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1. INTRODUCTION

The ever growing demand for Renewable Energy resources is gaining importance day by day. Wind,
Solar, Nuclear, Hydral etc are some examples of such renewable energies. It is expected that by 2050, 60% of
our energy requirement will be supplied by these Renewable energy resources. Out of these PV Energy has
been used in most number of cases as it is distributed over the whole area of the earth and it is available in
sufficient amount.

Due to this reason now our focus is on inventing new tropologies of improved inverters. Among
these tropologies multilevel inverter with PWM control is gaining more importance. They have many
additional advantages over the other tropologies and are more efficient.

The Pulse Width Modulation Technique is also called as “Vector Modulation”, which is based on
space vector theory, became the most important development in the recent years. Even though, many no of
pulse width modulation (PWM) methods are created before, the vector modulation technique seems to be the
best alternative method for a three phase switching inverter, current control applied to converters, loop
testing in real-time hardware for control design, in controller implementation, in recovering and separating
independent source signals, and in neural computation. As the conceptual method of multilevel PWM
converter was introduced, several modulation techniques have been studied and developed in detail, such as
multilevel SPWM, SVPWM and multilevel selective harmonic elimination. In these methods, the space
vector PWM comes out because it gives significant flexibility in optimizing the switching waveforms and
suitable for digital implementation.
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2. NPC INVERTER

Block diagram of the multilevel inverter based on SVPWM technique is shown in the fig.1 Type of
multilevel inverter used in this paper is NPC three-level inverter. DC voltage source supplies input voltage to
the multilevel inverter and it is controlled by the series of pulses based on ON and OFF times of the
corresponding. Switches in the respective legs of the NPC inverter these switching pulses of switches are
given by the SVPWM algorithm. The output voltage from the multilevel inverter is given to load

PV B MULTILEVEL
ARRAY INVERTER

SVPWM
TECHNIQUE
(lab view)

Figure 1. Block Diagram

2
Figure 2. Schematic of the Neutral-Point-Clamped three-level Inverter

Among the multilevel inverters which has gained much attention and frequently used is the Neutral-
Point- Clamped (NPC) multilevel inverter or also called as Diode-Clamped multilevel inverter. This inverter
was first proposed by Nabae ET. Fig.2 shows the three-level NPC inverter.

Normally, NPC multilevel inverter gives the small step of staircase output voltage from many levels
of DC capacitor voltages. An n-level NPC inverter comprises of (n-1) capacitors on the DC bus, 2(n-2)
clamping diodes per phase and 2(n-1) switches per phase. Fig.2 shows the structure of 3-level NPC inverter.
The DC bus voltage is divided into three voltage levels with help of two DC capacitors, Cal and Ca2. Each
capacitor is having Vdc/2 volts and each voltage stress will be limited to one capacitor level with help of
clamping diodes. The output voltage, Van is having 3 states as given in [2].

The no of levels can be increased to a high level by adding switches and with this, the inverter will
be getting high AC voltage, producing several no of voltage steps that will be reaching sinusoidal with lower
harmonic distortion. In the time of inverter operation, the switching devices near the center tap point are
switched ON for a longer duration compared to the switching devices further away from the center tap point
as shown in the switching states. As the switching device is further away from the center tap point the
switching time is for shorter duration. Other difference among the normal conventional two-level inverter
and multilevel NPC inverter is the clamping diode (D) in the phase. In case of three-level NPC inverter,
clamping diode in the phase A, Dal and Da4 clamped the DC bus voltage in phase A into 3 voltage levels
which are +Vdc/2, 0 and -Vdc/2. Diode, Da4 in phase A balancing the sharing of voltage between Sa4in and
Sadout; with Sadin stoping the voltage across Cal and Sa4 out stops the voltage across Ca2 in the phase A.
The process repeats for the remaining two phase B and C.
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3. Space vector PWM Modulation

As from the Table. 1, there are 27 switching States in NPC three-level inverter. Which corresponds
to 19 voltage vectors (Vo to Vie) Positions which are fixed. These space voltage vectors are divided into four
groups, which are: large space voltage vector (VI, VI, etc.), medium space voltage vector, small space
voltage vector, and zero space voltage vector (Vo). The plane is divided into six major sectors (‘a’ to ‘f”)
with help of large space voltage vectors and zero space voltage vectors. Each major sector denotes 60° of the
fundamental cycle [4]. Within every major sector, it contains four minor regions. Totally there are 24 minor
regions in the plane. And the vertex point of these regions denotes the voltage vectors. Observe the Table,
each small space voltage vectors and zero space voltage vectors have 2 and 3 redundant switching states,
respectively. In 3-phase 3-level inverter, when the rotating space voltage vectors falls into one particular
sector, adjacent voltage vectors are selected to make the desired rotating space voltage vector based on the
vector synthesis principle, as result it gives 3-phase PWM waveforms. By the observing the phase angle and
the magnitude of a rotating reference voltage vector? The sector in which v* lies can be easily find out. [5]
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Figure 3. Space vector diagram of three-level inverter

