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ABSTRACT

Electric vehicles and hybrid electric vehicles are seen as the future of the
automotive industry with its aim to replace the conventional combustion engine
vehicle. This is due to its benefaction in reducing greenhouse gases, the main
contributor to rising temperature of the earth. The use of clean and renewable
energy efficiently in these vehicles not only helps battling climate change problems
that the current generation is facing but also reduces the use of our diminishing
natural resources. A DC-DC converter is a type of electric power converter that is
used in an electric or hybrid electric vehicle to convert one level of voltage to

another for the use of the vehicle’s system

The conventional DC-DC circuit used in the electric vehicle is of Multi-
Input Multi-Output topology. The drawbacks of this topology are the complexity of
circuit which not only increases the size of the converter but also the overall cost. In
this research, the novel idea is to implement the Single-Input Multi-Output DC-DC
converter topology in an electric vehicle with obtaining input power from solar
panel. The circuit modeled was simulated, constructed and evaluated. The proposed
idea will be able to overcome the downsides of the conventional method of DC-DC

converter used in electric vehicle and thus benefiting users.
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CHAPTER 1:
INTRODUCTION

1.1  Background of Study

Nowadays, the use of electric vehicle and hybrid electric vehicle is seen as a
recommended alternative to the conventional combustion engine vehicle. This use
of electric vehicle and hybrid electric vehicle contributes in the effort to reduce
greenhouse gases which is mainly consisted of CO,, thus helping in reducing the
climate change problems that our generation have been facing in the past few
decade. Besides that, the use of clean and renewable energy for these vehicles also
lessens the use of our precious natural resources, which is declining at an

uncontrollable rate.

The conventional electric and hybrid vehicle uses Multi-Input Multi-Output
DC-DC converter topology. This topology is used to get a more reliable and
efficient input system. Multiple energy sources such as the fuel cell, solar panel and
battery are used. The reason for this multiple installation of renewable energy
resources is to make sure that the input energy to the converter is enough. In some
circuits, an additional battery is also installed. The reason of installation of battery
is that it can be used directionally to provide extra energy when other sources are
not available as well as serve as an energy storage component. To date, there has

not been a research conducted to test the implementation of SIMO DC-DC
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converter in an electric vehicle. Thus the possibility and the efficiency of this type
of topology installation in a DC-DC converter for the use of electric vehicle are not

known.

In this research, the main idea would be to implement the SIMO DC-DC
converter in the electric vehicle with the input energy coming from renewable
energy resources such as sunlight. The solar panel will be used to provide the
energy needed for the system. The input and output of the system will be based on
the needs of the electric car and the calculations based on the circuit designed. The
limitations of this research would be the implementation of the system in a real
electric vehicle. To produce a prototype of this system and its implementation
would be costly and impractical. Thus, this research will instead focus on the
efficiency of the converter itself as one of the factors affecting the efficiency of the
electric vehicle is the efficiency of the converter.

1.2 Problem statements

As stated in the previous section, most of the conventional DC-DC
converters in an electric and hybrid are of the Multi Input Multi Output topology. A
few drawbacks of the conventional method of the converter have been identified.

The drawbacks of the conventional method are as below:
1. Complexity of circuit
One of the main drawbacks would be the circuit of the conventional Multi Input

Multi Output topology is that is has a complex circuit. A complex circuit makes

the fabrication and the implementation of the circuit to be difficult.
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2.

the

Implementation of multiple switches

It was also observed that there are multiple switches in the conventional circuit
which has multiple inputs. This is to cater the availability of the input renewable
energy resources. It is known that having multiple switches in any circuitry
increases the switching loss of the system which will be a waste of precious

energy.

Increase in size and cost of circuit

The complex circuitry used in the conventional DC-DC converter system not
only increases the size and cost of the overall DC-DC converter circuit but also
the overall cost of the hybrid vehicle. The cost of the vehicle is an important
factor to take note of. As a consumer, one of the main specifications that you
look out for in a car would be the cost. The same principle applies for the
electric vehicle. An attractive price of an electric vehicle would encourage more
people to use the electric vehicle and thus helping in reducing the global

greenhouse effect.

Therefore, in this research, an alternative topology is designed to overcome

problems in the conventional topology without neglecting the efficiency and

quality of the overall product.

1.3

Objectives

The main objectives of this research would be to

» To study and investigate solar PV model for SIMO converter

12



» To design a converter circuit to boost operations of electric vehicle
application

» To simulate the circuit and analyse the functional output, justifying the
results verified through working model

1.4 Scope of study

Based on the objectives stated above, the scope of study for this research
would be to design a SIMO converter circuit for the use of electric vehicle. The
circuit will be simulated in Multism. The overall circuit will be tested for its

efficiency, cost, size and complexity.

After taking into consideration all the data gathered from the test, a decision

will be made to verify if the proposed circuit is suitable to be implemented.

13



CHAPTER 2:
LITERATURE REVIEWS

2.1  Electric and Hybrid Vehicle Technology

One of the most concerning issues in today’s world would be the issue of
global warming and its effect on our lives and our planet. The matters related to
reducing the effects of global warming are taken seriously throughout the globe and

this does not exclude the automotive industry [2], [3].

In response to contributing efforts in reducing greenhouse gases, the
automobile industry has come up with the Electric Vehicle (EV) and the Hybrid
Electric Vehicle (HEV) as an alternative to the conventional combustion engine
vehicle [2]. Another reason for choosing an alternative to the conventional method
is because of the depletion of our natural resources. By engaging in the EV and
HEV technology, the automotive industry is helping in providing a sustainable
energy solution that can help preserve our natural resources for the use of future
generation. The use of renewable energy resources such as solar energy and
environmental friendly fuel cell not only makes the modes of transportation more

environmental friendly but also improves fuel efficiency [1]-[4].
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Figure 1: The competition between Fossil Fuel and Electric Vehicle

Basically, an EV is a vehicle that replaces the internal combustion engine as
well as the transmission systems with an electric one as discussed in [5]. The
conventional energy source of the EV would be the rechargeable chemical batteries.
But due to the downside of the batteries, such as Ni-Cd (Nickel-Cadminium), Lead
Acid, Ni-MH (Nickel Metal Hydride), which are heavy and expensive, more
advanced batteries such as the Li-Polymer (Lithium Polymer) and Li-ion (Lithium
ion) have gained popularity. Although the advanced batteries are popular, the lead
acid type of batteries remains the most practical use in the EV. The topology of
basic EV can be seen in Figure 2. The EV has already contributed to the
advancement of both the electric drive and storage technology in the HEV as well
as the Fuel Cell Vehicle but has been cut back by the automotive industry who
declared the HV and the FCV to be the future technology of vehicle.

