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ABSTRACT

In real life the PV sources can't supply multilevel inverters with equal and constant dc voltage.
The variation of irradiation affects the output voltage of PV's which in turn vary the switching
angles required to fire MLI to achieve minimum contents of output voltage profile , so the
harmonic elimination’s equations must be solved for each set of input DC voltages. This
research present how can we use genetic algorithm (GA) to solve harmonic elimination of
eleven level inverters with equal and non-equal dc sources , then artificial neural network

(ANN) is used to fire MLI with suitable angles for any set of input Dc sources .

The partial shading of PV modules from clouds, obstacles are responsible for unequal Dc

supply for multilevel inverter.

A set of mathematical equations representing the general output waveform of the multilevel
inverter with non-equal dc sources is formulated using Fourier series, then GA is used to solve
the none linear equations to get the optimal set of switching angles which minimize the total
harmonic distortion (THD) of eleven level inverter to acceptable limit, after that ANN is
trained to generate these angles in any case of dc voltage variation in short time including
constant dc sources when no shading

FFT analyses are carried out for output voltage profile to prove that this technique is reliable
for MLLI; the proposed technique is validated through simulation by matlab Simulink Ra2013.
GA and ANN technique achieve minimum THD for both equal and unequal DC sources, and
can be applied for any kind of level inverter. According to our calculations to find THD for
equal Dc sources we obtain 9.38%, and for variable Dc sources we obtained 10.26% THD
when input Dc varied 4.47 volts, and 12.93% when input Dc varied 11.43 volts.
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1.1. Introduction:

PV power which considered as one of the most RE sources need to be converted to AC in order to

connect electrical network at desired voltage and frequency.

Inverters are the most important devices used to do that, many different types of Inverters are
used, each has advantages and disadvantages. Multilevel Inverters take place medium and high
power applications, due to lower voltage stress on power semiconductor switches, minimizes THD
to be more closer to sine wave output, while conventional power Inverters can produce two

levels output voltages.

Multilevel Inverter must connected to PV string where shading should change the voltage of
given level which in turn cause additional THD generated and voltage Stress across devices

This problem has to be solved by applying programmable PWM for CHBMLI using Atrtificial
Neural network which respond to change in level voltage by adjusting the firing angles of MLI to

maintain minimum THD.

1.2. Background

1.2.1. Photovoltaic

Converting light energy into electric energy using semiconducting materials is said to be
photovoltaic.

Sun light photons when hit an electrons in a semiconductor materials deliver them with energy
force them to leave their orbits to be free. If a voltage difference is applied they move in one
direction to emerge a current.

The first step of manufacturing semiconductors devices was pure crystalline silicon (Si), also
Germanium (Ge) is another element is used as a semiconductor material in some devices, both of
them have 4 electrons in their orbit, the pure Si and Ge must be doped with boron and phosphorus
to perform positive and negative materials.

.Semiconductor materials are used to convert sunlight into electricity, nowadays we have hundreds
of electronic and power electronic devices such as diodes, transistors, IGBT's, which are used in
renewable energy converters.

Two layers of semiconductor material are made to perform P-N junction

An N-type material is made by doping a silicon atoms with small amounts of Antimony and a P-



type material is made by doping a silicon atoms with small amounts of Boron, the two layers then

joined together to produce what is generally known as (P-N junction) [1], as shown in Fig. (1.1)

Electric field

P qgi n
S o o<tei® ®
S O IO ®® ®
O O io=-r®i® ®
|<—>|'
Depletion
region

Fig .(1.1) P-N junction

A well known Shockley diode equation (1.1), describes the (p—n) junction voltage—current

characteristic curve for

Ig = 1o(8 IO 4 e (1.1)

Where:

Id is the diode current (A),

Vg is the voltage across the diode terminals from the p-side to the n-side,
lo is the reverse saturation current (A),

q is the electron charge (1.602 10™°C),

k is Boltzmann's constant (1.381 x 102 J/K),

T is the junction temperature (K).

When substituting the above constants in Eq. (1.1) gives

qvd _ 1.602 x 107*° Vd _ 11600 vd 1
KT 1381 x 10723 " T T 1.2)

A standard junction temperature of 25C° is used; this minimize (1.2) equation to be

lg = 16(€%¥%Y9- 1) (@t 250C) -mmmmmmmmmmmmmmmm e (1.3)
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(@) p-njunction diode  (b) real diode symbol  (c) diode I-V characteristic curve

Fig. (1.2) p-n junction diode
1.2.2. PV Equivalent Circuit:

As shown in Fig.(1.3) the modeling of basic equivalent circuit of the photovoltaic cell can be
represented by ideal current source with real diode in parallel with , the solar irradiation is the
source of current generation in current source, the lack of irradiation highly affect the current
emerged by current source.

/
— V
0

+
/
4 41 1
oad

0
Fig.(1.3) a photovoltaic cell simple equivalent circuit.

Practically two PV parameters must be taken in consideration, first one is known as the short-
circuit current, Isc, which represent the current delivered by PV when the load is zero (short
circuit), second one is the open circuit voltage, Voc which measure the voltage across the

terminals at no load. The two parameters are shown in Fig. (1.4)

o

LW
¢ I=lsc

et
L=

O V=0 =0 _p

(@) Short-circuit current (Isc) (b) Open-circuit voltage (Voc)

Fig.(1.4) PV two Parameters.



The simple equivalent PV circuit is not used in practical, two elements must be added to make it
practical, a series and parallel resistances have to be added as shown in Fig. (1.5), so the equation
expresses voltage and current is

I=lsc -lofexpl T2 -1} — () - - - —— oo - - (1.4)

+

v
L9V Rs Y
41 V,

G feal] - op] ¢ =

_lff A

- o

Fig.(1.5) PV cell practical equivalent circuit

When the standard condition of a 25°C cell temperature is considered equation (1.4) becomes

I=lge-lo[e¥9VH IR 1 1- ;—p (V+IRs)  at25:C e (1.5)

The I-V curve plot of eq. (1.5) using RS = 0.05Q and RP = 1 Q is shown in Fig. (1.6).

Rp=o, Re= 0

4.0 i °
_30-
5 Hp:‘l.o, HS=005
i=
@
= 2.0 —
O

1.0 -

0.0 I I I I I I

0.0 0.1 0.2 03 04 05 0.6 0.7

Voltage

Fig. (1.6) Effects of series and parallel resistances on I-V curve



1.2.3. Shading Impacts on I-V Curve

To explain shading phenomenon effect on PV, consider Fig.(1.7) which contains series of

modules , where | represents the current flows through them and V represents the output voltage.

Considering the number of connected series cell is (n), in Fig. (1.7a), all series cells exposed to

sun, which mean that all have the same current.

nth cell
shaded

(ij);j (t[;eﬂf \\\ (rl>ce?s
WO ! 0

/
- - - -

(@) n cells exposed to sun (b) one cell under shading

Fig. (1.7) (a) n cells exposed to sun; (b) one cell under shading.

In Fig. (1.7b), the top cell is shaded completely which mean the short circuit current Isc can't flow
through and its value will be zero, it will pass through Rp causing high voltage drop and force the
diode to be in reverse bias mode, this mean no current pass the diode., so the load current is

pushed to flows into Rp and then Rs.

In this case, the top shaded cell reducing the output voltage not increasing it.
However, when the lower cells (n — 1), stay exposed to sun, they will produce their basic voltage
Vn-1, and let current | flows with no problem, as result, the output voltage of the module Vgy will

Drop to

Y T (S (1.6)
where

e e B (1.7)
add (1.6) to (1.7) gives

T G A (3 e (1.8)



The drop voltage AV due to the shaded cell, is given by

AV = V- Ve =V- (=) V-1 (Rp + Rs)

AV = (=) + 1 (Rp + Rg) r-erosroeeeeeees S — (1.9)

As a result, the module output voltage (V) will be (V - AV).

Fig.(1.8) shows the extreme impact on I-V curve

4 -V full sun

-V one cell shaded

CURRENT (A)
|

VsH VOLTAGE (V)

Fig. (1.8) Effect of shading one cell on I-V curve

1.2.4. Bypass Diode for Shade Mitigation

To mitigate the effect of shading external diodes are added to the PV modules. The goal of those
bypass diodes is eliminate the voltage drop on shaded cells and find a way for current to flow,
which in turn enhance PV output power and voltage .

They are added in parallel with modules to find new way for current, usually three diodes are

added since it difficult to add a diode for each cell.

