modes is achieved with many other system level benefits. Simulation and
experimental results are provided to verify the effectiveness of proposed method for the four-
switch buck—boost converter.

Simulation results of the suggested converter are presented in different operational conditions.
For simplicity of circuit analysis, the below assumptions are considered:

o All the capacitors are large enough. Hence, the voltage ripples of capacitors are neglected
for obtaining the voltage gain in steady-state operation.

o The power switches are ideal, and the parasitic capacitor of the power switch is neglected.



Chapter2: Standards, Constraints and Earlier Coursework

2.1 Standards

There are many IEEE standards related to Buck—Boost DC/DC Converter. The IEEE
Standard 2432, “Four-Switch Buck—Boost Converter Based on Model Predictive Control With
Smooth Mode Transition Capability”, provides general guidelines and definitions [3],[4].

IEEE Standard 9131, “Harmonic Control in Electrical Power Systems”, provides
recommended limits for efficient power management techniques that needed for longer battery
life. And shown systems that required supply voltages to be both higher and lower than the
battery voltage (e.g., power amplifier for CDMA applications), while supplying significant
current, which is most efficiently generated by a noninverting buck-boost switching converter

[S1.[6].

2.2 Constraints

The electrical battery especially Lithium which Challenges LIBs have several features: high
capacity, high power and energy density, high temperature tolerance and cyclic life, long duty
cycle, fast charging, and less effective memory. However, there are some issues, so it is required
to indicate appropriate solutions for safety excitabilities, recycling and environmental impacts,
custom and expansive characteristics, and the discharging- and charging-period memory effect for
a wide range of sequential uses. These issues are also applicable to other electrochemical batteries
for EV applications. The following are summaries of the main problems. [7,8]

Real-Time SOC and SOH Estimation SOC estimation is challenging due to the highly non-
linear properties of EVs

However, it has flaws like early SOC faults, current measurement and integration faults, and
battery capacity uncertainties. Furthermore, the battery needs to rest; measuring open-circuit
voltage is impossible in real-time. There is a technique for estimating parameter errors, voltage
and current measurement errors, aging, and temperature.
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2.3 Earlier Coursework

Some of the courses taken so far in this program have helped in provided basic important
knowledge and understanding of the components and techniques used in this project. Below are
some of the courses that helped complete this project:

-Power Electronics: It helped us to construct the different circuits, such as buck-converter,
boost-converter and others.

-Special Topics in Power: It provided us with in-depth knowledge about buck-boost converters,
and battery charging techniques that helped us in the design and optimization of our project.
-Control Systems: it helped us understand and implement PI controllers to ensure stable
operation in our project.

-Modeling of electrical engineering systems: to simulate our project in the MATLAB.
-Microprocessors and Microcontrollers: it improved our skills to program and connect our
project with Arduino board.

-English for engineers: it improved our skills to write a full integrated report.

2.4 Issues and Challenges

LIBs have several features: high capacity, high power and energy density, high temperature
tolerance and cyclic life, long duty cycle, fast charging, and less effective memory. However, there
are some issues, so it is required to indicate appropriate solutions for safety excitabilities, recycling
and environmental impacts, custom and expansive characteristics, and the discharging- and
charging-period memory effect for a wide range of sequential uses. These issues are also applicable
to other electrochemical batteries for EV applications. The following are summaries of the main
problems.[12]

2.4.1. Real-Time SOC and SOH Estimation

Estimating the State of Charge (SOC) in electric vehicles (EVS) presents significant
challenges due to the highly non-linear characteristics of their batteries. Key issues include early
SOC inaccuracies, errors in current measurement and integration, and uncertainties in battery
capacity. Additionally, factors such as voltage and current measurement errors, aging effects, and
temperature variations further complicate accurate SOC estimation. Although various methods
have been developed to estimate the SOC and State of Health (SOH) of EV batteries, real-time
estimation in practical applications remains a significant challenge. Developing a cost-effective
Battery Management System (BMS) with minimal memory requirements and high processing
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speed is particularly demanding. Current real-time SOH estimation methods often overlook minor
variations in battery health, and model-based techniques have notable limitations, including
inaccuracies in predicting health states. Addressing these challenges is critical for advancing the
performance and reliability of EV battery systems. [ 13],[14].

2.4.2. Optimal Charging Problem and Characterization

The current charging technique takes a long time to charge an EV’s batteries with a
battery pack, which is less efficient and less safe. The CC trickle is the most common technique
for charging methods. However, as it uses low currents, charging takes a longer time. Increasing
the charging current reduces charging time but raises the OCV of streamers above the safe
threshold and generates heat. There are significant drawbacks to traditional battery charging
methods. Therefore, balancing the charging efficiency, heat, battery lifespan, and degradation is
challenging.[15]

2.4.3. Battery Models BMS

BMS batteries are typically characterized using physical (equivalent, electrochemical) and
data-driven (hybrid) techniques. Testing in different environments is impossible due to the need
for precise conditions. Data-driven algorithms’ performance and computational complexity
highly depend on test data and training procedures. It has resulted in several clever
techniques/algorithms [16,17].

2.4.4. Battery Charger and Discharging Issue

batteries are typically characterized using physical (equivalent, electrochemical) and data-
driven (hybrid) techniques.

Another problem for BMS is the lack of universal battery chargers. Custom battery chargers
tend to be more compact and intended for domestic use, leading to increased electrical clutter
and environmental waste. As a result of the wide variety of batteries in use, battery charger
designers must handle this issue. Working with damaged or old batteries necessitates using safe—
discharge batteries, which can be dangerous. Batteries in brine produce hydrogen and oxygen
gases that must be vented to avoid detonation. Using resistors to release batteries requires a low
current to prevent overheating [18,19]
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2.4.5. Safe and Efficient Operation Operations can be extended due to a loss of
LB capacity.

A serially connected battery that exceeds the V limit may cause a charging interruption to
prevent overloading. Undercharged batteries have a shorter life span. Batteries lack a safe
working range due to constantly changing internal and external factors [20]. This may cause
significant concerns with cell reliability and stability. Furthermore, maintaining a proficient
operational condition is difficult, especially for BMS peripheral control units, as several
circumstances impact battery electrochemical properties.

2.4.6. Aging and Memory Effect

A battery ages due to internal resistance and capacitance fading. High temperatures also
speed up the aging process. It is impossible to tell when a battery is getting old until it suddenly
stops working. A model that considers cell aging factors is required to solve this problem. The
memory effect occurs after repeated charge—discharge cycles: less memory capacity and possible
cell imbalances [21,22].

2.4.7. Power Source and Consumption

Since EVs have no other means of generating electricity except batteries, the BMS must
draw its power from the battery it is tasked with safeguarding and maintaining. As a result, the
BMS becomes more challenging to design. When an automobile operates, idling, or charging, its
BMS consumes power. For this reason, if the car is left uncharged for an extended period, the
BMS must consume very little energy to prevent battery depletion. Even with well-known
automobiles like Tesla, this issue is still fairly prevalent.
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Chapter 3: Literature Review

In this chapter, the literature review of all the aspects related to converter in general and
four switch buck boost dc/de converter in specific are discussed.

3.1 History

In many industrial applications, it is required to convert a fixed-voltage dc source into a
variable-voltage dc source. A dc-dc converter converts directly from dc to dc and is simply known
as a dc converter [23]. A dc converter can be considered as dc equivalent to an ac transformer with
a continuously turns ratio. Like a transformer, it can be used to step down or step up a dc voltage
source. The dc-dc converters are widely used for traction motor control in electronic automobiles,
they provide smooth acceleration control, high efficiency, and fast dynamic response. DC-DC
converters can be used in regenerative braking of dc motors to return energy back into the supply
than this feature results in energy savings for transportation systems with frequent stops [24]. DC
converters are used in dc voltage regulators and also are used in conjunction with an inductor, to
generate a dc current source, especially for the current source inverter.

