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Lecture - 32
Wind and solar energy conversion systems

In this lecture I will talk about two mostly used renewable energy systems, one is called
wind turbine or wind energy system, wind energy conversion system, another is solar
energy ok. And solar energy is of two types, one is called photovoltaic energy, another is
called solar concentration power. So, | will talk about ok and in my last lecture, | gave

you a brief overview on what is called wind energy conversion system.

So, in this lecture, we will continue that and we will show you how we will get or how
much power we will get from a typical wind turbine, how to determine the efficiency of
the wind turbine and how do we generally extract power from this wind turbine ok. So,
as in the last lecture 1 mentioned that wind power is a source of intermittent power and it
usually depends upon the speed of the wind, and the speed of the wind throughout a day

is used to be variable or used to be varying in nature ok.

And that is why, whatever power that we will get from a typical wind energy conversion
system that is also varying in nature, time varying in nature. So, we will discuss on what

exactly characteristics of a wind turbine has ok.

(Refer Slide Time: 02:20)

Power in the wind

®» The wind speed is always fluctuating, and thus, the -
‘ energy content of the wind is always changing.

® The variation depends on the weather and on local
surface conditions and obstacles fo the wind flow.

» Power output from a wind turbine will vary as the wind
varies, even though the most rapid variations will to
some extent be compensated for by the. inertia of the
wind turbine rotor. o



So, wind turbine is of intermittent nature and it depends upon weather; and power output
of a wind turbine will vary as the wind varies ok, even though most of the rapid variation

will be some extent compensated by the energy of the wind turbine rotor.

(Refer Slide Time: 02:40)

Power in the wind

» A wind generator will capture only the wind power
caught by the given swept area A that can be
expressed in watts in Sl system as:
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Where p is mass density of air, e
Ais circular cross section area in m2 / Sweft )

V is wind velocity in m/s /
————————

Now, this is the expression for power available to a wind, but this is not the expression
for how much power we are getting from the wind turbine, this is the expression for
power available in wind. Now what is actually this for? So, if you consider that power
available in wind is P, in watt or kilowatt so this depends upon a variable rho, where rho
is the mass density of air. So, it is proportional to rho. It is also proportional to A, A is
the circular cross section area that is called swept area, we already discussed about what

is called swept area.

(Refer Slide Time: 03:43)



Wind energy conversion system:
Horizontal axis wind turbine

The wind velocity
increases
substantially with
height; as a result,
the horizontal-axis
wheels on

towers are more
economical.
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So, it is the, | can show you | can go back and show you. It is the area under this circle,
suppose this typical 3 blade wind turbine, say, this is the center of the turbine or the
swept of the turbine and suppose this is the radius ok r, which is almost equal to the
length of the blade ok, length of a typical blade. So, if this is r, this is radius which is r
and it forms a circular area then this area is called swept area, we discussed in the last

lecture ok.

So, typically this power availability in wind depends upon this swept area and also it is
proportional to the cube of the wind velocity, it is proportional to the cube of the wind
velocity. So, power available in wind depends upon or it is proportional to the mass
density of the air, the swept area and it is also proportional to the cube of the wind
velocity ok. That does not mean that much of power we will get actually from this wind

turbine. We have several other factors that | will come to that.

(Refer Slide Time: 04:53)



Impact of tower height in wind power

® As general rule, a taller tower is expected fo result in
higher-speed winds fo The wind turbine.
S

®» However, surface winds can also be affected by the
iregularities or roughness of the earth's surface or by the
existing forest and/or buildings in the vicinity. The
relationship between the wind speed and the height of
the wind turbine can be expressed as:
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Where V is wind speed at height H
V, is reference wind speed at reference height Ho

als roughness/fricﬁon coefficient

Now, before | go to wind detail, the wind turbine characteristics one thing one needs to
know that wind speed. So, you can see the most dominant factor here is the wind speed;
basically, rho used to be fixed in a particular area and a it is also constant because for a
particular turbine we cannot increase the swept area, it is design parameter and it for a

particular wind turbine it used to be constant. So, this part is on, this part is constant ok.

So, only part only V is variable which is wind velocity. So, basically power available in
wind is varying with the cube of the wind speed, that one should know. So, if wind speed

increases power available to the wind increases cube of that ok.

So, of course, we need to know that what is the value of wind velocity in order to find
out how much power can be available or how much power is available corresponding to
a typical wind speed. So, wind speed also varies with the height of the tower. So, taller

tower is expected to result in higher speed, wind speed ok.

So, relationship with this tower height and this wind velocity is given over here. So, you
can see it is proportional to H to the power some constant, that is called roughness or
friction coefficient. So, wind speed is typically varying proportional to this H to the
power a, where a is roughness or friction coefficient. So, if you make a taller tower, you
will expect you will; obviously, get a higher wind speed ok. So, therefore, you will be
having more power available at that particular wind speed ok.

(Refer Slide Time: 06:52)



Characteristic of wind generator

» The most important characteristic of a wind generator is its power
curve. Normollj, it is a graph provided by the manufacturer of a
Forﬁculor wind turbine. It shows the approximate power output as a
unction of wind speed.

» the minimum wind speed required to start the blades tumning and
oducing a useful output is defined as the cut-in speed.

The maximum power output that the wind turbine will produce is
called the rated power.

® The minimum wind speed needed for the wind turbine to produce
rated power is known as the rated speed.

® The shutdown speed is also called the furling speed. It is the maximum
operational speed of the wind turbine. Beyond this speed, in order fo

prevent damage to the system from high winds, the blades are either
folded back or turned to a high-pitch position.

