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ABSTRACT

The general output of photovoltaic (PV) bases on sun based light intensity and
surrounding temperature. It is well known fact in the electrical sector the extreme
output from the every design is the primary criteria, so to make the extreme
outcomes of PV array as with individual PV cells output power, this new design
develops paper based on the controller AVR Mega328 controller in the PV power
scheme environment. The control regulator is worn for execution of the anticipated
for both Incremental Conductance (IncCond) and Perturbation & Observe
(P&O)“Maximum Power Point Tracking (MPPT)” methods with pulse width
modulation (PWM) to coerce the D.C-D.C boost-converter in the PV system, and
most importantly to oblige the individual PV cell to control at MPP. By using of
AVR Mega328 which design had openness to extend the work for prospect
applications and made the system low cost and easy to maneuver.

Keywords: Maximum Power Point Tracking (MPPT); Photovoltaic Cell (PVC);
AVR Mega328 Controller; Inc Cond method; Perturbation and Observe (P&O);
Pulse width Modulation (PWM).
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CHAPTER -1

INTRODUCTION
OF
PHOTOVOLTAIC (PV) CELLS



INTRODUCTION

Energy whatever the form of energy it is, which is indispensable primary source for the every spice
on earth and mostly for the human beings, and their monetary activities too. Nowadays with the
escalating stipulate for the energy, fossil energy has become the focal point for the energy treasury is
flattering exhausted. Fossil fuels are extensively acknowledged a quick solution to enhance source for
energies. [1] Production and protection of energy is renowned as the vital demand theme of the
universal enlargement. Over demand on one-side and energy dearth on other-side enforced to search
for other forms of energy sources mostly based on the renewable energy resources (RESs) [2]. As the
present scenario show many renewable energy resources (RESs) technologies are able-bodied
urbanized, reliable and outstandingly cost efficient with advanced features for numerous utilities
which main concern in the electrical network which compared to the fuel and other abounding

generators.

Solar type RESs are which less pollute and is in attendance ubiquitously with hefty number of
applications. Mostly from the 1980 end which began for 1990’s this kind of energies had develop into
further admired. The world statics for the photovoltaic PV industry in the entire world has greater
than before which is 31% as per over the preceding decades. Conversely the little elevated price and
the energy adaptation efficiency is 2-foremost factorial parameters confine for execution of the PV
methods. Then the question arises how to increase the efficiency of adaptation for the fuel cells with
low cost equipment and to get the utmost output power and efficiency as of the solar cells has become

a big hotspot.

A PV array is form of the non linear power sources, as well as its output power bases on the, PV cells,
I.R, T and voltages load. The PV energy exchange systems function close to the MPP, for obtaining
utmost efficiency from the PV system. In the development process of the PV systems there are
various approaches have been come across reportedly in implementation of MPPT, some of such
methods are of the Perturbation and Observe method, the Hill climbing method, the Constant Voltage
Tracking Method, the fuzzy logic (FL) control method, the short circuit method, Genetic Algorithm
(GA) and the Incremental Conductance, [3] [4] etc... It is a well know concept that advantages
always along with disadvantages as each individual MPPT method had their own advantages and

disadvantages.



ANALYSES OF OUTPUT CHARACTERISTICS OF PHOTO VOLTAIC (PV) CELLS

In this section the scrutiny and understating of PV cells for MPPT as the prime stride, a solar cell is
principally consist of semi-conductor substances those transforms solar radiation into dc current by
means of PV result. Solar cells are finished with combination of string and similar meld to make PV
array. The role of load resistance, array temperature and solar radiation levels which decides an
output current and voltage generated by the PV array. Mostly the prototype of PV array is betel by (I-

V) characteristics as well as by using the corresponding circuit illustrated in figure 1.1
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Figure: 1.1 Equivalent Circuit for a P.V solar Cell.
Whereas,
lov = PV array output load current
Vph = PV array output voltage
Ioh= Generated Photo current for a set solar irradiance
Io = Cell unit P-N junction dark current
Q = Charge of an electron = 1.6 x 10*°
n = PN junction curve constant,
For PV cell high output voltage, n=1 unless n=2.
T = Absolute temperature of cell (K)
K = Boltzmann’s constant = 1.38 x 102 J/K

Rs&Rsh= PV array associated intrinsic resistance



Rs = PV array equivalent series resistance
Rsh= PV array equivalent shunt resistance, where the value of Rshis thousands ohms (Q)

The affiliation among the O/P Power & Temperature (T), light intensity is beneath. Fig: 2 shows O/P
characteristics curve of the PV cell for various temperatures. As with representation we can evidently
visualize that the O/P power of PV cell decreases by way of the modifications in other circumstances
the ambient temperature raises. It can be obviously visual from the figure: 3, the light intensity
nourish because of O/P power of PV cells increases, while the other things will be unaffected. Well at
fastidious light intensity, there will be an inimitable Power Maximum Py for the PV cell, which is
known as the MPP [5] [6].
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Figure: 1.2(a) Output characteristics of V-1 curve at different temperatures.
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Figure: 1.2(b) Output characteristics of P-V curve at various temperatures.
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(a) | (b)

Figure: 1.3 O/P characteristics for various PV cell for dissimilar light intensities: (a) V-1 curve at
dissimilar light intensities (b) P-V curve for various light intensities.

PHOTOVOLTAIC CELL

A photovoltaic (PV) cell is an energy harvesting technology, that converts solar energy into useful
electricity through a process called the photovoltaic effect. There are several different types of PV
cells which all use semiconductors to interact with incoming photons from the Sun in order to

generate an electric current.

Figure: 1.4 A solar panel, consisting of many photovoltaic cells.

Layers of a photovoltaic cell

A photovoltaic cell is comprised of many layers of materials, each with a specific purpose. The most
important layer of a photovoltaic cell is the specially treated semiconductor layer. It is comprised of
two distinct layers (p-type and n-type—see Figure 4.3), and is what actually converts the Sun's

energy into useful electricity through a process called the photovoltaic effect (see below). On either
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side of the semiconductor is a layer of conducting material which "collects” the electricity produced.
Note that the backside or shaded side of the cell can afford to be completely covered in the
conductor, whereas the front or illuminated side must use the conductors sparingly to avoid blocking
too much of the Sun's radiation from reaching the semiconductor. The final layer which is applied
only to the illuminated side of the cell is the anti-reflection coating. Since all semiconductors are
naturally reflective, reflection loss can be significant. The solution is to use one or several layers of
an anti-reflection coating (similar to those used for eyeglasses and cameras) to reduce the amount of

solar radiation that is reflected off the surface of the cell.
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Figure: 1.5 The basic operation of a PV cell.

Photovoltaic Effect

The photovoltaic effect is a process that generates voltage or electric current in a photovoltaic cell
when it is exposed to sunlight. These solar cells are composed of two different types of
semiconductors—a p-type and an n-type—that are joined together to create a p-n junction. By
joining these two types of semiconductors, an electric field is formed in the region of the junction as
electrons move to the positive p-side and holes move to the negative n-side. This field causes
negatively charged particles to move in one direction and positively charged particles in the other
direction. Light is composed of photons, which are simply small bundles of electromagnetic
radiation or energy. When light of a suitable wavelength is incident on these cells, energy from the
photon is transferred to an electron of the semiconducting material, causing it to jump to a higher
energy state known as the conduction band. In their excited state in the conduction band, these
electrons are free to move through the material, and it is this motion of the electron that creates an

electric current in the cell.
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Figure: 1.6 A diagram showing the photovoltaic effect.
Solar cell efficiency

Efficiency is a design concern for photovoltaic cells, as there are many factors that limit their
efficiency. The main factor is that 1/4 of the solar energy to the Earth cannot be converted into
electricity by a silicon semiconductor. The physics of semiconductors requires a minimum photon
energy to remove an electron from a crystal structure, known as the band-gap energy. If a photon has
less energy than the band-gap, the photon gets absorbed as thermal energy. For silicon, the band-gap
energy is 1.12 electron volts. Since the energy in the photons from the sun cover a wide range of
energies, some of the incoming energy from the Sun does not have enough energy to knock off an
electron in a silicon PV cell. Even from the light that can be absorbed, there is still a problem. Any
energy above the band-gap energy will be transformed into heat. This also cuts the efficiency
because that heat energy is not being used for any useful task. Of the electrons that are made
available, not all of them will actually make it to the metal contact and generate electricity. This is
because some of them will not be accelerated sufficiently by the voltage inside the semiconductor.

Because of the reasons listed, the theoretical efficiency of silicon PV cells is about 33%.

There are ways to improve the efficiency of PV cells, all of which come with an increased cost.
Some of these methods include increasing the purity of the semiconductor, using a more efficient
semiconducting material such as Gallium Arsenide, by adding additional layers or p-n junctions to
the cell, or by concentrating the Sun's energy using concentrated photovoltaic’s. On the other hand,
PV cells will also degrade, outputting less energy over time, due to a variety of factors including UV
exposure and weather cycles. A comprehensive report from the National Renewable Energy

Laboratory (NREL) states that the median degradation rate is 0.5% per year.
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Types of photovoltaic cells

Photovoltaic cells or PV cells can be manufactured in many different ways and from a variety of
different materials. Despite this difference, they all perform the same task of harvesting solar energy
and converting it to useful electricity. The most common material for solar panel construction is

silicon which has semiconducting properties.[z] Several of these solar cells are required to construct

a solar panel and many panels make up a photovoltaic array.

There are three types of PV cell technologies that dominate the world market: mono crystalline silicon,
polycrystalline silicon, and thin film. Higher efficiency PV technologies, including gallium arsenide and

multi-junction cells, are less common due to their high cost, but are ideal

for use in concentrated photovoltaic systems and space applications.[3] There is also an assortment of
emerging PV cell technologies which include Perovskite cells, organic solar cells, dye-sensitized
solar cells and quantum dots.

Mono crystalline Silicon Cell

The first commercially available solar cells were made from monocrystalline silicon, which is an
extremely pure form of silicon. To produce these, a seed crystal is pulled out of a mass of molten
silicon creating a cylindrical ingot with a single, continuous, crystal lattice structure. This crystal is
then mechanically sawn into thin wafers, polished and doped to create the required p-n junction.
After an anti-reflective coating and the front and rear metal contacts are added, the cell is finally

wired and packaged alongside many other cells into a full solar panel.[3] Monocrystalline silicon

cells are highly efficient, but their manufacturing process is slow and labour intensive, making them
more expensive than their polycrystalline or thin film counterparts.

Polycrystalline silicon cell

Instead of a single uniform crystal structure, polycrystalline (or multicrystalline) cells contain many
small grains of crystals (see figure 2). They can be made by simply casting a cube-shaped ingot from
molten silicon, then sawn and packaged similar to monocrystalline cells. Another method known as
edge-defined film-fed growth (EFG) involves drawing a thin ribbon of polycrystalline silicon from a
mass of molten silicon. A cheaper but less efficient alternative, polycrystalline silicon PV cells

dominate the world market, representing about 70% of global PV production in 2015.
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Figure: 1.7 An image comparing a polycrystalline silicon cell (left) and a mono crystalline
silicon cell (right).

Thin film cells

Although crystalline PV cells dominate the market, cells can also be made from thin films— making
them much more flexible and durable. One type of thin film PV cell is amorphous silicon (a-Si)
which is produced by depositing thin layers of silicon on to a glass substrate. The result is a very thin and
flexible cell which uses less than 1% of the silicon needed for a crystalline cell. Due to this reduction in
raw material and a less energy intensive manufacturing process, amorphous silicon cells are much
cheaper to produce. Their efficiency, however, is greatly reduced because the silicon atoms are much less
ordered than in their crystalline forms leaving 'dangling bonds' that combine with other elements making
them electrically inactive. These cells also suffer from a 20% drop in efficiency within the first few
months of operation before stabilizing, and are therefore sold with power ratings based on their degraded
output.

Other types of thin film cells include copper indium gallium dieseline (CIGS) and cadmium telluride
(CdTe). These cell technologies offer higher efficiencies than amorphous silicon, but contain rare
and toxic elements including cadmium which requires extra precautions during manufacture and

eventual recycling.

Figure: 1.8 A thin film solar panel composed of non-crystalline silicon deposited on a flexible
material.
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MAXIMUM POWER POINT TRACKING (MPPT)

Maximum power point tracking (MPPT) or sometimes just power point tracking (PPT), is a
technique used with sources with variable power to maximize energy extraction under all conditions.
The technique is most commonly used with photovoltaic (PV) solar systems, but can also be used

with wind turbines, optical power transmission and thermo photo voltaics.

PV solar systems exist in many different configurations with regard to their relationship to inverter
systems, external grids, battery banks, or other electrical loads. Regardless of the ultimate
destination of the solar power, the central problem addressed by MPPT is that the efficiency of
power transfer from the solar cell depends on the amount of sunlight falling on the solar panels, the
temperature of the solar panel and the electrical characteristics of the load. As these conditions vary,
the load characteristic that gives the highest power transfer efficiency changes. The efficiency of the
system is optimized when the load characteristic changes to keep the power transfer at highest
efficiency. This load characteristic is called the maximum power point (MPP). MPPT is the process
of finding this point and keeping the load characteristic there. Electrical circuits can be designed to
present arbitrary loads to the photovoltaic cells and then convert the voltage, current, or frequency to
suit other devices or systems, and MPPT solves the problem of choosing the best load to be presented

to the cells in order to get the most usable power out.

Solar cells have a complex relationship between temperature and total resistance that produces a non-
linear output efficiency which can be analyzed based on the I-V curve.[171 |t is the purpose of the
MPPT system to sample the output of the PV cells and apply the proper resistance (load) to obtain
maximum power for any given environmental conditions.[®l MPPT devices are typically integrated
into an electric power converter system that provides voltage or current conversion, filtering, and

regulation for driving various loads, including power grids, batteries, or motors.

Solar inverters convert the DC power to AC power and may incorporate MPPT: such inverters
sample the output power (I-V curve) from the solar modules and apply the proper resistance (load) so

as to obtain maximum power.

The power at the MPP (Pmgp) is the product of the MPP voltage (Vmpp) and MPP current (Impp).
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BACKGROUND

Photovoltaic cells have a complex relationship between their operating environment and the
maximum power they can produce. The fill factor, abbreviated FF, is a parameter which
characterizes the non-linear electrical behavior of the solar cell. Fill factor is defined as the ratio of
the maximum power from the solar cell to the product of open circuit voltage Voc and short-circuit
current Is.. In tabulated data it is often used to estimate the maximum power that a cell can provide
with an optimal load under given conditions, P=FF*V*ls.. For most purposes, FF, Voc, and Is are
enough information to give a useful approximate model of the electrical behavior of a photovoltaic

cell under typical conditions.

Solar Cell I-V Curve in Varying Sunlight
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Figure: 2.1 Photovoltaic solar cell I-V curves where a line intersects the knee of the curves where the

maximum power transfer points is located.

For any given set of operational conditions, cells have a single operating point where the values of
the current (1) and voltage (V) of the cell result in a maximum power output. These values
correspond to a particular load resistance, which is equal to V / | as specified by Ohm's law. The
power P is given by P=V*I. A photovoltaic cell, for the majority of its useful curve, acts as
a constant current source.'”) However, at a photovoltaic cell's MPP region, its curve has an
approximately inverse exponential relationship between current and voltage. From basic circuit

theory, the power delivered from or to a device is optimized where the derivative (graphically, the
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slope) dI/dV of the I-V curve is equal and opposite the I/V ratio (where dP/dV=0).1*Y This is known
as the maximum power point (MPP) and corresponds to the "knee" of the curve.

A load with resistance R=V/I equal to the reciprocal of this value draws the maximum power from
the device. This is sometimes called the 'characteristic resistance' of the cell. This is a dynamic
quantity which changes depending on the level of illumination, as well as other factors such as
temperature and the age of the cell. If the resistance is lower or higher than this value, the power
drawn will be less than the maximum available, and thus the cell will not be used as efficiently as it
could be. Maximum power point trackers utilize different types of control circuit or logic to search
for this point and thus to allow the converter circuit to extract the maximum power available from a

cell.

%10 PV Curve
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Figure: 2.2 Power —Voltage (P-V) Curve.

CLASIFICATION

Controllers can follow several strategies to optimize the power output of an array. Maximum power
point trackers may implement different algorithms and switch between them based on the operating

conditions of the array.

Perturb and observe

In this method the controller adjusts the voltage by a small amount from the array and measures
power; if the power increases, further adjustments in that direction are tried until power no longer
increases. This is called perturb and observe method and is most common, although this method can
result in oscillations of power output. It is referred to as a hill climbing method, because it depends
on the rise of the curve of power against voltage below the maximum power point, and the fall above

that point. Perturb and observe is the most commonly used MPPT method due to its ease of
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implementation. Perturb and observe method may result in top-level efficiency, provided that a
proper predictive and adaptive hill climbing strategy is adopted.

Current sweep

The current sweep method uses a sweep waveform for the PV array current such that the I-V
characteristic of the PV array is obtained and updated at fixed time intervals. The maximum power

point voltage can then be computed from the characteristic curve at the same intervals.

Constant voltage

The term "constant voltage™ in MPP tracking is used to describe different techniques by different
authors, one in which the output voltage is regulated to a constant value under all conditions and one
in which the output voltage is regulated based on a constant ratio to the measured open circuit
voltage (Voc). The latter technique is referred to in contrast as the "open voltage” method by some
authors. If the output voltage is held constant, there is no attempt to track the maximum power point,
so it is not a maximum power point tracking technique in a strict sense, though it does have some
advantages in cases when the MPP tracking tends to fail, and thus it is sometimes used to supplement
an MPPT method. In the "constant voltage” MPPT method (also known as the "open voltage
method™), the power delivered to the load is momentarily interrupted and the open-circuit voltage
with zero current is measured. The controller then resumes operation with the voltage controlled at a
fixed ratio, such as 0.76, of the open-circuit voltage Voc. This is usually a value which has been
determined to be the maximum power point, either empirically or based on modelling, for expected
operating conditions. The operating point of the PV array is thus kept near the MPP by regulating the
array voltage and matching it to the fixed reference voltage Vier=k Voc. The value of Voc may be
also chosen to give optimal performance relative to other factors as well as the MPP, but the central
idea in this technique is that Ve is determined as a ratio to Voc. One of the inherent approximations
in the "constant voltage" ratio method is that the ratio of the MPP voltage to Voc is only

approximately constant, so it leaves room for further possible optimization.

Temperature method

This method of MPPT estimates the MPP voltage (Vmpp) by measuring the temperature of the solar
module and comparing it against a reference.[?® Since changes in irradiation levels have a negligible
effect on the maximum power point voltage, its influences may be ignored - the voltage is assumed

to vary linearly with the temperature changes.
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This algorithm calculates the following equation:

Vinpp(T) = Vinpp(Tref) + UVmpp(T - Trer)

Where:

Vmpp IS the voltage at the maximum power point for a given temperature;
Trer is a reference temperature;

T is the measured temperature;

uUVmpp IS the temperature coefficient of Vmpp (available in the datasheet).
Advantage

o Simplicity: This algorithm solves one linear equation. Therefore, it does not consume much

computational power.
e Can be implemented as an analog or digital circuit.
e Since temperature varies slowly with time, there are no steady-state oscillation and instability.

« Low cost: temperature sensors are usually very cheap.

Robust against noise.
Disadvantages

« Estimation error might not be negligible for low irradiation levels (e.g. below 200 W/m?).

COMPARISON OF METHODS

Both perturb and observe, and incremental conductance, are examples of "hill climbing” methods
that can find the local maximum of the power curve for the operating condition of the PV array, and

S0 provide a true maximum power point.

The perturb and observe method requires oscillating power output around the maximum power point

even under steady state irradiance.
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The incremental conductance method has the advantage over the perturb and observe (P&O) method
that it can determine the maximum power point without oscillating around this value. It can perform
maximum power point tracking under rapidly varying irradiation conditions with higher accuracy
than the perturb and observe method. However, the incremental conductance method can produce
oscillations (unintentionally) and can perform erratically under rapidly changing atmospheric
conditions. The sampling frequency is decreased due to the higher complexity of the algorithm
compared to the P&O method.

In the constant voltage ratio (or "open voltage™) method, the current from the photovoltaic array must
be set to zero momentarily to measure the open circuit voltage and then afterwards set to a
predetermined percentage of the measured voltage, usually around 76%. Energy may be wasted
during the time the current is set to zero. The approximation of 76% as the Vwmpp/Voc ratio is not
necessarily accurate. Although simple and low-cost to implement, the interruptions reduce array
efficiency and do not ensure finding the actual maximum power point. However, efficiencies of some

systems may reach above 95%.
MPPT PLACEMENT

Traditional solar inverters perform MPPT for the entire PV array (module association) as a whole. In
such systems the same current, dictated by the inverter, flows through all modules in the string
(series). Because different modules have different I-V curves and different MPPs (due to
manufacturing tolerance, partial shading,?® etc.) this architecture means some modules will be

performing below their MPP, resulting in lower efficiency.?”

Some companies (see power optimizer) are now placing a maximum power point tracker into
individual modules, allowing each to operate at peak efficiency despite uneven shading, soiling or

electrical mismatch.

Data suggests having one inverter with one MPPT for a project that has identical number of east and
west-facing modules presents no disadvantages when compared to having two inverters or one

inverter with more than one MPPT.
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OPERATION WITH BATTERIES

At night, an off-grid PV system may use batteries to supply loads. Although the fully charged battery
pack voltage may be close to the PV panel's maximum power point voltage, this is unlikely to be true
at sunrise when the battery has been partially discharged. Charging may begin at a voltage
considerably below the PV panel maximum power point voltage, and an MPPT can resolve this

mismatch.

When the batteries in an off-grid system are fully charged and PV production exceeds local loads, an
MPPT can no longer operate the panel at its maximum power point as the excess power has no load
to absorb it. The MPPT must then shift the PV panel operating point away from the peak power point
until production exactly matches demand. (An alternative approach commonly used in spacecraft is
to divert surplus PV power into a resistive load, allowing the panel to operate continuously at its peak
power point in order to keep the panel cooler as much as possible.

In a grid-connected photovoltaic system, all delivered power from solar modules will be sent to the
grid. Therefore, the MPPT in a grid connected PV system will always attempt to operate the PV

modules at its maximum power point.
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CHAPTER -3

MPPT METHODS & ALGORITHMS
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EXECUTION OF MPPT METHODS & ALGORITHMS

With the clear analysis and discussions in the above section for the current and power characteristics
curves, it’s oblivious to articulate the PV array is non linear in nature. Thus, an MPPT algorithm
obligation to be enacts to vigour the system for constantly manoeuvre the system at the maximum

power point (MPP).

As we know huge number of methods has been planned for tracking MPP, as described in the
foreword section. Mostly two algorithm methods are implemented to track the MPP, which are
acknowledged for their names as P&O technique& IncCond methods. The P&O technique are far
and wide practical in MPPT controller for PV cells operation because for their straightforwardness
and trouble-free implementation, which limited only to compare two points, as the current
manoeuvre point and ensuing perturbation point, subsequently to scrutinize their modifications in
power and consequently make a decision whether rise or fall in solar array voltage. The P&O
algorithm fluctuates approximately the MPP, ensuing within the failure of PV power, particularly in

the condition of hastily altering solar radiation.

Perturbation and Observe (P&O) Method

Perturbation and Observe [9] is also known as Hill Climbing (HC) Method, with the functioning
principal by assembly a minute dynamic voltage perturbation in a definite operational voltage of PV
cells and haul outthe alter direction of the output power. The perturbation is reserved in the
similarway with the increase in the output power, or else unique direction will be complete aligned

with the perturbation. Tracking diagram for P&O is appeared in figure 4.

Pa p. P

TV, BN ¥, 0

Figure: 3.1 P&O tracking diagram.
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In generally there are fixed step and variable in the P&O, due to the reduction of effect of tracking
significantly variable P&O is taking into consideration in this paper; as the controller design
merelyrequirements one direct loop to diminish the intend obscurity. With the duty cycle (D) the
relation for PV and output power (P) in figure 5.

A
J dP/dD=0
Pl'l'l ax
P
dP/dW \\dP/dD<0
0 e >

D

Figure: 3.2 Schematic diagram for P-D relation.
Implementation of Incremental Conductance (IncCond) Algorithm

In this the IncCond method algorithm is implementing on the actuality of that inclination ofpower
curve of PV array in figure2 is zero at the MPP, positive on the left of the MPP and negative on the
right of MPP.

While,
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Thus MPP be able to consequently be traced by assessment instant conductance (1/V) to the IncCond

(4 as illustrated in equation (2) [6]. Automatically tuned iterative step size is for
AV

the converter duty cycle. The PV power is unswervingly engaged to the duty cycle. V(t) and I(t) are
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the output voltages and currents at time interval of K. with the duty cycle (D) and the variation in

duty cycle as AD correspondingly.
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I(t — Ab) = I(t)
V(t — At) =V (t)

STOP

Figure: 3.3 Implementation of (IncCond) Algorithm.
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MPPT CONTROLLER

Well in most important section of the whole design, as stated to the theory of the maximum power
transfer, MPPT means that the PV generator is for all time made-up to maneuver at utmost output
voltage. MPPT controller basically it is a D.C-D.C controller converter, mostly utilized in the PV
power systems for a corresponding crossing point among the load and PV Panel. Consequently, basic
purpose of a MPPT regulator is to fiddle with the output of the panel voltage in which the utmost
energy changes from panel to the load via converter controller power toggle transistor On/Off
timings. This happens when the internal impedance of source meets the load impedance then the
power supplied to the load will reaches the upper limit [7].

It is necessary to design and implement lofty performance, dependable and low cost converter to
avoid the some internal conditions like switching losses, power losses and importantly for the high
frequency extraction over an extensive variety of utilizations to convey the utmost power to the load

side utilities.

A D.C-D.C converter is utilized to crossing point the PV output to Load (L) and to trace the MPP at
PV array. In detailed basic representation is given in the figure 7 generally it had certain topologies
of buck-boost, boost, buck, and cuck, etc... Now the circuit is implemented a system by using the

boost chopper circuit.

DC/DC
Circuit R,

]A[ JUUL Pulse

PV panel |t =
" bom MPPT

RO » Controller

Figure: 3.4 Schematic Diagram Representation of MPPT Controller.

In this controller design part, power MOSFET is for the power switch of the converter. The
freewheeling diode is of a rapid switching sort and if we deeply analyze the converter circuit to

thwart the core saturations while the ferrite-core is wounded by the inductor L with perfect air gaps
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which valor occurred by DC current element value. C1 and C2 are input-output capacitors
correspondingly; Vpn is voltage and Ipn as current of the PV board.

The MPPT controller is combination of 3 sections which are discussed as follows:
Circuits Interfacing

The interfacing of circuits with the comparison of the signal conditioners and sensors which are
associated to the micro-controller A-D controller is illustrated in the figure: 9 less than the out
voltage of the panel will be sampled by using the Allen Bradley (AB) voltage& current sensor
VSM75A &CSMO75A, than augmented to the controller by using in service amplifier to the A/D
converter of AVR microcontroller.

IC Driver

To generate gate signal for driving the power MOSFET, directly it will be taken from the Ardunio
board with using the additional devices which is the great advantage compared to the previous

methods and designs.

VVVVVVVVVVVV Boost Converter
D
O Ao
I
__1
Q|
i
r ann |
csMo7sa | curent | | voltage | o roosy
sensor sensor
I 7
it : 3 Ardunio
Amplifying circuit Board
MPPT <> A
controller A/D PWM
ATMega 328

Figure: 3.5 Schematic Diagram of MPPT Controller.
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AT MEGA 328

The ATmega328 is a single-chip microcontroller created by Atmel in  the megaAVR family
(later Microchip Technology acquired Atmel in 2016). It has a modified Harvard architecture 8-
bit RISC processor core. Atmega328 microcontroller is used in basic Arduino boards, i.e., Arduino
Uno, Arduino Pro Mini and Arduino Nano.

PCINT14/RESET) PC6[ | 1 28| ] PC5 (ADC5/SCL/PCINT13)
(PCINT16/RXD) PDO[ ] 2 27 |1 PC4 (ADC4/SDA/PCINT12)
(PCINT17/TXD) PD1[ |3 26| 1 PC3 (ADC3/PCINT11)
(PCINT18/INTO) PD2[ ] 4 251 PC2 (ADC2/PCINT10)

(PCINT19/0C2B/INT1) PD3[] 5 24| 1PC1 (ADC1/PCINT9)
(PCINT20/XCK/T0) PD4 [ | 6 23| ] PCO (ADCO/PCINTS)

Vee L] 7ATmega22 [ 1 GND
GND [ | 828PDIP 21 [ ] AREF

(PCINT6/XTAL1/TOSC1) PB6 [ |9 201 AvCC
(PCINT7/XTAL2/TOSC2) PB7 [ ] 10 19| 1PB5 (SCK/PCINT5)
(PCINT21/0C0B/T1) PD5 [ ] 11 18 [ 1 PB4 (MISO/PCINT4)
(PCINT22/OCOA/AINO) PD6[ | 12 17 |1 PB3 (MOSI/OC2A/PCINT3)
(PCINT23/AIN1) PD7[] 13 16 |_| PB2 (SS/OC1B/PCINT2)
(PCINTO/CLKO/ICP1) PBO [ ] 14 15[ ] PB1 (OC1A/PCINT1)

Figure: 3.6 Pin diagram.

Introduction to ATmega328

ATmega328 is an 8-bit, 28-Pin AVR Microcontroller, manufactured by Microchip, follows RISC
Architecture and has a flash-type program memory of 32KB.

Atmega328 is the microcontroller, used in basic Arduino boards i.e Arduino UNO, Arduino Pro

Mini and Arduino Nano.

It has an EEPROM memory of 1KB and its SRAM memory is 2KB.
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It has 8 Pins for ADC operations, which all combine to form PortA ( PAO - PA7).
It also has 3 built-in Timers, two of them are 8 Bit timers while the third one is 16-Bit Timer.

You must have heard of Arduino UNO, UNO is based on atmega328 Microcontroller. It's UNO's
heart. :)

It operates ranging from 3.3V to 5.5V but normally we use 5V as a standard.

Its excellent features include cost-efficiency, low power dissipation, programming lock for security

purposes, real timer counter with separate oscillator.

It's normally used in Embedded Systems applications. You should have a look at these Real Life

Examples of Embedded Systems, we can design all of them using this Microcontroller.

AVR’s ATmega328

It is a single chip based micro-controller designed by the Atmel in mega AVR family, latter on

modified in 2016. It contains a customized Harvard architecture with 8-bit RISC processor core.

Atmel 8-bit AVR RISC operated micro-controller consists of flash memory with read and write
feature capability of 32KB ISP. 1KB EEPROM, 2KB S-RAM, 23 general purpose input-output lines,
32 general purpose working registers, 3 flexible timer/counters with parallel modes, programmable
watchdog timer with internal oscillator, interior and peripheral interrupts, a byte-oriented 2-wire
serial inter face, serial programmable USART, SPI serial port, 6-channel 10-bit A-D converter (8-
channels in QFN/MLF and TQFP packages), and 5-software selectable power convertible modes.
The scheme works between 1.8-5.5 volts. The device achieves data approaching 1 MIPS per MHz’s
as the internal circuit of AT Mega 328 is appeared in figure 8.
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Figure: 3.7 Internal circuit architecture of ATMEGA 328.

SPCIFICATIONS

The Atmel 8-bit AVR RISC-based microcontroller combines 32 KB ISP flash memory with read-
while-write capabilities, 1 KB EEPROM, 2 KB SRAM, 23 general-purpose 1/O lines, 32 general-
purpose working registers, 3 flexible timer/counters with compare modes, internal and
external interrupts, serial programmable USART, a byte-oriented 2-wire serial interface, SPI serial
port, 6-channel 10-bit A/D converter (8 channels in TQFP and QFN/MLF packages),
programmable watchdog timer with internal oscillator, and 5 software-selectable power-saving

modes. The device operates between 1.8 and 5.5 volts. The device achieves throughput approaching

1 MIPS/MHz.
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FEATURES

Parameters values
CPU Type 8-bit AVR
Maximum CPU speed 20MHZ
Performance 20MIPS at 20MHZ
Flash Memory 32KB
SRAM 2KB
EEPROM 1KB
Package pin count 28 OR 32
Capacitive touch sensing channels 16
Maximum input output pins 23
External interrupts 2
USB interface NO

FAMILY

A common alternative to the ATmega328 is the "Pico Power™ ATmega328P. A comprehensive list of

all other members of the mega AVR series can be found on the Atmel website.
e ATmega328
e ATmega328P and ATmega328P-AUTOMOTIVE

e ATmega328PB and ATmega328PB-AUTOMOTIVE (superset of ATmega328P) - has more
UART, 12C, and SPI peripherals than ATmega328P

APPLICATIONS

ATmega328 is commonly used in many projects and autonomous systems where a simple, low-
powered, low-cost micro-controller is needed. Perhaps the most common implementation of this chip
is on the popular Arduino development platform, namely the Arduino Uno and Arduino

Nano models.
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ARCHITECTURE OF ATmega328

Here Architecture is of Arduino or precisely the IC of Arduino (ATmega328p). The ATmega328/P
is a low-power CMOS 8-bit microcontroller based on the AVR enhanced RISC (reduced instruction
set computer) architecture. In Order to maximize performance and parallelism, the AVR
uses Harvard architecture — with separate memories and buses for program and data. Instructions in
the program memory are executed with a single level of pipeline. The clock is controlled by an
external 16MHz Crystal Oscillator.

The basic working of CPU of ATmega328

1. The data is uploaded in serial via the port (being uploaded from the computer’s Arduino IDE).
The data is decoded and then the instructions are sent to instruction register and it decodes the

instructions on the same clock pulse.

On the next clock pulse the next set of instructions are loaded in instruction register.
In general purpose registers the registers are of 8-bit but there are 3 16-bit registers also. 8-
bit registers are used to store data for normal calculations and results. 16-bit
registers are used to store data of timer counter in 2 different register. Eg. X-low & X-high. They are

fast, and are used to store specific hardware functions.

EEPROM stores data permanently even if the power is cut out. Programming inside a
EEPROM isslow.
Interrupt Unit checks whether there is an interrupt for the execution of instruction to be executed in

ISR (Interrupt Service Routine).

Serial Peripheral Interface (SPI) is an interface bus commonly used to send data between
microcontrollers and small peripherals such as Camera, Display, SD cards, etc. It uses separate clock
and data lines, along with a select line to choose the device you wish to talk to. Watchdog timer is

used to detect and recover from MCU malfunctioning.

Analog comparator compares the input values on the positive and negative pin, when the value of
positive pin is higher the output is set. Status and control is used to control the flow of execution of

commands by checking other blocks inside the CPU at regular intervals.
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ALU (Arithmetic and Logical unit)The high performance AVR ALU operates in direct connection

with all the 32 general purpose working registers. Within a single clock cycle, arithmetic operations

b/w general purpose registers are executed. The ALU operations are divided into 3 main categories —

arithmetic, logical and bit-function.

1/0O pins The digital inputs and outputs (digital 1/0) on the Arduino are what allow you to connect

the Arduino sensors, actuators, and other ICs. Learning how to use them will allow you to use the

Arduino to do some really useful things, such as reading switch inputs, lighting indicators, and

controlling relay outputs.
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4.1. PULSE WIDTH MODULATION

Pulse-width modulation (PWM), or pulse-duration modulation (PDM), is a method of reducing the
average power delivered by an electrical signal, by effectively chopping it up into discrete parts. The
average value of voltage (and current) fed to the load is controlled by turning the switch between
supply and load on and off at a fast rate. The longer the switch is on compared to the off periods, the
higher the total power supplied to the load. Along with maximum power point tracking (MPPT), it is
one of the primary methods of reducing the output of solar panels to that which can be utilized by a
battery.l! PWM is particularly suited for running inertial loads such as motors, which are not as
easily affected by this discrete switching, because their inertia causes them to react slowly. The
PWM switching frequency has to be high enough not to affect the load, which is to say that the

resultant waveform perceived by the load must be as smooth as possible.

The rate (or frequency) at which the power supply must switch can vary greatly depending on load
and application. For example, switching has to be done several times a minute in an electric stove;
100 or 120 Hz (double of the utility frequency) in a lamp dimmer; between a few kilohertz (kHz) and
tens of kHz for a motor drive; and well into the tens or hundreds of kHz in audio amplifiers and
computer power supplies. The main advantage of PWM is that power loss in the switching devices is
very low. When a switch is off there is practically no current, and when it is on and power is being
transferred to the load, there is almost no voltage drop across the switch. Power loss, being the
product of voltage and current, is thus in both cases close to zero. PWM also works well with digital
controls, which, because of their on/off nature, can easily set the needed duty cycle. PWM has also
been used in certain communication systems where its duty cycle has been used to convey

information over a communications channel.