‘ E TRACTION
BATTERY PACK INVERTER MOTOR
ULTRA-
CAPACITOR

Figure 2: Topology of drive train of EV.

.
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Meanwhile, as stated in [2], the vehicles that use two sources of energy
and/or power are called HV. The use of these power and energy sources depends on
the vehicle configuration itself. The HEV, by combining the internal combustion
engine and the electric motor, minimizes pollution and saves energy. The HEV and
be classified by their topologies which are series, parallel and series-parallel [2]-]3],

[5].

In a series hybrid vehicle, the source of power for charging batteries is
onboard [5] and it is called as such because power flows to the wheels in series [3].
In this configuration, the size of batteries get reduced but in exchange the size of
both the generator and engine increase. Among the advantages of the series
configuration is that it has low few consumption and high efficiency due to the fact
that the vehicle runs on an optional combustion speed and torque. Figure 3 and 4
shows the series HEV propulsion system and the HEV drive train respectively.

Propulsion
Control
Interface

Figure 3: Configuration of series HEV propulsion system.
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INTERNAL
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+ —_—

BATTERY OR
ULTRA-

CAPACITOR

Figure 4: Topology of series HEV drive train.

A parallel HEV is a vehicle that has both the internal combustion engine and
the traction motor connected to the transmission in parallel connection [5]. In this
type of configuration the engine and the electric motor can be used either separately
or together to propel the wvehicle. This configuration also has lower fuel
consumption due to efficient fuel usage. Some of the advantages of the parallel
HEYV is that it comes at a lower cost and saves energy while the complexity of the
control system becomes the disadvantage. Figure 5 and 6 shows the parallel HEV

propulsion system and HEV parallel drive train respectively.

3

e

Diffe-
rential

Motor —
Controller Electric {4
and Motor
Inverter —
1 [ ]
.......... s
Propulsion
Control
Interface ;
_______________
Driver
Interface v.’/

Figure 5: Configuration of parallel HEV propulsion system.
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Figure 6: Topology of parallel HEV drive train.

The last configuration would be the series-parallel HEV configuration which
is the combination of both of the previous configurations which is done to get the
maximum benefit of both types of systems [3], [5]. The downside of this
configuration would be that the HEV would be manufactured at a higher cost and

more complicated system. Figure 7 displays the drive train for this type of system.

BATTERY
PACK

TORQUE
COUPLER

S
e

POWER
SPFLIT
DEVICE

DCAAC
INVERTER

RN

INTERMNAL
COMBUSTION
ENGINE

Figure 7: Topology of series-Parallel HEV drive train.
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2.2  Types of DC-DC Converters

A DC-DC converter can be considered as a type of electric power converter

where one level of voltage is converted to another. This power levels can range

anywhere between very low such as in small batteries or very high such as in high-

voltage power transmission [6]. A DC-DC converter can be classified as isolated or

non-isolated whereby an isolated converter comes with a transformer while non-

isolated ones do not. The converters main goal is to reduce both the cost and the

number of power components while increasing efficiency and reliability of the

system at the same time [7].

The topologies of both the isolated and non-isolated DC-DC converters [8]

can be seen in Table 1 below:

Table 1: Isolated and Non-Isolated converter topologies

Isolated DC-DC Converter Non-Isolated DC-DC Converter
Topology Topology
Buck
Flyback Boost
Forward Buck-boost
Push-pull Cuk
Half-bridge SEPIC
Full-bridge Zeta
CSC

An example of a Full Bridge Topology can be seen in Figure 8 [9] while a SEPIC

converter is shown in Figure 9 [8].
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Figure 8: Full-Bridge topology. From [9].

Figure 9: SEPIC converter topology. From [8]

2.3  Non-Isolated DC-DC Converter Topology

As mentioned in the previous section, DC-DC converters can be classified
to isolated and non-isolated. In this project, the converter will be of non-isolated
type. The configurations of the types of non-isolated DC-DC converters are shown

in the figures below[8].

i
A bt Ve T "
Vo v, 5N C”—VY 5B
Figure 10: Buck converter topology. Figure 11: Boost converter topology.
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Figure 15: Zeta converter topology.
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Figure 16: CSC converter topology.

2.4 Non-isolated DC-DC Converter Configuration

The size of a non-isolated DC-DC converter depends on number of active
switches employed [8]. This type of converter can be further divided to Single Input
Single Output (SISO), Single Input Multiple Output (SIMO), Multiple Input Single
Output (MISO) and Multiple Input Multiple Output (MIMO) [7].

Examples of all the topologies stated above can be observed in figures below.

DC bus
SISO converter m+1
SISO converler 1 =5 él &
—(111F e
’ 2l
’ ; g T% :
-,
SISO converter m+n
SISO converter m + +
s T I
LI
o A7 T [f—
— T _ L J
N—

Figure 10: SISO converter topology. From[7]
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Figure 13: MIMO converter topology. From [7]
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2.5 Boost Converter

For this research, the boost converter topology was used as a boost converter
acts as a step up converter, which is suitable for this project. It also gives a non-

inverted output.

Some of the advantages of boost converter is that it has a simple
configuration, high efficiency and has continuous input current [8] that it crucial
characteristics to meet and filter electromagnetic interference requirements easily. It
also operates at a lower duty cycles and exert low voltage on the MOSFET used as

well as give an output voltage that has a lower distortion.