Now, this is the most important thing that |1 was talking about, the characteristics of a
wind turbine, and for us, for a distribution system engineers or power system engineers
we need to understand, how this power available in the wind varies with this velocity of
the wind. And we cannot expect that we can run a wind turbine at any velocity at any
wind velocity, because as you know like other electrical appliances or like other

electrical generators the wind turbine generator set, we will have some rating.

So, it cannot produce energy beyond its rating. So, we need to know that how can or how

much power we can get from a typical wind turbine.

(Refer Slide Time: 07:51)

Characteristic of wind generator:
Typical power curve

> 30 35

> Wind spefd (mph)
-

Ref. T. Gonen. Electric Power Distribution System Engineering



So, let me show you this typical power curve, this is called power curve which means
that power out input versus this wind speed, power input versus this wind speed. Now,
this gives you that there are some, there are some operating points, one is this operating
point which is called cutting speed ok. So, this is the minimum speed at which this wind

turbine would operate. So, below this cutting speed we cannot operate a wind turbine ok.

So, cutting speed is the minimum wind speed to operate a wind turbine ok and there is
another operating point that corresponds to the rated wind speed, which gives you the
rated power of this wind turbine. So, this is another operating point and from this cutting
spin to the rated speed this production of power in a typical wind turbine will vary
according to this cube of this wind velocity. Because here this characteristic is similar to

P varying cube of the wind speed ok.

And there is another operating point that is called shutdown speed or falling speed, this is
the maximum wind speed at which we can operate a typical wind turbine. So, there is a
minimum speed, so cut in speed is minimum speed, minimum speed and cut off

shutdown speed or falling speed is the maximum speed ok.

So, these speeds are marked over this horizontal axis, that is x axis. So, here for this
particular curve, you can see 8 mile per hour is the cutting speed for this wind turbine;

that means, that below that particular speed we cannot operate the wind turbine ok.

And 40 mile per hour is basically the wind speed that is the shutdown speed. So, if with
wind speed becomes higher than this shutdown speed we also cannot operate. So, below
this cutting speed and above this shutdown speed we cannot operate this wind turbine ok,

because of its design construction, because of this characteristic.

And here, 25 miles per hour is the rated speed for this wind turbine. So, from this rated
speed to shutdown speed, even if that power available of the wind will be higher than
that, but we will operate this wind turbine at this rated power and that is a flat top

characteristic.

So, beyond this, you know, rated speed up to this shutdown speed, we will operate this
wind turbine at its rated power because it cannot provide you any amount of power, even

if whatever amount of power is available in the wind ok. So, beyond this rated speed



even if the power availability in the wind is higher. So, this wind turbine is capable of

providing you its rated power ok.

So, whatever | mentioned over is mentioned here, so cut-in speed is basically the
minimum allowable wind speed at which this wind turbine will operate and rated speed
is, rated power wind power is as per the rating of the turbine which is designed and also

rated speed corresponds to the rated power of this wind turbine.

That means, at what wind speed this turbine is generating or wind turbine is generating
the rated power that is called rated speed, and the shutdown speed is the maximum

allowable speed at which we can operate the turbine.

(Refer Slide Time: 11:55)

Example 1

» Consider the wind turbine whose power curve

| of its generator is shown in Figure in last slide. It is
rated 3 kW/25 mph, as indicated in the figure.
Assume that during of 8 h period, the wind had
the following average speeds: 6 mph for2 h
duration, 10 mph for 3 h durafion, 15 mph for2 h

duration, and 20 mph for 1 h duration.
Determine the r ctric cutest for the 8
h period. "

Va

Now, we have an example; so this example is very simple and it is based upon this figure
shown over this slide, that we have different wind speeds in different duration of a day
ok. So, for 2 hours the wind speed is 6 mile per hour, for 3 hours wind speed is 10 mile
per hour and for 2 hours wind speed is 15 mile per hour and for 1 hour the wind speed is

20 mile per hour.

Now, you have to determine that how much energy that is not extractable, but that is
available in the wind ok, that is not that is cannot be resultant electrical output this is not
this electrical output, but this is basically that much of wind speed is available, that much

of power is available in the wind.



(Refer Slide Time: 12:53)

Solution...

» Af6 mph, it is below the cut-in speed in Figure; thus,
the output is zero.

at 10 mph, P=0.35 kW;

——

Energy=0.35 kWx3h=1.05 kWh

—_—

at 15 mph, P=0.85 kW;
—_— -

Energy=0.85 kWx2h=1.7 kWh

So, you can find out in different operating condition, one is 6 mile per hour, 15 mile per
hour, 10 mile per hour and 20 mile per hour. So, corresponding to these values you can
find out. So, this is 6 mile per hour and then next is 10 mile per hour, then next is 15 mile
per hour and another is 20 mile per hour. So, corresponding to this, you can find out that

how much power is available in the wind ok.

At 6 mile per hour since it is less than the cut in speed that is 8 mile per hour we cannot
generate any power, but corresponding to 10, 15 and 20 mile per hour we can generate
power corresponding to these values of power ok. Now, so we find out that at 6 mile per

hour this generation would be 0, at 10 mile per hour it is 0.35 kilowatt.

So, since the duration or for this particular wind speed of 3 hour, total energy that is
available in the wind is that much. Similarly, at 15 mile per hour that much; that means,
corresponding to 15 mile per hour, you can get this much of power available in the
wind, and accordingly you can find out that how much energy is available by multiplying

the duration of the day on which you have that much of wind velocity.

(Refer Slide Time: 14:25)



Solution...

