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Abstract

With an increasing interest in outdoor recreational activities such as hiking and camping
and an increasing reliance on portable gadgets, the demand for portable power solutions
is expanding. This project aims to design and prototype a solar fed portable charging

module to address such a demand.

The aim of the project is to efficiently extract solar energy and support charging of a
power bank. The system architecture consist of an input from a solar panel, the designed
DC-DC converter and a power bank as energy storage source. To efficiently extract solar
energy, a Perturb & Observe based Maximum Power Point Tracking algorithm, along with
the suitable charging control logic is implemented. The DC-DC converter and the control
algorithm is verified using MATLAB Simulink. Following the simulation, a hardware pro-
totype PCB is designed using KiCad with the control logic implemented on the Arduino

platform.

While the basic functionality of hardware is tested, further testing of the DC-DC converter

with the implemented control logic needs to be performed in the future.

Key Words: DC-DC converter, MPPT, Solar, Battery Bank, Charging.
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Introduction

1.1 Background

Outdoor activities such as camping and hiking are on the rise in the USA and Europe,
with a sharp increase in recent years following the covid-19 pandemic [1] [2]. Such rising
interest in outdoor activities also come with an increasing reliance on electronic devices
such as smart phones, GPS navigators, speakers and lamps used for essential functions and
entertainment purposes. This growth creates a demand and market for portable charging

modules that can power the electronic devices brought along during the outdoor activities.

Employing renewable energy sources to power the electronic devices is a cleaner, envi-
ronmentally friendly and sustainable solution. It is also better suited for implementation
in portable small scale applications due to its modularity and resource-independency, as
compared to fossil fuel solutions [3]. This makes renewable energy solutions both a more

marketable and more effective alternative for portable charging modules.

One of the renewable energy sources that is widely used to generate electricity is solar
energy. Solar energy conversion accounts for 7% of the electricity produced globally [4].
Solar panels are commonly made up of arrays of photovoltaic cells that convert this solar

energy into electrical energy.

Among the commonly employed renewable energy sources such as wind energy, hydro
power and bio energy, solar energy generation is often more practical and advantageous
in terms of portability, modularity and ease of setup [3]. It is also silent compared to
other energy solutions, such as wind turbines which often lead to local noise pollution,
and has a good longevity as well as a low maintenance cost [5] [6] . The advancement of
photovoltaic cell research has also resulted in the development of light, thin and flexible
foldable panels which furthermore make PV arrays a promising choice for applications in

hiking and camping scenarios [7].
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However there are a few challenges that need to be addressed when utilizing photovoltaic
solar panels. Due to their semiconductor structure they exhibit a non linear electrical
characteristic [8]. This can be shown in the I-V characteristics of solar panels, where
it can be seen that the panels can provide constant voltage over a range of operating
currents, up until the curves knee point. Near this point the panel operates at its MPP,
where the maximal amount of power is extracted by the cells. Beyond this point where
the curves knee point is reached, small increases in current result in drastic decrease in
voltage, leading to a collapse of the power output. The non linear I-V characteristics
of the PV panels and their MPP is also sensitive to environmental conditions such as
temperature and irradiance [8]. Therefore a suitable control system, a MPPT system, is
required in applications utilizing PV panels, to avoid the panels moving away from their
optimal operating point, MPP, which would result in poor energy extraction and less

power provided to the application, making it less efficient.

Another challenge that arises with solar energy sources is their dependency on weather
and time of day, there is a need for energy storage capabilities [9]. A common way to solve
this problem is to integrate a battery that will allow for storage of energy during periods
of excess power generation and that can then be utilized as a supplement or replacement

during poor energy production conditions, such as nighttime and cloudy weather.

Among the available energy storage solutions, lithium ion batteries are widely used in
portable applications due to their low weight, high energy density, long life cycle and
relatively low self-discharge rate [10]. However, lithium ion batteries are sensitive to over-
charging, deep discharge and thermal stress. Therefore a BMS is required to ensure safe
charging of the batteries [11]. Further lithium ion batteries have different charging states,
constant current state and a constant voltage state, for which the charging must be reg-
ulated [9]. A DC-DC converter can be used in combination with control logic in order to

regulate the electrical parameters to ensure they are adapted to these states.

1.2 Purpose and Objectives

The purpose of the project is to design and build a prototype of a solar powered charging
module that is both able to extract maximum energy from the solar panel, thus increasing
efficiency, and has integrated power storage capabilities, ensuring a more dependable

charging ability.

The following objectives, as listed below are formulated to achieve the purpose of the

project:

1. Design and dimension a DC-DC converter in the module to meet the charging
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requirements of the battery.
2. Design and implement a hardware prototype of the module.

3. Implement a MPPT method that will ensure maximum energy extraction from the

PV array

4. Implement the charging control profile with a constant current and constant voltage

mode to ensure safe and efficient charging.

1.3 Scope

The aim of this project is to demonstrate the feasibility of the concept and to produce
a working prototype. This means many features that would be expected of a consumer-
ready product will not be implemented. The following points are considered beyond the

scope of this project.

1. While the project initially aimed in implementing a multi output converter for multiple
loads, the current scope of the project is restricted to demonstrating the charging of a

battery bank from the PV source due to time constraints.

2. The built hardware prototype is tested with a commercial power bank purchased, in

place of the standard lithium ion battery to ensure a safe initial testing environment.
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Technical Background

In this chapter, the technical aspects of the main components involved in the project are

discussed. Figure 2.1 presents the block diagram of the proposed system.

ﬁ DC-DC converter with —
7 I MPPT control logic - el

lo] |Vo

PWM

Vm

O

Microcontroller
Unit

Imp

Figure 2.1: Block Diagram representation of solar fed battery charging circuit

2.1 Photovoltaic Array

Photovoltaic systems are renewable energy solutions that harness solar power to generate
electricity. Solar cells are the fundamental components of photovoltaic systems, which are
responsible for the conversion of solar energy into electricity [12]. They utilize p-n junction
semiconductors and work on the principle of the photoelectric effect. When the cell is hit
by photons from the sun, with energy exceeding the semiconductor bandgap, the electrons
in the conduction band are ejected and electron hole pairs are created on both sides of
the junction. These charges are diffused over the junction and are accelerated in opposite

directions due to the junctions internal electrical field, creating an electric current.

2.2 Maximum Power Point Tracking

The behavior of a PV array is generally depicted in terms of the I-V and P-V character-

istics. These are dependent on temperature and irradiance. Figure 2.2 presents the -V
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and P-V characteristics of a PV array at temperatures of 25 °C and 45 °C respectively
with a irradiance of 1000 W/m?.

Isc
060 EIp
Imp 0,55F
<04
Sozt '
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!
0= » il {.;
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Voltage (V) Vmp
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Power (W)
L

25

Voltage (V)

Figure 2.2: Photovoltaic Array Characteristics. Generated using MATLAB Simulink.