In electronics, many modern microcontrollers (MCUs) integrate PWM controllers exposed to
external pins as peripheral devices under firmware control by means of internal programming
interfaces. These are commonly used for direct current (DC) motor control in robotics and other

applications.
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Figure: 4.1 Pulse Width Modulations.

An example of PWM in an idealized inductor driven by a voltage source modulated as a series of
pulses, resulting in a sine-like current in the inductor. The rectangular voltage pulses nonetheless
result in a more and more smooth current waveform, as switching frequency increases. Note that the

current waveform is the integral of the voltage waveform.
PRICNIPLE

Pulse-width modulation uses a rectangular pulse wave whose pulse width is modulated resulting in
the variation of the average value of the waveform. If we consider a pulse waveform f(t), with
period T, low value ymin, @ high value ymax and a duty cycle D (see figure:4.2), The average value of

the waveform is given by:
y=UT [ 0()00

As f(t) isa pulse wave, its value is Ymax for 0 <t <D.T and ymin for D.T <t <T . The above

expression then becomes:
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Figure: 4.2 A pulse wave showing the definitions of Ymax yminand D.
y=1UT (fOWYmax 000+ f:r Ymin £1707)
= UT(D.T Ymax + T(1-D) Ymin)
=D. Ymax + (1-D) Ymin

This latter expression can be fairly simplified in many cases where ymin=0as y = D. Ymax. From this,

the average value of the signal (y) is directly dependent on the duty cycle D.

source signals

PWM signal

Time

Figure: 4.3 A simple method to generate the pwm pulse train corresponding to a given signal is the
interceptive PWM.
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The simplest way to generate a PWM signal is the interceptive method, which requires only a saw
tooth or a triangle waveform (easily generated using a simple oscillator) and a comparator. When the
value of the reference signal (the red sine wave in figure) is more than the modulation waveform

(blue), the PWM signal (magenta) is in the high state, otherwise it is in the low state.
DELTA MODULATION

In the use of delta modulation for PWM control, the output signal is integrated, and the result is
compared with limits, which correspond to a Reference signal offset by a constant. Every time the
integral of the output signal reaches one of the limits, the PWM signal changes state. Figure 4.4

1 I T T TT1 I
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= fg 8 Output
o
.on
I 0 / \ ¥ /)
w 0P %
=
[
<
-1 N
= 1
[
.ob
=
R
p
]
a o

Time
Figure: 4.4 Principle of the delta PWM.

The output signal (blue) is compared with the limits (green). These limits corresponding to the
reference signal (red). Offset by a given value. Every time the output signal (blue) reaches one of thr

limits, the PWM signal changes state.
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DELTA-SIGMA MODULATION

In delta-sigma modulation as a PWM control method, the output signal is subtracted from a reference
signal to form an error signal. This error is integrated, and when the integral of the error exceeds the

limits, the output changes state. Figure

Ref. and Error
\
A
A

|1
| — I

Integration
__-__‘———-—__.

I-APWM

Time
Figure: 4.5 Principle of the sigma — delta PWM.

The top green waveform is the reference signal, on which the output signal (PWM, in the bottom
plot) is subscribed to from the error signal (blue, in top plot). This error is integrated (middle plot),

and when the integral of the error exceeds the limits(red lines). The output changes state.

SPACE VECTOR MODULATION
Space vector modulation is a PWM control algorithm for multi-phase AC generation, in which the
reference signal is sampled regularly; after each sample, non-zero active switching vectors adjacent
to the reference vector and one or more of the zero switching vectors are selected for the appropriate
fraction of the sampling period in order to synthesize the reference signal as the average of the used

vectors.
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DIRECT TORQUE CONTROL (DTC)
Direct torque control is a method used to control AC motors. It is closely related with the delta
modulation (see above). Motor torque and magnetic flux are estimated and these are controlled to
stay within their hysteresis bands by turning on a new combination of the device's semiconductor

switches each time either signal tries to deviate out of its band.
Time proportioning

Many digital circuits can generate PWM signals (e.g., many microcontrollers have PWM outputs).
They normally use a counter that increments periodically (it is connected directly or indirectly to
the clock of the circuit) and is reset at the end of every period of the PWM. When the counter value
is more than the reference value, the PWM output changes state from high to low (or low to
high). This technique is referred to as time proportioning, particularly as time-proportioning control —

which proportion of a fixed cycle time is spent in the high state.

The incremented and periodically reset counter is the discrete version of the intersecting method's
sawtooth. The analog comparator of the intersecting method becomes a simple integer comparison
between the current counter value and the digital (possibly digitized) reference value. The duty cycle
can only be varied in discrete steps, as a function of the counter resolution. However, a high-

resolution counter can provide quite satisfactory performance.

SPECTRUM
The resulting spectra (of the three cases) are similar, and each contains a dc component—a base
sideband containing the modulating signal and phase modulated carriers at each harmonic of the
frequency of the pulse. The amplitudes of the harmonic groups are restricted by asin x/x envelope
(sinc function) and extend to infinity. The infinite bandwidth is caused by the nonlinear operation of
the pulse-width modulator. In consequence, a digital PWM suffers from aliasing distortion that
significantly reduce its applicability for modern communications system. By limiting the bandwidth

of the PWM kernel, aliasing effects can be avoided.

On the contrary, the delta modulation is a random process that produces continuous spectrum without

distinct harmonics.

PWM SAMPLING THEOREM

The process of PWM conversion is non-linear and it is generally supposed that low pass filter signal
recovery is imperfect for PWM. The PWM sampling theoremt”! shows that PWM conversion can be

perfect. The theorem states that "Any bandlimited baseband signal within £0.637 can be represented
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by a pulsewidth modulation (PWM) waveform with unit amplitude. The number of pulses in the
waveform is equal to the number of Nyquist samples and the peak constraint is independent of

whether the waveform is two-level or three-level."

Nyquist-Shannon Sampling Theorem: "If you have a signal that is perfectly band limited to a
bandwidth of fo then you can collect all the information there is in that signal by sampling it at

discrete times, as long as your sample rate is greater than 2fo.
PWM TECHNIQUES

Single pulse width modulation technique

Used for single-phase circuits. Changing the width of the pulse to control the on-time or to control
the gate signal of a transistor so that the output voltage of the inverter can be controlled. By changing
the width or by changing the width of the courier signal we can definitely change the on-time of the
transistor. As we vary the time of the transistor we can vary the inverter output voltage. So, if the
width of the gate pulse that we are getting as an output or comparator after pulse width modulation is

the width of the output voltage will be getting is d.

Third harmonic injection pulse width modulation

The third harmonic voltage is not present on the phase voltages and the line to line for a three-phase
load with a neutral point which is of floating-point type. Hence, it does not causes any distortion on
the phase voltages. By adding a third harmonic signal in a low-frequency sinusoidal reference signal,

we can get the amplitude increase in output voltage waveform.

Multiple pulse width modulation

Multiple pulse width modulation consists of multiple numbers of pulses per half cycle of the output
voltage. Each pulse can be varied by the carrier signal. The frequency of the triangular wave is
greater than that used in single pulse width modulation and it decides the number of gating signals
per half cycle. By using multiple pulses, the harmonic content can be reduced. The frequency decides
the number of pulses per half cycle. The output voltage can be controlled by controlling the

modulation index.
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Sinusoidal pulse width modulation

It indicates that the generation of outputs of the pulse width modulation with a sine wave as the
modulating signal. The switching time of a PWM signal can be obtained by comparing a reference
sinusoidal wave with a triangular wave of high frequency. This type of pulse width modulation is
widely used in industrial applications. The RMS value of the output voltage can be varied by varying
the modulation index. This technique improves the distortion factor and eliminates all harmonics less

than or equal to 2p-1. By using a filter we can easily remove the higher-order harmonics.
Hysteresis band pulse width modulation

In this technique, the output is free to oscillate within the predefined error band known as the
hysteresis band. The switching frequency of power devices is not fixed constantly and will change
depending upon the magnitude and frequency of the reference signal. The main benefit of this control

scheme is its ability to respond rapidly to load and line transients.
Space vector pulse width modulation

Space vector PW modulation (SVPWM) is an algorithm for the control of pulse width
modulation (PWM). It is employed for the creation of alternating current (AC) waveforms; it is most
commonly to drive 3 phase AC powered motors at varying speeds from DC using multiple class-D
amplifiers. The harmonic present at the output is decreased and hence this vector modulation method

offers an optimal output current or voltage.

CONVENTIONAL MULTILEVEL INVERTER

Based on modulating signals

Multilevel SPWM techniques can also be classified based on the nature of modulating signal as

given below:
Pure sinusoidal PWM

It is the most widely accepted PWM technique which compares pure sinusoidal voltage signal with

the triangular carrier wave to generate control pulses as shown in Fig.13
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Figure: 4.6 Modulating signal with pure sinusoidal PWM technique.

Third harmonic injection PWM

By adding the third harmonic component to the fundamental component, the gain of the modulator
can be increased. The amount of gain increase depends on magnitude of third harmonic content. It is
observed that injecting 17% of third harmonics into reference modulating wave yield approximately

15% increase in gain over the pure SPWM technique before going into over-modulation as shown

in Fig.

Magnitude (pu)

Figure: 4.7 Modulating signal with third harmonic injection sinusoidal PWM technique.
Control pulse generation in switching frequency optimal SPWM technique

The concept of SFO SPWM technique was proposed by Steinke [13]. Fig. 3.20(A) and (B) shows the
carrier signals and modulating wave for conventional SPWM and SFO-SPWM technique for five-
level inverter with amplitude modulation index m=21 and frequency modulation index ma=0.8. It

clearly shows that the intersection points of carrier signals and modulating signals are different for
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each case. Thus by appropriate selection of carrier signals and off-set signals, inverter switching
losses can be controlled.
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Figure: 4.8 Multilevel carrier-based (A) SPWM and (B) SFO-SPWM, showing carrier signals and

modulating signals for five-level inverter.

40



CHAPTER-5

IMPLEMENTAION OF SIMULINK
MODELS
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5.1 SIMULATION RESULTS & PONDERING

In this study, we are considering the 4 solar cells with voltage rating of 3volt each which are
connected in series which assigned to boost converter which gives 123V at the output through the
converter. Assurance of maximum power tracking, while the solar cell of each had open circuit
voltage of 3 volts as Voc and (irradiance used for the measurement is 1000W/m? module temperature
of 25°C, AM = 1.5),inductance of the boost converter 100uH. The input capacitance C: as 1000
microfarads and the resistor value of 100Q2. In this context, the anticipated organize technique is
functional PV system to track the MPP. In while time likewise to the above design the PWM
specified by the controller of MPPT whilst the equipped changes occurs. On the behalf of the
unreliable the PWM of the duty ratio, while PV array is ambitious to a novel MPP by identical the

internal resistance load demand of the PV array.

For the corroboration of efficacy of the anticipated InCond MPPT control algorithm is illustrated in
the figure 7, the PV power system is appeared in the figure 10 is the design modelled and simulated
in the MATLAB/Simulink environment. Furthermore P&O algorithm is implemented, while the
simulation is done for the P&O also with the same configuration parameters for the comparative

study.
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Figure: 5.1 Simulink implementation for IncCond Method.
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MATLAB/SIMULINK RESULTS
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6.1 RESULTS
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Figure: 6.2 Output for Irradiance IncCond method.
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7. CONCLUSION

Due to the discrete non-linear behaviour of solar cell, this is mandatory so as too mph manages
circuit be obliged to coerce the PV component for the MPP. In this critique initially the output
characteristics of the PV element and the habitual way of MPPT algorithms. As a solar MPPT
controller bases on the InCond algorithm is premeditated for a PV energy system; while the MPPT
regulator based on the AVR MEGA328 micro-processor, changes the duty cycle of the pulse width
modulation of the boost converter circuit. As well as the results gives a great idea about the MPPT
controller can trace the MPP by utilizing the InCond-methodology compare to the P&O method, has
enhanced retort as well as lower oscillations underneath the hasty climatic circumstances and
changes. Among all those the above advantages the most important consideration in this design is the

low cost designed module with the future extension to enhance more advanced paybacks.
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ABSTRACT

This project presents the “Enhancement of Quasi-switched Boost Inverter by using
improved PWM technique”. QSBI is the combination of Boost converter and switched
inverter. An improved PWM control is used for the enhancement of QSBI in order to
achieve better input current with reduced ripple magnitude and increased ripple
frequency. This increase in ripple frequency is accomplished without increasing the
switching frequency. As compared to conventional PWMs for a given switching
frequency of inverter, the z-source inductor in QSBI is of reduced in size because of
increase in ripple frequency. The voltage boost in QSBI is achieved by allowing a shoot
through mode operation but this restricts the maximum inverter modulation index and
increases the Total Harmonic Distortions (THD) at the output. The proposed PWM
maintains same boost ratio as that of conventional PWM, but with higher modulation
index and lower THD at the output of QSBI. The improvement in the performance is
done by introducing phase shift between the shoot through control signals and boost

control signals. The results are validated by MATLAB/SIMULINK software.

Keywords: Quasi switched boost inverter(QSBI), shoot through (ST)
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CHAPTER-1

INTRODUCTION

In recent years, proliferation of electric vehicle is greatly being promoted
in several countries, since transportation is one of the largest contributors to the total
emissions as directed by International Panel on Climate Change. Electric vehicles are
onerous due to the constraints imposed by the battery capacity, the Short Driving Range
and Speed, Longer Recharge Time, non-availability of Recharge Points and many more.
There are a few safety restrictions on battery voltage, like the protection against
accidental contact, which is exempted for batteries with no more than 60 V. But the
electric motor is designed to operate at voltages higher than 60 V, and this voltage
mismatch between the battery and the electrical motor requires a two-stage conversion,
with the first stage to boost the battery voltage and the second stage to invert it as a
variable voltage with variable frequency. These two requirements of converters helped
evolve over years the z-source inverter (ZSI), quasi z-source inverters (QZSI), and
current-fed switched inverter etc., and it has presently reached to quasi switched boost
inverters (QSBI). The transformations focused on several ameliorations on the basic z-
source inverters like, reduced voltage stress on passive and active devices, continuous
input current with high frequency, low shoot through duty ratio, high modulation index
and reduced distortions at the inverter output etc. For obtaining high boost factor, shoot
through states are utilized in ZSI with one or more inductors and capacitors, which makes
this topology not suitable for low and medium power applications. Eventually, switched
boost (SBI), quasi-switched boost (QSBI) and current-fed inverters were suggested in

such applications with reduced number of passive components but with additional active
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devices. However, the effect of boost factor on the shoot through duty cycle and
discontinuous input current is still a trade-off in ZSI and QZSI. An upshot in overcoming
the limitations of the aforementioned topologies is the quasi switched boost inverter
(QSBI), which has reduced magnetics size and number, alleviated stress on the active
devices and more importantly, higher boost factor with on par effects on the other
parameters. There were several single phase QSBI topologies proposed in, with each one
having its unique features and advantages targeting continuous input current. In this class
of inverters for high boost factors, high shoot through duty ratios are to be adopted,
which restricts the maximum possible modulation index for the inverter PWM. This
results in higher inverter output THD. The input current profile shaping is yet another
feature which has advanced from discontinuous to continuous conduction in QSBI,
without additional switches and now the PWMs are centring around the reduction in the
ripple current and increase in current ripple frequency so as to shrink the size of the
inductor in QSBIs. This paper proposes a modification in the existing PWM control for a
single phase QSBI, which exhibits improvement over the traditional PWM in terms of
increased ripple frequency of input current and reduced ripple content with the boost
factor maintained as that of classical PWMs and without increasing the switching losses
in the inverter bridge.

1.1 Harmonics:

A harmonic of the wave is a part frequency of the signal that is an integer multiple
of the fundamental frequency i.e. if the principal or fundamental frequency is f, the
harmonics have the frequency of 2f, 3f, 4f.... etc. The harmonic has the property that
they are all periodic at that frequency. Harmonic frequencies are equally intermittent by
the width of the principle frequency and can be found by repeatedly adding that
frequency.

1.1.1 Even and odd order harmonics:

Harmonics are recognized by their order, which might be even or odd, Even-odd
harmonics (2, 4, 6, 8....), which are often immaterial in industrial environment counter
balance each other because of symmetry of the signal. They just happen in the presence
of a DC component. Odd-order harmonics (3, 5,7 ,9...... ), however, are much of the time

experienced on the electrical system.
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Note that most by far of harmonic currents found in a distribution network are
Odd-order harmonics (3%, 51 7% etc....). Secondly, as a general rule, the sources of the
harmonics currents in a distribution network are the loads in operation inside that facility.

Curiously, these are often possible the types of loads that are the touchiest to distribution
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in the current as well as voltage

Fig.1.1: Resultant waveform due to harmonics

1.1.2 Triplen Harmonics:

The triple harmonics are characterized as the odd products of the 3™ harmonics
(ex. 31, 915%™ 215 etc.). Triple harmonics are of specific concern since they are zero
sequence harmonics, not at all like the principle, which is positive sequence. The
consequence of this fact is that the magnitude of these currents on the 3 phases are
additive in the neutral. This larger than can present fire hazard.

These currents can also circulate in the transformer causing significant
overheating there too. Single-phase power supplies for equipment such as electronic
ballasts and PC’s are the most significant source of triple harmonics.

Causes:
In a normal alternating current power system, the voltage varies sinusoidal at

aspecific frequency, usually 50 or 60 hertz. When a linear electrical load is connected to
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the system, it draws a sinusoidal current at the same frequency as the voltage (through
usually not in phase with the voltage).
When a nonlinear load, such as a rectifier, is connected to the system, it draws a current
that is not necessarily sinusoidal. The current wave form can become quite complex
depending on the type of load and its interaction with other components of the system.
Regardless of how complex the current waveform becomes, as described through Fourier
series analysis, it is possible be decompose it into a series of simple sinusoids, which start
at the power system fundamental frequency and occur at integer multiples of the
fundamental frequency. Further examples of non-linear loads include common office
equipment such as computers and printers, fluorescent lighting, battery chargers and also
adjustable speed drives.
Harmonics are present in all most all power systems. Fundamentally one needs to control
harmonics only when they become a problem. There are three common causes of
harmonic problems:
1. The source of harmonics current is too great.
2. The path in which the currents flow is too long(electrically), resulting in high
voltage distortion or telephone interface.
3. The response of the system magnifies one or more harmonics to a greater degree
that can be tolerated.

Effects:

One of the major effect of harmonics is to increase the current in the system. This
is particularly the case for the third harmonic, which causes a sharp increase in the zero-
sequence current, and therefore increases the current in the neutral conductor. This effect
can require special consideration in the design of an electrical equipment can suffer
effects from the harmonics on the power system. The presence of harmonics disturbs the
other load connected the terminals on the same voltage source, even when they are linear.
Indeed, these loads may no longer be supplied in conditions complying with the voltage

references required.

Other possible consequences included:
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1) Heating of the neutral conductor: currents with triple harmonics (3" order and
multiples of 3) are added together in neutral conductor, leading to a neutral current which
is often 120% to 130% of phase currents.

2)The simulation use for capacitive and inductive devices in distributive networks results
in parallel or series resonance manifested by vary high or very low impedance values
respectively. The variations in impedance modify the current and voltage in the
distribution network.

Interference on phone and communication systems.

Untimely main circuit breaker tripping due to over currents.

Higher RMS current values then those required for the load’s energy needs.

Overheating of installations (transformers,cables, etc) due toskin effect.

A o

Voltage resonance on a system composed of capacitors designed to raise the
displacement power factor.

6. Increased maintenance of equipment and machinery.
1.2 Need for harmonic compensation:

The implementation of active filter in this modern electronic age has become an
increasingly essential element to the power network. With the advancement technology
since the early 80’s and significant trends of power electronic devices among consumers
and industry, utilities are continually pressured in providing a quality and reliable supply.
Power electronic devices such as computer, printers and most other office equipment all
create harmonics. These types of devices are commonly classified collectively as
“nonlinear loads”. Nonlinear loads create harmonics by drawing current in abrupt short
pulses rather than in a smooth sinusoidal manner.

The major issues associated with the supply of harmonics to a nonlinear load are
serve overheating and insulation damage. Increased operating temperature of generators
and transformers degrade the insulation materials of it’s windings. If this heating were
continued to the point at which insulation fails, a flashover may occur should it be
combined with leakage current from its conductors. This would permanently damage the
device and results in loss of generation causing widespread blackouts.

One solution to this foreseeable problem is to install active filter for each nonlinear

load in the power system network. Although presently uneconomical, the installation of
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active filters proves indispensable for solving power quality problems in distribution
networks such as harmonic current compensation, reactive current compensation, voltage
sag compensation, voltage flicker compensation and negative phase sequence current
compensation. Ultimately, this would ensure a polluted free system with increased
reliability and quality.

The objective of this is to understand the modelling and analysis of shunt active
power filter. In doing so, the accuracy of current compensation for current harmonics
found at a nonlinear load, by the P-Q theory control techniques is supported and also
substantiates the reliability and effectiveness of this model for integration into a power
system network.

The aim of the system simulation is to verify the active filter effectiveness for a
nonlinear load. In simulation, total harmonic distortion measurements are undertaken
along with variety of waveforms and the results are justified accordingly.

1.3 Total Harmonic Distortion (THD):

The total harmonic distortion or THD, of a signal is a measurement of the
harmonic distortion present and is defined as the ratio of the sum of the powers of all
harmonic components to the power of the fundamental frequency. THD is use to
characterize the linearity of audio systems and the power quality of electric power system.
Distortion factor is a closely related term, sometimes used as a synonym.

In audio system, lower distortion means the component in the loud speaker,
amplifier or microphone or other equipment produce a more accurate reproduction of an
audio recording.

In radio communications, lower THD means pure signal emission without
causing interferences to other electronic devices. Moreover, the problem of distorted and
not eco-friendly radio emission appears to be also very important in the contest of
spectrum sharing and spectrum sensing.

In power systems, lower THD means reduction in peak currents, heating,

emissions and core loss in motors.

Ve LVZ2 2y,
THDF - \/ 2 ~+ 3.[’:[_ 4 o
1

15



1.4 Measurement of Total Harmonic Distortion:

The distortion of a waveform relative to a pure sine wave can be measured either
by using a THD analyser to analyse the output wave into its constituent harmonics and
noting the amplitude of each relative to the fundamental or by cancelling out the
fundamental with a notch filter and measuring the remaining signal, which will be total
aggregate harmonic distortion plus noise.

Given a sine wave generator of very low inherent distortion, it can be used as
input to amplification equipment, whose distortion at different frequencies and signal
levels can be measured by examining the output waveforms.

There is electronic equipment both to generate sine waves and to measure
distortion, but a general-purpose digital computer equipped with a sound card can carry
out harmonic analysis with suitable software. Different software can be used to generate
sine waves, but the inherent distortion may be to high for measurement of very low

distortion amplifiers.

Square wave Fundamental

/’ /—\ sine wave component
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Fig: 1.2: Sine wave consists of different harmonics
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CHAPTER-2

CONVERTERS

2.1 INVERTERS:
2.1.1Introduction:

An Inverter is a power electronic device that converts direct current (DC)
toalternating current (AC) at the required frequency and voltage output. It is not the same
thing as an alternator, which converts mechanical energy (e.g. movement) into alternating

current.

Direct current is created by devices such as batteries and solar panels. When
connected, an inverter allows these devices to provide electric power for small household
devices. The inverter does this through a complex process of electrical adjustment. From
this process, AC electric power is produced. This form of electricity can be used to power

an electric light, a microwave oven, or some other electric machine.

An inverter usually also increases the voltage. In order to increase the voltage, the
current must be decreased, so an inverter will use a lot of current on the DC side when

only a small amount is being used on the AC side.
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Inverters are made in many different sizes. They can be as small as 150 watts, or
as large as 1 megawatt (1 million watts). Smaller inverters often plug into a car's cigarette

lighter socket and provide 120 or 240 volt AC power from the car's 12 volt supply.

The earliest inverters consisted of a DC motor connected mechanically to an AC
generator. A later design often used with vacuum tube car radios consisted of a rapidly

switching relay. Modern inverters are based on MOSFET or IGBT transistors.
2.1.2 Classification of Inverter:

Inverter can be classified into many types based on output, source, type of load

etc. Below is the complete classification of the inverter circuits:

(I) According to the Output Characteristic

1. Square Wave Inverter

2. Sine Wave Inverter

3. Modified Sine Wave Inverter
(IT) According to the Source of Inverter

1. Current Source Inverter
2. Voltage Source Inverter

(IIT) According to the Type of Load
1. Single Phase Inverter

A. Half Bridge Inverter
B. Full Bridge Inverter
2. Three Phase Inverter
(IV) According to different PWM Technique

1. Simple Pulse Width Modulation (SPWM)

2. Multiple Pulse Width Modulation (MPWM)

3. Sinusoidal Pulse Width Modulation (SPWM)

4. Modified sinusoidal Pulse Width Modulation (MSPWM)
(V) According to Number of Output Level

1. Regular Two-Level Inverter

2. Multi-Level Inverter
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(VD) According to the network
1. Z-Source Inverter Network
2. E Z-Source Inverter Network
3. T Z-Source Inverter Network

(I) According to the Output Characteristic:

According to the output characteristic of an inverter, there can be three different types of

inverters.

1) Square wave inverter:

The output waveform of the voltage for this inverter is a square wave. This type
of inverter is least used among all other types of inverter because all appliances are
designed for sine wave supply. If we supply square wave to sine wave based appliance, it
may get damaged or losses are very high. The cost of this inverter is very low but the

application is very rare. It can be used in simple tools with a universal motor.
2) Sine wave:

The output waveform of the voltage is a sine wave and it gives us a very similar
output to the utility supply. This is the major advantage of this inverter because all the
appliances we are using, are designed for the sine wave. So, this is the perfect output and
gives guarantee that equipment will work properly. This type of inverters is more
expensive but widely used in residential and commercial applications.

3) Modified sine wave:

The construction of this type of inverter is complex than simple square wave
inverter but easier compared to the pure sine wave inverter. The output of this inverter is
neither pure sine wave nor the square wave. The output of such inverter is the some of
two square waves. The output waveform is not exactly sine wave but it resembles the

shape of a sine wave.
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Fig:2.1 output characteristics

(II) According to the Source of the Inverter:

1) Current Source Inverter:

A current source inverter is supplied with a variable current from a DC source

that has high impedance. The resulting current waves are not influenced by the load.
2) Voltage Source Inverter:

The voltage source inverter has stiff DC source voltage that is the DC voltage has limited

or zero impedance at the inverter input terminal.
(IIT) According to the Type of Load:

1)Single phase inverter:

Generally, residential and commercial load uses single phase power. The single-
phase inverter is used for this type of application. The single-phase inverter is further

divided into two parts;
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A) Single Phase Half-bridge Inverter
B) Single Phase Full-bridge Inverter

A) Single Phase Half bridge Inverter:

This type of inverter consists of two thyristors and two diodes and connection is

as shown in below figure:2.2.

Vep T T Z< D1
LOAD

- Vo +

Vep T T2 ZS D2

Fig: 2.2 single phase half bridge inverter

In this case, total DC voltage is Vs and divided into two equal parts Vs/2. Time
for one cycle is T sec.
For half cycle of 0 <t <T/2, thyristor T1 conducts. The load voltage is Vs/2 due to

the upper voltage source Vs/2.

For the second half cycle of T/2 <t <T, thyristor T1 is commutated and T2

conducts. During this period, the load voltage is -Vs/2 due to the lower source Vs/2.
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t + Gate Pulse for T1

t
+ Gate Pulse for T2

Vs2

t
+ Output Voltage

io

t
* Qutput Current

Fig:2.3 wave forms of single phase half bridge inverter

By this operation, we can get alternating voltage waveform with 1/T Hz
frequency and Vs/2 peak amplitude. The output waveform is a square wave. It will be
passed through the filter and remove unwanted harmonics which give us pure sine
waveform. The frequency of the waveform can be controlled by the ON time (Ton) and

OFF time (Toff) of the thyristor.

The magnitude of the output voltage is half of the supply voltage and source
utilization period is 50%. This is a disadvantage of half bridge inverter and solution of

this is full bridge inverter.
B) Single Phase Full-bridge Inverter:

In this type of inverter, four thyristors and four diodes are used. The circuit

diagram of single-phase full bridge is as shown in below figure:2.4.
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Vs : o 'W'
e 4l 7 04 4 75 02

Fig:2.4 single phase full bridge inverter
At a time two thyristors T1 and T2 conduct for first half cycle 0 <t < T/2. During
this period, the load voltage is Vs which is similar to the DC supply voltage.
For second half cycle T/2 <t < T, two thyristors T3 and T4 conducts. The load

voltage during this period is -Vs.

t
= Gate Pulse for T1 & T2

Gate Pulse for T5 & T4

Vs

Output Voltage

Vs

Output Current

Fig:2.5 wave forms of single phase full bridge inverter
Here we can get AC output voltage same as DC supply voltage and the source

utilization factor is 100%. The output voltage waveform is square waveform and the

filters are used to convert it into a sine wave.
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If all thyristors conduct at the same time or in a pair of (T1 and T3) or (T2 and T4)
then the source will be short-circuited. The diodes are connected in the circuit as

feedback diode because it is used for the energy feedback to the DC source.

If we compare full bridge inverter with half bridge inverter, for the given DC
supply voltage load, output voltage is two times and output is power is four times in full
bridge inverter.

2) Three Phase Bridge Inverter:

In case of industrial load, three phase ac supply is used and for this, we have to
use a three-phase inverter. In this type of inverter, six thyristors and six diodes are used
and they are connected as shown in below figure:2.6.

-

_}Z T1 ZS D1 _/SZ T3 D3 _}Z T5 ZS D5
y —— PHASE A PHASEB  PHASEC
e
_}Z T4 ZS D4 _’;Z T6 D6 T2 ZS D2

Fig:2.6 three phase bridge inverter
(IV) Classification According to Control Technique:

The output of the inverter is square wave signal and this signal is not used for the
load. Pulse width modulation (PWM) technique is used to control AC output voltage.
This control is obtained by the controlling of ON and OFF period of switches. In PWM
technique two signals are used; one is reference signal and second is triangular carrier
signal. The gate pulse for switches is generated by comparing these two signals. There

are different types of PWM techniques.

1) Single Pulse Width modulation (single PWM):

24



For every half cycle, the only pulse is available in this control technique. The
reference signal is square wave signal and the carrier signal is triangular wave signal. The
gate pulse for the switches is generated by comparing the reference signal and carrier
signal. The frequency of output voltage is controlled by the frequency of the reference
signal. The amplitude of the reference signal is A; and the amplitude of the carrier signal
1S Ac, then the modulation index can be defined as A/A.. The main drawback of this

technique is high harmonic content.
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Fig:2.7 single phase PWM
2) Multiple Pulse Width Modulation (MPWM):
The drawback of single pulse width modulation technique is solved by multiple

PWM. In this technique, instead of one pulse, several pulses are used in each half cycle
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of the output voltage. The gate is generated by comparing the reference signal and carrier
signal. The output frequency is controlled by controlling the frequency of the carrier

signal. The modulation index is used to control the output voltage.
The number of pulses per half cycle = f./ (2*fo)
Where f. = frequency of carrier signal

fo = frequency of output signal
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Fig:2.8 multiple PWM
3) Sinusoidal Pulse Width Modulation (SPWM):

This control technique is widely used in industrial applications. In above both

methods, the reference signal is a square wave signal. But in this method, the reference
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signal is a sine wave signal. The gate pulse for the switches is generated by comparing
the sine wave reference signal with the triangular carrier wave. The width of each pulse
varies with variation of amplitude of the sine wave. The frequency of output waveform is
the same as the frequency of the reference signal. The output voltage is a sine wave and
the RMS voltage can be controlled by modulation index. Waveforms are as shown in

below figure:2.9.
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Fig:2.9 sinusoidal PWM

4) Modified Sinusoidal Pulse Width Modulation (MSPWM):

Due to the characteristic of sine wave, the pulse width of the wave cannot be

changed with variation in the modulation index in SPWM technique. That is the reason,
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MSPWN technique is introduced. In this technique, the carrier signal is applied during
the first and last 60-degree interval of each half cycle. In this way, its harmonic
characteristic is improved. The main advantage of this technique is increased
fundamental component, reduced number of switching power devices and decreased

switching loss. The waveform is as shown in below figure:2.10.
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Fig:2.10 Modified Sinusoidal PWM
(V) According to the Number of Levels at the Qutput:

1)Regular two-level Inverter:
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These inverters have only voltage levels at the output which are positive peak
voltage and negative peak voltage. Sometimes, having a zero-voltage level is also known

as a two-level inverter.
2) Multilevel Inverters:

These inverters can have multiple voltage levels at the output. The multi-level

inverter is divided into four parts.

- Flying capacitor Inverter

- Diode-clamped Inverter

- Hybrid Inverter

- Cascade H-type Inverter

Every inverter has its own design for operation, here we have explained these

inverter briefly to get an basic ideas about them.
(VI) According to the network:

1)Z-Source inverter network

The Z-source converter (ZSC) is a new topology in power conversion, which has
unique features that can overcome the limitations of VSI and CSI. Figure: 2.11 shows
the ZSC implemented as a three-phase DC/AC converter (inverter). Although DC /AC
conversion is the most common application of the Z-source topology. It can also be
applied to AC/DC & AC/AC power conversions. The X-shape impedance is the Z
source network which is composed of two split inductors and two capacitors to provide
a coupling between the DC source and the inverter bridge. The Z-source inverter (ZSI)
has the unique back-boost capability which ideally gives an output voltage range from

zero to infinity regardless of the input voltage.
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Fig:2.11 ZSC implemented as a three-phase inverter (ZSI)
2)EZ-Source inverter network:

The voltage-type EZ-source inverter show in Figure 2.12 has its DC sources
embedded within the X shaped LC impedance network with its inductive elements L1
and L2 respectively, used for filtering the currents drawn from the two DC sources
without using any external LC filter. Quite obviously, the immediate disadvantage
shown in Figure 2.12 is that two DC sources of Vdc/2, instead of the single DC source

shown in Figure 2.11 are needed for the EZ-source inverter.

'-\

MOTOR
Vi LOAD

Fig: 2.12 EZSI implemented as a three-phase inverter (EZSI)
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3)TZ-Source inverter network:

In the trans-Z-source inverters, high gain is obtained by increasing their common
transformer turns ratio yTZ, which is in agreement with classical transformer theories.
Depending on the eventual voltage gain demanded, the raised yTZ might at times be
excessive for realization. Because of this, T-Z-source inverters shown in Figure 2.13 are
proposed for wind energy conversion. The proposed inverters use the same components
as the trans-Z-source inverters, but with different transformer placement. This difference
causes the T-Z-source gain to be raised by lowering, and not increasing, the transformer
turns ratio YTZ. The general structure of three phase T- Z-source inverter is shown in
Figure 2.13. It basically has an impedance network that couple the converter main circuit
to be power source. This addition of impedance network introduce a unique feature that
cannot be used for the traditional three phase voltage source inverter and three phase
current source inverter. The limitations for the traditional inverter are being solved in the

TZ-source inverter. The TZ-source also can be used for all DC-DC, AC-AC, AC-DC and

DC-AC power combination.
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Fig:2.13 General structure of TZ-source inverter
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2.2 DC-DC CONVERTER:
2.2.1 Introduction:

DC —-DC converters are power electronic circuits that convert a dc voltage to a
different voltage level. There are different types of conversion method such as electronic,
linear, switched mode, magnetic, capacitive. The circuits described in this report are
classified as switched mode DC-DC converters. These are electronic devices that are
used whenever change of DC electrical power from one voltage level to another is needed.
Generically speaking the use of a switch or switches for the purpose of power conversion
can be regarded as an SMPS. From now onwards whenever we mention DC-DC
converters we shall address them with respect to SMPS. A few applications of interest of
DC-DC converters are where 5V DC on a personal computer motherboard must be
stepped down to 3V, 2V or less for one of the latest CPU chips; where 1.5V from a single
cell must be stepped up to 5V or more, to operate electronic circuitry. In all of these
applications, we want to change the DC energy from one voltage level to another, while
wasting as little as possible in the process. In other words, we want to perform the
conversion with the highest possible efficiency. DC-DC Converters are needed because
unlike AC, DC can’t simply be stepped up or down using a transformer. In many ways, a
DC-DC converter is the DC equivalent of a transformer. They essentially just change the
input energy into a different impedance level. So whatever the output voltage level, the
output power all comes from the input; there is no energy manufactured inside the
converter. Quite the contrary, in fact some is inevitably used up by the converter circuitry

and components, in doing their job.
2.2.2 Applications of DC-DC Converters:

1. Dc converters can be used in regenerative braking of dc motors to return energy back
into the supply and this feature results in energy savings for transportation system with

frequent stops. As for example :
a) Traction motor control in electric automobiles.

b) Trolley cars.
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¢) Marine Hoists.
d) Forklift trucks.
¢) Mine Haulers

2. Also used in DC voltage regulators and also are used in conjunction with an inductor

to generate a dc current source especially for the current source inverter.