" at20mph, P=1.65kW;
E—— — A kv

Energy=1.65 kWx§a=1.65 kWh

T/b’fol energy for 8 h=(1.05+1.7+1.65) kWh

=385 kWh

And similar to that, at 20 mile per hour, when power availability is that much and
duration is of 1 hour, so this gives is that much. So, this is what the total energy for this 8

hour.

(Refer Slide Time: 14:38)

Example 2
| ® |n example 1 assume that during of 24 h period,
the wind had the following average speeds: 6
mph for 6 h duration, 10 mph_for é h duration, 15
mph for é h duration, and 20 mph for 6 h
/ duration. Determine the resultant electric output
for the 24 h period.

Now, similar problem is there, where this duration is 24 hours and this wind speeds are
given in different duration; 6 mile per hour per 6-hour, 10 mile per hour for 6-hour, 15
mile per hour per 6-hour, and 20 mile per hour per 6-hour. We are supposed to determine

the total energy available in the wind.

(Refer Slide Time: 15:02)



Solution...
At 6 mph, it is below the cut-in speed in Figure; thus, the
; output is zero.
at10mph, P=0.35kw;
Energy=0.35 kWx6éh=2.1 kWh

at 15 mph, P=0.85 kW: L

Energy=0.85 kWx6h=5.1 kWh

So, that is eventually can be done by similar way ok.

(Refer Slide Time: 15:05)

Solution...
“ at 20 mph, P = 1.65kW;
-
, Energy =1.65 kWXih =99 k\w
Total energy for 8 h = (2.1+5.149.9) kWh
A
“171omn

So, only duration is changing, so accordingly you multiply it with 6.

(Refer Slide Time: 15:09)



Example 3

For a Blodé length, | = 30 m, Wind speed, V = 1.6 m/sec,
. Airdensity, p = 1.225 kg/m? calculate the wind power.

Wind power = P= 0.56AV? = 0,51 225x3,14x30%x1 6
/ = A
=7.09 kW

—_

And you will get, if you sum up this, all this energy, you will get total energy available in
the wind in a particular day ok. Now, there is another example where the parameters are
given. One is blade length, that is 30 meters, that is wind turbine blade length; another is
wind speed that is given as 1.6 meter per second, then air density is also given. You are
supposed to calculate the wind power or power available in the wind ok.

So, you simply apply this expression where values of rho, A and V are given to you. So,
rho is, you can directly put this value, A is the swept area that is pi A multiplied by r
square, r is the equal to almost blade length. So, which is, this is our A or swept area, this
is rho and this is the velocity ok. So, if you put this will come to some value, that is 7.09

kilowatt. So, (Refer Time 16:17) this is very very easy and straight forward problem ok.

(Refer Slide Time: 16:22)



Example 4

For a Wind speed, Vi m/sec, Air density, p = 1.225 kg/m? calculate
the length of the blade required for producing a power of 1 kW.

Wind power = P = 0.5pAV? = 0.5x1.225x3.14x2x1®

7 r=(10%/(0.5x1.35 x3.14x13)) /2

r=22.79 nrj/

So, similar to that we have this example 4, where this velocity of the wind turbine is
given, air density is also given, then you have been asked to determine that what should
be the length of the blade so that you can produce one kilowatt of power. Again, you
apply this expression here, you know P is known to as 1 kilowatt, rho and V are known
to us. So, you can find out what should be the A and accordingly what should be r, that is

coming out to be some value.

(Refer Slide Time: 16:54)

Example 5

For a blade length = 30 m, Air density, p = 1.225 kg/m? calculate the
wind speed required for producing a power of 1 kW.

A
Wind power = P = 0.50AV? = 0.5x1.225x3.14x30%xV?

V=(10%/(0.5%1.225 x3.14x302)) '3

V=0.8327 :17

Similarly, here this blade length is given, air density is given we have to find out that
how what should be the wind speed so that we can get 1 kilowatt of power or so that this

1 kilowatt of power is available in the wind. So, you can do in the similar way. I can, you



can apply this expression, where P is known to us, rho is known to us, and A is known to

us, we are supposed to determine V that is wind speed. So, you can get some value.

(Refer Slide Time: 17:24)

Wind Generation Efficiency: Factors

governing wind energy

{ ®» How much energy a wind turbine can produce is a
function of a number of factors:

+»the rotor swept area, .~
#the hub height,and v

*how efficiently the wind turbine can convert the

kinefic energy of the wind.

»/ Over the years, the rotor swept area of wind furbines
has increased steadily and thus so has the rated power
of the wind turbines.

Now, that is the most important point that | am trying to make that, this wind power is
not the power output of a wind turbine. That is basically power available in the wind and
we have some factors to be multiplied in order to find out the output of the wind turbine.
So, whatever this expression you have seen, that P is equal to half rho a V cube, that
expression gives you the power availability in the wind, but that does not give you the

power output of the interval ok.

So, this power available in the wind cannot be 100 percent extractable. So, we cannot get
100 percent extraction of the power availability in the wind. So, we have to multiply it
with, multiply this with some factors in order to find out the power output of the wind
turbine. Now, here we should know that how you, what are the factors that govern in
wind energy generation, and also, what are the factors on which this efficiency of the

wind energy conversion system depends ok.

Or of course, you have seen that all the parameters, rotor swept area a, height of the
tower on which this velocity will depend, that is an important factor. And also, the A P
how efficiently the wind turbine can convert this power, kinetic energy of the wind or
power available in the wind to the electrical power, that is also an important factor ok.

And you know, that over the years this designer, who designs this wind energy



conversion system, they design a very tall wind turbine. So, having a very longer wind
blade which gives you higher swept area and from which higher amount of power can be

extractable ok.

(Refer Slide Time: 19:36)

Wind Generation Efficiency

\ » Generator efficiency: A wind furbine can never ufilize
all the power in the wind.