Different Topologies

The dc converters can be used as switching mode regulators to convert a dc voltage,
usually unregulated, to a regulated dc output voltage. The regulation is normally achieved by
PWM at a fixed frequency and the switching driver is normally BJT, MOSFET, or IGBT. The
power regulator can be inductor based, switch-mode power converter, a switch capacitor charge
pump or a linear regulator. Each regulator has its own advantages and disadvantages, but it is the
particular application requirements that determine which type of power regulator is best suited.
There are topologies of switching-mode regulators like:

e Buck regulator

e Boost regulator

e Buck-boost regulator

This thesis paper focuses especially on buck, boost and buck-boost regulator topologies. The
boost is one of the fundamental switch-mode power topologies. The other being is the buck
regulator. From these two topologies, all other topologies switch-mode power supply topologies
are derived.

THEORETICAL BACKGROUND
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Buck Converter

A buck converter is a step-down DC/DC converter consisting primarily of inductor and two
switches (generally a transistor switch and diode) for controlling inductor. It fluctuates between
connection of induction to source voltage to mount up energy in inductor and then discharging the
inductors energy to the load.

When the switch pictured above is closed (i.e., On-state), the voltage across the inductor is VL=
Vi- Vo. The current flowing through inductor linearly rises. The diode doesn’t allow current to
flow through it, since it is reverse-biased by voltage.

For Off case (i.e., when switch pictured above is opened), diode is forward biased and voltage is
VL= - Vo (neglecting drop across diode) across inductor. The inductor current which was rising in
ON case now decreases.

Ideal circuit analysis

L
SIETTE
Vi D& B — — R T

Figurel: Circuit diagram of an ideal buck regulator

In a buck converter, the average output Va is less than the input voltage, Vs. The circuit
diagram of a buck regulator has shown below and this is like a step-down converter.

The freewheeling diode D conducts due to energy stored in the inductor; and the inductor current
continues to flow through inductor (L), capacitor (C), load and diode (D). The inductor current
falls until transistor S is switched on again in the next

15
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Figure2: Waveform of voltage and current of buck converter

The waveforms for voltage and current are shown in for continuous load current assuming
that the current rises or falls linearly. For a constant current flow in the inductor L, it is assumed
that the current rises and falls linearly. In practical circuits, the switch has a finite, nonlinear
resistance. Its effect can generally be negligible in the most applications depending on the
switching frequency, filter inductance, and capacitance, the inductor current could be
discontinuous.

Boost Converter A boost converter (step-up converter), as its name suggest step up the input DC
voltage value and provides at output. This converter contains mostly a diode, a transistor as
switches and at least one energy storage element. Capacitors are usually added to output so as to
perform the function of removing output voltage ripple and sometimes inductors are also
combined with.

Its operation is generally of two separate states, ® During the ON period, switch is made to close
its contacts which results in increase of inductor current. ® During the OFF period, switch is
made to open and thus the only path for inductor current to flow through the fly-back diode and
the parallel combination of capacitor and load. This enables capacitor to transfer energy gained
by it during ON period.

16
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Figure 3: Circuit diagram of Buck-Boost converter

V, Load l
o — _l
Mode 1

L_ _}

Mode 2

Figure 4: Equivalent circuit of Buck-Boost converter

The circuit operation divided into two modes. During mode 1, transistor Q1 is turned on and
the diode Dm is reversed biased. The input current, which rises, flows through inductor L and
transistor Q1. During mode 2, transistor Q1 is switched off and the current, which was flowing
through inductor L, would flow through L, C, Dm, and the load. The energy stored in inductor L
would be transferred to the load and inductor current would fall until transistor Q1 is switched on

17



again in the next cycle. The equivalent circuits for the modes are shown in figure 4. The waveforms
for steady-state voltages and currents of the buck-boost regulator are shown in figure 5 for a
continuous load current.

o . ~ ~ t
i K1 i

1 -

1, = = \

- kT < . =g

J .

e -t

Figure 5: Wave form of Buck -Boost converter

DESIGN ANALYSIS OF DC-DC CONVERTERS

Performance Parameters There are quantities of vital performance parameters which decide
the output characteristics of the dc-dc converters. These parameters should be well understood
before designing an ideal dc-dc converter. [25]

Operating frequency

The operating frequency determines the performance of the switch. Switching frequency selection
is normally determined by efficiency requirements. There is now a rising trend in research work
and new power supply designs in increasing the switching frequencies. The higher is the switching
frequency, the smaller the physical size and component value.

At higher frequencies the switching losses in the MOSFET increase, and therefore reduce the
overall efficiency of the circuit.

At lower frequencies the required output capacitance and inductor size increases, and the
volumetric efficiency of the supply degrades. The trade-off between size and efficiency has to be
evaluated very carefully.

18



Chapter 4: Alternative Solutions

Electric vehicles (EVs) require efficient battery charging systems to optimize performance
and extend battery life. Traditional buck-boost converters are commonly used in EV
applications.[33]

Out of various topologies, the 4-switch Buck-Boost DC/DC converter would be most
suitable for the application in EVs due to its simplicity, efficiency, and reliability compared to
other conventional and alternative converters.[33]

In the conventional single-switch Buck-Boost converters, high-power applications are not
suitable due to component stresses, low efficiency, and reliability problems. The 4-switch
converter offers continuous input current and higher efficiency, which is more suitable for
electric vehicle applications where the power demand varies.[34]

Composite DC-DC converters allow high efficiency but involve sophisticated control
strategies and, accordingly, higher costs. The 4-switch converter represents a more
straightforward design that provides reliable performance and does not require complex
integrations.[34]

Resonant four-switch converters may face some problems concerning stability and control,
while this 4-switch Buck-Boost converter offers flexibility in its ease of control, supporting both
Buck and Boost operations without any extra complications.[35]

Because model predictive control-based converters need advanced algorithms, whereas in
the case of a 4-switch converter, simpler control ensures smooth transitions and performance
without adding complexity.[35]

The 4-switch converter has the potential for bidirectional power flow, which provides an
enhancement in regenerative braking and energy recovery, improving the driving range. For over
91% efficiency, the usage of advanced materials like gallium nitride will minimize energy loss
and further optimize EV performance.[33]

The 4-switch Buck-Boost DC/DC converter is efficient, reliable, and simple-those exact

key factors that make this topology ideal for electric drives when compared to its
alternatives.[33]
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Chapter 5: Methodology
5.1 H-Bridge

H bridge are a critical component in automotive applications, particularly in electric
vehicles (EVs), where they are used for efficient power conversion and management. These
converters are essential for tasks such as battery charging, motor control, and stabilizing the
vehicle's electrical system. This circuit used in many applications it’s called H-Bridge because of
the shape of the circuit which include four switching elements such as IGBTs, MOSFETs, BJT,
etc. represent the letter “H” as shown in figure 5.1. [26]

S2

o el
[

Figure 5.1: Schematic of an H-bridge [26].

