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ABSTRACT

In Selective Harmonic Elimination-Pulse Width Modlibn (SHE-PWM) method, low order harmonics are
eliminated, while the fundamental harmonic is aldi at the desired value. In this paper, Variable8ing Ant Colony
Optimization (SamACO) algorithm with random initiahlues is proposed for solving the transcendentalinear
equations known as Selective Harmonic EliminatiSBRIE) equations that characterize the selected hdcsiin an 11-
level inverter. The algorithm is a continuous (camalborial) optimization algorithm that is based thre food foraging
behavior of ants in a swarm. The dynamic explatatand random exploration operators in the algorignsure both
accuracy and convergence to global optima. Fastiétolransform (FFT) analysis of the synthesizettage waveform

reveals the complete elimination of th&",7",11" and13" harmonics as their values tend towards zero. Both

computational and MATLAB simulation results shovatithe proposed method is highly efficient for étiation of the

selected low order harmonics as well as minimizatibthe total harmonic distortion (THD).
KEYWORDS: Multilevel Inverter, Samaco, Selective Harmonicnihation (SHE), and THD
INTRODUCTION

A multilevel voltage source inverter is a powercéienic system that synthesizes a nearly sinusadgbut
voltage from several DC voltages using pulse widtidulation (PWM) technique. Due to the smaller agd steps in the
output staircase waveform, multilevel inverter hany advantages over the traditional among whiehiamproved power
quality, low switching losses, lower dv/dt stressesthe load, lower electro-magnetic interferereml) and ability to
attain a higher voltage without the use of transfar [1]. The use of multilevel inverter is prevalen industrial
applications such as drives, Flexible AC Transmiss$ystems (FACTS), Hybrid Electric Vehicle (HEWigh Voltage
Direct Current (HVDC) lines.

The concept of multilevel inverters was actuallyeleped from the idea of step approximation of soid [2].
Basically, there are three main multilevel topoésgi These are Diode-Clamped Multilevel Inverter, [@ppacitor-
Clamped Multilevel Inverter [4], and Cascaded Hige Multilevel Inverter with separate DC sourcel arieties of
each topology as well as hybrid of the fundametdpblogies such as Generalized P2 Converter, Mbead! Hybrid
Converter, Asymmetric Hybrid converter have beevettped but with the same underlying principle[6,7]

Several pulse width modulation techniques usedanventional two-level inverter have been modifiatd a

deployed in multilevel inverters. These include Wimidal Pulse Width Modulation (SPWM), Selectiveridanic

| Impact Factor(JCC): 1.9586 - This article can be denloaded from www.impactjournals.us |




| 32 Adeyemo, I. A, Fakolujo, O. A. & Adepoju, G. A. |

Elimination (SHE) method, Space Vector Control (§v&nd Space Vector Pulse Width Modulation (SVPWM) 7].

Selective Harmonics Elimination (SHE) method atdamental switching frequency however, arguably gjitlee best
result because of its high spectral performance comsiderably reduced switching loss. The mainlehge associated
with the SHE method is how to obtain the analyt®alutions of the transcendental nonlinear equatibat characterize

the selected harmonics in multilevel inverter.

The convergences of the classical derivative-depeingolvers such as Newton Raphson method [8] igidyh
sensitive to arbitrarily chosen initial values betsolution. Another approach uses Walsh funct{@hsvhere solving
linear equations, instead of non-linear transcetadl@guations, optimizes the switching angle. Thethmod results in a set
of algebraic matrix equations and the calculatiérthe optimal switching angles is a complex andeticonsuming
operation. Chiassogt al [10] proposed a method based on Elimination thesiyg resultants of polynomials to determine
the solutions of the SHE equations. A difficultytivthis approach is that as the number of levelseimses, the order of the

polynomials becomes very high, thereby making thenmutations of solutions of these polynomial eduregi very
complex.

