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Dear students, today we learn solar PV modules, arrays and PV system. So, before we

start today's discussion, let us summarize what we have discussed in the last class.
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So, in the last class, we have learned how to develop I-V characteristics curve of a solar
cell. So, here as you can see, this current is varying with voltage, and it reaches zero
value here, and power increases linearly and reaches a maximum value, and then it
reaches a zero value here. This intersection of this line in the x-axis is known as Vo and
intersection of these lines in the y-axis is known as I or short circuit current. So, every

curve will have a maximum power point.

Also, we have studied the performance parameter of a PV cell which includes field
factor, which is a function of Isc, Voc, Im, Vin. So, Im is nothing but maximum current and
Vi 1s nothing but maximum voltage at this this point. We also define how this field factor
can be estimated. In order to analyze the performance of a solar cell, we have to take help

of this equivalent circuit diagram, so which comprises of a current source which provides



Isc is the amount of current and [j is the current flows through this p-n junction, and I, is
the amount of current flows through shunt resistance, and I is the amount of current

which flows through the load resistance having voltage drop of V.

So, normally what happens, this Rsh is shunt resistance is very, very high compared to R
and this internal series resistance R is very, very low compared to Rr. Hence, under this
consideration, this can be omitted, and we can modify this equivalent circuit diagram and

we can derive the expression for maximum power. So that has been done in the last class.

And also, we have studied the effect of variation of solar radiation and temperature on the
characteristics of solar cell. As you can see this -V characteristics plot, here red line
shows the at higher temperature, and this is at, this curve is at higher insolation. So, as
temperature increases, this our shape of the I-V characteristic curve will change, and we
will get lesser amount of current, efficiency finally we will get very less. If we can
operate at standard test conditions, maybe at 25 °C, then we will get maximum
conversion efficiency. Otherwise, if temperature increases, ambient temperature
increases, then accordingly cell temperature will increase and then we will get lesser

conversion efficiency.

Also, what we have studied if we know Isc value for standard test condition, means at
1000 W/m? and AM1.5, and at ambient condition, at say 25 °C, then we can calculate I
value of other insolation. So, if we know this, then this can be calculated. And also, we
have studied solar cell efficiency and bandgap, how they are related. So, with this

background, let us move to the today's discussion.
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Solar module, array and PV systems

* Classification.

* Specification of a module.

* Cell matching of a module.

+ Effect of shadowing.

* Maximization of solar PV output and load matching.
* Maximum power point tracker (MPPT).

So, solar module classifications we will discuss today, then specification of a module,
then cell matching of a module, then effect of shadowing, maximization of solar PV
output and load matching and finally, maximum power point tracker for the PV system

will be discussed. So, what is PV module?
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PV module is an assembly of photovoltaic cells mounted in a framework for installation.

As you can see, this is a single solar cell, this single solar cell or you can say bare single



cell cannot be used for outdoor applications; because its output is very less. As we can
say, it will give about 0.6 V. So, single cell will provide about 0.6 V, so this cannot be

used for many of the practical applications, if we are proposing for outdoor applications.

And also, it requires protection against dust, moisture, mechanical shock and outdoor
harsh conditions. So, if we combine many cells, then we can convert to a module. So, that
means this workable voltage and reasonable power is obtained by interconnecting
appropriate number of cells. These cells have to be connected in series sometimes and

then we have to connect in parallel, that has to be decided.

Mostly in common modules, have series connection of 36 silicon cells, to make it capable
of charging a 12 V storage battery. So, thats why, most of the cases, single modules are
36 cells are there and which can be capable of charging a battery of capacity 12 V. Of

course, it will have more numbers of cells in the international market.

So, if we see very precisely this module, what are different layers composed of these
modules? Of course, we need a junction box at the end, and this is the back seat, and then
on the top of it, we will have encapsulant, and then solar cells are placed, and again, at
the top of the solar cells, we will have encapsulant then glass, then frame. You see,

different layers are composed of a module.
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Series and parallel connection in PV module
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Now, let us see how these modules are connected in series and parallel. So, if we talk
about a single cell, so this single cell can provide a voltage of 0.6 V. And if we talk about
current density I, so this, it varies from 200 to 300 A/m?. So, if these cells are connected
in series then what will happen, current will remain fixed, but voltage will vary. So, since
three cells are connected in series, so if you say (0.6 + 0.6 + 0.6), so it will be 1.8 V. And
if we connect these cells in parallel then what will happen, its voltage will be constant but

current will add up.

So, here current means I; then we have I, then we have Iz, so this will be added. So, if |
am interested to develop I-V characteristics for these two conditions, then we can
develop. Say for single-cell, we can we can draw this I-V and if we have two cells then
two volts will be there, so this connection is for series, and this is for parallel. Then for
two cells, it will be two Vo and then for three cells will be three Vo, so it will be

something like this.