Some of the applications of boost converter can be seen in the figure below:

. Power Adaptive
Automotive Amplifier Control
Battery Power Consumer DC Motor
Systems Electronics Drives

Distributed o Heaters and
Power Systems Communication Welders

Figure 17: Boost converter application.

2.6 SIMO Configuration

In recent years, SIMO type of configuration of both isolated and non-
isolated DC-DC converters received much attention especially in photovoltaic
based systems [7]. This is because the SIMO configuration is simple but has high

reliability besides being low costing.
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This type of configuration is also used because of the limitations of the use
of high voltage elements in applications which require high voltages in
conventional DC-DC converters. The characteristics of SIMO s that it has a high
voltage gain, soft switching and continuous input current and it has been
traditionally used in both isolated and non-isolated form.

The applications of SIMO can be seen in the figure below:

Telecommunications

Electronic
Ballast

SIMO
Application

Microelectronic /

Light Emitting
Diode

Lighting

Hybrid

Vehicle

Electric

Figure 17: SIMO application.
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CHAPTER 3:
METHODOLOGY

3.1 Project Methodology

For this project, since there is a limitation in terms of cost for real life
implementation. All the testing was done through computer simulation and the final
design of the simulation circuit was then constructed. Based on the data gathered
thru the simulations and experimental setup, proper justification was made as a

conclusion for this project.

3.1.1  Research Methodology

The research part of this project was done in finding suitable research and
experimentation papers online. All the research papers are mainly obtained from
approved and valid websites such as the IEEE Explore. Among the subject
researched for this project was related to the Electric and Hybrid Vehicle, DC-DC
converter topologies, the advantage and disadvantage of DC-DC topologies and
implementation of DC-DC converters in electric vehicle. Research was also done
for the circuit designing and improvement. The outcome of each paper was

observed to find the matters which are related to this project.
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3.1.2 LTSpice Simulation

In this project, the design circuit was simulated in the LTSpice software.
The values related to the circuit design were based on the calculations on the values
of the components from the circuit modeling process. Once the output of the

simulation was available, it was analyzed intensively.

The output would have to fulfill certain conditions to be accepted. When the
output does not fulfill the conditions, modification was done on necessary parts of
the circuit design and value of components was analyzed again for the improvement

of the overall converter.

The process was repeated until a desired output was obtained. The final
output was analyzed again for the purpose of construction and implementation of

the circuit.

3.1.3 Overall Testing and Evaluation

The finalized circuit design based on the simulation was implemented. Tests
were done on the overall circuit and the results obtained analyzed. Evaluation of the

circuit was also done to justify if it fulfills the conditions set.

The circuit was then tested again, this time based on real working model. As
mentioned before, it would be difficult to test the circuit in a real electric car due to
the cost limitations. Instead, the circuit was tested with simple components that can
be found in an electric car such as light bulb and motors.

Based on all the evaluations of the results obtained, it was observed if the
working model of the project manages to solve the problem of the conventional

circuit as well as achieved the objectives of the project.
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3.1.4  Documentation and Report

Proper documentation is always important in conduction a research.
Documentation was be done in each process of this project. This started from the
planning phase of the project until the evaluation process. Besides that, the outcome
of each of the simulation was recorded for the report of this project. The
documentation of this process will help in justifying the results gathered. All of the
documentation will then be used to decide if the project has achieved its objectives.
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3.2  Project Process Flow

The project process flow for this project is as below

Planning

Research based on requirements of the project

+ Development of Gantt Chart that is feasible and project process

flow
v

Design

Study of conventional MIMO circuit and finding its flaws in
terms of complexity, size and cost

Determining the design parameters of the circuit based on boost

converter configuration

Simulation and Implementation

Simulation of SIMO converter circuit and constructing the

designed circuit for further analysis

v

Experimentation

Experimentation of the constructed circuit and gathering
necessary data for comparison and evaluation purposes.

v

Comparison

« Analysis and comparison of both the simulation and
constructed circuit.

« Justification of results

v

Documentation and Report

» Proper documentation for the project
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3.3 Project Activities

3.3.1  Converter Block Diagram

The figure below shows the basic block diagram of the overall converter. In
the figure below the expected input and output values are shown. The input of the
converter is from a solar panel rated at 12 V. The solar panel acts as the input of the

converter which was designed in this project.

The converter was expected to give multiple outputs at 12V, 24V and 36V.
These values were chosen based on the voltage needed for the parts of the system in
the EV such as automotive electrical equipment, power steering, air conditioning
system and electric motors. These values were taken as the set point values and the

performance of the converter was justified based on these input and output values.

INPUT PROCESS OUTPUT
12 V from Solar PV
> EEY 12V
BOOST
CONVERTER Y 24V
CIRCUIT

N 36V

Figure 14: Block Diagram of converter
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3.3.2  Solar PV Testing

As mentioned in the previous section, this project used Solar PV as an input
source for this converter. The solar photovoltaic or more commonly known as solar
cells, convert light energy to electricity in the process called the PV effect. The
solar panel rating of 12V was chosen as it is smaller in size and easily acquired.

The voltage output of the solar panel was tested during different hours of the
day to get the average value of input voltage. These average values were then used
in the simulation and experimental circuit to observe if the designed circuit can give
the expected outputs under those conditions. This step was hoped to further justify
the reliability aspect of the circuit. The values were taken from sunrise till sunset for
three consecutive bright days.

Table 2: Solar Panel Output

Solar Panel Output (V)
Average (V)

Time Day 1 Day 2 Day 3

0700

0800

0900

1000

1100

1200

1300

1400

1500

1600

1700

1800

1900

Table 2 was used to record the data observed from the solar panel.
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3.3.3  Design Modelling of Boost Converter

The simple circuit configuration of the boost converter is as shown in the diagram

: 2
- O
4 +
|_
Vs b= S C — LOAD Vo
]
L O

Figure 15: General configuration of boost converter

below

During CCM operation, the boost converter operation will be as shown below
during the ON state of switch, S.