The bypass Diode operates only when solar cell shaded, when the voltage drop increases on
shaded cell it conducts permitting the current flows through it, which mean the voltage drop is not

more 0.6 volt while if it is not exist high voltage drop occur,

When there is no shading bypass diode will cut off, letting the cell operate normally and the

current pass through,



In practical one bypass diode is connected between two series 12 cells terminals, so if one or all of

them are shaded the 24 cells will be out of works

Fig (1.9) illustrates the principle of operation for bypass diode

V,=05Vo V=-06Vo

i il

0A 7 5 5/ A
O o —1  Bypass % —
VN 1 A diode is % / A
cutoff ey g

ti b

Q o
Sunny cell Shaded cell

(a) (b)

Fig.(1.9) bypass diode principle of operation.

1.3. PV Simulation

Bypass
diode
conducts

The solar cell Fig.(1.10a) is chosen from matlab library with specifications shown in Fig (1.10b)

Parameterize by: IBY s/c current and o/c voltage, 5 parameter "
? Short-circuit current, Isc: 7.34 A v
Solar Cell Open-circuit voltage, Voc: 0.6 v v
Irradiance used for "
a measurements, Ir{: 1000 W/m"2
Quality factor, N: 1.5
Series resistance, Rs: 0 Ohm v
(a) (b)

Fig. (1.10) (a) Solar cell Symbol; (b) Solar cell specification.

Each PV panel consists of 6 modules and each module includes 12 solar cells, three bypass diodes

added to PV as in Fig (1.11)
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Fig.(1.11) Six PV modules with three bypass diodes

The simulation result under 1000 w/m? irradiation produce I-V curve Fig (1.12a) and P-V curve
Fig. (1.12b)

e P-V Curve
10 T T T T 300 T T
1@ P(“BSU F
ar i
2001
5 L
160
4 L
100
2t 50
U 1 1 1 1 U 1 1 1 1
0 10 20 30 40 50 0 10 20 30 40 a0
V (v) V)
(a) (b)

Fig. (1.12) (a) I-V curve; (b) PV-curve




The output voltage, current, and power under different values of irradiation are listed in table

(1.1), eight Ohm load is chosen to show clearly the voltage drop due to shading

Table (1.1): The output voltage, current, and power under different values of irradiation

Irradiation(W/m?) | Voltage (volt) | Current(A) Power (W)
1000 40.02 5.003 200.2
800 37.99 4.749 180.4
600 33.47 4.184 140
400 23.44 2.93 68,68
200 11.74 1.468 17.24

1.4 .Chapter Summary

Photovoltaic materials, p—n junction, and diode 1-V curve corresponding to equation (1.3) are
reviewed , ideal and complex PV equivalent CCTs are explained (Fig 1.4&1.5) and analyzed
Eq.(1.4&1.5), the effect of shading On I-V curve is explained as shown in Eq. (1.6-1.9), a 72 cells
PV is built by Matlab Simulink and the output voltage, current, and power are simulated under
different irradiation values Fig (1.12 a & b) with results listed in table (1.1)
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2.1. Previous Studies Related to Multilevel Inverters

Scientific literature does not contain any reports that deal with wide range of dc source variation
caused by shading; most researchers consider 10% of source variation only, therefore, this research
implies dc variation up to 40%

1- O. Bouhali, F Bouaziz, N. Rizoug and A. Talha,( 2013), reported a way of Solving Harmonic
Elimination Equations in Multi-level Inverters by using feed forward Artificial Neural Networks

(ANNSs) based on Back-propagation Algorithm (BPA), but harmonic 11 was high.

2- Priyal Mandill and Dr. Anuprita Mishra, (2014)/ Minimization of THD in CMLI using weight
improved particle swarm optimization (WIPSO), THD for three phase eleven-level inverter was

4.759%, the single phase was not included

3- Sarika D Patil and Surbhi Patil (2016) a method for calculating switching angles for firing
circuit by using Newton -Raphson method, microcontroller IC ATMEGA16 is used to generate

pulses but THD is not calculated

4- Mitali Shrivastava and Mrs. Varsha Singh, Dr. Swapnajit Pattnaik (2012) reported a way of
training ANN off-line using Back Propagation Algorithm (BPA) for many values of MI, THD for
three phase eleven-level inverter at MI=0.8 was 9.79%, Newton Raphson method was used to

solve the harmonic elimination equations.

5- V.Joshi Manohar, M.Trinad, K.Venkata Ramana (2016) reported comparative analysis of NR
and TBLO Algorithms in Control of Cascaded MLI, THD for three phase seven-level inverter at
MI=0.95 was 8.86%, for NR and 6.95% for TBLO

6- S. Chatterji and S. L. Shimi (2013) apply Artificial Intelligent (Al) Based Cascade multi-Level

Inverter for Smart Nano Grid, THD for three phase eleven-level inverter was 7.34 %

7- Faete Filho, Leon M. Tolbert, Yue Cao and Burak Ozpineci,used genetic algorithms to
determine the optimal switching angles for 11-level MLI to keep the fundamental output voltage
constant, the output voltage variation is kept around (1%) but THD couldn't be minimized to be
26.7%

8- Mohammed Al-Hitmi , Salman Ahmad , Atif Igbal ,, Sanjeevikumar Padmanaban and Imtiaz
Ashraf (2018), Used Modified Newton—Raphson and Pattern Generation methods to determine the
optimal switching angles for three phasell-level MLI, THD was 7.25%

12



9-Nitesh Kumar Gupta, Dr.R. Mahanty (2015), used (GA) and (PSO) algorithms to generate the
best firing angles for single phase 9-level MLI, THD was 12.98% for GA and 12.25% for PSO,
and for three phase 9-level MLI, THD was 9.76% for GA and 8.43% for PSO

10- Sihem. Ghoudelbourk, D. Dib, B. Meghni, and M. Zouli ( 2017), Modified Newton—Raphson
Method to determine the optimal conducting angles for single and three phasell-level MLI, THD
was 8.56 % for single phase and 7.46% for three phase

11-Kirti, Manish Kumar Thukral and Vishnu Goyal (2017), implemented an Algebraic method
Based Selective Harmonic Elimination of 7-level MLI, then used Artificial neural Networks to fire

switching angles, THD was 11.16 % at 0.8 modulation index

12- E. Anandha Banul and D. Shalini Punithavathani (2016) used GA to calculate the switching
angles then ANN to fire the three phase nine-level Uninterruptible Power supplies (UPS) inverter,
THD was 11.83 %

2.2. Objectives:
We investigate the capability and accuracy of GA to solve nonlinear equations

We investigate the reliability and accuracy of ANN to generate the 11 level inverter firing angles

under different sets of variable DC sources.
We investigate the output voltage THD at balanced and unbalanced DC sources

We study the GA and ANN parameters setting effects on output voltage of 11 level inverter

13
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3.1 Introduction
The voltage-source inverters are two levels, i.e. the output voltage either 0 or £ V.

To get a high quality output VVoltage or a current waveform with a minimum amount of THD; they

require high switching frequency, many different switching strategies are applied to do so.

The problem when using them in high-power and voltage applications is the high modulation
frequency, which increases switching losses, also device ratings are determinant. In addition the
series and parallel combinations are wused to handle high voltages and currents.
Due to previous limitations the interest of power industry point to multilevel inverters,
in the field transportation, renewable energy. They are good for use in reactive power
compensation; their structure control device voltage stresses which allow producing a high-power

and voltage.

To increase the power supplied by MLI you can increase only the number of voltage levels
without changing the devices which stand higher voltage or power rating. The special structure of
voltage source MLI can produce high voltages with minimum harmonics; transformers are not

needed as with series devices connected to synchronize switching.

When adding more and more input Dc levels, the output voltage waveform harmonic decreases
more and more, in single phase CHB inverter which is studied here, we can move from 9-Level to
11-level by adding a block of 4 IGBT's and so on, also the THD will drop.

3.2 MLI Topologies

There are three common MLI Topologies as in Fig.(3.1)

1-Diode-Clamped Multilevel Inverter.

2-Flying-Capacitors Multilevel Inverter. Multilevel
. Inverter
3-Cascaded Multilevel Inverter.
[ | |
™y . ™
Diode Clamped Flying Capacitor Caj«ﬁ%e‘Bdrrdge
Multilevel Multilevel Mult;;evgeﬁ
Inverter Inverter T
\ L L

Fig .(3.1) MLI Topologies
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3.3. Diode-Clamped Multilevel Inverter

The structure of diode-clamped multilevel (DCMLI) exactly consists of (m-1) capacitors on the Dc

voltage side and produces m levels on the Ac voltage side.