Due to the semiconductor structure of the photovoltaic cells, the PV array exhibits non
linear electrical characteristic, which is demonstrated by the graphs as shown in figure 2.2.
The PV panels exhibit a constant current characteristic until reaching a specific voltage
threshold [8]. Beyond this point the current rapidly declines as the voltage increases. This
transition is called the knee point and near this point lies the maximum power point of the
solar panel. The maximum power point is depicted by the red and blue circle in the curve
corresponding to 25 °C and 45 °C respectively. It is important to operate the solar panels
at this point to ensure maximum power extraction. To achieve this, a suitable MPPT
algorithm is implemented in the controller, which controls the operating duty cycle of the

DC-DC converter which regulates the power flow between the solar panel to load.

There are different methods employed to achieve MPPT. Some of the methods commonly
used are P&O, Incremental conductance, Fractional open circuit voltage, Fuzzy logic
control, Particle Swarm Optimization methods etc. Among the MPPT methods, P&O is
the simplest and easiest to implement and is widely employed to perform maximum power

point tracking [13]. The approach is showcased in figure 2.3.
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Figure 2.3: Power Voltage Characteristic of Solar panel with the P&O MPPT method
[14] © [2017] IEEE.

In this method, the controller adjusts the operating voltage of the array by a small in-
crement (dV) and measures the power delivered by the PV panel. If the power delivered
is increased in comparison to the previous power (i.e. dP/dV is positive), then the con-
troller continues to adjust the operating voltage of the array in the same direction, until
the power no longer increases, i.e. dP/dV = 0. This points corresponds to the MPP of
the PV curve. The method is called perturb and observe, since it involves adjusting the
operating voltage and observing the corresponding changes in power. If the power in-
creases (dP/dV > 0), the algorithm continues to increase in the same direction, otherwise
if dP/dV < 0, the algorithm reverses the direction of perturbation.

2.3 DC-DC Converter

In a photovoltaic system, a DC-DC converter serves as an important interface between
the PV source and the load. DC-DC converters are commonly employed to convert and
regulate the voltage / current at the source to meet the load requirements [15]. The output
is regulated by involving switching of one or more transistors usually MOSFETs. The
switching of the MOSFETs is controlled by adjusting the switch ON and OFF duration
(To, and T,fy), using a PWM signal.

2.3.1 Buck Converter

One basic topology of DC-DC converters is the buck converter. It is a step down converter,
which produces a lower output voltage compared to the input voltage [15]. The basic
electrical schematic for a buck converter, with a MOSFET as switch is presented in figure
2.4.
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MOSFET L
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Figure 2.4: Circuit Diagram of Buck Converter

The input - output voltage relation in a buck converter is given by

‘/out =D- Vrm (21)

where D is the duty cycle for the switch [15]. If power losses are neglected making input

power equal output power, input - output current relation is given by

Iin

Iout — 5 (22)

2.3.2 Boost Converter

The other basic topology of DC-DC converters is the boost converter. It is a step up
converter that transforms a lower input voltage to a higher output voltage [15]. The basic

electrical schematic for a boost converter, with a MOSFET as switch, can be seen in figure

2.5.

L D
NN Di
. D
Vin] MOSFET Cl TR
T Jn -1 Vout
G s

Figure 2.5: Circuit Diagram of Boost Converter

The boost-converter alters the output voltage according to the equation

Vin
1-D

‘/out = (23)

where D is the duty cycle for the switch [15]. Assuming no power losses, the input output

7
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current in the boost converter is given by

Iout - Iln : (1 - D) (24)

2.4 MOSFETs

In switched mode power converters, the switching element plays a critical role in transfer
of energy from source to load [16]. Typically MOSFETs are used as switching elements in

DC-DC converters because of their fast switching ability and low conduction losses [17].

Gate
Source
LN LN ]
Pt P*Bodyf
N°  Epitaxial
layer
N* Substrate

.

Drain

Figure 2.6: MOSFET structure [16] © [2015] IEEE.

A MOSFET is a semiconductor device with three terminals consisting of gate, drain
and source as shown in figure 2.6. It has an operating behavior that can generally be
divided into three region: cutoff, saturation, and the resistive region [18]. In the cutoff
region, the device ideally conducts no drain current. In the saturation region, the drain
current is mainly controlled by the gate to source voltage which allows the MOSFET to
be modeled as a voltage-controlled current source. The resistive stage the device behaves
more like a voltage-controlled resistance between drain and source. This property makes
the MOSFET able to work as an electrical switch, since the gate voltage can be used to

control the on or off state.

2.5 Controllers

Controllers are used to regulate the behavior of a machine or a system. One type of con-
troller is called MCUs which is widely used for embedded control of different processes
in equipments [19]. Furthermore MCUs are considered programmable controllers even if

they are not used on an industrial level like other types of controllers. The major key

8
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advantage that makes MCUs suitable for smaller embedded systems is their input/output
configuration which are located on a single chip which allows the MCU to be a stand-alone
send /receive system suitable for applications such as simpler electronic converter systems

or control systems.

For smaller prototype projects with low to medium complexity in control logic, a good
choice of MCU is an Arduino because of their easy-to-use interface making the user expe-
rience simple and accessible [20]. An Arduino is an MCU with both hardware boards of
which could be ordered but also a software that is an open-source electronic platform. To
adapt a system to the functions intended by sending instructions from the board, there
are two ways to make an Arduino send those instructions. One way is to use the Arduino
programming language based on the wiring of the board and the other way is to use the
Arduino software (Arduino IDE) which is based on programming with C++ instead of
the wiring of the first method [20].

One method for controlling the switching of MOSFETs in DC-DC converters is PWM.
This method employs switching at a constant frequency, making a constant switching
time period Ty = Ty, + T5ss, and regulating the on duration of the MOSFET, the duty

cycle, in order to control the output voltage [15].

The switch control signal that controls the state of the switch, is generated by comparing
a signal level control voltage v-control with a repetitive sawtooth waveform. When the V,
exceeds the v-control the switch control signal demands the PWM signal to turn on and
vice versa. Usually the control voltage is taken from an amplified error, or by calculating

the difference from the output and a theoretical reference. In figure 2.7 this can be seen.

A

YONeA A/
Vso

| I I
T T —— ""t

| I I

Vs | I I

S | I I
(1-D)t Dt >

Figure 2.7: Pulse width modulation [21] © [2007] IEEE.

There are several advantages to using PWM techniques. Firstly they are easy to implement
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and control. Secondly they lead to a lower power dissipation and reduce the amount of
lower order harmonics [22]. For converters and inverters, a well selected PWM signal leads
to reduced current ripple [23]. This can also be seen in the formula for current ripple in

a buck converter
(Vingumas) — Vour) D

fs-L

Al =

which shows how the Inductor ripple current improves with a higher choice of switching

frequency [24].

2.6 USB

USB is a widely adopted connector standard designed to handle both data transfer and
power delivery through a single port [25]. These USB connectors can be distinguished
in two different ways, connector shape and version. The letter denotes the shape of the
connector and the number denotes which version and thereby the transfer speed and

current levels.
USB type A 2.0 contains the following pins:

e Vpgus: The power carrying channel that provides voltage and from which the con-

nected device can draw current.
e GND: Return channel for the signal.
e D+ and D-: The data pins enable the transfer of data and signaling.

