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Abstract

The aim of this project is to design a solar charger to be used in places where the access to
electricity is limited or non-existent and there is a great need to provide electricity to
electronic devices such as smartphones, tablets or laptops.

This paper presents the basic theoretical principles and equations to model the main
components of the solar portable generator, as well as the power electronics needed to
perform quality battery charges without damaging the electronic devices. The paper also
presents a selection of real components to build the solar charger, specifying sizes and
materials used.

In addition to the technical design itself, a business plan is also developed in order to
commercialize the portable solar charger through a digital platform (downloadable
application). The business plan includes the value proposition, the business model, the
strategic partners, the monetization policy, future revenue projections and the financial plan
for the first three years of operation.

By delivering all these outcomes, the main purpose of the project is to set the fundamental
bases for the creation of a start-up company dedicated to deliver energetical services using
renewable energies in order to satisfy real life needs in a sustainable way.
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1. Nomenclature

Photoelectric Effect

E [J] » Energy of the absorbed photons

Kmax [J] @ Maximum kinetic energy of the ejected photoelectrons

¢ [J1 » Work function. Amount of energy needed to lift an electron out of the surface
v [s71] - Electromanetic frequency of the absorbed photons

Vo [s™1] » Threshold frequency

A [m] - Electromagnetic wavelength of the absorbed photons

Ao [m] = Threshold wavelegnth

Vo [V] — Stopping voltage

h [Js] = Planck constant

e [C] —» Electric charge of an electron

c [m/s] - Speed of light

Energy Band Theory and Semiconductors

Eg[J] » Energy gap (E, = 1.12 eV in silicon)

E. [J] » Lowest energy level in conduction band

E, [J] » Highest energy level in valence band

N, (E)[m™3] - Density of states for free electrons in conduction band
N,(E)[m™3] - Density of states for free holes in valence band

my ,mylkg] - Ef fective mass of the electron anf hole, respectively

k [JK~] - Boltzmann constant

E [J] -» Energy level of the state
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Er[J] » Fermi Energy Level

T [K] — absolute temperature of the thermodynamic state

fc(E) - probability of occupation of an electron (negative charge carrier)
fv(E) = probabilty of occupation of a hole (positive charge carrier)

n [m™3] - concentration of electrons in conduction band (electrons density)
p [m™3] = concentration of holes in valence band (holes density)

n; [m™3] > intrinsic concentration of carriers (intrinsic carriers density)
N; [m™3] - concentration of acceptor impurities

Nj [m~3] - concentration of donor impurites

The p-n junction

Jagn Jarp [Am™2] = dif fusion current density of the charge carriers

Jarmn +Jarp [AM™2] = drift current density of the charge carriers

D [m?/s] - dif fusion coef ficient or dif fusivity

V; [V] - voltage equivalent of temperature

u [ms= V1] - electron mobility in the medium

Epi [V/m] - built — in electric field

Vpi [V] = built — in voltage

On ,0p [S/m = A/V] - conductivity of the charge carriers

W [m] - depletion's layer width

Vpias[V] = external voltage applied to a p — n junction

&sc [F/m] - permittivity of the semiconductor material
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PV Solar Cell

a [m~1] - absortion coef ficient

x [m] — depth in the solar cell

G, [m™3] - photo generation rate

Ny [m~2s71] - photon flux at the surface

L, [A] - photo generated current

1; [A] - direct current in the diode

L, [A] = leakage current (losses in the parallel branch)

Rs , Ry, [Q] — respectively, series and shunt resistance

G,Gref, Gn [W/m?] - real, reference and normal irradiances

Te, Terefs Ten [K] = real, reference and normal cell operation temperatures
;. [A] - short circuit current

V,c [V] = open circuit voltage

K:i [A/K] K, [V/K] = respectively, temperature coef ficients for Iy, and V.
Iy, 1o ref [A] = respectively,real and reference inverse saturation current in the diode
nq ladim.] — ideality factor of the diode

(Vmp V], Ly [4]) » maximum power point (MPP)

Ppp [W] = maximum power

FF [adim.] - Fill Factor

n [admi.] - solar cell ef ficiency

A [m?] - area of the solar cell surface

N, [adim.] — number of cells connected in parallel in a module

Ny [adim.] - number of cells connected in series in a module
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Lithium-ion batteries

C, [Ah] - nominal capacity of the battery

Vree [V] = constant voltage applied during the absortion phase (cut — of f voltage)
Irgc [A] = constant current applied during the bulk phase

SOC [%] — state of charge

Power electronics

Vpy V], Ipy [A] = voltage and current provided by the PV array

Vin [V1, Iin, [A] = input voltage and current of DC/DC converter
Voue V1, Lyut [A] = output voltage and current of DC/DC converter
D [adim.] — duty cycle

ton [s] = time when the transistor is ON in a commutation period
T, [s] = commutation period in a DC/DC converter

Nysg ladim.] - number of USB outlets in the solar charger
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2. Preface

2.1. Origin of the Project and Motivations

Since | started my studies in engineering, | have been developing an increasing interest in
renewable energy systems. My first approach to the renewable energy generation systems
was in February 2016, when | started a project directed by professor Oriol Gomis Bellmunt
which consisted in the design of an autonomous microgrid based in wind power generation
and a pump-turbine hydroelectric storage system in an isolated island located in the Cabo
Verde archipelago. This project wasn’t as detailed as | would like in the technical aspects
because | had only been studying renewable energy systems for three months, but it was a
good way to introduce myself in this field of knowledge.

After that, | moved to the Netherlands and | started a group project in the TU Delft University
about modeling an autonomous solar powered microgrid for 50 households and simulate its
behavior under different conditions. Thanks to that project | developed advanced skills in
power systems simulation using the Matlab-Simulink software package, among others.

| decided to do my Bachelor Final Thesis about the design and simulation of a grid
connected microgrid with solar generation, batteries and a Low Voltage Direct Current
(LVDC) generation system, which introduced me in the field of advanced power electronics.
Finished my bachelor, | decided to specialize in Energy.

While doing my MSc in engineering, | also enrolled in a postgraduate course about business
applied to technology and | worked in an Electric Supply Company for seven months, getting
in touch with the real application in the market of the technologies that | had been previously
studying. That experiences made me increase my interest in real and innovative business
applications, so | decided to focus my Master Final Thesis on developing a business model
around a renewable energy generation system in order to solve a real need.

My idea fitted perfectly with the topic that professor Emilio Herndndez had proposed, so |
decided to pick it and start to work on it.
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2.2. Required knowledge and skills

In order to do this project, | have applied the background knowledge acquired during my
studies in engineering and in business development. The fundamental topics are:

- Photovoltaic systems
- Power electronics and converters
- Dynamical systems and controllers

- Energy, electronic and control systems simulation (Matlab-Simulink, HOMER,
OrCAD, LTspice)

- Business and financial planning

- Future Revenue Projections
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3. Introduction

This idea of this project is born after the identification of a real problem which creates a need
in the market that can be solved with photovoltaic technology, generating a business
opportunity. The introduction aims to define that problem and stablish the objectives and the
scope of the project.

3.1. Definition of the problem and Objectives

Problem:

The problem to be solved in this project was identified from my own experience and after
asking for the opinion of 15 different young people (age between 20-28 years old) about it.
What they all had in common was the fact that they often go to music festivals or other
outdoor activities that last several days, like motorsport events.

If you go to an outdoor activity that lasts more than two or three days, you are at high risk
that your electronic devices (smartphones, tablets, laptops) run out of battery. This is due to
the difficult access to electricity that these places have and to the short battery life of these
devices, which rarely exceed 24 hours even if excessive use is not made. This fact can be a
serious problem since someone may need to use the electronic device for something
important or urgent (for example: getting lost, looking for a specific friend or others).

This problem creates a clear need in the people involved in these situations: charging their
smartphones (or other electronic devices) as soon as possible without connecting them to
the electric grid. Photovoltaic energy is a good solution to solve this problem, satisfying the
need.

Objective:

The main objective of this project is to create a start-up company that can satisfy the need of
charging electronic devices in places without access to the electric grid in a short period of
time by using a photovoltaic energy generation system, making life easier for the clients that
use our service.

Like all private companies, another principal objective is to create a business which is
economically viable, can deliver value to their clients and can have a positive net profit in the
medium term.
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3.2. Scope

The scope of the project stablishes which tasks are going to be made and which ones are
not. It is very important to define the scope precisely in order to determine the time and
resources needed.

In scope:
- Detailed explanation of the theoretical background of a solar charger
- Design and simulation of a Minimum Viable Product (MVP) for the solar charger:
o Design the general electric scheme
o ldentify and select the components
o Design the simulation model for the power electronics
o Simulate the system under different conditions
Qualitative explanation of the subsequent improvements to be made in the MVP in
order to develop the Final Product.
Business Plan:
o Business Model and Value Proposition (brand creation, key partnerships,
monetization policy, etc)
o Future Revenue Projection — Economic study of the project
Environmental Impact

Out of scope:
- Product external design — 3D modelling of the solar charger
- Build the prototype of the solar charger
- Develop the digital platform for the commercialization of the product/service
- Set the company, contact the strategic partners, fundraising
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4. State of the Art

4.1. Photovoltaic Principles

Definition of photovoltaic: adj. Providing a source of electric current under the influence of
light or similar radiation. [1]

4.1.1. The Photoelectric Effect (from Becquerel to Einstein)

Edmond Becquerel appears to have been the first to experience the photoelectric effect. In
1839, he generated electricity by illuminating Pt electrodes with different types of light. Best
results were obtained with blue or ultraviolet light and when electrodes were coated with light
sensitive material such as AgCl. As it can be observed in Figure 4.1, the electrodes were
submerged in a conductive acidic solution and, when illuminated, voltage and current was
generated. [2].

thin light

membrane

Pt electrodes

acidic
solution

blackened box

Figure 4.1. Diagram of "apparatus" described by Becquerel

In 1877, Adams and Day observed the photoelectric effect in an all solid-state system by
running the next experiment [Figure 4.2]. They pushed two heated platinum contacts into
opposite ends of small cylinders of vitreous selenium, tucked into a vacuum glass tube. Their
intention was to prove that it was possible to create a current in the selenium merely by the
action of light, and the result was positive. [1]

light

Pt wire

vitreous Se

label +~0.6-2.5cm -»

glass tube

Figure 4.2. Sample geometry used by Adam and Day for the experiment.
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In 1887, soon after discovering radio waves, Heinrich Hertz observed that when ultraviolet
light from the sparks of his radio wave generator fell on the negative electrode of his radio
wave detector, they induced a flow of electricity in the gap between the electrodes. He finally
discovered that light of sufficiently short wavelength causes the emission of charge from a
metal surface, but he didn’t try to explain this effect. [3]

In 1897, Joseph John Thompson discovered the electron by experimenting with a cathode
ray tube [Figure 4.3], demonstrating that cathode rays were negatively charged. He
discovered this by applying electric field in the path of cathode ray and observing that the ray
was deflected towards positively charged plate. Hence cathode ray consists of negatively
charged particles. Thomson was also able to determine the charge-to-mass ratio of the
electron. Today, the accepted value of e/m is 1,7588196-10"" C/kg. [3]

Discharge Tube Alr at very low préssure

Green glow

Cathde ray tube Cathode ray

Cathode k Anade
d To vacuum pump

Production of cathode rays

High voltage genarator

Figure 4.3. Cathode ray tube. Left, without deflection. Right, rays deflected by an electric field

Philipp Lenard, an assistant of Hertz who continued with his work, discovered in 1902 that
charge-to-mass (e/m) ratio of the emitted charge from a metal surface when it was
illuminated was identical to that of the electrons which has recently been discovered by J. J.
Thompson. [ref. The Photoelectric Effect, MIT] He proved it by running the next experiment
[Figure 4.4]. He used metal surfaces that were held under a vacuum. The metal sample
(photoemissive) was housed in an evacuated glass tube with a second metal plate
(photoreceptive) mounted at the opposite end. The tube was then positioned in some
manner so that light would only shine on the first metal plate. Such a tube is called
a photocell. Lenard connected his photocell to a circuit with a variable power supply,
voltmeter, and microammeter. He then illuminated the photoemissive surface with light of
differing frequencies and intensities. Knocking electrons free from the photoemissive plate
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would give it a slight positive charge. Since the second plate was connected to the first by the
wiring of the circuit, it too would become positive, which would then attract the photoelectrons
floating freely through the vacuum where they would land and return to the plate from which

they started.
incident

light s
photoelectrons o
=2
P 0]
o
| II o]
V) 2
. A _ Q
—_— w
=
=]
-
et

photocell “ A

Figure 4.4. Lenard's photocell diagram

Lenard concluded that electrically charged patrticles are liberated from a metal surface when
it is illuminated and that these particles are identical to electrons (also called photoelectrons
in this case). [4]

The next relevant discovery about the photoelectric effect was made in 1914 by Robert
Millikan. He found that light with frequencies below a certain cutoff value, called the threshold
frequency (which depends on the material), would not eject photoelectrons from the metal
surface no matter how bright the source was [Figure 4.5]. These results were unexpected for
classical physicists. Given that it is possible to move electrons with light and given that the
energy in a beam of light is related to its intensity, classical physics would predict that a more
intense beam of light would eject electrons with greater energy than a less intense beam no
matter what the frequency. This was not the case. [4]

Red light does not eject photoslectrons Green light does eject photoelectrons Blue light ejects phetoelectrens with more
(even if it is very bright). (even if it is very dim). energy than green light (even if it is
very dim).

Figure 4.5. Milikan's Discovery


https://www.merriam-webster.com/dictionary/illuminated
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After Milikan’s discovery, classical physics was not able to explain the photoelectric effect
anymore because the classical model of light as a transverse, electromagnetic wave was not
applicable to these next two facts:

- Maximum kinetic energy of the released electrons did not vary with the intensity of
the light, but was proportional instead to the frequency of the light.

- There was virtually no time lag between the arrival of radiation and the emission of
electrons.

In 1900, German theoretical physicist Max Planck revolutionized the field of physics by
discovering that energy does not flow continuously but is instead released in discrete
packets. His discovery ended the primacy of what many people now call “classical physics"
in favor of the study of quantum physics.

Planck’s hypothesis: “the energy associated with the radiation of a given frequency takes
only multiple values of an elementary quantum that is proportional to the frequency of the
radiation.” The proportionality constant between the frequency of the radiation and its
elementary is known as Planck’s constant (h)

This hypothesis was used by Albert Einstein to discover the “the law of photoelectric effect” in
1905. If Planck’s hypothesis is taken as a given, it means that matter radiates its energy in
qguanta of energy (E = h - v). Einstein postulated that light delivers its energy to an absorber
in quanta with energy (E = h - v). Thus, if it takes an amount of energy to lift an electron out
of the surface and away from its image charge (also called work function, ¢), then the
maximum kinetic energy (K,,4,) Of the ejected electron is:

Kmax:E_¢:h'v_(;b:h'(v_vo)[eQ-l]

Being E = h - v the energy of the absorbed photons with frequency v, being ¢ = h - v, the
work function with threshold frequency v, and being h = 6,626 - 103* Js the Planck’s
constant.

Using fundamental equations from electrostatics and electromagnetic radiation:
c=v-1[eq.2] AV-q=W - Vy-e= Knax [€q.3]

We can express eq.1 like:

h h-c (1 1
V0=g'(V_V0)=—e .(Z_%) [eq. 4]
Being g = e = —1,6- 1071° C the electric charge of an electron, ¢ = 3 - 108 m/s the speed

of light, 1 and A, the wavelength of the absorbed photons and the threshold wavelength,
respectively. Also being V, the stopping potential (the potential necessary to stop any
electron, even the one with the most kinetic energy, from reaching the other side). If we apply


https://www.britannica.com/science/kinetic-energy
https://www.britannica.com/science/frequency-physics
https://www.thoughtco.com/quantum-physics-overview-2699370
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a negative potential on the photoemissive plate, the electrons will not approach so easily.
Only the electrons with sufficient energy and hence, velocity, will be able to surpass this
opposing potential (also called retarding potential) of the plate. If we keep on increasing this
negative retarding potential, there will be one point when no more electrons reach this plate

and thus, no electron flows through the circuit. Thus, current flow through the circuit stops
[Figure 4.6].

+ Vv

Figure 4.6. Evolution of the current flow for different voltage values in a photocell circuit. V, is the
stopping potential, so no current is generated for higher negative values of V. The light intensity of the
red curve is higher that the light intensity of the blue curve.

