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a b s t r a c t

Low switching frequency pulse width modulation (PWM) technique for modulation and control of
multilevel inverter in medium voltage high power applications is preferred in order to reduce the
switching losses. In this context, a multilevel inverter operated with Selective harmonics minimization
PWM technique offers better quality waveform at reduced switching losses. After the Fourier series
analysis, the system of non-linear simultaneous transcendental equations is obtained. These equations
are then solved to obtain switching angles to have certain low order harmonics at minimum value and
regulation in the fundamental voltage magnitude. In this paper, a novel invasive weed optimization
(IWO) technique is proposed to compute switching angles. The proposed technique can compute
switching angles for both symmetrical and asymmetrical multilevel inverters. Thus it has superiority
over well-known optimization techniques such as GA, PSO, DE, and ACO, etc. Moreover, in certain
modulation index ranges, it provides faster convergence and accurate results which have been
demonstrated in the paper. The computational results have been verified with the experimental
result on the prototype developed in the laboratory. The field programming gate arrays (FPGA) based
controller is used to implement the proposed technique. The hardware results have been found in
close agreement with the computed results.

© 2022 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Voltage source inverters (VSI) are extensively used in many
ndustrial applications such as active filters, variable speed drives,
olar PV systems, wind energy, HVAC and HVDC transmission,
lectrical vehicles, etc. Earlier, only two-level and three-phase
SI configurations were mostly used (Levi et al., 2007; Chen
nd Zhao, 2016). But since the power processing requirements
f power converters increased, the development of alternate
opologies such as multilevel voltage source inverter with limited
oltage and current ratings of the semiconductor devices has
reat attention in recent times (Wu and Narimani, 2017). The
ther advantages of multilevel inverters are low total harmonics
istortion, low dv

dt and low electromagnetic interferences(EMI).
arious multilevel inverter topologies and its modulation and
ontrol schemes of multilevel inverters have been proposed in the
iterature (Colak et al., 2011; Gupta et al., 2015). The important
opologies includes neutral point clamped (NPC), cascaded H-
ridge (CHB), flying capacitor (FC), modular multilevel converter
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(MMC) and active neutral point clamped converters (ANPC) (Wu
and Narimani, 2017). Several new topologies also have been
proposed in recent year (Eguchi et al., 2020; Gupta et al., 2015).
The promising topologies are Cascaded Half-Bridge based Mul-
tilevel DC Link (MLDCL) Inverter, T-type inverter, switched se-
ries/parallel sources (SSPS) based MLI, series connected switched
sources (SCSS) based MLI, cascaded bipolar switched cells (CBSC)
based MLI, multilevel module (MLM) based MLI, reversing volt-
age (RV) topology, two-switch enabled level-generation (2SELG)
based MLI and packed E-cell topologies (Venkataramanaiah et al.,
2017). These topologies are created while considering the low
switching device counts, maximum possible number of levels,
application oriented etc (Gupta and Bhatnagar, 2017). A de-
tailed comparative analysis of popularly used multilevel inverter
topologies is shown in Table 1. The number of devices are given
for one leg of the inverter and ‘n’ represents the number of
levels of the output phase voltage and ‘Vdc ’ represents the dc-link
voltage. In an NPC, more power diodes are used whereas, in an
ANPC more number of active switches are used. Each topology
have its own advantages and disadvantages and selection of any
topology is application dependent (Kouro et al., 2010).

Power quality improvement in the output of voltage source in-
verter is desired for optimum performance in many applications
CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Fig. 1. One leg of a generalized cascaded H-bridge inverter.
Table 1
Comparative analysis of multilevel inverter topologies.
Parameters NPC FC CHB ANPC MMC

Main switches 2(n − 1) 2(n − 1) 2(n − 1) 3(n − 1) 2(n − 1)
Main diodes 2(n − 1) 2(n − 1) 2(n − 1) 3(n − 1) 2(n − 1)
Clamping diodes (n − 1)(n − 2) – – – –
DC-bus capacitor (n − 1) (n − 1) (n−1)

2 – –
Min. dc voltage 2

√
2 2

√
2 2

√
2 2

√
2 2

√
2

Voltage rating Vdc
(n−1)

Vdc
(n−1)

Vdc
(n−1)

Vdc
(n−1)

Vdc
(n−1)