Fig.(3.2a) [2] shows one leg, and Fig. (3.2b) shows a full bridge five-level DCMLI.
The switching devices order is Sa;, Say, Sas, Say, S'ai, S'ay, S'as, and S'as.

The four capacitors on dc side marked as, C1, C,, C3, and Cy, the input Dc voltage is divided on
four capacitors, so each capacitor voltage is fourth of VVdc, as with voltage stress through clamping
diodes.

The number of devices needed for leg of m-level inverter is:

1- Capacitors (m —1), 2- Switching devices 2(m —1), 3- clamping diodes (m —1) (m — 2).

Principle of Operation

A leg of five DCMLI is shown in Fig.(3.2a), and single phase two legs bridge is shown in
Fig.(3.2b).

To explain the construction of output voltage staircase let us consider the Dc rail 0 is the reference

point.

To produce five-level staircase voltage we do the following:

1. For Vao = Vdc, switches Sa; through Sa, are turned on.

2. For Vao = 3Vdc/4, switches Sa, through Sa, and one lower switch S'a; are turned on.
3. For Vao =Vdc/2, switches Sasz through Sas, S'a; and S'a, are turned on.

4. For Vao = Vdc/4, switch Sa, and switches S'a; through S'as are turned on.

5. For Vao = 0, switches S'a; through S'a, are turned on.

16
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(a) One leg of a bridge (b) Single-phase bridge

Fig (3.2) Diode-clamped five-level bridge multilevel inverter.

Table (3.1) shows the output voltage levels and switches operation. It is shown that 4 switches
conduct each cycle. The complimentary pairs for one leg are (Sa1,S'a1), (Saz, S'a2), (Saz, S'az), and
(Sa4, S'as), N0 one pairs is turned on together in one cycle ,for example if S is switched on S'a1

will be switched off and so on.

Table (3.1) voltage levels of Diode-Clamped and their switch status

Switch Status

Output Voltage Sa1 Saz Sas Sas Sav | Sa | Sa | Sw
(Vour)

Vout =0 Off Off Off Off ON ON ON ON
Vout =V Off Off Off ON ON ON ON Off
Vout =Ver2 Off Off ON ON ON ON Off Off
Vout =3/4Vc Off ON ON ON ON Off Off Off
Vout =Vie ON ON ON ON Off Off Off Off
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The output phase voltage of five-level inverter is shown in Fig.(3.3). The line voltage consists of
nine levels. So output voltage of single phase DCMLI consists of m-level and for three phases

consists of a (2m — 1) levels.

Fundamental

o / Wave

wl

Fig (3.3) output voltage waveforms of a diode clamped five-level inverter.

3.4. Flying Capacitor Multilevel Inverter (FCMLI).
A single phase, full-bridge, five-level flying capacitors multilevel inverter (FCMLI) is shown in

Figure (3.4).
The switching device order is Sai, Sa2, Sa3, Sas, S'ads S'az, S'az, S'an.
Capacitors, C; through C,4 are connected to Dc side and have the same voltage.

Capacitors C,1, Ca2, Cas are balancing capacitors for leg a, and Cpy, Cpz, Cps are balancing

capacitors for leg b.

The ordering number of switches are different from diode clamped inverter, the reason that the

sequence of switching conduction are different, which will be explained thoroughly.

There is no difference between diode clamped and flying capacitors inverters, both of them

produce the same voltage level, the phase and line voltage have levels are same .
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All capacitors and switching devices rate the same voltage; the Dc side requires capacitors for an

m-level inverter equal to (m — 1). For Ac side the capacitors needed for one phase is calculated as
follows:

NC =zj“;1(m —j), thus, for m =5, NC = 10.

Output
AC side

Converter

[--
LN
£ b
o] Ll g i)
L)
N IF I‘
11
1=
P +
11
1
B
-

Fig (3.4) a single-phase, five-level FCMLI.

Principle of Operation

Referring to Fig.(3.3), the output voltage staircase can be produced considering the Dc rail 0 is

the reference point as follows.

1-For Vao = Vdc, Salto Sa4 are turned on.

2-For Vao = 3Vdc/4, there are 4 ways:
a. For Vao = Vdc - Vdc/4, switches Sal, Sa2, Sa3, Sa4 have to conduct.
b. For Vao = 3Vdc/4, switches Sa2, Sa3, Sa4, S'al have to conduct.
c. For Vao = Vdc - 3vdc/4 + Vdc/2 switches Sal, Sa3, Sa4, S'a2 are turned on.
d. For Vao = Vdc - Vdc/2 + Vdc/4 switches Sal, Sa2, Sa4, S'a3 are turned on.
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3. For Vao =Vdc/2, there are 6 ways:
a. For Vao = Vdc - Vdc/2, switches Sal, Sa2, S'a3, S'a4 have to conduct.
b. For Vao = Vdc/2, switches Sa3, Sa4, S'al, S'a2 have to conduct.
c. For Vao = Vdc - 3Vdc/4 + Vdc/2 - Vdc/4, switches Sal, Sa3, S'a2, S'a4 have to conduct.
d. For Vao = Vdc - 3Vdc/4 + Vdc/4, switches Sal, Sa4, S'a2, S'a3 have to conduct.
e. For Vao = 3Vdc/4 - Vdc/2 + Vdc/4, switches Sa2, Sa4, S'al, and S'a3 have to conduct.
f. For Vao = 3Vdc/4 - Vdc/4, switches Sa2, Sa3, S'al, S'a4 have to conduct.

4. For Vao = Vdc/4, there are 4 ways:
a. For Vao = Vdc - 3Vdc/4, switches Sal, S'a2, S'a3, S'a4 have to conduct.
b. For Vao = Vdc/4 switches Sa4, S'al, S'a2, S'a3 have to conduct.
c. For Vao = Vdc/2 - Vdc/4 switches Sa3, S'al, S'a2, S'a4 have to conduct.
d. For Vao = 3Vdc/4 - Vdc/2 switches Sa2, S'al, S'a3, S'a4 have to conduct.

5. For VVao =0, switches S'alto S'a4 have to conduct.

Table (3.2): voltage levels of FCMLI and their switch status

Switch Status
Output Vout Sa1 Sa2 Saz Sas S'as S'as S'2 S'a
Vout =Vic ON ON ON ON | OFF | OFF | OFF | OFF
Vout =3Vyed ON ON ON OFF ON OFF | OFF | OFF
Vout =Vie/2 ON ON | OFF | OFF | ON ON | OFF | OFF
Vout =Vc/4 ON | OFF | OFF | OFF | ON ON ON | OFF
Vout =0 OFF OFF OFF OFF ON ON ON ON

3.5.1 Features of Cascaded voltage H Bridge Multilevel Inverter

The main features can be summarized in the following points:

» Cascaded H bridge inverters need separate Dc sources depending on number of its input levels.

« It can be used for different RE sources as hydrogen cells, PVcells, and biomass, because it is

supplied from separate Dc sources.
* A back-to-back connection is not permitted since if the two back to back inverters are not

switching synchronously a short circuit will occur.
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The main advantages of the CMLI can be listed as follows:

« It needs the fewest number of devices in comparison with DCMLI or FCMLI to produce the
same voltage levels.

» Its structure allow to package each 4 switching devices together as one unit, and it doesn't need
clamping diodes

« Minimum switching losses since it fired at low frequency.
The main disadvantage of CMLI is it needs separate Dc sources, which affect using it.
3.5.2 Cascade Multilevel Inverter Motivation in Solar Applications

A CMLI can be built by connecting series of H-bridges, the number of output levels depend on

number of bridges, for m input Dc sources an (2m+1) output levels produced.

It can be supplied from different separate Dc sources (SDCSs), such as PV cells, fuel cells, or
batteries; a cascaded H-bridge inverter structure for a single-phase is shown in Figure (3.5a).

This simplified structure without clamping diodes or balancing capacitors make it under interest

4V ﬁ/ v} - fundamental
. . By ,
5 A3 - = — 1)/2 an
oﬂ@ U '\)}} . H-Bridge (m — )2 & \ e /
o, e T * ! -\J-r?: 9 [
?'n|1a.||-l||'_?_| ':J @ :ﬂ Q : iy f'\\\ Z F‘?d
. i b —"i?‘

+ :’J G ;EJ $ N H-Bridge 2 Val sl
Va Vae—=
B

+ % ;EJ @i \ H-Bridge 1 - -
" fal = II.‘J"'E—_ Tl'.d.:
ISR,

(a) Circuit diagram (b} Output waveform of nine-level phase voltage

N |

il

Fig (3.5) Single-Phase Cascaded H-Bridge Multilevel Inverter.