And in case of parallel connections, as we can understand, this voltage will be fixed, so
this is the one and then if we add second one parallelly and then third one, so this will be
3 X Is. So, configurations of this I-V characteristics when we are interested for series and

parallel connections, then it will look like something like this. And this figure shows how



these batteries are connected in series, in a real situation. So, this knowledge is very very

important. In most of the cases, we have to know go through this kind of considerations.
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So, how does a module classify? So, classified based on the material used in the backside
of the module. So, if the back cover of the module is made of opaque Tedlar, it is known
as glass-to-Tedlar, and this Tedlar is nothing but polyvinyl fluoride or opaque PV
module. This is known as glass-to-Tedlar or opaque PV module. And the second one, if
the back cover the module is made of glass, it is known as glass-to-glass or semi-

transparent PV module. So, primarily, these two categories are prominently available.

And the amount of light transmitted from a semi-transparent PV module depends on its
packing factor. We will define what is packing factor. It will tell about the density of the
cells in a given PV module. So, we will define this factor. Also, we will study the
efficiency of a module. Since, we have the experience of calculating the efficiency of the
cell, so how does this efficiency will be different for modules that will be studied in the

coming slides.
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So, this is a standard specification of a module. So, here module size is about 119.1 cm x
53.3 cm is the size, and of course, there are multiple options of fabrication of modules
and these are internationally accepted. But, normally these modules are widely available
and practically used. So, module weight is about 7.5 kg, then cell size is 12.5 cm % 12.5
cm, and the number of cells as I say is 36, nominal output is 80 W, and nominal voltage

is 12 V, then maximum voltage is 17 V, and V. is about 21.2 V and I is 4.9 A.

So, this can be very easily calculated, how this will be? So, 36 multiplied by 0.6 will be
something like this. And here if we consider about 250 average A/m? multiplied by we
will have the area, it is about 0.125 % 0.125. So, that way we can calculate Is. values and
conversion efficiency is normally 12.5 %. And these values are found under standard test
condition, where intensity of solar radiation is 1000 W/m? and spectrum of 1.5 and cell

temperature of 25 °C.
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Difficulties associated with PV Modules

* Cell Mismatch in a module

* Effect of shadowing
* Partial shadowing of a cell - Series connection
* Partial shadowing of a cell - Parallel connection

So, now let us study the difficulties associated with PV modules. So, problems may arises
if cells are not matched and if these cells of the modules are shadowed. So, these two
phenomenons will be studied. Under the effect of shadowing, we will study two cases,
first case will be for partial shadowing of a cell with series connection and second case is
partial shadowing of the cell with parallel connections. So first, let us study, cell

mismatch in a module.
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Cell mismatch in a module
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So what is cell mismatch? So, if two cells or maybe three cells, we consider, if their
characteristics are not the same, then they are different. So, if they are connected in
series, then then their behaviour will be different. So, what happens when we are
connecting cells in modules in series or in parallel? What happens, these characteristics
of the cells has to be identical. So, what does it mean? This characteristic means Vo, Isc,
Vi, Im or maybe field factor for all the cells must be exactly same. So, any mismatch in

the characteristics of these cells leads to the additional mismatch loss.

So, what happens if we consider two cells? This is for cell one, and this curve is for cell
two. If these two cells are connected in series, what happens, we can generate a combined
[-V characteristics. So, this is the combined I-V characteristics, and combined voltage
will be Vi plus V2. Normally, what happens in ideal case, if we consider this peak power

here and here, if we draw this kind of voltage, this will come something like this.

So, these two values in case of ideal condition, this P combined here has to be equal to
sum of the individual cells, maximum power of the individual cells. So, this maximum
power of this combined I-V characteristics should be same as sum of the individual cell’s
maximum power. But this is not the case in case of actual situation, because they have a
mismatch. So, if we compare two different cells of mismatch characteristics and we
combine it, then what happens? We will have this situation. P combined is is less than

power of sum of the individual cells. So, this is what I am talking about for case one.

When two cells with mismatch characteristics are connected in series, and a load is
applied, both the cells are bound to carry same current. So, if they are different, then what
will happen? One cell will produce power, and other cells will dissipate power. So, for
example, if we short circuit the circuit, what will happen? They will generate two voltage
V1" and V>'; these are, magnitude is the same but in opposite directions. So, what does it
mean? So, one cell will produce power, and others will dissipate power. And as a result
of which, we will have reduced field factor of combined I-V, so that will reduce the

combined power.

In the second case, when two cells with mismatch characteristics are connected in

parallel, the voltage of cells are bound to be equal. So, for parallel case as we have



discussed in the last slides, so that is obvious. So, when we are connecting two cells of
mismatch characteristics in parallel, then voltage of the cells are bound to be same. So,

similar analogy or similar description can be given here for this case as well.