Based on the principle of SVPWM tecnique that the command voltage vector V*is nearly calculated by
using three adjacent vectors. The duration period of each and every voltage vectors are obtained by
following vector calculations;

TIVI +T2V2 +T3V3 =TsV

T1+T2+T3=Ts

Table 1. Switching States.

switching | Sa sb sc Corresponding switching | Sa Sb Sc Corresponding
states wvoltage vectors states wvoltage vectors
51 o o o Vo 514 1 1 2 Vs
52 1 1 1 vo s15 2 1 2 V6
53 ) ) ) Vo 516 2 1 ) w7
vy 1 ) ) Vi 517 1 2 ) va
= T T 5 w2 s18 ) 2 1 v
= 5 T 5 s 519 ] 1 2 V1o
520 1 0 2 Vi1
s7 ) 1 1 va
521 2 ] 1 w1z
s8 ] ] 1 V5
522 2 o o W13
s9 1 o 1 V6
523 2 2 1 via
510 2 1 1 w1
524 ) 2 ) V15
511 2 2 E vz s25 ] 2 2 V1
512 1 2 1 vs 526 o o 2 V17
513 1 2 2 va 527 2 o 2 ViE

The vectors that define the triangle region in which V* is located are V1,V2 and V3. T1,T2 and T3
are the vector durations respectively and Ts is the sampling time.[6]
The three-level inverter similar to a two-level inverter in such way that, each space vector diagram is divided
into 6 sectors. For simple understanding the switching patterns for Sector ‘a’ is defined and calculation
technique is same for the other sectors . Sector ‘a’ is divided into four regions. Space vector pulse width
modulatrion for three-level inverters can be implemented by the following steps ;
a. Find the sector in the hexagon,
b. Find the respective region in the sector ,
c. Calculate the respective switching times for ta,tb,tc,
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d. Find the switching states based on the above step,

a. Finding the sector in the hexagon:

Alfa (a) is calculated and then the sector, in which the ref vector V* is located, is determined as;
If a is in the range of 0° <a < 60°, then vector V* lies in Sector a,

If a is in the range of 60° < a< 120°, then vector V* lies in Sector b,

If a is in the range of 120° < o < 180°, then vector V* lies in Sector c,

If o is in the range of 180° <o <240°, then vectorV* lies in Sector d,

If o is in the range of 240° < a < 300°, then vector V* lies in Sector e,

If o is in the range of 300° <o <360°, then vector V* lies in Sector f.

b. Finding the respective region in the sector:

11-1

(@) (b)

Figure 4. Space vector diagram for m1 and m2 in Sector ‘a’.

From Figure 4 (b) m1 and m2 in sector ‘a’can be calculated as
b

a=m-, = _ 2 b= 2 m, .sina
sin(/3) V3 3"
m, = mn-cosa—( j_.ln,,.sinaj cos(m /3)
3
m,; = m, (Coso sina)
1 — n - _\/—
3

And by,
If the value of m1, m2 and (m1+m2) < 0.5, then V* lies in Reg 1,
If the valve of m1 > 0.5, then V* lies in Reg 2,
If the value of m2 > (.5, then V* lies in Reg 3,
If the value of ml and m2< 0.5 and (m1+m?2) > 0.5, then V* lies in Reg 4.
c. Calculating the respective switching times for ta, tb, tc:
ta, tb, tc switching times of Sector ‘a’ is given in

Table 2. Switching times for Sector A

| Region | . Region 11
Ty 11" m* T "sind (w3 )-a) [Tl -1 1" m ™ sind -+ 3))
T, IT J20 1 -02% 1, ] s a1 3 by [1-1 T, " m*sina
T, II_I T.,"sino :'I..-'_fll:‘ L.l =*m*sini g A=cad=11 |
Hegion 111 Region IV
T, TJ/2(1-2%1_1*m* sina) M/22* 1. 1" m®sin{a)- 1)
Ty, T/ 2025 L 1 m st 3+aa- 1) (1,17 m* T, *sin (/3 o)
T, T/2614+2% 1. 1" m®sind a-/ 31 i']',l =1, 1" m*sind a+m/3 )
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d. Finding the switching states based on above step:

At any time by taking the switching transition of only one switch ; the switching transition orders are shown
below and they are obtained for every region in Sector ‘a’ if all switching transition states in every region are
used. Therefore, switching states for Sector ‘a’ given below

Reg 1:-1-1-1, 0-1-1, 00-1, 000, 100, 110, 111

Reg2: 0-1-1, 1-1-1, 10-1, 100

Reg 3: 0-1-1, 11-1, 10-1, 100, 110

Reg 4: 00-1, 10-1, 11-1, 110
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Figure 5. Switching States of Sector ‘a’: (a) Reg.1, (b) Reg 2, (c) Reg 3, (d) Reg 4.