Population-based Evolutionary Algorithms (EAs) sashGenetic Algorithm (GA) [11]-[13], Ant Colony Stgm
(ACS) [14], Bee Algorithm (BA) [15], Particle Swarf@ptimization (PSO) [16] have been used to solvé& Siquations.
EAs are simple, derivative free and can be usedofoblems with any number of levels. They are asocessful in

locating the optimal solutions, but they are ususlbw in convergence and require much computimg ti

MULTILEVEL INVERTERS

» Cascaded H-bridge Inverter

Among multilevel inverter topologies, cascaded kitipe inverter requires the least number of comptmdts
modular structure as well as circuit layout flektlgi makes it suitable for high voltage and highwes applications.
Cascaded H-bridge multilevel inverter is formeddoynecting several single-phase H-bridge inveiteseries as shown
in Figure 1. The number of output voltage levelsaisascaded H-Bridge inverter is givenNby 2S+1, whereS is the
number of H-bridges per phase connected in cas&gddifferent combinations of the four switch&s S,, S;, and S,
shown in the Figure 1, each H-bridge switch canegetie a square wave voltage waveform on the AC Sideobtain
+V, , switchesS and S, are turned on, whereas/can be obtained by turning on switch&s ands,. By turning on

S ands,, or S,ands,, the output voltage is zero.
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Figure 1: Configuration of an 11-Level Single-Phas€ascaded H-Bridge Multilevel Converter
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The outputs of H-bridge switches are connecteckeiies such that the synthesized AC voltage wavefirawn

in Figure 2 is the summation of all voltages frdra tascaded H-bridge cells [8, 10].

Figure 2: Output Voltage Waveform of an 11-Level liverter
» Selective Harmonic Elimination PWM

Generally, any periodic waveform such as the stagcwaveform shown in Fig. 2 can be shown to be the
superposition of a fundamental signal and a sehavfmonic components. By applying Fourier transfdioma these
components can be extracted since the frequeneaaf harmonic component is an integral multipl@ofundamental
[17].

Assuming a quarter wave symmetry and the equalirdplof all DC sources, the Fourier series exmansf the

staircase output voltage waveform shown in Fig given by equation (1).

V(at) =V, (a)sin(nax) @)
Where
Ny s
V,(a)=—=%>"" cosfa,), for odd n 2)
nm
V,(a)=0, for even n 3)

In three-phase power system, the triplen harmoimiocsach phase need not be cancelled as they autaihat

cancel in the line-to-line voltages as a resulyordn-triplen odd harmonics are present in the-loxine voltages 8]
Combining equations (1), (2) and (3),

N

V(@) =37 . nzd; (cosfia,) +cosha, ) +... + cos(na, ))sin nat) (@)

Subject td<a, <a, <..a,<7%)

Where,S is the number of switching angles amds the harmonic order. Generally, fSmumber of switching
angles, one switching angle is used for the dediredamental output voltage; \énd the remainingX1) switching angles
are used to eliminate certain low order harmortias tominate the Total Harmonic Distortion (THDEBuhat equation

(4) becomes

V(at) =V, sin(at) (5)
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From equation (4), the expression for the fundaaienitput voltage Yin terms of the switching angles is given

by

v, =2 (costy) +cost, )+ +costr)

(6)

The relation between the fundamental voltage aadrtaximum obtainable fundamental voltagg.¥is given by
modulation index. The modulation index;, s defined as the ratio of the fundamental outltage \f to the maximum

obtainable fundamental voltage Y. The maximum fundamental voltage is obtained walkhe switching angles are

zero [8]. From equation (6),

Vi = 20 )
Hence,
Vlzm(ﬂ”‘”J foro<m <1 8

To develop an 11-level cascaded multilevel inverfere SDCSs are required. The modulation index and
switching angles that result in the synthesis ofw&veform with the least Total Harmonic Distorti@HD) can be found

by solving the following transcendental nonline@ju&tions known as SHE equations that charactehiezeselected

harmonics[8], [10]:
% (cos@,) +cos@,)+...+cos@,)) =V,

cosba,) + cosba, )+ ...+ cosba;) =V,

cos(/a,) +cos(fa,)+...+cos(fa;) =V,

cos(la,)+cosia,)+...+coslla;) =V,

cos(3a,) +cos(3a, ) +...+ cos(3a;) =V,, (9)