The data pins can be connected to a processor and used to transmit data [26]. If data
transfer is not needed, for example in a charger, the data pins can be disconnected, this
signals to a connected device that only the standard 500mA can be drawn from the
receptacle. If the data pins are shorted to each other, it signals to the device that it is

connected to a dedicated charging port, allowing for higher current draw.

2.7 Battery

One of the important components in a solar based battery charging system is the energy
storage interface, i.e. the batteries. In general, lithium based batteries are employed due
to their high energy density and longer life span. A multi stage charging profile (CC /
CV) is required by the battery to ensure efficient energy transfer from the source over the

battery’s lifespan [9]. Figure 2.8 presents the charging profile of lithium ion battery.

10
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Figure 2.8: CC CV [9] © [2012] IEEE.

The charging process begins with bulk stage (CC), where the controller maintains a
maximum steady current, I, _,,.., While the battery voltage rises to safe transition voltage
corresponding to approximately 90% of state of charge (SOC). Then the system operates
in the absorption stage, where the current is gradually reduced until it reaches a predefined

termination current.

The charging control logic for the battery is implemented using an MCU as discussed in
earlier section. The controller drives the converter in current control mode, and adjusts
the duty to draw maximum power from the source [27]. At the transition threshold, the
controller switches from current control mode to voltage control mode. Furthermore the PI
controller implemented on the Arduino, measures the error between the reference voltage
and battery voltage, controls the duty cycle to ensure the voltage does not exceed the
reference voltage and allows current to gradually lower to the termination value. The

transfer function of the PI controller is given by

K

Go(s) = K, + ? (2.5)

where Kp corresponds to proportional gain and Ki corresponds to integral gain. The
proportional and integral gains are tuned to achieve optimal transient and steady state

respomnse.

11
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Method

This chapter discusses the method involved in the design and implementation of the DC-

DC converter for solar fed battery charging.
The complete system is visualized as

1. Input stage, which involves selection of appropriate solar PV array

[N}

. Power stage, which involves selection and design of a suitable converter topology

w

. Output stage, selection of suitable battery for camping application

4. Sensing stage which involves the design of current and voltage sensing circuits
5. Control stage, which involves all for the implemented control logic

6. Protection, which includes the different forms of preemptive protection

The following subsections discuss the design and selection method associated with each

stage. The figure 3.1 below is an illustration of the whole system with descriptions.

Microcontroller
Unit

Reverse

Ve
WM
Driver IG

Figure 3.1: Illustration of the System
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3.1 Input Stage

As discussed in the previous sections, the input to the converter is from the PV array. The
PV array is selected based on certain factors such as power consumption, portability, and
the environmental conditions during camping. Since the goal is to provide power to low
power loads and a high degree of portability, the load power requirement is considered to
be to charge a battery or an equivalent power bank of 10 000 mAh. The power bank had
an input voltage of 5 V and maximum input current of 3 A. Therefore as to not exceed
the power consumption of the power bank, a PV panel with 15 W output would be ideal.
However the closest option that did not exceed maximal consumption was a PV panel

with 10 W maximum capacity.

A PV panel with an operating voltage of 18.5 V and 0.55 A at maximum power point
was selected for implementation. Though a foldable panel would be a preferred choice,
the Seeit 10 W panel is selected considering the cost and availability [28]. It has an open

circuit voltage of 22.5 V and a short circuit current of 0.59 A.

3.2 DC-DC Converter

Based on the selected PV array and load dimensions, a buck converter which is simple
and provides a lower output voltage and higher output current in comparison with the

input is found suitable to implement for the power stage.

3.2.1 Inductor Selection

The inductor in the buck converter is designed such that the inductor current ripple is
between 20 to 40 % of the output current. The output current considering the solar PV

operating at maximum power point is computed as follows.

The variables already decided are:
Vin = 18.5V Vour = 5V

I, = 0.55A fs = 50000H =

Combined with the estimated voltage ripple these are the only necessary variables to
dimension the rest of the buck converter [24]. The output current could then be calculated

by first calculating the maximum duty cycle

. ‘/out - 5 o
C Vinen 185-0.9  16.65

D = 0.3003 (3.1)

13
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and then using this in the formula for I;,.

I 0.55
[ tin o U990 gaon 2
D~ 03003 (3:2)

From equation (3.2) the inductor ripple could be estimated in the following equation.
Al =(0.2t004) -1, = 0.3 selected = 0.3-1.8315 = 0.549A (3.3)

Where 0.3 is selected as an estimation. With the switching frequency of the converter
considered as 50 kHz and considering the current ripple to be 30 % of the load current,

the inductance is calculated as

Vout * (Vin — Vour) 5-(185-5) 675

= = =0.133-102=133-10°H
Al - f -V 0.550 - 50000 - 18.5 508000

(3.4)

I —

To ensure that the inductor will function properly and the maximum current carried by

the inductor is within the saturation current, I} _,,.. is calculated as

Al 0.550
L= =" +1,= =2 +1.832 = 2.106A (3.5)

The saturation current for the inductor is 4 A, almost twice of I _,,q., Which means that
the maximum inductor current will not enter saturation current levels [29]. This is also
within the maximal current rating for the N channel MOSFET, which is 5.7 A.

3.2.2 Switching Elements

The switching elements used in the buck converter is an N-channel MOSFET and a diode.
The N-channel MOSFET is primarily selected based on the maximum voltage blocked by
and the current carried by the MOSFET. In the design, the largest voltage blocked by the
MOSFET is the input voltage, which upon operation corresponds to 22.5 V. Similarly the
maximum current carried by the MOSFET is approximately around 0.59 A. Considering
safety margins, the N-channel MOSFET A03400, with 30 V and 5.7 A capability is selected

for implementation [30].

Similarly the diode is selected such that it blocks the input voltage and carries the average
load current. Thus, RS PRO 2545714 is selected for implementation.

14
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3.2.3 Input and Output Capacitor

The input capacitor in the buck converter is primarily selected based on the root mean
square value of the input current ripple and input voltage ripple [31]. Considering the
maximum input voltage tolerance to be within 5 %, the maximum input voltage ripple
could be calculated as

AV, = 18.5-0.05 = 0.925V (3.6)

From this the minimum value of the input capacitance is given by

D(1 - D)I,
AVin - fs (3.7)
= (C;, >832-107°F

The rms value of input current is given by

1 2
Iin rMS max = IOJ D(1—-D)+ ') < > (1-D)>D =0.837A (3.8)

Lfs 1,

Meanwhile, the maximum output voltage should have a lower tolerance for ripple. The
chosen tolerance is therefore only 1% and for the output the voltage is 5 V which makes

the maximum output voltage ripple

AV = 5-0.01 = 0.05V (3.9)

Based on this C,,; is calculated as

Aly

C(ou >
' S'fs'A‘/out

= Coyt > 2747-10°°F (3.10)

Cin and C,,; is the minimum and therefore the real dimension of the capacitors is larger

than this and tested both within the simulation and in the prototype.