5.2 Buck Converter

Buck converter is a device used to step down the DC voltage in power electronics, it’s
widely used in in various applications like power supplies, chargers and others. It’s known of its
simplicity, reliability and effectiveness. [27]

Switching © Inductor

= Device - f v Y Y \.
6 +
_
+ \ orage N —
Source K Diode Capacitor

Figure 5.2: Schematic of a buck-converter [30].
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The structure of buck converter consists of a switching device, inductor, capacitor and a
diode as shown in figure 5.2. while operating the switching devices turns off and on
intermittently, so when the switch is closed the energy stores in the inductor, and when the switch
is open the
energy in the inductor will discharge in the load. the diode used to make sure there is no reverse
current flow and the capacitor to make the output voltage smoother.[27]

The opening and closing operation of the switch happened according to the duty cycle
(D) so it’s the ratio between the on-state time (Ton) and the total time (Ton + Toff)

Figure 5.3: Duty Cycle Diagram [26]

Ton

SoD = S (5.1)
This parameter used to determine the output voltage of the buck converter which equals:

Vout = D *xVin (5.2)

To design a buck converter, it’s needed to choose the right values of the capacity of the
capacitor (C) and the inductance of the inductor (L), which are given by these equations:

L= (Vin—Vo)*D *% (5.3)
T*Ail
C = . (5.4)

Where Ai is the difference between iy, stare and iy 5 seate and AVo is the difference between max
and min value of voltage at steady state.[27]
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5.3 Boost Converter

Boost converters are the opposite of buck ones, they step up the voltage, so they boost
low DC voltage to higher voltages. They used in many applications like electric vehicles, LED
drivers and others.[27]

© Inductor Diode
¢ +
3
+ Voltage 1 Switching : .
<> Source 2 | [ Device E Capacitor
1
< . -

Figure 5.4: Schematic of a boost-converter [30]

The boost converter consists of a switching device to turn on and off while operating, and
inductor so when the switch is closed the energy will store in it and when the switch is open it will
discharge the energy, and a diode so the energy will only flow to the load, and the capacitor is used
to make the output signal smoother. [27]

As mentioned before the opening and closing operation happened according to the duty
cycle (D).

As shown in figure .........: D:T (5.6)
And the output voltage (Vo): Vo = % (5.7)

To design a boost converter, it’s needed to choose the right values of the capacity of the capacitor
(C) and the inductance of the inductor (L), which are given by these equations:

VsxD*T

L=—r (5.8)
D*xT+*Vo

¢ = R*AVo (5.9)

Where Ai is the difference between iy, stare and iy ff state and AVo is the difference between max
and min value of voltage at steady state[27]
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5.4 Functionality of the Four-Switch Buck-Boost Converter

Bidirectional Power Flow: The converter has the ability to change the direction of power
flow and thus provides the possibility of charging the battery as well as getting power from the
battery and feeding it back either to the vehicle or back to the grid. This is of particular
importance when energy resulting from regenerative braking should be stored or when, in any
case, excess power can be fed back into the grid.[33]

Voltage Regulation: This is capable of both buck and boost mode operation. Operating in
a buck mode, it steps down from higher input voltage to a lower output voltage; similarly, in the
boost mode, it performs the stepping up of voltage from the lower input to higher output. This is
of paramount importance for maintaining the optimum charge in the battery and facilitating the
proper work of different vehicle electronics requiring various voltages.[34]

The below diagram shows the four different modes of operation.

<
+ > > * + == '
ar E o] @ @ J S
D &+ [ I Aways on 1-0 —I T S | [ Awayson
DC Bus * . Battery  DCBus T ‘ Battery
@2 4 \\<: a4 Q- N
- | T 4% \lways off D - & Always off
1-D : SN Always 0 v VAR y
. . i . . .
+
+ » + + ’> A‘
a1 3 ar it
t .
Always o 1-D Always on | T — D
DC Bus ‘ [ * Battery DC Bus A Battery
Q- | Q4 QZ\\I/ I Q4
¢ K _ v e
Always off -4\ D Always off -4~ ! 1-0
v ‘
. . - l .

Figure 5.5. Four switch buck-boost modes.
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Starting with the top left diagram, the input voltage from the DC bus is being stepped
down meaning we are in buck mode. Q1 acts as the switch while Q2 emulates the diode of a
normal buck converter, operating at a duty cycle of 1-D. In the bottom left diagram, the voltage
level is being boosted with power still flowing to the right. Q3 acts as the diode of a normal
boost converter with Q4 being the switch. The top right is boosting the voltage but this time
power is flowing right to left and the bottom right diagram is bucking in the same direction.
Compared to the two-switch buck-boost shown below, the four switch also allows for greater
efficiency with less losses. This greater efficiency is due to the fact that the forward voltage drop
of the two diodes, VF, is oftentimes much greater than the voltage across the switch VSR. For
example, VF is typically about 0.6V to 0.7V

5.5 Role and Function of the H-Bridge Configuration

The H-bridge in the four-switch buck boost converter mainly provides the route through
which current can flow in different paths to have a change in the direction of power flow and
changeover between buck and boost modes. Basically, an H-bridge consists of four switches-
transistors or MOSFETS-arranged in a square. By opening and closing these switches in
different configurations, the direction and type of voltage and current supplied to the load can be
controlled.[31]

1) Switching Operation: A switch is located at every corner of an H-bridge. These switches
open and close in various combinations to change the polarity of the voltage applied to
the load-a very important aspect of bidirectional power conversion.

2) Selection of Mode: The converter can be buck or boost mode, depending on which of the
switches is closed. The input voltage will be either bucked or boosted:

Buck Mode: Two diagonally opposite switches close to form a path of current flow that
generates lower voltage output.
Boost Mode: Different diagonally opposite switches are closed for a higher voltage.

3) Efficiency and Control: The use of the H-bridge allows for finer control of voltage and
current, increasing efficiency in power transfer. This is extremely vital in terms of battery
longevity and health, where the smooth transitions between charging and discharging
modes can only be effectively made by an H-bridge setup.[31]

The H-bridge configuration in the four-switch buck-boost converter plays a pivotal role in
the execution of its function, controlling power flow and voltage levels with maximum
efficiency. Such capabilities form the backbone of modern electric vehicles since strong, flexible
systems that can handle various diverse power demands and sources are necessary in automotive
applications.

Voltage and current controllers, in the context of power electronics, use some advanced
electronic mode of operation. For instance, in a DC/DC converter system for electric drive
vehicles, the controllers ensure stability and efficiency in the power conversion processes.
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Herein is how each controller operates:

5.6.1 Voltage Controller

Voltage controllers should provide an output voltage independent of variations either in

load or input voltage. The principal methodology utilized by voltage controllers for their
operation is a feedback mechanism that works incessantly to adjust the operation of a converter

based on the deviation of a set voltage level.[34]

Key Components and Actions:

1)
2)

3)

4)

S)

Sensing: Converter output voltage is sensed and fed back to the controller continuously.
Comparators: The sensed voltage is compared with a reference voltage or the desired
output voltage.

Error Signal: Deviation of the actual output and the reference voltage is estimated, i.e.,
an error signal.

Control Algorithm: This takes the error signal through a control algorithm, which
calculates the adjustment of control inputs - gate signals to the switches in the H-bridge-
to minimize the error.

Adjustment: The controller changes the duty cycle of the PWM signal driving the
switches in the converter. This change in duty cycle, in turn, changes the average voltage
and power flowing to the load to correct deviations from the setpoint.[34]

This dynamic adjustment process is continuous, therefore enabling the system to respond
in real time to changes in load or input conditions, hence stabilizing the output voltage.

5.6.2 Current Controller

The current controllers regulate the current through the converter to the components and

battery for protection against overcurrent conditions that may cause damage or reduce
efficiency.[34]

Major Components and Their Operation:

1))
2)
3)

4)

Current Measurement: The current flowing through the converter is measured using
current sensors. This measurement is important for real-time monitoring and control.

Set Current Level: The system is programmed with a maximum current level based on
the safety and operational parameters of the circuit and battery.

Comparison and Error Computation: Here also, as in voltage control, the measured
current is compared against the set current level to develop an error signal, if any.
Control Logic: The error signal will be processed through a control algorithm, which will
calculate the exact adjustment that should be used to keep the current within desirable
limits in the converter.
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Modulation of Switches: The converter switches are operated on-the-fly by adjusting either the
timing or frequency of the PWM signals to control the magnitude of the current. It could be a
change in the duration of conduction in each switching cycle or the alteration of the frequency of
switching to control the amount of energy transferred per unit time.[34]

5.6.3 Integrated Control

Most of the modern systems nowadays incorporate voltage and current controllers for
better performance. Consider a buck-boost converter:
If there 1s high load demand, then the current controller may want to keep the current within a
safe limit while the voltage controller adjusts the voltage accordingly to prevent dips that may
affect the performance of the devices.[34]

Variable input conditions: Voltage controller regulates the output voltage at a constant
value; current controller adjusts the flow to adapt the variation of input voltage or the condition
of batteries.