Principle of Operation
The output voltage waveform of a single phase five level CHBI is shown in Figure (3.5b). Four

input Dc sources are connected to the bridges, the output voltage is produced by adding input
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voltages, i.e. Van = Va; + Va, + Vaz + Vay, any level can be controlled to produce positive,

negative or zero voltage, by firing the needed switches from S;, S,, S3, and S.

If S; and S, are turned on the voltage produced will be + Vdc, if S, and S; are turned on the voltage
produced will be — Vdc, finally if all switches conduct the voltage will be 0 VVdc

If m considered as the number of input Dc sources, the output voltage level for single phase is N

= (2m + 1), so, an eleven-level cascaded inverter has to be supplied from five input sources,

When CHBI fired with suitable angles the output harmonic distortion can be minimized, in the
next chapters we will present the ANN algorithm as technique to minimize THD.
The output voltage of CHBI is nearly sinusoidal and the frequency for switching devices is the

fundamental frequency.

Figure (3.5b) shows the switching sequence to produce quasi-square wave by firing switches at
needed time.

The firing angles or conduction time for each bridge enable it to generate desired voltage level
width, by shifting the starting time for each bridge the output voltage will be staircase, each

switching device conducts half cycle, which make device stress equal.

o . Plaj
T Vi £ T T 32 p
o) o) 0 b : - wil
T L

+ —Vie

T R e

(a) Une H-bndge i b) dwitching time

Fig (3.6) Generation of quasi-square waveform.
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3.6. Comparison of Multilevel Converters

The weight comparison between MLI topologies is shown in Fig.(3.7), it is shown that CHB is the
lightest one, then DCMLI, and FCMLLI is the heaviest one, also for cost they have the same order

as in weight as shown in Fig.(3.8)

25
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[
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M Diode Clamped 5-level
M Capacitor Clamped 5-level
W Cascaded H-brdige S-level
M Diode Clamped 9-level
MW Capacitor Clamped 9-level

W Cascaded H-brdige 9-level

Fig.(3.7) weight comparison between MLI topologies
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Fig.(3.8) cost comparison between MLI topologies

The number of devices needed for 11 level inverters for 3 topologies are shown in table (3.3)

Table (3.3) number of devices needed per leg for 11 level inverters

Inverter topology DCMLI FCMLI CHBI
Switching devices (11-1)x2=20 (11-1)x2=20 (11-1)x2=20
Switch diodes (11-1)x2=20 (11-1)x2=20 (11-1)x2=20
Clamping diodes (11-1)x(11-2)=9 |0 0

Dc bus capacitors (11-1)=10 (11-1)=10 (11-1)/2=5
Balancing capacitors | 0 (11-1)x(11-2)/2=45|0
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3.7. Eleven-Level Cascaded H Bridge Simulation

Eleven-Level CHB Inverter is built using 20 IGBTs (Fig 3.9a) using Matlab library with
specifications as in Fig (3.9b)

IGET/Diode (mask) (link)
Implements an ideal IGBT, Gto, or Mosfet and antiparallel diode.
Parameters

Internal resistance Ron (Ohms) :

le-3

Snubber resistance Rs (Ohms) :

1led

Snubber capacitance Cs (F) :

inf

["] Show measurement part
(a) (b)
Fig (3.9) (a) IGBT symbol; (b) IGBT specifications.

The conduction sequences to produce desired staircase 11 level are illustrated in

Fig (3.10) (a-j) the zero- level which is repeated 3 times requires no switch to conduct
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Matlab Simulation for single phase CHB is shown in Fig.(3.12), (clear figure in appendix 7)
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Fig.(3.11) Matlab Simulation for single phase CHB
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3.8. Chapter Summary

MLI topology, principle of operation are thoroughly explained, Diode Clamped MLI, Flying
Capacitor, and CHB inverter circuit diagrams, switch status are illustrated.

A comparison of components requirements per leg between these three MLI (Table 3.3)

CHB output voltage levels and conduction status are drawn (Fig.3.10 a-j), and Matlab Simulation

is implemented as shown in (Fig.3.11)
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4.1. The Fourier Series

A method used to write any periodic mathematical function in the form of a sequence or sum of
sine and cosine functions multiplied by a given coefficient.

Its name is attributed to the French scientist Joseph Fourier in recognition of his outstanding work
in trigonometric series. For any periodic integrable function f (x)in the interval [0,2x], f (wt) can

be written as a sum of sine and cosine functions

f(x) = % + YN_(a, cos(nwt) + by, SIN(MWL))  =====mmmmmmmmmmm e 4.1)

Where Fourier coefficients are given by:

= — f) f®at
a, = Ti fOTf(t) cos(nwt) dt

b, = Ti fOTf(t) SIN(AWE) db === e 4.2)

It is shown from Eq.(4.1) that a periodic function can be decomposed into an infinite
number of trigonometric components each is multiple of w (nw). These components are
fundamental frequency (n=1), a DC component (a,), and harmonic components (n>2).
For the output square wave of MLI shown in Figure (4.1a), under equal DC

sources, the output voltage for first level can be written as follows
ao = 0, because of wave form symmetry

a, = 0, because of odd symmetry

b, = ni (;1/2 Vdc sin(nwt) dt

—4Vdc

b, = — [cosn(m/2) — cosn(01)]

b, = —avde [—cosn(61)]

nm

4Vdc

b, = — [cosn(01) ]
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Substituting (4.3) in (4.1) gives

4Vde «o

n=135(cosn(01) sin(MWt)) ... (4.4)

flwt) =

nw

For an eleven-level CHB which needs five firing angles, the output voltage with balanced input

sources as shown in figure (4.1a) become:

V(wt) = Zoo_l ; [4 vace ((cosn(01) + cosn(062) + -+ + cosn(64) + cosn(05)) sin(nwt))] .... (4.5)

5nn

For unbalanced input Dc sources as shown in figure (4.1b) the output voltage will be:

o]

V(wt) = Z . 5[% ((Vdclcosn(081) + Vdc2cosn(02) + -+ + Vdc5cosn(05)) sin(nwt))] .. (4.6)
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Figure (4.1) (a) Output waveform for balanced DC source; (b) unbalanced DC source
4.2 Selective Harmonic Elimination for balanced and Unbalanced DC Sources

Referring to Eq.(4.6), the output voltage can be written to have the fundamental voltage when
(n=1) and harmonic components when (n>1). Each harmonic of the output voltage can be
expressed by:

(e @)

Vnth (wt) = Z N S[ﬁ ((Vdcicosn(01) + Vdczcosn(02) + -+ + Vdcscosn(0s)) sin(nwt))] ....... (4.7)

Where Vnth is the nth harmonic component, Vac is the voltage level of first Dc source, 01 is the
firing angle of first Dc source (Vdct), 02 is the firing angle for second Dc source (Vdc2), and so on.
The five angles 01to 05 in Eq. (4.7) will be used to formulate the five equations needed to find the
fundamental voltage and minimize the first four harmonics, in unbalance Dc sources modulation
index is not targeted since the set of firing angles vary corresponding to Dc sources variation, so the
fundamental harmonic will be set to 110 V or 120 V as in Eq.(4.8).
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Vfun (rms) (wt) = # ((Vdet cos(81) + Va2 cos(82) + -+ + Vdcs cos(85)) = 120 V--------------- (4.8)

In three phase inverter 3rd and 9th harmonics are cancelled directly, but in single phase they must
be included, since we focus on eleven level inverter, five equations can be solved, they are the first

four harmonics 3rd, 5th, 7th, and 9th in addition to fundamental equation.

The set of equations are Eq.(4.8) for fundamental and Eq.(4.9) to Eq.(4.12). for harmonics

V3d (rms) (Wt) = 3114\/2 ((Vde1 cos(301) + Vdcz cos(302) + -+ + Vdes cos(305)) = 0 V--mmmnnn-m- (4.9

Vsth (rms) (wt) = — —— ((Vée1 cos(561) + Vaez cos(502) + -+ + Vaes c05(505)) = 0 Vororomennov (4.10)
V7th (rms) (wt) = # (Va1 cos(701) + Vacz cos(762) + -+ + Vdcs cos(765)) = 0 V---m------- (4.11)
Voth (rms) (wt) = ﬁ ((Vde1 cos(901) + Vdcz cos(982) + -+ + Vdes cos(965)) = 0 V-mmmmmm---- (4.12)
V1iith (rms) (Wt) = 11:\/2 ((Vde1 cos(1101) + Vdez cos(1162) + -+ + Vdes cos(1185)) = 0 V---- (4.13)
Vistm ms) (W) = — :\/2 ((Vde1 cos(1301) + Vdcz cos(1362) + -+ + Vdes cos(1305)) = 0 V---- (4.14)

The above equations are nonlinear; therefore, when they are solved many sets of solutions will

appear.