+
|
Vs C+> C ==  LOAD § Vo

Figure 16: Operation of boost converter during ON state

And during the OFF state of S, the operation is as

L

AV

Vs C =— LOAD Vo

Figure 17: Operation of boost converter during OFF state
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In [10] — [12], the equations used in modeling the circuit is discussed. The
first step of the calculation of the circuit parameters will be to calculate the duty
cycle. The duty cycle of the converter is:

Vour+V
D _ 1 _ ouT FWD
ViIN(min)tVourtVFwbD

1)

Where the Vrwp in equation (1) is the forward voltage drop of the diode
while the input voltage value is taken at a minimum value as this will give the value
of maximum switching current. Vour represents the desired output voltage from the
converter. Equation (1) can also be written as shown in equation (2) where the

relation between input and output current with duty cycle is shown:

D _ Vour+VFwbD _ Iin
1-D  ViNmmin)*VouT+VFwD lout

(2)

In selecting the passive components, the inductor ripple current was
determined first which is usually set between 20-40% of the input current. This can

be observed from the equation:
AL, = 30% X IITN =30% X Iy’ @3)

The efficiency value, n is usually taken at 80% which is not an unrealistic
value for a boost converter. This can be considered as worst case efficiency. In
equation 3, the input current is divided by the worst case efficiency and then

multiplied by the determined inductor ripple current.

The calculations for the minimum inductor value are as shown in (4):

% in) XD
I = IN(min) (max) (4)

Al Xf sw(min)
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In equation 4, the minimum value of input voltage will be multiplied with
the maximum duty cycle and the divided by the product of the calculated inductor

ripple current in (3) and the minimum switching frequency.

These calculations are based on the power stage of boost converters which
comes with an IC that contains an integrated switch. Thus, it is crucial to know if
the selected IC for the converter can deliver the expected maximum value of

current. The formula used for this calculation was:

Al
loyr(max) = ULiM(@min) — T) X(1-D) ®)

In the equation, Iy mmin) represents the minimum value of current limit of the
IC while the other values such as duty cycle and inductor ripple current values are
substituted from the other equations above. The purpose of this is to calculate the
maximum output current of the IC and after comparison, determine if the selected

IC is suitable for the converter circuit.

The maximum switch current can only calculated if the maximum current
output of the IC is above the value of maximum current output of the application.
The maximum switch current is as shown below:

_ IOUT(max) + ﬂ

ISW(max) - 1-D 2 (6)

From the calculations above, the maximum current value that components

such as inductor, switches and diode have to be able to withstand.

The next selection of component is the diode, in which it is the rectifier
type. In normal conditions, a Schottky diode should be used as it is known to have
minimum losses. The value of forward current threshold needs to be same with the

maximum current output of the application. Therefore:

Ir = loyT(max) (7
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Where g shows the forward current in a rectifying diode. The other calculation
based on diode is the power dissipation of the diode which can be calculated by:

Pp =1Ip X Vpwp (8)

This equation, which comprises of forward current and voltage drop across diode

can also be written as:

Py = lour X Vewp 9)

Usually, the minimum value of input capacitance will be stated in the
datasheet of the IC. This value is important to stabilize the input voltage due to peak
current requirement of the power supply. The recommended capacitor is that of low

equivalent series resistance or better known as ESR ceramic capacitors.

The same principle applies for the output capacitor. The ESR, in this case is
used to limit the ripple of the output voltage. The ESR value was calculated as

follows:

ESR < AVRepL (10)

- (IOUT(maX) Al
1-Dmax = 2

Equation (10) can be rearranged to:

AlL
2

) (11)

AVipy = ESR x (“22Hm20

Where output ripple voltage was calculated. The current flowing through an
ESR in a capacitor is one of the causes of power dissipation of a capacitor which
leads to the increase of internal temperature of the capacitor. This results in the

shortened life of a capacitor. The RMS value of this current ripple is based on:

. D(max)
IeyyrRms) = lour X lm (12)
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Meanwhile, the power dissipation in the inductor is also cause by the current
flowing through it. Power dissipation is also one of the causes of internal
temperature increase of the inductor. This ultimately results in the degradation in
the insulation winding, which increases core losses in the inductor. The power loss

in the inductor is given by:

1
Prductor = (10_115)2 X Rey + Peore (13)

When selecting the active components, the power MOSFET should be given
higher consideration as it should be able to handle the peak voltage and currents
besides aiming to minimize the power losses through dissipitation. In this case, the
FET’s current rating will also determine the boost design converter’s maximum
output current. The usual type of MOSFET used for boost topology converter is n-
channel MOSFET. This is due to the fact that the gate drive is simpler compared to
that of p-channel.

The power dissipation of the switch is given by:

Iour)? 1
PD_Ql = I:(lo_U;) X TDS(OTL) X D(maX)] + I:E X VOUT X

2
(Ilo_U;) (trise + trau) X fSW] + [Qcare X Vas X fsw] (14)

3.3.4  Experimental Setup

The simulated circuit was constructed to test the functionality of the
converter through a working model. The experimental setup is as shown below in
Figure 18. In this setup, the solar panel was substituted with a standard power
supply to simplify the data gathering process. An oscilloscope and a multimeter was

used to obtain the output values of the converter.
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MULTIMETER

A
:

CONVERTER CIRCUIT

Figure 18: Experimental Setup for testing

The main component in the boost converter is the XL6009 package which is
a regulator with fixed frequency PWM. It has the capability to drive a maximum

switching current of 5A and a maximum input voltage of 35V.

T0263-5L

5 |—I3 FB
{ I3 VIN
SW
- T EN
1T 1 GND

= W e LA

T
Metal Tab SW

Figure 19: Pin configuration of XL 6009 package

The table below lists the description of the pins of the XL60009.
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Table 3: Description of XL6009 pins

Pin Number Pin Name Description
1 GND Ground Pin.
Enable Pin. Drive EN pin low to turn off the
2 EN device, drive it high to turn it on. Floating is default
high.
3 SW Power Switch Output Pin (SW).
4 VIN Input supply voltage pin

Feedback pin. Function is to sense the output
voltage and regulate it.

The function block diagram of the XL6009 is based on Figure 20.