These controllers are basic to efficiency, safety, and reliability for electric vehicle power
electronic systems that manage batteries, enhance vehicle performance, and improve overall
vehicle safety.

Current and voltage are the two major factors to be managed in the process of charging
electric vehicles for safety, efficiency, and battery longevity. Most battery charging technologies
adopt the strategy of prioritizing current control before voltage control. What is called Constant
Current/Constant Voltage charging has been developed to optimize this process of charging while
protecting the battery. [34]

Here's how this approach typically works:

5.6.4 Constant Current Phase

1) Initial Charge: As the battery is in a lower state of charge, it can safely absorb the higher
current without any internal damage. Thus, the charger provides a constant current at its
maximum value as the battery specifications allow. This is the fastest part of the entire
charging process.

2) Existing Control: The current controller actively controls the charging current throughout
this phase so that the latter does not rise above a predefined safe limit. Naturally, the
voltage across the battery increases due to its time-varying charge state, but is still lower
than its maximum rated voltage.[34]

5.6.5 Transition Phase

Approaching the voltage limit: During charging of the battery, its voltage will approach the
upper bound voltage limit. Overvoltage needs to be avoided at this point as it might prove
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harmful to the well-being of the battery.[34]

5.6.6

1)

2)

3)

5.6.7

Constant Voltage Phase

Voltage Regulation: While the voltage is reached at its maximum safe limit, the charger
switches over from constant current mode to a constant voltage. In this phase, the charger
provides a constant voltage, drawing less current when the battery reaches its full charge.
Voltage Control: The voltage controller now becomes dominant, delicately controlling the
voltage to maintain it at a pre-set level. Since the internal resistance of the battery
increases with its state of charge, the current required to sustain the voltage decreases.
Decreasing Current: The charger now reduces the current in a controlled manner to avoid
overcharging, which can reduce the life of the battery and lead to safety issues like
overheating or thermal runaway.[34]

End of charge

Current Drops Off: The current is usually taken to be off when the current drops down to a

fraction of the nominal charge current. This infers that the battery is full and maintains the
voltage with a small flow of current to prevent overcharge.[34]

Why This Order?

>

Battery Health: The initial stage of charging at constant current maximizes the speed of
charging without overcoming the chemical capabilities of the battery, hence avoiding
stress and heat buildup.

Efficiency and Safety: It ensures, by switching to a constant voltage mode near full
capacity, that the battery reaches its full charge without suffering damagingly high
voltage levels.

Optimized Charging: This method provides the most effective route to a quicker and safer
charge of the battery with an extended operational life-span by avoiding extreme
conditions

The CC/CV charging protocol is normally controlled by a highly sophisticated BMS

within EVs, which is in charge of monitoring voltage, current, temperature, and health status for
dynamic adjustments of the charging parameters. In such a way, it will ensure optimal charging
with respect to its condition and external factors for much better performance and longevity.

The wider context refers to the switching point as the point where, during the charging of

an electric vehicle battery, the charger switches from constant current to constant voltage. This is
determined by the attainment of a threshold by the voltage of the battery, which is dictated by the
chemistry of the cells that make up the battery and its maximum safe charging voltage.[34]
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5.6.8 Percentage of Battery Voltage at Switching Point

1) Threshold of Battery Voltage: Common in most EVs, most lithium-ion batteries have
about 4.2 volts per cell at full charge. This is the voltage setting near which the controller
switches the CC to CV.

2) Percentage of Voltage: This is usually close to maximum capacity voltage.[34]

To express the same as a percentage:

Nominal vs. Maximum Voltage: A lithium-ion cell has a nominal voltage about 3.6 to 3.7
volts and a maximum voltage of about 4.2 volts. The switch to constant voltage charging occurs
at nearly 100% of the maximum voltage but might be around 90-95 % of the fully charged
voltage if considering the voltage under load or operational conditions at full charge.

Calculation Example:

If we consider a normal EV battery cell, which has a nominal voltage of 3.7 volts with a
maximum charge voltage of 4.2 volts, then during charging it reaches a point of 4.2 volts, the
switching point to the CV phase, at 100% of the maximum charge voltage.

If we refer to nominal voltage and go by the curve of charge, the upper limit of the charge can
well be considered at 4.2 volts.

5.6.9 Practical Implications

» Safety and Efficiency: The CV phase begins at this point to avoid overcharging the
battery, which can cause damage and reduce the battery's lifespan. Maintaining the
voltage at this level while reducing the current helps to fully saturate the battery's charge
capacity without exceeding voltage limits.

» Battery management: This process balances the battery cells and permits every cell to
achieve a full charge without going into overvoltage conditions, hence taking care of the
overall health and longevity of the battery.

In all, transition from current control to voltage control in EV battery charging occurs when the
battery voltage reaches 100% of its designed maximum charging voltage per cell. This will
ensure safe and efficient charging of the battery while maximizing its lifespan and
performance.[34]

The charging threshold of a battery, especially in EVs, includes voltage and current limits, which
are related to the chemistry, capacity, and design specifications of the battery. In general, the
following thresholds are considered:

5.6.10 Voltage Threshold
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Lithium-ion Batteries: Most electric vehicles have lithium-ion batteries. For these
batteries, the typical end-of-charge voltage per cell is around 4.1 to 4.2 volts. Since EV batteries
are typically made of hundreds of cells connected in series and sometimes in parallel, the overall
charging voltage sums up the voltages across all the series-connected cells. For instance, a series
connection of 100 cells for a battery pack would take a threshold charge voltage roughly around
410 to 420 volts at full charge.

Other Chemistries: Most other battery chemistries, such as nickel-metal hydride or lead-
acid, have other voltage limits. For example, most lead-acid batteries operate at a charge voltage
of roughly 2.4 to 2.5 volts per cell.[34]

5.6.11 Current Threshold

Constant Current Region: For most batteries, the constant current region threshold is often
determined by the capacity of a battery and its C-rating. C-rate defines how fast the battery is
charged or discharged compared to its maximum capacity. The charge at a 1C rate, for example,
can indicate that the battery charges in such a way that it could reach full capacity in one hour.
For EVs, typical C-rates during the constant current phase range from 0.5C to 1C or higher,
depending on the battery management system and thermal management capabilities.

Charging Current at End of Charge: When the voltage threshold of the battery is attained,
it enters into the constant voltage phase whereby the current tapers off gradually. Charging is
often said to be complete when current levels fall to around 0.05C or lower since the battery is
close to being fully charged and further charging will only trickle charge in an attempt to
maintain the voltage without increasing the state of charge any further.[34]

5.6.12 Temperature Considerations

Temperature Limits: The other important factor that affects battery charging is temperature
limits. A lithium-ion battery can be best charged, for example, within a temperature range of
approximately 0°C to 45°C. Charging within this temperature will ensure higher efficiency, life
span, and safety.[34]

5.6.13 Battery Management System (BMYS)

Functionality of BMS: Regarding EV applications, the BMS mainly handles the
monitoring and controls around these thresholds. They don't let the voltage increase further than
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the limits established. It also ensures controlled charge regulation according to the conditions the
battery is in-regarding state of charge, etc., and temperature-and provides control for the entire
event under safety and battery health parameters.

Operating within these thresholds enables electric vehicles to maximize their use of the batteries,

extends life, and provides operational safety. These may vary between manufacturers and even

battery technologies since they're related to specific architecture in the design of the battery and
vehicle.[34]

5.7 Design and Results

Simulation:
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.=

Figure 5.6: Whole system.
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Figure 5.7: H-Bridge

The H-bridge in a four-switch buck-boost converter allows for bidirectional power flow: it
selects the path of current and switches between buck and boost mode. It controls voltage and
current with high efficiency to ensure seamless transitions in charging and discharging for
smooth battery health. This is very important for modern electric vehicles, satisfying their
various power demands efficiently. The rated current for the system is 60 A, and the rated voltage
is 600 V. To calculate the power, we can use the formula:

P=VxI
P=600 V<60 A=36000 W

Therefore, the total power of the system is 36000 watts.