®» The amount of power that can be utilized by a wind

turbine is given by the power cogfficient Cp. Ifs value

varies with rofor design and the Tig:_s/p\eed/\;\rg\’fi’g_ (LSIS).

® |t is known that (based on Bets' law) the maximum value
of this coefficient is 0.59. It varies with the wind speed.
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So, those things are there, but apart from that we have one another different parameter,
one is called efficiency of the generator and also efficiency of all stakeholder, who are
there in this wind energy conversion system. One is called efficiency of the gear box,
which is used to change this rotation, rotational speed of the wind turbine to the speed of
the rotational speed of this wind turbine blade to the speed of the generator, at which we

would like to generate.

So, we have a gear box, so its efficiency also needs to be multiplied and this generator
efficiency needs to be multiplied and wind turbine efficiency needs to be multiplied in
order to get the power output that from this wind energy conversion system. But apart
from that, there is another factor, that is called power coefficient ok. So, that power

coefficient also plays an important role.

Now, what do you mean by this power coefficient? This power coefficient | think is
discussed over here; this is usually power coefficient that is discussed over here. So, this
power coefficient means how much power can be make, how much power available in

the wind can be convertible to the mechanical power ok.



So, if you multiply power in wind with this power coefficient that is Cp, power
coefficient then whatever you will get that will be power extracted from a wind turbine
ok. So, power available in the wind needs to be multiplied with this power coefficient
Cp, in order to get that how much power we can extract from a typical wind turbine ok.
And this power coefficient, it varies with several other factors, one is called tip to speed

ratio, tip speed ratio, I will come to that what is tip-speed ratio.

Another is of course, the pitch of that particular blade and these two control actions
should be there, in order to maximize the power extraction, one is called pitch control,

another is called TSR control ok.

So, this pitch control is basically controlling the pitch of the blade so that you can make
this orientation of the blade to an optimal angle of attack to the wind ok and people are
working on this pitch control. And also, TSR control | will come to that, | will show you

a characteristic where this Cp is, how the Cp is varying with this TSR ok.

So, depending upon that, we can also have an optimum value of TSR, corresponding to a
maximum value of Cp ok and this maximum value of this power coefficient is
determined from this bets law and it is near 2.59 so; that means, in an ideal case only 59
percent power can be extracted, at max 59 percent power can be extracted from a typical

wind turbine ok.

(Refer Slide Time: 23:33)

Tip-speed ratio (TSR)

» TSR is the relative speed of the rotor fip with
respect to the wind. The ratio of the tip speed of
the machine turbine blades to wind speed is
found from the following expression:

Tip-S eed-Rgi‘g TSR) = Rotor tip speed /Wind spee
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So, this is what, this tip speed, definition of tip speed ratio, it is the ratio of the tangential
speed of this blade of the rotor, of wind turbine to this wind speed. So, what is; it is the
ratio of tangential speed of the blade of the rotor to the wind speed. So, tangential speed
of this tip of the rotor is nothing but omega multiplied by r as you know. So, omega can
be replaced by this 2 pi multiplied by this speed in rpm divided by 60 and multiplied by

r. So, this gives you the tangential speed, tangential speed at the tip of the rotor ok.

So, this if you divide by, with this actual speed of the wind then whatever you will get
that is tip to speed ratio ok, this is an important factor on which the efficiency on which

the power coefficient will vary.

(Refer Slide Time: 24:51)

TSR diagrams for various types of wind turbine
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Now, how this power coefficient will vary with this tip speed ratio, which is represented
often by lambda, that is lambda. So, here you can see this is how tip speed ratio is
varying and this is how power coefficient is varying ok. And there are 5 different cases
mentioned; one is turbine free of losses that is ideal case, that is ideal case; so that is a

hypothetical case does not exist in practical form.

So, in that case this, you know, if you increase this tip speed ratio, power coefficient will
increase, but up to a certain point it will stop. That is as per this bets coefficient that
value is 0.5926, that is maximum amount of power or maximum fractional power

extractable from this wind turbine ok.



So, this is hypothetical case, but this case 2, it is a typically you know older form of this
wind turbine, which is used in wind mill, wind mill long time ago. So, this wind mill,
this tip speed ratio versus this power coefficient characteristic is something like that and
which gives you maximum value of power coefficient close to 0.2; that means, only 20

percent of power can be extracted from this wind mill ok.

This is basically, these two are basically, two horizontal axis wind turbine; two
horizontal axis wind turbine, one is having three blades, another is having two blades.
And these are the types which are used in the present day, one is called horizontal axis
three blade wind turbine, another is called horizontal axis two blade wind turbine. So,
they are typical Cp versus lambda characteristic, that is power coefficient versus tip

speed characteristics is shown over here.

So, one is this number three characteristics and another is number 5 characteristics, both
are close to each other where you can get maximum value of power coefficient
correspond to a given value of tip speed and that is something similar closer to 6 to 8.
And you know maximum value of Cp is around 0.4, that is 40 percent of power at max

can be extractable ok.

And this number 4, this is a typical vertical axis wind turbine ok, this is a vertical axis
wind turbine characteristic is given over here, where your maximum value of Cp is bit
less, it is around 0.3, that is 30 percent of wind power can be extractable. And according

to that tip speed max the value corresponding to this tip speed is also in between 6 and 8.

So, these characteristics will give you some idea that how can we control the operation
of the wind turbine. And accordingly, we need to design a proper control approach so
that we can extract this maximum power from the wind so that we can operate the wind

turbine corresponding to the maximum value of power coefficient ok.