3.2.4 Driver Circuit

Firstly the driver IC needed to be able to support a high side MOSFET meaning the driver
IC needed to provide a gate source voltage greater than the gate source threshold voltage
of the MOSFET. It also had to operate below the maximum gate-source voltage allowed
for the chosen MOSFET, 12 V. It also needed to be fast enough to effectively charge and
discharge the MOSFET gate at pace that would not lead to switching delays and losses.

15
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IR2101 600 V high-side and low-side gate driver IC fit the criteria, however its normal
operating point is 15 V, which exceeded the MOSFETs maximum gate-source voltage.
This could be fixed by providing a lower voltage to the driver, effectively inhibiting the
operating voltage of the driver to be below the MOSFETs maximum allowed value. To
confirm that the driver is fast enough to charge the MOSFET gate the charging time is

calculated as

t~ @

~
[driver

(3.11)

where t is the switching time, (), is the total gate charge and Igyiver is the current provided

by the driver

From the datasheet for the P-channel MOSFET and driver IC, Qgmee = 7nC and

Liriver,min = 130 mA. This gives the calculation

_ 7x107°

e 5.4 x 107%s = 54 ns (3.12)

which means the driver can switch at an acceptable rate even in the worst case scenario,

since it is a lot faster than the systems switching frequency of 50 kHz

3.2.5 Boost regulator IC

The boost regulator IC had to be able to power both the driver IC and the Arduino. In
order to do this it would have to be able to boost the voltage from the DC-link from 5 V
up to 11 V, which was an acceptable voltage to power both the Arduino and the driver.
It would also need to transmit enough current for both components. A good choice for
this was determined to be the MIC2296 - High Power Density 1.2 A Boost Regulator [32].
The boost regulator IC had to be dimensioned to regulate the voltage up to the desired

11 V. This step up regulation was determined via the following relationship.

Vou
R =R, (v ; - 1) (3.13)

For the boost regulator IC, the variables are

‘/out - 11V
Vier = 1.24V
Ry = 2.7k}
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which gives the value of R1 as
Ry = 21.3kQ2

3.3 Output Stage

First the plan of the project was to select a battery with suitable capacity. However,
considering the safety and protection, for the testing of the hardware prototype, a power
bank of 10 000 mAh is selected, specifically a Nebo power bank with a charge display to
monitor the charging, with max 5 V and 3 A charging [33]. The power bank is connected
to the hardware prototype through a USB type A port available on the designed PCB.

Originally the plan was to use USB type C which is a modern and widely adopted standard
and as such would be useful for supplying power to the power bank, however due to the
compact and complex wiring of USB type C the older and simpler, but still ubiquitous
USB type A was chosen. Specifically version 2.0 as it only relies on four conductors: two for
power delivery (VBUS and GND) and two for data (D+ and D-). This simplifies the PCB
layout without limiting performance since the data pins were also shorted to configure

the port as a dedicated charging port. Allowing more than 500 mA to be provided.

3.4 Sensing Stage

To implement MPPT and to regulate the current flowing through the battery, it is im-
portant to sense the PV panel input current and voltage as well as the output battery

current and voltage, the sensing circuits were selected as follows.

3.4.1 Current Sensing

To sense the input and load current in the converter, a current sensor was implemented,
the current sensor chosen for this project is from Allegro Microsystems ACS723 series
[34]. Tt is used for the ability to measure and monitor the current throughout the system,
specifically before and after the DC-DC converter. The measuring range for the ACS723 is
5 A this being close to the highest current of 3 A, ensuring an accurate reading. Another
important factor is the resolution, meaning how much the voltage changes per unit of
current. The selected current sensor has a resolution of 400 mV /A giving a high accuracy
and relevance when measuring low currents. Moreover the minimum voltage is 4.5 V and
maximum voltage is 5.5 V working flawlessly with the stable 5 V being used in this project.
However using this sensor close to other electrical noise can influence the signal. A simple

and effective method to counter interact this is to introduce capacitors to the filter pin.
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3.4.2 Voltage Sensing

The input voltage from the PV array is sensed and scaled to match the analog digital
conversion ability of the controller by using resistive voltage dividers. For voltage dividers

the relation is described as following [35].

Ry

V;)u - ‘/zni
! Ry + R,

(3.14)

The output voltage is estimated to be 70% of Vj,. Since the Arduino controller takes a
maximum of 5 V and for safety reasons this is estimated with a 30% lower output. For

the voltage divider at the PV array this gives

Vin="5V, V=35V (3.15)

By expressing the ratio between R; and R,, it can be written as

Ry = 043 Ry (3.16)

R5 is selected to be 10kS2, which gives the resistances for the first voltage divider as

Ry =4.3kQ, R, =10k (3.17)

For the second voltage divider by the battery, using the same method but with the values,
Vo = 3.5V and V;,, = 18.5V with Ry = 10k(2, this gives

Ry =22kQ, R, =10k (3.18)

3.5 Controller Stage

The Arduino platform of microcontrollers is chosen due to the project groups familiarity
with programming them, and the approachable nature of the platform allows for rapid
software development, leaving more time for hardware development. The Arduino mega
2560 was chosen in part due to its extensive /O capability, featuring many analog in-
puts useful for monitoring voltages and currents, and PWM-enabled pins to control the
MOSFET. It also has a large amount of memory, allowing for more memory-intensive

operations and a sufficient clock rate for the application. Dedicated hardware timers also
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allowed the MOSFET switching to be run in the background so the main CPU can focus

on the control logic.

As mentioned in section 3.2.5, a boost regulator IC was added to supply the driver IC,
but also to supply the Arduino with power.

3.6 Protection Circuitry

The most important factor when deciding fuses is the break current, furthermore keep in
mind the placement, since the current can be different throughout the system. Another
factor to attend is ripple, which needs to be accounted for when deciding the operating
current. Both of the previous statement pointed towards Legrand 3 A with the maximum
current point equaling 3 A. The reason for adding fuses is to protect the system from

overcurrent.

The same criteria as the previous N-channel MOSFET applies in a similar manner for
the P-channel MOSFET. The highest voltage scenario for the P-channel MOSFET is 5 V
and for the current it is 3 A. All this confirming the SQ2351CES P-channel MOSFET is

sufficient [36]. This is implemented to protect the circuitry from reverse polarity.
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4

Simulation and Hardware Prototype

Development

This chapter discusses the aspects associated with Simulation and Hardware prototype

development.

4.1 Simulation

It is important to understand the behavior of DC-DC converter circuits and control al-
gorithms involving interactions with the PV array and the battery at different irradiance
conditions and state of charge of the battery . The main purpose of simulating is to prove
that the theoretical principle of the project is working and to determine what components
need to be a part of the module in order for it to function properly. MATLAB Simulink
was used to create the simulation model which mostly used components from the special-
ized power systems library. The model consists of a PV array, a buck converter, a battery,
some measurement blocks, and a MATLAB function block used to implement the MPPT
algorithm corresponding to the P&O method.

4.1.1 PV Array

The PV array was the first component that was chosen, that emulated the characteristics
of the solar panel. This was important because all components of the system had to be
compatible with this array in order for the system to function properly. The PV array

from the specialized power systems library is shown in fig 4.1 below.
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(a) PV array from specialized power sys- (b) PV array characteristics
tems

Figure 4.1: PV array model and parameters. Taken from MATLAB Simulink.