This setup will be used for constructing the H-bridge circuit in our project:

e 4 1GBTs (60N60)

e 4 TLP250 (Gate Driver)

e 4 Capacitors (10 microfarad)
e 4 Capacitors (104)

e 4 Resistors (220 ohm)

e 4 Resistors (22 ohm)

e Arduino Uno

e Wires

e Breadboard
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Figure 5.8: voltage controllers

The function of the voltage controllers consists of keeping the output voltage constant,
regardless of any kind of load or input variations, by a continuous process of feedback: sensing
the output voltage, comparing with a reference, generating an error signal, and applying a control
algorithm (PI controller).

The controller therefore adjusts the PWM duty cycle of the converter to maintain consistent
voltage delivery to the load at runtime.

7

Figure 5.9: Current controllers

The current controllers regulate converter current to protect components and batteries from
overcurrent damage. These controllers measure the current via sensors, compare it against a set
limit, and generate an error signal when deviations occur. An error processed through a control
algorithm (PI controller) makes changes to the PWM signals, hence dynamically modulating the
switches to maintain the current within safety limits.
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Figure 5.10: PWM and Current and Voltage controllers

PWM in buck-boost converters for EV batteries allows for better efficiency, lower EMI,
and flexibility over a wide voltage range. Thus, PWM can be considered a very important
component of the design in developing efficient and flexible EV charging systems that can
deliver superior performance and reliability.

Figure 5.11: DC power source

It is considered to be a stable DC power source and an energy storage device for the
system; therefore, it feeds the circuit with constant voltage. Power feeding is provided to various
connected loads according to the needs of the system; in turn, charging and discharging of the
battery are done correspondingly. In parallel with the battery, an inductor serves the function of
regulating the flow of current and ripple reduction to reduce switching noise. It prevents abrupt
changes in current and allows for smoother delivery of energy. The battery and the inductor
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together contribute to the stability and efficiency of the system. They save the battery from
operational fluctuations and ensure its longevity and reliability. The combination thus enables
consistent power delivery and an overall better performance of the system.

5.8 Simulation Results:

Figure 5.12: Output result

1. SOC:

-The curve shows a steady increase in the battery's charge percentage over time.

-The battery started with a charge state around 50% and gradually rose to nearly 100% as the
charging progressed.

-This reflects the system's efficiency in delivering power to the battery continuously and stably.

2. Current:

-A short pulse is observed at the beginning of the operation, representing the inrush current
during the initial charging phase.

-After this pulse, the current stabilizes at a negative value, indicating the battery charging
process.

-There is a noticeable stability in the current throughout the charging phase, which reflects the
steady performance of the DC/DC converter in regulating the current flowing to the battery.

3. Voltage:
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-The voltage started at approximately 12V, which is the default initial voltage for the battery.
-The voltage gradually increased until it stabilized at around 20V.

-This indicates the success of the system in providing a higher voltage for charging when
necessary, showcasing the effectiveness of the buck-boost technology in voltage regulation.

System Efficiency: The stable performance of both current and voltage indicates the
efficiency of the 4-switch buck-boost converter in managing the charging process.

Charging Stability: The absence of significant fluctuations in voltage or current reflects the
successful design of the system.

Figure 5.13: Reference voltage with battery voltage

The voltage reaches a steady state at a certain value, which is the goal of the process
(matching the battery voltage with the reference voltage).
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Figure 5.14: After adding current controller

The results show that the current is much more stable. The controller continuously monitors the
current and compares it to a predefined reference value. If any deviation is detected, the
controller adjusts the switching operation to ensure the current stays within safe limits. This
protects the electronic components and the battery from excessive currents, which could
otherwise lead to overheating or damage.

Figure 5.15: After adding voltage controller

The voltage is now more stable and closely aligned with the desired reference value. This is
achieved using a feedback loop that constantly measures the system's output voltage and
compares it to the required reference. Any error is processed by the controller, which adjusts the
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duty cycle of the switches to ensure the voltage matches the target.

CH 6: Hardware

6.1 Hardware components

6.1.1 Li-ion Battery

Battery is an electric device which storge the electric charges inside, and use these
charges as electric energy when wanted. It has two terminals the cathode (indicates as positive
terminal) and anode (the negative terminal).

There are two types of battery, the disposable and the rechargeable. Disposable are only
used when they have enough charges stored inside, and then can’t use them again when they
fully discharged like alkaline battery. The rechargeable ones can discharge and charged multiple
times using suitable dc source, example of them are Li-ion batteries which used in cars, phones,
laptops and many other applications. They come in many shapes and sizes to be proper for their
device.

In this project Li-ion batteries will be used which are rechargeable and have high energy
density, lightweight and long cycle life.

How good a battery can be told according to many characteristics, and the most important
ones are:

Energy density is the amount of energy a battery contains compared to its weight and size, and
for li-ion batteries they have high energy density.

Life cycle is the number of charge and discharge cycles that a battery can complete before losing
performance, and li-ion batteries have long life cycle compared to other traditional ones.

Self-discharge is a phenomenon in batteries in which internal chemical reactions reduce the
stored charge of the battery without any connection between the electrodes or any external
circuit, and also li-ion batteries have very low self-discharge.

During the discharge process, lithium ions move from the anode to the cathode through
the electrolyte, generating electrical current. In the charging phase, this process is reversed. The
choice of cathode materials impacts the battery's performance characteristics.
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6.1.2 3.6V Lithium Battery

This battery was used as the secondary (receiving) battery during the charging operation. It
served to simulate the energy storage device being charged by the main 12V source battery.
During reverse operation, it acted as the power source in the discharge phase, demonstrating the
bidirectional capability of the buck-boost converter. Its voltage and current were continuously
monitored by the sensors and controlled via Arduino using PID feedback.

Figure6.1: Lithium Battery

6.1.3 Arduino Uno

Arduino is an open-source prototyping platform that combines both hardware and software in an
easy-to-use environment. It consists of a programmable circuit board (microcontroller) and an
Integrated Development Environment (IDE) used to write and upload code to the board.

The Arduino Uno board includes several essential components. Among them are the GPIO
(General Purpose Input/Output) ports, which are used to interface with digital and analog
inputs/outputs. At the core of the board is the ATmega328P microcontroller, which handles all
processing tasks and controls the GPIOs according to the uploaded program.

Digital I/0 Pins [2-13]

Reset-Button {89
Power-LED

USB Plug to

Computer In Circuit Serial

Programming

Crystal O

Atmega-328P

Voltage-Regulator it - 3] T R ; Microcontroller

DC Supply Socket
7-12V.DC

Regulator

Power-Pins Analogue-Inputs

Figure 6.2: Arduino Uno
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The board can be connected to a computer via a USB port, which is used both for programming
and for supplying power. Additionally, the board can be powered through a DC input (7-12V) or
via the power pins located near the analog I/O ports, with onboard regulation to 5V.

The Arduino Uno was the brain of the hardware system. It read voltage and current data from
sensors, processed the PID control algorithm, and generated the PWM signals needed to drive
the gate drivers of the H-Bridge. Additionally, it provided serial communication to input
setpoints and plot data during closed-loop testing. Its Timer1 library was used to create high-
frequency PWM signals, and another inverted signal was output for complementary switching.

6.1.4 H-Bridge

Figure 6.3: H-Bridge

The image above illustrates the practical implementation of the H-Bridge circuit used in the
hardware phase of our four-switch Buck-Boost converter project. The design consists of four
separate boards, each containing gate-driving components including a TLP250 optocoupler,
resistors, capacitors, and a 60N60 IGBT. These boards are arranged in an H-shape to form the H-
Bridge configuration.