In 1916, Robert Millikan verified Einstein’s equation and showed with high precision that the
value of Einstein’s constant h was the same as Planck’s constant. [3] [4]

The photoelectric effect is summarized in [Figure 4.7][4]

kinetic energy (10'1 ° J)

Figure 4.7. Kinetic energy of the photoelectrons ejected for different frequency values. Different
materials have different threshold frequency values. The gradient of the curve equals the Planck's
constant.

The photoelectric effect is the fundamental theory for the direct conversion of solar energy


file:///C:/Users/Jordi/AppData/Roaming/Microsoft/Word/Planck's%20constant
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into electricity, so it is the basis of photovoltaic technology.
4.1.2. Semiconductor materials
Bohr Atomic Model

In 1911, Ernest Rutherford provided conclusive proof of the inadequacy of the Thompson
atomic atom based on the results of a series of experiments carried out by Hans Geiger and
Ermest Madsen. The most relevant experiment is the one in which a collimated beam
(parallel rays, so minimum dispersion of the rays as they propagate) of alpha particles
(e« = Hey) strike a gold foil. They found that few alpha particles were scattered at large
angles. Rutherford concluded that instead of being spread throughout the atom, the positive
charge is in fact concentrated in a very small region at the center of the atom called nucleus,
around which the negatively charged electrons (much lighter) circulate in orbits. [5]

THOMSON

Detecting screen Gold foil

Electron

emitter

)

Figure 4.8. Left, gold foil experiment. Middle, Thompson vs. Rutherform model. Right, Rutherford
planetary model of the atom.

The Rutherford atomic model had one major problem; the atoms were unstable because the
negatively charged electron could fall into the nucleus. Thus, an atom would rapidly collapse
to nuclear dimension. In 1913, Niels Bohr applied Planck and Einstein’s quantum physics to
Rutherford model and came up with a simple model of atomic structure.

Bohr model is based in the next four postulates:

1- Atomic electron move in circular orbits about a massive nucleus under the influence
of the Coloumb attraction between the electron and the nucleous, obeying laws of
classical mechanics. - based in Rutherford model

2- Instead of the infinity of orbits which would be possible in classical mechanics, an
electron can in fact only move in an orbit for which its angular momentum L is
qguantized (integral multiple of an elementary energy state) - based in Planck’s
gquantum hypothesis.

Ty
~), ‘_“x".'b
ETSEIB
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3- Electrons can only gain or lose energy by jumping from one allowed orbit to another,

absorbing or emitting eectromagnetic radiation with frequency v, determined by the
energy difference of the level [eq. 5] - based in Einstein’s postulate.
AE = Ef —E; = h-v[eq.5]

4- An electron moving in such an allowed orbit does not radiate electromagnetic energy

-> Bohr’s original postulate

Since the Bohr model could well explain the spectra of atoms with one valence electron, it
had a domain of applicability. So, it could not be entirely wrong and would have to
correspond in some way with another, possibly more successful theory. [5]

Increasing energy
n=3 of orbits

/ A'photon is emitted
with energy E = hf

Figure 4.9. Bohr Atomic Model

Energy Band Theory

Between 1915 and 1930, several important discoveries were made in the fields of quantum
physics:

1916: Arnold Sommerfield postulates the Sommerfield Atomic Model based on Bohr
Model

1924: Louis-Victor de Broglie postulates the Wave-Particle duality theory

1925: Wolfgang Pauli postulates the Pauli Exclusion Principle

1925: Erwin Schrodinger postulates the Schrédinger equation, which describes the
wave function of a mechanical system.

1926: Erwin Schrodinger postulates the Schrédinger Atomic Model.

1926: Enrico Fermi and Paul Dirac postulate Fermi-Dirac quantum statistics.

1927: Enrico Pauli corrects Schrodinger equation and Atomic Model, postulating
Schrédinger-Pauli equation and Atomic Model.

1927: Werner Heisenberg postulates Heisenberg Uncertainty Principle

This theoretical framework is soon applied to solid-state physics:

1927: Arnold Sommerfield postulates the Free Electron Model, which explains the
behavior of charge carriers in a metallic solid.
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- Free Electron Model evolves to Nearly Free Electron Model, which enables
understanding and calculating the electronic band structure of especially metals.

The basis for discussing transport in semiconductors is the underlying electronic band
structure of the material arising from the solution of the Schrédinger equation. In isolated
atoms, the electrons are orbiting around their nuclei with certain energy levels. When isolated
atoms are brought together, to form a solid, various interactions (due to attraction and
repulsion forces) occur between neighboring atoms. As a consequence of these interactions,
the energy levels of individual atoms are transformed into common energy bands. The
energy band structure of a solid describes ranges of energy that an electron is forbidden or
allowed to have. [6]

As the electron clouds of individual atoms in a solid are overlapped, electrons of higher
energies are no longer belonging to a specific atom (free electrons). In contrast, the electrons
that are found in the lower energy levels are somewhat tightly bound to their nuclei (non-free
electrons). In fact, the original discrete energy levels of such electrons are split into dense
groups of adjacent levels that we called energy bands. These dense groups of levels (or
energy bands) are belonging to the crystal rather than to individual atoms. Usually, these
energy bands are separated by successive forbidden regions, that we call energy gaps
[Figure 4.10]. [6]

—— 4N levels
smpyy

2N levels

| 4N levels
- filled 152

Carbon  Inter-atomic Distance (R)

Figure 4.10. Schematic of energy level splitting and formation of energy bands in a diamond crystal of
N atoms as a function of interatomic distance R. The distance R, is the interatomic separation at the
state of equilibrium between atomic forces. For high R values, atoms are isolated and have discrete

energy levels.

The highest filled energy band, in the energy band diagram, is usually called: valence band.
Also, the energy band just above the valence band is called the conduction band. The
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valence and conduction band are separated by a region called the energy gap (E;). The
height of the energy gap is given by:

E, = E. — E, [eq.6]

Being E. the lowest energy level in the conduction band and E,, the highest energy level in
the valence band. [6]

e

Energy gap

Conduction Band

e

Band of allowed
Valence Band —— energy levels

;

Figure 4.11. Schematic of the energy band diagram (versus crystal spatial position).
Conductors, Semiconductors and Insulators

The classification of the crystalline solid depends on the configuration of its band structure
[Figure 4.12]:

- Conductors: Metals are conductors. There is no band gap between their valence and
conduction bands, since they overlap. There is a continuous availability of electrons
in these closely spaced orbitals. - charge carriers: electrons

- Semiconductors: Semiconductors have a small energy gap between the valence
band and the conduction band. Electrons can make the jump up to the conduction
band, but not with the same ease as they do in conductors. - charge carriers:
electrons and holes

- Ininsulators, the band gap between the valence band and the conduction band is so
large that electrons cannot make the energy jump from the valence band to the
conduction band. - charge carriers: none [7]
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Figure 4.12. Type of crystalline solid depending on its band structure.

Charge Carriers

A charge carrier is a particle or quasiparticle that is free to move, carrying an electric charge.

Examples are electrons, ions and holes. In a conducting medium, an electric field can exert

force on these free particles, causing a net motion of the patrticles through the medium; this is
what constitutes an electric current. [7]

The electrical conductivity of a material depends on the number of charge carriers (i.e., free
electrons and free holes) per unit volume (charge carrier density) and on the rate at which

these carriers move under the influence of an electric field. [8]

To determine the charge carrier density, it is necessary to define two solid-state physics
concepts: density of states and probability of occupation.

Density of states (DOS): describes the number of states that are available to be
occupied by the system at each level of energy, and it is noted as a function N(E).
For a crystalline semiconductor the functions are:

* 3/ *
sminT2 8

Being N, (E), N, (E) the density of states for electrons and holes, respectively. m* is

3/,
) Ey, — E [eq.8]

the effective mass of the charge carrier.

Probability of occupation: show how likely it is for a given energy level to be occupied
by a fermion (electrons and holes are fermions because they follow the Pauli
Exclusion Principle). It follows the Fermi-Dirac f(E) distribution:

1
fc(E)=f(E)=W [eq.9] fr(E) =1~ f(E) [eq.10]
e kT +1
fc(E), fy (E) are the probability of occupation of an electron and a hole, respectively.
Being k = 1,3806-10723 JK~1 the Boltzmann constant; T and E the absolute
temperature and energy of the state, respectively. Ey is the Fermi level (the energy
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level such that, at thermodynamic equilibrium, have a 50% probability of being
occupied at any given time).

Defined these two concepts, the charge carrier density functions can be defined as:
n(E) = Np(E) - f(E) [eq. 11] p(E) = Np(E) - [1 — f(E)] [eq. 12]
Being n(E) the density of electrons and p(E) the density of holes.

In [Figure 4.13] all the described functions are plotted both for electrons and holes
Nn(E)J Np(E)JfC(E)IfV(E)In(E)I p(E)

i e Electron density
-~ fAE) :; P
Ny (E fl e Ny (E )= fAE)
E; e .
ErmEi L e Eplae gt el e
N, (E)[1-fAE)]

Sy p— -

" Hole density

1 t Pany

Figure 4.13. Density of state functions, probability of occupation functions and charge carrier density
functions for electron and holes.

To find the value of the concentration of electrons and the concentrations of holes (charge
carrier density) the functions n(E), p(E) must be integrated as follows:

0 —Ep « 3/2
n= [ M) o) = = N e ) e =2 (P T g3
A
Ey " 3/
_ L _(EF_EV> _ 2nmy kT 2
p= [ M@ @ de ==y T wy =2 (T02D) T Lo 14

Being N, the effective density of states in the conduction band and Ny, the effective density of

states in the valence band.

For solving this integration, the Boltzmann approximation [eq. 15][eq.16] has been used. This
approximation is valid when |E — Eg| > kT.

fc(E) = f(E) = 6_(E;5F); (E —Ep) > 3kT [eq.15]

fr(E)=1-f(E) = e T ); (Er — E) > 3KkT [eq.16]

The Fermi level can be expressed with the next equation:
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Ec.+E, kT [Ny
FET + 7ln (N_c) [eq.17]

)
Intrinsic and Extrinsic Semiconductors

An intrinsic semiconductor is a pure semiconductor. This means that holes in the valence
band are vacancies created by electrons that have been thermally excited to the conduction
band (Si, Ge, GaAs), as opposed to doped semiconductors where holes or electrons are
supplied by a “foreign” atom acting as an impurity.

In an intrinsic semiconductor there exists an equal number of free electrons and free holes
[eq. 18] [Figure 4.14]. The electrons and holes, however, have different mobilities (that is to
say, they move with different velocities in an electric field). For example, for intrinsic silicon
at room temperature, the electron mobility is 1500 cm?/Vs (an electron will move at a
velocity of 1500 centimetres per second under an electric field of one volt per centimeter)
while the hole mobility is 500 cm?/Vs. The mobilities of a given semiconductor generally
decrease with increasing temperature or with increased impurity concentration. [10]

n=p=mn;|eq.18]

electron
E transport

hole

Figure 4.14. Intrinsic semiconductor material.

From [eg. 18] the law of mass action is deduced for intrinsic semiconductors:

) _(Ec—Ey) _Eg
n-p=n; =NcNy-e kT = N:Ny-e kT [eq.19]

Applying [eq. 13] and [eq. 14] to [eq. 19] we get the expression of the intrinsic carrier
density:

E
(mym)/a - o (=) [eq. 20]
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Figure 4.15. Plot of the intrinsic density versus a T function for three different semiconductor materials.

Electrical conduction in intrinsic semiconductors is quite poor at room temperature. To
produce higher conduction, one can intentionally introduce impurities (typically to a
concentration of one part per million host atoms). This is the so-called doping process. The
doped semiconductor materials are called extrinsic semiconductors.

In extrinsic semiconductors, the number of holes will not equal the number of electrons
jumped. There are two different kinds of extrinsic semiconductors, p-type (positive charge
doped) and n-type (negative charge doped).

p-type: doped with III group elements (B, Al, In, Ga), with only three electrons in their
valence band. When introduced to the crystalline structure it will tend to capture an electron
in the valence band, generating additional holes in the semiconductor. Holes are the
principal carriers

n-type: doped with V group elements (P, As), with five electrons in their valence band. When
introduced. When introduced to the crystalline structure it will tend to donate an electron to
the conduction band, generating additional electrons in the semiconductor. Electrons are the
principal carriers
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Figure 4.17. Left, energy band structure of n-type SC. Right, energy band structure of p-type SC

Mass action law and charge neutrality law for extrinsic semiconductors in thermic
equilibrium:

2
n-p n;
{Il-l'IVA_—p-l'ND-I_ [ ]

Where N, N7 are the concentration of ionized acceptor and donator impurities, respectively.

For a n-type SC: Np > N4; Np > n;, hence:

n2
n=N,;p= l/ND [eq.22]

For a p-type SC: Ny » Np; N4 » n;, hence:

n?
p=Ny; n= l/NA [eq. 23]

The carrier concentration varies with temperature as shown in [Figure 4.18], showing three
different regions: partial ionization, extrinsic, intrinsic.
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Figure 4.18. electron density vs. temperature in a n-type SC. Three regions are shown.

Other interesting topics: Hall effect, generation and recombination of charge carriers,
diffusion currents in an extrinsic semiconductor. [9] [10]

4.1.3. The p-n junction

In the photovoltaic effect, a voltage is generated when the electrons freed by the incident
light are separated from the holes that are generated, producing a difference in electrical
potential. This is typically done by using a p-n junction rather than a pure semiconductor. A p-
njunction occurs at the juncture between p-type (positive) and n-type (hegative)
semiconductors. lllumination frees electrons and holes on opposite sides of the junction to
produce a voltage across the junction that can generate current, thereby converting light into
electrical power. [10]

p-n junction in thermal equilibrium

Thermal equilibrium: defined by a constant temperature distribution and no electrical, optical,
mechanical or chemical excitation is applied from the outside world. (also called zero bias)

Before forming the junction, there are two different doped regions (one is n-type and the
other is p-type) which are electrically neutral. Each region has a large number of majority
carriers (nearly as many as ionized impurities or dopants) and a very small number of
minority carriers. Applying [eq. 21] we get:

« electrons o holes

For p-region: p, —n, — Ny = 0 [eq. 24]

For n-region: p, —n, — N, = 0 [eq.25]

Phosphorus Boron
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Figure 4.19. Doped silicon. Electrically neutral.
Now, both regions are brought in contact:

1- Diffusion mechanism: A huge gradient of the carrier concentration appears at the border
of the two regions. Consequently, and obeying the Fick’s first law [eq. 26], an enormous
carrier flux of electrons and holes turns up in such a way that the carriers tend to
generate a uniform distribution of the concentration of each carrier inside the structure.
Hence, a current density is generated in the material (/a7 n , Jafp)-

dn dp
Japn =€ Dno— s Japp = —e - Dpo [eq.26]

Where D is the diffusion coefficient (or diffusivity) which, according to Einstein relation on
electrical mobility, can be expressed as a relation of the electron mobility coefficient (u)
and the volt equivalent of temperature (V;):

D =V = #(kT/e) [eq.27]

2- Built-in electric field: As the electrons in the n-type material diffuse across towards the p-
type side, they leave behind positively charged phosphorus ions, near the interface
between the n and p regions. Similarly, the positive holes in the p-type region diffuse
towards the n-type side and leave behind negatively charged boron ions. These fixed
ions set up an electric field right at the junction between the n-type and p-type material.
This electric field points from the positively charged ions in the n-type material to the
negatively charged ions in the p-type material.

electrons
diffusion *® " =

holes

©

Figure 4.20. Diffusion stablishes a built-in electric field.

3- Junction Equilibrium: Thus, the “built-in” electric field causes some of the electrons and
holes to flow in the opposite direction to the flow caused by diffusion. These opposing

)
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flows eventually reach a stable equilibrium with the number of electrons flowing due to
diffusion exactly balancing the number of electrons flowing back due to the electric field.
The net flow of electrons across the junction is zero and the net flow of holes across the
junction is also zero.

diffusion
e clectrons

—_—
4= o h()|@5

built-in

A » |CCIPONS
=> o holes

Figure 4.21. Motion of mobile electrons and holes due to diffusion and the built-in electric field.

