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Renewable energy is a topic that is frequently researched recently due to the negative
environmental changes brought by using non-renewable energy sources such as fossil
fuels. The application of the renewable energy is wide including being used to charge a
battery using buck converter in general charging system. However, the problems faced by
these solar charging systems is the inability to regulate and stabilize the output of the PV
module, causing the loss of efficiency of PV module. A mechanism that is used to solve
the problem is to develop the algorithm for maximum power point tracking in PV module.
Thus, the project aims to improve the performance of battery charging system by using
different MPPT algorithms and compared their performance with issues being analyzed,
and helped to suggest the best algorithm to maximize the power supply and consumption
effectively based on the MATLAB/Simulink results. The MPPT techniques used in the
study consist of Constant Voltage (CV), Perturb and Observe (P&O), Incremental
Conductance (INC) and also Hill Climbing (HC). The algorithms will be used on buck
converter and compared with conventional solar battery chargers that uses PID controller
for voltage regulation. The results are obtained from measurements of various parameters
and they will be compared with the theoretical value with error calculation to determine
the efficiency of the mechanism and also analyzed to determine the causes and effects of
the simulation and for comparison. The results show that different algorithms can affect
the performance of the system, such as changing transient times, power efficiency, shape
of graph and so on. In conclusion, the best algorithm is Incremental Conductance due to its
high-power efficiency and stable parameter output for battery charging system, in which
further work done can be continued to include more weather data and constructing
complex algorithm as well.

© 2022 The Authors. Published by Penteract Technology.
This is an open access article under the CC BY-NC 4.0 license (https://creativecommons.org/licenses/by-nc/4.0/).

1. INTRODUCTION

results, one of them being solar energy. Currently, a lot of
electrical and electronic industry are gradually transitioning

Renewable energy is currently a frequently researched
topic by scientists around the world in order to tackle the
issues caused by recent changes in terms of environmental
conditions and electricity demand. Due to frequent usage of
non-renewable energy sources such as natural gases and fossil
fuels, the earth is currently facing the crisis of climate change
that affects the livelihood of many people. The search for a
more sustainable alternative energy becomes very urgent and
critical to ensure the sustainability of the environment.
Thankfully, several renewable alternative energy sources have
been researched and experimented with very promising
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from using traditional electrical source to a cheaper and
infinitely sourced renewable energy with emphasis on
renewable energy storage using battery component as well.
Batteries is a kind of energy storage components with a wide
variety of applications, such as in telecommunications, electric
vehicles, and uninterruptible power supply. The design of the
battery charging system affects the sustainability of the battery
such as its battery life and charging capacity. Using
conventional charging design involving AC-DC converter can
easily result in power dissipation and reducing the efficiency
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of battery charging system, thus in this report a DC-DC
converter solar power battery charger is proposed using buck
converter for both conventional solar battery charger and
MPPT solar battery charger, with a voltage regulator used in
their respective systems in order to control the output voltage.
The buck converter is a basic topology of the DC-DC
converter that converts the high DC input voltage to a low DC
output voltage. Its high efficiency and simplicity in design
makes the converter to be commonly used in various power
electronic applications, according to Sujedto (2018) and others

[1].

For the voltage regulator, it has also another name called
charge controller, where it is connected between the input
voltage (PV cells) and output voltage (battery). The purpose of
the component is to regulate the voltage by using feedback
loop to ensure the battery is charged properly without
overvoltage or undervoltage condition to maximize the battery
life. For the conventional battery charger design, a pulse width
modulation controller (PWM) is used to regulate the voltage,
while MPPT battery charger design uses maximum power
point tracking controller (MPPT). Among the techniques of
MPPT are incremental conductance (IC) and perturb &
observe (P&O) according to Lapsongphon and Nualyai (2021)
[2]. This report will compare the design and performance of
conventional solar battery charger and MPPT solar battery
charger using the general design of battery charging system
and simulate in MATLAB/Simulink software application and
choose the best design in terms of performance and efficiency.
Figure 1 shows a solar buck converter battery charging
system.

Fig. 1. Example of Solar Buck Converter battery charger.

One major problem of the PV system source supply is the
instability of the output current or voltage from its system due
to various issues such as frequent changes of inner and outer
condition. For the PV system to supply electricity voltage, it
must absorb light energy from the sun which is also known as
irradiance and convert the light energy into electrical energy
for the circuit to run. Without using any medium that stabilizes
the output voltage or current, the power flow in the system can
become easily out of control due to the supply voltage is
directly proportional to the irradiance and the surrounding
temperature. Thus, any major changes in the irradiance and
surrounding temperature, such as weather changes from sunny
day to rainy day, will affect the efficiency of the battery
charging system. This situation is even worse for a battery
load even under fixed temperature and irradiance due to its
charging mechanism that makes it an active load that makes
its current and voltage inconsistent. Thus, it is strongly
recommended to install a mechanism that stabilizes and
controls the flow of electricity power in the system, such as

using voltage controller and buck converter instead of directly
connecting the PV system to the battery load directly.
However, even conventional charging system that only utilizes
buck converter and voltage controller does not solve the
optimization problem in a battery charging system effectively.
This is because other factors involving the PV array such as I-
V characteristics and power losses are not considered, thus
ended up having a less effective power usage of solar PV
array, even under stable weather conditions. The buck
converter itself can be imagined as equivalent to variable
resistor, where its resistance will either increase or decrease
the output of the voltage. However, without regulation, the
electrical power in the circuit that is meant to be used by the
battery at the load become loss through heat dissipation due to
unregulated 1-V characteristics, where only voltage parameter
is adjusted while the current parameter is ignored, thus
resulting in power usage not maximized. So even though the
output voltage is controlled and stabilized, the 1-V
characteristic of the PV array causes the power consumption
of the solar battery charger to be less optimized.