So, as I said, there are many modules, so what we have considered is a 36 cells composed
of a module. So, there might be some cases, number of cells are very, very high. So,
larger number of cells in a module, more would be the possibility of quantum mismatch

losses; so that we should keep in mind.

So, how to reduce the mismatch losses? So, one option may be modules are fabricated
from cells belonging to same batch. So, when it is manufactured so, we have to collect
the cells from the same batch. In the second case, cell sorting is carried out to categorize
cells having match parameters with specified tolerances, not exactly identical, but no it

should be same.
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Effect of shadowing
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Now, let us discuss something about effect of shadowing. So, why this is important?
Because, this partial shading can have significant consequences for the output of solar
module. So, if maybe know some plant leafs are fallen on a single cell, then what will

happen? So, this is the case, we have considered here. So, here we have considered 6



cells and one of the cells are affected by this shadowing of this plant leaf. Then what

happens, let us discuss these issues.

The current generated by shadowed cell is significantly reduced, so what happens if it is
shadowed by some external things? So, what happens, this current generated by these
cells is significantly reduced, that affect the entire system. So, if you consider a case for
series connection, the current is limited by the cell that generates the lowest current. So,
as you can understand, so it will produce some kind of current ok current. So, what
happens when it is shadowed, current generation will be very, very less in case of this 61

cell. So, that affect the entire system.

So, this cell dictates the maximum current flowing through the modules. So, amount of
current flows through these cells will dictate the maximum current flowing through the
modules. This shadowed solar cell does not generate energy, but starts to dissipate energy
and heat up, which leads to decrease of PV output. Sometimes wear out and burning off
the cells, and other components are also observed. So, what happens, I will explain in the

next slides, how this happens and I will draw this I-V characteristics.

So, for the time being, we must know, so here it’s a 0.6 V and here is the 0.6 V, is the 0.6
V ok, again 0.6 V here that much of voltage will be there and here also 0.6 V. So, current
will be lower here. So, once we connect a load here, what will happen? Here, current
generation will continue, but here no current will be generated, so it will act like a reverse
bias system. So, the bias voltage on these cells will be very, very high. So, because of this

region, this problems arises, heating up and dissipation of energy.

So, this kind of problems can be solved by installing some kind of diodes. So, these
diodes are called bypass diodes. So, how does this bypass diode works? This diodes
blocks the current when it is under negative voltage, but conducts current when it is under

positive voltage. Let us now, draw the I-V characteristics of this case.
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So, if we draw this I-V characteristics, so maybe I can take this plot, and maybe I can
draw here, so maybe zero here, and we will have this. And so, maybe I can write 1, 2, 3,
4,5,6,0k; 1,2,3,4,5, 6 maybe 1, 2, we have 3, 4, 5, 6, this is -1, -2, -3, -4, -5, ok -6.
This is current; this is the voltage. Now, if we have to draw this current, maybe we can
here is zero and maybe here is -1, it is -2, this may be -3 and -4, something like that. So,
what we can draw here, is we have, already we have understand; so this is the voltage,
and then we will have, this voltage is 3 because we have 0.5 into, sorry (0.6 x 5)is 3 V,

so this is in voltage. So, this maybe I can draw here.

So, this may, and this current is current, maybe I can draw is 3 here, so this will be
something like this. And so here, we can understand how this has been calculated,
because cell area is 0.25 x 0.125, 0.125 x 0.125 and then we have maybe 200 W/m?,
A/m?; so, it will be here about 3 A. So, this current will be in ampere. So, this will be our
curve for 5 5 cells or 5 Vo ok and for 1, so this will be 0.6 right, this will be 0.6. I will
explain, and current will be somewhere here. And we will have this reverse bias system,
so this will be minus; so maybe I will use dotted line here, this will come something like

this, dotted line and it will go something like this.

So, as I said, when this reverse bias, so this is for reverse bias reverse bias. So, now this

part is the dissipation ok, so dissipated energy is this one dissipated energy. So, what I



have drawn here, for this is 5 V. So, this is an I-V characteristics curve; for this scenario,
what we have discussed in the last slides, so there are 5 cells which are producing energy.
So, for 5 cells, so what will be the voltage? Because, every cell are having 0.6 V or Vi,
and then we have 5, so it will be 3 V. So, this is the 3 V line. And then, current is 3
because if we multiply this, if we take the area of a cell is 0.125 x 0.125 and then, if we
take current density is 200, then it will be 3 A. So, close to 3 A. So, we can we can have

this plot.

