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ABSTRACT

This paper presents a genetic algorithm (GA) optimization technique to determine the optimum
switching angles of the multilevel inverter. This technique is used to eliminate low order
harmonics of output voltage to minimize the total harmonic distortion (THD), with different levels
of configurations. The effectiveness of this technique is tested by simulation results, which are
used for calculating the optimum switching angles of threc-phase 11-leve! inverters, with equal
and unequal DC supplies. Finally, the results show that the GA technique gives lower THD
compared with results reported in the literatures using other techniques.
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1. INTRODUCTION

A multilevel inverter can be built to synthesize a
desired AC voltage from several levels of DC
voltages. The multilevel inverter is ideal for
connecting DC energy sources (solar cells, fuel cells,
and the rectified output of wind turbines) to an
existing AC power grid [1]. A family of multilevel
inverters have emerged as a solution for working
with higher voltage levels, up to 6.9 KV [2-4]. The
main advantages of multilevel inverters are their
lower switching frequency compared to traditional
inverters, which means they reduce the switching
losses. Besides, the output waveforms of multilevel
inverters are in a stepped form; therefore they have
lower harmonics and lower dv/dt, compared io a
square wave inverter [5]. There are three main types
of multilevel inverters: 1) diode-clamped inverters, 2)
flying capacitor inverters and, 3) cascaded H-bridge
inverters, Among these inverter topologies, the flying
capacitor inverter is difficult to realize because each
capacitor must be charged with a different voltage as
the voltage level increases. Moreover, the diode-
clamped inverter is difficult to be expanded to
multilevel because of the natural problem of the DC
link voltage unbalancing, the increase in the number
of clamping diodes, and the difficulty of the
disposition between the DC link capacitors and the
devices as the voltage increases. Though the
cascaded inverter has the disadvantage of separate
DC sources, the modularized circuit layout and
package are possible, and the problem of the DC link

voltage unbalancing does not exist. Therefore, it is
easily expanded fo multilevel configuration. The
main disadvantages associated with the multilevel
inverter are its circuit complexity, requirement of a
high number of power switches that must be
commutated in a precisely determined sequence by &
dedicated (and complex) modulator circuit. Because
of these disadvantages of old configurations, a recent
topology of multilevel inverter is used in this work
f6,71.

2. RECENT TOPOLOGY OF MULTILEVEL

INVERTERS

The main purpose of the recent family of multilevel
inverters is to reduce the number of switching
devices used without changing the staircase nature of
the output voltage. Therefore, it should have the
same number of levels [6, 7]. The simplest circuit of
this family is the 5-level inverter that shown in Fig.1.
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Fig.1 Simplified 5-Level Inverter.
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Figure 2 shows a three-phase 11-level inverter of this
family. Each phase consists of main H-bridge, four
auxiliary switches and five DC supplies.

Table 2 illustrates the comparison between different
multilevel inverters configuration according  to
f main power switches as a fonetion of
er phase, m.

er of switching devices in

(1)

tion in the number of the main
: d in 11-level inverter (m=11)
is 60%. (8 against 20 in any of the other three

Phase C

Fig.2 Simplified Three-Phase 11- Level Inverter

Table 2 Comparison between ultilevel inverter types according of switches numbers

Inverter Configuration Diode-Clamp Capacitor-Clamp Cascaded H-bridge | Recent Topologr
Main switching devices 2 (m-1) 2 (m-1) 2 (m-1) 4+(m-3)/2
Main diodes 2 (m-1) 2(m-1) 2 (m-1) 2 (m-1)
Clamping diodes (m-1) (m-2) 0 0 0

DC bus capacitors (m-1) {(m-1) {m-1)/2 (m-1)/2
Balancing capacitors 0 {m-1) (m-2)/2 0 0
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3. MATHEMATICAL MODEL OF SWITCHING
FOR THE MULTI-LEVEL INVERTER

The multilevel inverters use several DC sources to
synthesize a sinusoidal wave. Thus, the control of the
multilevel inverter is to choose a series of switching
angles to synthesize a desired sinusoidal voltage
waveform. Figure 3 shows a generalized quarter
wave symmetric stepped voltage waveform
synthesized by 28+1 level inverter. Where S is the
number of switching angles, which also equal to the
number of DC sources.