Although there is no net flow of current across the junction there has been established an
electric field at the junction and it is this electric field that is the basis of the operation of
diodes, transistors and solar cells. [11] [12]

So, a drift current density (]dr,n , ]dr,p) is created because of the built-in electric field,
following the Ohm'’s law:

Jarm = 0nEpi 5 Jarp = 0pEp; [€q.28]
Being ¢ the electrical conductivity of charge carriers defined as:
Op =enl, ; 0, = eply [eq.29]
We can also express the built-in electric field as a linear voltage gradient:

dVy;(x)

Epi(x) = - i

[eq.30]

Considering that, in equilibrium, there is no net flow of electrons across the junction (so
there is no net current density):

]p =]df,p +]dr,p = 0[eq.31]
Applying [eq. 26][eq.28][eq.29] to [eq.31] we get the next expression:

d
@ = @0~ 0, B =0 = 225,00 = TD feq 32
p

Hence, applying [eq. 27][eq. 30] to [eq.32] we get:

e dVp;(x) 1 dp(x) kT dp(x) 23
—_— — = = ——— .
kT dx p(x) dx b e p(x) [eq.33]
MRl
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Integrating from P to N region we get the expression of the built-in voltage:

kT

Pp)
;= — — .34
Vi p In (Pn [eq.34]

Finally, applying [eq.22][eq.23] to [eq.33] we get a better expression for built-in voltage:

kT  [NyN
Vi :—ln( :lzD) [eq.35]

e i
4- Depletion region: Within the depletion region, there are very few mobile electrons and
holes. It is "depleted" of mobile charges, leaving only the fixed charges associated with
the dopant atoms. As a result, the depletion region is highly resistive and now behaves
as if it were pure crystalline silicon: as a nearly perfect insulator.

Depletion layer's width (W) depends on the built-in voltage and can be modified by
adding an external electric field, which is also called bias. The depletion region can
therefore be considered to

operate as a voltage-controlled space

charge
region

I’eSIS'[OI’ neutral region -———— neutral region

It is possible to deduce the width

A
function of the depletion layer using 2
Poisson’s equation, getting the next “‘ p-doped
expression: 5
2esc Np+N, B -

W(V) = Zesc b T A |74 [eq 36] ' Efield

e NDNA QT charge ®
Being &5 the permittivity of the S

semiconductor material.
E Electric field

If the p-n junction is in equilibrium the — :
voltage V will be the built-in voltage \/ '
Vpi, but if there is an external electric !

field the new voltage will be: [11] [12] “T : / AV
—:/ ____________ o z

V =V = Vpias [€9.-37]

Figure 4.23. Depletion region behavior.
p-n junction with forward and reverse bias

At the p-n junction, the "built-in" electric field and the applied electric field are in opposite
directions. So, forward bias reduces the resultant field at the junction and reverse bias
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increases it, as shown in [eq.37].

If a positive voltage is applied to the p-type side and a negative voltage to the n-type side,
current can flow (depending upon the magnitude of the applied voltage). This configuration is
called "Forward Biased". This results in a thinner, less resistive depletion region. If the
applied voltage is large enough, the depletion region's resistance becomes negligible [Figure
4.25]. In silicon, this occurs at about 0.7 volts forward bias. From 0 to 0.7 volts, there is still
considerable resistance due to the depletion region. Above 0.7 volts, the depletion region's
resistance is very small and current flows virtually unimpeded.

If a negative voltage is applied to the p-type side and a positive voltage to the n-type side, no
(or exceptionally small) current flows. This configuration is called "Reverse Biased". This
creates a thicker, more resistive depletion region. In reality, some current will still flow
through this resistance, but it may be considered to be zero [Figure 4.25]. As the applied
reverse bias voltage becomes larger, the current flow will saturate at a constant but very
small value (around -20 pA in Silicon) [11]

Wrev,bias > Wbi > Wfor,bias [eQ- 38]

conventional electron

-
- ? No current flow
current current

-9 Olibn

n-type ® B

Built-in electric field Built-in electric field
Battery induced electric field Battery induced electric field

\Y% V
- | +] |-
II |I

Figure 4.24. Left, forwarded biased p-n junction. Right, reverse biased p-n junction.

Characteristic curve

As it can be seen in [Figure 4.25], if reverse bias voltage becomes too large then the junction
will break down and the current will flow. This is called Avalanche Breakdown and it happens
because, as the magnitude of the reverse voltage increases, the kinetic energy of the
minority charge carriers also increases. These fast moving electrons collide with the other
atoms to release some more electrons from them, by breaking the covalent bonds.

)
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Figure 4.25. Characteristic V-I curve of p-n junction.

41.4. PV Solar Cell

PV cell is considered the fundamental power conversion unit of a PV-based power system.

Description

PV cell is basically a semiconductor p-n junction-based photodiode [Figure 4.26]. This
semiconductor photodiode generates electrical power when exposed to light.

vy

Anode Cathode

Figure 4.26. Photodiode symbol.

Solar cells are made of different layers of materials [Figure 4.27]. They have a protective

glass plate, thin films as moisture barriers and the actual solar cells which convert the
energy.

ETSEIB



Aqui pot anar el titol del vostre TFG/TFM Pag. 33

Figure 4.27. Schematic representation of a silicon solar cell. The blue layer is an anti-reflective and
protective layer, the grey layers are the cathode and anode, the yellow layer is the n-type
semiconductor and the brown layer is the p-type semiconductor.

Crystalline Silicon (Si) is the most used semiconductor material in solar cells. Both
monocrystalline and polycrystalline Silicon are common in the industry. [13]

PV Cell Operation

The principle of operation of a PV cell is based on the basic principle of photoelectric effect
[Chapter 4.1.1]. So, in a PV cell, when sunlight strikes its surface, some portion of the solar
energy is absorbed in the semiconductor material. If the absorbed energy is greater than the
band gap energy of the semiconductor, the electron from the valence band jumps to the
conduction band. By this, additional charge carrier are created as pairs of hole-electron in the
illuminated region of the semiconductor [Chapter 4.1.2]. The electrons thus created in the
conduction band are now free to move. These free electrons are forced to move in a
particular direction by the action of the electric field presented in the PV cells [Chapter 4.1.3].
These flowing electrons constitute current and can be drawn for external use by connecting a
metal plate on top and bottom of PV cells. Current and voltage (created because of its built-in
electric field) generate electric power. [14]

Because of the built-in electric field, the electrons are attracted towards the positive charge
on the n-type material side. Similarly, the holes are attracted to the negative charge on the p-
type material side. This separation of charges causes a current to flow across the junction.
The direction of the current flow (conventional current) is the same as the motion of the holes
(as they are positively charged). That is, the current flows across the junction from the n-type
side to the p-type side. [11]
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Figure 4.28. PV Cell operation diagram.

The amount of light which is absorbed by a material depends on the absorption coefficient «,
(which depends on the material and on the wavelength of light, as seen in [Figure 4.28]) and
the thickness of the absorbing metal.

— GaAs

absorption coefficient (cm")

200 400 600 800 1000 1200 1400
wavelength (nm)

Figure 4.29. Absorption coefficient vs. wavelength for different semiconductor materials.

The intensity of light (absorption of photons rate) at any point in the device can be calculated
according to [eq 39]:

L(x) = Iy - e"*W* [eq.39]
Being I, the light intensity in the surface of the material and x the depth at which light

intensity is calculated.

The decrease in light intensity is related to the generation of electron-hole pairs by
differentiating [eq.39]:
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GL(x) = a(A)N, - e~ DX [eq. 40]

Where N, is the photon flux at the surface. [eq. 40] shows that the generation rate is highest
at the surface, where the intensity is highest. The generation rate varies for different
wavelengths. Short wavelength photons (blue light, high energy) have small absorption
depths and are absorbed first, large wavelength photons (red light, lower energy) are
absorbed at greater depths [Figure 4.30].

102

Generatioh rate (m-3)

1] 50 100 150 200 250 300
cell depth, x {(xm)

Figure 4.30. Generation rate vs. solar cell depth for a wavelength of light around 800 nm.

The collection probability is the probability that a carrier will be collected by the junction and
contributes to the current. For a carrier generated in the depletion region, the collection
probability is one since the electron-hole pair are instantly separated by the electric field and
are collected in the junction. Away from the depletion region, this probability drops. [14]

Unity collection

Front Surface ' | probability for Tonr Suiace
carriers generated
in the pn junction

Solar cell with good
surface passivation

Solar cell with poor
surface passivation

Coliection Probability_

a
Solar cell with low  pjstance in the device
\ diffusion length v

With high surface recombination,
the collection probability at the
surface is low.

Figure 4.31. lllustration of the collection probability against the depth in the solar cell.
Electric equivalent circuit and Mathematical model
As shown in [Fig. 4.32], the equivalent circuit of the general model is composed of photo

current source, diode, parallel resistor expressing the leakage current, and series resistor
describing the internal resistance to the current flow.
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Figure 4.32. The equivalent circuit of a PV cell.

Being I,, the photogenerated current (which depend on the irradiance and the temperature

of the cell), 1I; the direct current in the diode and Iy, the losses in the parallel branch, the
output current of the cell can be expressed as:

I'=1Lp —Iq — Isp [eq.41]
The equation for the photogenerated current is:

G

Iph = G [Isc + Kti(Tc - Tc,Tef)] [eq'42]

ref

Where G,y = 1000 W /m? is the reference irradiance (standard conditions), T, ,.; = 25 °C is
the reference cell temperature (standard conditions), I is the short-circuit current at T ¢
and G,.r, and Ky; is the cell short-circuit current temperature coefficient.

The equation for the direct current in the diode is:

V + IR,

NaVe

Iy =1, (exp [ ] — 1) [eq.43]

V, = kTC/e [eq. 44]

N

T, T, T,

Iy = Iprer <T—Cf> exp e%% [eq.45]
c,re

ISC

[eq.46]

Io,ref = Voc/
e V-1

Where I, is the reverse saturation current of the diode, I,,.is the reference reverse

saturation current (standard conditions), n, is the ideality factor of the diode (which models
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the mismatch of the real semiconductor material with the mathematical equations), V,. is the
open-circuit voltage at G,y and T, .5 (standard conditions).

The equation for the losses in the parallel branch is:

_V+IR,
sh — Rsh

[eq.47]

[14]
Performance and Characteristic curve

The performance of a solar cell is indicated by four parameters. These are the open-circuit
voltage V., the short-circuit current I, the fill factor FF and the maximum power point P,,.

The characteristic curve plots the measured current against the applied voltage over the
solar cell. When there is no voltage applied to the solar cell the current is called the I, .
When there is no net current flowing, the voltage is called V,., which is a property of the
junction and the material itself.

1 I-V curv
Isc . ? — Pmax
IMp Fremmmrmmemeemececececanecnannefannns »
Pm E
j = ' =
@ H @
B : 3
= : S
O P-V curve :
'
Vmp Voc
Voltage

Figure 4.33. Example of V-1 characteristic curve (red) and its corresponding power curve (blue).

From this curve, a power output can be plotted using [eq.48]. This curve has a maximum
at Pyqx = Pnp- The voltage corresponding to this point (17,,,,) has to be applied for maximum
power.

P=V-I> Ppp ="V Iy [€q.48]

The fill factor measures the squareness of the characteristic curve. The more the
characteristic is rectangle-shaped, the bigger the fill factor is. Hence, higher efficiency.
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[13]
Efficiency

The efficiency of a solar cell is defined as the maximum power output divided by the total
power of light that radiates on the solar cell:

Pmp Vmp'lmszF'Voc'Isc

T=p," "G A G-A

[eq.50]

The maximum efficiency that could be reached is limited by the Shockley-Queisser (SQ) limit
[Figure 4.34]. This is a theoretical limit to the maximum achievable efficiency of a solar cell
with a single p-n junction. The losses of energy which cannot be converted into electrical
power are caused by different factors:

- Photons below the band gap energy cannot be absorbed.
- Radiative recombination of electron-hole pairs. It releases a photon and thus energy.

- Photons with high energies excite electrons too much, so the surplus energy (> E;)
is lost in form of heat.

w
Q@

N
e

—
Q@

Max Efficiency (%)

o

1 2 3
Bandgap (eV)

o

Figure 4.34. Shockley-Queisser limit vs. bandgap of the material. Maximum efficiency is placed around
33.7% assuming a single p-n junction band gap of 1.4 eV. Solar radiation is modelled as 6000 K
blackbody radiation.

At outdoor operating conditions, there are three main parameters which influence the
efficiency of a solar cell: Intensity, temperature and spectral shape:

- Light Intensity (or Irradiance) - When G increases its value:
o P;, increases linearly with irradiance (P, = G - A [eq.51])
o I increases linearly with G. V,. increases logarithmically with G .
o0  Ppp = FF -V - I increases logarithmically with G in operation range.
o Hence, efficiency n increases in the operation range.
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- Temperature > When T, increases its values the band gap narrows (E; < Ej):

o Py, stays the same.
o V,. decreases logarithmically. I, increases linearly with T,.
o P, decreases logarithmically in the operation range.
o Hence, efficiency n decreases its value in the operation range.
- Spectral shape - If the spectral shape has more high energy photons (high v such
that h - v > E; ) a larger part of the spectrum can excite electrons, increasing 7.
[13] [15]
PV Modules

Since a PV cell produces very low power, the cell should be arranged in series-parallel
configuration modules to produce enough power. Photovoltaic modules are the
fundamental building blocks of PV systems.

The equivalent circuit for a PV module arranged in N,, parallel and N; series cells is shown

in [Fig. 4.35]. The terminal equation for the current and voltage of the array becomes as
follows [eq.52]:

% R
NMA—e
* * —f"* +
Nl pyr i ;

Moo N N,
® ¥ SRy

Figure 4.35. Generalized module model

V IR N
WS+N_: (VPV+IRS>
I =N,L,, — N,I,|exp —1|—-——"[eq.52]
pieh P Ving Rsp

Series connection increases the open circuit voltage of the final module and parallel
connection increases its short circuit current. Considering that all the solar cells are exactly
the same, we can express:



Aqui pot anar el titol del vostre TFG/TFM Pag. 40

Ny Np
Voc,mod = Z Voc,i = Ng - Vo [eCI- 53] Isc,mod = Z Isc,j = Np - Igc [eq.54]
i=1 =

[eq.53] and [eq.54] can also be applied for the maximum power point (Viup mod » Imp,moa)-

Amps
A IV Curve Parallel
=~ MPP
Parallel
Series

= MPP
@ \
i.:;.

Single Senes

D -
Voltage (V) Volts

Figure 4.36. V-I characteristic curve for series vs. parallel connection

[14]

Mismatch effect

Even when working with identical PV Cells, mismatch losses are caused by the
interconnection of solar cells which experience different conditions from one another (for
example, when some regions of the module are shaded). The characteristic curve of the PV
module is affected decisively when solar cells are irradiated at different levels, decreasing its
power output [Figure 4.37]. The shaded cell acts as load, dissipating power on itself which
may lead ultimately damage of the cells.

To prevent shadowed cells from narrowing the current path in a cell, downgrading the
performance of other cells and reducing the power production of the whole module, bypass
diodes are placed (reverse biased) to series connected cells and blocking diodes are placed
to parallel connected cells. [Figure 4.38]

Bypass diodes will allow current to pass around shaded cells and thereby reduce the power
losses through the module [Figure 4.39]. Blocking diodes prevent current from passing
through the shadowed parallel branches, also reducing the power losses.
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= Non shaded module
=1 cell shaded to 25%
4 — 1 cell shaded to 50% 4
— 1 cell shaded to 75%

— 1 cell shaded to 99%

= Non shaded module

=1 gell shaded{75%)+35 non shaded cells
2 cell shaded(75% )+ 34 non shaded cells
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— 4 cell shaded(75%)+32 non shaded cells

o

Currents {A)
o)

Currents {A)

0 5 10 15 20 25 30 35 0 5 10 15 0 25 n
Voltages (V) Voltages (V)

Figure 4.37. Mismatch effect due to partial shading of a module. This module is formed by 36 PV cells

in series.
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Figure 4.38. Bypass and blocking diodes in a PV array. Figure 4.39. Bypass diodes effect

Normally, PV modules are made of series connected cells with bypass diodes placed in anti-
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parallel to small groups of series connected cells.

PV arrays combines both series and parallel connected modules, using both bypass and
blocking diodes properly. [16]

4.2. Solar Chargers

A solar charger is a photovoltaic panel-based charging system which can be carried any
place at any time. In addition, a good solar charger must be easy to use and must not affect
negatively the performance and lifetime of the battery which is being charged.