And for the shadowed cell, already we know the voltage is 0.5, then amount of current
generation is very, very less. So, its close to here. And as I said, in order to pass the
current through this shadowed cell, then that will act as a reverse bias. So, reverse bias
voltage will be applied on that shadowed cell, and its magnitude will be same as what we
got by connecting 3 cells in series, but in the opposite direction. So, that is the that much

of voltage. And, the amount of power dissipation is shown here.

So, this figure gives an idea, how this shadowing actually know is reducing the energy
generation. So that much of dissipation will be there. And as you can understand, that
minimum current, what is there in the circuit is the maximum amount of current to be
drawn in that circuit. So, if you go back to the slides, this can be reduced by connecting
these diodes. There are rules how to connect those diodes and how many diodes can be

connected in a single string.
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Now, come to the situation, when the cells are connected in parallel. This partial shading
is less of a problem because the current generated in the other cells do not need to travel
through the shadowed cell. This is one important aspect. And for a module consists of 36
cells in parallel, will generate a very high current above 100 A, and combined with a very

low voltage is about 0.6 V.

This combination would lead to very high resistive losses in the cable. So, this kind of
configurations are normally not preferred because of these reasons. And, for your
understanding, so one bypass diode for every 18 crystalline silicon cells is provided. So,
if we have 36 cells, then we need two bypass diodes, which are normally installed in the

terminal box of the PV module.
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Series-parallel connection of modules with blocking and bypass diode

v'In parallel connection, blocking diodes are connected in series, so that if any
string fails, the power output of the remaining series strings will not be absorbed
by the failed string.

v Bypass diodes are installed across each module, so that if one module fails, the
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v Some modern PV module come with internally embedded bypass diodes.
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Now, let us also learn what happens when we connect many modules in these
configurations. Now, these are modules, not cells; these are modules. So, these modules
sometimes need to be connected in series and sometimes need to be connected in parallel.
So, in parallel connections, blocking diodes, these are the blocking diodes, these are
blocking diodes in all strings normally installed, so that if any string fails, so any of the
string fails, the power output of the remaining, so any of the string fails then power
output of maybe these two strings will not be absorbed by the failed string. So, if this is

failed, then the other two will will be working; this is something like that.

So, this bypass diode, if we talk about now, bypass diode are installed across each
module, these are the modules, so that if one module any of the modules fails, the output
of the remaining module in a string will bypass the failed module. Nowadays, in the

advanced modules, these kinds of diodes are embedded in the system itself.
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Packing Factor of the PV Module
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So now, let us learn the packing factor of a module. As I said before, packing factor plays
a key role in maximizing the efficiency of a PV module. So, how does packing factor
define? Is defined as the ratio of total area of the solar cell to the area of the module. So,
it is clear that packing factor is less than unity, and it has a maximum value of one when
all the area covered by the cell. So, if we take this module and then cells, then all the area

of the modules is covered by the cells, its packing factor will be one.

And also, we can define the module efficiency. So, electrical efficiency of the module

can be defined something like this, 7, =7, x 8, x7n,,. So, B for, if packing factor is 1,

then our expression will be something like this, this g is transmissivity of the glass and
Nem, this is module efficiency, electrical efficiency of the module can be something like

this.

And also, we can derive the temperature-dependent electrical efficiency of the PV
module by using this expression. So, this nmo is the electrical efficiency of the PV module
under standard test condition. So that is 1000 W/m? of insolation and spectrum of AM1.5

and an ambient temperature of 25 °C and this is the temperature coefficient, .

And this expression shows that the electrical efficiency of the PV module is less than the

electrical efficiency of solar cell due to the presence of glass cover. So, this is the reason



why we cannot take the efficiency of the cell as efficiency of the module. So, we need to
consider this transmissivity of the glass. Since, you understand now, what are different

layers of a PV modules.

(Refer Slide Time: 34:01)

Q1: APV system is utilized to power a DC motor to produce 2 hp shaft power. The motor
efficiency is 85%. Each module has 36 multicrystalline silicon solar cells arranged in a 9 x
4 matrix. The cell size is 125 mm x 125 mm and the cell efficiency is 12%. Calculate the
number of modules required in the PV array. Assume global radiation incident

normally to the panel as 950 W/m2,

Paniput [Wp= FUbW
1= 950 W/m? ’\”: W M,J & Lhp = Ly

Jfame® o, NN

~ W
2 hp Shaft 2 i
Sx4(Solar Cells) W 9x4 (Solar Cells) » @ » =
w
1, =085 vl ® N e

&
\ w deker = Poew Y&
Dy dovbeted b ™ Py b

IZSD

r o 0“”"‘ - __Jig—g;-?:j—
5 ’ <y o= qyoxo"ﬁ’“x“"
“N” modules 125mm w\w = T A AN
O n,=0.12 " "
E@:ﬁgp psxomEkipxd I p =2 1*
i el ML SR
VI #

\N: )jt/,

Let us take a practical example. How these solar modules can be employed for practical
utility? The problem goes something like; a PV system is utilized to power a DC motor to
produce 2 hp shaft power. The motor efficiency is given as 85%, which is shown here,
and each module has 36 multi-crystalline silicon solar cells arranged in a 9 x 4 matrix.
So, here you can see 9 columns, so here you can get 9 columns, and then we have 4 rows,
so thats how 9 x 4 is equal to 36. The cell size is 125 mm x 125 mm, which is shown

here.