2.2.3 Types of DC-DC Converter: There different kinds of DC-DC converters. A

variety of the converter names are included here:
1. The BUCK converter
2. The BOOST converter
3. The BUCK-BOOST converter
4. The CUK converter
5. The Fly-back converter
6. The Forward Converter
7. The Push-pull Converter
8. The Full Bridge Converter
9. The Half Bridge Converter
10. Current Fed converter
11. Multiple output converters

Study of DC-DC Converters There are a variety of DC-DC converters are
possible. But from the list of the converters only the first four of the converters are to be

described which are basically of non-isolated input output terminals.
1)The Buck Converter:

The buck converter is a commonly used in circuits that steps down the voltage

level from the input voltage according to the requirement. It has the advantages of
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simplicity and low cost. Figure: 2.14 shows a buck converter the operation of the Buck
converters start with a switch that is open (so no current flow through any part of circuit)
When the switch is closed, the current flows through the inductor, slowly at first, but
building up over time. When the switch is closed the inductor pulls current through the
diode, and this means the voltage at the inductors "output" is lower than it first was. This

is the very basic principle of operation of buck circuit.

FIG: 2.14 Buck Converter
Analysis of the buck converter begins by making these assumptions:
1. The circuit is operating in the steady state.
2. The inductor current is continuous.

3. The capacitor is very large, and the output voltage is held constant at voltage Vo. This

restriction will be relaxed later to show the effects of finite capacitance.

4. The switching period is T, the switch is closed for time DT and open for time (1-D)T.
5. The components are ideal.

2) The Boost converter:

A boost converter (step-up converter) is a power converter with an output DC
voltage greater than its input DC voltage. It is a class of switching mode power supply
(SMPS) containing at least two semi-conductors switches (a diode and a transistor) and at
least one energy storage element. Filters made of capacitors (sometimes in combination
with inductors) are normally added to the output of the converter to reduce output voltage

ripple. A boost converter is sometimes called a step-up converter since it “steps up” the
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source voltage. Since power (P = VI) must be conserved, the output current is lower than

the source current.

The boost converter has the same components as the buck converter, but this
converter produces an output voltage greater than the source."Boost" converters start
their voltage conversion with a current flowing through the inductor (switch is closed).
Then they close the switch leaving the current no other path to go than through a diode
(functions as one way valve) The current then wants to slow really fast and the only way
it can do this is by increasing it's voltage (akin to pressure) at the end that connects to the
diode, and switch. If the voltage is high enough it opens the diode, and one through the

diode, the current can't flow back. This is the very basic concept of boost converter.
Circuit analysis
Analysis of the boost converter begins by making these assumptions:

» The circuit is operating in the steady state.

» The inductor current is continuous (always positive).

» The capacitor is very large, and the output voltage is held constant at voltage Vo. This
restriction will be relaxed later to show the effects of finite capacitance.

» The switching period is T, the switch is closed for time DT and open for time (1-D)T.

» The components are ideal

Operating principle:

The key principle that drives the boost converter is the tendency of an
inductor to resist changes in current. When being charged it acts as a load and absorbs
energy (somewhat like a resistor); when being discharged it acts as an energy source
(somewhat like a battery). The voltage it produces during the discharge phase is related to
the rate of change of current, and not to the original charging voltage, thus allowing
different input and

output voltages.
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Fig:2.15Boost Converter Schematic
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Fig: 2.17 SWITCH OFF

The basic principle of a Boost converter consists of 2 distinct states as shown in fig-

(2.16&2.17):

* In the On-state, the switch S(fig:2.16) is closed, resulting in an increase in the
inductor current;

= In the Off-state, the switch s (fig:2.17) is open and the only path offered to inductor
current is through the fly back diode D, the capacitor C and the load R. These results
in transferring the energy accumulated during the On-state into the capacitor.

= The input current is the same as the inductor current. So it is not discontinuous as in
the buck circuit and the requirements on the input filter are relaxed compared to a

buck converts.

3) Buck-Boostconverter:
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Another basic switched mode converter is the buck-boost converter. The output
of the buck-boost converter can be either higher or lower than the input voltage.
Assumption made about the operation of this circuit is same as it was for the previous

converter circuits.
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Fig:2.18 Schematic Of Buck-Boost Converter
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Figure 2.18: The two operating states of a buck—boost converter: When the switch
is turned-on, the input voltage source supplies current to the inductor, and the capacitor
supplies current to the resistor (output load).When the switch is opened, the inductor

supplies current to the load via the diode D.

The basic principle of the buck—boost converter is fairly simple (Figure 2.18):
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while in the On-state fig (2.19), the input voltage source is directly connected to the
inductor (L). This results in accumulating energy in L. In this stage, the capacitor

supplies energy to the output load.

while in the Off-state fig(2.20), the inductor is connected to the output load and capacitor,
so energy is transferred from L to C and R. Compared to the buck and boost converters,

the characteristics of the buck—boost converter are mainly:
Polarity of the output voltage is opposite to that of the input;

The output voltage can vary continuously from 0 to (for an ideal converter). The output
voltage ranges for a buck and a boost converter are respectively 0 to and to .The circuit

has two main mode of operations. They are described below.

2.2.4 Switching Consideration of DC-DC Converters:

The converter switch can be implemented by using

a) Thyristor.

b) Power bipolar junction transistor (BJT).

c¢) Power Metal Oxide Semiconductor Field Effect Transistor (MOSFET).
d) Gate Turn Off Thyristor (GTO).

e) Insulated Gate Bipolar Transistor (IGBT).

Practical devices have a finite voltage drop ranging from 0.5V to 2V but
during the calculations for the sake of simplicity of the understanding, these switches are

considered lossless.

1) Thyristor:

This device is also referred to as a PNPN structure or Thyristor. Such device can
in principle be made using any semiconductor. However, silicon thyristors are the most
common thyristors. The advantage of the structure is that it provides a high power
handling capability, high blocking voltage and high gain with a very low on-state

resistance.
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The Thyristor has a lower on-state voltage than the Darlington pair and typically
requires an even smaller turn- on current, which only needs to be applied temporarily
because of the internal positive feedback between the two transistors of the equivalent

circuit.

This latter property is also the main disadvantage of the Thyristor: since the
device latches into the on-state once sufficient gate current is supplied, the device can’t
be turned off by removing the gate current. Instead one has to disconnect the power
supply to turn off the device. Further since both transistors are in saturation in the on state,
a significant amount of minority carriers are accumulated in the base region of each

transistor.

These minority carriers must be removed prior to reconnecting the power supply
since these carriers would temporarily lead to a base current in each device and trigger
the turn-on of the Thyristor. Finally, one has to slowly ramp up the power supply voltage
to avoid the so called dv/dt effect. Since a rapid increase of the applied voltage with time
causes a displacement current proportional to the capacitance of the junctions, this
displacement current could again provide a temporary base current in Q1 and Q2, which

is large enough to trigger the Thyristor.
2) Metal oxide semiconductor field effect transistor:

Power MOSFETs (Metal Oxide Semiconductor Field Effect Transistor) are the
most commonly used power devices due to their low gate drive power, fast switching
speed and superior paralleling capability. Most power MOSFETs feature a vertical
structure with Source and Drain on opposite sides of the wafer in order to support higher
current and voltage. Figure la and 1b show the basic device structures of Trench and
Planar MOSFETs respectively. Trench MOSFETs are mainly used for j200V voltage
rating due to their higher channel density and thus lower on-resistance. Planar MOSFETs
are good for higher voltage ratings since on- resistance is dominated by epilayer
resistance and high cell density is not beneficial. The basic MOSFET operation is the
same for both structures. Unless specified, the N-channel trench MOSFET is discussed in
this application note. The MOSFET capacitances are non-linear as well as a function of

the dc bias voltage. All the MOSFET capacitances come from a series combination of a
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bias independent oxide capacitance and a bias dependent depletion (Silicon) capacitance.
The decrease in capacitances with VDS comes from the decrease in depletion capacitance
as the voltage increases and the depletion region widens. The power MOSFET gate
presents an impedance like an RC network to its gate drive. The equivalent R is referred
to as the gate resistance Rg. The gate resistance is caused by the finite resistance of the
Poly silicon gate conductors, and the metal and contact structures that route the gate

signal to the pad for connection to external package leads.
3)Bipolar junction transistors:

The main difference is that the active area of the device is distinctly higher,
resulting in a much higher current handling capability. Power BJTs also have a thick and
low-doped collector region. Such collector regions result in a large blocking voltage.

Extremely low doping densities are used to obtain blocking voltages as large as 3000 V.
As a result, one finds that the structure needs to be redesigned to

a) effectively manage the power dissipation and

b) avoid the Kirk effect.

The power dissipation is managed by minimizing the power dissipation and
spreading the resulting heat dissipation onto a large area. The Kirk effect is normally
avoided by increasing the collector doping density. However, for devices with a very
high blocking voltage, this may not be an option. Power BJTs therefore are operated at
rather low current density. Since the lower current density reduces the power dissipation
per unit area and eliminates the Kirk effect. Large currents are obtained by making a
large area device. Silicon BJTs dominate the power device market, in part because of the
low cost of large area silicon devices and the high thermal conductivity of silicon
compared to Ga. As Silicon carbide (SiC) has been hailed as the perfect material for high-
power BJTs. The higher thermal conductivity and breakdown field compared to silicon
give it a clear performance advantage. The high saturation velocity also shifts the onset of
the Kirk effect to higher current densities. The proliferation of its use will heavily depend

on the material cost and quality of the SiC wafers.
4) Insulated gate bipolar transistor:
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The Insulated Gate Bipolar Transistor also called an IGBT for short, is something
of a cross between a conventional Bipolar Junction Transistor, (BJT) and a Field Effect
Transistor, (MOSFET) making it ideal as a semiconductor switching device. The IGBT
transistor takes the best parts of these two types of transistors, the high input impedance
and high switching speeds of a MOSFET with the low saturation voltage of a bipolar
transistor, and combines them together to produce another type of transistor switching
device that is capable of handling large collector-emitter currents with virtually zero gate

current drive.

#

Fig.2.21.Typical IGBT
The Insulated Gate Bipolar Transistor, (IGBT) uses the insulated gate (hence the first part
of its name) technology of the MOSFET with the output performance characteristics of a
conventional bipolar transistor, (hence the second part of its name). The result of this
hybrid combination is that the “IGBT Transistor” has the output switching and
conduction characteristics of a bipolar transistor but is voltage-controlled like a MOSFET.
IGBTs are mainly used in power electronics applications, such as inverters, converters
and power supplies, were the demands of the solid state switching device are not fully
met by power bipolars and power MOSFETs. High-current and high-voltage bipolars are
available, but their switching speeds are slow, while power MOSFETs may have high
switching speeds, but high-voltage and high-current devices are expensive and hard to

achieve.

The advantage gained by the insulated gate bipolar transistor device over a BJT or
MOSFET is that it offers greater power gain than the bipolar type together with the
higher voltage operation and lower input losses of the MOSFET. In effect it is an FET
integrated with a bipolar transistor in a form of Darlington configuration as shown in fig

(2.22).
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Fig.2.22 Diagram of Insulated Gate Bipolar Transistor

We can see that the insulated gate bipolar transistor is a three terminal, trans
conductance device that combines an insulated gate N-channel MOSFET input with a
PNP bipolar transistor output connected in a type of Darlington configuration. As a result
the terminals are labelled as: Collector, Emitter and Gate. Two of its terminals (C-E) are
associated with a conductance path and the third terminal (G) associated with its control.
The amount of amplification achieved by the insulated gate bipolar transistor is a ratio
between its output signal and its input signal. For a conventional bipolar junction
transistor, (BJT) the amount of gain is approximately equal to the ratio of the output
current to the input current, called Beta. For a metal oxide semiconductor field effect
transistor or MOSFET, there is no input current as the gate is isolated from the main
current carrying channel. Therefore, an FET’s gain is equal to the ratio of output current
change to input voltage change, making it a trans conductance device and this is also true
of the IGBT. Then we can treat the IGBT as a power BJT whose base current is provided
by a MOSFET.

The Insulated Gate Bipolar Transistor can be used in small signal amplifier
circuits in much the same way as the BJT or MOSFET type transistors. But as the IGBT
combines the low conduction loss of a BJT with the high switching speed of a power
MOSFET an optimal solid state switch exists which is ideal for use in power electronics
applications. Also, the IGBT has a much lower “on-state” resistance, Ron than an

equivalent MOSFET. This means that the I?R drop across the bipolar output structure for

42



a given switching current is much lower. The forward blocking operation of the IGBT
transistor is identical to a power MOSFET. When used as static controlled switch, the
insulated gate bipolar transistor has voltage and current ratings similar to that of the
bipolar transistor. However, the presence of an isolated gate in an IGBT makes it a lot

simpler to drive than the BJT as much less drive power is needed.

An insulated gate bipolar transistor is simply turned “ON” or “OFF” by activating
and deactivating its Gate terminal. A constant positive voltage input signal across the
Gate and the Emitter will keep the device in its “ON” state, while removal of the input
signal will cause it to turn “OFF” in much the same way as a bipolar transistor or

MOSFET.

IGBT characteristics:

Fully
Ic | ON
Active Vae
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—— _ Fully
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Fig.2.23 IGBT Characteristics

Because the IGBT is a voltage-controlled device, it only requires a small voltage
on the Gate to maintain conduction through the device unlike BJT’s which require that
the Base current is continuously supplied in a sufficient enough quantity to maintain
saturation. Also the IGBT is a unidirectional device, meaning it can only switch current
in the “forward direction”, that is from Collector to Emitter unlike MOSFET’s which
have bi-directional current switching capabilities (controlled in the forward direction and
uncontrolled in the reverse direction).The principal of operation and Gate drive circuits
for the insulated gate bipolar transistor are very similar to that of the N-channel power
MOSFET. The basic difference is that the resistance offered by the main conducting

channel when current flows through the device in its “ON” state is very much smaller in
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the IGBT. Because of this, the current ratings are much higher when compared with an

equivalent power MOSFET.

The main advantages of using the Insulated Gate Bipolar Transistor over other
types of transistor devices are its high voltage capability, low ON-resistance, ease of
drive, relatively fast switching speeds and combined with zero gate drive current makes it
a good choice for moderate speed, high voltage applications such as in pulse-width
modulated (PWM), variable speed control, switch-mode power supplies or solar powered
DC-AC inverter and frequency converter applications operating in the hundreds of

kilohertz range.
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CHAPTER 3
QUASI-SWITCHED BOOST INVERTERS

3.1: INTRODUCTION:

In traditional voltage source inverters the DC source voltage cannot be higher
than the peak AC output voltage. When low input voltages such as solar photo voltaic
and fuel cells are used to obtain a high AC output voltage, hence an additional boost DC-
DC converter, with two stage DC-DC-AC power conversion, is inserted in front of the
inverter bridge. The two stages of power conversion i.e. boosting and inverting
performed in one circuit that circuit is called quasi switched boost inverter.

Similar to the conventional ZSI and SBI, the QSBIs have extra shoot-through zero
states, besides the traditional active state, and two zero states in the single-phase topology.
Thus, the operating principles of the QSBIs are similar to those of the classical ZSI and
SBI.

Like the quasi impedance source inverter has the main features of continuous
input current, boosting the voltage with single stage conversion and shoot through

immunity.

3.2 EMBEDDED TYPE QUASI SWITCHED BOOST INVERTER:
3.2.1 Steady State Circuit Analysis:

An embedded type QSBI is shown in Fig3.1. This circuit has equal number of

components to that of SBI, but provides higher boost voltage and, most importantly,
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Fig: 3.1 Embedded type QSBI

operates with continuous input current. It has a Z-source network at the dc side with one
or more active devices to achieve continuous input current. The placement of the
inductance in series with the input dc source makes the source current continuous. At the
same time, it is worth noting that the capacitor voltage stress is the same as compared to
the SBI and is equal to the dc link voltage, which reaches high values at high boost
conditions. There are two operating states possible for QSBI viz. Shoot Through (ST) and
Non-Shoot Through (NST) states. The number of NST and ST states depends on the type
of PWM strategy used in the converter. Operation of the embedded QSBI with basic
PWM has one NST and one ST conditions, and can be explained using the equivalent
circuits under these two operating states as shown in Fig. 3.2. The ST state can be
initiated by turning on switches Mo, M1 and M together with a duty ratio D = To/T where
Ty is the duration of the shoot through switching period T.

M, i Ty ' '|' M, Ve
| - |

D, D,

(a) (b)

Fig: 3.2 Equivalent circuit of QSBI during (a) non-shoot through state (b) shoot through

state.

Under steady state, observing the voltage across inductor in NST and ST states

will yield,
= Vg -V, in NST (1)
L= Vg + Vg inST 2

where, V. is the input dc voltage of the QSBI, V. the Z-source Capacitor voltage,

iL is the source current or the Z-source inductor current and L is the inductance in the Z-
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source network. By applying voltage-second balance for inductor over the switching

period, the capacitor voltage in terms of input dc voltage is expressed as,
Vac A3)

The DC link voltage or the inverter input voltage Viqc is found to be the same as

1
T 1-2D

Ve
that of the capacitor voltage and expressed as,

1
Vide = Ve = —=Vac 4)
1-2D

Thus, the boost factor ‘B’, which is the ratio between the dc link voltage to the dc

source voltage is deduced as,

_Vige _ 1
B=y. T (5)

3.2.2 Basic PWM method for QSBI:

Generation of control signals for the basic PWM for a QSBI is shown in Fig. 3.3

With the shoot through signals the resulting Z-source inductor current in shown in Fig.3.4.
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Fig: 3.3 shoot through signals and control signals of .
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Fig: 3.4 z-source inductor current.

MG, to MGy are the gating signals of inverter bridge switches from M; to My,
which are obtained from Unipolar PWM logic by comparing a triangular wave at
switching frequency fui with two 180° phase shifted sine waves at the required.

Fundamental frequency of the inverter f,. The magnitude of sine and triangle
waveform is Vsine and vgirespectively. The shoot through control signals for the Z-
impedance network switch and the inverter switches are generated by comparing the
same triangular signal with two constant voltages Vsu and —Vsh, such that,

_ To_ Vsl

D W (6)

This eventually results a shoot through control signal (at frequency 2fi; as
depicted in Fig.3a. Logic circuits are used to superimpose the shoot through signals with
that of the inverter PWM signals. The same effect of doubling the shoot through control
frequency can be obtained by comparing Vsu with a unipolar triangular waveform at two
times the inverter switching frequency fui . The output voltage of a unipolar PWM

inverter for an input voltage of Viq. can be expressed as,
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Vo= mMgVigc (7)

where, m, is the amplitude modulation index of the PWM inverter and  is the
peak inverter output voltage. The amplitude modulation index can be expresses in terms
of the control circuit quantities as vsin/Vei . This method of PWM is referred as simple
boost control method, in which, there exists a restriction imposed by the shoot through
duty ratio on the inverter modulation index. The maximum inverter modulation index is
now restricted to (1-D), which implies that the larger the duty ratios, the higher the boost
ratios, but lower the modulation index will be. This low modulation index eventually
results in a higher THD at the inverter output. When the QSBI is switched with this basic
PWM method, the inductor current ripple will be at two times the inverter switching
frequency and the peak to peak inductor current ripple depends on the boost ratio and the
value of L as per equations (1) and (2). When high boost ratios are required, the inductor
current ripple will be reaching higher values, which demands a larger inductance for the
same switching frequency. If the size of inductor is to be reduced without compromising
on the ripple content, then the inverter switching frequency has to be increased which
will lead to higher switching loss in the inverter. The proposed PWM aims at achieving
the dual task of increasing the frequency of the inductor current ripple without increasing
the inverter switching frequency, leading to a more efficient converter system.

3.2.3. PROPOSED PWM METHOD FOR QSBI:

In the basic PWM for QSBI, the shoot through control signals of My is integrated
into the control signals of inverter switches. This synchronized switching will result the
energy exchange between the z-source components to happen during the shoot through
states. This synchronized switching results in an increased loss of the active devices.
From the basic principles, the switches in the inverter bridge are to be controlled to
produce a near sinusoidal output voltage whereas switch My is controlled to introduce the
necessary boost. As there is an independency between these two control tasks, these two
switching can be decoupled. Such decoupling will make the input current alone to have
higher switching frequency without actually increasing the inverter switching frequency.

The proposed PWM method for QSBI aims to establish such a decoupling between
the switching of Mo and the inverter switches M; — My by introducing a phase shift

between these two control signals. This phase shift will make the charge/discharge cycles

49



shorter compared to the earlier PWM method, thereby doubling the input inductor ripple
frequency. However, this phase shift will revise the working of QSBI of Fig.3.1 because
of the introduction of an additional NST state.

1)Description of the proposed PWM:

The proposed PWM uses multiple control voltage levels for generating the
switching signals for Mo and shoot through separately as depicted in Fig. 3.5. The shoot
trough signals for the inverter switches are generated by comparing the triangle wave of
frequency fui with the voltage level Vsy and - Vsu with the following logic: when V>
Vsu or Vi< -Vsu, shoot through pulses will be generated. The control signal for the Z
source switch My is generated by comparing the triangle wave with two other derived
voltage levels (1-Vsu) and -(1-Vsu) with the following logic: when (1-Vsu)>Vui< -(1-
Vsu), gating pulse for Mo will be generated. Thus, there are two independent control
signals generated one for the shoot through and one for the input switch Mo which are
phase shifted by an angle ¢. This phase shift varies upon the choice of Vsu. Because of
this phase shift, the circuit operation swerves from that of the basic PWM operation in
terms of the number of cycles of the inductor and capacitor charge/discharge. It can be
seen that there are two complete on and off time durations for the inductor within the
triangular period, which is two times as that in the basic PWM. This eventually doubles
the inductor current ripple frequency and further reduces the ripple magnitude to half that
of the basic PWM. Ultimately, the ripple frequency of the inductor current is now at four
times the inverter switching frequency. This doubling effect is accomplished without
increasing the inverter frequency and its losses. The number of NST states now becomes

two, while the ST state remains the same as that of the basic PWM.
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Fig. 3.5Proposed PWM technique
2)Analysis of the proposed PWM:

From Fig. 3.5, the NST duration can be identified as c-f, however, the circuit will
enter into a different NST operating condition during d-e because of the turn on of Mo,
which introduces an additional NST mode of operation. The equivalent circuit of the
QSBI with the proposed PWM is depicted in Fig. 5 with three operating states instead of
two as in the basic PWM. The NST state during ‘d’ to ‘e’ is presented in Fig. 3.6(a)
during which the switch My is turned on and makes the inductor store energy and the Vigc
is maintained by the capacitor which is discharging and the inverter is in its non-zero
state. The equivalent circuit for the durations c-d and e-f remains the same as in the basic
PWM as depicted in Fig. 3.6 (b) wherein the inductor delivers the stored energy to the
load through the inverter, the capacitor is charging and the dc link voltage is taken care of
by V.; this state persists in two continuous-time slots with a total duration of (1-2D) T.
The shoot through state is presented in Fig. 3.6 (¢) and the inverter bridge arm shorts the

input dc source across the Z-source inductor L thus making the inductor store energy.
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Fig:3.6 : Equivalent circuit of QSBI with the proposed PWM technique (a)

operation during ‘d’ to ‘e’ NST state, (b) operation during NST state between c-d and e-f

(c) operation during ST state between b-c.

The equations pertaining to these three modes of operations are expressed as,

L= Ve, NST dto e (8)
LEE = VeV NST ¢ tod (9)
=V NST dtoe (10)
From the volt-second balance the dc link voltage Vi4. can be derived as,
Vige = ==V, (11)

The dc-link voltage is observed to remain constant as in case of the basic PWM

for QSBI. The further analysis is extended to quantify the capacitor ripple voltage and the

inductor ripple current with the proposed PWM scheme. From (8) to (10) it is possible to

express the inductor current ripple as,

Vgcdt
L

VdCDI _ VgD
L 2 2 firil

(12)

AiL =
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The peak-peak ripple in the inductor current is just half of its value at a frequency twice
that of fui when compared to the basic PWM, because in equation (12) the time period of
operation of My is half the triangle period or twice the triangle frequency. Similarly, the
capacitor voltage ripple can be obtained by deriving the capacitor charge-second balance

equations for the two NST states as,

dve

ek lo NSTdtoe (13)
dv
EZI-IO NSTctod (14)
[ lo ~T _ loD
AVC=%dt= %Dﬁzzgfm (15)

From equation (15), it is evident that the capacitor voltage ripple is also reduced
to half when compared to the basic PWM with the ripple frequency of capacitor voltage
doubled.
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CHAPTER -4
INTRODUCTION TO MATLAB

4.1 WHAT IS MATLAB?

MATLAB is a high-performance language for technical computing. It integrates
computation, visualization, and programming in an easy-to-use environment where
problems and solutions are expressed in familiar mathematical notation. Typical uses
include:

e Math and computation

e Algorithm development

e Modelling, simulation, and prototyping

e Data analysis, exploration, and visualization

e Scientific and engineering graphics

e Application development, including Graphical User Interface building

MATLAB is an interactive system whose basic data element is an array that does not
require dimensioning. This allows you to solve many technical computing problems,
especially those with matrix and vector formulations, in a fraction of the time it would
take to write a program in a scalar no interactive language such as C or FORTRAN.

The name MATLAB stands for matrix laboratory. MATLAB was originally written
to provide easy access to matrix software developed by the LINPACK and EISPACK
projects, which together represent the state-of-the-art in software for matrix computation.

MATLAB has evolved over a period of years with input from many users. In
university environment, it is the standard instructional tool for introductory and advanced
courses in mathematics, engineering, and science. In industry, MATLAB is the tool of
choice for high-productivity research, development, and analysis.

MATLAB features a family of application-specific solutions called toolboxes. Very
important to most users of MATLAB, toolboxes allow you to learn and apply specialized
technology. Toolboxes are comprehensive collections of MATLAB functions (M-files)

that extend the MATLAB environment to solve particular classes of problems. Areas in
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which toolboxes are available include signal processing, control systems, neural networks,
fuzzy logic, wavelets, simulation, and many others.
4.2 PARTS IN MATLAB:
The MATLAB system consists of five main parts:
4.2.1 The MATLAB Language:

This is a high-level matrix/array language with control flow statements, functions,
data structures, input/output, and object-oriented programming features. It allows both
"programming in the small" to rapidly create quick and dirty throw-away programs, and
"programming in the large" to create complete large and complex application programs.
4.2.2 The MATLAB Working Environment:

This is the set of tools and facilities that you work with as the MATLAB user or
programmer. It includes facilities for managing the variables in your workspace and
importing and exporting data. It also includes tools for developing, managing, debugging,
and profiling M-files, MATLAB's applications.

4.2.3 Handle Graphics:

This is the MATLAB graphics system. It includes high-level commands for two-
dimensional and three-dimensional data visualization, image processing, animation, and
presentation graphics. It also includes low-level commands that allow you to fully
customize the appearance of graphics as well as to build complete Graphical User
Interfaces on your MATLAB applications.

4.2.4 The MATLAB Mathematical Function Library:

This is a vast collection of computational algorithms ranging from elementary
functions like sum, sine, cosine, and complex arithmetic, to more sophisticated functions
like matrix inverse, matrix Eigen values, Bessel functions, and fast Fourier transforms.
4.2.5 The MATLAB Application Program Interface (API):

This is a library that allows you to write C and Fortran programs that interact with
MATLAB. It include facilities for calling routines from MATLAB (dynamic linking),
calling MATLAB as a computational engine, and for reading and writing MAT-files.
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4.3 MATLAB-SIMULINK:
. Commonly Used Blocks
. Logic and Bit Operations
. Sinks
. Sources

Simulink contains a large number of blocks from which models can be built. These
blocks are arranged in Block Libraries which are accessed in the Simulink library
browser window shown below

Each icon in the main Simulink window can be double clicked to bring up the

corresponding block library. Blocks in each library can then be dragged into a model

window to build a model.

o8 Simulink Libsrary Browser — O =
=] Entar search term ~| "t'k -3 = 3
Sirmaslink
[~ Simulink ~
Commenty Used Blacks fout s s =
Continsaus 1=
Dashbaard ==
Disceetinuities Camenoaly Canlirmious Dashboard  Discantinuities Discrate Legic and Bit
Discrete Used Blocks Cperatons
Logic ard Bt Operations
Lockup Tables + - 53] IL § IE‘!‘
Malh Operations yeiiuh = W 23 @ ﬁc .
Madcl Verificabon —_—
FadeHiicde Ulilities Lookup Math Model-Wide Minded Parts & Sgnal
Ports B Subsystems Tables Oparaltions Litilnies Werilicatian Subsystems Artriutes
Signal Altribules
Signal Routin & -
St Roing ol B B e [
Souroes *
User-Defined Functions Zignal Sinks Saurces Wger-Diefined  Addtional Math
> Agditonal Math B Discrete Routing Funchions & Discrete
Aeraspace Blockset

Communications System Toolbox
Commumications System Teolbox HOL Suppart
Compuker Vision System Toolbax

Contral System Tralbox

Data Acquisition Toolbox

DSP System Toalkox

DEP System Toolkox HOL Support

Embedkied Coder

Fuzzy Lagic Toolbox

HOL Coder

Image Acouisition Toolbox

Instrsment Controd Taolbax

Madel Predictive Contral Toalbex

> Mewal Network Toolbox

Phased Array System Toolbox e

NN N

WO AR R wg

e
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http://ctms.engin.umich.edu/CTMS/index.php?aux=Extras_Blocklib
http://ctms.engin.umich.edu/CTMS/index.php?aux=Extras_Blocklib
http://ctms.engin.umich.edu/CTMS/index.php?aux=Extras_Blocklib
http://ctms.engin.umich.edu/CTMS/index.php?aux=Extras_Blocklib

4.3.1 Commonly used blocks:
Commonly Used Blocks are used to list a lot of blocks which are usually used.
Double-click on the Commonly Used Blocks icon in the main Simulink window to bring

up the Commonly Used window.

|
m}
o

Eﬂ Sirnulink Liksrary Browser

¢ Enter search term z&"'\ - I*_:-“' - - & I\E“I
Simulink Commonly Used Blocks

[% Simwlink ~
Commenly Used Blocks % )E 1 }v ¥ convert }v
Cantinuaus
Dashbaard Bus Bus Carstant Data Type Conversian
Discentinuities Creator Selactor
Discrete
Logic and B Oparations ¥t b * b KTs [ 4>)
Logkup Tables £l
Malh Operationg Delay Demux Cuserete-Time Gain
Madel Verification Integrator
Madel-Wide Llilites
Ports b Subsystems - i -
Sigral Altribules
Sigrial Roubing Ground Ini [nbegrator Legical
Sinks Operatar
Sources
User-Dafined Functions } )‘:I:l B .
» Additional Math B Decrete
¥ feaspace Blocksst ML Qutl Prodigt Relational
Operatar

# Communications System Toolbox

¥ Commumications System Toolbox HOL Suppart
> Computer Vision System Toglbox f Inl oL 3';?

Contral System Toalbox

Data Acquisition Toolbax Caturation Soope Suhsystem Sum
» DEP System Toaloow e
* D59 System Toalow HOL Suppart 3;"_":' p b=
» Emberkied Coder .
- | Swatch Terminator Yectar
e LE_H{:@L‘:E-E . Concatenate

Image Acguisition Toolbax
Instrsment Control Toolbax
Madel Predictive Contral Toalbog
* Mewal Network Toolbo
* Phased Array Systern Toalbon ot

Constant:

The Constant block generates a real or complex constant value. The constant output

value isdisplayed in the middle of the block, with a default value of 1.

In order to examine these blocks, create a new model window (select New from

the File menu in the Simulink window or hit Ctrl+N).
Data Type Conversion :

The Data Type Conversion block converts an input signal of any Simulink data type
to the data type you specify for the Output data type parameter. The input can be any

real- or complex-valued signal.
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Delay:

The Delay block delays an input u according to the Delay length parameter, which
you specify on the dialog box, or a delay length that a signal supplies to the input port.
This block is equivalent to the z-1 discrete-time operator.

Demux, Mux:

The Mux (Multiplexer) block is used to combine two or more scalar signals into a
single vector signal. Similarly, a Demux (Demultiplexer) block breaks a vector signal
into scalar signal components. The number of vector components must be specified in
each case.

Discrete-Time Integrator:

This is the discrete time approximation of a continuous-time integrator. The
approximation method can be specified as well as the initial condition and saturation
limits.

From :

The From block accepts a signal from a corresponding Goto block, then passes it as
output. The data type of the output is the same as that of the input from the Goto block.
From and Goto blocks allow you to pass a signal from one block to another without
actually connecting them. To associate a Goto block with a From block, enter the Goto

block's tag in the Goto Tag parameter.

A From block can receive its signal from only one Goto block, although a Goto block

can pass its signal to more than one From block.

This figure shows that using a Goto block and a From block is equivalent to
connecting the blocks to which those blocks are connected. In the model at the left,
Blockl passes a signal to Block2. That model is equivalent to the model at the right,
which connects Block1 to the Goto block, passes that signal to the From block, then on to
Block?2.

—bl _p.< A A >—b-
Bleckl Block? Blockl Ciota Fram Block?
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The visibility of a Goto block tag determines the From blocks that can receive its
signal. For more information, see Goto and Goto Tag Visibility. The block indicates the

visibility of the Goto block tag:

» A local tag name is enclosed in brackets ([]).
» A scoped tag name is enclosed in braces ({}).

» A global tag name appears without additional characters.
Gain :

The Gain block multiplies the input by a constant value (gain). The input and the

gain can each be a scalar, vector, or matrix.

>

Zain

You specify the value of the gain in the Gain parameter. The Multiplication parameter
lets you specify element-wise or matrix multiplication. For matrix multiplication, this

parameter also lets you indicate the order of the multiplicands.

The gain is converted from doubles to the data specified in the block mask offline
using round-to-nearest and saturation. The input and gain are then multiplied, and the
result is converted to the output data type using the specified rounding and overflow

modes.

Ground:

The Ground block connects to blocks whose input ports do not connect to other

blocks.
Goto :

[4]
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The Goto block passes its input to its corresponding From blocks. The input can be a
real- or complex-valued signal or vector of any data type. From and Goto blocks allow

you to pass a signal from one block to another without actually connecting them.

A Goto block can pass its input signal to more than one From block, although a From
block can receive a signal from only one Goto block. The input to that Goto block is
passed to the From blocks associated with it as though the blocks were physically

connected. Goto blocks and From blocks are matched by the use of Goto tags.

The Tag Visibility parameter determines whether the location of From blocks that

access the signal is limited:

° local, the default, means that From and Goto blocks using the same tag must be in
the same subsystem. A local tag name is enclosed in brackets ([]).

o scoped means that From and Goto blocks using the same tag must be in the same
subsystem or at any level in the model hierarchy below the Goto Tag Visibility block that
does not entail crossing a nonvirtual subsystem boundary, i.e., the boundary of an atomic,
conditionally executed, or function-call subsystem or a model reference. A scoped tag
name is enclosed in braces ({}).

o global means that From and Goto blocks using the same tag can be anywhere in

the model except in locations that span non virtual subsystem boundaries.

The rule that From-Goto block connections cannot cross nonvirtual subsystem boundaries
has the following exception. A Goto block connected to a state port in one conditionally
executed subsystem is visible to a From block inside another conditionally executed

subsystem. For more information about conditionally executed subsystems.
Integrator:

The output of the Integrator is the integral of the input. An initial condition can be
specified, as well as saturation limits. This block is very useful for modelling system in

modelling system in Simulink.

4.3.2 Logical Operators:
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The Logical Operator block performs the specified logical operation on its inputs. An

input value is TRUE (1) if it is nonzero and FALSE (0) if it is zero.
Outl:
Outport blocks are the links from a system to a destination outside the system.

Product :

By default, the Product block outputs the result of multiplying two inputs: two scalars,
a scalar and a nonscalar, or two nonscalars that have the same dimensions.

The default parameter values that specify this behavior are:

Multiplication: Element-wise(.*)
Number of inputs: 2

Setting non-default values for either of these parameters can change a Product block
to function as a Divide block or a Product of Elements block. See the documentation of
those two blocks for more information.

If all you need is to multiply two inputs to create an output, you can use the Product
block with default parameter values. If you need additional capabilities, see Product
Block Capabilities.