PV array system is a very complex power source circuit.
With addition of the battery load which has nonlinear output
characteristics that frequently changes based on I-V
characteristics and state-of-charge makes it a challenging task
to control the power flow of the battery charging system.
Having an algorithm that tracks the changes within the circuit
itself in addition to atmospheric condition such as irradiance
and temperature condition and making suitable adjustments to
track for the maximum power point is important for the
system to run efficiently and last longer, as noted by Podder
and others (2019) [3]. At the very least, the power efficiency
of the system should be optimal even under stable weather
condition. Thus, issues such as voltage variation, ripples and
oscillations, as well as power losses are required to be
analyzed and determined which MPPT handles these issues
the best.

It is hypothesized that the performance of the battery
charger is better with MPPT algorithm being used instead of
conventional design due to its maximum power point tracking
mechanism. The aim is to understand how the MPPT
algorithm works with the solar battery charger system and
how does the algorithm improve upon conventional design
system for the circuit using maximum power point tracking
mechanism. This research work embarks on the following
objectives: to improve the performance of battery charging
system using MPPT algorithm, to compare the difference
between the performance of the conventional solar battery
charging system with MPPT-based solar battery charging
system to analyze and overcome the performance issues, and
to determine the best MPPT algorithm for the solar battery
charging system. For the scopes of the research, the battery
parameter is limited to using the same voltage of battery for all
the battery charging systems for consistency. The DC-DC
converter used in the conventional and MPPT-based design
will only focus on buck converter. Single solar cell with 210W
power is used for the PV source supply for all designs with
fixed irradiance and temperature being used. The controller
design is limited to using PID controller for the conventional
design and 4 types of MPPT algorithm for MPPT-based
design. Parameters to analyze the performance of circuits are
limited to voltage, current, oscillation, power performance as
well as changes of state-of-charge. This project will help to
provide clear understanding on the steps to develop a general
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solar battery charging system, ideas on how to utilize MPPT
algorithm for any type of general solar battery charging
system and a clearer comparison on the difference in
performance of MPPT and non-MPPT battery charger circuit
design. In this project report, a conventional solar battery
charger and a few MPPT solar battery chargers are designed
and simulated in MATLAB Simulink. Through this
experiment, it is expected that we can obtain the
measurements of the output and input parameters such as
voltage and current and compared with each other to find out
the efficiency of the system. The designs are expected to be
functioning for the battery charger to run and charge the lead-
acid battery, as indicated by the state-of-charge of the battery
slowly increasing over a period charging the circuit. The
report will also provide details on designing a general battery
charging system with other components such as PV, buck
converter, battery, and voltage controller as well as MPPT
algorithm for MPPT-based solar charging system.

2. METHODOLOGY

2.1 Block Diagram

For the methodology, the conventional solar battery
charger is designed based on the recommended ratings in the
PV module, DC-DC buck converter, voltage controller and
battery size. In MPPT solar battery charger, the MPPT
algorithm will replace the voltage controller from the
conventional solar battery charger design. Figure 2 shows the
general block diagram design for conventional battery solar
charger system while Figure 3 shows the block diagram design
for MPPT solar battery charger system using 3 MPPT
algorithms which are CV, P&O, INC and HC as well.
Generally, the changes in block diagram are the mechanism of
recalibrating the parameters for maximizing output
performance, in which the details of each components’
specification will be provided in this section for methodology
research purpose. The conventional solar battery charger is
closed-loop while the MPPT solar battery charger is in open-
loop.

PV Module Buck Converter Battery Qutput Voltage

Reference
Voltage

PID Controller

Fig. 2. Block Diagram of Conventional Solar Battery Charger

Buck

Converter

PV Module Battery

MPPT
Algorithm

Fig. 3. Block diagram of MPPT Solar Battery Charger,

2.2 Materials and Methods

a) PV Module: For the PV module, the rated power of
210W for a single PV module is chosen. The buck regulator of
solar power charger is planned to have an input voltage of
range about 28 VV ~ 36 V and rated power of 210W. An RC
low pass filter with resistance of 0.0001 Ohms and
capacitance of 0.001 Farad is installed at the output side of PV
module in order to stabilize the voltage and current of the
system. A bus selector and unit delay blocks with displays are
connected to the measurement port of the PV module in order
to record the output values of the PV module such as current,
voltage and power. Table 1 gives the specification of other
parameters of the PV module.

Power input

j
- .