This H-Bridge allows for bidirectional current flow, enabling the converter to operate in either
Buck mode (voltage step-down) or Boost mode (voltage step-up), depending on the switching
configuration. It plays a key role in managing both charging and discharging processes of the EV
battery. The circuit's output signals were verified using an oscilloscope, which confirmed the
correct switching behavior of each IGBT in response to the PWM signals.

The setup was connected to a stable DC voltage source, with an inductor used in parallel to filter
the current and improve system stability. This implementation forms a core part of the complete
converter system, offering dynamic control over both the input and output voltage and current
levels.

6.1.5 Current Sensor

In this system, the current sensor plays a critical role in monitoring the flow of current between
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the batteries during both charging and discharging phases. It converts the measured current into a
proportional analog voltage signal, which is read by the Arduino’s analog input pins. This signal
serves as the real-time feedback input to the PID control algorithm implemented in the Arduino.

The controller continuously adjusts the PWM duty cycle of the H-Bridge switches to ensure the
actual current closely matches the user-defined setpoint. Beyond regulation, the current sensor
enhances system stability and accuracy, and acts as a protection element. The system can be
configured to halt operation automatically if the sensed current exceeds a predefined threshold,
thereby safeguarding both the batteries and electronic components from potential damage.

Figure 6.4: current sensor

6.1.6 Voltage Sensor

The voltage sensor provided real-time voltage feedback from the battery to the Arduino. This
allowed dynamic adjustment of the PWM duty cycle to maintain the desired charging or
discharging voltage. It contributed to overall voltage regulation during the operation of the
converter.

Figure 6.5voltage sensor

6.1.7 MG 6-MG-9 Sealed Battery

A battery of type MG 6-MG-9 with a nominal voltage of 12V and high discharge capability was
used in the project. This battery is suitable for high-rate discharge applications and supports a
charging voltage range between 13.5V and 14.7V, with a maximum initial charging current of
less than 2.7A. It was selected to serve as the primary power source in the buck-boost charging
and discharging system. Its voltage and current are continuously monitored using appropriate
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sensors and controlled via an Arduino board to ensure safe and stable operation. The battery's
placement in the circuit allows for accurate voltage and current feedback, which is essential for

implementing real-time PID-based control

e —

Power Control
- DO NOT SHORT CIRCUIT

- RECHARGE AFTER USE
Sealed Rechargeable Battery
G-9 \¢&=  SEALED LEAD BATTERY
-MG= @,)9 E:j MUST BE RECYCLED OR
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(High Rate Discharge) pp DISPO

Figure 6.6: MG 6-MG-9 Sealed Battery

6.1.8 Oscilloscope

An oscilloscope was used to monitor and analyze the behavior of voltage and current waveforms
in real-time throughout the circuit. It allowed us to verify the switching operation of the H-
Bridge, observe PWM signals generated by the Arduino, and ensure the overall stability and
performance of the buck-boost converter during both charging and discharging phases.
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Figure 6.61: Oscilloscope

6.2 Hardware Design

6.2.1 Hardware Implementation

In the practical implementation of the system, a complete hardware setup was built to control the
charging of a lithium battery using a four-switch buck-boost DC-DC converter. The circuit was
designed around the Arduino Uno, which serves as the core controller. The charging current is
regulated using PWM signals generated by the Arduino, with feedback taken from current and

voltage sensors.
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A 13V battery was used as the primary power source, supplying energy to charge the lithium
battery. An H-Bridge module (L298N) was used to switch and control the current flow between
the two batteries. A large inductor was placed between the H-Bridge and the lithium battery to
stabilize current and simulate buck-boost converter behavior.

The current flowing into the lithium battery was measured using a current sensor connected to
analog pin A0 on the Arduino, while two voltage sensors were used to monitor the voltages of
both the source battery and the lithium battery. The system was tested using both a physical
oscilloscope to view the PWM waveform, and computer-based tools to visualize the current,
voltage, and controller response.

6.2.2 Operating Principle

The charging process is controlled through a PID (Proportional-Integral-Derivative) control
algorithm implemented on the Arduino Uno. The user inputs a setpoint (target current value) via
the serial monitor on a connected computer. The Arduino continuously reads the actual current
from the current sensor and compares it to the setpoint. The difference (error) is processed using
the PID control formula to calculate a new PWM duty cycle.

The PWM signal is sent from the Arduino to the L298N H-Bridge, which switches power from
the 13V source battery to the lithium battery. A higher duty cycle results in more ON-time in the
switching cycle, allowing more current to flow and charge the battery. When the error between
the setpoint and the actual current decreases, the PWM is adjusted to maintain steady-state
charging.

Throughout this process, the voltage sensors monitor the voltages of both batteries to ensure safe
operation. The system allows both open-loop and closed-loop testing to compare controlled
versus uncontrolled charging behavior.

Figure 6.62: Hardware Design
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6.2.3 Power Stage: H-Bridge Configuration

At the heart of the system lies the H-Bridge circuit, which consists of four IGBTs (type 60N60)
configured in an "H" topology. Each IGBT is driven by a TLP250 opto-isolated gate driver,
which receives PWM signals from the Arduino. The IGBTs are responsible for switching the
current paths through the load, allowing the converter to operate in both Buck (step-down) and
Boost (step-up) modes depending on the direction of power flow and the duty cycle of the
switching signals.

The H-Bridge allows bidirectional power flow, which means the system can:
Charge the 3.6V lithium battery from the 12V battery (Buck mode).
Discharge the 3.6V battery to charge the 12V battery (Boost mode).

The inductor connected in series with the battery path smooths out the current flow and stores
energy during switching, a fundamental part of any DC-DC converter.

6.2.4 Control and Sensing Stage (Arduino + Sensors)

An Arduino Uno is used as the main controller in the system. It performs the following tasks:
Reads current and voltage values using:

A current sensor, which measures the charging/discharging current and sends an analog signal.
A voltage sensor, which monitors the battery voltage.

Applies a PID control algorithm to compare the measured current (or voltage) to a user-defined
setpoint and adjusts the PWM duty cycle accordingly.

Generates PWM signals using TimerOne library to control the H-Bridge switches. Additionally,
a complementary inverted PWM signal is generated for the second leg of the H-Bridge using a
separate Arduino output pin.

Accepts setpoint input from the user via the Serial Monitor, and optionally plots live
current/voltage data using the Arduino Serial Plotter for real-time observation.

6.2.5 Energy Sources” Batteries”

Two types of batteries were used:

3.6V Lithium-ion Battery: Served as the low-voltage battery to be charged/discharged.
12V MG 6-MG-9 Battery: Functioned as the high-voltage source/sink.
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The batteries were connected in such a way that the H-Bridge could control energy transfer in
either direction, simulating real-world battery charging and energy recovery scenarios.

6.2.6 Real-Time Monitoring: Oscilloscope

An oscilloscope was connected across the gate terminals of the IGBTs and at various points in
the circuit to:

Observe the PWM switching behavior.
Measure voltage and current waveforms.
Validate the system operation in both open-loop and closed-loop modes.

This helped in tuning the PID parameters and verifying the correct functioning of the converter
during experimental runs

6.3 Hardware Results

H-bridge: Output result for H-Bridge

\\\\\
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Fig. 6.3.1 PWM Output Signal from Arduino to L298N H-Bridge

This figure shows the PWM signal output from the control unit (Arduino Uno) to the H-Bridge
circuit (L298N module) during system testing. The PWM signal, modulated by the PID
algorithm in the Arduino, controls the current flow between batteries during charging and
discharging through the four-switch Buck-Boost converter.

o Signal Type: PWM, adjusted for precise current control.
e Frequency: Approximately 1 kHz using the TimerOne library.
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« RMS Voltage: 13.89
e Average Voltage (AVG): 4.29V

These values demonstrate the system’s effectiveness in regulating current by adjusting the PWM
duty cycle, maintaining stable current during charging. The figure shows stable and consistent
control output, indicating successful operation in keeping a steady and safe current.