The following table shows the output of the Product block for example inputs

usingdefault block parameter values.

Inputs and Behavior Example

Scalar X Scalar

2
Cutput the product ofthe two 4 » [ g
inputs. 4 f

Scalar X Nonscalar

Qutput a nonscalar having the b4 »
same dimensions as the [4 8] f
input nonscalar. Each
element of the output
nonscalar is the product of
the input scalar and the
corresponding element of the
input nonscalar.

Nonscalar X Nonscalar |:= 3]

€ 2z |1 | gl 8|
Cutput 3 nonscalar having the o 2] B
same dimensions as the [f j] |

inputs. Each element ofthe
output is the product of
corresponding elements of
the inputs.




Relational Operator:

By default, the Relational Operator block compares two inputs using
the Relational operator parameter that you specify. The first input corresponds to the top

input port and the second input to the bottom input port.

Scope and Floating Scope :

The Scope block displays inputs signals with respect to simulation time.

> .

Scope

e Scope window - If a Scope window is closed at the start of a simulation, scope
data is still written to the connected Scope. As a result, if you open a Scope after a
simulation, the Scope window displays the input signal or signals.

e Plotting signals - If the input signal is continuous, the Scope draws a point-to-
point plot. If the signal is discrete, the Scope draws a stair-step plot.

e Time step values -The Scope block only displays major time step values. The
scope displays additional interpolated points between major time steps if specified by the
refine parameter.

e Multiple y-axes (graphs) - A Scope window can display multiple y-axes (graphs)
with one graph per input port. All of the y-axes have a common time range on the x-axis.
The Scope block allows you to adjust the amount of time and the range of input values
displayed. You can modify the Scope parameter values during a simulation.

e Data type support -The Scope block accepts real (not complex) signals of any
data type that Simulink® supports, including fixed-point and enumerated data types. The
Scope block also accepts homogeneous vectors. For more information, see Data Types

Supported by Simulink in the Simulink documentation.

Subsystem, Atomic Subsystem, Non virtual Subsystem, Code Reuse Subsystem:
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I Out1 [

Subsystem

A subsystem block contains a subset of blocks or code within an overall model or
system. The subsystem block can represent a virtual subsystem or a non virtual
subsystem.

In non virtual subsystems, you can control when the contents of the subsystem are
evaluated. Non virtual subsystems are executed as a single unit (atomic execution). You
can create conditionally executed non virtual subsystems that execute only when a
transition occurs on a triggering, function-call, action, or enabling input (see Conditional
Subsystems).

A subsystem is virtual if the block is neither conditionally executed nor atomic.

If only addition of all inputs is required, then a numeric parameter value equal to the
number of inputs can be supplied instead of "+" characters.

nn

If only one input port is required, a single "+" or collapses the element via the
specified operation.

The Sum block first converts the input data type(s) to its accumulator data type, then
performs the specified operations. The block converts the result to its output data type
using the specified rounding and overflow modes.

An Atomic Subsystem block is a subsystem block in which Treat as atomic unit is
selected by default.

A Cod e Reuse Subsystem block is a subsystem block in which Treat as atomic unit

is selected and Function packaging is set to Reusable function, specifying the function

code generation format for the subsystem. (see Function packaging for details).
To create a subsystem, do one of the following:

Copy a subsystem block from the Ports & Subsystems library into your model.
Then add blocks to the subsystem by opening the subsystem block and copying blocks

nto it.

Select all blocks and lines that make up the subsystem, and select Diagram >

Subsystem & Model Reference > Create Subsystem from Selection. Simulink® replaces
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the blocks with a subsystem block, along with the necessary Inport and Outport blocks to

reflect signals entering and leaving the subsystem.

The number of input ports drawn on the subsystem block's icon corresponds to
the number of Inport blocks in the subsystem. Similarly, the number of output ports

drawn on the block corresponds to the number of Outport blocks in the subsystem.

The subsystem block supports signal label propagation through subsystem Inport
and Outport blocks.

Sum, Add, Subtract, Sum of Elements :

The Sum block performs addition or subtraction on its inputs. This block can add or

subtract scalar, vector, or matrix inputs. It can also collapse the elements of a signal.

You specify the operations of the block with the List of signs parameter. Plus (+),

minus (-), and spacer (|) characters indicate the operations to be performed on the inputs.

%

If there are two or more inputs, then the number of + and - characters must equal the
number of inputs. For example, "+-+" requires three inputs and configures the block to
subtract the second (middle) input from the first (top) input, and then add the third
(bottom) input.

All non-scalar inputs must have the same dimensions. Scalar inputs will be expanded

to have the same dimensions as the other inputs.
A spacer character creates extra space between ports on the block's icon.

For a round Sum block, the first input port is the port closest to the 12 o'clock
position going in a counter clockwise direction around the block. Similarly, other input

ports appear in counter clockwise order around the block.

Switch:
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The Switch block passes through the first input or the third input based on the value
of the second input. The first and third inputs are called data inputs. The second input is
called the control input.

4.3.3 Sinks:

Sink Blocks are used to display or output signals. Double-click on the Sinks icon in

the main Simulink window to bring up the Sinks window.

B8 Cirmulink Library Browser - 0 *
3 Entar szarch tem v'.l‘.{‘-_,\ - E\H pll I R
SirmulinkSinks
¥ Sinedlink #
Cammenty Used Blacks }[: @ pr oy
Continuais
Dashboard Displary Flauatirig Cut Bus Elemeant Outi
Dise eeiliriuities Soope
Discrete
Lagic and Bt Operalions E =
Lockup Tables
Malh Operations Soope Stop Simulation Terminatoe 1o Fie
Mozl Verification
Madal-Wide Ulilites
Ports B Subsystems
Sigrial Altribabas T Workspaoe XY Graph
Slgnal Routing |
Sinks
Sources

User-Dafined Functions
Additional Math b Discrete
Aeraspace Blockset
» Communications System Toolbox
» Commumications System Teokox HDL Support
> Computer Vision System Toclbox
Contral System Toalbox
Data Acquisition Toclbax
> &P System Toalhox
> [D5P System Toalbox HOL Support
» Embedded Coder
> Fuzzy Lagic Toolbe
% W e

Notice that all of the sink blocks have inputs and no outputs. Most have a single input.
Display:

The Display Sink Block is a digital readout of a signal at the current simulation time.
Stop Simulation:

This is a special control block which is triggered to stop the current simulation when
its input is non-zero.
To File:

The To File Sink Block saves a signal to a .mat file in the same way that the From
File Source Block reads from a file. The sampling time can be specified, but is not

necessary.
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To Workspace:

The To Workspace Sink Block stores a signal in a specified workspace variable.

Unlike the To File Sink Block, the time is not saved in the variable, and must be stored

separately.

XY Graph:

The XY Graph Sink Block plots one signal against another. It is useful for phase-

plane plots, etc.

4.3.4 Sources:

Source Blocks are used to generate signals. Double-click on the Sources icon in the

main Simulink window to bring up the Sources window.
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Notice that all of the source blocks have a single output and no inputs. While
parameters in each of these blocks in the library can be modified by double-clicking the

block, it is best to not modify the blocks until they have been copied into a model

window.

Pulse Generator:
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The Pulse Generator Source Block generates a pulse train of varying duty cycle. The
signal switches between 0 and the specified value starting at a particular time. The Period,
Duty Cycle, Amplitude, and Start Time can be specified.

Ramp:

The Ramp Source Block generates a signal which is initially constant and begins to

increase (or decrease) at a constant rate at a specified time. The slope, start time, and

initial output can be specified.

Waveform Generator:

The Waveform Generator block outputs waveforms based on signal notations that are
entered in the Waveform Definition table.

Signal Generator:

The Signal Generator Source Block is a general-purpose source which encompasses
some of the other blocks' functions. It generates periodic waveforms such as sine, square,
and sawtooth waves as well as a random signal. Drag this block from the Sources
window to your model window.

Sine Wave:

The Sine Wave Source Block generates a sinusoidal signal. The Amplitude and
Frequency can be specified, as well as the Phase (unlike the Signal Generator). There is a
fourth parameter, the Sample Time, which can be used to force the Sine Wave Source to
operate in discrete-time mode.

Step :

The Step block provides a step between two definable levels at a specified time. If the
simulation time is less than the Step time parameter value, the block's output is the Initial
value parameter value. For simulation time greater than or equal to the Step time, the

output is the Final value parameter value.

P

Step
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The numeric block parameters must be of the same dimensions after scalar expansion.
If the Interpret vector parameters as 1-D option is off, the block outputs a signal of the
same dimensions and dimensionality as the parameters. If the Interpret vector parameters
as 1-D option is on and the numeric parameters are row or column vectors (that is, single
row or column 2-D arrays), the block outputs a vector (1-D array) signal. Otherwise, the

block outputs a signal of the same dimensionality and dimensions as the parameters.
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CHAPTER-5

SIMULATION DIAGRAMS AND RESULT ANALYSIS

Simulink Diagram of Quasi switched boost inverter (QSBI):
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Fig:5.1 Simulink Diagram of QSBI

Simulink Diagram of Basic PWM Technique:
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5.2 Simulink Diagram of basic PWM Technique
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Simulink Diagram of Proposed PWM:
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1g:5.3 Simulink Diagram of proposed PWM Technique

Simulink Diagram of Subsystem of proposed PWM:
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Simulation Results Basic PWM Technique:
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SOURCE CURRENT & DC LINK VOLTAGE vs TIME
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Fig:5.5 Waveforms of QSBI with the basic PWM (a) Gate voltages, (b) Input pulse,
(c)DC link voltage & Source current , (d) Output current & voltage.
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Simulation Results of Basic PWM Techniqueat modulation index = 0.8 :
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Fig:5.6 Waveforms of QSBI with the basic PWM at modulation index = 0.8 (a)
DC link voltage, (b) Source current , (¢) Output voltage, (d) Output current.

74



Simulation Results of Basic PWM Technique at modulation index =

0.5
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QUTPUT VOLTAGE vs TIME
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Fig:5.7 Waveforms of QSBI with the basic PWM at modulation index = 0.5 (a) DC link
voltage, (b) Source current , (¢) Output voltage, (d) Output current.
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Simulation Results of Basic PWM Technique at modulation index =

DC LINK VOLTAGE vs TIME
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OUTPUT VOLTAGE vs TIME
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Fig:5.8 Waveforms of QSBI with the basic PWM at modulation index = 0.2
(a) DC link voltage, (b) Source current , (c) Output voltage, (d) Output current.
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Simulation results of proposed PWM :

GATE VOLTAGES vs TIME
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SOURCE CURRENT & DC LINK VOLTAGE vs TIME
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Fig:5.9 Waveforms of QSBI with the basic PWM (a) Gate voltages, (b)Input pulse, (c)
DC link voltage & current , (d) Output current & voltage.
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Simulation Results of Proposed PWM Technique at modulation index =

DC LINK VOLTAGE vs TIME
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QUTPUT “OLTAGE vs TIME
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Fig:5.10 Waveforms of QSBI with the proposed PWM with at Modulation index =0.8

(a) DC link voltage, (b) Source current , (c) Output voltage, (d) Output current.
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Simulation Results of Proposed PWM Technique at modulation index =

DC LINK VOLTAGE vs TIME
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OUTPUT YOLTAGE vs TIME
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Fig:5.11 Waveforms of QSBI with the proposed PWM at Modulation index = 0.5
(a) DC link voltage, (b) Source current , (¢) Output voltage, (d) Output current.
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Simulation Results of Proposed PWM Technique at modulation index =

DC LINK VOLTAGE vs TME
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Fig:5.12 Waveforms of QSBI with the proposed PWM at Modulation index =0.2

(a) DC link voltage, (b) Source current , (¢) Output voltage, (d) Output current.
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THD Analysis:
Fast Fourier Transform (FFT) of Quasi Switched Boost Inverter(QSBI):
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Fig: FFT analysis of Quasi Switched boost Inverter(QSBI) at modulation index=0.2
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CONCLUSION& FUTURE SCOPE

CONCLUSION:

Achieving an inverter output RMS voltage greater than the dc input voltage is
attempted for several years through voltage boost concepts with the help of Z-networks.
Such converters suffer either due to discontinuous input current or bulky inductors. This
paper presented one such existing inverter, which has an inherent boost feature, but with
an attempt to modify the QSBI with conventional PWM, has achieved further
improvements over the existing methods. Thus the Quasi Switched Boost Inverter (QSBI),
with the proposed PWM Technique exhibited a continuous input current with a reduced
ripple magnitude and quadrupled inductor current ripple frequency despite the use of a
smaller inductor. The trade-off between the modulation index and the boost ratio in ZSIs
and QZSIs is eluded due to the additional ST and NST modes of operations introduced
due to the proposed PWM. The inverter switching losses are contained as that of the basic
PWM for QSBIs by keeping the inverter switching frequency unaltered considering the
improvements on the dc side. The response of the proposed PWM remained consistent
across various operating conditions. Thus, this PWM is an endowment for the

performance enhancement of QSBIs.
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FUTURE SCOPE:

Electrical vehicles are expected to be the major share-holder in future
transportation works. Henceefficient and reliable power electronics interface is required.
Several power electronics converters have been presented in the study to independently
address the issues like high efficiency, reliability, low cost, minimum number of
components and less power loss, but no single circuity is available which can collectively
address these issues. Future research is required to develop a circuity which can provide a

good match between instantaneously changing source and variable loads.
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ABSTRACT

The increase in the electric vehicle mobility has encouraged the growth of
vehicle to grid technology. The vehicle to grid technology allows bidirectional
power flow between the battery of electric vehicle and grid. This allows peak
load shaving, load leveling voltage regulation and improvement of power system
stability. In this project we developed on-board bidirectional battery charger for
Electric Vehicles (EVs) targeting Grid-to-Vehicle (G2V), Vehicle-to-Grid (V2G),
and Vehicle-to-Home (V2H) technologies. During the G2V operation mode
batteries are charged from the power grid with sinusoidal current and unitary
power factor. During the V2G operation mode the energy stored in the batteries
can be delivered back to the power grid contributing to the power system
stability. In the V2H operation mode the energy stored in the batteries can be
used to supply home loads during power outages, or to supply loads in places
without connection to the power grid. Along the paper the hardware topology
of the bidirectional battery charger is presented. Some considerations about
the sizing of the AC side passive filter are considered to improve the
performance in the three operation modes. The adopted topology and computer

simulations and validated by experimental results achieved.

Keywords—Bidirectional Battery Charger; Grid-to-Vehicle (G2V); Vehicle-to-
Grid (V2G);
Vehicle-to-Home (V2H)
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1 INTRODUCTION

1.1 INTRODUCTION

Electric Vehicles (EVs), represents a new concept in the transports sector
around the world. Consequently, the interest in technologies for EVs has
significantly increased in the last years, resulting in several scientific
publications concerning this subject. It is expected that the market share of
EVs will exponentially grow comprising 24% of the U.S. light vehicle fleet in
2030, representing 64% light vehicle sales in this year. In this context, the
EVs battery charging process (Grid-to-Vehicle, G2V) must be regulated to
preserve the power quality in the power grids. Nevertheless, with the
proliferation of EVs a considerable amount of energy will be stored in their
batteries, arising the opportunity of the energy flow in opposite sense
(Vehicle-to-Grid, V2G).In the future smart grids, the interactivity with the
EVs will be one of the key technologies, contributing to the power grid
autonomous operation. Nowadays, several projects related with smart grids
are under development around the world. Regarding this new approach,
especially in homes equipped with charging points for EVs, besides the G2V
and V2G operation modes the EVs can also operates as voltage source
capable to feed the home loads. This technology, begins to be denominated
in the literature as Vehicle-to-Home (V2H). As example of this new approach,
Nissan presented the “LEAF-to-Home” system. This is a technology that uses
energy from the Nissan Leaf batteries to supply the home loads through the
“EV Power Station” unit. Effectively, smart homes with energy management
and efficiency solutions will be the first step to the smart grid evolution.
However, solutions like the “LEAF-to-Home” only allows deliver the stored
energy in the batteries back to the home in the place where the equipment
is installed. In this paper is proposed an on-board battery charger that
enables the V2H operation mode in the place where the EV is parked. This
battery charger allows receive energy from the power grid (G2V), and deliver
back to the power grid part of the stored energy in the batteries (V2G), or
provide energy to any load connected to the EV (V2H), in an isolated island

mode. In this sequence of ideas, the EVs can bring benefits to the home
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energy management, especially to feed priority loads during power outages
and other emergencies. From the point of view of the power grid, EVs can
bring benefits to ancillary services, compensation of the renewable energy

sources intermittency (providing both backup, storage and load-shift).

These new approaches are more relevant when looking that private vehicles
are parked on average 93-96% of their lifetime, and most of the vehicles are
at home between 8 pm and 7 am. The concept of the on-board bidirectional
charger with V2G and V2H technologies is introduces. When the EV is
connected to the power grid the energy can flow to or from the EV batteries

(G2V and V2G).

In the absence of power grid or power outages, the EV can operate as
voltages source to feed the desired loads. The system is not intended for a
real-time energy backup, but has an auxiliary energy storage system. Thus,

the transitions between the modes can be seamless.

The electric vehicle has become more competitive when compared to the
conventional internal combustion engine vehicle due to lower carbon dioxide
emission and raising fossil fuels.However, the EV id not widely adopted into
the market due to some limitations such as high vehicle cost, limited
charging infrastructure and limited all electric drive.EV battery can be
utilized as energy storage this potential has led to the new vehicle to
grid(V2G) concept. Apart from charging EV batteries V2G allows interaction
between the EV owners and power utility. In future smart grids the
interactive with the electric vehicles will be the keytechnologies contributing
to the power grid autonomous operation. Regarding this newapproach
especially in home equipped with charging points for EV besides grid to
vehicle. And vehicle to grid operation the EV can also operate as voltage

source capable to feedthe home loads.

This technology begins to be denominated as vehicle to home.Effectively
smart homes with energy management and efficiency solutions willbe the
first step to smart grid evolution. This battery charger allows receive energy
fromthe power grid (G2V) and deliver back to the power grid part the stored

energy in thebatteries (V2G) or provide energy to any load connected to



electric vehicle (V2H) in anisolated modeThe concept of the on-board
bidirectional charger with V2G and V2H technologies.When EV is connected
to the power grid the energy can flow to or from the EV batteries. in the
absence of the power grid or power outages the EV can operate as a
voltagesources to feed the desired loads. The system is not intended for a
real time energybackup but has an auxiliary energy storage system thus the
transitions between themodes can be seamless. An EV is a shortened
acronym for an electric vehicle. EVs are vehiclesthat are either partially or
fully powered on electric power. Electric vehicles have low running costs as
they have fewer moving parts for maintaining and also very environmentally

friendly as they use little or no fossil fuels (petrol or diesel).

1.2 BATTERY CHARGER FOR VEHICLE

There are two main types of chargers used for vehicles:

To recharge a fuel vehicle's starter battery, where a modular charger is used;
typically an 3-stage charger.

To recharge an electric vehicle (EV) battery pack; see Charging station.

Chargers for car batteries come in varying ratings. Chargers that are rated
up to two amperes may be used to maintain charge on parked vehicle
batteries or for small batteries on garden tractors or similar equipment. A
motorist may keep a charger rated a few amperes to ten or fifteen amperes
for maintenance of automobile batteries or to recharge a vehicle battery that
has accidentally discharged. Service stations and commercial garages will
have a large charger to fully charge a battery in an hour or two; often these
chargers can briefly source the hundreds of amperes required to crank an

internal combustion engine starter.

1.3 ELECTRIC VEHICLE BATTERIES

Electric vehicle battery chargers (ECS) come in a variety of brands and
characteristics. These chargers vary from 1 kW to 7.5 kW maximum charge

rate. Some use algorithm charge curves, others use constant voltage,
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constant current. Some are programmable by the end user through
a CAN port, some have dials for maximum voltage and amperage, some are
preset to specified battery pack voltage, amp-hour and chemistry. Prices

range from $400 to $4500.

A 10 amp-hour battery could take 15 hours to reach a fully charged state
from a fully discharged condition with a lamp charger as it would require

roughly 1.5 times the battery's capacity.

Public EV charging stations provide 6 kW (host power of 208 to 240 VAC off

a 4amp circuit).

6 kW will recharge an EV roughly 6 times faster than 1 kW overnight
charging.

Rapid charging results in even faster recharge times and is limited only by

available AC power, battery type, and the type of charging system.

Onboard EV chargers (change AC power to DC power to recharge the EV's

pack) can be:

Isolated: they make no physical connection between
the A/C electrical mains and the batteries being charged. These typically
employ some form of inductive connection between the grid and a charging
vehicle. Some isolated chargers may be used in parallel. This allows for an
increased charge current and reduced charging times. The battery has a
maximum current rating that cannot be exceeded

Non-isolated: the battery charger has a direct electrical connection to the

A/C outlet's wiring. Non-isolated chargers cannot be used in parallel.

Power-factor correction (PFC) chargers can more closely approach the

maximum current the plug can deliver, shortening charging time.
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2 ELECTRIC VEHICLE

2.1 INTRODUCTION

An electric vehicle (EV) is a vehicle that uses one or more electric
motors or traction motors for propulsion. An electric vehicle may be
powered through a collector system by electricity from off-vehicle sources,
or may be self-contained with a battery, solar panels, fuel cells or
an electric generator to convert fuel to electricity.l!l EVs include, but are
not limited to, road and rail vehicles, surface and underwater

vessels, electric aircraft and electric spacecraft.

EVs first came into existence in the mid-19th century, when electricity
was among the preferred methods for motor vehicle propulsion, providing
a level of comfort and ease of operation that could not be achieved by the

gasoline cars of the time. Modern internal combustion engines have been

the dominant propulsion method for motor vehicles for almost 100 years,
but electric power has remained commonplace in other vehicle types, such

as trains and smaller vehicles of all types.

2.2 EVOLUTION OF ELECTRIC VEHICLE

Electric Vehicles actually have their origin in the 1800s. The first American
electric car was developed by William Morrison in 1891. His six-passenger
wagon reached a top speed of 14 mph. (While this may seem slow, in 1899
the land speed record was set by an EV at 66 mph.) Morrison’s invention
was considered the first practical example of an EV, and it spurred interest

in electric Transport.
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Commonly, the term EV is used to refer to an electric car. In the 21st
century, EVs have seen a resurgence due to technological developments,
and an increased focus on renewable energy and the potential reduction
of transportation's impact on climate change and other environmental
issues. Project Drawdown describes electric vehicles as one of the 100 best

contemporary solutions for addressing climate change.

Interest in EVs made a bit of a resurgence in the 1960s and 1970s, but it
wasn’t until the early 1990s that a more substantial push for driving
electric was realized. This surge was mainly driven by regulations and
legislation, such as the California Air Resources Board, which pushed for
more fuel-efficient and emissions-free vehicles. In 1996, General Motors
(GM) developed the first mass-produced battery-electric car, the EV1. The
EV1 had a range of approximately 60 miles and a top speed of 80 mph. By
2002, though, GM discontinued it. The California Air Resources Board
mandate had been weakened, and GM viewed electric transportation as
an unprofitable sector of the market.

The availability of a range of electric vehicle models across multiple
segments and consumer price points is a key factor for the broader
adoption of electric vehicles. There is a clear link between electric vehicle
model availability and uptakel5. The top electric vehicle markets had
noticeably more electric vehicle models available than other markets. The
state could refer to the following indicators while investigating the
availability of electric vehicle technologies. The total number of available

electric models.
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2.3 NEED OF THE ELECTRIC VEHICLE (EV)

There are many reasons why people are moving to Electric Vehicles (EV)
to get them to the places they need to be. These include:
e EVs are fun to drive because they are fast and smooth.
e Many studies show that the emissions from burning fossil fuels such as

gasoline produce harmful greenhouse gases. EV’s produce no smelly

fumes or harmful greenhouse gases.
e EVs are innovative and cool.

e EVs only cost approximately $360 a year to operate compared to $3600

for a gasoline vehicle.

e EVs are a smart and convenient choice.
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2.4 PARTS OF ELECTRIC VEHICLE
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2.4.1 ELECTICAL TRACTION MOTOR

A traction motor is an electric motor used for } ‘ »
&—; ‘
. ) | N | ——
propulsion of a vehicle, such @

as locomotives, electric or hydrogen

vehicles, elevators or electric multiple unit.

Traction motors are used in electrically powered rail vehicles (electric
multiple wunits) and other electric vehicles including electric milk
floats, elevators, roller coasters, conveyors, and trolleybuses, as well as
vehicles with electrical transmission systems (Diesel-electric Locomotives,

electric hybrid vehicles), and battery electric vehicles.

2.4.2 CONTROLLER AND INVERTER
Converters
A device that increases or decreases the voltage (AC or DC) of a power

source depending on application. A converter that increases voltage is
8
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called a step-up converter and a converter that decreases voltage is called
a step-down converter. In EVs/HEVs step-up and step-down converters
are combined into one unit. An application of a step-up converter is
converting EV/HEV battery voltage (typically 180-300 volts) to about 650
volts to power the traction motor. An advantage of using a converter to
increase voltage from the battery is a smaller and less expensive battery
may be used while still utilizing an efficient high voltage motor. An
application of a step-down inverter would be decreasing the high voltage
direct current (DC 180-300 volts) from the HEV/EV battery to low voltage
(12-14 volts) DC that can be used to charge the 12-volt auxiliary battery

and operate light load devices such as lighting, radio, and windows.

Inverters

Converts direct current (DC) from the battery to alternating current (AC)
to be used by other devices such as the traction motor and coolant pump.
Existing conventional vehicle inverters operate off of low voltage and are

limited to low power (limits of alternator supply) — 12 or 24 VDC.

e Less than 6 kW “Electrified” vehicles — battery electric, hybrid
electric and fuel cell electric - operate at higher DC bus voltage and
have higher power capacity

e 48 to 800 VDC

e 10 to 200 kW on board

2.4.3 THERMAL SYSTEM

Air cooling uses the principle of convection to transfer heat away
from the battery pack.As air runs over the surface, it will carry
away the heat emitted by the pack. Air cooling is simple and easy,
but not very efficient and relatively crude compared to liquid
cooling. Air cooling is used in earlier versions of electric cars,

such as the Nissan Leaf. As electric cars are now being used more

commonly, safety issues have arisen with purely air-cooled

battery packs, particularly in hot climates. Other car
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manufacturers, such as Tesla, insist that liquid cooling is the
safest method. Liquid coolants have higher heat conductivity and
heat capacity (ability to store heat in the form of energy in its
bonds) than air, therefore performs very effectively and own
advantages like compact structure and ease of arrangement. Out
of these options, liquid coolants will deliver the best performance
for maintaining a battery pack in the correct temperature range
and uniformity. Liquid cooling systems have their own share of
safety issues related to leaking and disposal, as glycol can be
dangerous for the environment if handled improperly. These
systems are currently used by Tesla, Jaguar, and BMW, to name

a few.
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2.4.4 CHARGE PORT

Charge ports on electric cars are similar to the fuel tank filler openings on
gasoline and diesel cars in that the fuel or
energy is transferred into the vehicle through anopening thatis typically

concealed by a small door or flap.

e A typical electric car (60kWh battery) takes just under 8 hours to charge
from empty-to-full with a 7kW charging point.
e Most drivers top up charge rather than waiting for their battery to

recharge from empty-to-full.
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o For many electric cars, you can add up to 100 miles of range in ~35
minutes with a SOkW rapid charger.
o« The bigger your car’s battery and the slower the charging point, the

longer it takes to charge from empty to full.

2.4.5 ON BOARD CHARGER

The on-board charger (OBC) is the system built into the car to recharge the
high voltage battery from the AC grid while the vehicle is parking. Higher
driving ranges of the plug-in hybrid (PHEV) and battery electric (BEV) vehicles
are realized by increasing the battery capacity and the energy efficiency of the
electric components. The used battery voltage classes tend to become
standardized at approx. 450 V with a trend towards higher voltages, as this
supports faster charging times and enables lighter cabling within the vehicle.
Discrete high voltage components are widely used for OBC (on-board charger)
applications, as price pressure increasingly displaces module-based solutions.
The trend towards fast charging also impacts on the power range demanded
from OBC topologies, therefore new designs trend towards 11 kW or even up
to 22 kW. This development, paired with a demand for high efficiency and
power density at low system cost, is a strong driver for the usage of three-
phase solutions. Today typically there is a unidirectional power flow from the
grid to the battery, but there is also bidirectional use cased like a battery to
load or battery to grid.

DC Fast charger

B
=

Li-ion Battery

on-board charger
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2.4.6 BATTERIES

An electric-vehicle battery (EVB, also known as a traction battery) is a
battery used to power the electric motors of a battery electric vehicle (BEV)
or hybrid electric vehicle (HEV). These batteries are usually rechargeable
(secondary) batteries, and are typically lithium-ion batteries. These
batteries are specifically designed for a high ampere-hour (or kilowatt-

hour) capacity.

Lithium ion (Li-ion) batteries are now considered to be the standard for
modern battery electric vehicles. There are many types of Li-ion batteries
that each have different characteristics, but vehicle manufactures are
focused variants that have excellent longevity. Compared to other mature
battery technologies, Li-ion offers many benefits. For example, it has
excellent specific energy (140 Wh/kg) and energy density, making it ideal
for battery electric vehicles. Li-ion batteries are also excellent in retaining
energy, with a self-discharge rate (5% per month) that anorder of

magnitude lower than NiMH batteries.

However, Li-ion Dbatteries also have some drawbacks as well.
Comparatively, Li-ion batteries have been a very expensive battery
technology. There are also major safety concerns regarding the
overcharging and overheating of these batteries. Li-ion can experience a
thermal runaway, which can trigger vehicle fires or explosions. There had
been serval instances where the Tesla Model S, which utilized Li-ion

batteries, had infamously caught on fire due to issues with fluctuating
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charging or damage to the battery. However, great efforts have been made

to help improve the safety of vehicles that use Li-ion batteries.

2.5 ADVANTAGES OF ELECTRIC VEHICLE

w

4
5
6
7.
8
9

. Simplicity in design. No issues of balancing of rotating and

reciprocating masses as compared to IC Engines.
Electric vehicles have good power (induction motor) to weight ratio.

Instant torque right away from O to the maximum limit. Peak torque

at zero rpm. The moving power is immense.

. Regenerative braking is main part of electric vehicles in India.
. Typically, no requirement of transmission.

. EV has no tailpipe. Hence no pollution.

Silent operation as compared to a conventional vehicle.

. Efficiency is about 3 times higher than IC Engine vehicles.

. Cheaper to use and maintain.

10. No or Less use of Carburetor in Vehicles.

2.6 DISADVANTAGES OF ELECTRIC VEHICLE

. If the battery is faulty/ has problems/ needs to be replaced. An EV

battery is very expensive than a conventional one. It can be a

problem for Electric Vehicles in India

Battery charging may take at-least an hour, whereas full tank petrol

can be filled within 5 minutes.

. Above all, Electric cars are expensive to buy.

The operation of electric carsarewidely based on location. The main
problem is charging station which provides electricity in emergency
case. It’s not readily available at all the place like petrol pump which
comes at-least every 5, 10 or 15 km - that is, of course, attributed

to the underdeveloped infrastructure.

Electric vehicle may have shorter range than Internal combustion

13


https://becurious.co.in/carburetor/
https://becurious.co.in/combustion-engine/

engine car. As said electric vehicle of same segment may have a
range of 200-250 km. Whereas Internal combustion engine car may

have a range of approx. 600-700 km (with full tank).
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3 BIDIRECTIONAL BATTERY CHARGER TOPOLOGY

3.1 INTRODUCTION

In simple terms, bidirectional charging allows us to not only charge the
batteries of electric vehicles but to also take energy from car batteries and
push it back to the power grid to help balance momentary spikes in

electricity demand.

Bidirectional charging is powered by vehicle-to-grid (or V2G) technology.
V2G allows us to communicate with the energy system to help stabilize

the power grid through demand response services.

Bidirectional charging and vehicle-to-grid are often used as synonyms,
even though technically bidirectional charging refers to two-way charging,
while V2G is the technology that allows the one-way flow of energy from
the car battery back to the grid.

EV charging that goes two ways. Whilst with unidirectional (one-way) EV
chargers, electricity flows from the electric grid into the electric vehicle,

with bidirectional (two-way) EV chargers, electricity can flow both ways.

3.2 UNIDIRECTIONAL BATTERY CHARGER

The unidirectional battery charging means the flow of the charge in only
one direction i.e either from the Grid to Vehicle(G2V) or from the Vehicle
to grid(V2G).

Unidirectional V2G is especially attractive because it requires little if any
additional infrastructure other than communication between the EV and
an aggregator The unidirectional v2g refer to the single power flow from
the power grid to the EV the unidirectional v2g needs the participation of
grid operation to control and limit charging time location and power flow

during EV charging event.
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3.2.1 GRID TO VEHICLE

The basic concept of vehicle-to-grid power is that EDVs provide power to
the grid while they are parked.

The EDV can be a battery-electric vehicle, hybrid, or a fuel cell vehicle
connected to the grid. Each vehicle must have three required elements for

V2G.

A power connection to the grid for electrical energy flow. Control or logical
connection necessary for communication with grid operators Precision

metering on-board the vehicle.
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In the G2V operation mode this converter operates as buck converter to
control the current and voltage during the current and voltage batteries
charging stages, respectively.

During this operation mode the full-bridge AC-DC bidirectional converter
operates as active rectifier with sinusoidal current and unitary power

factor. The reversible DC-DC converter operates as buck converter.

The DC link voltage is always higher than the traction batteries voltage
and for this reason during the G2V operation mode the reversible DC-DC
converter operates as buck converter. In order to perform the batteries
charging process, most of the battery’s manufacturers recommend two
charging stages: constant current followed by constant voltage. The first
stage consists in charging the batteries with constant current until the
voltage reaches the recommended maximum voltage, and in the second
stage the voltage is maintained constant until the current consumed by

the batteries falls to a residual value
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3.2.2 ADVANTAGES OF GRID TO VEHICLE OPERATION

e Consumers may profit from the use of electric vehicles (EV’s) because

electricity is cheaper than petrol for equivalent distances traveled.

3.3 BIDIERCTIONAL BATTERY CHARGER

The proposed bi-directional, capacitor less EV charger consists of grid type
capacitor, resonant bi-directional converter, grid selector, load and
battery. The grid type capacitor acts like a grid which stores power and
also supplies power whenever needed. It is connected to a bi-directional
DC-DC converter, which reduces the switching losses, thereby improves
the efficiency of the proposed system. The grid selector plays an important
role in the proposed system. The grid selector performs two modes of
operation, like Vehicle to Grid (V2G)and Grid to Vehicle (G2V). It acts like
a switch and performs the operations of various modes depending on the
power requirement of various components. The home appliances are
considered as load. The use of the battery is to store energy and supply

power to the home appliances when needed.
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3.3.1 VEHICLE TO GRID

V2G stands for “vehicle to grid” and is a technology that enables energy to be
pushed back to the power grid from the battery of an electric car. With electric
vehicle-to-grid technology—also known as car-to-grid—a car battery can be
charged and discharged based on different signals — such as energy

production or consumption nearby.

Unidirectional V2G refers to the single directional power flow from the power
grid to the EV. Unidirectional V2G needs the participation of grid operators to
control and limit the charging time, location and power flow during EV
charging event [9]. A new electricity policy with different energy rates can be
introduced to encourage the off-peak charging and to avoid the on-peak
charging. Implementation of this policy requires less investment cost.
Moreover, unidirectional V2G will not introduce extra stress on the battery
and can prolong the battery lifespan. The unidirectional V2G also has simple
operation, low investment cost and highly available as conventional battery

chargers can be adopted for the application of this technology.

The full-bridge AC-DC bidirectional converter operates as inverter with
sinusoidal current and unitary power factor, and the reversible DC-DC
converter operates as a boost converter.

As in the G2V operation mode, in the V2G mode the full-bridge AC-DC

bidirectional converter must be synchronized with the power grid fundamental
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voltage. As aforementioned the synchronization is obtained through a single-
phase a-3 PLL in a-B coordinates. The active power to be delivered to the power
grid is established as external input parameter received from a serial
communication port in order to enable the collaborative integration of the EV
in a smart grid context. Therefore, the control algorithm employed in the V2G
operation mode is similar to the one used in the G2V operation mode. Aiming
to synthesize the reference current correspondent to the active power to be
delivered it was also used a predictive current control. In order to the full-
bridge AC-DC bidirectional converter deliver back to the power grid the energy
stored in the traction batteries; the DC link voltage must be slightly greater
than the peak value of the power grid voltage. For such intent, the reversible
DC-DC converter has to operate as a boost converter, once the traction

batteries voltage is smaller than the required to the DC link voltage.