Normally, solar chargers are used to charge low voltage electronic devices such as
smartphones, tablets and laptops. These devices have lithium-ion batteries with charging
nominal voltage from 5 V (smartphones, tablets) to 20 V (laptops).

Two main different types of solar chargers can be designed: direct chargers and indirect
chargers. The main difference between them is the existence of an energy reservoir, as it will
be explained later in this paper.

Figure 4.40. Solar charger conceptual idea.
4.2.1. Fundamentals and Technology
Lithium-ion battery charging

Li-ion batteries make use of a cathode (positive electrode) which is metal oxide (for example
LiCo0,), an anode (negative electrode) which is porous carbon (C), and an electrolyte.
When the circuit is closed, the ions flow from the anode to the cathode during discharge,
generating electricity. Charging reverses the direction of the ion flow [Figure 4.41], which
make them rechargeable.

The battery capacity (C,) represents the maximum amount of energy that can be extracted
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from the battery under certain specified conditions. However, the actual energy storage
capabilities of the battery can vary significantly from the "nominal" rated capacity.

C, =1-t[eq.55]

So, if a battery’s nominal capacity is C,, = 15 Ah it means that it can provide a constant
discharge current of 1 A during 15 hours, or 5 A during 3 hours.

The charging/discharging rate (C-rate) refers to the rate at which battery is charged or
discharged, related to its nominal capacity (for example, if the nominal capacity is rated at 4
A and C-rate is defined as 0.5C, charging nominal current will be 2 A.

A battery charges by applying DC for a limited time. This charge occurs in three phases. The
first phase is a constant current charge (CC or bulk phase), when a constant current is
applied to the battery and the voltage increases up to a determined value. The second phase
is a constant voltage charge (CV or absorption phase), when the battery voltage is set at a
constant value to continue the charge, and the current decreases to a minimum value
(between 3~5% of its C-rate). In the third phase, if the charger is left connected to the
battery, a periodic ‘top up’ charge is applied to counteract battery self-discharge. [Figure
4.42]

Charger Load
electon hov-: - electron flow

lithiumn ion lithium ion

separator electrolyte separator electrolyte

CHARGING DISCHARGING

Figure 4.41. Lithium-ion battery charging and discharging operation.
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Figure 4.42. Voltage and current through the different stage of the charging process (Li-ion battery).

The advised charge rate of an Energy Cell is between 0.5C and 1C; the complete charge
time is about 2—-3 hours. Manufacturers of these cells recommend charging at 0.8C or less to

prolong battery life. [17] [18]

Capacity at cut-off

Charge time

Capacity with full

saturation

Charge Vi/cell voltage
3.90 ~60%
4.00 ~70%
410 ~80%
4.20 ~85%

120 min

135 min

150 min

165 min

180 min

~65%

~75%

~80%

~90%

100%

Table 4.1. Typical charge characteristics of lithium-ion batteries.

Components

The required components of a solar charger are:

1- Input voltage source - PV module
2- Output voltage regulator (power electronic systems) > MPPT + DC/DC
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Converter

3- Charge controller (power electronic systems) - Linear or Switch-mode solutions

4- Auxiliary electronic systems -> Charge termination system, top up charge
system, temperature monitoring system, etc.

5- USB ports

6- External case

7- Optional: additional battery for energy supply when there is not enough sunlight
(night, cloudy days)

Power electronics

The power electronics involved in the different technical solutions for a solar charger may
vary between different chargers, but the most used solutions are exposed here.

MPPT (Maximum Power Point Tracking)

The maximum power point tracking is a technique used with photovoltaic arrays to maximize
the power extraction regardless of the irradiance and temperature conditions. In this case,
the MPPT algorithm tracks the maximum power point (Vmp ,Imp) and injects the maximum
power to the DC bus through a DC/DC converter which converts the voltage from V;, =
Vinp(G, T;) to the output voltage V,,,.. The MPPT algorithm computes the required duty cycle
(D) for the DC/DC converter in order to guarantee maximum power. The most used and
simplest algorithm for tracking the MPP is called “Perturbe and Observe (Hill-Climbing)”. It is
explained in the diagram of [Figure 4.43].
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MPFT
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Figure 4.43. Diagram of Perturbe & Observe MPPT algorithm.

This algorithm compares the produced power in the instant (t) with the produced power in
the previous instant (t — At) and changes the duty cycle (D) of the converter in order to
increase/decrease the value of the current (Ip;;) as needed (some MPPT algorithms change
the value of the voltage (Vpy) instead of the current). The power supplied by the PV array
after the MPPT is always oscillating around the maximum power (Hill-Climbing concept).

Following the first algorithm (current controlled P&O MPPT), four possible cases (states) can
be easily analyzed, which are summarized in [Table 4.2] and [Figure 4.44], taking into
account the next equation:

t
D= % [eq.56]

c

Where t,y is the time when the transistor is ON (ohmic region in MOSFETSs and saturation
region in BJTs) in a commutation period. T, is the commutation period. [19]

state Ipy () Ppy(t) ton(t) D(t) Ipy(t + At)
1 <Ipy(t—At) | < Ppy(t—At) | increase increase > Iy (t)
2 < Ipy(t—At) | > Ppy(t—At) | decrease decrease < Ipy(t)
Feped
\‘li-\:x:o-,‘\'”
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3 > [py (t — At)

< Ppy(t — At)

decrease

decrease

<Ipy(t)

4 > Ipy (t — At)

> Ppy (t — At)

increase

increase

> Ipy (t)

Table 4.2. States of the MPPT algorithm.

Wl g Bor Ball Y Amay

——=s

states 2,3

MPP

=

states 1,4

Figure 4.44. Response to the states of the MPPT algorithm. In states 1 and 4, current will increase in

order to track the MPP. In states 2 and 3, current will decrease.

Buck converter

A buck converter (also called chopper) is a power electronic device which objective is to
efficiently reduce the voltage of an electric signal without losing its power (losses are very

little and can be neglected).

Pin = Pout = Vin * lIin = Vour * Iout [eQ-57]

The equivalent circuit for a buck converter is showed in [Figure 4.45] and it is composed of a
switch which controls the flow of current from the source to the load, an inductor, a reverse-
biased diode which allows the discharge of the inductor to the load and a capacitor which is
used to filter the output voltage.
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Figure 4.45. Buck converter schematic. A feedback loop is added for regulation of the output voltage.

The converter has two different states [Figure 4.46] depending on the position of the switch
(which is in fact a MOSFET or BJT transistor). The time that the switch is ON (tyy) defines
the duty cycle of the converter and the output voltage, as defined in [eq.56][eq.58].

ton
Vour =D - Vip = T [eq. 58]

c

When the switch is ON, energy is being directly supplied to the load while the inductor is
getting charged; when the switch is OFF the inductor is discharging the accumulated energy
to the load through the diode.

On-State Off-State

F )¢ § 11

Figure 4.46. Two different states in a buck converter.

The output voltage is controlled by a feedback loop called Pulse Width Modulation (PWM) in
order to make sure that the real output voltage gets the value of the reference output voltage.
[18]

SEPIC

Another important power electronic device which is very useful for designing viable solar
chargers is the Single-Ended Primary-Inductor Converter (SEPIC). It is a DC/DC converter
which allows the output voltage to be greater than, less than, or equal to the input voltage. It

Ty
~), ‘_“x".'b
ETSEIB



Aqui pot anar el titol del vostre TFG/TFM Pag. 49

also maintains the same polarity from input to output.

This converter is also controlled by a PWM which alternates a switch (MOSFET or BJT
transistor) between two states (ON an OFF), defining a duty cycle as described in [eq.56].
The output voltage depends on the duty cycle, as described in [eq.59].

D
Vout = mVin [eq.59]
So, for D = 0.5 the output voltage is the same as the input voltage; for D < 0.5 the SEPIC
acts as a buck converter (V,,: < Vin); for D > 0.5 the SEPIC acts as a boost converter

(Vout > Vin)

The equivalent circuit of an ideal SEPIC converter is more complex and have more
components than the Buck converter circuit, as it is shown in [Figure 4.47]. It is made up of
two capacitors, two inductors, a power switch (IGBT) and a diode.

L C
0 I >
- e + Vo — +

Figure 4.47. SEPIC converter schematic.

When the switch is ON: inductor 1 is charged by the input voltage, inductor 2 is charged by
capacitor 1, the diode is OFF, and the output voltage is maintained by capacitor 2.

When the switch is OFF: inductors 1 and 2 discharge to the load through the diode (which is
ON), and capacitors 1 and 2 are charged. [20]

Figure 4.48. Left, SEPIC operation when the switch is ON. Right, SEPIC operation when the switch is
OFF

ain
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Charge controller

When output voltage of the DC/DC converter is accurately regulated, an appropriate charge
management system must be developed in order to charge the Lithium-ion batteries properly

(as described in [Figure 4.42]).

There are two types of charge controllers for charging batteries application:

1- Linear solutions: linear charging solutions are employed when a well-regulated input
source is available. Linear solutions, in these applications, offer advantages such as
ease-of-use, size, and cost.

2x220 atiC
MA20705 1x220 at05C

VOt

10pF

0——2 VDD
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Figure 4.49. MCP73843 linear solution for a Lithium ion battery charger. Microchip Technology Inc.

2- Switch Mode Solutions: these solutions are often used when the input voltage range
(which is actually the DC/DC converter’s output voltage) is wide. Switching regulators
lower the internal battery charger power dissipation to an acceptable level, having a
better efficiency than linear solutions, but adding complexity to the system. The
output signals are not continuous (smooth) as the ones in linear solutions, this is
because the Pulse Width Modulation control (PWM).

5.00 1 1225
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Figure 4.50. Switch mode charge cycle waveforms. Microchip Technology Inc.
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[21]

4.2.2. Available solar chargers in the market

There are quite a lot of different solar chargers available in the market and several different
brands that provide this product. Four solar chargers are described in this chapter; they have
been selected because of their good characteristics, which make them stand out from others.

Big Blue 28W

Figure 4.51. Big Blue 28W

Renogy 15,000mAh

Figure 4.52. Renogy 15,000mAh

Voltaics Systems Arc 20W

Price: $59.99 at Amazon
Panel Nominal Power: 28 W
USB outlets: 2

Weight: 0.67 kg (23.4 0z)

e Pros: inexpensive, efficient, user-friendly,

excels in partly cloudy conditions

e Cons: bulky, heavy

. Price:
$34.99 at Amazon
. Panel
Nominal Power: 2 W
. USB
outlets: 2
. Weight:

0.27 kg (9.5 02)

Pros: lightweight, inexpensive, efficient

Cons: Ineffective if relying only on solar power,
not very durable

e Price: $229 at Amazon
e Panel Nominal Power: 20 W
e USB outlets: 0

)
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e Weight: 0.74 kg (26 0z)

o Pros: effective panel, external battery to charge
large electronics like laptops

o Cons: expensive, heavy, useless for
smartphone

Figure 4.53. Voltaics Systems Arc 20W

X-Dragon 40W

e Pric
e: $114,99 at Amazon
e Panel Nominal Power: 40 W
e USB outlets: 1
e Weight: 1.05 kg (37 0z)
e Pros

. powerful, works well in partial sun, can
charge laptops, cheap compared to other
laptop compatible solar chargers

e Cons: expensive: bulky, heavy,
complicated adaptors for laptop charge

Figure 4.54. X-Dragon 40W

Unluckily, due to intellectual property policies it is not possible to know the internal
characteristics of these chargers (which kind of charging solutions they use, which DC/DC
converter topology they use, whether they have a MPPT algorithm or not, etc.).

4.3. Conventional Charging vs. Fast Charging

As Lithium-lon batteries have been improved and high capacity batteries have been
introduced in different smartphones, the charging technology has also evolved in order to
increase the charging speed (decreasing the time that the smartphone has to be charging).

Conventional charging, or standard USB charge, are chargers that work at a 5V voltage and
can send current values around 0.5 A, delivering a 2.5W of power.

Fast charging increases the current sent to the battery to fill up its capacity quicker, so it
delivers higher power to the battery.
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USB Power Delivery (USB-PD) is the official fast charging specification (published in 2012). It
augments the basic USB charging speeds for up to 100W of output power [Table 4.3]. The
amount of available power is split into different power ratings, which operate at different
voltages. The 7.5W+ and 15W+ modes are best for phones, while 27W and above are for
laptops and other higher power devices.

The official Power Delivery specification, and the technology is supported in the vast majority
of smartphones today.

Powver output

(Operating Voltage and Current)
5V 0.1-3.0A 3.0A (15W cap) 3.0A (15W cap) 3.0A (15W cap) 3.0A (15W cap)
v 1.67 - 3.0A 3.0A (27W cap) 3.0A (27W cap) 3.0A (27W cap)
15V 1.8-3.0A 3.0A (45W cap) 3.0A (45W cap)
20V 2.25-3.0A 3.0-5.0A

Table 4.3. USB-PD specifications


https://www.androidauthority.com/fast-chargers-964827/
https://www.androidauthority.com/fast-chargers-964827/
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5. Predesign

In this chapter, different technical options for the design of the solar charger are going to be
discussed in order to find the best option. The objective is not to design the final deliverable
product (which should have better characteristics than this prototype) but to design a
Minimum Viable Product (MVP) which is capable of charging electronic devices properly
without adding too much complexity to the hole system. The MVP should be simple enough
to be simulated with Matlab/Simulink, and the subsequent improves to be added to the final
product will also be qualitatively described (but not simulated).

The main variables to be considered in the MVP technical design solution are:

- Performance and quality (acceptable charge speed, low battery damage, good
performance in partly cloudy conditions, etc.)

- Simplicity (use as few components as possible, use simple components, use
components with linear solutions)

The improvements to be added to the final product have the objective of improving:

- Usability (can be used at night, can be used to charge larger electronic devices)
- Efficiency (reduce losses in the system)
- Economy (use cheap components)

5.1. Study of Electrical Consumptions - Nominal Power

The first thing to be defined before starting to design the product is the nominal power that
the solar panel must provide to the load. This parameter is strictly related with the number
and type of electronic devices that can be simultaneously charged.

The MVP for the solar charger will be focused in charging smartphones, so no larger
electronic devices will be considered (such as laptops or tablets). The solar charger is
designed for being able to charge any two smartphones at the same time under “normal” sun
conditions.

Now, batteries in smartphones have nominal capacities from 1,891 mAh (iPhone 8 - Apple)
to 5000 mAh (Moto G7 Power - Motorola, Moto E5 Plus — Motorola, Huawei Mate 20 X —
Huawei, Zenfone Max Pro M1 — ASUS, Galaxy A40s — Samsung, etc.) or even more.

In order to define the nominal power provided by the solar generator, some high capacity
smartphone batteries are going to be described:
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Xiaomi Mi Max 3

Battery technical data:

ominal capacity: C,, = 5500 mAh

inimum capacity: C,,;, = 5400 mAh

o
ormal and fast charge modes recommended
by the manufacturer:
o Normal charge: 5V 2A (10 W)
o Fast Charge 3.0: 9V 2A (18 W)
o C-rate around 0,37C

Figure 5.1. Xiomi Mi Max 3

Samsung Galaxy A40s

Battery technical data:

samsun , ominal capacity: C,, = 5000 mAh

; [ ]
ormal and fast charge modes recommended
by the manufacturer:

o Normal charge: 5V 2A (10 W)
o Fast Charge 3.0: 5V 3A (15 W)
o C-rate: between 0,4C and 0,6C

Figure 5.2. Samsung Galaxy A40s

So, considering the normal recommended range of charging voltages and currents in
different smartphone batteries, the solar chargers available in the market and the highest
capacity batteries available in the market, the design specifications for the MVP solar charger
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are:
- Number of USB outlets: Nysg = 2
- Output voltage: Vour =5V
- Charging current: Loyt =24 A

So, the nominal power supply under “normal” sun conditions is:
Ppy = Nysg * Vout * lour = 24 W [eq. 60]

A solar charger with these specifications can simultaneously charge two high capacity
smartphone batteries in 2h - 2.3h (120min — 140min); even less if the capacity of the battery
is lower.

5.2. Possible solutions - Discussion

In this chapter different design solution are described and the final solution for the MVP
product is chosen considering the defined variables (performance, quality, simplicity).

- With auxiliary battery vs. without auxiliary battery:
The first decision to be took is whether to add an auxiliary acid lead battery or not.
The pros and cons of adding tare summarized in [Table 5.1].

pros cons

Additional storage system, the solar More complex system. Two
charger can be used at night and in converters needed.
very cloudy days.