In GA, the problem with local minima will increase numbers of trials to get the best solution, But
GA will generate approximate solution if the exact solution are not exist while numerical methods

can't do that.
4.3. Genetic Algorithm (GA)

Genetic algorithm is a method of optimization and research. This method can be categorized as an
evolutionary algorithm that relies on the imitation of nature's work from a Darwinian perspective.
The GA uses a search technique to find controlled or approximate solutions that optimize. It is
classified as global search heuristics. It is also a specific class of evolutionary algorithms, also
known as evolutionary computation, which uses technology inspired by evolutionary biology such
as inheritance, mutations, selection and crossover.

In our problem, different analytical algorithms were used, as Newton—Raphson, but those methods

can't return an answer if there is no exact solution for the equations.

31



Genetic Algorithm (GA) is used to deal with complex problems when analytical methods are

impractical

The code written In GA allows it to find the closest solution (set of angles) if the exact solution is
not existing, GA operator will minimize the total harmonic distortion THD not cancelling it if it
can't find the exact set of angles, this mean no probabilities to receive no solution, but you need to
try many times to get best fitness value which is closest to zero, fitness value zero means you get

the exact solution

The GA program is written in m-file using Matlab R2013a, it's divided into three parts, fitness file,

constraints file, and main file

a) Fitness file includes the total harmonic distortion (THD) which to be minimized

_1 n 2
THD = ﬁ\/zn=3,5,.., (V)% mmmmmmmmmmmmmmm oo oo (4.15)

Where V1 is the fundamental harmonic voltage,V3;Vs; . . . ; Vn are the 3rd 5th; 7wh; . . . ; Neh Order is

harmonic voltages. The Matlab file is shown in appendix (1)

b) Constraints file includes the constraints conditions, first the 3rd 5th; 7wt; 9w harmonic
equations equal zero and second the switching angles satisfy the condition

0<61 <62<63<64<65< >
The Matlab file is shown in appendix (2)

c) Main function includes GA operator and parameters like crossover, mutation, population
size and generation, The Matlab file is shown in appendix (3)

GA flowchart that solve the problem is given in Fig (4.2)
Many trials of setting parameters and running program had been done so the program

doesn't stop or fall in local minima, and return best result, it found the population size and
generation must be changed each set of input voltage DC as (800, 70) or (750, 30) respectively,

since not any values can give the best results.

When the program stops, a fitness value of 3.28 * 107° is returned, when its value equal zero
this mean an exact value of solution reached, but here an approximate value were got and
the program stops and generate the best set of angles, here, the number of generation is set to

be the stopping parameter.
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Fig (4.2) GA flow chart

After 20 generations, an approximate solution is done, but since no stopping parameter, the
program continue to next generations to enhance the results, until finishing after 70 generation,

Fig.(4.3) shows the algorithm best and mean fitness .
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Fig .(4.3) GA average and best fitness

The output results for sample sets of voltages and their angles are shown in table (4.1), those
voltages and angles sets will be used to train the ANN

Table (4.1): GA outputs results

Ve (volt) | O(degree) Fitness Value Vdc (volt) | Odegreey | Fitness Value

o 39 8.560 o 31 9.093
3 38 21.601 s 33 19.384
E 37 38.131 0.01.87 E 35 36.246 0.0277
8 | 36 | 59154 g 37 | 58392
> 35 88.742 > 39 89.000

18.35 8.772 39 8.738
S | 2222 | 14084 © 39 | 20.753
T | 2719 | 18221 0.052 cfu 39 37.421 0.231
S | 40.03 | 36.940 = 39 58.73
S | 3856 | 60.202 © 39 88.788

4.4. Artificial Neural Network (ANN)
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ANN is computational techniques which simulate the human brain way dealing with tasks through
a massive parallel processing, made up of simple processing units, it stores practical knowledge
and empirical information to enable user adjusting the weights.

ANN is used in engineering many applications, like pattern recognition, control, classification,
and other applications [18- 20]. It is used here due to its capability to fit nonlinear complicated
problems that need intensive calculation [11]. Artificial neural network architecture is how to
connect neurons to each other, which is related to the training algorithm.

Each neuron has a collector joint that combines the weighted input with the displacement to form
the numerical output of the neuron, as a result, the neuron layer output compounds form the output
beam (a single-column array), and the relationship that gives this output.

So instead of using a lookup table to store the large amount of informations, ANN will be

alternative.

The problem you will face is to know how many hidden layers needed and how many neurons in
each layer to train ANN which depend on your problem, there is no one topology for all problems.
The complexity of relation between input and output, and number of inputs and outputs are the
main factors, you can't determine those factors directly, and you have to try many times to achieve
the desired topology.

GA can used to solve a specific number of set of input voltage, and it is impossible to find all
suitable angles for all Dc variation, thus ANN is used to generate a suitable set of firing angles
depending on any variation in Dc input voltage.

The training process consume too much time, tens of trials may be done to get best result, but

when apply it in matlab it will generate the angles quickly.

After tens of trials, the final topology was a feed forward ANN, consists of two hidden layers, the
final topology is shown in Fig.(4.4)

Hidden Layer 1 Hidden Layer 2 Output Layer
Input Output
o 10 A s
= | o 5 5
10 10 5

Fig.(4.4) ANN topology
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The network training program is written in m-file using Matlab R2013a, many parameters were set
to get best training. The two hidden layers have 10 neurons with TANSIG activation function for
both, while PURELIN activation function is used for output layer as shown in Fig (4.5), mean

squared error (MSE) can give help you to judge if you are right or not.

_1_ P it . i
MSE ly' —di| (4.16)
p i=1

Where, i Ia!E,lg - tansig

p: data entries number

y: ANN output vector )
. Vaa -; 'y I'r '.
d: needed output vector | NS 1\\“:[

)
iﬁ'ﬁeé"e’ i

W
A 03
‘\"gﬂﬁ%

Inpet Laver Hidden Layers Output Layer

Fig (4.5) Multilayer feed forward ANN topology

The training parameters and Algorithms are changed repeatedly to achieve the best training
performance, and many training trials were done to get the best one, traingda (Gradient Descent
with Adaptive Learning Rat) gives the best regression we need, while the other training algorithms

don't satisfy the best regression.
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’ Performance ] (plotperform)
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Plot Interval: U 1 epochs

v Opening Performance Plot

@ Stop Training @ Cancel

Fig (4.6) ANN Training

The ANN code including parameters is shown in appendix (4)

The training process is shown in Fig (4.6), it stopped after 117 iterations when validation
checks is achieved, the training performance is shown in Fig (4.7), the final regression was 99% as
shown in Fig (4.8)
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Fig (4.8) ANN Training regression
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4.5. Pulse Width Modulation
The ANN are trained to produce five firing angles in radian depending on the DC sources levels as

shown in Fig (4.9), the number of IGBT's needed for eleven level inverter are 20 IGBT's (2n+1)

pulse width modulator will generate the conduction, delay time for each IGBT

Vo |52

e i =
Voa [T Ny B

820

ANN topology P

Fig (4.9) pulse generation diagram

PWM is run in Matlab as shown in Fig (4.10), the output of PWM is shown in Fig (4.11)

— D
(&, To Switch
Angle1 1.26.10,14.18

Amp litude

Period D

Puls

3183002

Dvoe PulseWidth
Pha = Delay Sope
Programmable

Pulse Generator

b4

5729502 L3

=H =

Fig (4.10) PWM diagram in Matlab Simulink
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The conduction time, delay time, and switch status are shown in Table (4.3)

Table (4.3) Conduction time, delay time, and switch status

Angle | Angle Angle 0 Vdcl Vdc2 Vdc3 Vdc4 Vdc5 Vdc4 Vdc3 Vdc2 Vdcl
Rad degree time angle degree ©2*57.273 |©3*57.273 |©4*57.273 |(©5*57.273 |180-85 180-04 180-83 180-82 180-01