So, for a single cell, size is 125 % 125 mm, and the cell efficiency is 12%. Now, we need
to calculate the number of modules required in the PV array. Assuming global radiation
incident normally to the panel as 950 W/m?. So, this is nothing but I which is equal to
950 W/m®.

So, in this problem, we need to find out number of modules required to run the motor. So,
what are the parameters given? Shaft power output is 2 hp and then conversion efficiency

of the motor is given as 85 %, and cell efficiency is 12 % and then how the cells are



located, means how many cells constitute the module that is given to us and then the

amount of solar radiation received by the modules is given to us.

Now, let us solve this problem. So, as we know, 1 hp = 746 W; hence for 2 hp, it will be
746 x 2, which comes to be 1492 W. So, this is equivalent to 1492 W. As we know the
motor efficiency, by utilizing these two parameters, we can calculate what the input

power required to run the motor.

So, if we write the expression for efficiency of motor, so nm we represent, this is power
output, then we will have power input. So, here we need to find the power input, so this
power input is equal to power output divided by nm. So, if we substitute the value of
power output is equal to 1492 and nm is 0.85 then this power input which is required to
run the motor will be 1755.29, this will be in W, so here this power required to run the

motor is 1755.29 W.

Now, our next step is to calculate the number of modules. So, let n be the number of
modules required to provide the energy needed to run the motor. So here, what happens
this much of energy is required from the solar modules. So, what we can write here, this
power developed by the PV module or, say, modules is equal to power required to run the
motor. So, let us use the expression, Nconversion 1S €qual to power output power output from
the PV module or PV modules, and then we will have amount of solar radiation which is

falling on the modules is I xA.

So, this conversion efficiency is 0.12, and we will have I is 950, and this area this area for
a single module 1s 0.125 x 0.125. So, this is the area of a single cell, and there are 36
cells, and that is arranged 9 x 4 matrix, so it will be 36. And then we do not know the

number of modules required, let n be the number of modules required.

So if we substitute here, this value, so this I can write here again 0.125 x 0.125 then we
have 36. And of course, we need to multiply with n, so here is the power output or the
amount of energy required to run the motor which is equal to 1755.29. So, if we do the

calculation, then n is found to be 27.37, which is equal to 28 numbers.



So, this problem is very, very practical. So, what we have investigated, so in order to
generate 2 hp shaft power, we need about 28 number of PV modules of size something
like that. So, if the cell size is 125 x 125 mm and its conversion efficiency is 12 %, and it
constitutes 36 cells, then we require 28 numbers of PV modules to generate 2 hp shaft

power.
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Solar PV output maximization

v'Mechanically tracking the Sun

v'Electrically tracking (by manipulating the load to
maximize the power output under changing
condition of insolation and temperature )
»Maximum power point tracker (MPPT)

Load Matching Load matching with reactive load
v The operating point of an electrical system is determined by
the intersection of source characteristics and load
characteristics.
EIERUSTEG:

Now, let us learn about, how we can maximize the PV output? What are different ways of
maximizing the PV output? So primarily, there are two ways; one is mechanically
tracking the sun. So, we can track the position of the sun by operating the PV system, so
that maximum exposure of solar radiation can be obtained. Or in the second case, we can
do by electrically, that is called electrical tracking, by manipulating the load to maximize

the power output under changing condition of insolation and temperature.

Also, we learn what is maximum power point tracker? And, how we can do this load
matching? So, if we see the operation of a PV system is something like this. So, if we
consider, so this is source line this is source line source line, and this is your load line

load line. So, we need to find out the intersection point of source line and load line.

So, what happens, say one resistive load is connected here, so this shows the load

matching with reactive load, so maybe R is the reactive load for a particular set of



operation. So, if we extend this R; and we get the intersection point here, so operating
point is Q. If we increase the resistive load to Ro, its operating point is Q2. And then

further, if we increase Rs, then its operating point is Q3.