Adds value to the product. Increase Increase of cost
quality.

Less portability. Makes the product
bulkier and heavier.

Table 5.1. Pros and cons of adding a battery.

Analyzing the pros and the cons described above, it has been considered that
the MVP product will not have an auxiliary battery, but final product should have
one in order to provide a better service.

- With MPPT algorithm vs without MPPT battery: pros and cons in [Table 5.2]
pros cons

More complexity in computing the

Power optimization duty cycle of the converter.
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Easier to control the output voltage

More predictable system.

Table 5.2. Pros and cons of MPPT algorithm.

The MVP solar charger will compute MPPT converter because it is an economical
way to increase its quality.

- Buck converter vs. SEPIC converter
Buck and SEPIC converters are two different topologies for DC/DC converters, as
explained in [Chapter 4.2.1]. Their pros and cons are analyzed in [Table 5.3].

pros cons
Simple Only reduces voltage
BUCK Economical Can cause important damage to
the system when sun power is low
Can reduce and increase voltage | More complex
Works well when sun power is Increases the cost a little bit
Better performance

Table 5.3. Pros and cons of buck and SEPIC converters.

The final decision is to use a SEPIC as main converter in the MVP and add a buck
converter after the battery in the final product.

- Linear charging solution vs. switch model charging solution: as explained in [Chapter
4.2.1], pros and cons of each are:

pros cons
Simplicity Not very efficient. Thermal losses
LINEAR "Smooth output signals Voltage must be precisely
controlled.
Less losses Not smooth output signals
SWITCH F\orks better when voltage is not | Works with PWM control. Adds
MODE | \vell controlled (wide range) complexity.

Table 5.4. Pros and cons of linear and switch mode charging management solution.

In order to reduce complexity of the system and considering that the voltage will be
correctly controlled, the charging solution will be linear.
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5.3. Minimum Viable Product vs. Final Product

The electric diagram of the MVP product is described in [Figure 5.3] as defined in the
previous chapter. The final product [Figure 5.4] will have an additional battery in order to

store energy for charging smartphones at night.

Yy

charge |

manage.

charge |
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Figure 5.3. Minimum Viable Product electric diagram.
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Figure 5.4. Final product electric diagram.

g [p——
L
=
—
-
L
=
—
harge | —s=
ITHAN 0. p—
[T [F —

AN A0, Y
g !

ETSEIB



Aqui pot anar el titol del vostre TFG/TFM Pag. 59

6. Design and simulation of the MVP

6.1. Solar Generator

6.1.1. Design conditions

As said in [Chapter 5.1], the solar generator is designed to deliver 24W of maximum power
[eq. 60] under “normal” conditions. First, it's necessary to define what “normal” conditions are
(they must not be confused with standard conditions).

Standard conditions are the irradiation (G,.; = 1000 W /m?) and cell temperature (T, . =
25 °C) conditions used as a reference by manufacturers to define the characteristics of a
solar module (Voc , Isc » Vinp » Imp » €C).

Normal conditions are the design conditions under which the solar system is likely to operate,
and they are not chosen by the manufacturer but by the engineer who designs the system.
These conditions are chosen according to the location of the system and its average climate
conditions. This portable system is designed to work at any place of the Iberian Peninsula so,
after studying the average solar irradiance in Spain and Portugal [22] the next “normal’
conditions have been set (below average conditions in order to work well in unfavorable
situations):

G, =430 W/m?  T,,=20°C
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Figure 6.1. Annual evolution of the average solar irradiance in two Spanish cities. Caceres (high
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irradiance) and Santander (low irradiance).

6.1.2. Material selection

There are three main types of solar cells: monocrystalline, polycrystalline and thin film PV
cells. Although thin film cells are not as efficient as the other two types (because it's not such
a mature technology) their mechanic and aesthetic characteristics make them perfect for this
application because they are lighter, slighter, more flexible and manageable and more

visually pleasant.

THIN FILM MONOCRYSTALLINE POLYCRYSTALLINE

Figure 6.2. Three type of PV cells.

There are also four different type of thin film cell depending on the photovoltaic material used
for its construction: amorph silicon (a-Si), cadmium telluride (CdTe), copper indium gallium
selenide (CIGS) and gallium arsenide (GaAs). CIGS cells are preferable to the other three
types because they have better efficiency rates (around 20%). [23]

CIS/CIGS cell

2-6pum

Figure 6.3. CIGS PV cell technology.
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6.1.3. CIGS PV Module

After doing an extensive research about different CIGS PV modules which are already
commercialized and can be applied in the solar charger, the Flisom-eFlex-1.6mFF60 has
been finally selected because its characteristics fit perfectly with our requirements. The
complete datasheet of this module is attached in [Appendix A]. In [Table 6.1] are described
the main characteristics of the module, and some secondary characteristics are described in
[Table 6.2].

Vo 48V
I, 1914
Vinp 36V
Ionp 1.66 A
Prp 59.76 W (= 60 W)
FF 0,652

Figure 6.4. Flisom - eFlex 1.6m FF60 Table 6.1. Flisom eFlex 1.6 FF60 main characteristics.

thermal charactersitics mechanical characteristics
K 0.01 %/°C =191-10"*A/K weight 1.3 kg
Ko —0.3 %/°C =—-0.144V/K A 0.664 m?

Table 6.2. Flisom eFlex 1.6 FF60 secondary characteristics.

Another important characteristic of this solar module is the intern configuration of its cells,
which are connected in series with a by-pass diode for every set of 6 cells, as represented in
[Figure 6.5]. This fact makes the module perform more efficiently when part of the surface is
shadowed and reduces the risk of damage, as explained in [Chapter 4.1.4]. [24]

A — A —{ e
hN — _ hN — _ ‘~ —

Figure 6.5. PV module intern configuration (PV cells and by-pass diodes)
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6.1.4. Simulation model

In order to simulate the characteristic curves and the power output of the selected PV
module, a Matlab-Simulink block model has been designed following the mathematical
model described in [Chapter 4.1.4], described by the equations [eq.41], [eq.42], [eq.43],
[eq.44], [eq.45], [eq.46] and [eq.47]. The block model is represented in the next figures:

- [Figure 6.6]: photo-generated current

- [Figure 6.7]: temperature equivalent voltage

- [Figure 6.8]: reference reverse saturation current
- [Figure 6.9]: diode reverse saturation current

- [Figure 6.10]: diode direct current

- [Figure 6.11]: losses in parallel branch

All this block diagrams are put together to create the complete model of a PV module [Figure
6.12]. It is important to remark that the voltage data points have been generated with a ramp
signal (sweep) in order to generate the characteristic curves; the model needs a feedback
loop of the current signal in order to compute the curves iteratively.

Yy
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ph

Figure 6.6. Photo-generated current. [eq.42]
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Figure 6.7. Temperature equivalent voltage. [eq.44]
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Figure 6.8. Reference reverse saturation current. [eq.46]
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Figure 6.9. Diode reverse saturation current. [eq.45]
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Figure 6.10. Diode direct current. [eq.43]
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Figure 6.11. Losses in parallel branch. [eq.47]
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Z .

=l

Figure 6.12. Full PV module block model. [eq.41]

6.1.5. Simulation results

The model described in [Chapter 6.1.4] is simulated under two different parameters in order
to get the characteristic curves and evaluate if it is good for the solar charger. The values of
the different constants are:

Gres = 1000 W/m?  T,ppr = 25°C Voe =48V I =1914 K =001 %/°C

Ky = —0.3 %/°C 14 =15 E;=1eV R;=039383Q Ry, =313.39910Q

Simulation under reference conditions — model validation
In this simulation: G = Gyer, T, = T¢ e
The characteristic curves are plotted in [Figure 6.13].

In [Table 6.3] the results of the simulation are compared to the characteristics provided by
the manufacturer of the PV module, we can observe that the relative error between the
computed and the experimental results is small (g, < 1.5 %), so the simulation model is
validated and can be used to simulate our PV module under any conditions.
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Characteristic curves under reference conditions
i T T T T T T T T T

25

M
T

PV Current [A]
&
FV Power [\W]

0.5 11
D 1 1 1 1 1 1 1 1 1 ::
1] 5 10 15 20 25 30 35 40 45 50
PV Voltage [V]
Figure 6.13. Characteristic curves under reference conditions.
Provided values Simulated values Relative error
Vmp(Gref: Tc,ref) 36V 36V 0 %
Imp(Gref; Tc,ref) 1.66 A 1.64 W 1-2 %
Pmp(Gref; Tc,ref) 59.76 W 59.04 W 1-2 %
FF, s 0.652 0.644 1.23 %

Table 6.3. Comparison between the values provided by the manufacturer and the simulated values.

Simulation under “normal” conditions — PV module validation
In this simulation: G = G, = 430 W/m? , T, = T, = 20°C

The characteristic curves are plotted in [Figure 6.14] and the simulated characteristic values
are presented in [Table 6.4]. The maximum power of the PV module under “normal”
condition is B, = 23.63 W, which is very close to the desired value of 24 W defined in
[Chapter 5.1] (&, = 1.54 %). Theses results validate the selected PV module for the solar
charger.
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Characteristic curves under normal conditions

15 T T T T T T T T T
- 2.:
-I -
< =
= [=]
O 15 &
2 2
0.5
110
E 1 1 1 1 1 1 1 1 1 ::
0 5 10 15 20 25 30 35 40 45 50
PV Voltage [V]
Figure 6.14. Characteristic curves under normal conditions.
Voc(Gnr Tc,n) Isc(Gn: Tc,n) Vmp (Gnr Tc,n) Imp (Gn' Tc,n) Pmp(Gnv Tc,n) FFn
4587V 0.80 4 3475V 0.68 A 23.63 W 0.644

Figure 6.4. Simulated values for the selected PV model under normal conditions

6.2. Buck-boost converter: SEPIC + MPPT

This chapter presents Perturb&Observe (P&O) control method for maximum power point
tracking (MPPT) of this PV system under varying irradiation and temperature conditions. This
algorithm will identify the suitable duty ratio in which the DC/DC SEPIC converter should be
operated to maximize the power output. Also, this converter and their control strategies have
been analyzed and simulated using Simulink/Matlab software.

6.2.1.

Operation Diagram

The MPPT algorithm computes the duty cycle of the converter as explained in [Chapter
4.2.1] and generates a pulse signal in a PWM which directly controls the switch of the DC/DC
converter, as described in [Figure 6.15].

Ty
~), ‘_“x".'b
ETSEIB



Aqui pot anar el titol del vostre TFG/TFM Pag. 68

This device (MPPT+SEPIC) has two main objectives:
1- Control the PV module to operate at the maximum power point [Ppy = Py, (G, T)]
2- Control the output voltage to be V,,,; =5V
In order to achieve these two objectives, two power stages will be designed:
1- The first stage will have (Vpy, Ipy) as input and (Vyp, I;mp) a@s output
2- The second stage will have (V,.p,, Inp) as inputand (5V, I,,,) as output

Ty ——._
DC-DC
f PV Array / } Converter 0 loail
—

[
PFA Signal
DEP Controller

R R I L s L Rl R |
|

I
: PWM :
: Cenerator |
Lo, (e, |
A ol o

I
i | mPPT I
i Algorithm I

l

Figure 6.15. Operation diagram of the MPPT+SEPIC device

6.2.2. Selected converter

After an extensive market research, the integrated circuit selected to be used as a SEPIC
converter in both power stages is the LT8495 (manufactured by the electronic company
LINEAR technology) [Figure 6.16]. The datasheet [25] can be found in [Appendix B] The
main characteristics for which it has been chosen are:

- Wide range of acceptable input voltage (from 2.5 V to 60 V).

- Can provide a very stable output voltage signal of 5V

450kHz, 5V Output SEPIC Converter

F
v o 15pH e Vour

N L *—o » 5V
3VTO 60V | J |

2 2uF 47)F

2y I 15pH M 4.7pF I x2
- ° e -
SwW Bl
=

ns] | Sser
Vin
&—{ SWEN FE—4
178495 2316k
>
_I_1nF g\:(?RT GND
F = =
T e ——SS W0 |———»
S 1F g—| RT WDE [ .
- 37-_159% RST & > ¥
WOI |«

- -2 8495 TADYa

Figure 6.16. 5V output SEPIC LT8495 application.
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6.2.3.

Simulation model

The full simulation model is described in [Figure 6.17]. It includes the PV module and both
power stages of the MPPT+SEPIC power electronics device. The first power stage, which
controls the output power of the PV module to reach the maximum [Figure 6.18], and the
second power stage which controls the output voltage to be 5V [Figure 6.19].

The P&O algorithm computed in the MMPT subsystem block follows the flow chart described
in [Figure 4.43] in [Chapter 4.2.1]. The duty cycle computed in the SEPIC subsystem block
follows the equation [eq.59] in [Chapter 4.2.1].

Q—*e - ! ._—‘
G
Ipv
_.E . out in +out L
- + N + N
) out in -out
=in
GE—m MPPT SEFIC
T %T
PV module Wmp Wout 5V
Figure 6.17. Solar charger simulation model.
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Figure 6.18. MPPT subsystem.
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Figure 6.19. SEPIC subsystem.
6.2.4. Simulation results

The different simulations have been done at constant temperature (T, = T, ,, = 20 °C) and
with different values of irradiance. The numerical results are summarized in [Table 6.5].

As seen in the table, there is a level of irradiance (G..i;; = 530 W/ m?) which gives an
output current of I,,,; = 6V, which means that each USB outlet is receiving a current of 3A.
That is maximum current value permitted for 5V fast charging, according to the USB-PD
specifications [Table 4.3] explained in [Chapter 4.3]. So, for irradiance values above the
critical irradiance (G.;), the output current will saturate at the values of 3A for each USB
outlet.

G[W/m?] Py (W] Vinp [V] Iy [A] Vour[A] I,u[A]
200 9.65 31.13 0.31 5 2x0.97 A
300 15.55 32.39 0.48 5 2x1.56 4

G, = 430 23.63 34.75 0.68 5 2x2.364

Gerie = 530 30.08 35.54 0.85 5 2x3.014
700 41.38 36.83 1.116 5 2x4.14 A

Table 6.5. Results of the simulation of the system.
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The simulated signals during the MPPT operation are plotted in [Figure 6.20] and [Figure
6.21]

maximum solar power evolution

1 |
50 100 150 200 250 00

Table 6.20. Maximum solar power evolution for different values of irradiance.
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Max imum Power Point Tracking

time [s]
Figure 6.21. Voltage and current evolution during MPPT operation.
In [Figure 6.20] and [Figure 6.21] the simulated signal may seem smooth, but they are not.

As shown in [Figure 6.22], the application of the P&O algorithm causes the voltage and
current signals to oscillate around the maximum power point.
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vaoltage detall during MPPT

woltage [V

time(s]

Figure 6.22. Voltage oscillating around the maximum power point.

6.3. Charge management solution

This chapter will select the specific integrated circuit available in the market in order to
manage the charging of the lithium-ion system. This integrated circuit will be described but
not simulated due to its complexity.

6.3.1. Integrated circuit

In order to manage the different stages during the charging cycle [Chapter 4.2.1], it is
necessary to add an integrated circuit. As discussed in [Chapter 5.2], the selected charging
solution is linear in order to reduce complexity and cost, and also to have smoother output
signals.

After doing research about different commercial brands of charging management integrated
circuits, the MCP73843 (manufactured by the electronic company Microchip Technology
Inc.) has been selected. This is an advanced single-or-dual cell lithium-ion/lithium-polymer
charge management controller, whose datasheet can be found in [Appendix C].

The MCP73843 combine high accuracy, constant-voltage, constant-current regulation, cell
preconditioning, cell temperature monitoring, safety timers, automatic charge termination and
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charge status indication in space-saving, 10-pin MSOP packages [Figure 6.23].

MA20705 100ma  NDSB434
5V . ¢
AL ﬂ_SingIe
10 yF = 1| g ~—— Lithium-lon
J7 SENSE DRV J; Cell
5 ; 8-Pin MSOP
II|III-Lﬁ'l.'l VBF'.'I 1 o
5 vo |8 O SENSE{10% § 8 DRV
(== - =]
"_J\H—x STATT  Vas Voo 2 @ ® 7/ Vear
L o—2*1EN  TIMER 5_| STATILC 3 o o 6 Vas
0.1 pF e e
100k0  pemeasts T EN[—|4 = = 5/—TIMER

Figure 6.23. Left, MCP73843 typical application circuit for Li-ion battery charger. Right, package type.