82 92*57.273 |©2*0.02/360 time ©1*0.02/360 |©2*0.02/360|©3*0.02/360| ©4*0.02/360 (©5*0.02/360 |©6*0.02/360|©7*0.02/360| ©8*0.02/360|©9*0.02/360( ©10*0.02/36(

o3 ©93*57.273 |©3*0.02/360 switches

o4 04*57.273 |©470.02/360 1,2,6,10,14818

e5 05*57.273 |©5%0.02/360 5

ob 180-85 ©6*0.02/360 [*]

e7 180-84 e7*0.02/360 13

o8 180-83 ©8*0.02/360 17

a9 180-82 ©9*0.02/360

810 180-61 ©10*0.02/360 4,8,12,16,19820

11 180+91 ©11%0.02/360 15

012 180+02 ©12*0.02/360 11

e13 180+93 ©13*0.02/360 7

o14 180+04 ©14*0.02/360 3

e15 180+85 ©15*0.02/360

e16 360-65 ©16*0.02/360

e17 360-64 ©17*0.02/360

e18 360-63 ©18*0.02/360

e19 360-82 ©19*0.02/360

820 360-61 ©20*0.02/360

0 -Vdcl -Vdc2 -Vdc3 -Vdc4 -Vdc5 -Vdc4 -Vdc3 -Vdc2 -Vdcl 0

180+81 180+62 180+63 180+04 180+65 360-85 360-04 360-83 360-02 360-01 360
©11%0.02/36(0©12*0.02/36/(©13*0.02/36(©14*0.02/364 ©15*0.02/36(©16*0.02/361 ©17*0.02/36{ ©18*0.02/36| ©19*0.02/36( ©20*0.02/36( 0.02
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The output pulses of PWM are shown in Fig.(4.11)

8] Scope2
R Scope

0.002 0.004 0.006 0.002 0.014 0016

0.002 0.004 0.006 0.003 0.014 0.016

0.014

0.004 0.008 =) 0oz 0014

0014 0.016

Fig (4.11b) generated pulses for second half cycle
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Fig (4.11c) projected pulses for one cycle

4.6 Chapter Summary

The output voltage formulas for balance and unbalance DC sources are derived using Fourier
series, the nth harmonics equation (4.15-4.20) are used to build GA algorithm, the GA algorithm
main principles, flow chart and parameters were illustrated. The GA algorithm running process and
results were shown to verify its efficiency to find firing angles. Sample of output results are shown
in table (4.1), due to large amount of results

The ANN principles, topology, and training were presented and explained, the number of hidden

layer performance, and regression are shown in Fig.(4.6) and Fig.(4.7).
PWM is built and simulated in Matlab, the conduction time, delay time, and switch status

Avre calculated in Table (4.3), its output pulses are verified as shown in Fig.(4.10)
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5.1. Results and Discussion

The proposed GA - ANN technigque was tested on a single phase 11-level cascade H-bridge inverter

using MATLAB R2013. In the proposed method, at first GA is used to solve the nonlinear

equations and supply the desired switching angles.

Next, ANN is trained on the generated angle set produced by GA, which optimizes the switching

angles of 11 level inverter so that 3,4, 5t, 7w, and 9y, harmonics are minimized. The SIMULINK

model of system is shown in Fig.5.1. (Clear model is shown in appendix 7)

-
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Fig.(5.1) Simulink model of the tested ML

The output voltages and harmonics content depend on the generated switching angles produced by

ANN, from the SIMLINK model is analyzed for different DC voltage levels, at first equal DC

voltages are analyzed, Table (5.1) include a set of five equal DC sources, output RMS voltage,

THD, and PV irradiation using 3Q resistive load.

It is shown from table (5.1) that THD for equal voltage sources has a value of 9.3% whatever the

DC voltage values are changed.
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Table (5.1) Set of five equal DC sources, output RMS voltage, THD, and PV irradiation

"(r\?\(/j /'r?;“;;n Vdcs Volt Vout(rms) R-Load THD %
1000 vl 43.2
1000 V2 43.2
1000 v3 43.2 126.9 3 9.38%
1000 v4 43.2
1000 V5 43.2
800 vl 42.58
800 V2 42.58
800 v3 42.58 125.1 3 9.36%
800 v4 42.58
800 v5 42.58
500 vl 41.28
500 V2 41.28
500 v3 41.28 120.8 3 9.36%
500 v4 41.28
500 V5 41.28
100 vl 36.81
100 V2 36.81
100 v3 36.81 106.2 3 9.39%
100 v4 36.81
100 v5 36.81

The output voltage of the cascaded multilevel inverter at equal DC sources is shown in Fig.5.2, and

the FFT analysis of output voltage is shown in Fig.5.3.

It is shown from Fig.5.2 that all the lower harmonics were minimized; the target harmonics (3rd,
5th, 7th and 9th) were in the percentage of 1.4% of fundamental voltage which mean they around

zero values

45



0.034 0.036

Fig.(5.2) The output voltage of the CMLI at equal DC sources
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Fig.(5.3) FFT spectrum of CMLI output voltage at equal DC sources

Secondly unequal DC voltage sources are analyzed, Table (5.2) include a set of five unequal DC

sources, output RMS voltage, THD, and PV irradiation using 3Q resistive load
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Table (5.2) a set of five unequal DC sources, output RMS voltage, THD, and PV irradiation

Vdcs Volt Vout(rms) | R-Load THD %
vl 36.81
v2 36.81
v3 36.81 1104 3 9.84%
v4 41.28
v5 41.28
vl 36.81
v2 36.81
v3 43.2 123.3 3 9.90%
v4 43.2
v5 43.2
vl 36.81
v2 36.81
v3 41.28 120.2 3 10.26%
v4 42.58
v5 43.2
vl 24.54
v2 24.54
v3 27.52 105.3 3 12.94%
v4 35.46
v5 35.97

It is shown from table (5.2) that THD for unequal voltage sources is increases when the DC sources
variation increases, it starts from 9.84% when the variation equal to 4.47 volts and increase to
12.94% when DC variation equal to 11.43 volts.

The output voltage of the CMLI at unbalance DC sources is shown in Fig.(5.4) and Fig.(5.5) for
DC variation of 4.47 and 11.43 respectively, the FFT analysis of output voltage of both cases are
shown in Fig.5.6 and Fig.(5.7) respectively.
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Fig.(5.4) The output voltage of the CMLI at unequal DC sources (DC variation = 4.47volts)

0.024 0.028 0.036 0.038

Fig.(5.5) The output voltage of the CMLI at unequal DC sources (DC variation = 11.43 volts)
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Fig.(5.7) FFT analysis of CMLI output voltage at unequal DC sources

(DC variation = 11.43 volts)
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It is shown from Fig.5.6 and Fig.5.7 that the target harmonics (3rd, 5th, 7th and 9th) were in the

percentage of 1.1% to 3.7% of fundamental voltage at maximum DC variation
5.2. Genetic Algorithm Parameters Tuning

The main problem with GA that the population size and generations must be set each trial of
solution, by observing fitting procedure and fitness of each individual it can be determined if
setting parameters are right and GA doesn't fall in local minima, or parameters have to be reset
again, and since there are tens of sets of input voltage, too much time is consumed, the difference
between two cases are shown in Fig.5.8 and Fig. 5.9, for best setting of parameters which produce
switching angles (0.1646, 0.4638, 0.8826, 1.5110, 1.5708)

But when the parameters are set wrong as shown in Fig.5.10, and Fig.5.11, the switching angles
produced are (0.1648, 0.4642, 0.8837, 1.5401, 1.5429)

<10 Best: 3.25645e-07 Mean: 3.1529e-05
14
* Best fitness
12 + hd Mean fitness
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=
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Fig.(5.8) Fitness when parameters are set right

. 10'4 Fitness of Each Individual

D N LARADA)
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Fig.(5.9) Fitness if each individual when parameters are set right
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5.3. Neural Network Training Setting

Many parameters and algorithms control the ANN training accuracy, at first choosing number of
hidden layers and their activation functions, secondly number of neurons in each hidden layer,
thirdly the training algorithm function and its special parameters since the default parameters can't
work with random relation between inputs and outputs, all these parameters must be chosen exactly

to get high training regression,

An example of miss choosing wrong algorithm will result with bad performance as shown in

Fig.(5.12), while choosing right algorithm will result good performance as shown in Fig.(5.13).
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Fig.(5.12) ANN training using wrong algorithm
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Fig.(5.13) ANN training using right algorithm
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6.1. Comparison

Many algorithms are used to solve SHE equations for 11 level CHB MLI, we browse here the
results were got by researchers and compare with this research technique, tables (6.1, 6.2, and 6.3)
researchers uses their techniques to solve SHE equations and apply to pulse generators directly
and don't use ANN, so the THD must be low since ANN can't give exact results.