So, now what happens? Our primary intention is to operate the system at this maximum
power point. So, what we have observed, so if we can connect this load at this condition,
then what will happen? We can maximize the power output from the PV system. So, that
way, we can do the load matching; different load we can connect, and you can see which
load is giving the best performance. So, this operating point of electrical system is
determined by the intersection of the source characteristics and load characteristics. So,
this has been shown here, and our target is to operate the system at maximum power

point.
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Maximum power point tracker (MPPT)

»The |-V characteristics keeps on changing with
insolation and temperature.

Increasing
olaton 1%

Ideal Load
X

U

»To receive maximum power, the load must adjust
itself accordingly to track the maximum power
point. S A

»An ideal load is one that tracks the maximum
power point.

»If the operating point deviates significantly from @
the maximum power point, it may be desirable to Lo w
interpose an electronic maximum power point
tracker between PV system and load.

So, now let us study maximum power point tracker, which is very, very important to
control electrically, to control the maximum power electrically. So, as you can
understand, this I-V characteristics will change which weather condition. May be, so this
may be say at morning, say maybe at 10 o'clock, this may be at say 11 o'clock, this may
be of 1 o'clock, 1 pm. So, different curve can generated at different times. Also, these are

dependent on temperature, what we have discussed in the very beginning of this class.



This I-V characteristics keep on changing with insolation and temperature. So, to receive
the maximum power, the load must adjust itself accordingly to track the maximum power
point. So, this is very, very important; load has to be matched. An ideal load is one that
tracks the maximum power point. So, at every I-V characteristics, there is a maximum
point. So, at that particular time, what will be the Pm, what is the Im, Vin so we can get

what is Pm. So, always our target is to operate at this Pm.

So, if the operating point deviates significantly from the maximum power point, it may be
desirable to interpose an electronic maximum power point tracker between PV system
and load. So, we have PV system, and then we have loaded, so in between, we need to

install this MPPT, to control and to get maximum power.

So, in this figure, you can see the different loads, these are increasing insolation, and then
this is for battery; this is for fan, resistor but know, we need to operate at this maximum

power point.
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v' MPPT is an adaption of dc-dc switching voltage regulator.

v' Coupling to the load for maximum power transfer may require
either providing a higher voltage at a lower current or lower
voltage for higher current

v' A buck-boost scheme is commonly used with voltage and
current sensors tied into a feedback loop using a controller to

£ S .

®+ ™ vary the switching time.

P Y o i i =
s y >t i [ The power output of PV systemis [P =} x] \
ﬂ 1 - PAP=(V+AV)x(I+1) .

Vou R /¢ L Control, == Ly ¥ ¢
: iy I :;,9’+AP:/V/'{1+VxA1+AVx1+AM
L After ignoring small terms simplifiesto 4

AP=AVxI+ VxAll ¥

AP must be zero at peak point,
~ —F

MPPT using buck-boost converter v’

At peak point the above expression reduces to, w7

2 DynamicImpedance ~ | dI 7' Static Impedance \/ 13

So, this MPPT is adoption of the dc-dc switching voltage regulator. So, coupling to the
load for maximum power transfer may require either providing a higher voltage at lower

current or lower voltage at higher current. Normally, a buck-boost scheme is commonly



used with voltage and current sensors tied into a feedback loop using a controller to vary
the switching time. So, duty cycle is applied.
——D xV.

ut in»
1-D

So, if I am interested V output, V, D is nothing but the duty cycle of a

MOSFET. So, this is the buck-boost converter that is used in MPPT; you can see the
different components here. So finally, what we are interested about this Vougput. S0, details
of these configurations can be seen in some other electronics books, so how this can be

fabricated for real-time operation.

So, if we consider this power output of a PV system, which is nothing but P =V x I. And
if we consider an incremental increase in power, so (P + AP) = (V + AV) x (I + Al). So if
we do the simplifications and we ignore the very small terms like this is very small, so
this may be cancelled, and this V x I is nothing but P, this is P, so this is gone. So finally,
we will have AP = (AV x 1)+ (V x Al).

So, this AP must be zero at peak point so as you can understand, if I recall this curve, so
this will be linearly goes and this will be something like this. So, at this point, this
gradient will be zero, or AP = 0; because if you consider P is here, so there is no change
in power here. Thats why, AP must be zero at the peak point. If AP is zero, then from
that, what we can calculate is dV/dl = - (V/I). So, this dV/dl is known as dynamic
impedance of the source, and this —V/I is static impedance. So, this knowledge is applied

for controlling this operation of MPPT.
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Possible strategies for operation of a MPPT

* By monitoring static and dynamic Impedances

v'A small signal current is periodically injected into the array bus and the
dynamic as well as static bus impedance are measured. Bl
io

¥The operating voltage is then adjusted until the condition fZ is achieved, .

* By monitoring power output
'Voltage is adjusted and power output is sensed. -
¥ Operating voltage is increase as long as dp/dV is +ve (increased output}.
VIf dp/dV is sensed -ve, the operating voltage is deceased. &
v'The voltage is held unaltered if dp/dv is near zero.