Fig. 4. Circuit design of PV module with current and voltage
sensors

Table 1. Parameter specification of PV module

Parameters Value
Maximum Power (W) 213.15
Cells per module 60
Open circuit voltage, Voc (V) 36.3
Short-circuit current, lsc (A) 7.84
Temperature (°C) 25
Irradiance (W/m?) 1000

b) Output Load: For the output load, it consists of a
battery and a diode. For the battery, which is the main output
load, a 15V lead-acid type single battery is designed at the
output side of the buck converter. Lead-acid type battery is
chosen due to its large depth of discharge and also bigger
autonomous control which is suitable for PV system as
postulated by Rezzak and others (2018). [4] The parameters
are assumed to be nominal, however during simulation, there
will be deviation since the battery changes its own voltage and
current as it is charged by the solar power. The nominal output
voltage is set as 15 V, and the rated capacity is at 100 Ah, and
the state of charge is set at 30% with a response time of 1s
because that is the point where maximum power of 210 W can
be nearly reached. The discharge rate is determined by the
nominal parameters of the battery. For the diode, it is used to
stabilize the output parameters with a minimum resistance
parameter provided in Table 2 that barely affects the outcome
of the battery parameters. The negative gains connecting to
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output displayer reverses the polarity of the values shown, so
that the power output and current output are positive values.
They are negative due to the battery itself being an active
component.

= ==

L)
—
Y=

Fig. 5. Circuit design of lead acid battery with diode, current
and voltage sensors.

Table 2. Parameter Specification of PV Module

Parameters Value
Resistance, Ron (€2) 0.001
Inductance, Loy (H) 0

Forward voltage, V; (V) 0.8
Snubber resistance, Rs () 500
Snubber capacitance, Cs (F) 250%10°

c) DC-DC Buck Converter: For the DC-DC buck
converter, the output voltage at the battery is given Vo =15V
and the percentage of voltage ripple and current ripple is
assumed to be at 1% and 10% respectively. The switching
frequency, fsw is chosen to be at 25 kHz so that acoustic noise
can be negligible, but not too high so that values of inductor
and capacitor do not go too low and causing power loss. An
ammeter is installed near the inductor to obtain the inductor
value, and the diode and MOSFET uses default parameters.
The circuit design and parameter specification are provided
below, while the calculation details of the converter will be
provided in Section 2.3 (Equations) later.

N ] |

Fig. 6. Circuit design of DC-DC Buck Converter.

Table 3. Parameter Specification of MOSFET

Parameters Value
FET resistance, Ron (Q) 0.1
Internal diode inductance, Loy (H) 0
Internal diode resistance, Rq () 0.01
Internal diode forward voltage, V¢ (V) 0
Snubber resistance, Rs (Q) 1x10°
Snubber capacitance, Cs (F) 0

Table 4. Parameter Specification of Diode

Parameters Value
Resistance, Ron (€2) 0.001
Inductance, Loy (H) 0

Forward voltage, Vi (V) 0.6
Snubber resistance, Rs (€2) 500
Snubber capacitance, Cs (F) 250%x10°

d) Voltage Controller: This design only applies for
conventional solar battery charger. For voltage controller, a
close loop system is constructed with PID control, where the
difference of reference value for output voltage and the real
output voltage from real-time simulation is taken and
converted in PID controller. There are many methods to find
out the parameter of Kp, Ki and Kd. Here, a simple trial and
error method is used where Ki and Kd are set to zero initially.
The Kp is gradually increased by 10% until the output
oscillates, then the Kp is decreased until oscillation is
eliminated. Next, Ki is set by a fraction of Kp to correct the
offset in the duration. Kd is normally not required unless the
values is required to quickly stabilize to reference value after
initial oscillation. The values are Kp=0.84, Ki=0.48, and
Kd=0.01. The values are then converted to duty ratio as
output for PWM which will transfer to gate of MOSFET. The
repeating sequence is also generated to match the switching
frequency as well.

P
@ PID(s)

J - » 1)
MOSFET Gate

D

<Voltage (V)>

Fig. 7. Circuit design of Voltage Controller.

e) MPPT Algorithms: This design only applies for MPPT
solar battery charger. Here the design is the modification of
voltage controller by replacing the PID controller with a
function block consisting of MPPT coding. The inputs of these
algorithms are taken from the PV module voltage and current
directly. The coding of the algorithm is based on the flowchart
of the algorithms from various references as seen below. The
repeating sequence component is set to 25 kHz as switching
frequency. The MPPT algorithms being used are Perturb &
Observe (P&O), Incremental Conductance (INC), Constant
Voltage (CV) and Hill Climbing (HC).
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Fig. 8. Circuit design and simplified flowchart of P&O [5].
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Fig. 10. Circuit design and simplified flowchart of CV [5].
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Fig. 11. Circuit design and simplified flowchart of HC [6].

2.3 Equations

For the calculation of the buck converter specifications,
based on the values provided for DC-DC buck converter. We
first calculate the duty ratio, which is given as:

v, 15V
D= W_W_O'BW (1)

The input voltage is taken from the smallest value (28V),
since the input voltage changes around that range. The device
chosen is MOSFET. For input, the calculation of voltage and
current is:

i=f=—=7.5A ()

Again, input voltage is taken at smallest value. In real-
time simulation, the solar input ranges between 28 V and 36
V. The output nominal resistance and current is calculated as
below:

P, 210W
10=70=W=14A (3)
o BV 67140
I, 144 “)

Since the resistance of the battery is dynamic due to
constant changing of the voltage and current during charging,
the optimal calculation of L and C is based on the voltage
ripple and current ripple. The calculation of voltage ripple,
current ripple, inductance, capacitance and minimum
inductance is based on the buck converter formulas:

Al, = 10%I, = 10% X 144 = 1.44 5)
AV, = 1%V, = 1% x 15V = 0.15V 6)
V,(V; — V) 15V (28V — 15V)

B N = 0.199mH
B, X fow XV, TAAx 25000Hz x 28V~ " 100mH - (7)

Al 1.4A

c= = = 46.667uF
8x AV, X foy 8% 0.15V x 25000Hz H ®)

Ly =GPy A 705857 o0 — 9,949,
min = N T X< 25000Hz =% ©)
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By comparing Lmin With previously calculated inductance (L)
using ripple method, we can see that inductance (L) is larger
than Lmin. Thus, the circuit will operate in continuous
conduction mode (CCM).

A, _0asv_
AT 72 (10)
1-D) (1-05357)

Cmin = g7 = §x (9.949 x 10-9)H x 0.01 x (25000072 _ ~2oHF (11)

We can see that Cnin is larger than the proposed
capacitance (C) value. These values are the minimum
requirement for the circuit to be operated barely at continuous
conduction mode. A full continuous mode needs the
inductance value to be around 10 times larger than Lmi,, and
the proposed value of inductance (L) exceeded 10 times,
hence the buck solar charger will operate in continuous
conduction mode.

3. RESULTS AND DISCUSSIONS

This section will discuss and analyze about the
conventional solar battery charger system performance as well
as the MPPT solar battery charger system for P&O, INC, CV
and HC algorithms. The system performance is analyzed
based on their deviation with voltage, current and power from
the expected results computed using theoretical formula.
Comparisons are also made in between the graph output and
value output with power efficiency calculation and other
parameters to find out the best MPPT algorithm that can be
used.

3.1 Conventional Solar Battery Charger

The overall conventional solar battery charger circuit
diagram is constructed. The component POWERGUI is set up
with discrete time of 1ps to run the simulation. The simulation
is run and the result is recorded and shown at Table 5. In
theory, BUCK convertor will show that the output values is
lower than the input values and the simulated results shown
the same. In the beginning, the input voltage is set from 28 to
36V and the output values is 14.5V. In Figure 12, the graph of
Vin is observed to be decreasing at a steady rate. For V, graph,
the battery is charging with the voltage increasing at a steady
rate instead. At 28 V of input, the inductor current is sawtooth
shape without reaching 0 A, hence the buck converter operates
in continuous conduction mode. The output current also takes
a longer time to reach steady state due to optimization issues
in using PID controller.

B s 1 11 oy 1
[ 1L
S B8 ? 3§4J
o} T [T S ;5
L | i ———
= LI' ——————————— ||__.1 —
THET l X
Solar Panel L »_‘ o Buck Converter 7
ol : )

Fig. 12. Circuit design of conventional solar battery charger.

Fig. 13. (From Top to Bottom) Input voltage, output voltage
and output current.

For P, graph, we can observe that the graph shape is
similar to output current 1, which also takes a long time to
reach steady state, hence we can infer that the output power is
mostly influenced by the output current with its irregular
current changes before reaching steady state which takes a
long time, with the output voltage only having minor influence
with a small rate of increase in its voltage. The power ripple is
also more noticeable in output power compared to input power
P, due to the capacitor and inductor components influencing
the output power. This shows that PID controller is not
suitable for optimization when the system uses non-linear load
such as battery which dynamically changes as noted by
Ardhenta and others (2020). [7]

Fig. 14. (From Top to Bottom) Output power and input power.

The graphs are obtained from the scopes connected to
inputting parameters with simulation time set at 5 seconds.
The expected results are obtained from the parameters in
Methodology section, and the simulation results are obtained
from the display outputs in MATLAB at 5 seconds. The
percentage error is calculated based on the formula below:

|Simulation Results| — |Expected Results|

% Error = X 100% (12)

|Expected Results|
The error values can be obtained by comparing the value
calculated and the value recorded. The state of charge error is
ignored for the comparison because the battery’s state of
charge is expected to increase due to the charging operation.
The output power parameter gives the highest amount of error
output, while the output voltage has the smallest amount of
error output. The errors happen due to resistances in
components as well as imperfect parameter specification for
PID and capacitors and inductors, as well as power losses in
the system happens. According to Faraday’s law of induction,
there will be a voltage V. induced across the inductor where it
opposes the flow of input voltage. This causes the reduction of
output voltage at the battery and thus impacting the overall
performance. At the same time, the inductor absorbs energy
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from the source and stores the energy in the form of a
magnetic field.

Table 5. Simulation Result of Conventional Solar Battery

Charger
Parameters S'geusljltt':n Eég:grti d % Error

Input Power, P, (W) 126.6 213.15 -40.61

Input Voltage, V, (V) 16.22 28 -42.07

Input Current, I, (A) 7.804 75 4.05
Output Voltage, Vo (V) 14.63 15 -2.47
Output Current, lo (A) 7.804 14 -44.26

State of charge (%) 30.01 30 0.03
Output Power, P (W) 114.2 210 -45.62

3.2 Perturb & Observe (P&O) Solar Battery Charger

The overall P&O solar battery charger circuit diagram is
constructed as shown in Figure 14. The component
POWERGUI is set up with discrete time of lus to run the
simulation. The simulation is run and the result is recorded
and shown at Table 6. In Figure 16, we can see that the graph
of input voltage reaches a steady state with an average of 30V.
The voltage ripple is very noticeable in the graph. For Vo
graph, the battery is charging with the voltage slowly
increasing at a constant rate with a more noticeable voltage
ripple as well. At 28 V of input, the inductor current is
reaching 0 A, hence the buck converter operates in
discontinuous conduction mode.