Table (6.4) researcher used Newton Raphson method to solve the equations and then trained ANN
using BPA and got 9.79% THD for equal Dc sources, however our proposed technique (GA and
ANN) in table (6.5) gives 9.38% THD at equal Dc sources.

Table 6.1: Modified Newton—Raphson and Pattern Generation Methods

According to Ref [32]
Modified Newton—Raphson and Pattern Generation Methods/ ANN is not used

Angle Angle

Ve (V) (rad) (degree) THD Vims
35 0.622 35.62
35 0.8333 47.726

35 1.049 60.079 9.8% 94.3
35 1.313 75.199
35 1.561 89.403

Table 6.2: Newton—-Raphson Method

According to Ref [35]

Newton—Raphson Method /ANN is not used

Angle Angle

Ve (p.U) (rad) (degree) THD Vims
1 0.137 7.859
1 0.338 19.372
1 0.518 29.652 856% | ...
1 0.833 47.680
1 1.104 63.212
Ve (p.u) angle degree THD Vims
1.1 0.155 8.894
1.05 0.354 20.250
1 0.564 32.310 82% |
0.95 0.878 50.260
0.9 1.112 63.690
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Table 6.3: Different Techniques

According to Ref [33]

(PSO/ABCA/FA)/ANN is not used

Technique Ml 01 02 03 04 05 THD%
PSO 37.71 52.81 68.2 86.25 89.4 44,98
ABCA 0.47 12.79 35.79 58.99 87.61 90 14.83
FA 12.59 34.85 58.59 88.98 89.98 14.56
PSO 0.7 16.73 36.03 56.24 88.37 88.37 21.39
ABCA ' 11.98 24.17 38.56 59.49 59.49 13.75
FA (proposed) 3.08 15.33 33.74 84.24 84.24 12.88
Table 6.4: Newton—-Raphson Methods with ANN
According to Ref [34]
Newton Raphson method /ANN is trained using BPA
Angle Angle
Ve (p.U) (rad) (degree) THD \Vrms
1 0.067 7.859
1 0.222 19.372
1 0.425 29.652 9.79% 65.4
1 0.662 47.680
1 0.963 63.212
Table 6.5: Proposed Technique
Proposed Technique
Genetic Algorithm method /ANN is feed forward trained
Angle
Vdc (v) | Angle (rad) (degree) THD Vrms
43.2 0.151 8.660
Eaual D 43.2 0.366 20.973
qual DC 0
Sources 43.2 0.656 37.594 9.38% 126.9
43.2 1.028 58.888
43.2 1.550 88.767
36.81 0.149 8.56
Unequal Dc 36.81 0.377 21.601
0,
Sources 36.81 0.666 38.131 10.26% 110.4
41.28 1.033 59.154
41.28 1.549 88.742
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Proposed Technique
Genetic Algorithm method /ANN is feed forward trained

Angle

Vdc (v) | Angle (rad) (degree) THD Vrms
24.54 0.153 8.772
Unequal Dc 24.54 0.246 14.084

0

Sources 27.52 0.318 18.221 12.94% 105.3
35.46 0.645 36.94
35.97 1.051 60.202

6.2. The impact of ANN at shading conditions:

Due to shading conditions, significant change occur in the PV current and voltage, which is
equivalent to change in the actual radiations strikes the panel surface. The following descriptions,
present a brief comparison for the generated values of MLI firing angles without and with
applying ANN comparing with another GA algorithms.

ANN can reduce THD under shading conditions, since it can amend the firing angles of ML, if a
set of equal DC sources firing angles are fed to MLI and considered as optimum to minimize
THD, they will be unuseful when shading happens since they are a solution of one case not all
cases, but ANN can supply MLI with best set of firing angles for all cases within training range.

As an example GA best firing angles for equal DC are (8.161, 20.251, 37.284, 57,759, 89.689)
when supplied directly to PWM, the output voltage THD is 9.55% and RMS= 126.7 volt. But
when DC sources varies due to shading the THD will increase depend on DC variation while
ANN can control the THD to be minimum as possible by supplying the MLI with correct
(adjusted) firing angle.

Table (6.6) compares between output THD and RMS value without and with using ANN when
DC sources are equal, and table (6.7) compares between output THD and RMS value without and
with using ANN when DC sources are unequal.
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Table 6.6 Set of five equal DC sources, output RMS voltage, THD, and PV irradiation without and with
ANN

Control strategy Without ANN With ANN

Vdc GA GA GA ANN ANN ANN
Irradiation (W/m?) | (volt) | firing THD RMS firing THD RMS

angles (volt) angles (volt)

1000 8.659 8.161
1000 20.973 20.251
1000 43.2 | 37.594 | 9.55% 126.7 37.284 | 9.43% 127
1000 58.888 57.759
1000 88.767 89.689
1000

The obtained results of table (6.6) are shown in Fig.(6.1) and Fig.(6.2)
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Figure (6.1) THD results from GA firing angles
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Table (6.7) Set of five unequal DC sources, output RMS voltage, THD, and PV irradiation without and

with ANN
Control strategy Without ANN ( GA) With ANN

Vdc GA GA GA | ANN | ANN | ANN

Irradiation (W/m?) (volt) | firing | THD | RMS | firing | THD | RMS

angles (volt) | angles (volt)
1000 | 1000 | 1000 | 1000 | 1000 | 1000 | 43.2 | 8.659 7.903
500 | 1000 | 1000 | 1000 | 1000 | 1000 | 42.88 | 20.97 19.93
500 | 500 | 1000 | 1000 | 1000 | 1000 | 42.56 | 37.59 36.31

500 | 500 | 500 | 500 | 500 | 500 | 41.28 | 58.88 | 9.95% | 121.5 | 5807 | 8.85% | 122.1
0 1000 | 1000 | 1000 | 1000 | 1000 | 35.97 | 88.76 91.57
400 | 400 | 400 | 400 | 400 | 400 | 40.66 | 8.659 8.596
200 | 200 | 200 | 200 | 200 | 200 | 38.73 | 20.97 18.78
800 | 800 | 800 | 800 | 800 | 800 | 4258 | 37.59 34.70

1000 | 1000 | 1000 | 1000 | 1000 | 1000 | 43.2 | 58.88 | 9.90% | 119.2 | 57.73 | 9.44% | 120.7
100 | 100 | 100 | 100 | 100 | 100 | 36.81 | 88.76 90.94
0 400 | 400 | 400 | 400 | 400 | 33.86 | 8.659 9.157
0 200 200 200 200 200 32.25 | 20.97 19.35
0 800 | 800 | 800 | 800 | 800 | 35.46 | 37.59 35.56

0 1000 | 1000 | 1000 | 1000 | 1000 | 35.97 | 58.88 | 10.4% | 104.1 | 58.99 | 9.89% | 100
0 100 | 100 | 100 | 100 | 100 | 30.65 | 88.76 88.77
0 0 400 | 400 | 400 | 400 | 27.1 | 8.659 8.590
0 0 200 | 200 | 200 | 200 | 25.82 | 20.97 20.50
0 0 800 | 800 | 800 | 800 | 28.39 | 37.59 28.80

0 0 1000 | 1000 | 1000 | 1000 | 28.8 | 58.88 | 9.93% | 79.48 | 4873 | 9.37% | 95.08
0 0 100 | 100 | 100 | 100 | 24,54 | 88.76 63.45

The obtained results of first two cases illustrated in table (6.7) are shown in Fig.(6.3) to Fig.(6.6)
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Fig.(6.4)THD results from ANN when DC sources are unequal
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Fig.(6.6) THD results from GA when DC sources are unequal
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6.3 Conclusion

The following conclusions can be stated:

1. By applying GA nonlinear equations of SHE were successfully resolved, GA algorithm
must run many times to get the best solution, you can note that through value of generated
angles.

2. Main parameters such as Population and generation size, operator and fitness function have
to be set again when the input Dc voltage are changed . tuning crossover a bit little speed
up the run

3. A feed forward (ANN) proves that it can generate the desired firing angles however the

voltage level changed by keeping the fundamental while eliminating the target harmonics.

4, GA and ANN technique achieve minimum THD for both equal and unequal DC sources,
and can be applied for any kind of level inverter. According to our calculations to find
THD for fixed Dc sources we obtain 9.38%, while in previous researches used ANN the
best THD obtained was 9.38%, and for variable Dc sources we obtained 9.84% THD

6.4. Recommendation

For enhancing the quality of generated pulse patterns and reducing the calculation time, we
do recommend the following:

1. Use GA to solve the nonlinear equations, it is useful technique to achieve exact or approximate
solution when analytical methods can't help you.