In equation 9, V. V4, Vi, and iz are set to zero to in order to eliminat8 5" 11" and 1% harmonics

respectively. The correct solution must satisfydbadition

0<a,<a,<..<a;<7, (10)

Equation (8) in equation (9) yields:

cos@,) +cos@, )+...+cos@,) =5m cosba,) +cos&a, ) +...+cosba,) =0 cos{a,) +cos(a,)+...+ cos{a,) =0
cos(3a,) +cos(3a, )+...+cos3a,) =0 (12)

Generally equation (11) can be written as
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F(a)=8(m) (12)

13)

ANT COLONY OPTIMIZATION (ACO)

The ant colony optimization is swarm intelligenas®éd meta-heuristic algorithm that was inspiredhgyfood
foraging behavior of natural ants. It is a probiabd technique for solving combinatorial optimizet problems that can
be reduced to finding good path through graphshéir search for food, natural ants leave a trahtlemical substance
called pheromone on the path they traverse in dalguide future ants toward optimal paths to foblde pheromone on
the non-optimal paths evaporates with time while fineromone on the near-optimal/optimal paths iifoeed, thus

influencing more ants to follow the path [18].

In ACO, a population of agents (artificial antsgriementally constructs solutions to combinatoriatiraization
problem by traversing a graph that encodes thenigdtion problem. Ant Colony system (ACS) algorithmtroduced by
Dorigo and Gambardella [19] had been successfidiylayed for discrete combinatorial optimization lgeams such as
routing, and clustering. ACO algorithm has beereeded to solving continuous combinatorial optim@atproblems
using a variety of ACO algorithm called Variablengding Ant Colony Optimization (SamACO) algorithn2(]].

SamACO algorithm offers an efficient incrementdusion construction method based on the samplegegal

The basic idea behind SamACO algorithm is that gufaiion of agents (artificial ants) incrementatiynstructs
solution to the sampled combinatorial optimizatpwoblem. The construction phase is guided by héaiiisformation and
existing pheromone, which holds information aboatte of a solution that have led to good resultghien previous
generation of ants. By means of pheromone updadetramsition rules, ACO probabilistically seleceteiomponents

values to concentrate the search in the regiohggbfquality solutions.
The steps that are involved in the implementatio®amACO algorithm are as follows:
Initialization Step

The search space is bounded such that the decisiamables (solution components) ; Xhas

valuesx, O[l,,u;],i =12...,S, wherel, and u, are the lower and upper bounds of the decisioraltes Xrespectively, and

S is the number of decision variables. The initialues of the decision variables are randomly sainplethe feasible

domain as follows:

(i) = u -l (i)
x =l +———-|j-1+rand 14
m+z9(J : ) (14)

Where mis the number of ants? is the exploitation frequency which controls thenter of values to be sampled

in the neighborhood of the best-so-far solution peration, (m+9) is the initial number of candidate values for each

decision variable/ , rand is a random number uniformly distributedhiit[0,1], i=12,...,S andj =12,..., (m+3¥).
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For each decision variabl , there arek sampled value®, x?, ..., x*’from the continuous domalinu,|.
Each solution component has associated a pherownaloe, 7/, i=12...,S,j=12...,k , and a component-pheromone

matrix M can be generated. The pheromone valueflects the desirability of adding the componealue x’to the

solution
{0 70} {0 7). {0, 79}
bt ) o)
: : I (15)
e ) ) )
Transition

The transition of the ants from one position totheois partially probabilistic and partially det@nistic. An

artificial ant k has a memory of the positions that it has alreasiyed and the pheromone content at each locataned

in a Tabu lisT*. The memory size of the Tabu list depends on theapulation size as well as the number of movemen

made by the ants. In general, if there arants makingN movement, the size of the Tabu Iist(’mx N). The iteration

index I of the variable value selected by dnfor the i " variable is:

1 if g<q, and j=j°

=40 if g<q, and j=zj" (16)
LY it g>q,

Where

j"= argmax{ri(l), Ti(z)v T Ti(m)} (17)

i=12..,s, k=12..,m,q0[0]is a uniform random value, and,0[01] is a threshold parameter that

represents the relative preference for either atgtion or exploration.