3.3.2 ADVANTAGES OF VEHICLE TO GRID OPERATION

e A bidirectional V2G charger has the similar benefits as unidirectional
V2G charger, as well as can achieve load leveling, peak load shaving,
reactive power support, active power regulation and harmonic filtering.

e Bidirectional V2G concept can provide more system flexibility to power
utility and offer significant financial benefits to EV owner.

e Bidirectional V2G technology brings flexibility to control and manage

the operation of power system.

e Energy market can trade and optimize their balance.

e Network operators can optimize investments & stabilize the grid.

3.3.3 DISADVANTAGES OF VEHICLE TO GRID OPERATION

e However, there are some impediments and challenges during the

transition of V2G implementation.
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¢ One of the barriers is the battery degradation issue.

e V2G operation requires frequent charging and discharging the EV
battery but the rechargeable EV battery has limited charge and
discharge lifecycle.

e Apart from that, other impediments of V2G implementation are the need
for intensive communication between power grid and EV, power system
reinforcement, high investment of V2G facilities and social obstacles.

e These barriers can be resolved by well-planned V2G strategy,

infrastructure and standards.

3.3.4 THE BENEFITS OF BIDERCTIONAL CHARGING

Firstly, bidirectional charging is a great way to locally manage momentary
spikes in electricity consumption. Instead of having to invest a ton of
money in replacing a real estate property’s electricity system to prepare
for managing heavier loads, electric cars can be used as temporary energy

TESErves.

Secondly, the power grid and the planet both benefit from V2G, as the
technology makes it possible to reserve renewable energy and pull it back
into use exactly when it’s needed. Because the production of solar and
wind energy is extremely unpredictable, without V2G, a lot of renewable
energy would go to waste. Thirdly, if environmental consciousness isn’t
enough of a motivation for consumers, taking part in bidirectional
charging is likely to become a cost-effective EV charging method. By
agreeing to use their vehicles as flexible energy containment reserves,

consumers will most likely be able to enjoy lower charging prices.
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4 DEVELOPMENTOF Bl-DIRECTIONAL CHARGER

4.1 BATTERY MODELING

Since the most widely used batteries for electric vehicles are lithium-ion
(Li-Ion) and nickel-metal hydride (Ni-MH), From the perspective of power
grid, an EV is viewed as a load during charging and as a source during
discharging. An appropriate battery model is necessary to accurately
represent the characteristics of an EV battery. Likewise, a state of charge
(SOC) must be implemented in the controls to select between the two
scenarios. The electric circuit-based model is best due to its capability to
represent the electric characteristics of a battery. The controlled voltage
source is described by an equation developed by Shepherd. This equation
describes the electrochemical behavior of a battery in terms of SOC,
terminal voltage, open circuit voltage, internal resistance and discharge

current.

The state of charge (SOC) of a cell denotes the capacity that is currently
available as a function of the rated capacity. The value of the SOC varies
between 0% and 100%. If the SOC is 100%, then the cell is said to be fully
charged, whereas a SOC of 0% indicates that the cell is completely
discharged.

The electrical battery model is able to calculate the SOC of a lithium-Ion
battery by:

SOC =100 (1 -it/Q) Where i - current
, t =time ,Q =quantity of charge
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4.2 OPERATION OF BIDIRECTIONAL CHARGER

The presented battery charger is composed by two power converters that
share a DC link. One is to interface the power grid and the other is to
interface the traction batteries. In order to interface the power grid is used
a full-bridge AC-DC bidirectional converter. This converter can operate as
active rectifier with sinusoidal current and unitary power factor during
the G2V operation mode. During the V2G and V2H operation modes this
power converter operates as inverter. In the V2G mode the converter
operates as controlled current source to inject the required power in the
power grids. In order to interface the batteries is used a reversible DC-DC
converter. In the G2V operation mode this converter operates as buck
converter to control the current and voltage during the current and

voltage batteries charging stages, respectively.

Power

Crid

/\/ 5 g 2 ' ‘ Traction

Batteries

During V2G and V2H the converter operates as boost converter to elevate
the batteries voltage to an adequate DC link voltage aiming to guarantee
the proper operation of the full-bridge AC-DC bidirectional converter. The
complete electric diagram of the bidirectional battery charger is presented
in Fig. 2. Although using two bidirectional converters, the required

hardware is equivalent to a controlled three leg IGBT bridge.
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4.3 AC-DC BIDIRECTIONAL CONVERTER OPERATION

The bidirectional AC-DC converter consists of six IGBT- Diode switches
(S 1 -S 6), which is connected with three phase AC voltage supply through
series filter inductance (Ls) and resistance (Rs). A DC capacitor (C dc) is
connected across DC voltage bus to keep the voltage (V dc) constant. The
bidirectional AC-DC converter operates in two modes. The first mode is
rectifier mode, in which the bidirectional AC-DC converter operates as a
frontend rectifier and allows power transfer from the three-phase AC
voltage end to the DC voltage bus. The second mode is inverter mode,
where the power flows from DC voltage bus to three-phase AC voltage end

and the converter acts as a voltage source inverter.
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The AC/DC converter consists of a power factor correction (PFC) which

converts input AC voltage into DC voltage, an H-bridge circuit which
converts the DC voltage into high-frequency AC voltage, a high-frequency
transformer which regulates transformation and insulation, and a circuit
which rectifies and smooths high-frequency AC voltage. This circuit
diagram has two problems. One is that the coil parts, such as the
transformer and the choke coil, contribute to an increase in the volume
and weight of the AC/DC converter. Generally, an AC/DC converter has
higher output power than that of a DC/DC converter for driving

auxiliaries, and accordingly AC/DC converter’s coil parts occupy a larger
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space. As the AC/DC converter is also equipped with a reactor for the
PFC, the coil parts alone weigh as much as 20-30% of the total weight of
the AC/DC converter.

4.4 DC-DC BIDIRECTIONAL CONVERTER OPERATION

This type of converter nowadays is mainly used in electric vehicles. It is
also called a Half-Bridge DC-DC converter. When the Buck and the boost
converters are connected in antiparallel across each other with the
resulting circuit is primarily having the same structure as the basic Boost
and Buck structure but with the combined feature of bidirectional power

flow is called Bi directional dc-dc converter. It works in both directions.
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The above circuit can work in buck or boost mode depending on the switching
of the MOSFETS Q1 and Q2. The switches Q1 or Q2 in sequence with the anti-
parallel diodes D1 or D2 (acting as a freewheeling diode) respectively, which
makes the circuit step up or step down the voltage connected across them.
The bidirectional operation of the above circuit can be described in the below

two modes as follows:

Mode 1 (Boost Mode): In this mode switch Q2 and diode D1 begin into
conduction depending on the duty cycle whereas the switch Q1 and diode D2
are off all the time. This mode can moreover be divided into two intervals

depending on the conduction on the switch Q1 and diode D2.
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Mode 2 (Buck Mode): In this mode switch Q1 and diode D2 begin into
conduction depending on the duty cycle whereas the switch Q2 and diode D1
are off all the time. This mode can moreover be divided into two intervals

depending on the conduction on the switch Q2 and diode D1.

Interval 1 (Q2-on, D2-off; Q1-off, D2-Off): In this mode, Q1 is on and Q2 is
off. The greater voltage battery will charge the inductor and the o/p capacitor
will get charged by battery.

Interval 2 (Q1-off, D1-off; Q2-off, D2-on): In this mode, Q2 and Q1 both are
off. Again, as the inductor current cannot change instantaneously, it gets
discharged via the freewheeling diode D2. The voltage across the load is
stepped down as correlated to the input voltage.

A comparison between the features of the non-isolated bidirectional topologies

have been explained below:

01. During step-up mode, in the buck-boost bidirectional converter the RMS
value of the current in the inductor and the power switches is greater by an
amount equivalent to the output current as compared to the buck-boost
cascade bidirectional converter. Furthermore, the capacitor RMS current also
excels in the former case by an amount of the 1/3rd of the output current.
Hence in the bidirectional buck-boost converter the power switches, inductor,
and the capacitor work under more thermal and electrical stresses as
compared to the buck-boost cascade converter following in greater power loss
and also creating the saturation of the inductor core. Also, as the stress on
the MOSFET and the diode is higher, the buck-boost bidirectional converter
needs power devices with larger device ratings. Higher RMS currents also
result in greater conduction losses and thus reducing the overall efficiency of

the buck-boost bidirectional converter.

02. However, the no of devices needed by the cascade buck-boost converter is
double the number of devices in the buck-boost bidirectional converter. This
problem can be resolved by using the Half-Bridge Bidirectional DC-DC

Converter. It has the same no devices as the buck-boost bidirectional
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converter and can be used instead of the buck-boost cascade bidirectional
converter for the applications that need the boost operation only in 1 direction

and the buck in the other direction.

03. The main benefits of the half-bridge bi-directional converter as correlated
to the bi-directional buck converter is that it only needs one inductor instead
of two and that too half the value of the latter, as well as the power switches
ratings needed for the half-bridge bidirectional converter, is very lower as
compared to the buck converter. Also, the efficiency of the half-bridge
converter is higher than the buck converter because of the lower inductor

current and hence lower conduction as well as lower switching losses.

4.5 CONTROLLER OF AC/DC CONVERTER

The controller of the rectifier is Proportional Integral type. A linking dual
proportional integral

Controllers for AC current regulation and DC bus voltage, the method of phase
locked loop is giving reference for AC current control.

A Phase-locked loop is a control system that generates an output signal whose

phase is related to the phase of an input signal.

4.6 CONTROLLER OF DC/AC CONVERTER

During the reverse process, the DC is converted to AC. The controller used is
PI-based controller. Those PWM signal were given to the IGBT to control the
flow of voltage in the charger. The PLL is also used provide reference of DC
current. The booster was used in the circuit to improve steady flow of the
voltage and current. This operation will only use when the mode is change to
the inverter mode. The requirement of the frequency of both AC to DC and DC
to AC are more or less same. The generated frequency is feed into the IGBT

and rectifier.

4.7 BATTERY MANAGEMENT SYSTEM (BMS)

Electric vehicles run on rechargeable battery packs that are made of multiple

cell modules arranged in a series and parallel. These battery packs produce
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several hundred volts of electricity. Various functions inside the car are
dependent on them. That is why it becomes a critical component of the vehicle
that requires constant monitoring and control.

The main function of BMS is to ensure that the battery is protected and any
operation out of its safety limit is prevented. It monitors the battery pack’s
state of charge (SOC) along with the state of health. BMS also manages
the battery optimization via cell balancing that improves the life of the battery
in the long run. The BMS will also monitor voltage, different temperature

parameters, and coolant flow.
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S5 INTRODUCTION TO MATLAB

5.1 WHAT IS MATLAB?
MATLAB is a high-performance language for technical computing. It

integrates computation, visualization, and programming in an easy-to-use
environment where problems and solutions are expressed in familiar
mathematical notation. Typical uses include:

e Math and computation

e Algorithm development

e Modeling, simulation, and prototyping

e Data analysis, exploration, and visualization

e Scientific and engineering graphics

e Application development, including Graphical User Interface building

MATLAB is an interactive system whose basic data element is an array
that does not require dimensioning. This allows you to solve many technical
computing problems, especially those with matrix and vector formulations,
in a fraction of the time it would take to write a program in a scalar no
interactive language such as C or FORTRAN.

The name MATLAB stands for matrix laboratory. MATLAB was
originally written to provide easy access to matrix software developed by the
LINPACK and EISPACK projects, which together represent the state-of-the-
art in software for matrix computation.

MATLAB has evolved over a period of years with input from many
users. In university environments, it is the standard instructional tool for
introductory and advanced courses in mathematics, engineering, and
science. In industry, MATLAB is the tool of choice for high-productivity
research, development, and analysis.

MATLAB features a family of application-specific solutions called
toolboxes. Very important to most users of MATLAB, toolboxes allow you to
learn and apply specialized technology. Toolboxes are comprehensive
collections of MATLAB functions (M-files) that extend the MATLAB
environment to solve particular classes of problems. Areas in which

toolboxes are available include signal processing, control systems, neural
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networks, fuzzy logic, wavelets, simulation, and many others.

5.2 CHAPTERS IN MATLAB
The MATLAB system consists of five main parts:

5.2.1 The MATLAB language

This is a high-level matrix/array language with control flow
statements, functions, data structures, input/output, and object-oriented
programming features. It allows both "programming in the small" to
rapidly create quick and dirty throw-away programs, and "programming

in the large" to create complete large and complex application programs.

5.2.2 The MATLAB Working Environment

This is the set of tools and facilities that you work with as the
MATLAB user or programmer. It includes facilities for managing the
variables in your workspace and importing and exporting data. It also
includes tools for developing, managing, debugging, and profiling M-files,

MATLAB's applications.

5.2.3 Handle Graphics

This is the MATLAB graphics system. It includes high-level
commands for two-dimensional and three-dimensional data visualization,
image processing, animation, and presentation graphics. It also includes
low-level commands that allow you to fully customize the appearance of
graphics as well as to build complete Graphical User Interfaces on your

MATLAB applications.

5.2.4 The MATLAB mathematical function library

This is a vast collection of computational algorithms ranging from
elementary functions like sum, sine, cosine, and complex arithmetic, to
more sophisticated functions like matrix inverse, matrix Eigen values,

Bessel functions, and fast Fourier transforms.
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5.2.5 The MATLAB Application Program Interface (API)

This is a library that allows you to write C and FORTRAN programs
that interact with MATLAB. It includes facilities for calling routines from
MATLAB (dynamic linking), calling MATLAB as a computational engine,

and for reading and writing MAT-files.

5.3 MATLAB-SIMULINK

1.Commonly Used Blocks
2.Sinks

3.Sources

Simulink contains a large number of blocks from which models can be
built. These blocks are arranged in Block Libraries which are accessed in

the Simulink library browser window shown below.

Each icon in the main Simulink window can be double clicked to bring
up the corresponding block library. Blocks in library can then be dragged

into a model window to build a model.
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4.3.1 Commonly used blocks

Commonly Used Blocks are used to list a lot of blocks which are usually used.
Double-click on the Commonly Used Blocks icon in the main Simulink window

to bring up the Commonly Used window
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5.4 SIMULINK BLOCKS USED IN THE SIMULATION
5.4.1. Three-Phase Source

-EOA R |-

Purpose: Implement three-phase source with internal R-L impedance

Description: The Three-Phase Source block implements a balanced three-
phase voltage source with internal R-L impedance. The three voltage sources
are connected in Y with a neutral connection that can be internally grounded
or made accessible. You can specify the source internal resistance and

inductance either directly by entering R and L values or indirectly by
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specifying the source inductive short-circuit level and X/R ratio.

5.4.2 In port

In1

Purpose: Provide a link to an external input and for linearization.

Description: In ports are the links from the outside world into a system.
Inside a subsystem block, there is an in port corresponding to each input port
on the block. A signal that arrives at an input port on a subsystem block flows
out of the corresponding in port within that block. The imports within a

subsystem block must be numbered consecutively, starting with 1.

5.4.3 out port

COwut1

Purpose: provide a link to an external output and for linearization.
Description: The Out Port block provides a mechanism for labeling a system’s
outputs. In a subsystem, output ports correspond to outputs on the

subsystem block.

5.4.4 Subsystem

HInt Out! p

Subsystem

Purpose: Group blocks into a subsystem
Description: Subsystem blocks represent one system within another

system. Any set of blocks and lines can be converted to a Subsystem block
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with the Group command on the options menu. The Group command
removes all selected objects from the active window and replaces them
within a Subsystem block. This new block, when opened, redisplays all of

the grouped objectives.

To create a subsystem, do one of the following:

Copy a subsystem block from the Ports & Subsystems library into your
model. Then add blocks to the subsystem by opening the subsystem block
and copying blocks into it.

Select all blocks and lines that make up the subsystem and select Diagram
> Subsystem & Model Reference > Create Subsystem from Selection.
Simulink® replaces the blocks with a subsystem block, along with the
necessary Inport and Outport blocks to reflect signals entering and leaving

the subsystem.

The number of input ports drawn on the subsystem block's icon
corresponds to the number of Inport blocks in the subsystem. Similarly,
the number of output ports drawn on the block corresponds to the number

of Outport blocks in the subsystem.

The subsystem block supports signal label propagation through

subsystem In port and output blocks.

5.4.5 Gain

Purpose: Multiply its input by a constant.

Description: The Gain block implements Y=KU, where Y is the output, U
is the input, and K is the

specified gain. The Gain block displays scalar gain data entered as variable

or a constant. The block
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displays the text as it appears in the dialog box.
5.4.6 Scope

>|I:l

= O =

Purpose: Display signals during simulation.
Description: While the simulation is running, the Scope block displays
the output of the block driving it. Opening a scope block produces a scope

window. The title of this window matches the name of the block.

5.4.7 Voltage Measurement

A+
-

Yoltage Measurement

Purpose: Measure a voltage in a circuit
Description: The Voltage Measurement block is used to measure the
instantaneous voltage between two electric nodes. The output is a

Simulink signal that can be used by other Simulink blocks.

5.4.8 Breaker

>~ ~ B

=

i\
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Z-Fhase Breaker

Purpose: Implement a circuit breaker opening at current zero crossing
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Description: The Breaker block implements a circuit breaker that is
controlled by a Simulink signal applied on its second input. The control
signal must be O or 1, O for open and 1 for closed. The arc extinction
process is simulated by opening the breaker when the current passes
through zero (first current zero-crossing following the transition of the
Simulink control input from 1 to 0). When the breaker is closed, it behaves
as a series RL circuit. The R and L values can be set as small as necessary
in order to be negligible compared with external components (typical
values Ron=10m?, Lon=10uH). When the breaker is open, it has infinite
impedance. If the breaker’s initial state is set to 1 (closed), initializes all
the states of the linear circuit and breaker initial current so that the

simulation starts in steady-state.

5.4.9 Bus bar

Purpose: Implement a labeled network node
Description: The Bus Bar block is used to interconnect components. It
allows multiple Electrical

block outputs and inputs to be connected together.

5.4.10 Current Measurement

ip

-p

Current Measurement

Purpose: Measure a current in a circuit
Description: The Current Measurement block is used to measure the

instantaneous current flowing in any electrical block or connection line.
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The first output provides a Simulink signal that can be used by other

Simulink blocks.

5.4.11 Constant

[2 3 4 5] k

Constant

Description: The Constant block generates a real or complex constant
value. The constant output value is displayed in the middle of the block,
with a default value of 1. In order to examine these blocks, create a new
model window (select New from the File menu in the Simulink window or

hit Ctr1+N)

5.4.12 PID Controller

P09 b PID Controller

Purpose: Continuous-time or discrete-time PID controller

Description: The PID Controller block output is a weighted sum of the
input signal, the integral of the input signal, and the derivative of the input
signal. The weights are the proportional, integral, and derivative gain

parameters. A first-order pole filters the derivative action.

5.4.13. POWER GUI:

uuuuuuuuuu
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Description: The Power gui block allows you to choose one of the following
methods to solve your circuit continuous, which uses a variable step solver
from Simulink Ideal Switching continuous di securitization of the electrical
system for a solution at fixed time steps pharos solution the Powergui block
is necessary for simulation of any Simulink model containing Sim Power
System blocks. It is used to store the equivalent Simulink circuit that

represents the state-space equations of the model.

5.4.14 Display

{— | Displey

Description: The Display block shows the value of the input data. You can
specify the frequency of the display. For numeric input data, you can also

specify the format of display.

If the block input is an array, you can resize the block vertically or horizontally
to show more than just the first element. If the block input is a vector, the
block sequentially adds display fields from left to right and top to bottom. The
block displays as many values as possible. A black triangle indicates that the

block is not displaying all input array elements.

The Display block shows the first 200 elements of a vector signal and the first

20 rows and 10 columns of a matrix signal.

5.4.15 From

[Al )» From

Description: The From block accepts a signal from a corresponding Goto
block, then passes it as output. The data type of the output is the same
as that of the input from the Goto block. From and Goto blocks allow you
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to pass a signal from one block to another without actually connecting
them. To associate a Goto block with a From block, enter the Goto block's

tag in the Goto Tag parameter

5.4.16 GOTO

X [A| Goto

Description: The Go to block passes its input to its corresponding From

blocks. The input can be a real- or complex-valued signal or vector of any
data type. From and Go to blocks allow you to pass a signal from one
block to another without actually connecting them.A Go to block can
pass its input signal to more than one From block, although a From block
can receive a signal from only one Go to block. The input to that Go to
block is passed to the From blocks associated with it as though the
blocks were physically connected. Go to blocks and From blocks are

matched by the use of Go to tags.

5.4.17 MUX, DEMUX

1 1

Description: The Mux (Multiplexer) block is used to combine two or more
scalar signals into a single Vector signal. Similarly, a Demux
(Demultiplexer) block breaks a vector signal into scalar signal
components. The number of vector components must be specified in each

case.
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5.4.18 MOSFET:

A
£

«I Mosfet
(=)

7N

Description: The MOSFET block implements a macro model of the real
MOSFET device. It does not take into account either the geometry of the device
or the complex physical processes. Depending on the value of the inductance
Lon, the MOSFET is modeled either as a current source (Lon > 0) or as a
variable topology circuit (Lon = 0). The MOSFET block cannot be connected in
series with an inductor, a current source, or an open circuit, unless its
snubber circuit is in use.

Use the Powergui block to specify either continuous simulation or
discretization of your electrical circuit containing MOSFET blocks. When
using a continuous model, the ode23tb solver with a relative tolerance of le-

4 is recommended for best accuracy and simulation speed.

5.4.19 Resistor:

B S AAAA B

Resistor

Description:The Resistor block models a linear resistor, described with
the following equation: V=IR Connections + and — are conserving electrical
ports corresponding to the positive and negative terminals of the resistor,
respectively. By convention, the voltage across the resistor is given by V(+)
— V(-), and the sign of the current is positive when flowing through the
device from the positive to the negative terminal. This convention ensures

that the power absorbed by a resistor is always positive.
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5.4.20 Inductor

= T o o e T

Inductor

Description: The Inductor block models a linear inductor, described with

the following equation:
V=Ldi/dt

The Series resistance and Parallel conductance parameters represent
small parasitic effects. The series resistance can be used to represent the
DC winding resistance or the resistance due to the skin effect. Simulation
of some circuits may require the presence of a small parallel conductance.

For more information, see Modeling Best Practices.

Connections + and — are conserving electrical ports corresponding to the
positive and negative terminals of the inductor, respectively. The current
is positive if it flows from positive to negative, and the voltage across the
inductor is equal to the difference between the voltage at the positive and

the negative terminal, V(+) — V().

5.4.21. Capacitor

| —

Capacitor

Description: The Capacitor block models a linear capacitor, described

with the following equation:
[=cdv/dt

The Series resistance and Parallel conductance parameters represent
small parasitic effects. The parallel conductance directly across the
capacitor can be used to model dielectric losses, or equivalently leakage
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current per volt. The series resistance can be used to represent component
effective series resistance (ESR) or connection resistance. Simulation of

some circuits may require the presence of the small series resistance.

Connections + and — are conserving electrical ports corresponding to the
positive and negative terminals of the capacitor, respectively. The current
is positive if it flows from positive to negative, and the voltage across the
capacitor is equal to the difference between the voltage at the positive and

the negative terminal, V(+) — V().

5.4.22 Three-Phase Series RLC Load

AT YN

C

Description: The Three-Phase Series RLC Load block implements a three-
phase balanced load as a series combination of RLC elements. At the
specified frequency, the load exhibits constant impedance. The active and
reactive powers absorbed by the load are proportional to the square of the
applied voltage.

5.5 ANALYSIS OF BIDIRECTIONAL CHARGER

With reference to the simulation results, the measured battery current is
able to follow the reference battery current throughout the simulation
process. This shows that the design and analysis of bidirectional battery
charger has successfully controlled the direction and magnitude of current

flow.

Mode of SOC VOLTAGE CURRENT

operation

G2V(Grid to 60%(increasing) 249.4V -22 A

vehicle mode

V2G(Vehicle to 60%(decreasing) 247.2V 24.72 A
Grid mode)
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5.6 SIMULINK BLOCK DIAGRAM OF BIDIRECTIONAL
ELECTRIC CHARGER
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5.7 SIMULATION RESULT AND DISCUSSIONS

Normal EV charger works uni-directionally having electricity flow from Grid to
Vehicle only, but in bi-directional charger both Grid to Vehicle and Vehicle to
Grid operations can perform.
With Bi-directional Charger topology, two operations can be performed
according to the electricity flow direction.

1)Grid to Vehicle flow(G2V)

2)Vehicle to Grid flow (V2G)
G2V flow allows charging your EV when you need to charge the EV battery
bank.
V2G operation allows selling electricity from EV battery bank to Grid when
you have more than enough charge.
Simulation is conducted to test the performance of the proposed bidirectional
controller under, Grid to vehicle and Vehicle to grid operation. The battery
initial SOC is set to 50 percent. This value is chosen to ensure that the battery
is able to receive or supply power when necessary.
Initially, the simulation requires some times to start up and stabilize. This

procedure takes around 1 minute.

5.6.1. Grid to Vehicle
During this operation the virtual switch is in O position .It is like normal
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electric vehicle operation. The battery is charged and it is utilized for

movement of vehicle.

To operate in G2V (Grid to Vehicle) mode switch has to be set to O.

a) SOC gradually increasing from point S8 because we have to set the initial state
of charge to 60%

b) Current = -22 A to -28 A (Negative value referring that the battery is charging
state)

c) Grid voltage (Vgrid)will be positive and 249 V (+_3V) and Inverter voltage
(V_inv) have to be ‘O’ but there is a likage voltage is flowing on of (0.2-0.5) but
if we observe the 3rd waveform combination, the V_inv is at O.

d) V_inv can be made O, by substituting the perfect filter circuit value after

rectification process.

N\

Fig: Simulation Battery graph for Grid to Vehicle Operation
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b)

) _InverterVoltage

Grid and inverter voltage

Fig: Simulation Voltage graph for Grid to Vehicle Operation

5.6.2 V2G

To Activate the V2G operation there is virtual switch in the car mobile
application, (ex, Tesla mobile application), by turning on that switch, V2G
operation can be activated.

Assume that switch, with a green block in our simulation.

By turning it on (i.e., 1), V2G operation will start.

During V2G operation, SOC will decrease and battery current and battery

voltage will be positive.

To operate in V2G mode the switch has to be set to 1.

SOC gradually decreasing from point 58 because we have to set the initial
state of charge to 60%

Current = 22 A to 28 A (Positive value referring that the battery is discharging
and been utilized by grid, motor, home or Emergency Purposes)
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c) Voltage =249(+_3V)

d) V_grid and V _inv need to synchronous because we are sending back the power
to grid so, the voltage magnitude should be equal and need to be in Phase.
(Similar concept when we try to perform two transformers in parallel, we need

to check for the synchronous between them)

|

Ot

=———

Fig: Simulation Battery graph for Vehicle to Grid Operation

|

Fig: Simulation Voltage graph for Vehicle to Grid Operation
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6 CONCLUSIONS AND FUTURE WORK

This project presents the development of an on-board bidirectional battery
charger for Electric Vehicles (EVs) capable of work in the operating modes
Grid-to-Vehicle (G2V), Vehicle-to-Grid (V2G) which consist in important
technologies for targeting the future smart grids scenario. The hardware
topology and the control algorithms of the presented battery charger are
validated through computer simulations, using the MATLAB software, and
also through experimental results, achieved with a developed laboratory
prototype. Since this work only intends to validate the topology and the
control algorithms, the developed prototype that supports this work is
intentionally oversized. The experimental results obtained with the three
operation modes (G2V, V2G) are in accordance with the expected,
validating the viability of the proposed topology.

Bidirectional technology (allowing electricity to flow into and out of EVs)
has only just become advanced enough for more people to use it. As the
tech gets better with time, so will its potentialities. As an EV owner, you
only stand to gain by going for a bidirectional charger. From making extra
income by selling energy back to the grid to becoming energy self-sufficient

— going bidirectional comes with clear pay-offs.

The bidirectional charger is developed which is to be used for the V2G and
G2V power flow. It means a charging and discharging with one unit are
possible, with the design proposed. It operate in constant current,
constant voltage battery charging methods are happen in unit power factor
changing. The operating parameters can be adjusted by varying the
control signal from the controller. This design allows the charging and

discharging operation at the different power level.

After high efficiency is maintained, plan to introduce varying passive
components for a wide range of EV battery voltages before beginning the
physical design. At which point I plan to create a program with a user

interface which will monitor, initiate, and cease power transmission.
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ABSTRACT

This project deals with the BLDC motor drive powered from solar
photovoltaic system with HCC fed water pumping system for irrigation.
BLDC motor is preferred over other brush-based motors for its unique
features like high efficiency, high torque and simple structure with low noise.
By using conventional control strategies torque ripples are present, By
introducing Hysteresis Current Control (HCC) torque ripple can be
minimised. As solar power is abundant and available at any place so the
solar photovoltaic (SPV) array system is considered as the source. The
modified incremental conductance maximum power point technique is used

because of its advantage of providing soft starting to BLDC motor.

KEY WORDS:

BLDC motor, solar photovoltaic (SPV) system, Hysteresis Current
Control (HCC), Modified Incremental conductance MPPT technique, DC-DC
converter.
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CHAPTER-1
SOLAR PHOTO VOLTAIC SYSTEM

1.1 INTRODUCTION

The obvious choice of a clean energy source, which is abundant and
could provide security for the future enlargement and growth, is the Sun’s
energy. Solar is an everlasting, renewable energy source. It is a clean energy
source, no potential damage to the environment. It is a very large source of
energy. The power from the sun intercepted by the earth is about 1.8 X 101!
MW. The adverse of the conventional energy sources can be overcome by
making use of the sun’s energy with added advantages. There is a wealth of
solar energy throughout the world, which can be easily converted into
electrical energy using Photovoltaic. Electricity generation via photovoltaic
cells is a very attractive renewable energy source. Its advantages include
relatively low complexity supporting structural requirements, less weight,
though systems may outspread over wide areas, free and sustainable fuel
source and noiseless operation due to the absence of huge rotating machines
or engine parts other than slow sun tracking mechanisms.

Standalone applications of PV energy are quite predominant. PV
electricity has the maximum applicable utilities in areas like water pumping,
domestic appliances, fans, enhancing usage of electricity in rural locations
where the unavailability of grid connection, air conditioning, etc. is yet to be
implemented. However, in many poor, arid and rural areas is placed too far
away from the existing grid lines. Installation of new transformers, long
transmission lines and other protection devices is very expensive. Solar PV
system was installed at those places. Photovoltaic energy has gaining
popularity and a lot of focuses in recent years because it is an environment
friendly energy source and sustainable compared to conventional energy

sources.

1.2 SOLAR PV TECHNOLOGY

PV power generation employs solar panels, composed of a number of
solar cells. PV cells are semiconductor devices that convert radiant energy
directly into electricity. In simple terms, when sunlight strikes a cell, a

1



certain portion of its energy is absorbed within the semiconductor material.
The absorbed energy knocks electrons loose, allowing them to flow freely
under the influence of electric fields. The most common PV technology uses
solar cells made of semiconductor materials, such as silicon or germanium,
dosed with small amounts of impurities, typically metals or metalloids.

Solar PV cells have inbuilt electric fields that force the free electrons to
flow in a certain direction. Metal contacts on the top and bottom of the PV
cell, enable the cell to circulate the current in the external circuit. This
current, together with the cell's voltage (which is a result of its in-built
electric fields), defines the power (or wattage) that a solar cell can produce.
There are different types of solar PV cells. However, the most common and
commercially available types are the mono crystalline, polycrystalline and
amorphous cells.

The conversion efficiencies of the solar cells manufactured by the
various technologies are given below:

1. Mono crystalline — 13% to 25%

2. Polycrystalline - 10% to 20%

3. Amorphous cells — 6% to 13%

Silicon PV cells typically produce only about 0.5 V and hence anumber
of cells need to be connected in a series, in order to get the required voltage
level. A PV string is formed by arranging a number of PV modules in series.
A PV array is a collection of PV strings. A group of PV cells connected
together is called PV module. The number of modules in each string is
specified according to the required voltage level of the array. The number of
strings in each array is specified according to the required current rating of
the array. Most PV arrays have a power diode, called the bypass diode,
connected in parallel with each individual module or a number of modules.
The function of this diode is to conduct the current when one or more of
these modules are damaged or shaded. Another diode, called the blocking
diode, is usually connected in series with each string, to prevent the reverse
current flow and protect the modules. Figure 1.1 shows the PV array

configuration.
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Figl.1 PV Array Configuration

PV arrays essentially consist of a number of internal silicon based
photovoltaic cells combined in series and in parallel, depending on the
voltage or current requirements. Figure 1.2 shows the basic construction of
a photovoltaic cell made from a P-type and N-type semiconductor material.
When light penetrates through the solar cell, absorption of photons from the
light occurs by means of the semiconductor atoms in which the free
electrons from the N-type layer flow back to the P-type layer through an
external circuit producing the electric current. A mono crystalline silicon

wafer solar cell is shown in Figure 1.3

Negative

Charge
\N;”\n i

sunight e:‘
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N m——,

+ Positive
Charge

Figl.2 Construction of PV Cell



Figl.3 Mono crystalline silicon cell

1.2.1 Working of PV Cell

When the incident light falls on the device, the light photons of certain
wavelengths are absorbed by the semiconducting material and as a result
charge carriers, electrons and holes are generated. A strong electric field
exists when these carriers penetrate through the junction. An electric
current in the external circuit is produced when holes and electrons are
separated by the electric field. This electric current, which is also called a
photo current, depends on the incident photon intensity and the nature of
the semiconductors that form the junction device. The basic PV circuit

elements are depicted in the simple ideal equivalent circuit of Figure 1.4

R .
—!—_ '
I@* %m v
I i

Figl.4 Equivalent Circuit Model for a Photovoltaic Cell
A nodal current balance, with assumed current directions as shown,
yields the following expression.
I=1, —1Ip (1.1)

Where,

I = Output current

IL= Light-generated current

Ip= Diode current or junction current

By using the Shockley equation the diode current 14 is given as
I=1,~Io(ek - 1)) (1.2)
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Where,
Io = Saturation current of the diode
q = Elementary charge 1.6x10-1° Coulombs
K = Constant value
T = Cell temperature in Kelvin
V = Measured cell voltage that is either produced or applied
a(w+IRg,
I=1,-1, <en-T— 1)) -2 (1.9)

sh

1.3 CHARACTERISTICS OF A PV MODULE

The current and power outputs of photovoltaic modules are
approximately proportional to solar irradiation and the ambient temperature.
At a given intensity, a module’s output current and operating voltages are
determined by the characteristics of the load. In order to determine the
characteristics of the PV module, the Power vs. Voltage (P-V) and Current vs.
Voltage (I-V) curves must be constructed. Three parameters, namely, Open
Circuit voltage (Voc), Short circuit current (Isc), and Maximum Power Point
(Vmp, Imp), given by the manufacturer of the PV module, are used for the
prediction of the PV characteristics of solar PV module. The Typical P-V and
[-V characteristics of a PV cell are shown in Figure 1.5 There is a unique
Maximum Power Point (MPP) on the P-V curve, at which the PV cell
generates the maximum power. This point is known as the maximum power
point (Vmpp, Impp). The value of the maximum powers depends on the
environmental factors, such as temperature and irradiation. The maximum

power condition always occurs at the knee of the P-V characteristic curve.

S

Call current in A
Coall powser in W

Vigp Vg

Cell¥cltags in

Figl.5P-V, I-V curve of the PV cell
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1.3.1 Effect of Temperature and Irradiance
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Figl.6The P-V and I-V characteristics curve at different irradiation levels and
a constant temperature (259 C) condition

The electric characteristics of the PV cell depend mainly on their
radiance received by the cell, and the cell temperature. Figure 1.6 displays
the electrical characteristics of the cell at different levels of irradiance and a
constant temperature. It is clear that the change in irradiance has a strong
effect on the short-circuit current (Is¢) and output power of the cell, but

negligible effect on the open-circuit voltage (Voc).

30 T T T T lslt“
glﬂ"' 35(-‘(- ; ,] Isc
g . as'c A o
g 55°C] | o
Z10- Fpl e WA Y =
[ g1
P =
o L | St
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Voltage (V) o 2 4 & 8 10 12 14 16

Voltage (V)

Fig 1.7 The P-V and I-V characteristics curve at different temperature
Levels and a constant irradiation (1000 W/m?2) condition.

On the other hand, Figure 1.7 shows that the change in temperature
at a constant irradiance has a strong effect on the open-circuit voltage and

output power of the cell, but negligible effect on the short-circuit current.