2. Set the GA parameters and active function exactly to get best results.

3. Choose ANN topology that fit your data complexity, number of hidden layers and activation

function depend on relation between input and output data.

4. Choose a set of input voltages that not vary more than 15%, you will get better result and

facilitate ANN training

5. Use three phase MLI so you can eliminate the 11™ and 13" harmonics, 3 and 9" harmonics

cancelled automatically, which decreases the THD.
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6.5. Future Work

For completing the already started work, we do advise:

1. Controlling the ANN bias to fit the load variation, so the firing angles can be adjusted
depends on DC inputs and load variation.

2. Studying the running time delay of ANN and its effect on THD

3. Using ANN with maximum power point tacking to achieve maximum output power.
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Appendices



Appendix (1): GA Fitness function

Function y = my Fitness(x)

y=(1/120)*sqrt(((.300105*(39*cos(3*x(1))+39*cos(3*x(2))+39*cos(3*x(3))+39*cos(3*x(4))+39*
cos(3*x(5)))))"2

+

(.18*((39*cos(5*x(1))+39*cos(5*x(2))+39*cos(5*x(3))+39*cos(5*x(4))+39*cos(5*x(5)))))"2
+
(.128*((39*cos(7*x(1))+39*cos(7*x(2))+39*cos(7*x(3))+39*cos(7*x(4))+39*cos(7*x(5)))))"2 +

(.1*((39*c0os(9*x(1))+39*cos(9*x(2))+39*cos(9*x(3))+39*cos(9*x(4))+39*cos(9*x(5)))))"2);

End
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Appendix (2): GA constraints function

Function[c,c_eq] = my Constraints (x)

¢ = [(.903*(39*cos(x(1))+39*cos(x(2))+39*cos(x(3))+39*cos(x(4))+39*cos(x(5))) - 120);.
0.30010*(39*cos(3*x(1))+39*cos(3*x(2))+39*cos(3*x(3))+39*cos(3*x(4))+39*cos(3*x(5)));.
0.18*(39*cos(5*x(1))+39*cos(5*x(2))+39*Cos(5*X(3))+39*cos(5*X(4))+39*cos(5*X(5)));.
0.1286*(39%Ccos(7*X(1))+39*Cos(7*X(2))+39*Cos(7*x(3))+39*Cos(7*X(4))+39*cos(7*X(5))):.
0.1*(39*cos(9*x(1))+39*cos(9*x(2))+39*cos(9*x(3))+39*cos(9*x(4))+39*cos(9*x(5)))];
c_eq=[];

End
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Appendix (3): GA Main Function

ObjFcn = @myFitness;

nvars = b;
A=[1-100001-100;001-10;,0001-1;,00000];
b =[0;0;0;0;0];

LB=[00000];

UB (1:5)=pi/2;

ConsFcn = @myConstraints;

options = gaoptimset(@ga);

options =
gaoptimset(options, PlotFcn',{ @gaplotbestf, @gaplotstopping, @gaplotdistance, @gaplotscores, @9
aplotselection,@gaplotexpectation,@gaplotscorediversity},'Display’,'diagnose’,

‘MutationFcn',@mutationadaptfeasible, Tolcon’,
1e-39,'PopulationSize’,800,'Generations',70);

[x, fval] = ga(ObjFcn,nvars,Ab,[ 1,[ 1,LB,UB,ConsFcn,options);
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Appendix (4): ANN Algorithm
v1=40.94,
v2=40.19;
v3=39.72;
v4=36.7;
v5=34.64,
v6=27.19;
v7=40.43;
v8=35.93;
v9=39.95;
v10=22.01;
v11=34.02;
v12=40.68;
v13=36.49;
v14=39.48;
v15=35.29;
v16=37.34;
v17=36.78;
v18=29.36;
v19=29.17;
v20=28.93;
v21=18.35;
v22=22.22;
v23=27.19;
v24=40.03;

v25=38.56;

72



v26=39;
Vv27=38;
v28=37,;
v29=36;
v30=45;
v31=35;
v32=34;
v33=33;
v34=32;
v35=31;
v36=31;
v37=33;
v38=35;
v39=37;
v40=39;
v41=32;
v42=34;
v43=36;
V44=38;
v45=40;
v46=39;
v47=39;
v48=39;
v49=39;

v50=39:;
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al=0.1457,
a2=0.3763;
a3=0.6685;
a4=1.0334;
a5=1.5445;
a6=0.1359;
a7=0.3362;
a8=0.6408;
a9=1.027,
al10=1.5457,
al1=0.1467,
a12=0.3545;
a13=0.6508;
al4=1.0261,
a15=1.5532;
a16=0.1512;
al7=0.3116;
a18=0.6186;
a19=0.7656;
a20=1.412;
a21=0.1531,
a22=0.2458;
a23=0.318;
a24=0.6447,

a25=1.0507,
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a26=0.1494,
a27=0.377,

a28=0.6655;
a29=1.0324,
a30=1.5488;
a31=0.1495;
a32=0.3785;
a33=0.6673;
a34=1.0328;
a35=1.5482;
a36=0.1587;
a37=0.3383;
a38=0.6326;
a39=1.0191,
a40=1.5533,;
a41=0.1549;
a42=0.3444,
a43=0.6359;
a44=1.024,

a45=1.555;

a46=0.1525;
a47=0.3622;
a48=0.6531;
a49=1.025;

a50=1.5496;
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v={[v1, v6, v11, v16, v21, v26, v31, v36, v41, v46;
v2,v7,v12,v17,v22,v27,v32, v37, v42, vaT,
v3, v8, v13, v18, v23, v28, v33, v38, v43, v48§;
v4, v9, v14, v19, v24, v29, v34, v39, v44, v49;

v5, v10, v15, v20, v25, v30, v35, v40, v45, v50]};

a={[al, a6, all, al6, a21, a26, a3l, a36, a41, a46;
a2,ar,al2, al7, a22, a27, a32, a37, ad2, a4,
a3, a8, al3, al8, a23, a28, a33, a38, a43, a48;
a4, a9, al4, al9, a24, a29, a34, a39, a44, a49;

ab, al0, al5, a20, a25, a30, a35, a40, a45, a50]};

netl= newff(v,a,{10 10},{tansig’ 'tansig’ ‘purelin'});
view (netl);

rng(‘'default’);

netl.trainParam.epochs = 2000;
netl.trainParam.Momentum = 0.9;
netl.trainParam.InitialLearnRate = le-5;
netl.trainParam.L2Regularization = 0.09;
netl.trainParam.MiniBatchSize = 5;
netl.trainParam.Iter = 5000;
netl.trainParam.Ir_inc = 1.09;
netl.trainParam.lrgdm=0.01;
netl.trainParam.goal=1e-40;

netl.trainParam.min_grad = 1e-30;
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netl.trainParam.max_fail=6;
netl.performParam.regularization = 0.5;
netl.divideParam.trainRatio = 75/100;
netl.divideParam.valRatio = 25/100;
netl.divideParam.testRatio = 25/100;
netl.trainParam.show = 5;
netl.performFcn = 'msereq’;
netl.trainParam.mu=1e-50;
netl.trainParam.mu_inc = 1.005;
netl.trainParam.mc = 0.8;

stream = RandStream.getGlobalStream;
reset(stream);

perf = mse(netl, v, a, ‘regularization’, 0.02);
netl.performFcn

[netd,tr] = traingda(netl,v,a);

y = netl(v);

[r,m,b] = regression(a,y);
plotregression(a,y)

outputs = netl(v);

errors = gsubtract(a,y);

performance = perform(netl,a,y);
figure, ploterrhist(errors);

gensim(netl,1);
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Appendix (5): Solar Module
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Appendix (6): Pulse Width Modulator
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Appendix (7): Eleven-Level Inverter

mm mm

15872

1GBT4

o
2 B
= 5
Tk

w@
4

T
@ |

il

qnds

-

1667 (—|

kﬂu
-JE

i

w

18710 | —

157

|

IGET2

:
I;

I5BTH —{é{
b
J
In19
IBTID 4%
h

In15
I5BT15 |||

l
+

I

IGBTI3 |—|

I3

Seds

l
|
5}
l

IGBTT ||

&
Eﬂ
-)E

o
T

18718 | —

80



Appendix (8): The SIMULINK Model of Multilevel Inverter (left half)
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Appendix (7): The SIMULINK Model of Multilevel Inverter (right half)
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