I

2.5 Regulator
1.25V Refarence

Thermal
Soft Start S hutdown

L

RE Lateh

Fhase Compensation

Dscillator
d00KH=z

Figure 20: Function block diagram of XL6009

The readings from the oscilloscope and multimeter were tabulated in the form of
Table 4 and Table 5. For Table 5, the input voltage was varied from 0V to 12V.
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Table 4: Table for Recording Multimeter Readings

Input Voltage Average Value (V)

Output 1 (12V) | Output 2 (24V) | Output 3 (36V)

e L -
o= oleleNo|o| WM k| o 5

Table 5: Table for Recording Oscilloscope Readings

Output Parameters (V)
Input

Voltage Desired Average Maximum Minimum Maximum
V) voltage

value value value value )
ripple value
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©
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o

-
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One of the important analyses of the circuit was to calculate the error
percentage. This is to find the efficiency of the circuit. The percentage error of the
circuit based on the desired and the obtained values can be calculated from the

formula below:

Desired value—Actual value
% error = : | X 100% (16)
Desired Value

Based on equation (16), the calculated percentage error was tabulated as below:

Table 6: Calculation of Percentage error

Input ) Actual Value (V) Percentage error (%)
Desired

Voltage . : . :
Value (V) | Minimum Maximum Minimum Maximum

<

O NOOOTHPRIWIN PO
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3.4  Gantt Chart and Key Milestone

Week Number

FYP 1 activities

Analysis of background of
topic and literature review

Development of block
diagram and solution to
problem

Preparation of report for
extended proposal

Designing circuit and
calculation of component
values

Submission of extended
proposal

Continuation of analysis
work for project

Preparation for proposal
defence and report

Proposal Defence
Presentation

Start of simulation work
and analysis of the
proposed modelling based
on the data gathered from
the experimentation

Modification of circuit
design and simulation
work

Preparation of Interim
Report

Modelling and design of
circuit and cost
estimations

Submission of Interim
Draft Report

Submission of Interim
Report
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FYP 2 activities

Week Number

Circuit modelling and analysis
based on revised converter

topology

Designing circuit and
calculation of component
values

Survey of suitable components
and purchasing

Assembly of circuit
components based on finalized
design of overall circuit

Analysis of physical circuit to
verify simulation results

Preparation of Progress
Report

Submission of Progress Report

Continuation of analysis and
modification of circuit

Application based testing of
circuit

Preparation for Pre-SEDEX
Poster Presentation

Pre-SEDEX Poster
Presentation

Continuation of application
based testing and results
evaluation

Finalization of project work

Preparation of Final Report
and Technical Paper

Submission of Draft Report

Submission of Final Report
and Technical Paper

FYP 2 Viva
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CHAPTER 4:
RESULTS AND DISCUSSION

4.1  Solar PV Output

The solar panel output which was used as the input source to the converter
circuit was observed for three consecutive bright days. The setup to take the

readings is as in Figure 21.

Figure 21: Setup of Solar Panel

The output voltage from the solar panel on different times of the day was

recorded in Table 7.
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Table 7: Solar Panel Output Readings

Solar Panel Output (V)

Average (V)

Time Day 1 Day 2 Day 3

0700 7.53 6.80 7.90 7.41
0800 10.70 11.90 12.78 11.79
0900 13.20 13.45 13.20 13.28
1000 14.20 10.60 14.22 13.00
1100 14.20 14.20 12.22 13.54
1200 14.20 14.20 14.22 14.20
1300 14.20 14.20 14.22 14.20
1400 14.22 11.50 14.22 13.31
1500 12.88 12.89 11.50 11.76
1600 10.88 12.89 13.45 12.38
1700 10.50 10.68 12.40 11.19
1800 11.00 10.50 11.78 11.09
1900 7.90 6.90 7.34 7.38

The average value for data above can also be seen in graph below:

R = S T =
o N B O

Voltage (V)
o]

Average Solar PV Output Value VS Time

700

800

900 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900

Time (hours)

Fiaure 22: Graph of Averaae Solar PV Output VS Time
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From the results above, it can be seen that the minimum value of solar panel
output is 6.9 V while the maximum value is 14.2 V. These values was used during
the simulation and testing of circuit to observe if the designed converter can still

produce the desired output voltage from the stated input values.

4.2 Simulation of Boost Converter

4.2.1 12 V Output

The simulation of the converter was done part by part based on the output
values desired. The first design of the converter was for the 12V output. From the
previous section, it was observed that the solar panel output varies with the
availability of sunlight. Thus, the first part of the converter was designed in a way

that it will always give an output of 12V even if the input voltage varies.

The simulation circuit is as below:

T S
TR U out
D I A U S
- N I
oL =30 0 0 s u1 .
o e Vin . .
RGO REEREEE R o B G (- =
A T | =< TTioop 2000, .
2 H EE §8.55k i it
oD
T LT1109
..... -
..... S
o5
7;.?n

.tran 0 1 0 startup

Figure 23: Simulation Circuit for 12V Output
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Voltage

The corresponding waveform is shown below:

V(out)

13V J
12V

11V

—

/

10V /
9y

.
8V
]

6V /
5y

4V //
3V

2V
1V /

20ms 40ms

60ms

80ms
Time

100ms

120ms

Figure 24: Output Waveform of 12V Circuit

140ms

The input voltage was varied and the data from the output waveform is in Table 8:

Table 8: Data from 12V Simulation Output

Input Delay Time | Rise Time | Minimum Maximum \g{l)tg?ee
Voltage (V) (s) (s) Value (V) Value (V) Value (V)
0 Ou 0 0 0 0
1 20.50p 398m 0.42 0.42 0
2 10.15u 750.86m 1.50 1.50 0
3 8.38 537.52m 11.60 11.60 0
4 7.06p 271.14m 11.90 11.98 0.08
5 9.05u 164.82m 11.90 11.98 0.08
6 8.01u 112.87m 11.90 11.98 0.08
7 6.19u 82.52m 11.90 11.98 0.08
8 5.38u 63.20m 11.90 11.98 0.08
9 8.08u 49.75m 11.89 12.00 0.11
10 5.08u 40.25m 11.90 11.98 0.08
11 5.24p 33.09m 11.89 12.00 0.11
12 6.57u 27.60m 11.90 11.98 0.08
13 3.42u 24.29m 12.30 12.30 0
14 4.76p 19.00m 13.28 13.28 0
15 3.55u 17.00m 14.32 14.32 0
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Voltage

422 24V Output

The next part of the converter design was with the output voltage of 24 V.