(Refer Slide Time: 28:33)



Example 6

For a blade radius = 30 m, P = 60 kW and V = 3 m/s. and air density =

| 1.225 kg/m3, determine the rom of the rotor for a TSR = 4.

_ TSR=60+V
2nr

rpm v

rpm = 3.8197 rotations/minute
v’

So, these are some examples where you can see that blade radius is given, power output
is given, velocity is given, air density is given, TSR is given. So, you have to (Refer
Time: 28:47) determine the rpm of the rotor. And similar way, this tip speed ratio
expression that you have seen, it is also, you can find out with this TSR is nothing but

tangential speed which is omega r divided by this wind speed. So, you can find out.

(Refer Slide Time: 29:07)

Example 7

For the values given in Example 6, determine the fip speed of rofor.
| ———

Rofor tip speed = (TSR*V)

Roftor fip speed = 4x3 =12 m/s
iy

Similarly, here also you are supposed to determine that tip speed of the rotor, where TSR

is given, wind velocity is given so you can easily determine.

(Refer Slide Time: 29:17)



Wind Generation Efficiency

® Gear box efficiency: Typically on a large modern wind
‘ turbine, the rotor has a rotational speed of 20-30 rpm, while
the generator will need to rotate at 1520 rom. In order fo

increase the speed, a gearbox is used. If the turbine rofor
/1uns at 30 rom, a gear change of 30:1520 = 1:50.7 is required.
/ That’s, 1 rev of the main shaft has to be increased to 50.7 rev.
Generally, a gearbox has several steps; thus, the rotational
speed is increased stepwise. Losses can be estimated at 1%
per step.

» The overall efficiency is the multiplication o efficiency of
generator, and efficiency of gear box. 3

—_—

So, apart from this Cp, that is, power coefficient as | said, there are some factors which
dominates the efficiency of the wind turbine or wind energy conversion system, one is
called gearbox efficiency. And as | mentioned that why we require gearbox because you
know rotor of the wind turbine typically rotates at a not a very high speed, only 20 to 30
rpm and the generator needs the rotation of somewhat closer to 1500 rpm. So, you have
to change the speed 30 rpm to 15, close to 1500 rpm and that speed change is possible by

using gearbox.

So, we have to have a gearbox in a typical wind turbine and the overall efficiency of
power, wind turbine also depends upon the gearbox efficiency ok. So, overall efficiency
of the wind energy conversion system is typically multiplication of power coefficient,
efficiency of the generator and efficiency of the gear box ok, roughly on these three
parameters. So, overall efficiency of the wind energy conversion system is C

multiplication of Cp, multiplication of generator, multiplication of gear box ok.

Where we can control this Cp by varying or by orienting this wind turbine correspond to
different values of pitch angle and different values of TSR ok. And there are some, you
know, research going on, how can we control this wind turbine operation corresponding
to a maximum value of power coefficient ok, so that we can maximize the power

extraction.

(Refer Slide Time: 31:03)



Solar energy

A ——

®» The earth receives more energy from the sunin 1 h than the
global population uses in an entire year.

» The average intensity of light outside the atmosphere (known as
/the solar imadiation/constant) is about 1300-1500 W/m2.

/ ——
/ » There are two ways of sojar energy conversion systems. They are:
(Wohotovolfaic and (jy'concentrating solar power (CSP).

®» The former directly converts solar iradiation to electrical energy,
whereas the latter convers firstly it o heat and then, o electrical
energy.

Now, next another important renewable energy generation systems, | will talk about that
is called solar energy ok and as you know it is a top form of renewable energy, which
will not be depleted with time and we have typically average intensity of the light around
1300 to 1500 watt per meter square. And we have two forms of solar energy conversion
system, that is photovoltaic and concentrating solar plant. So, photovoltaic use the
intensity of the light and concentrating solar power utilize the heat of the solar irradiation
ok.

So, the former directly converts the solar irradiation to electrical energy whereas, these
concentrating solar plants, CSP converts to heat and then electrical energy ok. Mostly we
know that photovoltaic type of solar energy conversion system is used in power

generation and it is extremely extensively used in power generation nowadays ok.
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Solar PV cell

» A solar cell will produce a voltage of 0.57 V when the
sunlight shines upon it under open-circuit conditions.

® This volfage would be the same regardless of how big the
/ size of the cellis. But ifs cumrent supply is directly
/' proportional to ifs surface area.

® |n that sense, a solar cell can be considered a constant
current source as well as a voltage source.
I

® The solar cellis a nonlinear device and its performance is
subject to ifs characteristic curve.

e e

So, in a in a typical photovoltaic solar cell, it produces only a DC voltage of 0.57 ok, and
it is open circuit voltage, | will show you the typical voltage and current characteristics
for a typical solar cell. In a typical solar cell, it can be considered as a constant current
source ok. And it is a non-linear device, its performance depends upon the characteristic

curve.
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Jl(Shor’r-Circui’r Current:

The maximum current produced at a given iradiation
and temperature with zero output voltage .

Open-Circuit Voltage :
The maximum voltage at a given iradiation and
Temperature with zero output current.

So, before I show you this characteristics curve, we have different definitions that one
needs to know. One is called short circuit current: the short circuit current is maximum
current produced at a given irradiation and temperature with O output voltage. Short

circuit means output voltage is 0 and it gives you maximum current. And open circuit



voltage means: it is maximum voltage corresponding to O current corresponds to a given

value of irradiation and temperature.