1.3.2 Effect of Shading

. - niform irradiatign
’ 2! s o : :
= .
= E Partial shading with diodes
&= S | ' 3 ]
g =1 ‘
= g T Partial shading withbut dicdes |
= kN i §
L L AN
: § i i :
PV array Voltage O 4 8 1z 16 20

PV array Voltage

Fig 1.8 P-V, I-V curves of a PV module under various conditions.

When a part of a PV array does not receive solar irradiation due to
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clouds or tree shadow, the temperature and the irradiation of the shaded
modules will go down. Due to the presence of bypass and blocking diodes in
the PV modules, multiple steps will be introduced in the -V characteristics
and multiple peaks in the P-V characteristics. Figure 1.8 depicts the P-V and
I-V curves of a PV array with uniform irradiation and under partial shading

condition, with and without the presence of bypass and blocking diodes.

1.4 MAXIMUM POWER POINT TRACKING (MPPT)

The photovoltaic (PV) cell directly converts solar energy into electricity.
At a unique point on the I-V or P-V curve of a PV cell, called the Maximum
Power Point (MPP), the PV system operates with the maximum efficiency and
produces the maximum output power. Hence, it is essential to include a
MPPT module in the PV system so that the PV arrays are able to deliver the

maximum available power.

1.4.1 Conventional Control Strategies

1.4.1.1 Perturb and Observe (P&0) Method

One of the most successful and simplest methods for MPPT is the
Perturb and Observe (P&O) method (Femia et al., 2004). In this approach,
the controller works by perturbing the PV array output voltage and observing
the effect on the output PV power. There are a number of variants of P&O
algorithm which are reported in the literature. In Ying-Tung & China-Hong,
(2002) the authors propose a three-point weight comparison P&O method.
Here, the slope of the perturbation is decided, based on the comparison of
the actual operating power with the two preceding ones. The work in Al-
Amoudi & Zhang, (1998) suggests an adaptive P&O scheme, for a grid
connected three-phase inverter. Initially, the perturbation is set at 10% of
the open circuit voltage (VOC). Each successive perturbation is set to 50% of
the preceding one, until the value of perturbation is 0.5% of the VOC.
Although the method exhibits better performance, it is still not fully adaptive
due to the predetermined perturbation steps. The authors in Fortunate et al,
(2008) exploit the capability of the multi objective optimization technique to

design the P&O based method for a single-stage inverter.



1.4.1.2 Hill climbing (HC) Method

Similar to the P&O method, Hill climbing (HC) (Weidong & Dunford,
2004) works by perturbing the PV power converter’s duty cycle, and
observing its impact on the PV array output power, and then deciding the
new direction of the duty cycle to extract the maximum power. Even though
both techniques use the same concept for optimum operating point
searching, they use different ways to achieve the same method; the former
uses the PV array output voltage and the latter uses the power converter
duty cycle, to extract the maximum power. In the HC MPPT method, the
duty cycle is changed directly without a PI controller; hence, this method is
known as the direct duty cycle technique. This scheme offers a number of
advantages: (1) it simplifies the tracking structure, (2) it reduces the
computation time, and (3) no tuning effort is needed for the PI gains. In
short, it replaces the sophisticated MPPT control with a more simplified

structure while maintaining similar optimal results.

1.4.1.3 Drawbacks of P&O and HC

The major drawbacks of the P&O/HC MPPT method are, oscillations in
the vicinity of the MPP, power loss, and degraded solar energy conversion
efficiency. Also, the P&O approach tracks in the wrong direction under
rapidly varying irradiance (Femia et al., 2004). In (Salas V et al 2005), the
P&O method has been improved by using the PV panel current (I[PV) as the
variable for the calculation of the duty cycle (D). To overcome the
disadvantages of slow convergence and oscillation around the MPP, the use
of a variable perturbation size approach was proposed in (Liu and Lopes,
2004). In this approach large perturbations are applied, when the output
power is far from the MPP, whereas smaller steps are adopted as the output
power oscillates around the MPP. The magnitude of the variable perturbation
is determined, based on the slope of the power-current curve. The
determination of this slope, however, increases the complexity and cost

associated with this approach.

1.4.2 Incremental Conductance Method
The idea behind the Incremental conductance method (Hohm and

Ropp 2000) is to increase or decrease the reference voltage (Vref) value
8



(which is in the vicinity of the MPP voltage), based on the comparison of the
instantaneous conductance with the incremental conductance. The
increment size determines how fast the MPP is tracked. Fast tracking can be
achieved with bigger increments, but the system might not operate exactly at
the MPP and oscillate about it instead; so there is a trade-off. In (Hussein et
al., 1995 & Bruendlinger et al 2006), a method is proposed that brings the
operating point of the PV array close to the MPP in the first stage, and then
uses the IC to exactly track the MPP in the second stage. In (Koizumi et al
20095), a linear function is used to divide the I-V plane into two areas, one
containing all the possible MPPs under changing atmospheric conditions.
The operating point is brought into this area, and then IC is used to reach
the MPP. The main drawback associated with the IC method, is that it

requires complex control circuitry

1.4.2.1 Incremental Conductance Algorithm for MPPT

The basic principle of the IC MPPT method is based on the fact that,
the slope of the PV array power curve (dPpv,dVy) is zero at the MPP, positive
for values of the output power smaller than MPP, and negative for values of
the output power greater than MPP. Eqns. 1.4 to 1.7 give the condition of
the IC algorithm.

dp d(Vpy—Ipy) dI
PV _ pv—Ipy) _ PV+IPV:0 (1.4)
avpy avpy PV

2Pev o g if 22 5 APV et of MPP (1.5)
dVpy Vpv dvpy

dPpy _ . Ip_V — dlpy
TPV =0 lfVPV = dVPV’at MPP(16)

dp o0 di .
—E < 0if 2X < ——£Y right of MPP  (1.7)
dVpy Vpv avpy

Prd )
APAR =0 AR AV =0) AIFE

-

‘X//J.ﬂ' & (AL ATy

AP AN A AL AN )

Woler

Fig 1.9Principle of the IC algorithm



The above principle illustrated is shown in Figure 1.9. The MPP can
thus be tracked, by comparing the instantaneous conductance (Ipv/Vev) with
the incremental conductance (dIpvy/dVey). Using the equations, the flow chart

for IC algorithm is depicted in Figure 1.10.

Vref=Vrel + AV [ Vrervrer—av |[ veervier-av | [Vrervref AV |
1 1 1

Fig 1.10Flowchart of the IC MPPT algorithm

In this flow chart Vrefis the reference voltage at which the PV array will
be forced to operate. Initially, Vrefis set to zero. At the MPP, Vrefequals to
VMPP. Once the MPP is reached, the operation of the PV array is maintained
at this point unless a change in current, I, occurs as a result of a change in
atmospheric conditions leading to a variation in the MPP. The algorithm,
then, tracks the MPP by applying decrements or increments to Vref. The size
of the increment or decrement determines how fast the MPP is tracked.

Under variations in the atmospheric conditions this algorithm tracks
the MPP, by applying increments or decrements to Vref. The size of the
increment or decrement value is crucial for the success of this approach. If
the size is large, the algorithm finds the MPP quickly, but results in
oscillations around the MPP. On the other hand, if the size is small, the
oscillations around the MPP are reduced, but the rate of convergence will
decrease. The maximum power point tracking (MPPT) is employed to control
the input voltage and the duty cycle of the DC/DC converter in the PV
system, so that the PV array delivers the maximum power. Though the IC
conductance algorithm is effective in tracking the MPP without any
oscillations, the algorithm may not track the MPP under rapidly varying
atmospheric conditions due to its slow response.

Hence, in this work some modifications are made in the conventional
10



IC algorithm to speed up the MPPT process. So that it is suitable for rapidly
varying atmospheric conditions, the details of which are presented in the

next section.

1.4.2.2 Proposed Algorithm for MPPT

The proposed algorithm apples the principles of IC technique, with a
direct duty cycle for the MPPT. The proposed method provides an optimum
duty cycle to the DC-DC converter directly, without the use of a PI controller.
The major drawbacks of the conventional IC MPPT method of slow
convergence and the complex control circuit are eliminated by the proposed
modified IC algorithm. In the modified IC algorithm, a variable step size is
introduced to increase the convergence speed. To reduce its complexity the
direct duty cycle is incorporated with the IC algorithm. This simplifies the
tracking structure and eliminates the tuning effect needed for the PI gain.

The proposed MPPT algorithm is depicted in the flowchart shown in
Figure 1.11. Initially, the values of the PV array current, voltage and power
for the tth instant are measured. Next, a comparison is made between the
actual conductance G(t) and the previous conductance G(t-1), to track the
actual maximal power Pmax(t) and its voltage Vmax(t). If G(t) is greater than
G(t-1), the actual maximum power Pmax(t) is equal to the actual power
PPV(t); otherwise, it is equal to PPV(t-1). Next, the algorithm calculates the
duty cycle by making a comparison, between the measured voltage Vpv(t)
and the voltage at the maximum power Vmax(t). Furthermore, the step- size
variation technique is used in this proposed method for duty cycle
calculation. The step size is increased (about 0.1) when the slope of the P-V
characteristic curve exceeds the predetermined value, e. And the step size is
decreased again (about 0.01) when the slope of the P-V characteristic curve
is less than the predetermined value. The step-size variation technique is
applied to minimize the power loss, due to oscillations in the vicinity of the
MPP, as well as to ensure a dynamic performance that is better at dealing

with rapid changes in the irradiance level.
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Fig 1.11Flowchart of the modified IC algorithm for rapidly varying

Irradiation conditions

1.4.2.3Performance Measures

The performance of the MPPT algorithm can be measured by static and
dynamic tracking efficiency; the static MPP tracking efficiency depicts the
ability of the MPPT algorithm to find the MPP under uniform atmospheric
conditions (i.e., solar irradiance and temperature), whereas the dynamic
MPP tracking efficiency describes the ability in tracking the MPP under
rapidly varying atmospheric conditions. The static MPP tracking efficiency

Nstatic 1S defined as

Pou
Nstatic = (P t) X 10 0% (1.8)

max

Where Poutis the averaged output power obtained under the steady state,
and Pmax is the maximum available power of the PV panel under certain
atmospheric conditions.

At locations where the irradiation changes rapidly due to varying
atmospheric conditions, both the static and the dynamic MPP tracking

efficiency have to be considered. The dynamic MPP tracking efficiency ndynamic
12



can be defined as,

1 _ for Vpy(DIpy (t)dt
dynamic for Ppax(t)dt

x 10 0% (1.9)

Where Vpy(t) and Ipy(t) represent the measured instantaneous voltage and
current at the output of the PV panel. The Puax(t) represents the available
maximum power of the PV panel. T represents the time duration of the whole
test sequence.

This project deals with the BLDC motor drive powered from solar
photovoltaic system with HCC fed water pumping system for irrigation.
BLDC motor is preferred over other brush-based motors for its unique
features like high efficiency, high torque and simple structure with low
noise. By using conventional control strategies torque ripples are present, by
introducing Hysteresis Current Control (HCC) torque ripple can be
minimized. As solar power is abundant and available at any place so the
solar photovoltaic (SPV) array system is considered as the source. The
modified incremental conductance maximum power point technique is used
because of its advantage of providing soft starting to BLDC motor. The
proposed system has been designed, modeled and simulated in

MATLAB/Simulink environment.
KEYWORDS: BLDC motor, Solar photovoltaic (SPV) system, Hysteresis

Current Control (HCC), Modified Incremental conductance MPPT technique,

DC-DC converter.
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CHAPTER-2
DC-DC CONVERTERS

2.1 INTRODUCTION
DC/DC converters/regulators form the Backbone of different portable

electronic devices like cellular phones, laptops, MP3 players which are using
batteries as their power supply. Portable devices usually comprise of several
sub-circuits that should be supplied with different voltage levels, which are
not the same as battery’s voltage level which is the main supply voltage.

Employing DC/DC converters can be offered as a method to generate
multiple voltage levels from a single DC supply voltage to feed the different
sub-circuits in the device. This method of generating multiple voltage levels
from a single battery source can reduce the device area substantially. On the
other hand DC voltage provided by battery or rectifier contains high voltage
ripples and it is not constant enough, thus it is not applicable for most
devices. DC/DC regulators are employed to attenuate the ripples regardless
of change in the load current or input voltage.

A large number of dc-dc converter circuits are known that can
increase or decrease the magnitude of the dc voltage and/or invert its
polarity. Figure 2.1 illustrates several commonly used dc converter circuits,
along with their respective conversion ratios. In each example, the switch is
realized using a power MOSFET and diode; however, other semiconductor
switches such as IGBTs, BJTs, or thyristors can be substituted if desired.
The first converter is the buck converter, which reduces the dc voltage and
has conversion ratio M (D) = D.

In a similar topology known as the boost converter, the positions of the
switch and inductor are interchanged. This converter produces an output
voltage V that is greater in magnitude than the input voltage Vg. Its
conversion ratio is M (D) = 1/(1 — D).

In the buck-boost converter, the switch alternately connects the
inductor across the power input and output voltages. This converter inverts
the polarity of the voltage, and can either increase or decrease the voltage
magnitude. The conversion ratio is M (D) = - D/ (1 — D).

The Cuk converter contains inductors in series with the converter

14



input and output ports. The switch network alternately connects a capacitor
to the input and output inductors. The conversion ratio M (D) is identical to
that of the buck-boost converter. Hence, this converter also inverts the
voltage polarity, while either increasing or decreasing the voltage magnitude.

The single-ended primary inductance converter (SEPIC) can also either
increase or decrease the voltage magnitude. However, it does not invert the
polarity.

The conversion ratio is M(D) = D/ (1 - D).

O
F

3
o

n

SCTH

Fig 2.1 Several Basic DC-DC Converters and their DC Conversion Ratios
M(D) = V/ V.

Y

2.2 BUCK CONVERTER

The buck converter is used to step an input voltage down from a
higher potential to a lower potential. The input and output power ideally
remains the same. The circuit usually consists of an inductor to store energy

and a switch to control the power flow.
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2.2.10perating Principle

1

Fig. 2.2 Buck Converter

The circuit has two stages of operation

2.2.1 (A) ON State
When the switch is on the diode is open and the inductor and the load

side is connected to the input and the inductor stores energy.

0, T l|"

Fig. 2.3 ON State Equivalent Circuit of Buck Converter

2.2.1 (B) OFF State
The switch opens to isolate the source from the rest of the circuit, the
diode becomes positive biased as the inductor changes polarity and the

inductor discharges to provide energy to the load.

O % 1

Fig. 2.4 OFF State Equivalent Circuit of Buck Converter

S
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2.2.2 Continuous Mode

o
E’ TOn T()f!
(2]
S o On off on ¢
) f I R
‘ v
0

Voltage

Current

Fig. 2.5 Wave Forms of Buck Converter during Continuous Mode

2.2.3 Discontinuous Mode
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Fig. 2.6 Wave Forms of Buck Converter during Discontinuous Mode

2.3 BOOST CONVERTER

A boost converter (step-up converter) is a DC-to-DC power
converter with an output voltage greater than its input voltage. It is a class
of switched- mode power supply (SMPS) containing at least
two semiconductor switches (a diode and a transistor) and at least one
energy storage element, a capacitor, inductor, or the two in combination.
Filters made of capacitors (sometimes in combination with inductors) are

normally added to the output of the converter to reduce output voltage

ripple.
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SUPPLY [LOAD]

Fig: 2.7.The Basic Schematic of A Boost Converter

2.3.1 Overview

Power for the boost converter can come from any suitable DC sources,
such as batteries, solar panels, rectifiers and DC generators. A process that
changes one DC voltage to a different DC voltage is called DC to DC
conversion. A boost converter is a DC-to-DC converter with an output
voltage greater than the source voltage. A boost converter is sometimes
called a step-up converter since it “steps up” the source voltage. Since power
(P=VI) must be conversed, the output current is lower than the source

current.

2.3.2 History

For high efficiency, the SMPS switch must turn on and off quickly and
have low losses. The advent of a commercial semiconductor switch in the
1950s represented a major milestone that made SMPSs such as the boost
converter possible. The major DC to DC converters were developed in the
early 1960s when semiconductor switches had become available. The aero
scope industry’s need for small, lightweight, and efficient power converters
led to the converter’s rapid development.

Switched systems such as SMPS are a challenge to design since its
model depends on whether a switch is opened or closed. R. D. Middle brook
from Caltech in 1977 published the models for DC to DC converters used
today. Middle brook averaged the circuit configurations for each switch state
in a technique called state-space averaging. This simplification reduced two
systems into one. The new model led to insightful design equations which

helped SMPS growth.

2.3.3 Applications
Battery powered systems often stack cells in series to achieve higher
voltage. However, sufficient stacking of cells is not possible in many high

voltage applications due to lack of space. Boost converters can increase the
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voltage and reduce the number of cells. Two battery-powered applications
that use boost converters are hybrid electric vehicles (HEV) and lighting
systems.

A boost converter is used as the voltage increase mechanism in the
circuit known as the ‘Joule thief. This circuit topology is used with low
power battery applications, and is aimed at the ability of a boost converter to
'steal' the remaining energy in a battery. This energy would otherwise be
wasted since the low voltage of a nearly depleted battery makes it unusable
for a normal load. This energy would otherwise remain untapped because
many applications do not allow enough current to flow through a load when
voltage decreases. This voltage decrease occurs as batteries become
depleted, and is a characteristic of the ubiquitous alkaline battery. Since
(P =V?/R) as well, and R tends to be stable, power available to the load goes

down significantly as voltage decreases.

2.3.4 Operating principle

The key principle that drives the boost converter is the tendency of an
inductor to resist changes in current. In a boost converter, the output
voltage is always higher than the input voltage. A schematic of a boost power
stage is shown in Figure 2.7. When the switch is closed, current flows
through the inductor, which stores energy from the current in a magnetic
field. During this time, the switch acts like a short circuit in parallel with the
diode and the load, so no current flows to the right hand side of the circuit.
When the switch is opened, the short circuit is removed and the load is back
in play in the circuit. This represents a sudden increase in the impedance of
the circuit, which, by Ohm’s law will demand either a decrease in current, or
an increase in voltage. The inductor will tend to resist such a sudden change
in the current, which it does by acting as a voltage source in series with the
input source, thus increasing the total voltage seen by the right hand side of
the circuit and thereby preserving (for a brief moment) the current level that
was seen when the switch was closed. This is done using the energy stored
by the inductor. Over time, the energy stored in the inductor will discharge

into the right hand side of the circuit, bringing the net voltage back down.

19



If the switch is cycled fast enough, the inductor will not discharge fully
in between charging stages, and the load will always see a voltage greater
than that of the input source alone when the switch is opened. Also while
the switch is opened, the capacitor in parallel with the load is charged to this
combined voltage. When the switch is then closed and the right hand side is
shorted out from the left hand side, the capacitor is therefore able to provide
the voltage and energy to the load. During this time, the blocking diode
prevents the capacitor from discharging through the switch. The switch
must of course be opened again fast enough to prevent the capacitor from
discharging too much.

The basic principle of a Boost converter consists of 2 distinct states (see
figure 2.8):

. In the On-state, the switch S (see figure 2.9) is closed, resulting in an
increase in the inductor current.

. In the Off-state, the switch is open and the only path offered to
inductor current is through the fly back diode D, the capacitor C and the
load R. This result in transferring the energy accumulated during the On-
state into the capacitor.

. The input current is the same as the inductor current as can be seen
in figure 2.9.S0 it is not discontinuous as in the buck converter and the

requirements on the input filter are relaxed compared to a buck converter
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Fig 2.8 Overall Diagram of Boost Converter
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Fig 2.9 The Two Configuration of Boost Converter, Depending on The State of
The Switch S

2.3.5 Continuous Mode

When a boost converter operates in continuous mode, the current
through the inductor (IL) never falls to zero. Figure 2.10 shows the typical
waveforms of currents and voltages in a converter operating in this mode.
The output voltage can be calculated as follows in the case of an ideal
converter (i.e. using components with an ideal behavior) operating in steady

conditions.

o
=

o
="}

witch state
I~

Fig. 2.10 Waveforms of Current and Voltage in a Boost Converter Operating
in Continuous Mode

During the On-state, the switch S is closed, which makes the input
voltage (Vi) appear across the inductor, which causes a change in current (Ip)

flowing through the inductor during a time period (t) by the formula:
ALV

=4 (2.1)

AL

At the end of the On-state, the increase of I. is therefore:

1 DT or
Alpon = Zfo Vidt = TVL (2.2)
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D is the duty cycle. It represents the fraction of the commutation period T
during which the switch is ON. Therefore D ranges between O (S is never on)

and 1 (S is always on).

During the Off-state, the switch S is open, so the inductor current
flows through the load. If we consider zero voltage drop in the diode, and a
capacitor large enough for its voltage to remain constant, the evolution of
I is:

Vi=Vo=L—> (2.3)

Therefore, the variation of IL during the Off-period is:

T (Vi=Vo)dt  (V;=Vo)(1-D)T
I =2 —=""71 (2.4)

AlLorp =
As we consider that the converter operates in steady-state conditions, the
amount of energy stored in each of its components has to be the same at the
beginning and at the end of a commutation cycle. In particular, the energy

stored in the inductor is given by:
E = LI (2.5)

So, the inductor current has to be the same at the start and end of the
commutation cycle. This means the overall change in the current (the sum of
the changes) is zero:

Alyon + Alposr =0 (2.6)

Substituting Al gyand Al qpr by their expressions yields:

Alyon + Alygpy = 12+ LD (2.7)
This can be written as:
2=15 (2.8)
This in turn reveals the duty cycle to be:
D= —Z— (2.9)

The above expression shows that the output voltage is always higher than
the input voltage (as the duty cycle goes from O to 1), and that it increases
with D, theoretically to infinity as D approaches 1. This is why this converter

is sometimes referred to as a step-up converter.
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2.3.6 Discontinuous mode
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Fig.2.11Waveforms of Current and Voltage in a Boost Converter Operating in
Discontinuous Mode

If the ripple amplitude of the current is too high, the inductor may be
completely discharged before the end of a whole commutation cycle. This
commonly occurs under light loads. In this case, the current through the
inductor falls to zero during part of the period (see waveforms in figure 2.11).
Although slight, the difference has a strong effect on the output voltage
equation. It can be calculated as follows:

As the inductor current at the beginning of the cycle is zero, its maximum

value I, (at t=DT) is

VDT

Ipnx = L (2.10)
During the off-period, I falls to zero after 6T:
Toaex +W=O (2.11)
Using the two previous equations, 6 is:
= V% (2.12)

The load current [, is equal to the average diode current (Ip). As can be seen
on figure 2.9, the diode current is equal to the inductor current during the
off-state. Therefore the output current can be written as:

lo=1Ip =45 (2.13)
Replacing ILmax and & by their respective expressions yields:

I _wibr Vi _ vZD2T
0 2L Vo-Vi  2L(Vo—Vy)

(2.14)

Therefore, the output voltage gain can be written as follows:

Vo V;D2T
v, 2L,

(2.15)
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Compared to the expression of the output voltage for the continuous mode,
this expression is much more complicated. Furthermore, in discontinuous
operation, the output voltage gain not only depends on the duty cycle, but
also on the inductor value, the input voltage, the switching frequency, and

the output current.

2.4 BUCK-BOOST CONVERTER

The buck-boost is a DC-DC converter that can be regulated to give an
output voltage that is higher or lower than the input voltage. During normal
operation of the buck-boost power stage, the switch is repeatedly turned on
and off. This switching action gives rise to a train of pulses at the junction of
the switch, diode and the inductor. Although the inductor L is connected to
the output capacitor C only when the diode conducts, an effective L/C
output filter is formed. It filters the train of pulses to produce a DC output
voltage. There are two different topologies of the concept.

The output is in the reverse polarity of the input and can be regulated
to be higher or lower than the input. Such a non-inverting buck boost
converter may use a single inductor that is used as both the buck inductor
and the boost inductor. The output is negative in polarity. The duty cycle
again determines the output voltage. For duty cycle less than 0.5 the circuit

acts as a boost converter.

i L TVLDCTR v

Fig. 2.12 Buck-Boost Converter

2.4.1 Operating Principle
As the inverted topology is more common to all we emphasize
on the inverted topology. The operating principles are as follows:

There are two stages in which the circuit works

24



2.4.1 (A) ON State
When the switch is on the input and the inductor are isolated from the
load side and the inductor is charged. The load receives energy from the

capacitor that it accumulates during the off state.

C= B[ [%

Fig. 2.130NStage equivalent circuit of Buck-Boost converter

2.4.1 (B) OFF State
The input is isolated from the whole system and the inductor supplies

energy to the output filter capacitor and the load resistor.

6 T

Fig. 2.140FF Stage equivalent circuit of Buck-Boost converter

2.4.2 Continuous Mode

When a buck-boost converter operates in continuous mode, the
current through the inductor (IL) never falls to zero. Figure 2.15 shows the
typical waveforms of currents and voltages in a converter operating in this

mode.
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Fig.2.15 Wave Forms of Buck —Boost Converter during Continuous Mode
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2.4.3 Discontinuous Mode

If the ripple amplitude of the current is too high, the inductor may be
completely discharged before the end of a whole commutation cycle. This
commonly occurs under light loads. In this case, the current through the
inductor falls to zero during part of the period.Figure 2.16 shows the typical
waveforms of currents and voltages in a converter operating in this mode.
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Fig.2.16 Wave Forms of Buck-Boost Converter during Discontinuous Mode
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CHAPTER-3
BRUSHESS DC MOTOR

3.1 INTRODUCTION

Brushless DC (BLDC) motors are widely used in many industrial,
aerospace applications and domestic appliances due to their high efficiency,
excellent control accuracy and high torque to weight ratio. BLDC motor is a
synchronous motor with permanent magnets on the rotor and armature
windings on the stator. It is like a DC motor turned inside out, so that the
field is on the rotor and the armature is on the stator.

The Brushless DC motor is basically a permanent magnet AC motor
whose torque-current characteristics are similar to the DC motor. Instead of
commutating the armature current using brushes and mechanical
commutator, the electronic commutation system is used. Because of their
brushless nature, the problems associated with the brush and the
commutator arrangement like sparking and wearing out of the commutator-
brush arrangement are eliminated. Due to the simplified structure, BLDC
motors are more rugged than a DC motor and suitable for industrial
environment. Having the armature on the stator makes the cooling of
windings easy.

The winding of BLDC motor is much easier as compared to a
conventional DC motor and Induction motor. Moreover it is very much
possible to control the speed and the angle of motion of the rotor or both
very precisely and accurately. Further, BLDC motor is compatible with the
digital control systems and the motor characteristics can be controlled by

digital systems.

3.2 CONSTRUCTION OF BLDC MOTOR

A BLDC motor is a permanent magnet brushless DC motor that uses
position detectors and an inverter to control the armature currents. The
BLDC motor is sometimes referred to as inside out DC motor because its
armature is in the stator and the magnets are on the rotor and its operating
characteristics resemble those of a DC motor. Instead of using mechanical

commutator as in the conventional DC motor, the BLDC motor employs
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electronic commutation which makes it a virtually maintenance-free motor.

There are two main types of BLDC motor: trapezoidal type and
sinusoidal type. In the trapezoidal motor the back EMF induced in the stator
windings has a trapezoidal shape and its phases must be supplied with
quasi-square currents for ripple-free torque operation. The sinusoidal motor
on the other hand has a sinusoidal shaped back EMF and requires
sinusoidal phase currents for ripple-free torque operation. The shape of the
back EMF is determined by the shape of the rotor magnets and the stator
winding distribution.

The sinusoidal motor needs a high resolution position sensor because
the rotor position must be known at every time instant for optimal operation.
It also requires more complex software and hardware. The trapezoidal motor
is a BLDC motor attractive alternative for most applications due to its
simplicity, lower price and higher efficiency.

It has usually 4 magnets around the perimeter. The stator of the motor
is composed by the electromagnets, usually 4 of them, placed in a cross
pattern with 900%angle between them. The major advantage of the brushless
motors is that, due to the fact that the rotor carries only the permanent
magnets, it needs of no power at all. No connection needs to be done with
the rotor, thus, no brush-commutator pair needs to be made: This feature
gives the brushless motor great increment in reliability, as the brushes wear

off very fast.

Stator windings Rotor magpet N
|

Rotor magnel 8

Hall sensors

Driving end
of shaft

"
f I
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T _

Fig 3.1 Construction of BLDC motor

BLDC motors exist in many different configurations but the three

phase motor is the most common type due to its efficiency and low torque
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ripple. This type of motor also offers a good compromise between precise and
number of power electronic devices needed to control the stator currents. Fig
3.1 shows the construction of BLDC motor. Position detection is usually
implemented using three Hall Effect sensors that detect the presence of

small magnets that are attached to the motor shalft.

3.2.1 Permanent Magnets

Materials that retain magnetism are known as hard magnet materials.
Various materials, such as Alnico-5, ferrites, samarium-cobalt and
neodymium-iron are available as permanent magnets for use in machines.
Based on the required magnetic field density in the rotor, the proper
magnetic material is chosen to make the rotor. Ferrite magnets are
traditionally used to make permanent magnets. As the technology advances,
rare earth alloy magnets are gaining popularity. The ferrite magnets are less
expensive but they have the disadvantages of low flux density for a given
volume.

Rare earth magnets include Neodymium (Nd) — Iron (Fe) — Boron (B)
types and Samarium (Sm) - Cobalt (Co) classes. The most commonly
produced material is neodymium-iron-boron (NdFeB). This group of
magnetic material provides the highest available magnetic energies of any
material. NdFeB magnets allow small shapes and sizes with high magnetic
fields. Super strength rare earth magnet sintered NdFeB magnets, have the
characteristics of: Extreme strong Br resident induction, excellent
demagnetization resistance capability, good price relative to its high
magnetic properties, coating is needed for NdFeB. Both NdFeB and Sm, Co
are available in sintered as well as bonded forms.

The cheapest permanent magnets are usually made from ferrite (have
low coercive strength), whereas the more expensive and rare-earth type
stronger ones contain Samarium-Cobalt or Neodium-Iron-Boron. Because
the rare earth type magnets have a higher coercive strength, they usually
withstand the demagnetization effects better than the ferrite magnets, and
hence are usually preferred. The magnets are made into desired shapes, put
in an appropriate jaw and then magnetized by a pulse of high current

obtained from a capacitor bank. At low power ratings, especially the

29



fractional horsepower range, permanent magnet motors are economical. As
the rating of the motor increases, the cost of permanent magnets and their
manufacture becomes costlier relative to the motors in which the field is
generated by applying an external source.

The smaller of the permanent magnet motors, usually in the fractional
horsepower range may have less than three phases. Motors with large
ratings may contain more than three phases so as to distribute the power
over more inverter legs, thus permitting the use of power semiconductor

switches with smaller ratings.

3.2.2 Sensing unit
i. Speed Sensing

ii. Current Sensing
Speed sensing is required for implementation of closed loop speed

control schemes. Speed is usually sensed by using tachometers. When very
high speed accuracies required, as in computer peripherals and paper mills
etc., digital tachometers are used.

Two commonly used methods of sensing the current (i) Use of current
sensor employing Hall Effect. (ii) It involves the use of a non - inductive
resistance shunt in conjunction with an isolation amplifier which has an
arrangement for an amplification and isolation between power and control

circuits.

3.2.3 Hall Sensor

For the estimation of the rotor position, the motor is equipped with
three hall sensors. These hall sensors are placed every 120°0. With these
sensors, 6 different commutations are possible. Phase commutation depends
on hall sensor values. Power supply to the coils changes when hall sensor
values change. With right synchronized commutations, the torque remains
nearly constant and high. Fig 3.2 shows the hall sensor signals for the

clockwise rotation.
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Fig 3.2 Hall Sensor signals for CW rotation

& The Hall sensor

Fig 3.3 Hall Sensor

Fig 3.3 shows the Hall Sensor image. The Hall sensor is this little
component under the right electromagnet. When it senses the South Pole, it
keeps the coils turned off. When it senses no magnetic field (or could be also
the South Pole), then it turns on the coils. The coils have both the same
magnetic polarity which is north. So they pull the opposite pole and torque is
then created. If you put a probe to the Hall sensor and watch the signal,
then you will discover that during a full rotation of the rotor, the Hall sensor
is two times HIGH and two times LOW. Fig 3.4 shows the back EMF, Current
waveforms and Hall position sensors for a BLDC motor drive. Motor
commutation is usually related to Hall Effect sensor outputs.

All of the electrical motors that do not require an electrical connection
(made with brushes) between stationary and rotating parts can be
considered as brushless permanent magnet (PM) machines, which can be
categorized based on the PMs mounting and the back EMF shape. The PMs
can be surface mounted on the rotor (SMPM) or installed inside of the rotor

(IPM), and the back EMF shape, PMAC synchronous motors (PMAC or
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PMSM) have sinusoidal back EMF and Brushless DC motor (BLDC or BPM)
have trapezoidal back EMF. A PMAC motor is typically excited by a three-
phase sinusoidal current, and a BLDC motor is usually powered by a set of

currents having a quasi-square waveform.
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Fig 3.4 Back EMF, Current Waveforms and Hall Position Sensors for A BLDC
Motor Drive

However, the BLDC motors are inherently electronically controlled and
require rotor position information for proper commutation of currents in its
stator windings. It is not desirable to use the position sensors for
applications where reliability is of utmost importance because a sensor
failure may cause instability in the control system. These limitations of using
position sensors combined with the availability of powerful and economical
microprocessors have spurred the development of sensor less control
technology.

In recent years PWM techniques were effectively introduced to improve
the performance of nonlinear systems. The application of PWM is very
promising in system identification and control due to learning ability,
massive parallelism, fast adaptation, inherent approximation capability, and
high degree of tolerance. A single phase uniform PWM DC-DC converter with

only one switching device able to produce a controllable DC voltage ranging
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from zero to more than the maximum value of input dc voltage has been

used for armature voltage control method of a BLDC motor.

3.2.4 Phase Commutation

To simplify the explanation of how to operate a three phase BLDC
motor, a typical BLDC motor with only three coils is considered. As
previously shown, phases commutation depends on the Hall sensor values.
When motor coils are correctly supplied, a magnetic field is created and the
rotor moves. The most elementary commutation driving method used for
BLDC motors is an ON & OFF scheme: a coil is either conducting or not
conducting. Only two windings are supplied at the same time and the third
winding is floating. Connecting the coils to the power and neutral bus
induces the current flow. This is referred to as trapezoidal commutation or
block commutation. Fig 3.5 shows the power circuit diagram for BLDC

motor.
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Fig 3.5 Power Circuit Diagram

For motors with multiple poles the electrical rotation does not
correspond to a mechanical rotation. A four pole BLDC motor uses four
electrical rotation cycles to one mechanical rotation. The strengthof the
magnetic field determines the force and speed of the motor. By varying the
current flow through the coils, the speed and torque of the motor can be
adjusted. The most common way to control the current flow is to control the
average current flow through the coils. PWM (Pulse Width Modulation) is
used to adjust the average voltage and thereby the average current, inducing
the speed. For example, the PWM frequency selected is the range from 10
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KHz to 200 KHz according to the application (commutation losses) of audible

frequency.

3.3 CLASSIFICATION OF BLDC MOTORS

Permanent magnet brushless motors can be divided into two
subcategories. The first category uses continues rotor-position feedback for
supplying sinusoidal voltages and currents to the motor. The ideal motional
EMF is sinusoidal, so that the interaction with sinusoidal currents produces
constant torque with very low torque ripple. This called a Permanent Magnet
Synchronous Motors (PMSM) drives, and is also called a PM AC drive,
brushless AC drive, PM sinusoidal fed drive. The second category of
Permanent Magnet motor drives is known as brushless DC (BLDC) motor
drive and it is also called a trapezoidal brushless DC drive, or rectangular
fed drive. It is supplied by three-phase rectangular current locks of 120°
duration, in which the total ideal motional EMF is trapezoidal, with the
constant part of the waveform timed to coincide with the intervals of
constant phase current. These machines need rotor-position information
only at the commutation points, e,g. every 600 electrical in three-phase
motors.

The PMBLDC motor has its losses mainly in the stator due to its
construction; hence the heat can easily be dissipated into the atmosphere.
As the back EMF is directly proportional to the motor speed and the
developed torque is almost directly proportional to the phase current, the
torque can be maintained constant by a stable stator current in a PMBLDC
motor. The average torque produced is high with fewer ripples in PMBLDC
motors as compared to PMSM. Amongst two types of Permanent magnet
Brushless motors, PMSM is, therefore, preferred for applications where
accuracy is desired e.g. robotics, numerical controlled machines etc.
However, the PMBLDC motor can be used in general and low cost
automotive and industrial applications. These motors are preferred for
numerous applications, due to their features of high efficiency, silent

operation, compact in size and low maintenance.
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3.4 BRUSHLESS VERSUS BRUSHED DC MOTORS

Brushed DC meters have been in commercial use since 1886.
Brushless motors on the other hand did not become commercially viable
until 1962. Brushless motors develop a maximum torque when stationary,
linearly decreasing as velocity increases. Some limitations of brushed motors
can be overcome by brushless motors; they include higher efficiency and a
lower susceptibility of the commutator assembly to mechanical wear. These
benefits come at the cost of potentially less rugged, more complex, and more
expensive control electronics.