6.3.2. Operation

In the datasheet all the details of the MCP73843 integrated circuit are precisely described
but, in this chapter, only the most important aspects are remarked.

The charge cycle is described in [Figure 6.24] with its important parameters.

T
Preccnditioningl Constant-Current Constant-Voltage

Transition Threshold

(VprH) 7

Precondition Current
(lprec)

Termination Currept f — — — — - — — — — — — 7 — — — — — — —
(lrerm) |

T T
Phase | Phase : Phase :
| | I
Regulation Voltage | e e - | !
(Vreg) | / I
Regulation Current [ _ _ _ _ | I
(rec) |
4 |
A

M, |
Charge [

Voltage
I
I
I
I
I

[ - [
Precondition Fast Charge |
safety Timer "1 Safety Timer — % l
| Elapsed Time [

I Termination Timer 1

Figure 6.24. Charge cycle operated by MCP73843.

Stage 1 — Charge qualification and preconditioning

the MCP73843 automatically perform a series of safety checks to qualify the charge. The
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input source voltage must be above the undervoltage lockout threshold (Vpp > Vpry 5 Vpp =
5V), the enable pin must be above the logic-high level and the cell temperature monitor
must be within the upper and lower thresholds, with the qualification parameters being
continuously monitored. Deviation beyond the limits automatically suspends or terminates
the charge cycle.

Once the qualification parameters have been met, the MCP73843 initiates a charge cycle.
The preconditioning current is set to approximately 10% of the fast charge regulation current

(Iprec = 0.1 - Igge).
Stage 2 — Constant current regulation. Fast charge

When the battery voltage exceeds the preconditioning threshold (Vgar > Vpry)
preconditioning ends and fast charging begins. Fast charge regulates to a constant-current
(Izgc) based on the supply voltage (Vpp) minus the voltage at the SENSE input (Vecs)
developed by the drop across an external resistor (Rsgzysg). Fast charge continues until the
battery voltage reaches the regulation voltage (Vzz¢); or until the fast charge timer expires.

Stage 3 — Constant voltage regulation

When the battery voltage reaches the regulation voltage (Vzg¢), constant-voltage regulation
begins. This input is tied directly to the positive terminal of the battery. The MCP73843 gives
a fixed voltage of Vi = 4.1V, which is the proper value for Li-ion batteries.

Stage 4 — Charge cycle completion. Automatic re-charge

The MCP7384X monitors the charging current during the constant-voltage regulation phase.
The charge cycle is considered complete when the charge current has diminished below
approximately 7% of the regulation current (Irgry = 0.07 - Izgs) Or the elapsed timer has
expired. The MCP7384X automatically begins a new charge cycle when the battery voltage
falls below the recharge threshold (Viry = Vige — 0.2V), assuming all the qualification
parameters are met. [26]
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monitored throughout the charge cycle.
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Figure 6.25. Operational Flow Algorithm.

6.3.3. Parameters for correct design

Mo Na
] Mo No
STAT1 = Flashing
STAT1 = Off
Voo < Vo Safety Timer Suspended |
.'. or EN Low . emperalure O ‘ Charge Current =0

Voo = Vivio
Vear < VarH
or EN Lo

Considering the predesign parameters set in [Chapter 5.1]. The suitable parameters for the

MCP7384X working at “normal” conditions [Chapter 6.1.1] are:

Supply voltage Vbp 5V Regulation voltage VrEG 41V
Precond.Threshold Voltage | Vpry | 2.8V Termination current Itgrm | 0.168 A

Regulation current Irgc 24 A Recharge threshold Vern 39V

Precondition current Ippge | 0.24 A | External SENSE resistor | Repyop 0.10Q

Table X.X. Design parameters for MCP73843.

Under “normal” conditions the voltage drop across the external SENSE resistor and the

voltage at the SENSE input is:

AV = VDD - VFCS = IREG . RSENSE =024V - VFCS =476V [eq 61]

This voltage is in the acceptable range, so the design is correct.
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7. Business Plan

As said in the abstract of this paper, the objective of this project is not only to design the
product but to create an innovative business plan in order to get revenues and make a
positive net profit in the middle term.

In this chapter, the different aspects of the business plan are explained and discussed.
7.1. Value proposition
This business plan is created around the idea of solving a specific need explained in

[Chapter 3.1]. The main aspects of the value proposition of this business are explained using
the conceptual diagram in [Figure 7.1].

—— What your user really wants:
The user wants to charge an electronic device

_ \ The Value during a short period of time (1-3 hours) in a event
Your Value W YOUI' App L . . . .
where acces to electricity is limited or non-existent.

Proposition |
s, | Provides
/7‘:‘

Unorigil

The value proposition your competitors provide:
Our competitors sell good quality solar chargers
through different traditional and digital channels
(electronic store, Amazon, etc.). Cost is elevated.

Competitors

Provide

Figure 7.1. Value proposition conceptual diagram.
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The value your app provides:

Our app provides a pay-per-use service. It delivers solar chargers to the clients on the spot
so that they can charge their smartphones during a period of time. Once the electronic
device is charged, the solar charger is returned to the company. The cost is low because the
client doesn’t buy the solar charge.

No one cares

Value proposition

Competitors sell good quality chargers, so
our product doesn’t stand out in the market.

Innovative business model.
Pay-per-use.

Service as a product (SaaP).
Reduced cost.

Table 7.1. Value proposition summary.

7.2. Business Model

The business model is explained in a Canvas Business Model Chart:

Key

e ]
oy
Partners ‘%.

Technology suppliers:

Flisom: solar modules
Microchip
Technology: power
electronics

Key A
Activities o o

On the spot delivery of
solar chargers.

Set stands in the festivals
to provide information and
attract clients.

I
i

Key .
Resources

o=

4
3, §
)

Technology: Knowledge
(R&D), app, solar chargers

HR: developers, engineers,
marketing specialists,
deliver workers.

Business partners:

Arenal Sound
Vifia Rock

Bilbao BEK Live
FIB Benicassim
Riverland Festival

Channels —

Downloadable app:
AppStore (Apple)
Google Play (Android)

O s ormer

Relatfonahips e

Client attraction in the
stands during festivals

Satisfaction feedback
through the app
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Customer P
Segments ! f[

Principal target:

Young people between
18-30 years old used to go
to music festivals.

Secondary target:

People from all ages who

usually go to motor sports
races during 2-3 days (F1,

Value e
Proposition S|

—a
Satisfy urgent need
Pay-per-use
On the spot delivery
Reduced cost
Service as a Product (SaaP)

Digital environment

Moto GP, etc.)
Structure {I f
e

Solar charger development and manufacturing. - Operations: stands, delivery, etc.

App creation and development - Marketing

R&D - Data center
Revenue s -
Streams <

o
- Principal income: charging services with our solar charger
- Secondary income: data selling to business partners
‘Q\
Y
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7.3. Future revenue projections

7.3.1. Solar charger unit cost

The unit cost for each solar charger is calculated as:
- Flisom eFlex 1.6m FF60: 400€
- Linear technology LT8495: 4.26€ (x2) = 8.52€
- Microchip Technology Inc MCP73843: 1.14€ (x2) = 2.24€
- Wire, case and others: 15€

The total cost is estimated to be 426 €/unit. The company will start operating with 100
chargers, which require an expenditure of 43,000€ approximately.

7.3.2. Other costs

Operation costs:
- 5 people salaries: 18,000 €/year (x5) = 90,000 €/year
- Rental costs: 7,200 €/year
- Extra expenditures: 10,000 €/year

Marketing costs
- 2 marketing specialist’s salaries: 21,000 €/year (x2) = 42,000 €/year
- Extra expenditures: 10,000 €/year

App development costs
- 3 engineer’s salaries: 26,000€ (x3) = 78,000€
- Extra expenditures: 10,000 €/year

Total fix cost: 247,200 €/year

7.3.3. Estimated incomes
For the first three years the company will operate in, at least, 5 music festivals:
- Arenal Sound: 300,000 people in 2019
- Vifia Rock: 240,000 people in 2019
- Bilbao BBK Live: 112,800 people in 2019
- FIB Benicassim: 114,000 people in 2019
- Riverland Festival: 13,000 people in 2019

The estimated potential market is around 780,000 people. Assuming an average conversion
rate of 2% during the first year, 3% during the second year and 5% during the third one, we
can estimate the future clients as:
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- 1%year: 15,600 clients
2" year: 23,400 clients
3" year: 39,600 clients

The charging services will cost 6€/h to the client. It's assumed that the client will use the solar
charger an average of 2 hours. The secondary income (data selling) is assumed to be the
20% of the primary income (charging service), so:

Charging service Data selling Total
1st year 187,200 € 37,440 € 224,640 €
2nd year 280,800 € 56,160 € 336,960 €
3rd year 475,200 € 95,040 € 570,200 €

Table 7.2. Estimated incomes for the first three years.

7.3.4. Basic projections for the first three years

An estimation of the company economic growth is summarized in [Table 7.3] and [Figure 7.2]

Year 0 Year 1 Year 2 Year 3
Initial expenditure —43,000 € no no no
Fix costs no —247,200€ | —247,200€ | —247,200 €
Turnover no 224,640 € 336,960 € 570,200 €
Net Benefit (before taxes) | —43,000 € —22,560 € 89,760 € 323,000 €
d‘_“x"_'b
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Table 7.3. Basic economic projection for the first three years.
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Figure 7.2. Projected growth of the company.

As seen in the figure above, the growth rate of the company seems to be very satisfactory if
the desired conversion rates are achieved.

|# ==\
&y
ST

m
7
m
@



Aqui pot anar el titol del vostre TFG/TFM Pag. 83

8. Additional information

8.1. Environmental Impact

The designed solar charger provides a nominal power, under “normal” conditions, of 24 W.
Assuming that each solar charger will operate 30 days per year during 8 hours per day, the
energy that a single solar charger will generate is:

Egen = Paom - 30 days/year '8 hourg/day = 5760 Wh/year [eq.62]

As said in [Chapter 7.3.1], there will be 100 solar charger delivering charging services. In
Spain, the electrical mix has an estimated emission factor of 321 g CO,/kWh (2018 data
provided by the Climate Change Department - Generalitat de Catalunya). The annual
equivalent carbon emissions that will be avoided are:

co
Meq,co, = fCOZ : Egen,tot = fCOz -100 - Egen =321 g z/kWh 576 kWh

kg CO
meqlcoz = 1849 g Z/year [€q63]

So, this business project is eco-friendly because it reduces the carbon footprint of its
environment 184.9 kg CO,/year.

The average carbon footprint generated by a Spanish citizen is around 7000 kg CO,/year,
so the reduction is not too relevant. [27]

8.2. Project Budget

The budget for the completion of this project can be calculated as the sum of the next terms:
- MATLAB Annual License: 800 €
- Microsoft Office 365 Personal Annual License: 55 €
- Laptop, PC Lenovo ideapad 320: 440 €
- Mobility costs: 150 €
- Engineer earnings:

Engineer earnings = 12 ECTS - 25 h/ECTS -10 €/h = 3000 € [eq.63]

The total budget is 4,445 €.
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8.3.

Project Planning

The project planning is described in the Gantt diagram [Figure 8.1]. It is important to remark
some aspects of the planning:

| enrolled in the project on February 2019, but | was working full time in an electric
company so | considered to deliver the report after the summer vacations, applying
for an extension.

| started to work in the project on June 2019, doing research and looking for good
bibliographic material.

On July | started to select quality information and to write the theoretical aspects of
the project, like the State of Art.

| quitted my job on August 2019 and | started to work full time on the project, focusing
my efforts in the design of the solar charger and the simulation models.

feb.-19 mar.-19| abr.-19| may.-19 jun.-19 jul.-19 ago.-19 sep.-19 oct.-19|

Task

W1 W2|W3 | W3 W1[W2 W3 W4 W1 W2 (W3 W4 Wi W2 w3 wi

Project Enrollment

Definition of the idea

Definition of the contents

Bibliographical research

Information filtering

Write a draft of the theoretical concepts

Write Chapter 4

Predesign of the solar charger

Write Chapter 5

Create the solar generator simulation model

Create the Power Electronics simulation model

Generate the simulation results

Select real components for the solar charger

Write Chapter 6

Define the value proposition

Define the business model canvas

Write Chapter 7

Finish the report

Delivery of the report

Prepare the project presentation
Project presentation

Working in an electric company | |

Figure 8.1. Gantt diagram of the project.
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Conclusions

After working in this project during months designing the electric diagram, creating the
simulation models, running them in order to get the results, analyze the results in order to
select real components in the market whose characteristics match the desired ones and
displaying all these information in this report, | can extract some important conclusions.

The designed product is viable. The solar module is light, small (less than 1m?) and flexible,
so it can be easily folded in order to optimize the portability of the solar charger. The power
electronics is well designed and the simulations provide satisfactory results. Moreover, there
are real electronic components whose characteristics match exactly with the ones needed
according to the simulation results, so the product should not be developed component by
component, because there are commercial components that can be used, which makes us
safe time and money. The charger performs well; under normal conditions it should be
capable of completely charging a high capacity battery in less than 140 min (even less if
there are better irradiance conditions), the charging current is saturated to a maximum value
of 3A to protect the Li-lon battery of the devices (the charge management integrated circuit is
the component which performs this) and, in addition, the PV module should perform well
when partially shadowed because of the by-pass diodes connected to their cells.

The designed charger has on clear downside, it can’t work at night because it can’t store
energy in a battery. This project could be continued by modifying the product in order to
solve this inconvenient and increase its quality without worsen its portability. The project
could also be continued by designing the external appearance of the product using a 3D
modelling software and even build a real prototype.

| sincerely believe that, to do business with this type of chargers, the proposed business
model makes a lot of sense. It is innovative, digital inspired, and can connect very well with
young people. The project could also be improved by developing the business model in more
detail, and even creating the app.

So, we can finally conclude that the objectives set for this project have been accomplished.
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Appendix

A. Datasheet; Flisom e-Flex 1.6m

& Flisom

Flexible Solar Modules

SWISS EIMADE
eFlex 1.6m - for Buildings & Mobility

Description

The eFlex is a flexible and lightweight solar panel designed for integration into roofs, structures with limited load bearing capacity,
mobility applications on trailers, RVs, boats and many more demanding applications.

Features {
|
*  Most elegant and aesthetic solar module, beautiful uniform design '
*  Highenergy yield due to excellent shadow tolerance and temperature stability
= Applicable for curved surfaces — bendable
*  Ultra-low weight, < 2kg/m2
*  Unbreakable & robust - no glass, no micro cracks
*+  ElLtested
«  Made in Switzerland
*  Available in 0.8m, 1.6m, 2.3m and 3.1m length ©
!
Flisom AG, Gewerbestr 16, CH-8155 Niederhasli Phone +41 (0) 44 824 3000 Fax +41 (0) 44 824 3001 sales@flisom.ch  www flisom._com
[Sorel ]
Ut
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eFlex - for Buildings & Mobility

&= Flisom

Flexlble Sclar Modules

Dimensions
Length [mm]
Width [mm]
Thickness at module [mim]
Thickness at J-Box [mm]
Weight [Kg)
Electrical characteristics at STC!
Model number
Nominal power Pmpp W]
Tolerance w1
Voltage at nom. power Vmpp Wil
Current at nom. power Impp [A]
Open circuit voltage Voo Wil
Short circuit current Isc [A]
Max. system voltage IEC V]
Max. serial fuse rating [A]
Thermal characteristics
Temperature coefficient Voc [%/°C]
Temperature coefficient Isc [%0/*C]
Temperature coefficient Pmpp [%&/*C]
Operating conditions
Temperature range [*C]

Max. mechanical load

Additional data
Cell type
Junction box

Encapsulation
Parallel connection

1617
411
2.2
21+1
1.3
FF 50 FF 55 FF 60
50 55 &0
-0/+5 -0/+5 -0f+5
34 35 36
1.47 1.54 1.66
46 47 48
1.72 1.82 1.91
1000
10
0.3
0.01
-0.35
-40 to +85
2400 Pa, 245 kg/m2
Flexible CIGS

Front side including bypass diode, IP67, MC4 type f MC4 connectors,
T00mm long cable (4 mm2)

Fluoropolymer front sheet / plastic back shest
¥-connector available

Customization Possible on request for larger volumes / Optional front and back-side
junction box
Warranty & certification
Performance guarantee 10 years on 90% of Pmpp under sTcta 20 year on 80% of Pmpp under sTc!
Warranty 5 years' workmanship after delivery date
Certification EN IEC 61648; EN IEC 61730-1 &-2
Safety class Il
Motes

TETC: 1000 Wim2, AM1.5G, 25°C, stabilized module state
?Mote covered under current certifications

We continuously develop our products. Ebectrical and physical properties subject to change without prior nofice.

h www fliso

Fax +41 (0) 4

\'l‘_"x' v
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B. Datasheet: Linear Technology Inc — LT8495

g ANALOG
ALY LINEAR DEVICES LT8495

SEPIC/Boost Converter with

2A., 70V Switch, QuA Quiescent

Current, POR and Watchdog Timer

FEATURES

= Wide Input Voltage Range of ~1V to 60V
{2.5V to 32V for Start-Up)

= Low Ripple Burst Mode® Operation
= QpA g at 12Viy to 5.0Vgut
= Qutput Ripple (<10mV Typ.)