In fact, similar to this wind energy conversion system, where this power available in the
wind typically varies with the wind speed, here also in photovoltaic system the
generation of solar cell depends upon the temperature and solar irradiation of a particular

instant of time.
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»Maximum power Voltage
‘ The voltage at which maximum power is produced by
a solar panel

/mMaximum Power current
The current at which maximum power is produced by
a solar panel

—

—_

Now, there is another definition called maximum power voltage, which corresponds to
the maximum power produced by a solar panel. So, voltage and current corresponding to
maximum power, it is a matter of interest and maximum power current at which
maximum power is produced by a current at which maximum power is produced by a
solar panel. So, maximum power voltage, maximum power current corresponds to the

maximum power produced by a solar panel.
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Solar PV cell: Typical V- Characteristic

\ I=80

Increasing current ,
= ) Poa=Vaxl,
(constant current) ) = - =

— \

-
700

®

¥ Maximum power

Z 60

point

@

z 50
‘f 400
300
200

100

A
|

| Increasing current
| (constant voltage
Q)
5
=

0

And this is a typical volt ampere characteristics V-1 characteristics of a typical solar cell.
As you can see, there are different operating points one is marked with 1, one is marked
with 2, one is marked with 3, another is 4, another is 5, ok. So, operating point 1
correspond to maximum current ok at 0 voltage, so it is of course short circuit current, |

sc ok. And operating point 5 corresponds to maximum voltage with O current which is

100

00 30 0 K 50> Ao v

Voltage (mV) 450 520 570=.
Ref. T. Gonen. Electfic Power Distribution System Engineering

open circuit voltage or V oc that is given as here 570 milli volt ok.

And operating point 2, 3, 4; at 3 typical operating points in which you can see at
operating point 3, corresponds to maximum power which means that if you multiply this
voltage and current it gives the maximum value of power ok. And that is also a point of
interest to the researcher and also to the people who devised the control of a solar cell or
solar panel ok. And we wish to operate the solar set corresponding to this maximum

power point and this process is called maximum power point tracking ok.
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Temperature effects on cell characteristic

® The rafings of solar cells are based on the minimum current
they supply at 0.45 V under a full sun at 25°C (77°F).

» |fs output is a function of its cell femperature. As temperature
increases, the current will increase.

® The opposite takes place as the temperature decreases; that
is, cell operates more efficiently when they are cooler.

®» Af other femperatures, the voltage and the current of the cell
can be determined from:

E, = E,- 0.0021(T-25)
I, =lg+0.025A(T-25)

Where E; and Iy are the cell rafings in volts and mAs, respectively, at 25° C, E, and
I, are the cell voltage and current at temperature T, A is cell area in cm2

So, as | said, a typical voltage in a solar cell depends upon the temperature as well as
solar irradiation. So, in fact, solar cell generation will vary with these different seasons,
in winter and in summer there will be different ambient temperature, accordingly the

solar generation would also vary and also it depends upon the solar irradiation ok.
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Efficiency of solar cells
.

® |n general, solar cell efficiency is defined as the rafio of the
electric power output fo the sunlight power it receives.

® The maximum theorefical efficiency of a siicon solar cellis
about 25%.
——

» Today's cells have rated efficiencies of 10%-16%.

» The efficiency of a cellis a function of n(u?n/b\eTof things,
including the number and thickness of the wires connected
to the fop of the cell and light reflected from the surface of
the cell. Also, when cells are connected Together fo form
panels, the panel efficiency will be based on the cell’s
shape.

Now, the efficiency of the solar cell is again the matter of interest to us, but we know
that maximum theoretical efficiency of a solar cell is only around 20 to 25 percent ok.
So, this power density of this solar cell is very poor ok, and this is the maximum

theoretical value, but actual efficiency is only 10 to 15 percent ok.



And the efficiency of a solar cell is typically a function of few things, one is this
particular material is used to build that, another is thickness of the wire connected to the

top of the cell, light reflected from the surface to the cell etcetera ok.
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PV Cell Technology vs Efficiency

echnology | Efficiency
|

Mono crystalline 20-27%

Poly crystalline 14-18%
S

Copper indium gallium 10-13%

selenide

Amorphous silicon 57%

Ahmad, Zameer. (2013). Control of Grid Connected Solar Photovoltaic System.
10.13140/RG.2.1.1253.2969. .

And based upon that we have different types of solar PV cell and their efficiencies are
given, mono crystalline solar cell having typical efficiency 20-27 percent, poly
crystalline is 14 to 18 percent and so on ok. So, there are different types of solar cell and

accordingly the efficiency will also vary.
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Cascading of multiple solar cells

» Typical solar cell output is 800 mA af 0.45 V. But most
everyday applications dictate more than 800 mA at 0.45 V.

® The net voltage can be increased by connecting them in
series, and the net current can be increased by connecting

/ themin parallel.

® |f many solar cells are connected in series and parallel to
form a permanent unit, it is called a solar panel.

® |n practice, solar panels are manufactured in different sizes
and ratings. Such panels can be interconnected fo form
solar arrays or modules.