* By fixing output voltage as a fraction of Voc (Frictional open circuit

voltage method - indirect) %ﬂ:m:k%

e e |
¥'For high quality crystalline silicon cell, k= 0.72 .~

v'An additional identical unloaded cell isnstalled on the array to face same
environment as the module in use and its open circuit voltage is continuously

measured., —~
v'The operating voltage of the array is then set at k times Voc )
e R e i R ﬁ 19

So now, what are the different strategies adopted for operation of an MPPT? So, first one
is by monitoring static and dynamic impedances, and second one is by monitoring power
output, and third one is by fixing output voltage as a function of open-circuit voltage.
This is also known as frictional open-circuit voltage method, and this falls under indirect

method.

So, in the first case, what happens a small signal current is periodically injected into the
array bus, and the dynamic as well static bus impedance are measured. The operating
voltage is then adjusted until the condition dynamic impedance, and static impedance are

equal, but in the opposite direction is achieved.

And in the second case, voltage is adjusted, and power output is changed. So, we need to
change the voltage as you can see, this kind of configurations. So, here is the voltage, so
we can change the voltage we can change the voltage, and this power output can be
changed. So, this is power, so operating voltage is increased as long as dP/dV is positive
obvious. So, this is a positive gradient, so dP/dV is positive here, and this will be zero,
and this will be negative. So, that means that is increased power when dP/dV is positive.
And if dP/dV is negative, then operating voltage will decrease. So, this voltage held

unaltered if dP/dV is near zero.



So, in the third category, by fixing voltage as a function of V., what we can do, that Vi,
is nothing but the voltage at maximum power to the open-circuit voltage is constant for a
particular semiconductor material. So, this expression Vim = k X Voc. So, for high-quality
crystalline silicon cells, this k is about 0.72. So, for doing this, we do not have to close

the circuit for calculation of Vi, every time.

So for that, what you need to do, an additional identical unloaded cell is installed on the
array to face same environment as the module in use, and its open-circuit voltage is
continuously measured. And this operating voltage of the array is then set at k times Vo,
so this k time Voc. So, this is one of the simplest methods of calculating this V. So, out
of these three methods, researcher can adopt any of the methods for calculation of Vi, for

MPPT operation.
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Ex.2: A PV source is supplying power to a load whose line intersect the |-V characteristics at 20V, 6 A.
The voltage and current at maximum power point are 40 V and 5A respectively. Determine the
additional power gained if an MPPT is interposed between the source and the load. Consider the
efficiency and cost of the MPPT are 93% and Rs.3500 respectively. For how Iong does the system need
to operate in order to recover the cost of MPPTﬁ’;ume per unit cost of electricity ag|Rs.6.5/4

Load line
,
o

Thaeer =93%
==

O Power produced (without MPPT) = 20X 6 =120 W | -

O Maximum power production capability of the PV system = 40 x 5 =00 W

0 Actual power produced with MPPT: 200 2(0.93 =186 W o
— i Load characteristics of PV.system
0 Surplus power produce_dM’PT isinstalled = 186 - 120 = 66 W

O surplus energy produce in t hours = 66x /1000 = 0.066 xtkWh Lk = 4 et = 91/‘

— - —
— =

0 Cost of surplus energy (Rs.) = 6.5 x 0.066 xt=0.429 xt h)
0 Time required to recover the cost of MPPT, t = 3_500/0.429 =8158.50 hrs ﬂ }‘/ »

———

0y 40V

Now, let us solve one more problem. So, this problem goes something like this. A PV
source is supplying power to a load whose line intersects the -V characteristics; this is
something like that. This is the load line and this is the source line, and this is the point of
interaction or intersection. So, coordinates are given here, maximum power point, this

coordinate is 40 V and 5 A and here at intersection point 20 V and 6 A.



So, determine the additional power gain if an MPPT is interposed between the source and
the load. Consider the efficiency and cost of the MPPT are 93% and rupees 3500
respectively. And also, we need to calculate how long does the system need to operate in

order to recover the cost of MPPT?

So, electricity cost per unit is rupees 6.5, need to be considered. So, configurations are
something like source we have, load we have, and then in between, we have MPPT
having efficiency 93 %. Load characteristics are given here; all the values are given.
Now, this power produced without MPPT; if we are not imposing any MPPT here, so this
is MPPT. So, if no MPPT is there, so this is the point.

So, what happens, this 20 V multiplied by 6 A will be 120 W, and then this maximum
power production capability of PV system is how much? 40 x 5, so 40 V and 5 A, so it
will be 200 W. And then actual power produced with MPPT will be something like this;
because efficiency is 0.93, so it will be 186 W. So, if I am interested to know the surplus
power produced when MPPT is installed, then this much is the actual power produced,
and then power produced without MPPT is known, already calculated, and we can use

this value here, so (186 — 120) will be 66 W.