P&O MPPT Battery

Fig. 15. Circuit design of Perturb & Observe solar battery
charger.

Fig. 16. (From Top to Bottom) Input voltage, output voltage
and output current.

For P, graph in Figure 16, we can observe that the graph
shape is similar to output current I, which also reaches 0 W
due to the shape of graph of output current with the output
voltage only having minor influence with a small rate of
increase in its voltage. The output power is unusually having a
higher power than input power due to the power being

distributed into triangle waveform instead of square
waveform. Due to the formula of power being the product of
voltage and current, a normal power output graph will be in
square waveform, but since the current is in discontinuous
current mode with its waveform being triangle shape, the
output power also changes accordingly. The power ripple is
also more noticeable and unstable in input power when
compared with other circuits with different MPPT algorithms.

Fig. 16. (From Top to Bottom) Output power and input power.

The error values can be obtained by comparing the value
calculated and the value recorded. The input current parameter
gives the highest amount of error output, while the output
voltage has the smallest amount of error output. The errors
happen due to resistances in components as well as imperfect
parameter specification for capacitors and inductors, as well as
power losses in the system happens. According to Faraday’s
law of induction, there will be a voltage V. induced across the
inductor where it opposes the flow of input voltage. This
causes the reduction of output voltage at the battery and thus
impacting the overall performance. At the same time, the
inductor absorbs energy from the source and stores the energy
in the form of a magnetic field.

Table 6. Simulation Result of P&O Solar Battery Charger

Simulation

Expected

Parameters Results Results % Error
Input Power, P, (W) 126.5 213.15 -40.65
Input Voltage, V, (V) 33.57 28 -19.89
Input Current, |, (A) 3.77 75 -49.73
Output Voltage, Vo (V) 14.67 15 -2.2
Output Current, lo (A) 9.783 14 -30.12
State of charge (%) 30.01 30 0.03
Output Power, Po (W) 143.5 210 -31.67

3.3 Incremental Conductance (INC) Solar Battery Charger

The overall INC solar battery charger circuit diagram is
constructed as shown in Figure 17. The component
POWERGUI is set up with discrete time of lus to run the
simulation. The simulation is run, and the result is recorded
and shown at Table 7. In Figure 18, we can see that the graph
of input voltage reaches a steady state with an average of 30V,
but the stability of input voltage is slightly lower. For V,
graph, the battery is charging with the voltage slowly
increasing at a constant rate with a tiny amount of voltage
ripple being observed as well. For the inductor current, the
transient time is slightly slower than other MPPT with fast
transient time, but the steady state of the inductor current has
occasional spikes in certain times as well as having a more
noticeable current ripple in the graph.
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INC MPPT Battery

Fig. 17. Circuit design of incremental conductance solar
battery charger.

Fig. 18. (From Top to Bottom) Input voltage, output voltage
and output current.

For P, graph, we can again observe that the graph shape is
similar to output current I,, hence we can infer that the output
power is mostly influenced by the output current with its
irregular current changes before reaching steady state, with the
output voltage only having minor influence with a small rate
of increase in its voltage. The power ripple is also more
noticeable in output power compared to input power P, due to
the capacitor and inductor components influencing the output
power.

Fig. 19. (From Top to Bottom) Output power and input power.

The error values can be obtained by comparing the value
calculated and the value recorded in Table 7. The output
power parameter gives the highest amount of error output,
while the input current has the smallest amount of error
output. The errors happen due to resistances in components as
well as imperfect parameter specification for capacitors and
inductors, as well as power losses in the system happens.
According to Faraday’s law of induction, there will be a
voltage V. induced across the inductor where it opposes the
flow of input voltage. This causes the reduction of output
voltage at the battery and thus impacting the overall
performance. At the same time, the inductor absorbs energy

from the source and stores the energy in the form of a
magnetic field.

Table 7. Simulation Result of INC Solar Battery Charger

Parameters Slg\eusljlttlson Eéssejr; d % Error
Input Power, P, (W) 211.4 213.15 -0.82
Input Voltage, V, (V) 28.12 28 0.43
Input Current, 1, (A) 7.519 7.5 0.25
Output Voltage, Vo (V) 14.71 15 -1.93
Output Current, lo (A) 12.24 14 -12.57
State of charge (%) 30.02 30 0.07
Output Power, Py (W) 180 210 -14.29

3.4 Constant Voltage (CV) Solar Battery Charger

The overall CV solar battery charger circuit diagram is
constructed as shown in Figure 20. The component
POWERGUI is set up with discrete time of lus to run the
simulation. The simulation is run and the result is recorded
and shown at Table 8. In Figure 21, we can see that the graph
of input voltage reaches a steady state with an average of 30V
with a very stable and constant output with little voltage
ripple. For V, graph, the battery is charging with the voltage
slowly increasing at a constant rate with a tiny amount of
voltage ripple being observed as well. For the inductor current,
the steady state of the inductor current has a more noticeable
current ripple in the graph. The graphs also show a faster
transient time for the graph to be at a steady state.