4.  Photovoltaic Arrays

The Photovoltaic Cells converts the solar energy of the sun to electrical energy i.e. electricity. The
basic unit of a PV array is a PV cell. The PV cells grouped together to form a PV panels and these PV panels
can be further grouped together to form a PV array. The PV cells [11] can be either circular or rectangular in
shape. Each PV cells can be considered as a simple p-n junction diodes and the surface of these diodes are
exposed directly to the sunlight and in turn the charge carriers are generated which produces electricity.

practical PV device

Figure 6. Basic Circuit diagram of a PV cell using one diode
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Figure 7. PV cell using two diode models.

Load
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The basic diagram of a PV cell is shown in fig.4 and to compensate the error the two diode model is
also given in fig.4.In this fig the PV cell is represented by a current source and the R, and Ry is the parallel
and series resistance respectively. V and I are the output voltage and output current respectively. From the fig
it is evident that the net current I is the summation of I ,,and I4 so

=11 4)

Where

I=Ipexp (qV/akT)

Iy=Leakage current of the diode.

g=Electronic charge

k=Boltzmann Constant

T=Temperature of the pn junction

a=Diode identity constant

The equation (4) is the ideal equation which is a bit different from the practical one. Actually the practical PV
array is composed of more than one PV cells and so the basic equation requires some additional terms. The
actual eq is given below

I=ly-[exp {V+RJ/V@)}-1]-(V+RJ/R,) 5)
Where

V,=NkT/q

This the thermal voltage of the cell with Ng no of cells connected in series. The cells connected in
parallel increases the current and cells connected in series increases the voltage. The I-V characteristic [13]-
[14] is shown in figure 6 below. From this figure we can easily find that the voltage and current is maximum

at some point let it be called as MPP. Here as the voltage and current is maximum we can get the maximum
power at this point. The voltage and current corresponding to this point is Vy,, and I, respectively.

¢ 0 L) voltage
source
1 ose MPP
(Vinp, Lnp)
~
current
I'
source (I/:_, o 0)
v
Figure 8. V-I characteristics of an PV cell
Table 3. Parameters for PV cell waree ws 100
Parameters Values
Maximum Power (Pmax) 10w
Voltage at maximum Power (Vmp) 17V
Current at max Power (Imp) 0.59 A
Open Circuit Voltage 21V
Short Circuit Current 0.62 A
Tolerance 5%
Power Measured at Standard Test Load 1000W/m2 ,25 ¢ ,AM 1.5
Temperature Co-efficient of Power -0.47 %l K
Temperature Co-efficient of Voltage -0.123 V/K
Operation Temperature -40Cto85C
Nominal operating Cell temp 48°C
Maximum System Voltage 1000VDC
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Here in this diagram I, is known as the short circuit current i.e. the current is maximum when the
output terminal is short circuited and V. is known as the open circuited voltage i.e. the voltage is maximum
when the output terminal is open. Actually the output of the solar cell is not constant as the irradiance and
temperature changes throughout the day and so it becomes very important for us to track this MPP i.e.
maximum power point to get a very efficient and robust system. The parameter of the PV cell being used
here is given in Table 3.

5.  Matlab /Simulink model

5.1 Simulation of Multilevel Inverter.
The simulation diagram for Two level and three level is shown in fig. 9 and fig. 10.

Figure 9. Two-level SVPWM inverter
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Figure 10. Three-level SVPWM inverter

5.2. Simulation of PV Module
In this analysis the resistance R, is eliminated. The output voltage V can be obtained by simplifying
the equation (2) which gives:-

V=(akT/e)In { (I Hg-1)/Ig}-(RyD) (©6)

Where
k=Boltzmann Constant (1.38*10-23J/K)

A Multilevel Inverter Based on SVPWM Technique for Photovoltaic Application (Shantanu Chatterjee)
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e=electronic Charge (1.602%*10"-19C)

T=Reference operating temperature (20 C)

R¢=Series resistance (0.001 ohm)

I&=Reverse saturation current of the diode (0.0002 A)