Fig. 3 Output voltage of m-level inverter

The Fourier series expansion of the (stepped) output
voltage waveform of the multilevel inverter shown in

Fig. 3 is given as:

wif)=a, + z (a, cosnar +b, sin neot) (2)

n=l
Due to the odd quarter-wave symmetric
characteristic, illustrated in Fig. 3, the Fourier series
coefficients are given by,

lT
a, =T Ivo(r) dr=0
0

2?‘
a, = ?Jv" (ycos(nwt) dr =0
2‘1'
b o= v ()sin{awt) dt
; Tﬂj , () sin(we)

yO=— STcostnagys.. 47 costnlsinGiwd
Hfpy3s

4

b, =— [V cOS(net) + .tV COS (10X, ) n=135....
nI

b, =o0,n=2,4,6,.

v, (t) = ni i (Vs €08 (0t )+ Vi 00 (ncr,)] sin (nwt)

7 g1 35,
(3)
4. CONTROL TECHNIQUES USED FOR THE
MULTILEVEL INVERTER

The modulation methods used in multilevel
inverters can be classified according to switching
frequency (low switching frequency and high

switching frequency) [8,9]. High switching frequency
inverters have many commutations for the power
semiconductor devices in one period of the
fundamental output voltage. The popular methods in
industrial applications are the classic carrier-based
sinusoidal pulse width modulation (SPWM),
selective harmonic elimination (SHEPWM) and
space vector PWM (SVPWM) [16-12]. These
techniques increase the control complexity and the
switching losses. Low switching frequency inverters,
generally perform one or two commutations of the
power semiconductor devices during each cycle of
the ontput voltage, to generate a staircase waveforn.
Representatives of this family are the multilevel
selective harmonic elimination, and Space vector
control [13-14]. '

Applying the harmonics elimination technique
method, S-1° lowest odd harmoenics can be
eliminated from the single-phase output voltage. In a
three-phase system, the triplen harmonics do not
exist in line voltages; therefore, the “S-17 non-triplen
harmonics need to be eliminated from the line
voltages. For the three-phase 11-level inverters, 5t
7% 1™ and 13" harmonics should be eliminated. The
fandamental component and the harmonics to be
eliminated are given in Equations (4) through (15)
for equal and unequal DC sources.

Case 1: For Equal DC Sources
Vg =Viez = vavnerneonien =V, =E

e [l

V= %(cos{ai) +cos(a,)+ cos{ag ) +cos(a, ) + cos(as))

Put g, = %
“ T 4E

M=m/s
where, M is the modulation index and V, is the
amplitude of the output voltage at the fundamental
frequency.

= cos{ o)+ Cos{ &y )b e F cos{ &) . (1)
0 = cos{ S, )+ cos( 5a,) + e +cos(Ses)  (5)
0 = cos( e, +¢c0s{ 7et,) + vt c0s( 705} (6)
0 = cos( Hez, )+ cos{ 11a, )+ coovrerre. + cOS( Hrs) Q)

0 = cos{ 13e,) + cas{ 13, ) + .revenene + 608( 13c5)  (8)

The total harmonic distortion of the line voltage is:

V 2
THD _ a=3,7..
Vl
3 [—— (cos(na,) + . +cos(na5))] g
THD = 1=5,7,11,.. ( )

cos( &t ) F wroee - COS(5)

Engineering Research Journal, Minoufiva University, Vol. 32, No. 3, duly 2009 273



Case 2: For Unequal BC _Sources
Yitet =K‘]E: Voo =K2E,.--........... Vs :I{;E

vn(t):ﬁ i[K, cos(na,)+...+K:cos(na,)]sin(ﬂwt) {10)