CV MPPT
J Battery
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B | &
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o ===
| Buck C 1
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Fig. 20. Circuit design of constant voltage solar battery
charger.

Fig. 21. (From Top to Bottom) Input voltage, output voltage
and output current.

For P, graph, we can again observe that the graph shape is
similar to output current l,, hence we can infer that the output
power is mostly influenced by the output current with its
irregular current changes before reaching steady state, with the
output voltage only having minor influence with a small rate
of increase in its voltage. The power ripple is also more
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noticeable in output power compared to input power P, due to
the capacitor and inductor components influencing the output
power. However, for input power there is an overshoot at the
transient period before going back to steady state.

Fig. 22. (From Top to Bottom) Output power and input power.

The error values can be obtained by comparing the value
calculated and the value recorded in Table 8. The output
power parameter gives the highest amount of error output,
while the output voltage has the smallest amount of error
output. The errors happen due to resistances in components as
well as imperfect parameter specification for capacitors and
inductors, as well as power losses in the system happens.
According to Faraday’s law of induction, there will be a
voltage V. induced across the inductor where it opposes the
flow of input voltage. This causes the reduction of output
voltage at the battery and thus impacting the overall
performance. At the same time, the inductor absorbs energy
from the source and stores the energy in the form of a
magnetic field.

Table 8. Simulation Result of CV Solar Battery Charger

Parameters Slgeusljltt':n E;E:thes d % Error
Input Power, P, (W) 185.1 213.15 -13.16
Input Voltage, V, (V) 31.93 28 14.04
Input Current, I, (A) 5.795 7.5 -22.73
Output Voltage, Vo (V) 14.69 15 -2.07
Output Current, lo (A) 10.56 14 -24.57
State of charge (%) 30.02 30 0.07
Output Power, Po (W) 155.1 210 -26.14

3.5 Hill Climbing (HC) Solar Battery Charger

The overall HC solar battery charger circuit diagram is
constructed as shown in Figure 23. The component
POWERGUI is set up with discrete time of lus to run the
simulation. The simulation is run and the result is recorded
and shown at Table 9. In Figure 24, we can see that the graph
of input voltage reaches a steady state with an average of 30V
but it has a noticeable irregular voltage ripple with different
amplitudes for certain periods. For V, graph, the battery is
charging with the voltage slowly increasing at a constant rate
with a tiny amount of voltage ripple being observed as well.
For the inductor current, the steady state of the inductor
current has a more noticeable irregular current ripple in the
graph. The graphs also show a faster transient time for the
graph to be at a steady state.

HC MPPT

Battery
'—El """" 1 5 -
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Fig. 24. (From Top to Bottom) Input voltage, output voltage
and output current.

For P, graph, we can again observe that the graph shape is
similar to output current I, with irregular voltage ripple in the
graph. The power ripple is extremely noticeable in output
power compared to input power P, due to the capacitor and
inductor components influencing the output power. However,
for input power it is similar to input voltage graph shape
instead with a gradual increase during transient period until it
reaches steady state.

Fig. 25. (From Top to Bottom) Output power and input power.

The error values can be obtained by comparing the value
calculated and the value recorded in Table 9. The output
power parameter gives the highest amount of error output,
while the input current has the smallest amount of error
output. The errors happen due to resistances in components as
well as imperfect parameter specification for capacitors and
inductors, as well as power losses in the system happens.
According to Faraday’s law of induction, there will be a
voltage V. induced across the inductor where it opposes the
flow of input voltage. This causes the reduction of output
voltage at the battery and thus impacting the overall
performance. At the same time, the inductor absorbs energy
from the source and stores the energy in the form of a
magnetic field.

Table 9. Simulation Result of HC Solar Battery Charger
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Simulation  Expected

Parameters Results Results % Error
Input Power, P, (W) 209 213.15 -1.95
Input Voltage, V, (V) 27.49 28 -1.82
Input Current, |, (A) 7.601 75 1.35
Output Voltage, Vo (V) 14.71 15 -1.93
Output Current, lo (A) 12.19 14 -12.93
State of charge (%) 30.02 30 0.07
Output Power, Po (W) 179.2 210 -14.67

3.6 Performance Analysis of Various Battery Charger
Circuits

The error values of voltage, current and power are placed
together in a chart to compare the performance between the
conventional solar battery charger and also MPPT solar
battery charger. In the first chart provided in Figure 16, we can
observe that the output voltage is nearly consistent across
different types of circuit regardless of whether MPPT
algorithms are used or not. The negative error of output
voltage indicates voltage loss does happen at the output side of
the circuit which is also the battery, due to the presence of
other components with resistance such as diodes. The power
formula (P=VI) is also required to be taken into factor, in
which a loss in either current or voltage is balanced by another
themselves. From the graph we can also observe that the input
voltage surge occurs in CV algorithm used for solar battery
charging circuit, whereas input voltage losses occurs for the
rest of circuits. From the graph, we can infer that the input
voltage is most stable for INC followed by HC, CV, P&O, and
lastly PID. The battery load has a voltage that is constantly
increasing due to its charging which contributes to instability
especially when bigger load is used according to Gumilar and
others (2020) [8]. Thottuvelil and Verghese (2000) said that
the consequences of voltage change is the massive changes in
current which overheats and reduce the battery life, due to the
float charging mechanism caused by tiny impedance in the
battery, hence voltage regulation is mandatory to ensure the
battery is in optimal performance [9].
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Fig. 26. Voltage performance comparison for different types
of circuits.