Dynamic Exploitation
Wheng < q,, the ant chooses exploitation in the neighborhobthe solution set with the highest pheromone

value from them solutions generated in the previous iteration. @ixeamic exploitation is used as a local search ateth

to fine-tune the best-so-far solution. A radiys confines the search in the neighborhood of the-fedar solution

X = (xl(o),x‘z’, xo) to the interva]jx(o) -r,x9+r| i=12--,S. The values of the variables in the best-so-fantsm

S

set are randomly selected to be increased, uncargeduced as

min(x,(°)+r, .U,,u,), Osq<%

%, = X0, L1<q<2 (18)
3 3
max(x,(O)—r, .JI,I,), %Sq<l
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Where o0[0,1].

The best-so-far solution set is then updated usliigm and generational replacement. The new soluset

x=(%,%,--, %) is evaluated and used to replace the best-smfatian set if there is an improvement in the resthe
dynamic exploitation process is repeated fdtimes, and the newly generated solution componargsrecorded as
x, wherej=m+1m+2-.-,m+g,, i=22...,.S. The number of solution components generated gdutiie dynamic
exploitation process is denoted gyy The radii are adaptively extended or reduced dasethe exploitation result. If the

best solution set produced by the exploitation @ssds better than the prevailing best-so-far Eoiwtet, the radii will be

extended. Otherwise, the radii will be reduced.

r.v,, v, >1
req' ° N (29)
[ARVAS O<v, <1

Wherev,and v, are the radius extension rate and the radius riedute, respectively. The initial radius value is

given by:

=l (20)

Random Exploration

Wheng > g, , the ant resort to probabilistic exploration téesea random indeﬁk) D{O,],~~~,m+ gi} . Moving from

positioni , the ant chooses its next positiohamong the positions that have not been visited ageprding to the

probability distribution given as follows:

Pl =55, i=0 L, m+g, (21)

The solution components of the wopstsolution sets that are constructed by the antisdrprevious iteration are
discarded and each solution component is replage® mew values generated by a random exploration psodéthe

worst solution sets are denoted x5y, x™? ... x™_  The new solution components for the solution sétare

randomly generated as follows:
X =1 +(u -1,).rand?” (22)
Wherei =12,...,Sandj =(m-x+1), (m-x+2), ...,m.

Random exploration ensures diversity and prevenre@ature convergence to local minima.
Pheromone Update

Initially, each solution component is assigned rtial pheromone valug,. The pheromone values are updated
based on the quality of solutions constructed leyathits. The update is biased towards the best@wutonstructed by the
ants such that ACO concentrates the search iretfierrs of high quality solutions. Similar to MAX-Mlant system [21],

the pheromone values in SamACO algorithm are bauitwléhe interve,,, T..]; in this cas¢ol, 1.
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The pheromones on the non-optimal paths are evigubrahe selected non-optimal solution componeaigh

their pheromones evaporated as
10 (1-p)t? +pr,,  for 0<p<1
i=12..,Sandj=12....m (23)
Wherer,, is the predefined minimum pheromone value and the pheromone evaporation rate.

The pheromones on the near optimal paths are regdo thus influencing more ants to follow the ga#mnd
hopefully find better solutions. The solution compats in the selected best solutions have their pheromone reinforced

as
" (1—,B)ri(” +pr,., for 0<f<1 (24)
i=12...,Sandj=12...,¥

Where, is the predefined maximum pheromone valgejs the pheromone reinforcement rate, ands the

elitist number.

In each iteration, the pheromone values of thetmlucomponents of the iteration-best are updatedha

solution components of the best-so-far solutioaratfie fitness evaluation of the solutions constructed by the ants.
IMPLEMENTATION

Using MATLAB software, the proposed SamACO algaritivas implemented to compute the optimal switching
angles that eliminateé"™s 7", 11", and 18 harmonics in an 11-level inverter. In this wotte fpopulation size is 40, and the

number of iterations is 100. The solutions were poted by incrementing the modulation index, in steps of 0.001 from

0 to 1. A personal computer (2.66 GHz Intel Corgii@cessor with 4GB Random Access Memory) running§TiAB

R2014b on OS X Yosemite version 10.10 was usedrty out the computations.