Now, as we know that we need to cascade because one typical solar cell will give you
only a fractional voltage lesser than once. But in order to use them for typical
applications in different, for a different point of a network or a different, for different
customers we need to have a cascaded form of the solar cell and that cascading is done in
order to achieve a desired value of voltage and in order to achieve desired amount of

power oK.
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Components of PV system

\/-/Solor panels

A Power conditioning circuit
M Storage
¥Inverter

Loads

So, with a typical example that would be clear. But in typical photovoltaic system, we
also have different other system along with the solar panel. One is called power
conditioning circuit, storage, storage is required particularly if it is operated in isolated
condition, without this connection with the grid, also inverters to convert this DC to AC

and loads which is of course there.
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Walid Omran, “Performance Analysis of Grid-Connected Photovoltaic Systems™ Philosophy of doctorate

Thesis, Electrical and Computer Engineering, Ontario, Canada, 2010

So, this is a typical, you know solar PV conversion system as a whole, which includes
this solar cell, which includes power conditioning unit which includes this, you know
inside power conditioning unit to converter is a, inverter is there in order to connect with

the load ok. Also, this storage is an optional option which is required sometimes to store

the surplus energy and to discharge when there is deficit energy ok.
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System configuration for solar PV
generation.
» There are two types of solar PV generation
sysTems
STond alone system
Gnd connected system

So, there are two modes of operation as we know, one is stand-alone operation, another

is grid-connected operation. In standalone operation it is not connected to the grid and in

grid connected operation of course, it is connected to the grid.
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System configuration for solar PV
generation: Standalone system
Charﬁe + é-
contro er =
=rn i /’
W
dc power
ac power
Ref. T. Gonen. Electric Power Distribution System Engineering

So, standalone operation particularly needs this storage.
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System configuration for solar PV
| generation: Grid-connected system
i >
é% Utility yd
ac power
Ref. T. Gonen. Electric Power Distribution System Engineering

And grid connected mode does not need any storage, it can be directly connected to the

grid and maximum and mismatch power that is surplus power or deficit power would be
sent to the grid or to be imported to from the grid.
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Equivalent circuit of PV cell

This is the equivalence electrical circuit form of this PV cell, it gives a current source,
some diode and some resistances. This is required to devise the control of the solar PV

and in order to do the further research on solar sensor.
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Output current of PV cell
= lph-fo[exp (%&]) - ]]
L

Vpy is the output voltage of PV cell,

lon 18 e current photo generated by the solar cell,

I, is the reverse saturation current of the diode,

q # electron charge=1.602 x 107 C,

RS is the internal resistance,

= Boltzmann constant = 1.381 x 102 JK,

is the temperature of the cell, A is the diode ideality factor.
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Maximum Power Point Tracking Controller
-—/—/_\

® Maximum Power Point (MPP) is the maximum energy
that can be extracted from the PV panel.

» MPPT methods are useful for tracking MPP.

MPPT algorithms provide control signali.e., PWM
signal to power electronic converters in order to
deliver maximum available power to the load.

Brunton, S.L.; Rowley, C.W.; Kulkami, $.R.; Clarkson, C. Maximum power point tracking for
photovoltaic optimization using ripple-based extremum seeking control. IEEE Trans. Power
Electron. 2010, 25, 2531-2540.

I am just keeping on, this is a typical output current characteristics of PV cell, and this is

the point which | was trying to mention one, that is called maximum power point

tracking, which means that where we intend to operate any solar PV conversion system

to its maximum power point correspond to this maximum value of power from here,

from which we get. And there are many approaches to track this maximum power point

(Refer Slide Time: 40:30)

Maximum Power Point Tracking Controller

% de-dc Load or
I8 Converter other devices
Z
z
'f‘ MPPT
Vpy contpl/

In fact, this is an area of research and people do use many types of MPPT control, MPPT

stands for Maximum Power Point Tracking control so that we can always operate the

solar PV system to its maximum power point ok.
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Maximum Power Point Tracking Controller

»The cument /voltage of PV module and output
voltage of converter are the inputs to MPPT controller

» MPPT controller generates control signal for
converter to maintain maximum power point as the
operating point of the system.

»The perturb & observe (P&O) and Incremental
Conducfance (IncCond) are the most popular MPPT
algorifims.

Brunton, S.L.; Rowley, C.W.; Kulkarni, SR.; Clarkson, C. Maximum power point fracking for
photovoltaic optimization using ripple-based extremum seeking control. IEEE Trans. Power
Electron. 2010, 25, 2531-2540.

There are some typical MPPT techniques available, one is called perturb and observe
technique, another is called incremental conductance technique, there are many other
techniques as well which typically, which are typically employed to operate the solar cell

to it maximum power ok.
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Perturb and Observe Method

» MPP is fracked using periodic measurements of
current and voltage of the PV system.
Advantages S

» Simple

® | ess costly. .

Disadvantages /

» Oscillatory power around the MPP,

» Might Fail to track MPP during sudden changes
of temperature and solar iradiance.

Jain, S.; Agarwal, V. A new algorithm for rapid fracking of approximate maximum power
point in photovoltaic systems. IEEE Power Electron. Lett. 2004, 2, 16-19.
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Incremental Conductance Method

» MPP is fracked by comparing the instantaneous
conductance with the incremental conductance
to modify the required reference voltage.

Advantages
/mLess oscillatory power around the MPP. ~

Disadvantages

®Response is slow while reaching MPP during
certain conditions .

Salas, V.; Olias, E.; Barrado, A.; Lazaro, A. Review of the maximum power point
fracking algorithms for stand-alone photovoltaic systems. Sol. Energy Mater. Sol. Cells
2006, 90, 1555-1578.

Some advantage, disadvantages are there in both the methods.
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Concentrating solar power (CSP)

» [t involves intermediate conversion of solar energy into
thermal energy in the form of steam, which in furn is
employed fo drive a furbo generator.

® To have high femperatures, thermal systems invariably use
concentrators by the use of mirrors either in the form of
parabolic troughs or thermal fowers.

®» The CSP systems are essentially categorized based on
how the systems collect solar energy. The three basic
systems are the linear, fower, and disk systems.

| am just keeping this; you can take a look. And finally, we also have some concentrating

solar power in which the basic operation is something different than the photovoltaic.
We utilize the heat of the solar and that heat is accumulated and then that heat is utilized
to generate power ok, it is similar to this type of thermal power generation except that in

thermal power we use burning of the coal or burning of the gases to generate steam.