The H-Bridge plays a key role in directing current bidirectionally depending on the mode (Buck
or Boost), enabling two-way energy transfer between batteries.

Based on these results, the system achieves high efficiency in power management and
successfully regulates current and voltage, ensuring safe operation and prolonging battery life

6.3.2 Current sensor calibration code

START

|

INITIALIZE
SERIAL COMMUNICATION

|

READ A0 TO
CURRENT AND A1
TO CURRENTAMP

l

PRINT 'VARIABLE_1:
AND CURRENT

. . . . PRINT 'VARIABLE_2:
This test was performed to calibrate the current sensor and identify | AND CURRENTAMP
the zero-current reference value. It was observed that ‘ l

Fig 6.3.2 Current sensor calibration

analogRead(AO0) gives approximately 508 when no current flows.
Based on this, the code subtracts 508 from the sensor reading to
convert it into a valid positive or negative current. This calibration
is essential to ensure accurate current control in the system.

END
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6.3.3Code PID controller:

In this project, a PID (Proportional-Integral-
Derivative) control algorithm was implemented
using Arduino C to regulate the charging current of
a lithium battery through a four-switch buck-boost
converter. The Arduino Uno serves as the main
controller, running the PID loop to ensure stable and
accurate current regulation.

The system operates by comparing a user-defined
setpoint, entered via the Serial Monitor, with the
actual current measured from a sensor on analog pin
AO0. The error is processed using PID control with
parameters: Kp = 2.0, Ki = 5.0, and Kd = 0.0 (to
reduce overshoot). Based on the output, a PWM
signal is generated at 1 kHz using the TimerOne
library and sent to pin 9 to drive one leg of the
L298N H-Bridge.

A second, inverted PWM signal is sent to pin 5 using
analogWrite(), allowing complementary switching.
This dual PWM configuration controls the direction
of current flow, enabling the converter to operate in
both Buck (charging) and Boost (discharging)
modes. Positive setpoints drive current from the 12V

Initiaiize Kp. Ki, Kd, Input st,
setpoint, output, lastError,
integral, pwmPin, dt

v

Setup Serial ($600), !
pitMdo, TimerY (1 ) (Meanwhile
kHz, PWM 0:0%), dt ) !

Read Serial Input

Is Input Valid?
(value between-
1028 and 102)

__________________

. Timert Inter- |
rupt Calls |

Set Setpont
Print Setpoint

and input
Calculate Error
| S —
(Main loop)
integral =error * dt

PID Formula sutpu
t =Kp error = Ki in-
tegral + Kd * deriv-
ative

Constrain Output

No

Set PWM Output
(pin 5)

End

source to the lithium battery, while negative setpoints reverse the flow.

Real-time current and setpoint values are visualized through the Serial Plotter, helping evaluate
system behavior and adjust PID tuning. Overall, the code provides a closed-loop control system
for safe, bidirectional charging and discharging of the battery.
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6.3.4 Open loop status

[1 Open Loop: The system sends a fixed PWM signal to the H-Bridge without measuring the
actual current. The duty cycle is manually adjusted, and the system does not react to changes in
load or battery state. This can lead to unstable or inefficient charging

6.3.5 Drawing and values of current and voltage

1-VALUE 670
PWM:

When a value of 670 is entered in open-loop mode, a PWM signal with approximately 65.5%
duty cycle is generated. Due to the H-Bridge configuration and the use of an inverted PWM
signal on the opposite leg, this value creates a balanced state with nearly zero net current. It acts
as a neutral baseline for system calibration

CURRENT AND
VOLTAGE VALUE:
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Measurements show that no actual current flows through the circuit, as the system maintains
balance. Voltage remains stable with no significant fluctuation. This condition represents a
"neutral" state used for calibrating the system'’s zero-current point.

2-VALUE 750
PWM:

Increasing the value to 750 increases the PWM duty cycle to about 73%, allowing more power
transfer from the 12V battery to the lithium battery. This puts the system in Buck mode (voltage
step-down).

CURRENT AND VOLTAGE VALUE:

VAV AVAYATAYAVAYATAYA AYAAVAYAVA TAYATAVA

|
|
|
|
|
|
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The increase in current and voltage indicates active power transfer from the source to the load.
Without closed-loop control, fluctuations and instability may occur, emphasizing the importance
of using PID.

3-VALUE 550
PWM:

s B3-Jun’25 15150 Trigk

Invert

off ML

Lowering the PWM value to 550 decreases the energy sent to the battery, resulting in a slower
charging current. This test helps evaluate the impact of manual PWM adjustment on
performance.

CURRENT AND VOLTAGE VALUE:

The lower current and voltage indicate reduced power delivery, but the lack of stability suggests
the need for a control loop to maintain consistent values.
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6.3.6 Closed loop condition

Closed Loop: The system uses a current sensor to measure real-time current, compares it to the
user-defined setpoint, and adjusts the PWM using a PID controller. This provides dynamic,
stable, and accurate current control.

Setpoint = -5 (Closed Loop)

plotter

Setpoint [ Input

(IR
Couphnd

Invert

¢ o

50



6.3.7 Drawing and values of current and voltage:

MMWWW i T

e ——

Setpoint =5

In this test, a setpoint value of 5 was entered, indicating a low charging current target. The
Arduino PID controller compared this target with the actual current measured by the current
sensor and adjusted the PWM signal accordingly.

The PWM waveform showed a moderate duty cycle. The Serial Plotter showed the input line
gradually approaching and matching the setpoint.

The current was positive and stable, indicating a smooth charging process. The system operated
in buck mode since the 13V source was supplying current to a lower voltage lithium battery.
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Setpoint = 10 (Closed Loop)
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Drawing and values of current and voltage:
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setpoint = 10

A higher setpoint of 10 was used to increase the charging current. The PID controller responded
by increasing the PWM duty cycle, resulting in more ON-time and higher power delivery.

The oscilloscope showed a nearly flat-top PWM waveform.

The Serial Plotter confirmed that the measured input current increased and matched the setpoint.
The battery was charged more quickly, and the system continued to operate in buck mode.

Setpoint = -5 (Closed Loop)
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B com3

Setpoint Input
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Setpoint = -5

A negative setpoint of -5 was entered, instructing the system to reverse the current flow—
effectively discharging the lithium battery.

The Arduino adjusted the PWM signals and reversed the output polarity using the H-Bridge.
The Serial Plotter showed a negative current, and the system operated in boost mode, sending
energy back from the lower voltage battery to the higher voltage source.
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Setpoint = -10 (Closed Loop)
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Drawing and values of current and voltage:
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Setpoint = -10

A more aggressive discharge was tested with a setpoint of -10. The system increased the reversed
PWM duty cycle to allow higher current flow from the lithium battery.

The current measured was negative and stable.

The plotter confirmed this by showing the input line matching the setpoint. The system-
maintained boost mode operation

Project Development Videos

https://drive.google.com/drive/folders/IRDoc [TMOe7TSepaNN87HkkChNwLLeiS?usp=sharin
g
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Chapter 7: Conclusion and Future Work

71.Conclusion

vehicles using a Four-Switch Buck-Boost DC/DC Converter. Through the combination of
simulation and practical implementation, we demonstrated a robust system capable of regulating
both current and voltage during charging and discharging phases.

In the simulation phase, a detailed Simulink model was developed to evaluate the converter’s
behavior under different load and input conditions. The results confirmed that the system
effectively transitions between Buck and Boost modes, maintaining voltage and current stability.
This highlights the converter’s capability to handle real-world EV charging demands.