A 38,
m, =k, cos( e, ) +k, coS(& }+oimmnnns + kb cos{ ) ')
0 =k, cos(S o)+ cos( 50t )+ ooene b iy 00S(5 ) (12)
0=l cos(7 ) +k, cos(7 o)+ +k, cos(7 ¢) {13)
0=k cos(l 1a)+k; cos{l 1, ) +....oven s cOS(L lesy (14)
Dekycos(13a ) +k; cos(l3a, )+ +h;cos(3a) (15j

The above nonlinear equations can be solved by
Newton-Raphson method, This method gives one
solution which depends on the initial values of
switching angles. The resultant theory [15] is applied
to give all solutions, The later approach uses
polynomials of 22™ degree, for 7-level inverter,
which is difficult and time consuming for solution
process. For any changes in configuration levels or
input DC voltages, a new expressions must be
deduced which complicates the solution process. In
this paper, 2 genetic algorithm (GA) optimization
technique is applied to determine the optimum
switching angles of the proposed topology multilevel
inverters, in order to minimize the total harmonic
distortion (THD). The Genetic-algorithm (GA) is
used for any number of levels without extensive
derivation of analytical expressions.

5. GENETIC ALGORITHMS-BASED METHOD

Genetic algorithm is a computational model that
solves optimization problems by imitating genetic
processes and the theory of evolution. It imitates
biological evolution by using genetic operators like
reproduction, crossover, mutation, etc [16].

Optimization in GA means maximization or

minimization. In this case, minimization technique is

required. There are only few parameters to be set for

GA to work. The steps for formulating a problem and

applying GA are as follows:

1- Select binary or floating-point strings.

2- Find the number of variables specific to the
problem; these numbers will be the numbers of
genes in a chromosome. In this application, the
number of variables is the number of controllable
switching angles. The 1l-level inverter requires
five DC sources per phase; thus, each chromosome
for this application will have five switching angles,
i€ {0, 0, 0y, 0 s}

3. Set a population size and initialize the population.
In this application a population size of 20 is
selected. The selection of optimum-sized
population requires some experience in GA. The
population in this paper has 20 chromosomes, each
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containing five switching angles. The population is
initialized with random angles between 0 and 90
degrees.

4-The most important item for the GA to evaluate the
fitness of each chromosome is the cost function.
The objective of this study is to eliminate the low
order harmonics in order to minimize the total
harmonic distortion THD. .

5- GA is usually set to run for a maximum number of
iterations (1000 in this case) to obtain one answer.

Note that: after these iterations, GA evaluates one
optimal solution. A MATLAB m-file is designed
program is built o solve this problem for any number
of inverter levels. The main implementation steps of
the GA-based optimisation are summarized in the
flowchart shown in Fig. 4. The GA method for three-
phase 11-level inverter is used with equal and
unequal DC sources, at a modulation index from 0.2

to 1.0,

rlniﬁalize duvmsamepnp&ﬁa!iril

¥
] Calodate the cost of each memberincluding the penalty fanclion |

r Fxaluate fitness of each individual and perform fitness scaling |

I Pareri. chromosomes seleclion J

I Create z new offspring (Crossover SMutation) I

!

( Evaluate offspring and insert the bedt replacing worst parents J

Mo

Fig. 4. Flowchart of the GA evolution process

Figure § shows the optimal switching angles versus
m, for three-phase 11-level inverter, while Fig. 6
shows the line voltage THD versus m, for three-
phase 11-level inverter for equal DC sources. Figure
7 shows the optimal switching angles versus m, for
three-phase 11-level inverter, while Fig. 8 shows the
line voltage THD versus m, for three-phase 11-level
inverter for unequal DC sources. For poth cases the
consitran {0 <0;<t<t;<es<90) is satisfied.
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Figure 9 Shows that the value of total harnmonic
distortion THD for Genetic algorithm-based method
is lower than the SPWM and harmonic elimination
using Newron-Raphson methods at all value of
modulation index (M)

m,
Fig.5 The optimal switching angles versus m, for
three-phase 1 [-level inverter with equal DC sources
using GA.