The PV was matched with characteristics from commercially available photovoltaics sys-
tems. The characteristics were therefore set to match with the datasheet of the chosen
PV array for this project [28]. Those characteristics taken from the datasheet can be seen

in figure 4.1.

Figure 4.1 is the exact implementation of those characteristics but adapted for this specific
component block. This was very important for the simulation because otherwise all the
dimensioning and measurements would not be giving results of value for this project.
Because of this the whole simulation is modeled according to how these characteristics

were set.

The P-V and I-V characteristics of the PV array are visualized in figure 4.2 using the plot

option in the PV array block, and checked at specified irradiance and temperature.
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Figure 4.2: Graph characteristics of the PV array. Generated using MATLAB Simulink.
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4.1.2 Battery

In order to simulate a load or battery, there were two options that could have been used.
One way to simulate this is to use an ideal voltage source that represents a load or the
charging of a component. But for this model, the second option was implemented which
was to use a battery from the specialized power systems. The battery and its parameters
are shown in figure 4.3. The various parameters such as the battery chemistry, nominal

voltage and rated capacity are added based on the selected power bank.

Block Parameters: Battery X
o - Battery (mask) (link)
Implements a generic batrery model for most popular battery types.
- Temperature and aging (due to cycling) effects can be specified for
Lithium-Ton battery type.
.
E m > Parameters  Discharge
Nominal wltage (V) 4.5
a -+ Rated capacity (Ah) 10
Initial state-of-charge (%) 89.65
Battery response time (s) 0.01
(a) Battery from specialized power sys- (b) Battery characteristics

tems

Figure 4.3: Battery model and battery parameters. Taken from MATLAB Simulink.

The reason for using this option instead of the ideal voltage source lies within the battery
component. When choosing the characteristics for this battery it was rather easy to match
it with the power bank chosen. This made the simulation more realistic and easy to

implement compared to the other option.

4.1.3 DC-DC Converter

When the PV array and Battery had been selected, a buck converter was constructed
and connected to both the PV array and the battery. The buck converter consists of a
MOSFET, diode, inductor, and capacitors. These are then connected to a load. This is
seen in figure 4.4. The parameters of the various components in the converter are updated
based on the calculated values from dimensioning of components discussed in the previous

chapter.
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Figure 4.4: Simulation model of buck converter. Generated using MATLAB Simulink.

The MOSFET which could be seen on the top left of figure 4.4 is connected to the PWM
generator which receives a duty from the later mentioned MATLAB block in order to
switch the MOSFET. After this component there is a diode, followed by an inductor and
a capacitor. The buck takes a higher input voltage and lowers it to match with the load
of the system. It is with the MOSFET that the whole system is controlled by receiving
a specific duty cycle. With the MOSFET the system can adapt to different inputs and
arrays in order to operate in the MPP thus making the MOSFET the component which
is most important for the system to work according to the characteristics of the PV array.
The method implemented for the MOSFET to operate like this is the earlier mentioned
P&O method which will be described further in the control algorithm section. The control
logic is implemented through the use of a MATLAB function block, seen in figure 4.5

PV

s 4l
¥State‘ Df

fcn
P Vout

Figure 4.5: MATLAB block with inputs and output. Generated using MATLAB
Simulink.

By placing measurement blocks on the input voltage,input current, output current and
the state of charge on the battery the MATLAB function receives all input needed for
both implementing MPPT and simulating the current drop when the battery is charged
to 90% and changes charging state. The MATLAB block then returns the duty cycle for
the MOSFET of the buck.

Inside this block the MATLAB code for the control logic lies. The MATLAB block is a

theoretical version of the MCU which was used for the hardware prototype.
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4.1.4 Model

Figure 4.6: The whole simulation model. Generated using MATLAB Simulink.

In figure 4.6 the system is presented as a whole. From the left there is first the PV array.
The PV array is the energy source of the system and it gives both the input voltage and
input current. The rest of the system is designed to be able to handle the requirements
of this component. After the PV array the buck configuration is connected. The buck
converter is as previously mentioned, the part which takes the input voltage and input
current and lowers it to match with the load. Additionally it is the part which makes the
system function to match with the MPP. Therefore the MOSFET could be seen in fig 4.6
being connected to the MATLAB block. From the MATLAB block all the measurements

could be seen being connected. Those measurement are:

Input voltage, connected from the pv array output

Input current, connected from the pv array output

Output voltage, connected from after the load

Battery state of charge, connected from after the battery

These are all measurements needed to properly control the MATLAB block and send a
duty to the MOSFET.

There could also be seen that the input measurements are connected to a zero-order hold
block. This block converts a signal to a discrete time signal with a set sample time. This
makes the system more stable by holding a sample for a certain time before then sampling
once again. After the buck converter, the chosen load could be seen which is the battery.
From this battery there are multiple displays which is important to have so that the out-

put side of the system has readable results. Around the system there are multiple scopes,
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those are the best way to see results when simulating as they properly display the os-

cillation of the system and give a timeline display for when the system operates differently.

The system aims to match with the characteristics of the PV array and these charac-
teristics is set to match with a commercially available real PV array. This was important
to have the simulation output results matching as close as possible to a real life scenario
and to be able to use results from the simulation to enhance the prototype development.

In figure 4.7 the characteristics that the system aims to meet are shown.
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Figure 4.7: Graph characteristics of the PV array. Generated using MATLAB Simulink.

The system as previously mentioned aims to operate in the MPP which could be seen in
the graph. For the chosen PV array this is when: V, is equal to 18.5 V and [;,, is equal
to 0.55 A. MPPT is used until the battery reaches 90% state of charge. When this occurs
the duty cycle is changed to move the operating power point right on the graph which
leads to a higher input voltage but a lower input current. The reason for this is to match

the characteristics of the battery which is discussed further in section 2.7 Battery.

4.1.5 Control Algorithm

The code for the P&O method implemented in the code function block was derived from
the flowchart presented in figure 4.8 [37].
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Figure 4.8: P&O MPPT method [37] © [2015] IEEE

D=0-AD |

Figure 4.8 shows how the duty cycle will get corrected in order to reach the MPP by
iterating and comparing previous values to new ones [37]. The method starts with sampling
both the input voltage V(k) and the input current I(k). From the input voltage and input

current the power is be calculated as

P(k) = V (k) I(k) (4.1)

The calculated power is then compared to previously calculated power which can be seen

below
P(k) > P(k—1) (4.2)

After this the previous voltage is compared to the new voltage
Vik)>V(k-1) (4.3)

Depending on wether the previously sampled powers and voltages are higher or lower, the

duty cycle is changed by either slightly increasing the duty cycle

D =D+ AD (4.4)
or slightly decreasing the duty cycle

D=D-AD (4.5)

After this the new duty cycle is returned and the simulation iterates once again. This

takes place continuously during simulation and is the main principle of the P&O method.

26



4. Simulation and Hardware Prototype Development

The starting duty in the code is set at 0.5, and the change in duty is set as 0.005. The
current at the maximum power point is ensured such that it is within the maximum
current limits of the battery. In case this is exceeded, then the current is limited to the

maximum charging current of the battery.