A typical brushless motor has permanent magnets which rotate and a
fixed armature, eliminating problems associated with connecting current to
the moving armature. An electronic controller replaces the
brush/commutator assembly of the brushed DC motor, which continually
switches the phase to the windings to keep the motor turning. The controller
performs similar timed power distribution by using a solid-state circuit
rather than the brush/commutator system.

The maximum power that can be applied to a brushless motor is
limited almost exclusively by heat; too much of which weakens the magnets,
and may damage the winding’s insulation. A brushless motor’s main
disadvantage is higher cost, which arises from two issues. First, brushless
motors require complex electronic speed controllers (ESCs) to run. Brushed
DC motors can be regulated by a comparatively simple controller, such as a
rheostat (variable rheostat). However, this reduces efficiency because power
is wasted in the rheostat. Second, some practical uses have not been well
developed in the commercial sector. For example, in the radio control (RC)
hobby arena, brushless motors are often hand-wound while brushed motors
are usually machine-wound.

Brushless motors are more efficient at converting electricity into
mechanical power than brushed motors. This improvement is largely due to
motor’s velocity being determined by the frequency at which the electricity is
switched, not the voltage. Additional gains are due to the absence of
brushes, alleviating loss due to friction. The enhanced efficiency is greatest
in the no-load and low-load region of the motor’s performance curve. Under

high mechanical loads, brushless motors and high-quality brushed motors
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are comparable in efficiency.

Environments and requirements in which manufactures use
brushless-type DC motors include maintenance-free operation, high speeds,
and operation where sparking is hazardous (i.e. explosive environments), or
could affect electronically sensitive equipment. Brushless motor
commutation can be implemented in software using a microcontroller or
computer, or may alternatively be implemented in analogue hardware or

digital firmware using a PSIM.

3.5 SIMPLIFIED MODEL OF A BLDC MOTOR

A simplified model of a BLDC motor consists of three coils arranged in
three directions A,B and C as shown in Fig 3.6. A permanent magnet forms
the rotor. Here the rotor is outlined as a bar magnet with its rotary axis at
the intersection of three axis A, B, C perpendicular to the plane of these axis.
The orientation position of the permanent magnet can be controlled by
driving a configuration of currents through the three coils. The bar magnet
comes to the opposite orientation when a current is driven from B to C. For a
BLDC motor that is equipped with Hall sensors these give the actual rotor

position.
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Fig 3.6 Simplified Model of a Two-Pole BLDC Motor
The motion of the rotor induces alternating voltages called Back
Electromotive Force (BEMF) is proportional to the angular velocity of the
rotor. Hall sensors are mounted in such a way that the zero crossing of the
Hall sensor signal associated with the corresponding coil. H1 is associated
with A, H2 is associated with B, H3 is associated with C. Alternatively, the
connections A, B & C of BLDC motors are also labeled as U, V, W

respectively. The BEMF can be modeled as a voltage source in series with
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each coil that has voltage amplitude is proportional to the speed of the rotor.
The BEMF voltage varies with the angle between the coil axis and the angle
of the rotor, Following the shape of the BEMF is assumed to be sine wave,
Alternatively, the shape can be triangular or trapezoidal or somewhat

between these shapes.

3.6 ELECTRONIC COMMUTATION

The polarities of two coil currents with one coil left unconnected define
six different positions of rotor. Switching the currents in a way that the
currents pull the rotor to the position lets the rotor turn. Each position of
the rotor is associated with a configuration of coil currents by a successive
switching scheme configuration that pulls the rotor to its next position. The

coil currents are driven by three voltage sources.
A A L i
1 2 3 4 5 6

Fig 3.7 Outline of Electronic Commutation Scheme

The voltage sources are realized with fast switches (power MOSFETsSs)
that are PWM controlled for adjustment of elective voltage. The block
commutation scheme is outlined by Fig 3.7 for each commutation step there
is one terminal connected to ground (ground symbol), one terminal is
connected to the power supply (circle), and one terminal is left open
(terminal name A, B, C). Permanent connection to ground and power supply
drives the maximum speed that is possible for a given motor with a given
supply voltage.

For the block commutation, each sector of the rotor is mapped to the
successive sector concerning current switching. So, the commutation via
interrupts become simple if each charge of a Hall sensor signal forces an
interrupt. Then, the actual triple of Hall sensor signals defines the
commutation sector. In other words, the block commutation can be
described as a periodic sequence of 0Z11Z0 where O is connection to ground,
Z represents an open terminal, and 1 is connection to the supply voltage
source. This sequence is delayed by two steps for A is Z0O0Z11, B is 11Z00Z

and for C is 0Z11Z0. For revolution into the opposite direction 654321, A is
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Z00Z11, B is Z00Z11, C is 0Z11Z0. The coils of the motor can be connected
in star (Y connection) or triangle (Delta connection). Whatever is the type of
connection, the idea is to get an access to the null point be able to measure
the BEMF and some motors allow this access via an additional wire. Direct
access to the null point N enables direct measurement of the BEMF. The
voltage of the null point N is affected by the supply voltage together with a
given PWM scheme.

Pulse width modulation (PWM) is a very popular method for controlling
the speed of electric motors, In this control method, a fixed DC input voltage
is given to the inverter and a controlled AC output voltage is obtained by
adjusting the ON & OFF periods of the inverter components. The width of the
inverter switching pulses modulated to obtain the required output voltage
control and to reduce its harmonic content. For example, if the speed should
be 50% of the maximum speed, the voltage is not turned down to 50%.
Instead, the voltage is quickly turned on and off resulting in an average
voltage of 50%. If 75% is required, called a duty cycle of 75%, then the
voltage is kept turned off 25% of the time. If the switching frequency is high
enough, the motor will run at steady speed due to the inertia and inductance
of the motor. PWM inverters are quite popular in industrial applications.

This method has some advantages:

o The output voltage control can be obtained without any additional
components.
o With this control, lower order harmonics can be eliminated and higher

order harmonics can also be filtered easily.

o It is easy to implement in a microcontroller. Only one output pin is
needed to control the speed.

. No battery power is lost at low speeds.

o A motor controlled by PWM will generate more torque as the pulse use

the full power supply in short intervals.

3.7 ADVANTAGES OF BLDC MOTOR OVER DC MOTOR

Performance: The dynamic accuracy of the brushless DC motor is very high.

Dynamic accuracy means the machine performs consistently, with the same
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efficiency.

Size: The brushless DC motor is the smallest of the motors available with a
given power rating. Thus the machine occupies lesser floor space, weighs

lighter and hence it makes handling of the machine easier.

Efficiency: The brushless DC motor is the most efficient motor available in

the present industry.

Bearing stress: In large AC motors, heat current flows from the rotor through
the bearings. The rotor heating in the brushless DC motor is the least

because there is no winding in the rotor since it has a permanent magnet.

The rotor heat in brush motors is transferred to the stator through the
bearings and the shaft before being removed by the ambient air. In brushless
DC motor, the rotor heat produced is low thus it reduces the bearing stress.
Brushless motors offer several advantages over brushed DC motors,
including more torque per watt (increased efficiency), increased reliability,
reduced noise, longer lifetime (no brush and commutator erosion),
elimination of ionizing sparks from the commutator, and overall reduction of
electromagnetic interference (EMI). With no windings on the rotor, they are
not subjected to centrifugal forces, and because the windings are supported
by the housing, they can be cooled by conduction, requiring no airflow inside
the motor for cooling, This in turn means that the motor’s internals can be
entirely enclosed and protected from dirt or other foreign matter. Brushless

DC motors are available in wide range of torque, speed and power.

3.8 APPLICATION POTENTIAL OF BLDC MOTORS

Classic electric motors are mostly preferred for motion control, in
general and household appliances, in particular. The most common motors
for household appliances are single phase AC induction motors, including
split phase, capacitor start, capacitor run types and universal motors. These
motors operate at constant speed directly from AC mains irrespective of

efficiency; however, consumers now demand appliances with low energy
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consumption, improved performance, reduced acoustic noise and many
more convenient features. Therefore, household appliances are expected to
be one of largest end product markets for BLDC motors over the next few
years. The major household appliances include fans, blowers, washing
machines, room air conditioners, refrigerators, vacuum cleaners, food
processors, etc., The major possibilities of cost reduction have to be explored
to commercialize BLDC motor drives, apart from technological
advancements. The cost of a BLDC motor drive has two main components;
one is motor and the other is the controller. Extensive research attempts
have been made to reduce the cost and improve the performance of the
motor. Comparative analysis has also been presented in the chapters for the
choice of the BLDC motor to suit a particular application.

Recently, there has been growing research interest for the use of BLDC
motors in Electric Vehicles (EVs) and Hybrid Electric Vehicles (HEVs) due to
environmental concerns of vehicular emissions. An electric drive is one of the
main parts of an EV/HEV and requires multidisciplinary power electronic
technologies, including motors, converter topologies, switching devices,
microprocessors/DSPs, and control strategies. The BLDC motor is more
suitable for EVs/HEVs and low power applications, due to high power
density, less volume, high torque, high efficiency, easy to control, simple
hardware and software, and low maintenance. It is very difficult to identify a
unique drive solution for all kinds of Electric vehicles (i.e. bikes, cars, vans,
trucks, etc.,). For many applications, the motor should have shape flexibility,
compactness, robustness, high efficiency and high torque.

BLDC motors have been used in various high-speed applications such
as the hard disk drive (HDD) of computers which run at very high speed to
reduce the access time of the data written on the surface of a rotating disk.
In order to run the motor at high speed, back electromotive force (EMF)
constant is designed to be small to reduce the voltage drop due to back EMF.
But, it results in small starting torque, thereby a long transient period. It is

one of the drawbacks.
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CHAPTER-4
VOLTAGE SOURCE INVERTER

4.1 INTRODUCTION

Inverters are static power converters that produce an AC output
waveform from a DC power supply. They are applied in adjustable AC speed
drives, Uninterruptible Power Supplies (UPS), shunt active power filter, etc.
For sinusoidal AC outputs, the magnitude, frequency, and phase should be
controllable. If a DC input is a voltage source, then the inverter is called a
Voltage Source Inverter (VSI). Similarly in case of a Current Source Inverter
(CSI), the input to the circuit is a current source. The VSI circuit has a
capability of controlling AC output voltage, whereas the CSI directly controls
AC output current. Sketch of output voltage waveforms by an ideal VSI,
should be independent of load connected at the output.
According to a number of phases, inverters are classified into two types
1. Single Phase Voltage Source Inverter

2. Three Phase Voltage Source Inverter

4.2 SINGLE PHASE VOLTAGE SOURCE INVERTER

Single phase inverters are basic inverters which produce a square
shape AC output with a DC input. These inverters have simple on-off control
logic and obviously they operate at much lower frequencies. Due to a
capacity of low power, they are widely used in power supplies and single
phase UPS. They can be divided into two categories.

1. Half bridge Single Phase Voltage Source Inverter

2. Full bridge Single Phase Voltage Source Inverter.

4.2.1 Half Bridge Voltage Source Inverter

Figure 4.1 shows a circuit topology of a Half-Bridge VSI, where two
large capacitors are required to provide a neutral point O, such that each
capacitor maintains a constant voltage ( Vi= Vo= Va/2 ). Due to reason that
the current harmonics produced by the operation of the inverter are low-
order harmonics, a set of large capacitors (Ciand Co2) are required. In this

topology, it has a single leg with two power switches Q;and Q..
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According to Figure 4.1, it is clear that both switches cannot be ON
simultaneously, because both are directly connected across the DC link
source. If two switches conduct at the same time, a short circuit across the
DC link voltage source dc V would be produced. There are two defined
switching states (States 1 and 2). In order to avoid the short circuit across
the DC bus and the undefined AC output voltage condition, the modulating
technique should make sure that at any moment either the top or the
bottom switch of the inverter leg is on

In a half bridge topology, the input DC voltage is split in two equal
parts ( Viand V) through an ideal and loss-less capacitive potential divider.
The half bridge topology consists of one leg (one pole) of switches whereas
the full bridge topology has two such legs. Each leg of the inverter consists of

two series connected power electronic switches (Q:and Q2 shown in the

Figure 4.1.
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Fig 4.1 Circuit topology of half bridge inverter
Each of these switches consists of an IGBT type controlled switch
across which, an uncontrolled diode is put in anti-parallel approach. These
switches are capable of conducting bi-directional current, but they have to
obstruct only one polarity of voltage. In a half bridge topology, the single
phase load is connected between the mid-point of the input DC supply and
the junction point of the two switches. These points are marked as ‘O’ and ‘A’

respectively.
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4.2.2 Full Bridge Voltage Source Inverter

Figure 4.2 shows the power topology of a full bridge VSI. This inverter
is similar to the half bridge inverter, however a second leg provides the
neutral point to the load. As in the half bridge inverter, both switches Q; and
Q-or Qszand Q4in a single leg cannot be on simultaneously because a short
circuit across the dc link voltage source Viwould be occurred.

In a full bridge inverter, there are four defined (states 1, 2, 3, and 4)
switching states. The undefined condition should be avoided so as to be
always capable of defining the AC output voltage. It can be observed that the
AC output voltage can acquire values up to the DC link value Vg4 which is
twice that obtained with half bridge voltage source inverter topologies.

Output voltage is denoted as Vaptaken from the load.
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Fig 4.2 Circuit diagram of full bridge voltage source inverter
The single-phase full bridge circuit shown in Figure 4.2 is similar to
that of two half bridge circuits sharing the same DC bus. The full bridge
circuit has two pole-voltages (Vao and Vgo), which are similar to the pole
voltage (Vao) of the half bridge circuit. Both (Vao) and (Vo) of the full bridge

circuit are square waves but they will have some phase difference.

4.3 THREE PHASE VOLTAGE SOURCE INVERTER

From the section 4.2.2, it can be understood that the single phase
voltage source inverters can manage only low power applications. For high
power applications, three phase voltage source inverters are preferred to
provide three phase voltage source in addition to that the magnitude, phase

and frequency of voltages should be controlled.
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The typical three-phase VSI topology is shown in Figure 4.3 and
middle points of the inverter legs are connected to three phase RL load.
There are the eight valid switch states. The switches of any leg of the inverter
(S; and S4, Sz and Ss or S5 and S2) cannot be switched on simultaneously.
Because it would result in short circuit across the DC link voltage supply.
Similarly, the switches of any leg of the inverter cannot be switched off
simultaneously to avoid undefined states in the VSI and thus undefined ac

output line voltages.
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Fig 4.3 Circuit topology of three phase voltage source inverter
Two of eight valid states (7 and 8) are called as zero switch states to
produce zero AC line voltages. In this case, the AC line currents freewheel
through either the upper or lower components. The remaining states are
called as non-zero switch states to produce non-zero AC output voltages. The
resulting AC output line voltages consist of discrete values of voltages that

are Vg, 0, and - Vge.

4.4 HYSTERESIS CURRENT CONTROLLER

Three major classes of regulators have been developed over last few
decades: hysteresis regulators, linear PI regulators and predictive dead-beat
regulators. A short review of the available current control techniques for the
three phase systems is presented. Among the various PWM techniques, the
hysteresis band current control is used very often because of its simplicity of
implementation. Also, besides fast response current loop, the method does

not need any knowledge of load parameters. However, the current control
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with a fixed hysteresis band has the disadvantage that the PWM frequency
varies within a band because peak-to peak current ripple is required to be
controlled at all points of the fundamental frequency wave.

The method of adaptive hysteresis-band current control PWM
technique where the band can be programmed as a function of load to
optimize the PWM performance is described. The basic implementation of
hysteresis current control is based on deriving the switching signals from the
comparison of the current error with a fixed tolerance band. This control is
based on the comparison of the actual phase current with the tolerance
band around the reference current associated with that phase. On the other
hand, this type of band control is negatively affected by the phase current
interactions which is typical in three-phase systems. This is mainly due to
the interference between the commutations of the three phases, since each
phase current not only depends on the corresponding phase voltage but is
also affected by the voltage of the other two phases. Depending on load
conditions switching frequency may vary during the fundamental period,
resulting in irregular inverter operation.

The current control strategy plays an important role in the
development of shunt active filter. The hysteresis-band current control
method (Anshuman shukla et al 2007) is popularly used because of its
simplicity in implementation. Hysteresis current controller derives the
switching signals of the inverter power switches in a manner that reduces
the current error. The switches are controlled asynchronously to ramp the
current through the inductor up and down so that it follows the reference.

The current ramping up and down between two limits is illustrated in
Figure 4.4. When the current through the inductor exceeds the upper
hysteresis limit, a negative voltage is applied by the inverter to the inductor.
This causes the current through the inductor to decrease. Once the current
reaches the lower hysteresis limit, a positive voltage is applied by the
inverter through the inductor and this causes the current to increase and
the cycle repeats. The current controllers of the three phases are designed to
operate independently. They determine the switching signals to the

respective phase of the inverter.
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Voltage across Inductor

Figure.4.4Hysteresis Current Control Operation Waveform

This method has the drawbacks of variable switching frequency,heavy
interference between the phases in case of three phase active filter with
isolated neutral and irregularity of the modulation pulse position (Simone et
al2000). These drawbacks result in high current ripples, acoustic noise and
difficulty in designing input filter. In this chapter, a constant frequency
hysteresis current controller is proposed for shunt active filter applications.
One of the simplest current control PWM techniques is the hysteresis band
(HB) control shown in this figure 4.4. Basically, it is an instantaneous
feedback current control method in which the actual current continuously
tracks the command current within a pre assigned hysteresis band.

As indicated in the figure 4.4, if the actual current exceeds the HB, the
upper device of the half-bridge is turned off and the lower device is turned
on. As the current decays and crosses the lower band, the lower device is
turned off and the upper device is turned on. If the HB is reduced, the
harmonic quality of the wave will improve, but the switching frequency will
increase, which will in turn cause higher switching losses.

This same logic can applied to three phase waveform also. In three
phase 3 reference signal 120 phase shifted is used and is compared with
load current as a result we get desired output.

Low cost with easy implementation and its excellent dynamic response
makes hysteresis control a prior option as control strategy. One of the
simplest current control PWM techniques is the hysteresis band (HB) control
shown in this figure 4.5. The obtained current reference signal, while

46



converted from dq/abc transformation, is split into each phase reference
currents and is measured with the actual phase currents of individual grid
phases. The error signal thus generated fed to relay producing pulses. This
method contains hysteresis band (HB) to obtain pulses to the switches of
grid interfacing converter. Pulse generation is explained in figure 4.5.

Basically, it is an instantaneous feedback current control method in
which the actual current continuously tracks the command current within a
pre assigned hysteresis band. As indicated in the figure 4.5, if the actual
current exceeds the HB, the upper device of the half-bridge is turned off and
the lower device is turned on. As the current decays and crosses the lower
band, the lower device is turned off and the upper device is turned on. If the
HB is reduced, the harmonic quality of the wave will improve, but the
switching frequency will increase, which will in turn cause higher switching
losses.

The physical phenomenon of current management (HCC) is that the
best management methodology to implement; it had been developed by Brod
and Novotny in 1985. The shunt APF is enforced with three sections current
controlled VSI and is connected to the ac mains for compensating the
present harmonics. The VSI gate signals area unit brought out from physical
phenomenon current controller.

A Hysteresis current controller is enforced with a closed-loop system
and waveforms area unit shown in Fig. 4.6. An error signal is employed to
manage the switches during voltage supply electrical converter. This error is
that the distinction between the specified current and the current being
injected by the electrical converter. If the error exceeds the higher limit of the
physical phenomenon band, the higher switch of the inverter arm is turned
off and also the lower switch is turned on. As a result, the present starts

decaying.

47



Hysteresis
band
Z2HB

Sine reference
wave

PWM wvolitage

wawve

Actual
current

Fig.4.5: Hysteresis Band Current control

dq /abc

PLL

l]a_uct Relay
S1
I, EEI—
S2
l Ib_act
> S3
7 H
S4
‘ Ic act
O E—ss
¢ Relay 36

Fig.4.6: Hysteresis Current Controller

48



CHAPTER-5
PROPOSED CONCEPT

5.1 INTRODUCTION

The solar photovoltaic (SPV) power generation being noise-free, clean
and abundant in nature, is indeed becoming prominent among various
renewable energies. A continuous reduction in the cost of PV panels and the
power electronics devices has encouraged researchers and industries to
utilize the SPV array generated power for different applications. The water
pumping has gained a broad attention as a crucial and cost-effective
application of the SPV array generated power. A maximum efficiency of the
SPV array is mostly achieved through a maximum power point tracking
(MPPT) algorithm using the DC-DC converters.

Various DC-DC converters such as buck, boost, buck-boost, Cuk and
single-ended primary inductor converter (SEPIC) have been used for MPPT in
different SPV array-based applications. The afore said non-isolated DC-DC
converters are compared to find a best solution suiting an application with
MPPT. It has been concluded that the best selection of DC-DC converter in
the PV system is the buck-boost DC-DC converter since it is capable of
achieving optimal operation regardless of the atmospheric condition and
load, hence adopted in this paper.

On the other hand, when a buck or a boost converter is used for
MPPT, the MPP is tracked as if it is restricted to within the operating region.
Besides that, due to the large number of energy storage components, the
Cuk converter, SEPIC and other derived topologies of buck-boost converter
contribute to their main drawback. The other recently proposed converters
for MPPT are D converter, two-input buck (TI Buck) converter, boost-buck
converter, combination of buck and buck-boost converter, push-pull
converter, transformer coupled dual-input converter and two inductor boost
converter.

These converters have excessive number of reactive components and
sophisticated control. An induction motor is extensively used in fluid pumps
because of its robustness, low cost, availability in local markets, low

maintenance cost and potential to operate even in the hazardous and

49



contaminated areas. Some of the limitations of the induction motor are not
favorable for SPV array-based water pumping such as prone to overheating if
the voltage is too low and requirement of complicated control. It deviate the
researchers toward an efficient and reliable motor with less complexity and
capable to operate under low voltage. The brushless DC (BLDC) motors have
the merits of high efficiency, high reliability, high ruggedness, low
electromagnetic interference, simple control, no maintenance and capability
to operate at low voltage, high torque/weight ratio, easy-to-drive features
and excellent performance over a wide range of speed.

It can undoubtedly compete with the induction motor especially in
SPV array-based pumping applications, where cost, efficiency, simplicity,
compactness and easy-to-drive features are the primary and essential factors
for consideration. Moreover, this motor and pump technology, and integrated
design result in both increased component utilization and reliability.SPV
array fed BLDC motors have already superseded partially AC motor drives in
the various conventional energy-based applications including water
pumping. The BLDC motor is receiving popularity for water pumping
application day-by-day owing to its aforementioned advantages, constituting
desirable features for this application. The existing literature exploring SPV
array-based BLDC motor driven water pump is based on the configuration
shown in Fig.5.1a.ADC-DC converter is used for MPPT of SPV array as
usual.

At least two phase currents are sensed along with the Hall signals
feedback for control of BLDC motor, resulting in the increased cost. The
additional control scheme, increasing cost and complexity, is required to
control the speed of BLDC motor. Moreover, the voltage-source inverter (VSI)
is operated with high-frequency pulse-width modulation (PWM) pulses,
resulting in the increased switching loss and hence the reduced efficiency.

However, a Z-source inverter (ZSI) replaces DC-DC converter, other
schematic of Fig. 5.laremaining unchanged, promising high efficiency and
low cost. Contrary to it, ZSI also necessitates phase currents and DC-link
voltage sensing resulting in the complex control and increased cost.

To overcome these problems and drawbacks, a simple, cost-effective

and efficient water pumping system based on SPV array fed BLDC motor is
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proposed, as shown in Fig. 5.1b by modifying the existing topology (Fig.5.1a).

A DC-DC buck-boost converter is utilized to extract the maximum
power available from the SPV array. The additional functions of buck-boost
converter are soft starting and speed control of the BLDC motor coupled to a
water pump, by applying the MPPT algorithm appropriately. Owing to the
single switch and least number of reactive components, this converter
possesses very good conversion efficiency and offers boundless region for
MPPT. This converter is operated in continuous conduction mode (CCM)
resulting in a reduced stress on its power devices and components.

Furthermore, the switching loss of VSI is reduced by adopting
fundamental frequency switching resulting in an additional power saving
and hence the enhanced efficiency. The phase currents as well as the DC-
link voltage sensors are completely eliminated, offering simple and
economical system without sacrificing its performance.

The speed of BLDC motor is controlled, without any additional control,
through the variable DC-link voltage of VSI. Moreover, the soft starting of
BLDC motor is achieved by proper initialization of MPPT algorithm of SPV
array. These features offer an increased simplicity of the proposed system.
Such work is reported however, the operation of buck-boost converter is
constrained to the buck mode only. Its utilization is therefore not properly
justified. Moreover, the contribution of the work is distinctly neither
highlighted nor represented. Besides this, an experimental validation is no
where presented and the reported work is limited to the MATLAB/Simulink-
based simulation.

The advantages and desirable features of both the buck-boost
converter and BLDC motor drive contribute to develop a simple, efficient,
cost-effective and reliable water pumping system based on the green energy.
In this paper, the ratings of the SPV array and the BLDC motor are selected
such that the proposed system operates successfully under all thevariations
in the atmospheric conditions and the utilization ofbuck-boost converter is

properly justified.
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5.2 PROPOSED SYSTEM CONFIGURATION AND OPERATING PRINCIPLE

Fig.5.1bshows the configuration of the proposed SPV-based buck-
boost converter fed BLDC motor drive for water pumping. From left to right,
the proposed system consists of an SPV array, a buck-boost DC-DC
converter, a VSI, a BLDC motor and a water pump. As shown in Fig.5.1b,
the SPV array generates the electrical energy and feeds the DC-DC buck-
boost converter.

The insulated gate bipolar transistor (IGBT) switch of the buck-boost
converter is operated through an incremental conductance (INC) MPPT
algorithm such that the operation of the SPV array is optimized and the
BLDC motor has the soft starting. The buck-boost converter is operated in
CCM to reduce the stress on the components and semiconductor devices.
Furthermore, the buck-boost converter feeds power to the VSI, supplying the
BLDC motor coupled to a water pump. Switching sequence for the VSI is
provided by the electronic commutation of BLDC motor. An electronic
commutation is a process of decoding the Hall Effect signals generated by

the inbuilt encoder of the motor according to position of the rotor.
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Fig. 5.1 Configuration of the SPV array fed BLDC motor driven water

pumping system(a) Conventional (b) Proposed

5.3 DESIGN OF THE PROPOSED SYSTEM

The various operating stages of the configuration shown in
Fig.5.1bsuch as the SPV array, the buck-boost converter and the water
pump are designed such that a satisfactory operation is always
accomplished under any kind of change in solar insulation level. A BLDC
motor of 0.7 kW rated power is selected and each stage of the proposed

system are designed accordingly, as follows

5.3.1 Design of SPV Array

A Solar PV array of 0.7 KW peak power capacity, is required by the
BLDC motor. The BLDC motor is selected so that the performance of the
system will not affected by the losses associated with the both converters
and BLDC motor. The parameters of the Solar PV array are estimated at the
standard solar isolation level of 1000 W/m2. A PV module AP-100,
manufactured by Astropower Inc. with peak power of 100 W, maximum
voltage of 16.1 V and maximum current of 2.4 A is considered to design an
Solar PV array of required capacity. First of all, the voltage of the Solar PV
array at MPP is selected in view of the DC voltage rating of the BLDC motor
same as DC-link voltage of the VSI. Selecting this voltage as V,;,, = v,,= 300
V, the other parameters are estimated as:

The current at MPP
Inpp = ipy =%’= 70 0/30 0=2.4A (5.1)

Where ppy = Prpp = 700 W is the peak power capacity.
Numbers of modules connected in series are as

=.=300/16.1= 19 (5.2)

Numbers of modules connected in parallel are as

= =24/24=1 (5.3)

whereVand [, are voltage and current of a module at MPP.
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5.3.2 Design of Buck-Boost Converter
The Solar PV array voltage at MPP, v, = = 300 V appears as the input

voltage source, whereas DC-link voltage of VSI, v4. appears as the output
voltage of the buck-boost converter. The duty ratio, D of buck-boost

converter is estimated, using the input-output relationship as
310

——= =0.51(5.4)

+ 310+300

where V4. = 310 V is rated DC-link voltage of VSI on the other hand,
neglecting the buck-boost converter losses, an average current flowing

through DC link, I4. is as
lge = 22 =70 0/310 = 2.26A (5.5)

dc

An addition of the two currents, ipv and I3 flow through the inductor, L. The

inductor, L is estimated as

DXvp  0.51x300
FewAI [, 10000x11X0.4

L= = 3.4mH (5.6)

Where fsw is the switching frequency of the buck-boost converter and Aly is
an amount of ripple permitted in the inductor current.

The highest and lowest frequencies of the VSI output voltage are considered
to estimate the DC-link capacitor, C. The highest value of VSI output voltage
frequency, wy(in rad/s) is calculated corresponding to the rated speed of the
motor (Nratea = 3000 rpm) while the lowest value of VSI output voltage
frequency, w; (in rad/ s) is calculated corresponding to the minimum speed

of a motor required to pump the water (N = 1100 rpm) as

3000 x4

wp = 2mf = 2w = o x 2202 = 628.3 rad/s(5.7)

120

NP 1100 x4
w; =2nf =2n—=2m X
L 120

120

= 230.38 rad/s(5.8)

Where f is the frequency of VSI output voltage in hertz, Nrateq is rated speed
of the BLDC motor and P is the numbers of poles.

Since sixth harmonic component of VSI output voltage appears on DC
link of VSI, limiting the voltage ripple, AV4c in vdc to 1%, the DC-link

capacitor, C is estimated corresponding to wpand w;as

_ lac _ 4.8 -
Con = 6Xwp XAVge  6X628.3 X310 X 0.01 410.7 pF (5.9)
Cpy= — 2 = 9 = 1120 uF (5.10)

6X w; XAVqe  6x230.38x 310 x 0.01

As per the estimation in, to ensure the satisfactory performance of the
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BLDC motor, somewhat a higher value of C = 1500 uF is selected.

5.4 CONTROL OF THE PROPOSED SYSTEM
The proposed solar PV array system is controlled by Maximum power
point tracking (MPPT) and electronic commutation of BLDC motor. These are

explained in the following sections.

5.4.1 Maximum Power Point Tracking

The MPPT technique is mostly used to optimize the utilization of Solar
PV array. An INC type of MPPT technique is used here because of its high
precision of tracking even under rapid changes in the atmospheric
conditions. The perturbation size is wisely selected such that the oscillation
around the peak power point is avoided and the soft starting of the BLDC
motor is ensured under all the possible variations in the solar isolation level.

A low perturbation size is selected (0.001) to control the tracking
speed. To achieve the soft starting of motor, the output voltage of buck-
boost converter is controlled at starting by initializing the duty ratio as zero.
Therefore, as the operating power point of Solar PV array moves toward MPP,
the DC-link voltage of VSI increases with a controlled rate. This results in a

reduced rate of rise of stator current, ensuring a soft starting.
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Fig 5.2 Illustration of modified INC-MPPT with solar PV array
Ppv—Vpvcharacteristics

5.4.2 Electronic Commutation
In VSI, the switching pulses to the semiconductor devices are

generated by electronic commutation mechanism. Three Hall Effect signals
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are provided by the encoder with respect to the angular position of rotor of
the motor. The output of Hall sensors are logically converted as switching
pulses and given to the semiconductor switching devices of VSI, as shown in

table-5.1.

0,deg Hall Switching States

Signals

H; H, H; S; S22 S; S; S5 Se
NA 0O O O O 0 0 O O o
0-60 1 0 1 1 0 0 1 0 O
60-120 0 0 1 1 0 0 0 O 1
120-180 0 1 1 O 0 1 0 O 1
180-240 0 1 O O 1 1 0 O O
240-300 1 1 O O 1 0 O 1 o
300-360 1 O O O 0 0O 1 1 O
NA 1 1 1 O 0 0 0O O O

TABLE 5.1 Switching states for electronic commutation of BLDC motor

5.4.3 Hysteresis Current Control of BLDC motor

In the sensored BLDC drive, hall sensors are used to obtain the rotor
position information. The drive control system consists of an outer speed
loop for speed control and an inner current loop for current control. Three
separate current sensors are used to measure the phase currents.

Using current waveforms the torque ripple harmonics will be reduced
in BLDC motor. Hysteresis current control strategy produces accurate
torque in BLDC motor with reduced torque ripples. Torque ripple in BLDC
motor by non-ideal current waveform is minimized by using phase current
sensors with help of feedback controllers.

The torque ripple content with and without Hysteresis Current Control

is shown in below table 5.2.

1 Without HCC | With HCC
Torque Ripple 36% 16%
Percentage

Table 5.2 Torque ripple percentage with and without HCC

56



CHAPTER-6
EVALUATION OF MATLAB/SIMULINK MODELING & RESULTS

6.1 INTRODUCTION TO MATLAB

MATLAB was initially developed by a lecturer in 1970’s to help
students learn linear algebra. It was later marketed and further developed
under Math Works Inc. (founded in 1984) www.mathworks.com. MATLAB is
a software package which can be used to perform analysis and solve
mathematical and engineering problems. It has excellent programming
features and graphics capability — easy to learn and flexible. Available in
many operating systems — Windows, Macintosh, UNIX, DOS It has several
tool boxes to solve specific problems.

MATLAB (matrix laboratory) is a multi-paradigm numerical computing
environment and fourth-generation programming language. A proprietary
programming language developed by Math Works, MATLAB allows matrix
manipulations, plotting of functions and data, implementation of algorithms,
creation of user interfaces, and interfacing with programs written in other
languages, including C, C++, Java, Fortran and Python.

Although MATLAB is intended primarily for numerical computing, an
optional toolbox uses the MuPAD symbolic engine, allowing access to
symbolic computing abilities. An additional package, Simulink, adds
graphical multi-domain simulation and model-based design for dynamic and

embedded systems.

6.2 SIMULINK

Simulink, developed by Math Works, is a graphical programming
environment for modeling, simulating and analyzing multi domain dynamic
systems. Its primary interface is a graphical block diagramming tool and a
customizable set of block libraries. It offers tight integration with the rest of
the MATLAB environment and can either drive MATLAB or be scripted from
it. Simulink is widely used in automatic control and digital signal processing
for multi domain simulation and Model-Based Design.

Used to model, analyze and simulate dynamic systems using block

diagrams. Fully integrated with MATLAB, easy and fast to learn and flexible.
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It has comprehensive block library which can be used to simulate linear,
non-linear or discrete systems — excellent research tools. C codes can be
generated from Simulink models for embedded applications and rapid

prototyping of control systems.

6.3 SIMULINK AND ITS RELATION TO MATLAB

The MATLAB and Simulink environments are integrated into one
entity, and thus we can analyze, simulate, and revise our models in either
environment at any point. We invoke Simulink from within MATLAB.

MATLAB is an interactive programming language that can be used in
many ways, including data analysis and visualization, simulation and
engineering problem solving. It may be used as an interactive tool or as a
high level programming language. It provides an effective environment for
both the beginner and for the professional engineer and scientist.
SIMULINKTM is an extension to MATLAB that provides an iconographic
programming environment for the solution of differential equations and other
dynamic systems.

The package is widely used in academia and industry. It is particularly
well known in the following industries: aerospace and defence; automotive;
biotech, pharmaceutical; medical;, and communications. Specialist toolboxes
are available for a diverse range of other applications, including statistical
analysis, financial modeling, image processing and so on. Furthermore, real
time toolboxes allow for on-line interaction with engineering systems, ideal
for data logging and control.