The ambient temperature T, affects the output voltage and photocurrent of the cell and this can be
represented by two temperature coefficient Cry and Cry and can be represented by

Cry=1+P1(To-Ty) (7
Cr=1+y1/S(To-Ty) (3
Where B1=0.004 and y1=0.06 and another cell ambient temperature is Ty. Based on this two equation the
Simulation is carried out.
The temperature change AT, occurs due to the change in solar irradiation level and can be given by:-
AT, = a.(Sx-Se) )
Where the constant o, represents the change in slope of the cell operating temperature due to change in solar
irradiation level.
The new value of cell voltage V., and photocurrent I, can be obtained for new value of temperature Ty
and solar irradiation S by the given equation:-

Vo=CsyCrvV, (10)

Iphx:C SICTleh ( 11 )

Where Cgy Crv,Cs1 Cry are the correlation coefficients.

Constanta

Figure 12. PV Sub module for determining the PV cell output voltage
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1.3 Simulation of Multilevel Inverter Integrated with PV Cell by MPPT Algorithm.

In this algorithm a slight perturbation is introduce system. This perturbation causes the power of the
solar module changes. If the power increases due to the perturbation then the perturbation is continued in that
direction. After the peak power is reached the power at the next instant decreases and hence after that the
perturbation reverses. When the steady state is reached the algorithm oscillates around the peak point. In
order to keep the Power variation small the perturbation size is kept very small. The algorithm is developed
in such a manner that it sets a reference voltage of the module corresponding to the peak voltage of the
module. A PI controller then acts moving the operating point of the module to that particular voltage level. It
is observed that there some power loss due to this perturbation also the fails to track the power under fast
varying atmospheric conditions. But still this algorithm is very popular and simple. The PV module is
connected to the Inverter by a boost converter which is used to increase the DC voltage level.

" Begin PA0
Algorithm

= Maasure: Vik), (k)

Pyk) = Wik Ifk)
ISl )

v

AP=d

no

yes

h 4

¥ - viken)s O

l

Decrease Module
Voltage

Increase Module
Voltage

yes
V) - Vik-1)- 07

T

Decrease Module
Voltage

Increase Module
Valtage

Update History
Vifi-1)=V(k)
Pyk-1)=Pk)

Figure 13. MPPT algorithm.

The simulation of the whole proposed system is done below.

Figure 14. Simulation of the whole system implemented using MPPT algorithm.

L = A
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6. Simulation Result
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Figure. 15 phase voltages of two-level inverter Figure. 16 line voltage of two-level inverter

Figure. 17 Line voltage of three-level SVPWM inverter Figure. 18 Phase voltage of three-level
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SVPWM inverter
Line voltages and phase voltages of three-level SVPWM inverter are shown in figure 17 and figure 18.

7. Comparison of FFT analysis of two-level SVPWM and three-level SVPWM inverter
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Figure 19. FFT analysis of two level inverter

Figure 20. FFT analysis of three level inverter

Table 3. FFT Analysis of 2 & 3 level Inverter

S.no Level THD
1. Two-level 62.89%
2. Three-level 44.24%
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The FFT analysis is done here in MATLAB Simulink.As we can see that the THD value decreases

with as the no of levels increases.Further if we use a filter circuit then the THD value decreases to a very
effictive level.

8.

Generation of pulses in SVPWM using Lab view
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Figure 21. The genereation of Pulses to fire the Mosfet

The genereation of Pulses to fire the Mosfet is shown in Figure 21.This is done in accordance with
the SVPWM technique.

9. Hardware Setup for 3-phase 3-level inverter

The whole hardware implimentation is done here for the 3-level inverter.LabView is used here to
generate the gate pulse and the optocoupler (TLP250) is used here to protect the gates from the negative
spikes.The transformer set is also use here.While connected the whole circuit we got the output waveform of
3 phase 3 level inverter and by clicking on the MATH function on the DSO we got the FFT analysis in
hardware.

Figure 22. Hardware Setup for 3-phase 3-level inverter
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Phase voltages of 3-level inverter

Phase C Voltage

Figure 22. Phase voltages of 3-level inverter

10. CONCLUSION

In this paper, the total Harmonics distortion of the two and three level inverter with SVPWM is
analyzed by RL load. The simulations are done with MATLAB/SIMULINK. Hardware results are also
verified with experimentation by using labview. The cost savings is further enhanced with the proposed diode-
clamped inverters because of the significant reduction in the total VA ratings of the clamping diodes and in the
total voltage rating of the voltage-splitting capacitors. These configurations may also be applied in distributed
power generation involving photovoltaic cells, wind mills, fuel cells etc.
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