® Dual Supply Pins:
= Improves Efficiency
u Reduces Minimum Supply Voltage to ~1V after
Start-Up to Extend Battery Life

u |ntegrated 2A/70V Power Switch

= Programmable Watchdog Timer Can Operate When
Viy Supply Is Removed

= Programmahble Power-0On Reset Timer (POR) with
RST Functional for Input Supply Down to 1.3V

= FMEA Fault Tolerant in TSSOP Package

= Fixzd Frequency PWM, SEPIC/BOOST/FLYBACK
Topologies

= Programmable Switching Frequency:
250kHz to 1.5MHz

= UVLO Programmable on SWEN and RSTIN Pins

m Spft-Start Programmable with One Capacitor

= Small 20-Lead QFN or 20-Lead TSSOP Packages

APPLICATIONS

® Automotive ECU Power
= Power for Portable Products
= [ndustrial Supplies

DESCRIPTION

The LT®8495 is an adjustable frequency (250kHz to 1.5MHz)
monolithic switching regulator with a power-on reset and
watchdog timer. Quiescent current can be less than 9pA
whenoperating andis~0.3pAwhen SWEN, WDEand RSTIN
are low. Configurable as a SEPIC, boost or flyback con-
verter, the low ripple Burst Mode operation maintains high
efficiency at low output current while keeping output
ripple below 10mV. Dual supply pins (Vi and BIAS) allow
the part to automatically operate from the most efficient
supply. Input supply voltage can be up to 60V for SEPIC
topologies and up to 32V (with ride-through up to 60V)
for boost and flyback topologies. After start-up, battery
life Is extended since the part can draw current from its
output (BIAS) even when Vyy, voltage drops below 2.5V.

The reset and watchdog timeout periods are independently
adjustable using external capacitors. Using aresistor divider
on the SWEN pin provides a programmable undervoltage
lockout (UVLO) fortheconverter. A resistordivider connected
to RSTIN provides UVLO control that asserts the RST pin.

Additional features such as frequency foldback and soft-
start are integrated. Fault tolerance in the TSSOP allows
for adjacent pin shorts or an open without raising the
output voltage above its programmed value. The LT8495

is available in 20-lead QFN and 20-lead T3S0P packages
with exposed pads for low thermal resistance.

L7, T, LTC, LTWL, Livear Technokogy, e Linear kogo and Burst Mode a7 rgisiared trademarks
of Analog Devices, inc. All other iracemarks ar S property o1 Teir TEspactive emers.

TYPICAL APPLICATION )
450kHz, 5V Output SEPIC Converter No-Load Supply Current Eficiency
= %
= i — i'!llﬂl'-'
: ) i ?‘f:';-- — -_\'__1§
E oalH = "=
% 1 I| I'-, E % Uu:\;}\“
I on LAY g
g \""-n-__ _ WeTnooZEwasEn |
; = WATCHDOS DIEABLED B
T W = = m B T T R
NEUIT WDLTASE [V) LOAD CURRERT §&)
S_— ;;;m

Far more information wenwlinsarcom/LT3495
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LT8495

ABSOLUTE MAXIMUM RATINGS

(Note 1)
Wi, BIAS VoRage ... 60V CPOR, CWDT, SSVoltage ..o, v
SWEN, WDE, RSTIN Voltage .....ccoevevveeeece e 60V Operating Junction Temperature Range
FB VORAGE......ccve et st 6OV LT8495E, LT8495] (Motes 2, 3)..........—40°C to 125°C
SWVOIAGE ..o et Tov LT8495H (Notes 2, 3) oo —40°C to 150°C
WOI, RST, WDO Voltage........o. oo, 6V  Storage Temperature Range .................. -65°C to 150°C
RT VORAgE oo 6V  Lead Temperature (Soldering, 10 sec)
FE PaCkage ..o s 300°C
TOP VIEW ToF W
= L
Bis [T 7| 5w EEZa2
G 9] ne EHEE G
FE [T} 18] iy - __|
v 7] ] ne 55 __J: L—T_ CND
croR [5] | a4 | [TE] WD G:; = 2 |[—§ E:;
owot [E] | SN0 | [iE) won 2] GRD =
N ] Y| [iz] sw
T 7] [14] &ND e[l me
55 [B] 13] WIE B N
ne I 1Z] SWEN i el T
P w5 =
FT [0} [17] FSTH % SEES
FE PACKAGE -
. . UF PACKAGE
20-LEAD PLfST'C S50F 20-LEAD {4mm » Amm) PLASTIC OFN
. o . B0 - ATTW
EXPOSED FAD (FIN ?1'|5 S0, MUST 8 SOLDERE EXPOSED FAD (PIN 21} 1S GND, MUST BE S0LDERED T0 P8
OB DE“ "'“:O“ I'I'I ﬁTIOI'I http:/fwww.linear.com/product/LT8495% orderinfo
LEAD FREE FINISH TAPE AND REEL PART MARKING* FPACKAGE DESCRIFTION TEMPERATURE RANGE
LTB495EUFFPBF LTB495EURFTRPEF 8485 20-Lead (4mm > 4mm) Plastic OFN —40°C to 125°C
LTB495IUF#PEF LT8495]UFFTRPEF 8485 20-Lead (4mm = 4mm) Plastic OFN —40°C to 125°C
LTB495EFEFPEF LTB495EFEFTRPEF LTB495FE 20-Lead Plastic TS50P —40°C to 125°C
LT8495IFEFPEF LTEB495IFEFTRPBF LTB495FE 20-Lead Plastic TS50P —40°C to 125°C
LTB485HFESPRF LTB495HFEFTRPEF LTB485FE 20-Lead Plastic TSSOP —40°C to 150°C
Consult LTC Marketing for parts specified with wider operating temperature ranges. *The temperature grade is identified by a label on the shipping container.

For more information on lead fres part marking, go to: httpy
For more information on tape and reel specifications, go to: hitp:

designated sales channels with #FTRMPEF suffix.

T

inear.com/leadfree/
vww.linear.comytapeandreel’. Some packapges are available in

500 unit reels through

BADER:

2

For more information www lingarcom/.T3435

oty
o)
Y
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L8495

ELEC"“CHL CHﬂBﬂC’I’EH IS'I'ICS The » denoles the specifications which apply over the full operating

junction temperature range, otherwise specifications are at Tp = 25°C. Vi = Vswen = 12V, Vpias = Vwoe = 5V, unless otherwise noted

(Note 2).
PARAMETER CONDITIONS MIN TYP MAX UNITS
RSTIN Pin Current (Note 7) VeEmm = 1.2V 0 25 na
VETm =5V 35 200 na
Verm =12V 240 550 na
RSTIN Threshold as % of Vg Regulation Voltags B6 92 a7 %
RSTIN Low to RST Asserted (tyy) Step Vs from 1.3V to 0.9V L] a 23 ] ps
Watchdog Timeout and Reset Delay Period {tggr) | Cpgg = 4700pF, Watchdog Timeout Not Occurring | @ 3.5 95 11.85 ms
(Note 8) at 5ame Time as the Reset Delay
Watchdog Upper Boundary (twou) (Mote B) Cwor = 1000pF L] 1449 16.7 209 ms
Watchdog Lower Boundary {twpy ) (Note 8) Cwor = 1000pF L] 580 650 812 ys
RST Output Voltage Low Isik; = 1.25mA L 33 150 mv
I5ing = 100pA, Vaias = 1.3V, Vig = OV . 15 150 miv
Iging = 100pA, Viyg = 1.3V, Vgiag = 0V L] 15 150 my
RST Leakage Current VST = 1.2V, VEET = 5V (LTB495E, LTB4951) L] 0 0.3 1)
VT = 1.2V, VReT = 5V (LT8495H) L] 0 1.0 1)
WD Output Voltage Low Igigg = 1.25mA L] 120 420 my
WD Leakage Current Vg = 5V » ] 0.25 pA
WO Pin Current Vo =5V 01 i}
WO Input Rising Threshold ] 0.4 0.8 1.25 v
WD Voltage Hysteresis 58 my
WD Input Pulse Width L 300 ns
WOE Pin Current (Note 7) Vwpe=12V ] 25 nA
Vwoe =5V 35 200 na
Vwoe =12V 240 550 na
WOE Rising Voltage Threshold L 0.9 1 11 v
WDE Voltage Hysteresis 30 my

Mole 1: Stresses beyond those listed under Absolute Maximum Ratings
may cause parmanent damage to the device. Expasure o any Absolute
Maximum Rating condition for exiended periods may affect device
reliability and lifetime. Voltages are with respect to GND pin unless
otherwise noted.

Mole 2: The LTB495E is guaranteed to meet performance specifications
from 0°C to 125°C junction temperature. Specifications over the —40°C
to 125°C operating junction temperature range are assured by design,
characterization and correlation with statistical process controls. The
LT84951 is guaranteed to meet performance specifications from —40°C
to 125°C junction temperature. The LTE495H is guaranteed over the full

—407C to 150°C operating junction temperature range. Operating lifetime is

derated at junction temperatures greater than 125°C.

Mote 3: This IC includes overtemperature protection that is intended
to protect the device during momentary overload conditions.
Junction temperature will exceed the maximum operating range when

overtemperaiure protection is active. Continuous operation above the
specified maximum operating junction temperature may impair device
reliability.

Mole 4: See Power Supplies and Operating Limits in the Applications
Information section for more details.

Mate 5: Current limit guaranteed by design and/or correlation to static test.
Slopa Compensation reduces current limit at higher duty cycles.

Molte 6: Max dufy cycle current limit measured at 1MHz switching
frequency.

Male 7: Polarity specification for all currents into pins is positive. All
voltages are referenced to GND unless otherwise specified.

Mole 8: This specification is guaranteed for only the exact capacitance as
listed in the conditions. Variation of the capacitance from the exact listed
value will cause proportional variation to trsr, twou and twol

BABGFh

4 Far more information www. linearcom/1T8495
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LT18495

BLOCK DIRGRAM

w

IHD

SWEN

L

[ R2 Vin
F{ R b ) — 1
CHIP - .
= SHUTDOWN 165°C s
100my — S.UPF‘L‘:r —
4 SELEC
4 ¥ I LoGic =
L3 21V @
DISABLE PSD VOLTAGE | 110V 34y 4 BIAS ]
Ly REFS | 1.00v [ -
SOFT- | OTHERS —-2ay
START |VC_LIMITER T
4w Burst |—— LOW POWER MODE
- Mode
é DETECT
- POWER
= R SWITCH
[}FE FREGUENCY — s DRIVER
" FoLDBACK UADRA
—| RAMP M s
T GENERATOR ¥
g il ADJUSTABLE LLLL
DSCILLATOR
ASTIN
i
110V ADJUSTABLE
RESET PULSE
CHIP _o GENERATOR
SHUTDOWN WATCHDOG
TIMEOUT

ENABLE

2.3pA

WATCHDOG
TIMER

TRANSITION
DETECT

_|

_|

23pA

ire i T e

23pA

B3 HD

B4a5fh
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For more information wwnelinearcom/LT8495
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LT8495

TIMING DIRGRAMS

Start-Up Timing RSTIN Timing
24v ASTIN 1.1V
Vin 13V I —
55 __,..--"—-""""'_ RET
bl tRST  mame o
RET
WO0
——1.202V
CPOR 02y
cwor 1111
45 T
I5TARTUP tRsT
— ~=— lpw

Watchdog Timing, Lower Boundary

oY/ e N
1

CWDT

1 t <ty tRsT
WOL = IWDL RS e

Watchdog Timing, Upper Boundary

w N/ \

CWoT

=
[=]
[=]

twou IgsT 8835083

tgarTUP = TIME REQUIRED TO START UP THE CHIF APPROXIMATELY 1ms
tpw = TIME REQUIRED TO START UP THE WATCHDOG OR POR TIMER, APPROXIMATELY 200ps
tyy = TIME REQUIRED TO ASSERT AST LOW AFTER RSTIN GOES BELOW ITS THRESHOLD, APPROXIMATELY 23ps
trsT = PROGRAMMED RESET PERIOD
twpy = WATCHDOG UPPER BOUNDARY PERIOD, APPROXIMATELY 31 RAMPING CYCLES ON CWDT PIN
fyypL = WATCHDOG LOWER BOUNDARY PERIOD, APPROXIMATELY 1 RAMPING CYCLE ON CWDT PIN
B405fh

11

For more information www.insarcom/LT8495
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LT8495

TYPICAL APPLICATIONS

450kHz, 5V Output SEPIC Converter

(Same as Front Page Application)
(]
L1 W,
2. 2)F out
Vi 150 ” D‘r 5V
3V T0 6OV q) — 0.2A (Viy =3V)
{3V TO 32V FOR START-UF) ) 0,64 (Viy = 5V)
M 1.0A (Viy > 12v)
5UH d,
——47p c2
= 47uF x2
BIAS BETK I
ASTIN -
SWEN M
316k
GND
CwoT LT8495 =
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PACKAGE DESCRIPTION

Please refer to hitp:/fwww_linear.com/product/LT3495#packaging for the most recent package drawings.
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C.

MICROCHIP

Datasheet: Microchip Technology Inc — MCP73843

MCP73841/2/3/4

Advanced Single or Dual Cell Lithium-Ton/
Lithium-Polvmer Charge Management Controllers

Features

= Linear Charge Management Controllers

= High-Accuracy Preset Voltage Regulation:

- +0.5%

(rmiac)

= Four Preset Voltage Regulation Options:
- 41V -MCPT3841-4.1, MCPT3843-4.1
- 42V -MCPT3841-4.2, MCPT38434.2
- B2V -MCPT3842-8.2, MCPT3844-8.2
- B4V -MCPT3842-84, MCPT3844-8.4

= Programmable Charge Current

= Programmable Safety Charge Timers

= Automatic End-of~Charge Control
= Opticnal Continuous Cell Temperature
Meonitaring (MCP73841 and MCPT3842)

Preconditioning of Deeply Depleted Cells

Charge Status Output for Direct LED Drive

= Automatic Power-Down when Input Power
Remowed

= Temperature Range: 40°C to 85°C

FPackaging: MSOP-10 - MCF73841, MCP73842

M30P-8 - MCPT3843, MCPT3544

Applications

= Lithium-lon/Lithium-Pohlymer Battery Chargers
= Personal Data Assistants

= Cellular Telephones

= Hand-Held Instruments
= Cradle Chargers

- Digital Cal

MEras

= MP3 Players

Typical Application Circuit

MADTOS
o

1-J|.F.—T:
l

100 m

M‘—_'—‘i‘EE—

MOSEL34

7

Voo

SEMSE DRV

i

Viar

3

1A Lithium-lon Battery Charger

;] singe

T Lithiumicn
| cen

W

= 10yF

STAT1  Vag E‘—}’

Description

The MCPT384X family of devices are highly advanced
linear charge management comtrollers for use in
space-limited., cost-sensitive  applications. The
MCP73841 and MCPT3842 combine high accuracy,
constant-voltage, constant-current regulation, cell pre-
conditioning, cell temperature monitoring, advanced
safety timers, automatic charge termmination and
charge status indication im space-saving., 10-pin
MS0OFP packages. The MCP73241 and MCPT3842
pravide complete, fully-functional, stand-alone charge
management solutions.

The MCP73843 and MCP73844 employ all the
features of the MCPT3841 and MCPT73842, with the
exception of the cell temperature meonitor. The
MCP73843 and MCPT3844 are offered in 8-pin MSOP
packages.