When the state of charge of the battery exceeds 90%, the system enters CV mode. In
this mode, a PI controller regulates the voltage, and ensures to gradually slow down the

charging current. The MATLAB code used for implementation is presented in Appendix.
A.

4.2 Hardware Prototype Implementation

The purpose of the prototype is to demonstrate the functionality specifically the MPPT
performance and charging efficiency making the portable PV array for camping a reality.
The prototype will be the full system (PV array — MPPT converter — power bank)
with main focus on the MPPT charging. Heavily based on the Simulink simulation and
principles in previous sections this is a physical manifestation on the theoretical solution.
The following part will entail the process from the beginning of the design to the final
prototype. Starting with inspiration from the simulation with the KiCad schematic, lead-
ing into the layout design. Using multiple different methods and materials to create a

working prototype with iterative development.

4.2.1 Schematic Design

The PCB was created with KiCad to integrate the solar panel system. Including the dif-
ferent current, voltage sensors and the overcurrent- and reverse polarity protection. The
first step is to create a schematic layout that closely resembles the simulation. However
since the simulation ends right after the MPPT the rest of the design was made from
scratch. Taking the time and iteratively adding components and calculating not only the
correct values but also the corresponding size. And using reference points from the differ-
ent data sheets made this process possible, this was especially handy with more complex
components. For example the IC regulator where the needed information regarding the
correct use case is presented in the datasheet [32]. However for some scenarios assump-
tions were necessary and have been selected with safety in mind, which led to adding
multiple redundancy component slots and overrating which is a standard power electron-
ics selection practice. The components were selected to follow all our previous results and
decisions mentioned earlier in Dimensioning and Component selection. Safety is always a
high priority, deciding to use fuses in at least two places to protect the circuit and the

people working on it. The first place is right after the input from the PV panel to prevent
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unexpected current values directly from the start. Whilst the other fuses are placed to-
wards the end of the system before the charging of the power bank. Where reverse polarity

protection was added to protect the circuit from accidental incorrect voltage application.
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Figure 4.9: Schematic Design. Generated using KiCad.

4.2.2 PCB Layout

The generation of the layout design is simplified by a detailed schematic design. The
placement strategy was boils down to placing related components in close proximity to
each other, this is more important for the power traces so they do not meet the thermal
limitation since they convey higher currents. Another benefit is that it is easier to read the
overall circuit when related components are near each other. There are two different trace
widths which also played a role in the placements. With the thicker traces corresponding
to the power lines and the thinner ones are control lines. With all this in mind there is

an infinite amount of different routing options, each with pros and cons.

A compact board matching the Arduino’s height is great for improving the manufacturing
aspects. Trying to reduce the amount of space the whole PCB takes requires planning and
realigning the components to get short and concise paths. This was possible with the use
of multiple copper layers, for this design two was used. These were for the traces so that
no overlapping occurs, since twice the amounts of connections are possible with the same

PCB dimensions. Further extending this concept, with the implementation of a ground
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plane on the top layer, this exists for the sole purpose of giving quick and direct access
to ground throughout the whole system. Utilizing these layers greatly reduces the length
and complexity of the final design. However components close together can introduce
electromagnetic noise, to counteract this, careful component placement is necessary. On
the other hand heat distribution did not get enough attention, and should have been
discussed further. Since this can lead to components not behaving as expected and even
in specific cases melt. Honing in on the specific trace width previous mentioned, the

maximum current is 3 A meaning a power trace of 1.5 mm will suffice [38].

The biggest challenge was getting all of the connections from the schematic to match and
work with the layout. Within this process all of the previous things mentioned needed to
be taken into account whilst finding a compromise on compactness for a solution. Another
difficult thing to achieve was the surface soldering since the components are so small the
room for error is minimal, leading to this part taking more time than anticipated. One
more problem that occurred whilst making the PCB was ground plane islands. This term
is used to describe a phenomenon where an accidental isolation occurs due to poor trace
management. This can lead to charge build ups and arcs, which can disrupt the modules
function and leading to an unsafe working environment. The figure 4.10 shown below is
the finished layout and the PCB design ordered.

Figure 4.10: Layout Design. Generated using KiCad.

When the PCB and the components had been obtained, they were assembled, mostly by
soldering, according to the KiCad layout design. Whilst some problems occurred, study-
ing the datasheet for different components helped in figuring out a workable solution.
One major issue that became evident was ground plane islands. In the layout multiple
accidental isolated sections were created. Leading to a temporary workaround of adding

wires connected directly to places the ground plane was present to parts that were iso-
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lated. Following the component placement, multiple parts required to be surface soldered,
however the order did not contain a stencil, and there was no access to a soldering furnace.
Therefore hand soldering was the only reliable way to get the connections correct, and

even with the small footprints it was done with few errors.

4.2.3 Arduino Programming

The first step was to make sure the Arduino could correctly measure the voltage and
current in the circuit, and printing them to the console for monitoring purposes. When
an analog value is read, the voltage on the pin is converted from a value between 0 and
5 V to an integer between 0 and 1023, to convert this back to a voltage equation (4.6) is

used.
ADCval : ‘/ref

1023
In equation (4.6), ADC is the 10-bit integer from the analog pin and V. is the system

V;Jut = (46)

reference voltage (5 V). If the read value originally was a current it must be converted

back to a current according to equation (4.7).

‘/in - V:)ffset

= (4.7)

Iout -

In equation (4.7) V,rrser refers to half of the maximum signal voltage, since the current
sensor has a range of -5 to 5 A, meaning 0 A will result in a 2.5 V signal [34]. S refers to

the scaling factor of the sensor.
Since the control logic had already been implemented with MATLAB in the Simulink

simulations, that code was used as a reference when developing the Arduino control logic

programming. The full Arduino code is provided in Appendix. B.
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Result and Discussion

This chapter discusses the behavior of the designed converter module tested through

simulation and hardware testing.

5.1 Simulation Results

In the simulation using the MATLAB model, the charging of the battery is tested in CC
mode and CV mode. In CC mode, the working of the converter operating at the MPP is
studied. The current flowing through the battery corresponding to MPP is less than the
maximum battery current, hence the converter is allowed to operate at the MPP. This
was performed with a constant irradiance of 1000 W/m?, and temperature of 25 °C. The

initial duty cycle is set at 0.5 in the code.

Initially the battery state of charge is set at 45% and the converter is tested to verify the
P&O algorithm. The duty cycle of the MOSFET is determined based on the implemented
P&O code. Figure 5.1 shows the duty cycle changing in response to tracking the MPP

from an initial duty cycle of 0.5.

Figure 5.1: Duty cycle from the MPPT controller during the MPPT phase and conver-
gence phase. Generated using MATLAB Simulink.