For the second chart in Figure 27, we can observe that the
output current deviation happens to be the biggest for P&O
algorithm, followed by PID, CV, HC and finally INC. The
loss in output current also happens due to the presence of other
components with resistance such as diodes, capacitor and
MOSFET which may divert some currents away into the
components due to dissipation factor. The power formula
(P=V1) is also required to be taken into factor, in which a loss

in either current or voltage is balanced by another themselves.
From the graph we can also observe that the input current
surge occurs in PID, INC and HC used for solar battery
charging circuit, whereas input current losses occurs for P&O
and CV circuits. It is concluded that INC generally handles
current stability very well, followed by HC, CV, PID and
lastly P&O. The current is often impacted by switching losses
which reduce battery charging efficiency, hence Hossain and
Islam (2018) suggested to install some protection devices to
reduce the impact, besides using MPPT [10]. Another way is
to use peak current detector to maintain the stability of the
inductor current which is mentioned by Dokania and others
(2004) [11].

Current Performance Comparison

Error (%)

Circuit Type

Fig. 27. Current performance comparison for different types
of circuits.

For the third chart in Figure 28, we can observe that the
output power losses happen to be the biggest for PID,
followed by P&O, CV, HC and finally INC, which is almost
similar performance as the output current losses with minor
difference for PID and P&O. Thus, it can be inferred that the
output current is the main factor for the changes of output
power, while the input current is only corresponded to output
power for P&O and CV, while other algorithms have opposite
polarity. Power losses happens due to energy absorption in
passive components, switching losses, diodes, and transistors,
as explained by Toledo and others (2016) [12].
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Fig. 28. Power performance comparison for different types of
circuits.

Then, the performance efficiency is determined based on
the input power and output power. The closer the maximum of
the simulation results of the power to the expected results, the
better the performance of the solar battery charging circuit.
The formula below is used for both calculations of input
power performance regulation and output power efficiency,
and the results are tabulated in Table 10 with a graph provided
in Figure 29 for comparison of regulation and efficiency.
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|Simulation Results (Power)]|

X 100%
|Expected Results (Power)| ?

% Percentage =

(13)

Table 10. Power Regulation and Efficiency for Solar Battery
Charger Circuits

Input Output Input Power Output

Circuit Remark
Type Power Power Performe_lnce P_ower (R&E)
(W) (W) Regulation Efficiency
Poor &
0, 0,
PID 126.6 114.2 59.39% 54.38% Very Low
Very Poor
0, 0,
P&O 126.5 1435 59.35% 68.33% & Low
Very
INC 211.4 180 99.18% 85.71% G\'fd &
ery
High
CcVv 185.1 155.1 86.84% 73.86% Average
HC 209 179.2 98.05% 85.33% G:_"‘i’gh&
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Fig. 29. Power regulation and efficiency comparison for
different types of circuits.

From the above graph provided, it is found that INC
algorithm provides the best overall efficiency performance for
both input and output power. Theoretically, a perfect power
supply will have 100% regulation and efficiency, however due
to resistances in components as well as within the PV module
itself, ripple voltage and current will produce, and in return,
ripple power happens at both input and output which
contributes to power losses according to Elkhateb and others
(2015) [13]. In another research work, Schofield and others
(2012) conclude that the increment of ripple current amplitude
at solar cell will reduce the overall output power performance
[14]. Other factor that impacts the power efficiency are duty
ratio as mentioned by Naik and Samuel (2017) and harmonic
distortion which is postulated by Djeghader and others (2019)
[15] [16].

Next, the output power oscillation is evaluated at steady
state. Oscillation frequently happens in PV which impacts
inter-area  oscillations negatively and causes damping
according to Hasan and others (2018) [17]. The bigger the
oscillation, the higher the performance losses of the battery
charging system and the more unstable the output. Output
power oscillation is the maximum output power subtracted
with minimum output power. The maximum value is obtained
at the upper peak of the output power graph in steady state
while the minimum value is obtained at the lower peak of the
output power graph in steady state using signal statistics in

MATLAB. The order of oscillation ranging from best to worst
is arranged from top row of table to bottom row in Table 11.

Table 11. Output Power Oscillation of Battery Charging

Systems at Steady State
N Minimum Maximum Output
Circuit Power
Tvoe Output Output Oscillation Remark
yp Power (W)  Power (W)
W)
PID 114.0 114.2 0.2 Extremely
stable
cv 150.7 203 52.3 Very
stable
INC 146.3 229.7 83.4 Stable
HC 113.1 259.7 146.6 Unstable
P&O 0.4 352.1 3505  CXtemely
Unstable

While the results above show that MPPT are capable to
regulate the oscillation, to reduce them further, Zeng and
others (2016) proposes using control strategies such as
increasing number of electrical energy storing devices like
capacitors to ensure PV stability [18]. Examples of this
strategy include hybrid usage of pulse capacitor and battery as
suggested by Long and others (2015) [19].