The solution set at each step is evaluated withfithess function. The objective here is to detemnthe
switching angles such that the selected low ordembnics are either eliminated or minimized to eceptable level while
the fundamental voltage is obtained at a desirdukevdor each solution set, the fitness functionakulated as follows
[12]:

. 4 2
. AR s 1(_ V,
f =min |:[100 lV' 1] +Zzh—[50vfhj :l
@ 1 s=2 lls 1

i=12...,S (25)
Subject to

Y
O0<a,<a,<..<a,<7,

WhereV | is the desired fundamental output voltage, S istimaber of switching angleig,is the order of thes"

viable harmonic at the output of a three phaseilewil converter. For example,=5, h,=11. It should be noted that
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different weight are assigned to different harmenie eqn. (25). Each harmonic ratio is weightedimyerse of its
harmonic order, i.e. 1(hBy this weighting method, higher importance isigised to the low order harmonics, which are

more harmful and difficulty to remove with filter.

In order to validate the observed analytical resudin 11-level single-phase Cascaded H-Bridge tewveavas
modelled in MATLAB-SIMULINK using SimPower Systenldek set. In each of the five H-Bridges in the &vdl
single-phase Cascaded H-Bridge inverter, 12V decsois the SDCS, and the switching device useddslated Gate
Bipolar Transistor (IGBT). Simulations were perfatnat the fundamental frequency of 50 Hz usingstiation set found
at the modulation index,m of 0.795a,=699%, a,=1905,a,=280T,a,=4599%, anda,=6261T. Fast Fourier
Transform (FFT) analysis of the simulated phas¢agel waveforms was done using the FFT block to shewarmonic

spectrum of the synthesized AC voltage.

RESULTS

The plots of fitness value for each set of switghimgles versus modulation indices over the raf@elato 1.0 is
shown in Figure 3. For values of the fitness fumttiess or equal to 0.01, SHE equations are sayaitherwise they are

unsolvable.
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Figure 3: Fitness Function at Various Modulation Irdices

As shown in Fig. 4, there are multiple solutionssat some modulation indices. In such cases, thei@o set

with the least THD value is chosen.
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Figure 4: Switching Angles at Various Modulation Irdices

At low modulation indices [0, 0.256], high modutatiindices [0.934, 1] as well as some modulatiaticies, no

solution sets are available.For those modulatidices, it is either there is no solution set or 8&® could not find one.
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The former reason is more plausible than the latter
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Figure 5: THD Values at Various Modulation Indices

From the simulated output voltage waveform, thekpedue of the fundamental output voltage&@g4v, This

peak) *
value is in close agreement with the analyticatijnputed value given by eqn. (8) as;
V, = m[%j = oygl{ﬂ) = 60730y
T Vs

The FFT analysis of the synthesized voltage wawefshown in Fig.6 reveals the complete eliminatiérine

g, 7" 11" and 13" harmonics as their values tend towards zero.

The THD in line-to-line voltage as computed analily and from simulation are 4.54% and 4.58% retpely.
The analytical and simulation values of THD areciose agreement thereby validating the analytieallts. The THD
value of 8.01% shown in Fig. 6 is the THD valuetled synthesized voltage waveform of a single phagerter which

includes triplen harmonic components.

FFT analysis

Fundamental (S0Hz) = 60.74 , THD= 8.01%
T T T T T

Mag (% of Fundamental)

llﬁ |1 |||1|||||1I|;-|1||||.
[ 5 15 20 25 30 35 40 45 50
Harmonic order

10

) (b
Figure 6: (a) Synthesized Waveform (b) Harmonic Sperum of an 11-Level Inverter with m = 0795

CONCLUSIONS

Variable Sampling Ant Colony Optimization (SamAC@jgorithm with random initial values has been
successfully implemented for solving the transcetalenonlinear equations characterizing the hargom an 11-level
inverter. The proposed method is derivative-freeueate and globally convergent. The absence o$elexted harmonics
in the synthesized output phase voltage validéesbalytically computed results.
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