Up until 0.8 seconds, the controller is in the tracking phase of finding the MPP by adjusting
the duty cycle with a fixed step of 0.005, based on the change in power (dP) and voltage
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(dV). At around 0.8 seconds, the controller begins to converge and settle around the
MPP. There is oscillation around the MPP observed which is characteristic of classical
P&O algorithm. The duty cycle reduces as the operating point climbs up towards the
MPP with increases in PV power and PV voltage. A dead band is also introduced with
no change in duty cycle step when the change in power is within the allowed tolerance.
This is added to avoid unwanted hunting around the MPP, which results in undesired

oscillations in the inductor current and battery current.

Figure 5.2 and 5.3 show the voltage across the PV array. The MPPT algorithm reduces
the duty cycle to move in the direction of increasing input voltage and power towards the
MPP. Once the MPP is reached, the duty cycle is retained around the MPP duty cycle
and the input voltage settles at around 18.5 V.

Figure 5.2: Input voltage from the PV array during the MPPT phase and convergence
phase

Figure 5.3: Input voltage ripple

Similarly to the voltage, the input current seen in figure 5.4 and 5.5 moves towards the
MPP and then settles down at around 0.55 A.
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Figure 5.4: PV array current during MPPT tracking and around MPP

Figure 5.5: Input current ripple

As seen in the previous figures the input voltage and the input current stabilizes at 18.5
V and 0.55 A respectively. This corresponds to the MPP characteristics and means that

the PV array extracts maximum power.

Figure 5.6 presents the inductor current. The inductor current has a current ripple of 0.5
A, within 30% of the load current.

Figure 5.6: Inductor current ripple

Figure 5.7 presents the voltage across the MOSFET. The MOSFET blocks the input
voltage when not in conduction. The switching frequency is 50 kHz as defined for PWM
and the duty cycle is around 30% corresponding to the conduction period of the MOSFET.
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Figure 5.7: Voltage across the MOSFET

Figure 5.8 presents the transition from MPPT and CC mode to CV mode, when the
battery charge level has reached 90%. A PI controller gradually reduces the current flowing
to the battery. Though the transition occurs at the desired point, the PI controller needs

to be further tuned to ensure a better performance.

Figure 5.8: MOSFET duty cycle before vs. after transition

From the simulation the functionality of the module has been proven. Control logic for
the MOSFET in the converter was implemented which allowed the buck to achieve both
MPPT and CC state charging profile. Following the transitioning from MPPT and CC
state to CV charging profile was also achieved, however improvements have to be made

in the future to get a more stable result.

The time to reach the MPP is 0.8 seconds, which is relatively quick considering the pace
of condition changes in the intended environment. However, since the characteristics of
the PV panel are known, to decrease the startup time, one could choose a starting duty
cycle that would be closer to the desired one, instead of a standard 0.5 starting duty
cycle. The change variable for the duty cycle could also be adjusted to allow for larger or

smaller changes, affecting the MPPT speed.

Finally the input voltage ripple varied between roughly 18.59 to 18.57 V, which is within
the desired 5 % ripple. The input current ripple is varied between roughly 0.5539 to 0.5535
A, which is also very low. The inductor oscillates between 1.56 A and 2.1 A, which is close
to the 30% ripple desired.
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5.2 Hardware Prototype Results

and the Arduino board is attached to the power board.

RTB2002; 1333.1005K02; 108099 (02.202 2018-11-06)
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Figure 5.9: MOSFET gate signal from oscilloscope
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Figure 5.10: Vds taken from oscilloscope

The primary goal in hardware prototype testing is to verify the basic functionality of
the board. To test this, the power board is connected to a low voltage power supply. A
simple Arduino code to provide a gate pulse with a switching frequency of 50 kHz and
duty cycle of 50% is implemented. The output gate pulse from the controller is verified

The driver circuitry for the MOSFET is powered by the boost regulator IC with input
from the output of the converter. However, at first to test the switching performance of
the converter, the input from the power bank is bypassed and the boost regulator IC is
powered from an additional low voltage power supply. Figure 5.9 presents the output from
the driver IC feeding the gate of the MOSFET. The gate pulse is switching at 50 kHz
with a duty cycle of 50%.
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The drain source voltage of the MOSFET is observed to confirm the switching of the MOS-
FET. Figure 5.10, shows the drain source voltage of the MOSFET. The yellow waveform
is the potential at the drain terminal with respect to the ground, and corresponds to the
input voltage set at around 10 V, though it is vertically offset and is therefore shows
34.9 V instead of the correct value on the vertical scale. The green waveform depicts the
potential of the source pin with respect to ground and is also vertically offset. This also
corresponds to the diode voltage of the buck converter. The blue waveform is the drain to
source voltage measured through the MATH function (CH1-CH2) in the oscilloscope. The
MOSFET blocks the input voltage as expected when the MOSFET is not in conduction.

Following this, it is important to ensure the input voltage and current as well as the output
voltage and current are sensed and read properly in the Arduino. The sensed signals from
the current sensor and the resistive voltage dividers connected to the analog to digital
converter pins of the Arduino are read and displayed at the serial monitor in Arduino
IDE. Figure 5.11 shows the sensed signals. The input voltage is around 18 V and output
voltage is around 5 V in the test setup. While the voltages are closer to the actual voltages

in the system, the current values measured are inconsistent.

7.77 Ipv: 0.38 Vlink: 5.40 Ilink: 1.28 Duty: 0.33
18.21 Ipv: 0.59 Vlink: 5.41 Ilink: 1.25 Duty: 0.33
18.21 Ipv: 0.36 Vlink: 5.41 Ilink: 1.24 Duty: 0.33
Vpv: 17.83 Ipv: 0.20 Vlink: 5.51 Ilink: 0.96 Duty: 0.33

Figure 5.11: Arduino serial monitor values

These inconsistencies typically arise from inconsistent sampling and any additional fil-
tering needed. A solution would be to at first compare the current waveform with the
output from the sensor, and the one read with the Arduino code considering a known
fixed resistive load. This needs to be performed to properly calibrate the sensor and to
further proceed with verifying the control logic, working with the solar emulator to study

the charging behavior.

5.3 Challenges and Future Scope

The initial objective of the project was to develop a SIMO converter to support different
load profiles. The initial study and simulation on different configurations such as cascaded
buck-boost and four switch buck-boost is performed. But in the process, considering the
time constraint involved and the steep learning associated with simulation and hardware

design, the scope of the project was limited to design of buck converter with MPPT
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implementation. The future scope on this is to design and implement a multi output

converter to support multiple loads.

Also, initially the research was performed considering the target load as raw lithium ion
battery, but this was replaced by the commercially purchased power bank considering
the safety aspects involved. Future work could target the safety aspects involved with

implementing lithium ion battery as an intermediate source powering different loads.

The decision of duty cycle step and power tolerance in P&O method involved iterative
tuning to balance the tracking speed and steady state accuracy around the MPP. This
could be resolved by either using an adaptive duty cycle step with respect to variation in
power, or by employing a dynamic duty cycle step with duty cycle step defined based on
power thresholds in the code. This would allow the system to respond faster with good
accuracy under varied irradiance conditions. While the current model implementation,
manages MPPT tracking with direct duty cycle control, the model could be tested with

an additional inner current loop, to understand the reduction in steady state oscillations.