Building on MATLAB (the language of technical computing), Simulink
provides a platform for engineers to plan, model, design, simulate, test and
implement complex electromechanical, dynamic control, signal processing
and communication systems. Simulink-Matlab combination is very useful for
developing algorithms, GUI assisted creation of block diagrams and
realization of interactive simulation based designs. The eleven chapters of
the book demonstrate the power and capabilities of Simulink to solve
engineering problems with varied degree of complexity in the virtual

environment.
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6.4 SIMULATION MODELS & RESULTS

Fig 6.1 Simulation model of BLDC motor drive fed by a solar PV system
without HCC
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Fig 6.2 Simulation model of Solar PV system
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Fig 6.4 Simulation model of DC-DC Buck Boost Converter
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Fig 6.5 Simulated waveforms of solar photovoltaic system output
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Fig 6.6 Simulated waveforms of DC-DC buck boost converter
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Fig 6.8 Simulation model of BLDC motor drive fed by a solar PV system with
HCC
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CHAPTER-7
CONCLUSION

The starting, dynamic and steady-state behaviors of the proposed SPV
array-based buck-boost converter fed BLDC motor have been validated for
water pumping. The proposed system has been designed, modeled and
simulated in MATLAB/Simulink environment Simulation and test results
have been found precisely similar. The buck-boost converter has offered an
unbounded region for MPPT. The fundamental frequency switching of VSI,
the absolute elimination of current and voltage sensing elements, and the
speed control without any additional control scheme or circuit are the
significant features which have contributed to develop a simple, cost-
effective and optimized efficiency system for water pumping without
scarifying its performances. The proposed system has been designed, such
that the performance is not deteriorated by the weather condition and
efficiency limitations of the converters and motors. On the basis of the
simulation and experimental results, a BLDC motor with the buck-boost
converter has been proved as a suitable and compatible combination for

SPV-based water pumping regardless of the weather condition.
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ABSTRACT

The increasing energy demand and depletion of fossil fuels has risen in
awareness of searching for alternative energy source thus the inexhaustible
solar and wind energy is becoming an interesting topic which has grabbed
the attention of researchers to make it sustainable power. The objective of
this project is to provide sustainable power for rural areas and remote
places. The proposed system consists of solar PV and Doubly Fed Induction
Generator (DFIG) based wind turbine. In Solar PV MPPT technique is used to
maximize the power and boost converter is used to rise the DC voltage of
solar PV and fed to the three phase inverter. The DFIG has two controllers
Rotor side control and Grid side control. Rotor side converter and Grid side
Converter have the capability of generating or observing reactive power and
to maintain constant rotor speed, and controls the DC-link voltage.
Simulation study of the proposed system is carried out with MATLAB

Simulink and simulation results are provided.

Keywords—Hybrid system, DFIG, PV cell, MPPT, Converter.
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CHAPTER-1
INTRODUCTION

1.1 THE NEED FOR RENEWABLE ENERGY

Renewable energy is the energy which comes from natural resources
such as sunlight, wind, rain, tides and geothermal heat. These resources are
renewable and can be naturally replenished. Therefore, for all practical
purposes, these resources can be considered to be inexhaustible, unlike
dwindling conventional fossil fuels. The global energy crunch has provided a
renewed impetus to the growth and development of Clean and Renewable
Energy sources. Clean Development Mechanisms (CDMs) are being adopted
by organizations all across the globe.

Apart from the rapidly decreasing reserves of fossil fuels in the world,
another major factor working against fossil fuels is the pollution associated
with their combustion. Contrastingly, renewable energy sources are known
to be much cleaner and produce energy without the harmful effects of

pollution unlike their conventional counterparts.

1.2 DIFFERENT SOURCES OF RENEWABLE ENERGY

1.2.1Wind power

Wind turbines can be used to harness the energy available in airflows.
Current day turbines range from around 600 kW to 5 MW of rated power.
Since the power output is a function of the cube of the wind speed, it
increases rapidly with an increase in available wind velocity. Recent
advancements have led to aerofoil wind turbines, which are more efficient
due to a better aerodynamic structure.

Wind power is the use of airflow through wind turbines to provide

the mechanical power to turn electric generators. Wind power, as an

alternative to burning fossil fuels, is plentiful, renewable, widely

distributed, clean, produces no greenhouse gas emissions during operation,

consumes no water, and uses little land. The neteffects on the

environment are far less problematic than those of fossil fuel sources.
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In 2018, global wind power capacity expanded 10% to 539 GW. Yearly
wind energy production grew 17% reaching 4.4% of worldwide electric power
usage, and providing 11.6% of the electricity in the European Union.
Denmark is the country with the highest penetration of wind power, with
43.4% of its consumed electricity from wind in 2018. At least 83 other
countries around the world are using wind power to supply their electric

power grids.

Figure 1.1 Wind Power

1.2.2 Solar power

The tapping of solar energy owes its origins to the British astronomer
John Herschel who famously used a solar thermal collector box to cook food
during an expedition to Africa.

Solar energy can be utilized in two major ways. Firstly, the captured
heat can be used as solar thermal energy, with applications in space
heating. Another alternative is the conversion of incident solar radiation to
electrical energy, which is the most usable form of energy. This can be
achieved with the help of solar photovoltaic cells or with concentrating solar
power plants.

Solar power is the conversion of energy from sunlight into electricity,

either directly using photovoltaic (PV), indirectly using concentrated solar

ower, or a combination. Concentrated solar power systems

use lenses or mirrors and tracking systems to focus a large area of sunlight

13



into a small beam. Photovoltaic cells convert light into an electric

current using the photovoltaic effect.

Solar Irradiance
from the Sun
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T
Solar #‘; \“" Electric Charge
Panel(s) 4% ..' Currant Controller
Ty .
7
Inverter N ——— —///
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o tysmrz

AC Power 'r;J

DC Power Q

Figurel.2 Solar Power

1.2.3 Small Hydropower

Hydropower installations up to 10MW are considered as small
hydropower and counted as renewable energy sources .These involve
converting the potential energy of water stored in dams into usable electrical
energy through the use of water turbines. Run-of-the-river hydroelectricity
aims to utilize the kinetic energy of water without the need of building
reservoirs or dams.
1.2.4 Biomass

Plants capture the energy of the sun through the process of
photosynthesis on combustion these plants release the trapped energy. This
way, biomass works as a natural battery to store the sun’s energy and yield
it on requirement.
1.2.5 Geothermal

Geothermal energy is the thermal energy which is generated and
14



stored within the layers of the Earth. The gradient thus developed gives rise
to a continuous conduction of heat from the core to the surface of the earth.
This gradient can be utilized to heat water to produce superheated steam
and use it to run steam turbines to generate electricity. The main
disadvantage of geothermal energy is that it is usually limited to regions near
tectonic plate boundaries, though recent advancements have led to the

propagation of this technology.

Types of Biomass

% F Geothermal and Biormass
" ‘ Energy

Landfill Gas Alcohol Fuels

I
i)
(N

Kim Herbine, Amy L

Figurel.3 Geothermal and Biomass energy

1.3RENEWABLE ENERGY TRENDS ACROSS THE GLOBE

The current trend across developed economies tips the scale in favour
of Renewable Energy. For the last three years, the continents of North
America and Europe have embraced more renewable power capacity as
compared to conventional power capacity. Renewable accounted for 60% of
the newly installed power capacity in Europe in 2009 and nearly 20% of the

annual power production.
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Figure 1.4 Global energy consumption in the year 2018

As can be seen from the figure 1.4.wind and biomass occupy a major
share of the current renewable energy consumption. Recent advancements
in solar photovoltaic technology and constant incubation of projects in
countries like Germany and Spain have brought around tremendous growth
in the solar PV market as well, which is projected to surpass other renewable
energy sources in the coming years.

By 2009, more than 85 countries had some policy target to achieve a
predetermined share of their power capacity through renewable. This was an
increase from around 45 countries in 2005. Most of the targets are also very
ambitious, landing in the range of 30-90% share of national production
through renewable. Noteworthy policies are the European Union’s target of
achieving 20% of total energy through renewable by 2020 and India’s
Jawaharlal Nehru Solar Mission, through which India plans to produce

20GW solar energy by the year 2022.

1.4 DRIVERS OF RENEWABLE ENERGY GENERATION

The main drivers of the increased popularity in RE electricity generation
by wind, solar, biomass, small hydro and hybrid are due to emergence of
cleaner and sustainable energy technologies brought along with financial
incentives, promotion mechanisms, economic and regulatory changes
introduced in various countries. According to a study of (IEA, 2002), renewed
interest in small scale electricity generation is

i) Development in distributed electricity generation technologies,

ii) Difficulties in laying new transmission lines,

iii) Demand of reliable electricity supply,
16



iv) Climate change and liberalization of electric power market.

In Europe and USA, distributed RES growth has been reported which are
due to (i)Flexibility in deployment due to their small size, (ii) shorter lead
time for installation and commissioning, operation and capacity expansion,
(iii) cost effective source of electricity for peak load, (iv) minimal cost of
transmission and distribution which could be as high as 40%, (iii) insurance
against volatile prices of electricity, (iv) minimal transmission and
distribution losses, and (v) effective use of locally available cheap primary
RE.
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CHAPTER-2
PHOTOVOLTAIC SYSTEM

2.1HISTORY

In 1839, a French physicist Edmund Becquerel proposed that few
materials have theability toproduce electricity when exposed to sunlight. But
Albert Einstein explained the photoelectric effect and the nature of light in 1905.
Photoelectric effect, state that when photons or sunlight strikes to a metal
surface flow of electrons will take place. Later photoelectric effect became the
basic principle for the technology of photovoltaic power generation. The first PV

module was manufactured by Bell laboratories in1954.

2.2 PHOTOVOLTAIC ARRANGEMENT

A photovoltaic energy systemis mainly powered by solar energy. The

configuration of PV system is manifested in figure2.1.

> MPPT
PV > DC-DC
MODULE CONVERT

ﬂ

SNd 20

> LOAD

BI-DIRECTIONAL
ey M

Figure 2.1 Overall block diagram of PV energy system

It contains PV modules or arrays, which convert solar energy in the form
of solarirradiation into electric energy. The dc-dc converter changes the level
of the voltage to match it with the electrical appliances that are supplied by
thissystem. This DC-DC converter may be either buck or boost or buck-boost
contingent onthe required and available voltage levels. The maximum power

point tracing system coerces the maximumpower from the PV modules. A bi-
18



directional converter which is able to supply the current in both the
directions is used to charge the battery when there is a power surplus and
the energy stored by the battery is discharged intotheloadwhenthereis a power
deficit.

2.3 SOLAR CELL STRUCTURE

In most of today solar cells the absorption of photons, which results
in the generation of the charge carriers, and the subsequent separation of
the photo-generated charge -carriers take place in semiconductor
materials. Therefore, the semiconductor layers are the most important
parts of a solar cell; they form the heart of the solar cell

There are a number of different semiconductor materials that are
suitable for the conversion of energy of photons into electrical energy,
each having advantages and drawbacks. In this chapter the most
important semiconductor properties that determine the solar cell
performance will be discussed.

The crystalline silicon (c- Si) solar cell, which dominates the PV
market at present, has a simple structure, and provides a good example
of a typical solar cell structure. An absorber material is typically a
moderately-doped p-type square wafer having thickness around 300 um
and an area of 10 x 10 cm? or 12.5 x 12.5 cm?Z.

On both sides of the c-Si wafer a highly doped layer is formed, n*-
type on the top side and p*type on the back side, respectively. These
highly doped layers help to separate the photo-generated charge carriers
from the bulk of the c-Si wafer.

In addition to semiconductor layers, solar cells consist of a top and
bottom metallic grid or another electrical contact that collects the
separated charge carriers and connects the cell to a load. Usually, a thin
layer that serves as an antireflective coating covers the topside of the cell
in order to decrease the reflection of light from the cell. In order to protect
the cell against the effects of outer environment during its operation, a
glass sheet or other type of transparent encapsulate is attached to both
sides of the cell. In case of thin- film solar cells, layers that constitute the
cell are deposited on a substrate carrier. When the processing

19



temperature during the deposition of the layers is low, a wide range of
low-cost substrates such as glass sheet, metal or polymer foil can be

used.
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Figure 2.2 Basic structure of PV cell

The first successful solar cell was made from c -Si and c-Si is still
the most widely used PV material. Therefore we shall use c-Si as an
example to explain semiconductor properties that are relevant to solar
cell operation. This gives us a basic understanding of how solar cells

based on other semiconductor materials work.

2.4 PV CELL

Photovoltaic cell is the building block of the PV system and
semiconductor material such as silicon and germanium are the building
block of PV cell. Silicon is used for photovoltaic cell due to its advantages
over germanium. When photons hit the surface of solar cell, the

20



electrons and holes are generated by breaking the covalent bond inside
the atom of semiconductor material and in response electric field is
generated by creating positive and negative terminals. When these
terminals are connected by a conductor an electric current will start flowing.

This electricity is used to power a load.

2.5 PV MODULE

A single cell generatevery low voltage (around 0.4), so more than one PV
cells can be connected either in serial or in parallel or as a grid (both serial and
parallel) to form a PV module as shown in fig.2.2. When we need higher voltage,
we connect PV cell in series and if load demand is high current then we connect
PV cell in parallel. Usually thereare 36 or 76 cells in general PV modules.
Module we are using having 54 cells. The frontside ofthe module is
transparent usually buildup of low-iron and transparent glass material, and

the PV cell is encapsulated.

2.6 PV ARRAY

A photovoltaic array is simply an interconnection of several PV modules
in serialand/or parallel. The power generated by individualmodules may not
be sufficient to meet the requirement of trading applications, so the modules
are secured in a grid form or as an array to gratify the load demand. In
anarray, the modules are connected like as that of cells connected in a
module. While making a PV array, generally the modules are initially connected in
serial manner to obtain the desired voltage, and then strings so obtained are
connected in parallel in order to produce more current based on

therequirement.
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Cell

Array

Figure 2.3 PV Cell, PV Module, PV Array

2.7 WORKING OF PV CELL

The basic theory involved in working of an individual PV cell is the
Photoelectric effect according to which, when a photon particle hits a PV cell,

{{J(_/#adiation

—— -

LOAD

after receivingenergy

Figure 2.4 Working of PV cell
fromsunbeam the electrons of the semiconductor get excitedand hop to the
conduction band from the valence band and become free to move. Movement
ofelectrons create positive and negative terminal and also create potential
difference across these two terminals. When an external circuit is connected

between these terminals anelectric current start flowing through thecircuit.
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2.8 MODELING OF PV CELL
The photovoltaic system converts sunlight directly to electricity without

having any disastrous effect on our environment. The basic segment of PV array
is PV cell, which is just a simplep-
njunctiondevice.Thefig.2.5manifeststheequivalentcircuitofPVcell .Equivalent
circuit has acurrent source (photocurrent), a diode parallel to it, a resistor
in series describing an internal resistanceto the flow of current and a shunt
resistance which expresses a leakage current. The current supplied to the load

can be givenas.
=1, _I{GXP(V+IRSJ_l}_{V+IRS}
aVy Ry (2.1)

Where

Ipv-Photocurrent current,
Io—diode’s Reverse saturation current,
V-Voltage across the diode,

a— Ideality factorVr-Thermal voltage Rs— Series resistance R,-Shuntresistance

v} § b T

®n, v = v

Figure 2.5 Equivalent circuit of Single diode model of a solar cell

PV cell photocurrent, which depends on the radiation and
temperature, can be expressed as.
G
Ipy = (IPIQSTC +K1AT)_
sTC (2.2)
Where
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Kr cell’s short circuit current temperature coefficient,

G-solar irradiation in W/m?2

Gsrc-nominal solar irradiation in W/m?

Ipv st Light generated current under standard test condition

The reverse saturation current varies as acubic function of temperature,

which is representedas

3
I =1 Tore exp gE, [ 1 _l
0TSl aK \Tye T

(2.3)

Where

Ip st— Nominal saturation current

Es Energy band gap of semiconductor Tsrc-temperature at standard test
condition g — Charge ofelectrons

The reverse saturation current can be further improved as afunction of
temperature as follows

(Ze s + K,AT)

(VOQSTC + KVAT)
exp o -1
T

I, =

(2.4)

Isc ste— short circuit current at standard test condition Voc sre— short circuit
voltage at standard test condition Ky temperature coefficient of open circuit
voltage
Many authors proposed more developed models forbetter accuracy and for
different purposes. In some of the models, the effect of the recombination of
carriers is represented by an extra diode. Some authors also used three diode
models which included influences of some other effects that are not considered in
previous models. But dueto simplicity we use single diode model for ourwork .
Efficiency of a PV cell does notdepend on the variation in
theshuntresistanceRpof the cell but efficiency of a PV cell greatly depends on
thevariationinseriesresistanceRs. As Rpof the cell is inversely proportionalto the
shunt leakage current to ground so it can be assumed to be very large value
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for a very small leakage current toground.As the total power generated by a
single PV cellis very low, we used a combination of PV cells to fulfill our

desired requirement. The equations of the PV array can be representedas

V + IR U;SJ V + IR (]]\\?j
P P
— NP || NP

I=1,,N,—1I,N,|exp

aV,N R [ Ny j
NP
(2.5)

Ns— Number of seriescells,

Np- Number of parallel cells

N,
/_______/\___—_\ 1
—

AR
=

AR

i -l G) .-‘-r’_‘.% | | F | R, N, v

Figure 2.6 Representation of PV module
A small change in series resistance canaffect more on the efficiency of a
PV cells but variation in shunt resistance does not affect more. For very small
leakage current to ground, shunt resistance assumed to be infinity and can
be treated as open. After considering shunt resistance infinity, the

mathematical equationof the model can be expressedas.

V+[RS(]A\;SJ
I=1,,N,-I,N,|exp —aVTNS LAy
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CHAPTER-3
OVERVIEW OF MAXIMUM POWER POINT TRACKING

3.1 INTRODUCTION

Studies show that a solar panel converts 30-40% of energy incident
on it to electrical energy. A Maximum Power Point Tracking algorithm is
necessary to increase the efficiency of the solar panel.

There are different techniques for MPPT such as Perturb and Observe
(hill climbing method), Incremental conductance, Fractional Short Circuit
Current, Fractional Open Circuit Voltage, Fuzzy Control, Neural Network
Control etc. Among all the methods Perturb and observe (P&O) and
Incremental conductance are most commonly used because of their simple
implementation, lesser time to track the MPP and several other economic
reasons.

Under abruptly changing weather conditions (irradiance level) as MPP
changes continuously, P&O takes it as a change in MPP due to perturbation
rather than that of irradiance and sometimes ends up in calculating wrong
MPP. However this problem gets avoided in Incremental Conductance
method as the algorithm takes two samples of voltage and current to
calculate MPP. However, instead of higher efficiency the complexity of the
algorithm is very high compared to the previous one and hence the cost of
implementation increases. So we have to mitigate with a trade off between
complexity and efficiency.

It is seen that the efficiency of the system also depends upon the
converter. Typically it is maximum for a buck topology, then for buck-boost
topology and minimum for a boost topology.

When multiple solar modules are connected in parallel, another analog
technique TEODI is also very effective which operates on the principle of
equalization of output operating points in correspondence to force
displacement of input operating points of the identical operating system.

It is very simple to implement and has high efficiency both under
26



stationary and time varying Atmospheric condition.

A typical solar panel converts only 30 to 40 percent of the incident
solar irradiation into electrical energy. Maximum power point tracking
technique is used to improve the efficiency of the solar panel.

According to Maximum Power Transfer theorem, the power output of
a circuit is maximum when thethevenin’s impedance of the circuit
(source impedance) matches with the load impedance.

Hence our problem of tracking the maximum power point reduces to
an impedance matching problem. In the source side we are using a boost
convertor connected to a solar panel in order to enhance the output voltage
so that it can be used for different applications like motor load. By changing
the duty cycle of the boost converter appropriately we can match the source

impedance with that of the load impedance.

3.2DIFFERENT MPPT TECHNIQUES

There are different techniques used to track the maximum power point.
Few of the most popular techniques are

i) Perturb and Observe (hill climbing method)

ii) Incremental Conductance method

iii) Fractional short circuit current

iv) Fractional open circuit voltage

v) Neural networks

vi) Fizzy logic

The choice of the algorithm depends on the time complexity the algorithm
takes to track the MPPT, implementation cost and the ease of

implementation
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3.2.1Perturb & Observe method
Perturb & Observe (P&O) is the simplest method. In this we use only

one sensor, that is the voltage sensor, to sense the PV array voltage and so
the cost of implementation is less and hence easy to implement. The time
complexity of this algorithm is very less but on reaching very close to the
MPP it doesn’t stop at the MPP and keeps on perturbing on both the
directions. When this happens the algorithm has reached very close to the
MPP and we can set an appropriate error limit or can use a wait function
which ends up increasing the time complexity of the algorithm. However the
method does not take account of the rapid change of irradiation level (due to
which MPPT changes) and considers it as a change in MPP due to
perturbation and ends up calculating the wrong MPP. To avoid this problem

we can use incremental conductance method.

3.2.2 Incremental Conductance

Incremental conductance method uses two voltage and current
sensors to sense the output voltage and current of the PV array.

At MPP the slope of the PV curve is O

(d_Pj _d0r)

av dv (3.1)
0=I+V(£j
dV )mpp
(3.2)
(@) =t
AV eV (3.3)

The left hand side is the instantaneous conductance of the solar panel.
When this instantaneous conductance equals the conductance of the solar
then MPP is reached. Here we are sensing both the voltage and current
simultaneously. Hence the error due to change in irradiance is eliminated.
However the complexity and the cost of implementation increase. As we go
down the list of algorithms the complexity and the cost of implementation
goes on increasing which may be suitable for a highly complicated system.

This is the reason that Perturb and Observe and Incremental

Conductance method are the most widely used algorithms. Owing to its

28



simplicity of implementation we have chosen the Perturb & Observe

algorithm for our study among the two.

3.2.3 Fractional open circuit voltage

The near linear relationship between Vupp and Voc of the PV array,
under varying irradiance and temperature levels, has given rise to the
fractional Voc method

Virr = KV oc
(3.4)
Where ki is a constant of proportionality. Since ki is dependent on the

characteristics of the PV array being used, it usually has to be computed
beforehand by empirically determining Vmpp and Voc for the specific PV
array at different irradiance and temperature levels. The factor k; has been
reported to be between 0.71 and 0.78. Once ki is known, Vwmpp can be
computed with Voc measured periodically by momentarily shutting down the
power converter. However, this incurs some disadvantages, including

temporary loss of power.

3.2.4 Fractional short circuit current

Fractional Isc results  from the fact that, under varying atmospheric
conditions, Imppris approximately linearly related to the Isc of the PV array.

L = Kl (3.5)

Where k> is a proportionality constant. Just like in the fractional Voc
technique, k> has to be determined according to the PV array in use. The
constant ko is generally found to be between0.78 and 0.92. Measuring Isc
during operation is problematic. An additional switch usually has to be
added to the power converter to periodically short the PV array so that ISC

can be measured using a current sensor.
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3.2.5 Fuzzy Logic Control

Microcontrollers have made using fuzzy logic control popular for MPPT
over last decade. Fuzzy logic controllers have the advantages of working with
imprecise inputs, not needing an accurate mathematical model, and

handling nonlinearity

3.2.6 Neural Network

Another technique of implementing MPPT which are also well adapted
for microcontrollers is neural networks. Neural networks commonly have
three layers input, hidden, and output layers. The number nodes in each

layer vary and are user-dependent. The input variables can be PV array
parameters like Voc and Isc, atmospheric data like irradiance and

temperature, or any combination of these. The output is usually one or
several reference signals like a duty cycle signal used to drive the power

converter to operate at or close to the MPP.

TABLE 3.1 CHARACTERISTICS OF DIFFERENT MPPT

TECHNIQUES

MPPT ConvergenceSpeed | Implementation | Periodic | Sensed
technique complexity tuning | parameters
Perturb & Varies Low No Voltage
observe
Incremental Voltage,
conductance Varies Medium No Current
Fractional
Voc Medium Low Yes Voltage

Fractional

Isc Medium Medium Yes Current

Fuzzy logic

control Fast High Yes Varies
Neural Fast High Yes Varies
network
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CHAPTER-4
DC -DC CONVERTER

4.1 INTRODUCTION

Before the development of power semiconductors and allied
technologies, one way to convert the voltage of a DC supply to a higher
voltage, for low-power applications, was to convert it to AC by using
a vibrator, followed by a step-up transformer and rectifier. For higher power
an electric motor was used to drive a generator of the desired voltage
(sometimes combined into a single "dynamotor" unit, a motor and generator
combined into one unit, with one winding driving the motor and the other
generating the output voltage). These were relatively inefficient and expensive
procedures used only when there was no alternative, as to power a car radio
(which then used thermionic valves/tubes requiring much higher voltages
than available from a 6 or 12V car battery). The introduction of power
semiconductors and integrated circuits made it economically viable to use
techniques as described below, for example to convert the DC power supply
to high-frequency AC, use a transformer—small, light, and cheap due to the
high frequency—to change the voltage, and rectify back to DC.

DC to DC converters are used in portable electronic devices such

as cellular phones and laptop computers, which are supplied with power

from batteries primarily. Such electronic devices often contain several sub-
circuits, each with its own voltage level requirement different from that
supplied by the battery or an external supply (sometimes higher or lower
than the supply voltage). Additionally, the battery voltage declines as its
stored energy is drained. Switched DC to DC converters offer a method to
increase voltage from a partially lowered battery voltage thereby saving space
instead of using multiple batteries to accomplish the same thing. One of the

DC-DC converter used to convert is Fly back converter and Boost converter.
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4.2 APPLICATIONS OF DC-DC CONVERTERS

1. Dc converters can be used in regenerative braking of dc motors to return
energy back into the supply and this feature results in energy savings
for transportation system with frequent stops. As for example
a) Traction motor control in electric automobiles.

b) Trolley cars
c) Marine Hoists
d) Forklift trucks
e) Mine Haulers
2. Also used in DC voltage regulators and also are used in conjunction with
an inductor to generate a dc current source especially for the current source

inverter.

4. 3 SWITCHING CONSIDERATION OF DC-DC CONVERTERS

The converter switch can be implemented by using
a) Power bipolar junction transistor (BJT)
b) Power Metal Oxide Semiconductor Field Effect Transistor (MOSFET)
¢) Gate Turn Off Thyristor (GTO)
d) Insulated gate bipolar transistor (IGBT)
Practical devices have a finite voltage drop ranging from 0.5V to 2V
but during the calculations for the sake of simplicity of the understanding,

these switches are considered lossless.

4.4 TYPES OF DC-DC CONVERTERS

DC-DC converter is an electrical circuitwhose main application is to
transform a dc voltage from one level to another level. It is similarto a
transformer in AC source, it can able to step the voltage level up or down.
The variabledc voltage level can be regulated by controlling the duty ratio (on-
off time of a switch) of the converter.

There are various types of dc-dc converters thatcan be used to transform
the level of the voltage as per the supply availability and load requirement.
Some ofthem are discussedbelow
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e Buck converter

e Boost converter

e Buck-Boost converter

e The CUK converter

e The Fly-back converter

e The Forward Converter

e The Push-pull Converter
e The Full Bridge converter
e The Half Bridge Converter
e Current Fed converter

e Multiple output converters
4.4.1 Buckconverter

The functionality of a buck converter is to reduce the voltagelevel. The

circuitdiagram of the buck converter is manifested in figure4.1.

R
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Figure 4.1 circuit diagram of buck converter
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When the switching element is instate of conduction the voltage
appearing across the load is Vinand the current is supplied from source to
load. When the switch is offthe load voltage is zero and the direction of
current remains the same. As thepower flows from source side to load side,
the load sidevoltage remains less than the source side wvoltage. The output
voltage is determined as a functionof source voltage using the duty ratio of the
gate pulse given to the switch. It is the product of the duty ratio andthe input
voltage.

The buck converter is a ubiquitous DC-DC converter that efficiently
converts a high voltage to a low voltage efficiently. Efficient power conversion
extends battery life, reduces heat, and allows for smaller gadgets to be built.

The buck converter can be used in lots of cool applications.

(a) Continuous Conduction Mode

state

Switch

Figure 4.2 Evolution of the voltages and currents with time in an ideal buck
converter operating in continuous mode
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(b) Discontinuous Conduction Mode
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Figure 4.3 Evolution of the voltages and currents with time in an ideal buck
converter operating in discontinuous mode.

4.4.2 Boostconverter

The functionality of boost converter is toincreasethevoltagelevel.
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Figure 4.4 circuit diagram of boost converter
Thecircuit configuration of the boost converter is manifested in
figure4.4.Thecurrent carried by the inductor starts rising and it stores
energy during ON time of the switching element. The circuit is said to be
incharging state. During OFFcondition, the reserve energy of the inductor
starts dissipating into the load along with the supply. The output voltage level

exceeds that of the input voltage and is dependent on the inductor time constant.
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The load sidevoltage is the ratio of source side voltage and the duty ratio of

the switchingdevice.

(a) Continuous Conduction Mode
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Figure 4.5 Waveforms of current and voltage in a boost converter operating
in continuous mode

(b) Discontinuous Conduction Mode
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Figure 4.6 Waveforms of current and voltage in a boost converter operating
in discontinuous mode

36



4.4.3 Buck-Boostconverter

The functionality of abuck-boostconverteris toset the level of load side
voltage to either greater than or less than that of the source side voltage.
The circuitconfiguration of the buck-boost converter is manifested in figure4.7.
121 b ;
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Figure 4.7 circuit diagram of buck-boost converter

When the switches are in the state of conduction, thecurrent carried
by the inductor starts rising and it stores energy. The circuit issaid to be in
charging state. While the switches are in the OFF state, thisstoredenergyof the
inductor isdissipated to the load through the diodes.

The output voltage can be varied based on the On-time of the switches.
The buck-boost converter acts as both buck andboost converters depending
on the duty cycle of the switches. For the duty ratio less than 50% it acts as
a buck converter and for the duty ratio exceeds than 50% it acts as
boostconverter.As the voltage can be stepped both up and down, we usebuck-
boost converter for our convenience in ourwork.

It is used in the self regulating power supplies, It is used in consumer
electronics, It is used in the Battery power systems, Adaptive control

applications, Power amplifier applications.
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(a) Continuous Conduction Mode
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Figure 4.8 Waveforms of current and voltage in a buck-boost converter

operating in continuous mode

(b) Discontinuous Conduction Mode
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Figure 4.9 Waveforms of current and voltage in a buck-boost converter

operating in discontinuous mode
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CHAPTER-5

INVERTERS

5.1 INTRODUCTION

An inverter is a power electronic device that converts direct

current (DC) to alternating current (AC) at the required frequency and

voltage output. It is not the same thing as an alternator, which

converts mechanical energy (e.g. movement) into alternating current.

Direct current is created by devices such as batteries and solar panels.
When connected, an inverter allows these devices to provide electric
power for small household devices. The inverter does this through a complex
process of electrical adjustment. From this process, AC electric power is

produced. This form of electricity can be used to power an electric light,

a microwave oven, or some other electric machine.

An inverter usually also increases the voltage. In order to increase the
voltage, the current must be decreased, so an inverter will use a lot of
current on the DC side when only a small amount is being used on the AC
side.

Inverters are made in many different sizes. They can be as small as
150 watts, or as large as 1 megawatt (1 million watts). Smaller inverters
often plug into a car's cigarette lighter socket and provide 120 or 240 volt AC
power from the car's 12 volt supply.

The earliest inverters consisted of a DC motor connected mechanically
to an AC generator. A later design often used with vacuum tube car radios
consisted of a rapidly switching relay. Modern inverters are based

on MOSFET or IGBT transistors.

5.2 CLASSIFICATION OF INVERTER

Inverter can be classified into many types based on output, source,

type of load etc. Below is the complete classification of the inverter circuits

(I) According to the Output Characteristic
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1. Square Wave Inverter
2. Sine Wave Inverter
3. Modified Sine Wave Inverter

(II) According to the Source of Inverter

1. Current Source Inverter
2. Voltage Source Inverter

(III) According to the Type of Load
1. Single Phase Inverter

1. Half Bridge Inverter
2. Full Bridge Inverter
2. Three Phase Inverter
1. 180-degree mode
2. 120-degree mode
(IV) According to different PWM Technique

Simple Pulse Width Modulation (SPWM)

Multiple Pulse Width Modulation (MPWM)

Sinusoidal Pulse Width Modulation (SPWM)

Modified sinusoidal Pulse Width Modulation (MSPWM)

H b=

(V) According to Number of Output Level

1. Regular Two-Level Inverter

2. Multi-Level Inverter

5.3 MULTI LEVEL INVERTER

Multilevel Converters has been attracted a large interest in the power
industry in the recent years. Industry has started to involve in higher power
equipment, which already reaches megawatt level. Conventional power
electronic converters are only able to switch each individual input or output
link between two possible voltage levels, especially those of the internal DC
voltage link. The general structure of the multilevel converter is to generate a
sinusoidal voltage from several levels of voltages which are usually obtained
from capacitor voltage sources. Three different topologies have been
projected for multilevel converters Diode clamped converter; Flying capacitor

converter (Capacitor Clamped); and lastly cascaded converter. Several
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modulation and control strategies have been developed or being used for
multilevel converters including the following Multilevel sinusoidal pulse
width modulation (PWM), multilevel selective harmonic elimination, and

space-vector modulation (SVM).
5.3.1 Advantages of multilevel Inverter

1. They are able to generate output voltages with very low distortion and

lower dv/dt.
2. They are able to bring in input current with very low input distortion.

3. They are able to produce smaller common mode (CM) voltage, therefore,

reducing the stress in the motoring bearings.

4. They can be functioned with a much lower switching frequency.

5.3.2 DC-AC three-level NPC Inverter
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Figure 5.1 Three-level Neutral point-Clamped inverter
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The three level neutral point clamped inverter is shown in the Figure
5.1. This inverter is the modified form of two-level inverter topology with the
addition of two new semiconductor switches per phase. The two capacitor C1
and C2 split the dc bus voltage which make the neutral point P’ that

generate an additional voltage level hence making it three-level inverter. The
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clamping diode limits the voltage stress across the switches to the value of
the voltage across the capacitor that is Vdc/2. Table 5.1 shows the switching
states for three-level inverter. The inverter output is Vdc/2 when switch S1
and S2 are on while output —-Vdc/2 when switch S3 and S4 are switched on.
The inverter generates switching state O when S2 and S3 are on. NPC offers
many advantages like the capacitance requirement in this topology is
reduced as all phases share common dc bus; hence back to back topology is
suitable for practical uses just like for multi drive and high voltage back to
back interconnections. Further, capacitors can be charged prior treating
them as group. However, NPC has some disadvantages too, the number of
clamping diode increase with the increase in number of levels which can be
unmanageable. The reverse recovery of these clamping diode presents a
major design challenge when the inverter is operating under PWM in high

voltage high power application.

TABLE 5.1 THREE-LEVEL INVERTER SWITCHING STATES

Switching | Device Switching Status (Phase A) Inverter
State Terminal
S1 S2 S3 S4
Voltage

ON ON OFF OFF +0.5Vdc

1

o OFF ON ON OFF OVdc

) OFF OFF ON ON -0.5Vdc
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CHAPTER-6

WIND ENERGY SYSTEM

6.1 INTRODUCTION

Wind turbines are commonly described in terms of rated power, also
known as rated output or rated capacity. Rated power is the instantaneous
output of the turbine (measured in watts) at a certain wind speed (called the
rated speed) at a standard temperature and altitude. The rated power of
small wind turbines falls in the range of 1,000 to 100,000 watts. One
thousand watts is one kilowatt (kW). Large wind turbines include all of those
turbines over 100 kilowatts. Most larger turbines, however, are rated at one
megawatt or higher. A megawatt is a million watts or 1,000 kilowatts. It is
important to note that wind turbines do not produce their rated power all of

the time, only when they’re running at their rated wind speed.

6.2 ADVANTAGES OF WIND ENERGY

Although residential wind turbines and their energy source, the wind,
have a few downsides, wind energy is an abundant and renewable resource.
We won’t run out of wind for the foreseeable future, unlike oil and natural
gas. Small-scale wind energy could also help decrease our reliance on
declining and costly supplies of oil, if electricity generated by wind is used to
power electric or plug-in electric hybrid cars and trucks, displacing gasoline,
which is refined from oil. Wind could even eventually reduce our dependence
on nuclear power as well.

In the developed countries, nuclear power plants generate about 20
percent of the nation’s electricity. Although wind energy does have its
impacts, it is a relatively benign technology compared to conventional
sources of electricity. It could help all countries create cleaner and safer
energy at a fraction of the environmental cost of conventional electrical
energy production. Wind energy can help nations reduce global warming and
devastating changes in our climate. Wind can also help homeowners and
businesses do their part in solving other costly environmental problems such

as acid rain. An increasing reliance on wind energy could therefore ease
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international political tension. Wind is also a free resource. The cost of wind
is not subject to price increases.

A wind- and solar-powered future might be one subject to less
inflation. This is not to say that wind energy will be free of price increases.
While the fuel itself (the wind) is free, the price of wind generators is likely to
increase. That’s because it takes energy to extract and process minerals to
make the steel and copper needed for wind turbines and towers. It also takes
energy to make turbines and towers and ship and install them.

As the price of conventional fuels and raw materials increases, the c