In the hardware implementation, an actual circuit was built using an Arduino Uno, current and
voltage sensors, and an H-Bridge composed of IGBTs and gate drivers. A PID control algorithm
was applied to dynamically adjust PWM signals based on sensor feedback. The experimental
results showed accurate control over charging current, smooth switching behavior, and
consistent voltage regulation — all of which validate the success of the proposed system.

In summary, the proposed method improved the efficiency, reliability, and safety of battery
charging, making it a viable solution for real-world EV applications. Both theoretical and
practical results proved the effectiveness of the Four-Switch Buck-Boost Converter in enhancing
EV battery performance.
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7 2.Future Work:
To further develop and refine this project, the following future enhancements are proposed:

e System Scaling:
Test the converter with higher power batteries and real EV-scale systems to evaluate
industrial-level performance.

o Component Upgrades:
Replace IGBTSs with advanced semiconductor materials such as SiC or GaN to reduce
losses and improve switching speed.

e Thermal Management:
Integrate heat sinks and real-time thermal monitoring to ensure safe operation under high-
power conditions.

e User Interface:
Develop a visual display (LCD or mobile app) to monitor battery state, voltage, current,
and system status in real time.

e Smart Control:
Implement adaptive or Al-based control strategies to further optimize charging efficiency
under varying battery conditions.

e Renewable Energy Integration:
Enable compatibility with solar panels or other renewable sources for off-grid or green
energy applications.
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	The opening and closing operation of the switch happened according to the duty cycle (D) so it’s the ratio between the on-state time (𝑇𝑜𝑛) and the total time (𝑇𝑜𝑛+𝑇𝑜𝑓𝑓)
	1) Switching Operation: A switch is located at every corner of an H-bridge. These switches open and close in various combinations to change the polarity of the voltage applied to the load-a very important aspect of bidirectional power conversion.
	2) Selection of Mode: The converter can be buck or boost mode, depending on which of the switches is closed. The input voltage will be either bucked or boosted:  Buck Mode: Two diagonally opposite switches close to form a path of current flow that gen...
	3) Efficiency and Control: The use of the H-bridge allows for finer control of voltage and current, increasing efficiency in power transfer. This is extremely vital in terms of battery longevity and health, where the smooth transitions between chargin...
	1) Sensing: Converter output voltage is sensed and fed back to the controller continuously.
	2) Comparators: The sensed voltage is compared with a reference voltage or the desired output voltage.
	3) Error Signal: Deviation of the actual output and the reference voltage is estimated, i.e., an error signal.
	4) Control Algorithm: This takes the error signal through a control algorithm, which calculates the adjustment of control inputs - gate signals to the switches in the H-bridge-to minimize the error.
	5) Adjustment: The controller changes the duty cycle of the PWM signal driving the switches in the converter. This change in duty cycle, in turn, changes the average voltage and power flowing to the load to correct deviations from the setpoint.[34]  T...
	5.6.2 Current Controller
	The current controllers regulate the current through the converter to the components and battery for protection against overcurrent conditions that may cause damage or reduce efficiency.[34]  Major Components and Their Operation:
	1) Current Measurement: The current flowing through the converter is measured using current sensors. This measurement is important for real-time monitoring and control.
	2) Set Current Level: The system is programmed with a maximum current level based on the safety and operational parameters of the circuit and battery.
	3) Comparison and Error Computation: Here also, as in voltage control, the measured current is compared against the set current level to develop an error signal, if any.
	4) Control Logic: The error signal will be processed through a control algorithm, which will calculate the exact adjustment that should be used to keep the current within desirable limits in the converter.
	Most of the modern systems nowadays incorporate voltage and current controllers for better performance. Consider a buck-boost converter:  If there is high load demand, then the current controller may want to keep the current within a safe li...
	Variable input conditions: Voltage controller regulates the output voltage at a constant value; current controller adjusts the flow to adapt the variation of input voltage or the condition of batteries.
	These controllers are basic to efficiency, safety, and reliability for electric vehicle power electronic systems that manage batteries, enhance vehicle performance, and improve overall vehicle safety.
	Current and voltage are the two major factors to be managed in the process of charging electric vehicles for safety, efficiency, and battery longevity. Most battery charging technologies adopt the strategy of prioritizing current control bef...
	5.6.4 Constant Current Phase
	1) Initial Charge: As the battery is in a lower state of charge, it can safely absorb the higher current without any internal damage. Thus, the charger provides a constant current at its maximum value as the battery specifications allow. This is the f...
	2) Existing Control: The current controller actively controls the charging current throughout this phase so that the latter does not rise above a predefined safe limit. Naturally, the voltage across the battery increases due to its time-varying charge...
	5.6.6 Constant Voltage Phase
	1) Voltage Regulation: While the voltage is reached at its maximum safe limit, the charger switches over from constant current mode to a constant voltage. In this phase, the charger provides a constant voltage, drawing less current when the battery re...
	2) Voltage Control: The voltage controller now becomes dominant, delicately controlling the voltage to maintain it at a pre-set level. Since the internal resistance of the battery increases with its state of charge, the current required to sustain the...
	3) Decreasing Current: The charger now reduces the current in a controlled manner to avoid overcharging, which can reduce the life of the battery and lead to safety issues like overheating or thermal runaway.[34]
	5.6.7 End of charge
	Current Drops Off: The current is usually taken to be off when the current drops down to a fraction of the nominal charge current. This infers that the battery is full and maintains the voltage with a small flow of current to prevent overcha...
	Why This Order?
	 Battery Health: The initial stage of charging at constant current maximizes the speed of charging without overcoming the chemical capabilities of the battery, hence avoiding stress and heat buildup.
	 Efficiency and Safety: It ensures, by switching to a constant voltage mode near full capacity, that the battery reaches its full charge without suffering damagingly high voltage levels.
	 Optimized Charging: This method provides the most effective route to a quicker and safer charge of the battery with an extended operational life-span by avoiding extreme conditions
	The CC/CV charging protocol is normally controlled by a highly sophisticated BMS within EVs, which is in charge of monitoring voltage, current, temperature, and health status for dynamic adjustments of the charging parameters. In such a way,...
	The wider context refers to the switching point as the point where, during the charging of an electric vehicle battery, the charger switches from constant current to constant voltage. This is determined by the attainment of a threshold by th...
	1) Threshold of Battery Voltage: Common in most EVs, most lithium-ion batteries have about 4.2 volts per cell at full charge. This is the voltage setting near which the controller switches the CC to CV.
	2) Percentage of Voltage: This is usually close to maximum capacity voltage.[34] To express the same as a percentage:
	Nominal vs. Maximum Voltage: A lithium-ion cell has a nominal voltage about 3.6 to 3.7 volts and a maximum voltage of about 4.2 volts. The switch to constant voltage charging occurs at nearly 100% of the maximum voltage but might be around 9...
	Calculation Example:
	If we consider a normal EV battery cell, which has a nominal voltage of 3.7 volts with a maximum charge voltage of 4.2 volts, then during charging it reaches a point of 4.2 volts, the switching point to the CV phase, at 100% of the maximum charge volt...
	If we refer to nominal voltage and go by the curve of charge, the upper limit of the charge can well be considered at 4.2 volts.  5.6.9 Practical Implications
	 Safety and Efficiency: The CV phase begins at this point to avoid overcharging the battery, which can cause damage and reduce the battery's lifespan. Maintaining the voltage at this level while reducing the current helps to fully saturate the batter...
	 Battery management: This process balances the battery cells and permits every cell to achieve a full charge without going into overvoltage conditions, hence taking care of the overall health and longevity of the battery.
	In all, transition from current control to voltage control in EV battery charging occurs when the battery voltage reaches 100% of its designed maximum charging voltage per cell. This will ensure safe and efficient charging of the battery while maximiz...
	Functionality of BMS: Regarding EV applications, the BMS mainly handles the monitoring and controls around these thresholds. They don't let the voltage increase further than the limits established. It also ensures controlled charge regulatio...
	Figure 5.6: Whole system.