The simulation circuit is as below:

Lt - EJJ
. out
33 L’[?
-
C B Vin
L 1 S [ w— | o e
C) = = son AT R2 T =
4 Ta Twesa 0 . A Re - Tioon (2200
. 12 - - .l-l . " L . FB R . 18.2k - .|-| .l-l.
.o GND .
LT1109- - -
‘R3.
. k.
c3
__5n'

tran 050 startup . . Y
Figure 25: Simulation Circuit for 24V Output
The corresponding graph output is as in Figure 26.

V(out)

24V
/

22V

20V

18V

16V

14V
12V—

10V

8V

6V

4V

2V

Oms Sms 10ms 15ms 20ms 25ms 30ms 35ms 40ms 45ms

Time

Fiaure 26: Output Waveform of 24V Circuit

The input voltage was varied and the data from the output waveform is in Table 9:
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Table 9: Data from 24V Simulation Output

Input Delay Time | Rise Time | Minimum Maximum \;?ES?:
Voltage (V) (s) (s) Value (V) Value (V) Valte (V)

0 o 0 0 0 0

1 15.05y1 669.09m 0.44 0.44 0

2 10.69y1 630.05m 14.57 14.63 0.06
3 8.6311 381.97m 23.76 23.97 0.21
4 6.78u 190.13m 23.80 23.96 0.16
5 4.05u 110.16m 23.80 23.97 0.17
6 6.01p 69.45m 23.80 23.96 0.16
7 5.29u 46.10m 23.80 23.96 0.16
8 3.78u 31.85m 23.80 23.97 0.17
9 3.38u 22.48m 2380 23.96 0.16
10 2.93u 15.99m 23.80 23.96 0.16
11 3.31u 11.49m 23.80 23.97 0.17
12 3.42u 8.13m 2380 23.96 0.16
13 6.23u 6.23m 23.80 23.96 0.16
14 5.05u 5.59m 23.80 23.97 0.17
15 5,57 4.20m 2380 23.96 0.16
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Voltage

423 36V Output

The last part of the converter design was the part with 36 V output. The simulation

circuit used was:

A D D1
C33p. . D
ut-
Vin
LI I T I SW ca ez
C" P - son ALY Rt T =
o T Tose - [ . - -~ T1050 500s
.12....“. |-| FB. .2?_?k..F.P.
. GND
LT1109 -
~R2 .
1k .
L= .
“[sn
v

. .tran.0 5 0 startup .

Figure 27: Simulation Circuit for 36V Output

The corresponding waveform is shown in Figure 28. This circuit, similar to

those before, was tested under different input source voltage and the data can be

seen in Table 10.

V(out)

36V /

32V A
28V /

20V

16V

12V-

8V

4V

0V—
Oms 10ms 20ms 30ms 40ms S50ms 60ms 70ms 80ms 90ms  100ms

Time
Fiaure 28: Output Waveform of 36V Circuit
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Table 10: Data from 36V Output

Input Delay Time | Rise Time | Minimum Maximum \;oi:)t;llgee
Voltage (V) (s) (s) Value (V) Value (V) Valte (V)
0 O om 0.00 0.00 0.00
1 5.34u 1.34 0.45 0.45 0
2 19.01p 1.02 12.00 12.45 0.45
3 16.10p 915.54m 35.75 35.98 0.23
4 9.37u 448.02m 35.76 35.99 0.23
5 8.29u 261.99m 35.76 36.00 0.24
6 16.37u 168.40m 35.76 36.00 0.24
7 8.46 114.79m 35.76 35.99 0.23
8 4.37u 81.88m 35.76 36.00 0.24
9 4.57u 59.91m 35.76 35.99 0.23
10 5.34u 44.87m 35.76 35.99 0.23
11 5.24p 34.19m 35.76 35.99 0.23
12 4.73n 26.29m 35.76 36.00 0.24
13 5.00p 20.30m 35.76 35.99 0.23
14 8.09u 15.72m 35.76 35.99 0.23
15 4.24u 12.20m 35.76 35.99 0.23
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The data gathered was further analysed and the results are as in the graph
below which shows the rise time of the output against the input voltage variations.

1600.00

1400.00
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e Qutput 2
Output 3

600.00 -
400.00
200.00 \\

0.00 T T T T ————

0 2 4 6 8 10 12 14 16
Input Voltage (V)

Figure 30: Graph of Input Voltage VS Rise Time

From both the tables and graphs, it can be seen that the output voltage of
24V and 36V are stable with the variation of input voltage from 6V to 15V. In
contrast, the 12V output only achives it’s desired output with input voltage of 6V to
12V. When the input voltage is higher than 12V, the output voltage also increases,
causing it to have final value error. This resonates with the concept of boost
converter whereby the input voltage should be lower than the output voltage. Thus
it is crucial that the input voltage of the converter to be maintained at 12V and
below. Meanwhile, the second graph indicates that as the input voltage decreaese,

the rise time of the converter output increases.
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4.2.4

Overall Converter Output

All the three circuit schematics shown above were combined and the

resulting circuit is as shown in Figure 31.
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Fiaure 31: Simulation Circuit of Converter
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Voltage

The corresponding waveform of the circuit is as below. The input voltage is

set to 12V which is in green in colour. The purple waveform if of that from the 12V

output while the red and blue waveform indicates the 24V and 36V output

respectively.

The output of the circuit is as below and it can be seen that all the outputs of the

circuit achieves the desired output target.