.
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Fig. 6. line voltage THD vérsus m, for three-phase
11-level inverter with equal DC sources.

angles {degres}

;:;a 4 £5
Fig.7 The optimal switching angles versus m, for
three-phase 11-level inverter with unequat DC

sources using GA.

i
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Fig. 8. Line voltage THD versus m, for three-phase

11-level inverter with unequal DC sources.
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Fig 9.line voltage THD versus modulation index M
for three-phase 7-level inverter for PWM, harmonic
elimination using Newton-Raphson and  Genetic
algorithm methods

6. SIMULATION RESULTS FOR EQUAL DC
SOURCES INVERTERS

A simulation program has been developed using the
MATLAB package to investigate the performance of
three-phase 11-level inverter with equal DC sources.
The load is assumed as a static RL load with 100 ©
resistor and 255 mH reactor, while the DC supplies
are equals with 70 V as case study. The
investigations are carried out for two values of the
modulation index (M) 0.80 and 0.65 as case study.
The results of the simulation are illustrated in Figs.
10 through 13. The Fast Fourier Transform (FFT) is
used to analyze the output line voltages.

Note that the harmonic content of the current is
significantly reduced - compared to the harmonic
content of the output voltage duc to the filtering
effect of the load inductance.
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Fig. 10 Simulation waveforms for three-phase 11-
level inverter at M=0.80 using GA.
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Fig. 11. FFT of the line voltage for three-phase 11-
level inverter at M=0.80 using GA.
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Fig. 12 Simulation waveforms for three-phase 11-
level inverter at M=0.65 using GA.
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Fig. 13. FFT of the out put voltage for three-phase
11-level inverter at M=0.65 using GA.

7. SIMULATION RESULTS FOR UNEQUAL DC
SOURCES INVERTER

A simulation program has been developed using the
MATLAB package to investigate the performance of
the three-phase 11-level inverter with unequal DC
sources. The load is assumed as a static RL load with
100 £ resistor and 255 mH reactor and E= 70 V as
case study. The investigations are carried out for two
values of the modulation index (M) 0.80 and 0.65 as
case study.
For M = 0.8, k; = 1.086, V4, = 76.02V, kp= 1.1223,
Vi = 78.561V, ks = 1.0309, Vas = 72,163V, k4 =
0.9665, Vgu = 67.655V and ks = 1.0004, Vs =
70.028V.
For M = 0.65, k, = 1.1378, V4 = 79.646V, k =
0.9366, V= 65.562V, ks = 0.8955, V3= 62.685V,
ky= 1104, Vieg = 7728V and ks = 10728, Vs =
75.096V.
The results of the simulation are illustrated in Figs.
14 through 17. The Fast Fourier Transform (FFT) is
used to analyse the ogipﬂt%lt line voltage.

kbt

Fig. 14 Simulation waveforms for three-phase 11-level
inverter unequal DC source at M=0.80 using GA.
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Fig. 15 FFT of the out put voltage for three-phase 11-
level unequal DC source inverter at M=0.8 using GA.

Fig. 16. Simulation waveforms for three-phase 11-ievel
inverter unequat DC source at M=0.63 using GA.
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Fig. 17 FFT of the out put voltage for three-phase 11-
level unequal DC source inverter at M=0.65 using GA.

With enough levels and an appropriate switching
algorithm, the multilevel inverter results in an output
voltage that is almost sinusoidal. For the 11-level
inverter the waveform has less than 5% THD with
each active devices switching only at the
fundamental frequency.

8. CONCLUSIONS

An optimization technique based on GA has been
used to minimize the THD in multilevel inverters.
The GA technique produces possible solutions; the
solution which gives the lowest THD is selected. The
proposed technique has been applied to an 11-level
inverter with equal and unequal DC sources. The
proposed inverter configuration has the advantage of
its reduction in number of switching devices
compared to other configurations of multilevel
inverter with same number of levels. It has the
drawback of the high rating of the four main switches
as they subjected to the summation of DC sources,
Simulation results showed that GA is better than
previous conventional techniques for minimizing the
THD, for different inverter configurations with equal
and unequal DC sources.
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