Though the basic functionality of the hardware PCB is tested, there are some mismatches
observed in the sensed parameters and those processed and read in the Arduino. This needs
to be resolved in the future to further validate the performance of the MPPT control logic

implemented in Arduino.

5.4 Ethical and Social Aspects

While the proposed module utilizes renewable solar energy and the design is targeted
towards outdoor recreational activities, the following ethical considerations regarding sus-

tainability, consumer safety and operational reliability are to be considered.

o Even though the solar fed-module operates on clean renewable energy, the manu-
facturing of the components associated with the system structure such as the PV
arrays and lithium ion batteries are resource intensive, use minerals such as lithium
and cobalt. The mining process involved in such extraction can result in significant

environmental degradation.

o Many consumers using this module or similar, have limited expertise and also the
module is used in outdoor environments. This demands increased levels of safety
precautions, to protect from risks of overheating, fire hazards etc. Future work in
the project, should focus on the safety aspect of the module, in addition to the basic

protection added.
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5. Result and Discussion

e The module is targeted towards powering emergency devices such as mobile phones,
power banks, GPS devices etc. It is essential to ensure no system failure occurs in
these devices. Hence, a module that is reliable and does not provide a false sense of

security is required.
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Conclusion

The project successfully designed and implemented a DC-DC buck converter with MPPT.
To achieve MPPT a P&O method is implemented. A MATLAB based simulation was
performed to verify the MPPT and charging profile of lithium ion battery. The simulation
results demonstrate the feasibility of the project and formed the basis for design and

dimensioning of hardware prototype, and implementation of control logic in the Arduino.

A PCB featuring a DC-DC buck converter with sensing and protection circuits was de-
signed using KiCad. The basic functional testing of the hardware prototype was performed
validating the switching behavior and basic operation of the converter. However, there
are some differences observed in the sensed parameters read in the Arduino verifying the
sensor calibration, which need to be resolved to proceed with further testing of MPPT
control in the hardware prototype. Once this is resolved, future testing can be performed

to validate the performance of MPPT control logic.
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MATLAB Code

The MATLAB code used in the project is shown below.

function [D, P] = mppt(Vpv, Ipv, State,Vb)

if isempty(V_prev)

V_prev = 0;
P_prev = 0;
D_prev = 0.5;

5
integral = 0;

end

D_step = 0.005;
% Duty limits
D_max = 0.95;
D min = 0.05;
% Compute present power
P = Vpv * Ipv;
% Changes
dP = P - P_prev;
dvV = Vpv - V_prev;

if abs(dP) > 0.01
0.005;

D_step

else

D_step 0;

end

JPerturb & Observe
if (State<90)
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A. MATLAB Code

if dP > O
if dv > O
D = D_prev - D_step;
else
D = D_prev + D_step;
end
else
if dv > O
D = D_prev + D_step;
else
D = D_prev - D_step;
end
end
API regulator
else
Vref = 4.2;
error = Vref - Vb;
Kp = 0.1;
Ki = b5;
Ts = 20e-3;
Prop = Kp*error;

Integralsum = integral + (errorx*Ts);

Int = Ki*xIntegralsum;
Ctrlduty = Prop + Int;
A Anti windup
if (((Ctrlduty<= D_max)&&(Ctrlduty
~=gign(Ctrlduty)))
integral =Integralsum;

end

/4 Saturation

D = max(D_min, min(D_max,Ctrlduty));

end

if (D>D_max)
D = D_max;
else

if (D<D_min)

>=D_min)) || (sign(error)
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D= D_min;

end

% Update stored wvalues

end

V_prev = Vpv;
P;
D;

P_prev

D_prev

Listing A.1: MATLAB Implementation Code




10

11

12

13

14

16

17

18

19

20

21

22

23

24

25

26

27

28

29

B

Arduino IDE Code

The Arduino IDE code used in the

project is shown below.

// PIN SETUP
DC_LINK_VOLT
DC_LINK_CURR
PV_CURRENT_IC
PV_VOLTAGE_PIN
PV_CURRENT_RES
PWM_PIN =

const int

const int

const int

const int

const int

const int

// SENSOR CALIBRATION
float PV_voltageScale = 6;
float LINK_voltageScale =

float currentOffset 2.5;

float currentScale = 0.4;
// CONTROL VARIABLES

float Vp = 0;

float Pp = O;

float Dp = 0.5;

float Change = 0.001;

bool initialized = false;
// TIMING

unsigned long lastTime = O0;

const unsigned long Ts_us

AOQ;
Al
A2;
A3;
A4
11;

3.3256;

b

= 50000;
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B. Arduino IDE Code

void setup() {
pinMode (11, 0UTPUT) ;
TCCR1A = O0;

TCCR1B = 0;

// Fast PWM, TOP = ICR1

TCCR1A |= (1 << COM1A1); // PWM on pin 11
TCCR1A |= (1 << WGM11);

TCCR1B |= (1 << WGM12) | (1 << WGM13);

TCCR1B |= (1 << CS10); // prescaler = 1
ICR1 = 319; // 50 kHz
Serial.begin(115200) ;

// VOLTAGE AND CURRENT READING
float readVoltage(int pin) {
int raw = analogRead(pin);
float voltage = (raw / 1023.0) * 5.0;

if (pin == DC_LINK_VOLT){
return voltage * LINK_voltageScale;

}
else {

return voltage * PV_voltageScale;

float readCurrent (int pin) {
int raw = analogRead(pin);
float voltage = (raw / 1023.0) * 5.0;

return (voltage - currentOffset) / currentScale;

// MPPT

float computeDuty(float V, float I) {

if (!initialized) {
Vp = V;
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Pp =V x I;
Dp = 0.3;
initialized = true;

float P =V x I;
float D;

if (P > 9.7 && P < 10.3) {

Change = 0.0001;
} else {
Change = 0.001;

if (P > Pp) {

if (V > Vp) D = Dp - Change;

else D = Dp + Change;
} else {

if (V > Vp) D = Dp + Change;

else D = Dp - Change;
}

if (D > 0.8) D 0.8;
if (D < 0.2) D 0.2;

Vp = V;
Pp = P;
Dp = D;

return D;

int printCounter = 0;

void loop() {

unsigned long now = micros();

if (now - lastTime >= Ts_us) {

lastTime = now;




112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

B. Arduino IDE Code

float Vpv
float Ipv
float Vou
float Ili

float dut

= readVoltage (PV_VOLTAGE_PIN) ;

= readCurrent (PV_CURRENT_IC) ;
t = readVoltage(DC_LINK_VOLT);
nk = readCurrent (DC_LINK_CURR) ;

y = computeDuty (Vpv, Ipv);

OCR1A = duty*319;

// PRINTING BLOCK

printCoun
if (print
printCo
Serial
Serial
Serial
Serial.

Serial

Serial

ter++;

Counter >= 10) { // every ~500 ms
unter = 0;

.println(analogRead (DC_LINK_CURR)) ;

.print ("Vpv: "); Serial.print (Vpv);
.print (" Ipv: "); Serial.print(Ipv);

print (" Vlink: "); Serial.print(Vout);

.print (" Ilink: "); Serial.print(Ilink);

.print (" Duty: "); Serial.println(duty);
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