V(out12) V(out24) V(out36)

36V

32V i /
28V ; j

24V ¢

20V

16V

12V-

8V

4V

T T T T T T T T
Oms 8ms 16ms 24ms 32ms 40ms 48ms 56ms 64ms 72ms
Time

Fiaure 32: Outout Waveform of Converter Circuit

4.3  Experimental Results

T
80ms

The circuit for the converter was constructed based on the overall block

diagram. The figure below shows the setup for the testing phase of the circuit. In

this testing phase, the 12V solar PV was substituted with a voltage supply to make

the testing and gathering of data more convinient. A multimeter and oscilloscope

was used to take readings from both the input and the outputs from the circuit. The

values observed was gathered and will be used to determine of the circuit fulfills its

function and objectives of this project.
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Table 11 shows the outputs of the converter when the input voltage is varied from
OV to 12V. The average value was taken from the reading of multimeter.

Table 11: Multimeter Readinas

Average Value (V)
Input Voltage (V)
Output 1 (12V) | Output 2 (24V) | Output 3 (36V)

0 0 0 0

1 0.4 0.4 0.4
2 15 1.7 1.7
3 4.1 22.8 27.0
4 7.6 23.9 35.8
5 11.48 23.9 36.0
6 12.0 23.9 35.8
7 12.0 24.0 35.8
8 12.0 23.9 35.9
9 12.0 23.9 35.9
10 11.9 24.0 35.8
11 12.0 24.0 36.0
12 12.0 24.0 36.0
13 12.1 24.0 36.0
14 13.8 23.9 36.0
15 143 24.0 36.0

Further analysis was done using the oscilloscope and the screenshot of the
equipment as shown in Figures 34 to 36. Based on the readings of the oscilloscope,
the output parameters were recorded in the tables for Output 1, Output 2, and

Output 3 respectively.
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Figure 34: Oscilloscope Output for 12V
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Figure 35: Oscilloscope Output for 24V
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Fiaure 36: Oscilloscope Output for 36V
Table 12: Oscilloscope Readings Output 1
Inout Output Parameters (V)
P Desired Maximum Minimum Maximum voltage
Voltage (V) )
value value value ripple value
0.0 12.0 0.0 0.0 0.0
1.0 12.0 0.4 0.0 0.4
2.0 12.0 1.3 0.8 0.5
3.0 12.0 4.1 3.6 0.5
4.0 12.0 7.3 6.9 0.4
5.0 12.0 11.4 11.2 0.2
6.0 12.0 12.0 11.7 0.3
7.0 12.0 12.1 11.7 0.4
8.0 12.0 12.0 11.7 0.3
9.0 12.0 11.9 11.7 0.2
10.0 12.0 12.0 11.7 0.3
11.0 12.0 12.0 11.7 0.3
12.0 12.0 12.0 11.7 0.3
13.0 12.0 12.5 12.1 0.4
14.0 12.0 13.4 12.9 0.5
15.0 12.0 14.3 14.1 0.2
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Table 13: Oscilloscope Readings Output 2

Output Parameters (V)
Volltgzl;t(V) Desired Maximum Minimum Maximum voltage
value value value ripple value
0.0 24.0 0.0 0.0 0.0
1.0 24.0 0.4 0.0 0.4
2.0 24.0 1.5 1.0 0.5
3.0 24.0 22.8 22.3 0.5
4.0 24.0 24.0 23.7 0.3
5.0 24.0 24.0 23.5 0.5
6.0 24.0 23.9 235 0.4
7.0 24.0 24.0 24.0 0.0
8.0 24.0 24.0 23.5 0.5
9.0 24.0 24.0 23.5 0.5
10.0 24.0 24.0 23.5 0.5
11.0 24.0 24.0 23.5 0.5
12.0 24.0 24.0 23.8 0.2
13.0 24.0 24.1 23.6 0.5
14.0 24.0 24.0 23.5 0.5
15.0 24.0 24.0 23.5 0.5
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Table 14: Oscilloscope Readings Output 3

Output Parameters (V)

V0|Itgzl;t(v) Desired value Maximum Minimum | Maximum voltage
value value ripple value
0.0 36.0 0.1 0.0 0.0
1.0 36.0 0.3 0.0 0.3
2.0 36.0 1.5 1.0 0.5
3.0 36.0 26.8 26.3 0.5
4.0 36.0 35.7 35.2 0.5
5.0 36.0 35.9 35.4 0.5
6.0 36.0 35.7 35.2 0.5
7.0 36.0 35.8 35.4 0.4
8.0 36.0 35.9 35.4 0.5
9.0 36.0 35.7 35.2 0.5
10.0 36.0 35.8 35.3 0.5
11.0 36.0 35.8 35.4 0.4
12.0 36.0 35.7 35.2 0.5
13.0 36.0 35.7 35.2 0.5
14.0 36.0 35.7 35.2 0.5
15.0 36.0 35.7 35.2 0.5
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Meanwhile, the percentage errors for each of the output based on the
variations of input voltage were recorded from the readings of oscilloscope and the

data were tabulated as in the tables below:

Table 15: Calculation of Percentage error for Output 1

Input Desired Actual Value (V) Percentage error (%)
Voltage (V) | Value (V) | Minimum | Maximum Minimum Maximum
0.0 12.0 0.0 0.0 100.0 100.0
1.0 12.0 0.0 0.4 96.7 100.0
2.0 12.0 0.8 1.3 89.2 93.3
3.0 12.0 3.6 4.1 65.8 70.0
4.0 12.0 6.9 7.3 39.2 42.5
5.0 12.0 11.2 114 5.0 6.7
6.0 12.0 11.7 12.0 0.0 2.5
7.0 12.0 11.7 12.1 -0.8 2.5
8.0 12.0 11.7 12.0 0.0 2.5
9.0 12.0 11.7 11.9 0.8 2.5
10.0 12.0 11.7 12.0 0.0 2.5
11.0 12.0 11.7 12.0 0.0 2.5
12.0 12.0 11.7 12.0 0.0 2.5
13.0 12.0 12.1 12.5 0.8 4.2
14.0 12.0 12.9 13.4 7.5 11.7
15.0 12.0 14.1 14.3 175 19.2