But here, it is something different; it is by utilizing the heat available on the solar
irradiation or by concentrating the heat we generate power. So, | am not going into
detail.
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Merits of Solar Energy
‘ ® Renewable source of energy
® Reduction of energy costs rd
®| ow maintenance costs
/' Abundantly Available
® Provides Grid support
® Extensive applications /-

So, there are some merits of the solar energy conversion system as a whole. In fact, it is
extensively used because the reduction of its installation cost and also it is abundant, it

can be used for extensive applications.
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Demerits
‘ ®Cost
.
®|nfermittency -
®More space requirement
/" »Energy storage is costly
»|ess efficient




But again, these demerits are intermittency, if you use energy storage, energy storage is
the costly. And of course, initial cost, investment cost, one needs to incur in order to
install that.
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Example 8

Tt

» Consider a solar panel that is rated 20 W at Lg
| V. Determine the following: . 282 %

® 0. How many of these panels are needed to
// supply I’O’é:of current at 120 V¢

®b. How should they be connected?
» . The value of the necessary load resistance.

®» d. The tofal power that can be obtained from
this array of solar cells.

V5

Now, here we have some examples, numerical examples, first numerical example is,
suppose, we have a solar panel which consists of many solar cells which are rated of 20
watt and can produce 10 volt ok. Now, you have to decide that how many such solar
panel we can make in series parallel combination in order to determine, in order to

supply 120 volt at 10 ampere ok.

So, as | said many individual solar cells will constitute a solar panel and many solar
panels are used in series parallel combination so that we can get desired voltage and
desired amount of power from that. So, in order to have a 120 volt 10 ampere of current

source so how many panels we need to connect?
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Solution...

® Since each panel produces 10V, to get 120 V, the

number of panels required in series is: Total required

voltage/Each panel voltage

Number of ponels in series = 120/10
:]/2*
Current rohng of each panel = power/voltage

=20/10
=2A

So, it is very simple, first you find out that since you have a 20 watt 10 volt solar panel
so that means, it gives its output voltage is 10 volt and it can max provide 20 divided by
10 that is 2 ampere of current ok. So, we need 10 amperes of current so we have to
connect 5 such unit in parallel ok; so that each of them will give two ampere and you
will get 10 amperes. But in order to have 120 volt you have to connect, 12 volts such

panel in series ok. So, that you get 120 volts. So, what we will get?
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Solution..
Number of requlred parallel paths = Total required current/ Each panel current
=10/2

A panels needed for a supply of 10 A at 120V are
= Number of series connected panels*Number of parallel paths
=12*5
=60

b) They should be connected in five parallel paths, with each parallel path

consisting of 12 panels connected in series

So, number of panels to be series is 12 and number of parallel paths that we require 5.
So, it will be at 12 multiplied by 5; 12 solar panels would be connected in series and such

kind of unit, 5 such kind of unit needs to be connected to parallel in order to have this



required voltage and power ok. Now, another question is how they should be connected?
So, you already determined that and the value of the necessary load resistance and total

power that can be obtained from the solar cell.
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Solution...

¢) Required load resistance is

e

R, =120/10
=120hm

e

The/input resistance facilitates the maximum power conversion in a full sun.
wever, as the lighting changes, thisimpedance needs to be changed fo get the
maximum power conversion.

d) The total power of solar array = Voltage * Current

=120"10

—

=1.2kwW

—

In fact, total power that is 120 multiplied by 10 that is one 200 watt that is 1.2 kilo watt,
that much of power can be available. And we need a load resistance of 120 by 10 at least

12 ohm to be to connect, to get connected with that.
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Example 9
‘ » Consider that each solar panel is rated 20 W at

10 V. Determine the following:

= . How many of these panels are needed to

/ supply 20 A of current at 120 V2

»b. How should they be connected?

»C. The value of the necessary load resistance.

= d. The total power that can be obtained from
this array of solar cells.

Now, similar examples are given with different values of desired voltage and current.
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Solution...
[ ® Since each panel produces 10V, to get 120 V, the number of panels
required in series is: Total required voltage/Each panel voltage
Number of panels in series = 120/10
¢ =12
Current rating of each panel = power/voltage

=20/10
=2A
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Solution...

“‘ Number of required parallel paths = Total required current/ Each panel current
=20/2

=10

)/ panels needed for a supply of 20 A at 120 V are
=Number of series connected panels*Number of parallel paths
=12*10
=12

b) They should be connected in ten parallel paths, with each parallel path
consisting of 12 panels connected in series
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Solufion...

¢) Required load resistance is
R, =120/20
=6 0hm
The'input resistance facilitates the maximum power conversion in a full sun.
wever, as the lighting changes, thisimpedance needs to be changed fo get the
maximum power conversion.
d) The total power of solar array = Voltage * Current
=120*20

=24kW

— T
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Example 10

» Consider that each solar panel is rated 20 W at
10 V. Determine the following:

® 0. How many of these panels are needed to
supply 10 A of current at 240 Ve

= b. How should they be connected?
» . The value of the necessary load resistance.

» d. The total power that can be obtained from
this array of solar cells.

— Lk

And accordingly in the similar fashion you can find out that how many solar cells need,
solar panels need to be connected in series. Basically, series connection, how many
panels need to be connected in series that is basically dominated by, that is basically
decided by the voltage requirement, from this overall unit. And, how many such kind of
unit needs to be connected in parallel that is decided by the current requirement or power

requirement ok. So, one needs to understand that this is very simple.
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2014.

And in order to follow this particular part of this lecture, one can go through Gonen’s

book ok. So, with this I will stop today and this part of module 7, is finished here.

Thank you.