Now, this surplus power is 66 W and then surplus energy produced in t hours. So, if we
multiply it by t and then divide by 1000, it will become kWh. So, t will be in hour and
1000 we have divided, so it becomes kWh. Already we know, 1 kWh is nothing but 1

unit. So, here one unit cost is rupees how much is given? 6.5 rupees.

So, now we can use this information here. So, cost of the surplus energy is 6.5 x 0.066 x
t, so this will be something like this, this will be in rupees. And this time required to
recover the cost of MPPT will be, because cost is known to us. Then 3500 divided by
0.429 will give you this much of hours. So, this many of hours are required to recover the
cost of the MPPT what we have invested. So, this is a quite an interesting problem. So,
we can see how economically you can make, so how long we need to operate to get the

payback period.
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PV Array

A photovaltaic (PV) array is a collection series or parallel, or both series and
parallel, connected photovoltaic (PV) modules.

Now, if these modules, what we have discussed so far, are connected for generation of
large amount of power, then it is called PV arrays. A photovoltaic array is a collection of
series or parallel or both series and parallel connection or connected photovoltaic
modules. So, these are the modules which are connected, and this is for a large power

generation unit.
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Solar PV systems

*+Central power station system
v

Distributed system

+»Stand alone system: It is located at the load Centre and dedicated to
meet all the electrical loads of a village / community or a specific set of
loads

**Grid interactive system: This system is connected to the utility grid
with two-way metering system. It may be a small roof top system or a
relatively bigger system meant for whole village.

*»Small system for consumer applications: These systems are meant for
low energy consumer devices requiring power in the range of micro
watts to 10W -




So, how these PV systems are classified? Primarily, there are two major classifications,
first one is central power station system, and second one is distributed system. The
central power system is a large power stations like our coal based power generation unit.
So, at day time, huge amount of power will be generated, and then this will be given to

the grid. And second one is distributed system.

So, under these distributed systems, there are many categories like stand alone system,
grid-interactive system and small system for consumer applications. So, stand alone
systems, maybe if you are interested to give power to a small village or locality, so, that
can be given. So, that will fall under stand alone system. Or maybe for irrigation purpose,

if we have to give some kind of energy from solar, that is nothing but stand alone system.

And for grid-interactive system, what you can do, suppose in my building, if I want to
install some kind of solar PV and the energy generated by the solar PV can be given to
the local grid when more amount of energy is generated, and we can take the energy at
night from the grid when our energy is requirement is there. So, that is controlled by this
two-way metering system or net metering system. So, that is called grid-interactive
system. And small system for consumer applications like maybe in watches, maybe
calculators and its power range from uW to 10 W. So, under that category, we can

generate that much power.
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Solar PV applications

* Grid-interactive PV power Generation

* Water pumpin -
P RIIE Specifications of a typical street
* nghtlng ' I,;;Igof:’t:lr‘\:srstem
* Medical refrigeration * Height of pole: 4 m
. + Number of lamps: 1 _
e Vlllage power + Type of lamp: CFL (11 W)~ (

L . . + No of Batteries: 1 (12 V, 90 Ah)
* Telecommunication and signaling + Hours of operation: Dusk to )

. licati dawn.
pace applications * Cost: Rs.25000/- appx
/

So, there are many applications what you can see, like grid-interactive PV power
generation, power water pumping, lighting, medical refrigeration, village power then
telecommunications and signalling, space applications. There are multiple applications of
those solar PV systems. So, what I am showing here, its a application of a module for
lighting. So, that is a battery bank here, and one charge controller will be there, and one
module and one tube or say lamp, normally CFL lamps are used. So, this is the

specifications normally used for this kind of street light system.

So, module is one, and its pole is about 4 m tall, and number of lamp is one and type of
lamp is CFL, and its rating is about 11 W and number of batteries is one, and its rating is
12 V and 90 Ah and hour operation, of course, dusk to dawn and cost is about 25,000 in

Indian market.
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Summary

* Classification of PV modules

+ Effect of shadowing

* Packing factor and module efficiency

* Ways of maximization of PV module performance

* MPPT and possible strategies for operation of MPPT
* PV Arrays

* PV systems

So, let us summarize what we have discussed today. So primarily, we have discussed the
classifications of PV modules. Then effect of shadowing, then packing factor and module
efficiency, how this module efficiency is different than cell efficiency, and we have
discussed the different ways of maximization of PV module performance. Then, MPPT

and possible strategies for operation of MPPT, PV arrays, and PV system.

So, I hope you have enjoyed the lecture, so thank you very much.