The MCP7T3841 and MCPT3843 are designed for
applications utilizing single-cell Lithium-lon or Lithium-
Polymer battery packs. Two preset voltage regulation
options are available (4.1 and 4.2V) for use with either
coke or graphite amodes. The MCP73841 and
MCP73843 operate with an input voltage range of 4.5V
fo 12V

The MCP73842 and MCPT3844 are designed for
applications utilizing dual series cell Lithium-lom or
Lithium-Polymer battery packs. Two preset voltage
regulation options are available (8.2V and B.4V). The
MCP73842 and MCP73844 operate with an input
voltage range of 8.7V to 12V,

The MCPT384X family of devices are fully specified
ower the ambient temperature range of -40°C to +85°C.

Package Types

EN 'I'II'|1EH—5—_[_] -
L1 T

100 kD

MCP73843

T°

10-Fin MSOP
SEMSE [t _ ., 10— DRV
Voo 2 g o/ Vaur
STAT 3 &2 & g/ Vas
EN—J« & B 71— TIMER
THREF —5 % g g—— THERM
8-Fin MSOP
SENE.EI:WJE E H——1 DRV
g O R m— AT
STATIC 2 oo gV,
N+ 2 8 s TmEr
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Functional Block Diagram
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1.0 ELECTRICAL
CHARACTERISTICS

Absolute Maximum Ratings 1
U OOV ORORRY = 1.:| |
All inputs and outputs wort Veg o 0.3 to (Wpp+DU3W
Current at DRV Pin TR . ¥ | 1.
Current at STATT Pin ... 230 &
Maximum Junction Temperatwe, T 150°C

Storage temperature ... ....-B5°C to +150°C
ESD protection on all pins:
Human Body Model (1.5 k2 in Seres with 100 pF).....2 2 KV

Machine Model (200 pF, No Seres Resistance)............ 200V
DC CHARACTERISTICS

*Notice: Stresses abowe those listed under “Maximum
Ratings™ may cause permanent damage to the device. This is
a stress rating only and functional operation of the device at
those or any other conditions above those indicated in the
operational listings of this specification is not implied. Expo-
sure to maximum rating conditions for extended penods may

affect device reliability.

Electrical Specifications: Unless otherwise indicated, all Bmits apply for Vop= [Vaes(TypH0.3V] to 12V, T, = 40°C to +85°C.
Typical walues are at +25°C, Vpp = [Vres(Typ) + 1V1.
Parameters Sym Min | Typ | Max | Units | Conditions
Supply Input
Supply Voltage Voo
MCPT3841, MCPT3843 4.5 - 12 v
MCPT3842, MCPT 3844 X - 12 v
Supply Curment laz 0225 4 iy Disabled
- [ 4 mA Operating
Voo *Veea(Tyek 1V
LALO Start Threshold Vaorant
MCPT3841, MCPT3843 425 445 4.60 v Voo Low-to-High
MCPT3842, MCPT3044 B45 865 a.e0 v Voo Low-to-High
LAWLO Stop Threshaold Verop
MCPT3841, MCPT 3843 4.0 440 4.55 v Voo High-to-Low
MCPT3842, MCPT 3844 BA4D B.60 8.85 WV Voo High-to-Low
Voltage Regulation {Constant-Violtage Mode)
Regulated Output Voltage Vaes
MCPT3841-4.1, 4073 4.1 4.121 v Voo = Vaes(Typ+ VL Loyt = 10 méA,
MCPT3843-4.1 Ta =-5"C to +55°C
MCPT2841-4.2, 4.179 4.2 4.221 v Voo = Vees{TyRHIVL loyr = 10 mA,
MCPT3843-4.2 T, =-5°C to+55°C
MCPT3842-8.2, 8.158 B.2 5241 v Voo = Vees(TYeR-IVL 15, = 10 mA,
MCPT3844-8.2 Ta=-5"C to +55°C
MCPT3842-8.4, 8.358 B4 442 v Voo = Vaes(Typ+ VL Loyt = 10 méA,
MCPT3844-3.4 Ta=-5°C to +55°C
Line Regulation AT - 0.025 025 WA | Voo = [Vees(Typ)+1V] to 12V,
VpariliaVpg our = 10mA
Load Regulation N - oo 0225 % cwr = 10 mA to 150 mA,
Voo = [Vaes(Typ)+1V]
Supply Ripple Attenuation PSRR - -58 - dB pur = 10 mA, 100 Hz
- 42 - dB our = 10mA, 1 kHz
- -30 - dB ot = 10mA. 10 kHz
Output Reverse Leakage loemcnance - 0.4 WA W Floating, Voo = Vioes (TYR)
Cument
Current Regulation (Fast Charge Constant-Current Mode)
Fast Charge Current Veos 100 110 120 my Voo — Vaenze,
Regulation Threshold Ta=-5°C to +55°C

& 2003-2013 Microchip Technology Inc

D5218230-page 3

3

Y
=V

% e &
ETSEIB



Aqui pot anar el titol del vostre TFG/TFM Pag. 100
MCP73841/2/3/4
DC CHARACTERISTICS (CONTINUED)
Electrical Specifications: Unless otherwise indicated, all limits apply for Vpp= Vaes(Tyo)+0.3V] to 12V, T, = 40°C to +85°C
Typical values are at +25°C, Vg = Vaeg(Typl + 1V]
Parameters Sym | Min | Typ | Max | Units | Conditions
Preconditioning Cwrrent Regulation (Trickle Charge Constant-Current Mode)
Precondition Current Veon 5 i 15 my Voo — Vaspas
Regulation Threshold T,=-5"Cto +55°C
Precondition Threshold Violtage Verr
MCPT3341-4.1, 270 2.80 2.80 W Vaur Low-to-High
MCP73343-4.1
MCPT3341-4.2, 275 285 285 W Vg ur Low-to-High
MCP7T3343-4.2
MCP73342-8.2, 540 5.60 5.80 W Waar Low-to-High
MCPT3344-8.2
MCPT3342-8.4, 5.50 570 5.80 W Waar Low-to-High
MCP7T3344-8.4
Charge Termination
Charge Termination Thresheld Vs 4 7 10 mV | Vop — Vazpas
Ta =-5°C to +455°C
Automatic Recharge
Recharge Threshold Voltage Varu
MCPT3341, Vaes- | Vres- | Vees- W Vaur High-to-Low
MCPT3343 300 mV (200 m\ | 100 mW
MCPT3342, Vaes- | Vezs- | Vaes- W Waar High-to-Low
MCPT3344 E00 mV (400 m\ | 200 mV
External MOSFET Gate Drive
Gate Drive Curment DAY - 2 - mA Sink, CV Mode
- 0.5 - mA Source, CV Mode
Gate Drive Minimum Voltage Vorvmin - - 10 v Wop = 4.5V
Gate - Source Clamp Voltage Vez -7.0 - 4.5 v Vpp = 12.0V
Thermistor Reference - MCPT3841, MCPT3842
Themistor Reference Output Veures 2475 255 2625 v Ta = #25°C, Vpp = Vezs(Typi= 1V,
\ioltage lrymer = 0 mA
Temperature Coefficient TCrures - +50 - ppmi*C
Themistor Reference Sowrce lramer 200 - - WA
Current
Themistor Reference Line T — - 01 0.25 %V | Vop= Ve Typls 1W] to 12V
Regulaton Vomgesll
AVpp
Themistor Reference Load AVryge=' - 0.01 0.10 T lryrer = 0 mA to 020 mA
Regulation Voumer
Thermistor Comparator - MCPT3841, MCPT3842
Upper Trip Threshaold Ny 1.18 125 1.32 W
Upper Trip Point Hysteresis VriHvs - -50 - mf
Lower Trip Threshold Wz 0.53 D.az 0.88 v
Lower Trip Point Hysteresis WraHvs - &0 - mf
nput Bias Curment lgpazl - - 2 pA
Status Indicator
Sink Current CINK 4 7 i2 mA
Low Output Voltage VL - 200 400 m\f lap = 1 mA
nput Leakage Cument 1" - 0.01 1 pA lgpge =0 mb_ Vgpagy = 12V
D5218230-page 4 o 2003-2013 Microchip Technology Inc.
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DC CHARACTERISTICS (CONTINUED)

Electrical Specifications: Unless otherwise indicated, all Emits apply for Vop= [Vaee(TypH0.3W] to 12V, Ty = 40°C to +485°C.
Typical values are at #25°C, Vpp = [Veea(Typl + 1V].
Parameters Sym Min | Typ | Max | Units | Conditions
Enable Input
Input High-Voitage Levs Vin 14 - - v
Input Low-Voltage Level Vi - - 08 v
Input Leakage Current LK - 001 1 uA VenagLe = 12V

AC CHARACTERISTICS

Electrical Specifications: Unless otherwise indicated. all limis apply for Vo= [Vozg(Typ+0.3V] to 12V, T, = -40°C to +35°C. Typ-
ical values are at +25°C, Vpp= [Veea(Typi=1V]

Parameters Sym Min Typ Max Units Conditions
UWLO Start Delay tatamT - - 5 mset | Vpp Low-to-High
Current Regulation
Transition Teme Out of toe - - 1 mset | Veuars Very to Vaar  Vern
Preconditioning
Cument Rise Time Out of | —-— - - 1 msec ||y Rising to 80% of |-
Preconditioning
Fast Charge Safety Timer Period teacT 1.1 5 18 Hours | Cryyer = 0.1 pF
Preconditioning Current Regulation
Preconditioning Charge Safety tececon 45 60 5 Minutes ( Crypeq =0.1 pF
Timer Period
Charge Termination
Elapsed Time Termination Period | tregw | 22 | 30 | 38 | Hous [Copen=01pF
Status Indicators
Status Output turm-off toer - - 200 pset |l = 10 mA to 0 mA
Status Jutpat turn-on ton - - 200 pset |y =0 mAto 10 mA

TEMPERATURE SPECIFICATIONS

Electrical Specifications: Unless otherwise specified. all limits apply for Vo= [Vgza(Typ+0.3V] o 12V
Typical values are at +25°C, Vpp= [Vees(Tye)+1.0V].

Parameters Sym | Min | Typ | Max | Units | Conditions

Temperature Ranges

Specified Temperature Range Ta, -40 +35 *C

Operating Temperature Rangs Ta, -40 +125 C

Storage Temperature Range Ta -85 +150 *C

Thermal Package Resistances

Themnal Resistance, MSOP-10 Bya, 113 “CIW | 4-Layer JC51-7 Standard Board,
MNatural Convection

Themnal Resistance, MS0OP-3 Bya, 208 “CIW | Single-Layer SEMI G42-88 Board,
Matural Convection

£ 2003-2013 Microchip Technology Inc
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2.0 TYPICAL PERFORMANCE CURVES

Hote:  The graphs and tables provided following this note are a statistical summary based on a limited number of
samples and are provided for informational purposes only. The performance characteristics listed herein
are mot tested or guaranteed. In some graphs or tables, the data presented may be cutside the specified
operating range (e.g., cutside specified power supply range) and therefore outside the wammanted range.

HNote: Unless otherwise indicated, Vg = Weeel(Tye) + W], lgyr = 10 mA and Ty= +25°C.

(Vgar! vs. Charge Current (o).

4203 MCPT3641-4.2V 1.40 MCET3841-4.2V
4002 : Ve =52V 1 120 Voo =52V
4301 - 1.00 ~a5°c QU
+25°C in —
= 4300 1111 < 080 =25°C T[4
£ a1 j 1) - == L
4.138 0.40 s
TR ] e o 0.20
4156 P 000
10 100 1000 10 100 1000
bar (M) o (MIAJ
FIGURE 2-1: Battery Reguiation Voltage FIGURE 2-4: Supply Current (lzg) vs.

Charge Cument (lgyr).

4203 1.40
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4202 o o= 1000 ma T 1.20 T lowr=1000mA
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= 4200 (— = 080 St ——
H E K_I_ I —
& 4199 § DEo —
- A5
4,138 —f=" 0.40
ate7 |- FCL = S 0.20
4136 0.00
45 &0 7.5 a0 15 120 45 ] 7.5 8.0 105 120
Wan [V) Voo (V]
FIGURE 2-2: Battery Regulation Voltage FIGURE 2-5: Supply Current (Igg) vs.

(Vgar! vs. Supply Voltage (Vppl.
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FIGURE 2-3: Battery Regulation Volfage
(Vgar! vs. Supply Voltage (Vppl-

Supply Voltage (Voo
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020 «25°C
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FIGURE 2-6: Supply Current (Isg) vs.

Supply Voltage (Vppl.
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MCP73841/2/3/4

3.0 PIN DESCRIPTIONS

The descriptions of the pins are listed in Table 3-1.

TABLE 3-1: PIN DESCRIPTION TABLE
MCPT3841, MCPT3843,
MCP73842 MCP73844 Hame Function
Fin Mo Fin Mo
1 1 SENSE Charge Current Sense Input
2 2 Voo Battery Management Input Supply
3 3 STAT1 Charge Status Output
4 4 EM Logic Enable
5 — THREF Cell Temperature Sensor Bias
5] — THERM Cell Temperature Sensor Input
7 ] TIMER Timer Set
g il Vosg Battery Management 0V Reference
a T Vaar Battery Voltage Sense
10 B DRV Drive Output
3.1 Charge Current Sense Input 3.6  Cell Temperature Sensor Input
(SENSE) (THERM)

Charge curment is sensed via the voltage developed
across an external precision sense resistor. The sense
resistor must be placed between the supply voltage
(Vpp) and the external pass transistor (Q1). A 220 m£
sense resistor produces a fast charge current of
00 maA., typically.

3.2  Battery Management Input Supply
(Voo)

A supply voltage of [Wgeg(Typl + 03V] o 12V is
recommended. Bypass to Ves with a minimum of
47 pF

3.3 Charge Status Output (STATT)

Cumrent limited, open-drain drive for direct connection
to a LED for charge status indication. Alternatively, a
pull-up resistor can be applied for interfacing fo a host
microcontroller.

34  Logic Enable (EN)

Input to force charge termination, initiate charge, clear
faults or disable automatic recharge.

3.5  Cell Temperature Sensor Bias
(THREF)

Violtage reference to bias external thermistor for
continuous cell temperature  monitoring and
prequalification.

Input for an external thermistor for continuous cell-
temperature monitoring and pre-gualification. Apply a
voltage equal to 0.85V to disable temperature-sensing.

3.7 Timer Set (TIMER)

All safety timers are scaled by Crpaer/0.1 pF.

3.8  DBattery Management 0V Reference
(Vss)

Connect to negative terminal of battery.

3.9  Battery Voltage Sense (Vgar)

Voltage sense input Connect to positive terminal of

battery. Bypass to Vgr with a minimum of 4.7 pF to
ensure loop stability when the battery is disconnected.
A precision intemal resistor divider regulates the final
voltage on this pin o Vgeg.

3.10  Drive Output (DRV)

Direct output drive of an external P-channel MOSFET
for current and voltage regulation.

DEZ218230-pape 10
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MCP73841/2/3/4

10-Lead Plastic Micro Small Outline Package (UN) (MSOP)

Note: Forthe most cumrent package drawings, please see the Microchip Packaging Specification located
at httpfwww.microchip. comfpackaging

" PN

L — <>
1_":: — AN Gf’fﬁ
j_ —] 1=z %‘H I l‘“‘}}
Y — 3 —

_’J;.Z

.
]

T L1

Unis INCHES MILLIME TERS*
Dimansion Limits MIN | NoM | max MIN [ NoM [ M

Nurmber of Pins n | 10 | [ 10 |
Pich B MOTYP 050 TY'P.
Ol Hiight ik a3 110
Moded Package Thickness A2 fixi] Lixk] il 075 085 045
Standaff Al 000 006 000 015
COrvarall 'Widsh E J83BEC 490B5C
Moded Packags Wid# E1 J18BSC 100 BSC
COwarall Langdh D J18BEC 100 BEC
Foot Langh L ME | =l 031 040 | 060 | 080
Footgrint F 037 REF 0.95 REF
Foaot Angin & i [ [ijg i
Load Thckness L] 003 A 008 023
Laad Widh 2 ] 009 mz2 015 023 030
Mod Dmft Angla Top CI 5 15* 5 15*
Mo Dmf Angia Botiom ] 5 15* 5 15*

“Contmling Paramatar
Motz
Dimensons D and E1 do not indude mold fash o protnusions. Mald fash or protasions shal nat
amoaad .MD" {0.254mm ) par side.
JEDED Equvabnt MO-187
Dvamwing Bin. CO4-051
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