After that, the transient time and state-of-charge relating
to charging time are also evaluated in Table 12. The transient
time is the time taken to reach steady state, while charging
time is evaluated based on the final value of the state of charge
of the battery load. The faster both the transient time and
charging time, the faster the system to stabilize its
performance and increase the state-of-charge of battery, which
means better performance of the MPPT used for the battery
charging systems. The transient time criteria is often linked to
issues of degradation in PV module according to Li and others
(2016), hence the performance needs to be evaluated based on
transient time. [20] For the healthy performance of the battery,
Chiasson and Vairamohan (2005) suggest the state-of-charge
to be maintained in between 20% to 95%, which in the
experiment used 30% as the parameter. [21] The time transient
for P&O is unable to be determined due to extremely unstable
oscillation. The order of time-response parameters ranging
from best to worst is arranged from top row of table to bottom
row.

Table 12. Transient Time and Battery State-of-charge for
Solar Battery Charger Circuits

State-of-
Circuit Transient charge Remark Remark
Type Time (s) Reached at (Transient)  (Charging)
yp 5 Second gng
(%)
cv 0.02 30.02 Extremely Fast
fast
HC 0.03 30.02 Very fast Fast
INC 0.3 30.02 Fast Fast
PID 3.16 30.01 Slow Slow
P&O Unknown 30.01 None Slow

Thus, the performance are summarized in Table 13 with
descending order from best to worst based on composite
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factors with parameter priority is in descending order from left
to right. Hence, the most important parameter is the output
power efficiency due to our main goal is to maximize the
usage of power and reduce the losses, followed by the input
power regulation which is important to minimize input error
and causing indirect losses into the components. Oscillation
affects the overall battery charging system, and faster transient
times means the system is less impacted by disturbance that
affects the performance. Charging time is at the bottom
priority due to most MPPT providing similar results due to the
limitation of simulation for a longer time in MATLAB. Based
on Table 13, it is found that INC algorithm provides the best
overall efficiency performance for both input and output
power, where the INC algorithm is able to utilize the most out
of the solar energy through irradiance and temperature factor
without having huge power losses inside the photovoltaic cell
while keeping the output power efficiency at a high level to
maximize the charging performance. For transient time,
charging time and stability or oscillation, these variables have
an adequate performance, although there are some MPPT that
performs better than Incremental Conductance. In Table 13,
Power Output Efficiency is shortened as Power Output E.,
Power Input Regulation is shortened as Power Input R.,
Transient Time is shortened as T. Time, and lastly Charging
Time is shortened as C. Time.

Table 13. Performance Summary for Solar Battery Charger

Circuits
- Power —_—
Circuit Power Oscillation . .
Type Ouéput InputR.  or Stability T. Time C. Time
Very Very
INC High Good Stable Fast Fast
HC High Good Unstable Very Fast Fast
Ccv Average Average  Very Stable Extgr;ely Fast
Very Extremely
PID Low Poor Stable Slow Slow
Very Extremely
P&O Low Poor Unstable None Slow

4. CONCLUSION

Here, all the results are performed for voltage controller
and various MPPT algorithms for the solar battery charging
system. The discussion and analysis of the performance are
also completed for PID controller and various algorithms. This
section summarizes the outcome of the report and provides
suggestions and recommendations to improve the results
further. In this project, a solar charging battery circuit using
buck converter is designed and simulated to find out the
performance of the design and also evaluate the best MPPT
algorithm for the overall performance. The outcome of the
project shows the current, voltage and power changes under
different MPPT algorithms. Comparing the conventional solar
battery charger system with MPPT solar battery charger
system, the biggest noticeable difference is the transient period
of the parameters, where the conventional system takes a
longer time to stabilize the output and also having
irregularities at steady state compared to other MPPT
algorithms. Most MPPT algorithms are able to define the
transient period clearly and also stabilize the output quickly,
thus providing optimization to the system performance.
Different types of MPPT algorithms will affect the outcome of
voltage, current and power performance. Some MPPT

algorithms, such as P&O and HC causes huge voltage and
current ripple in the circuit, hence they are less suitable for
performance optimization due to the fluctuation of the output
that causes instability in performance. Generally, MPPT
algorithms are able to provide an adequate power efficiency
for input power and output power compared to conventional
battery charging system without MPPT, with the INC
algorithm provides the best optimization when looking at the
composite outcomes together. The objective for improving the
performance of battery charging system using MPPT
algorithm is achieved with the results of current, voltage and
power being presented showing which MPPT algorithm solves
or mitigate the issues better. The difference between the
performance of the conventional solar battery charging system
with MPPT-based solar battery charging system are also
realized based on output graphs and error comparison, with
causes and effects analyzed thoroughly. For the best MPPT
algorithm for the solar battery charging system, it is proven
that INC achieves the best result through experimentation.
However, the P&O algorithm performance is difficult to
evaluate with various potential reasons such as coding and
battery charging issues. More concrete method of obtaining
and comparing results can be further continued by varying the
irradiance and temperature for further research. The P&O
algorithm can be researched further for causes of the unusual
waveform result in the coding. Besides, more data of
irradiance and temperature from real world can be researched
and applied into the study to improve the comparison of the
MPPT algorithms with real life application.
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