59




Table 16: Calculation of Percentage error for Output 2

Input Desired Actual Value (V) Percentage error (%)
Voltage (V) | Value (V) | Minimum | Maximum Minimum Maximum
0.0 24.0 0.0 0.0 100.0 100.0
1.0 24.0 0.0 0.4 98.3 100.0
2.0 24.0 1.0 1.5 93.8 95.8
3.0 24.0 22.3 22.8 5.0 7.1
4.0 24.0 23.7 24.0 0.0 1.3
5.0 24.0 23.5 24.0 0.0 2.1
6.0 24.0 23.5 23.9 0.4 2.1
7.0 24.0 24.0 24.0 0.0 0.0
8.0 24.0 23.5 24.0 0.0 2.1
9.0 24.0 23.5 24.0 0.0 2.1
10.0 24.0 23.5 24.0 0.0 2.1
11.0 24.0 235 24.0 0.0 2.1
12.0 24.0 23.8 24.0 0.0 0.8
13.0 24.0 23.6 24.1 0.4 1.7
14.0 24.0 235 24.0 0.0 2.1
15.0 24.0 23.5 24.0 0.0 2.1
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Table 17: Calculation of Percentage error for Output 3

Input Desired Actual Value (V) Percentage error (%)
Voltage (V) | Value (V) | Minimum | Maximum Minimum Maximum
0.0 36.0 0.0 0.1 99.7 100.0
1.0 36.0 0.0 0.3 99.2 100.0
2.0 36.0 1.0 1.5 95.8 97.2
3.0 36.0 26.3 26.8 25.6 26.9
4.0 36.0 35.2 35.7 0.8 2.2
5.0 36.0 35.4 35.9 0.3 1.7
6.0 36.0 35.2 35.7 0.8 2.2
7.0 36.0 35.4 35.8 0.6 1.7
8.0 36.0 35.4 35.9 0.3 1.7
9.0 36.0 35.2 35.7 0.8 2.2
10.0 36.0 35.3 35.8 0.6 1.9
11.0 36.0 35.4 35.8 0.6 1.7
12.0 36.0 35.2 35.7 0.8 2.2
13.0 36.0 35.2 35.7 0.8 2.2
14.0 36.0 35.2 35.7 0.8 2.2
15.0 36.0 35.2 35.7 0.8 2.2

4.4  Comparison of Simulation and Experimental Results

From the simulation and experimentation results obtained above, comparisons
were done on several aspects. This includes the output voltage based on input
voltage variations, stability of output voltages and percentage error. These
comparisons were used to see if the constructed circuit has similar results to the

simulated one.
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441 Input Voltage Variations

The graph below shows the output voltages when the input voltage was varied
based on the simulation results

Input Voltage VS Output Voltage
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Figure 34: Graph of Input Voltage VS Output Voltage from Simulation results

The graph below shows the voltages when input was varied based on experimental

results. The values were the ones obtained from oscilloscope.
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Figure 35: Graph of Input Voltage VS Output Voltage from Experimental results

From both the graphs of simualtion and experimental results, it can be seen
that the outputs does have a differenece. In the simulated circuit, all the three
outputs were achieved with input of only 3 VV whereas in the experimental results,
the constructed circuit needs at least 5 V to get all the desired ouput voltages. Both
the results are shown to be stable as the input voltage was increased. Finally, it can
be seen that both the Output 1 of the circuits which is the 12V output increases after
input voltage above 12V is applied. This resonates with the fact that in boost

converter topology, the input voltage should be less than the output volatge.

442 Percentage Error

The graphs below show the maximum percentage error of each of the

simulated and constructed converter circuit output.
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Figure 35: Percentage Error of Output 1
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Percentage Error of Output 2
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Figure 35: Percentage Error of Output 2
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Percentage Error of Output 3
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Figure 35: Percentage Error of Output 3
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From all the graphs above showing the percentage error, it can be observed
that the simulated results and experimental results show some variations. In the
simulation, the percentage error is at a stable value while in all three
experimentation, the percentage error changes from one point to another. But the
overall percentage error of the constructed circuit is below 10% which shows that
the converter is reliable and accurate.
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CHAPTER 5:
CONCLUSION AND RECOMMENDATION

51 Conclusion

As a conclusion, the progress of this project was as per plan. Readings from
solar panel were first taken to find the possible input values of the converter. These
values were then used as the manipulated variable in both the simulation and

experimentation phase of the converter.

Simulation of the converter was done based on the overall block diagram of
the circuit which gave positive outputs. The outputs of the simulation have achieved
the targeted values. A few parameters of the simulated converter were observed
such as the rise time, voltage ripple and the percentage error. From these

observations, it was concluded that the simulated converter is accurate and reliable.

The circuit was later constructed to be tested. Multiple testing were done on
the circuit to observe the output. The equipment used were multimeter and
oscilloscope. The data from the observation was gathered and tabulated as well
analysed. From the outcome, it can be seen that the physical circuit, identical to the
simulation one, have been able to achieve its targeted outcome. All the output
voltages are stable with variations of input voltage. Further analysis was done to
find the percentage error of the circuit, which indicated that the converter’s outputs

have percentage error of a maximum value of 6.7%.
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From all the analysis done, it can be seen that the circuit is accurate, reliable
and robust. The project was able to achieve its objectives which are to study and
investigate solar PV model for SIMO converter, to design a converter circuit to
boost operations for electric vehicle applications and to simulate the circuit and
analyse the functional output, justifying the results verified through working model.
The proposed converter is suitable to be implemented and will be able to overcome
the downsides of the conventional method of DC-DC converter used in electric
vehicle. The researcher hopes that, with solving all these downsides, the research
will benefit many people.

5.2 Recommendations

It is recommended that this converter’s output voltage options are increased.
This increase of voltage option, would correspond to the changes of the topology of
the converter. Further analysis would need to be done on the constructed converter.
As the electric vehicle development increases, future projects should get more
feedback from the automotive industry about the latest technology and components

available and modify the converter according to the requirement.
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