Component current I I I I I
Cost Medium Medium Medium High High

such as in solar photovolaic (Janardhan et al., 2020), shunt active
filter (Chen et al., 2021), in SMPS and variable speed drives (Ku-
larbphettong and Boonseng, 2020). The improved power quality
operation of power converters have been proposed for applica-
tions such as in renewable power generation (Plangklang et al.,
2016; Ahmed et al., 2021), dynamic voltage restorer (Bagdadee
et al., 2020), variable speed drives (Kularbphettong and Boon-
seng, 2020), distributed power generation (Ali et al., 2021) etc.
Pulse width Modulation (PWM) technique is widely used for the
efficient operation of power electronics converters. It produces
desired fundamental component and low undesired harmonic
components. In literature, the high switching frequency based
PWM techniques such as carrier based sine pulse width modula-
tion (SPWM), space vector pulse width modulation (SVPWM) etc.
have been extensively investigated and used (Holmes and Lipo,
2003). A high frequency carrier is continuously compared with a
fundamental component (desired component) and at intersection
points the pulses are generated in SPWM technique. Whereas, in
space vector PWM the distinct switching states are first identi-
fied and the vectors are accordingly applied to obtain the de-
sired output. The main advantage of high switching frequency (in
kHz) techniques includes desired output fundamental component
alongwith shifting of lower order harmonics at switching fre-
quency as side band. Thus higher switching frequency will result
in minimum filtering requirements. However, for medium voltage
and high power applications, switching losses are the main con-
straints and therefore low switching frequency PWM techniques
3324
will be preferred (Edpuganti and Rathore, 2015; Tashakor et al.,
2020). The selective harmonics elimination (SHE) PWM is one of
the most promising modulation and control technique to obtain
low switching losses and obtain a good quality waveform at
the output (Dahidah et al., 2014). It is a pre-programmed PWM
technique, which tries to optimize the harmonics profile while
maintaining the desired fundamental component (Enjeti et al.,
1988). The Fourier series analysis results in system of non-linear
transcendental equations, which are simultaneously solved to
obtain the switching angles that ensures removal of selected har-
monics and control on fundamental component magnitude (Patel
and Hoft, 1973). The system of non linear equations have multiple
solutions, unique solution and non solution in certain range of
modulation index (Chiasson et al., 2003). The best solution is
normally chosen based on the minimum %THD, the difference
in successive switching angles for practical implementation (Jan-
abi et al., 2019), the next non eliminated harmonics magni-
tude (Kundu et al., 2019) and capacitor voltage balancing (Wu
et al., 2020).

Several methods have been proposed in the literature to
solve system of non-linear equations resulting from minimization
of low order harmonics and control of fundamental compo-
nent (Dahidah et al., 2014). These methods can be broadly clas-
sified as Numerical techniques based iterative methods (Ahmad
et al., 2021), algebraic methods and meta-heuristic based opti-
mization methods (Yang et al., 2015). The numerical techniques
based methods includes Newton Raphson algorithm (N-R), Walsh
function and sequential homotopy algorithm (Swift and Kam-
beris, 1993). The main advantage of numerical based techniques
lies in the fact that they are fast convergent (quadratic in case
of N-R) and their flexibility to be used for higher number of
switching angles. However, these methods require an accurate
initial guess very close to the actual switching angles (Salam
et al., 2013). Also the solution trajectories in multilevel inverter
is complex and not continuous in different range of modulation
index, and the methods to choose initial guess in two level and
three level inverter cases are not valid for multilevel case (Ahmed
et al., 2019). Also as the number of switching angles increased
(more number of levels), the numerical technique based methods
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Fig. 2. Asymmetrical output waveforms.

suffers from the issue of singularity in the derivative matrix (Jaco-
bian matrix) (Ahmad et al., 2019). The algebraic methods mainly
includes theory of resultants, combination of symmetric polyno-
mials and theory of resultant, parallel resultant, Wu method and
Groebner bases method (Yang et al., 2015; Roberge et al., 2015).
In algebraic methods the system of non linear SHE equations are
first converted into polynomials by using multiple angles trigono-
metric formulas (e.g., cos(3α) = 3 cos(α) − 4 cos3(α) and so on)
and then substituted with another variable for cos(α) (say x). The
ew system of equations are solved and the switching angles are
btained by re-substituting (cos(α) = x). The algebraic methods
rovides exact and all the solutions of the problem and does not
equires initial guesses. But for higher number of switching angles
more than four), the degree of polynomials also gets increased
nd solving it become very difficult. In literature the algebraic
ethods have been proposed to solve only for very few switching
ngles. The modern optimization techniques tried to solve for
HE equation are genetic algorithm (GA) (Kumari et al., 2019),
article swarm optimization (PSO) (Hagh et al., 2009; Panda and
anda, 2018), differential evolution (DE) (Salam et al., 2015), ant
olony optimization (ACO) (Sundareswaran et al., 2007), Colo-
ial competitive algorithm (CCA) (Etesami et al., 2015), artificial
ee colony optimization (ABC) (Kavousi et al., 2011), teaching–
earning (TL) based optimization technique (Haghdar, 2019), FPA
ased technique (Panda et al., 2020) and several hybrid tech-
iques such as bio inspired intelligent algorithms (Memon et al.,
018), Particle swarm-genetic algorithm (Memon et al., 2021),
nd differential search algorithm (DSA) (Kundu et al., 2017).
3325
Although the optimization based techniques proposed in lit-
erature successfully solve the harmonics minimization problem,
but still there are certain limitations on these methods. For in-
stance, the limitations for GA includes a premature convergence
and weakness in local search capability in addition to slow con-
vergence rate. The PSO do not have cross over and mutation
operators and therefore has fast convergence but it requires a
very fine tuning in the search space. Therefore, as the num-
ber of switching angles are increased, the complexity of tuning
in search space gets increased as well and it trapped in local
optimal solutions. In this paper a novel invasive weed optimiza-
tion (IWO) meta-heuristic technique is proposed to solve for
the harmonics minimization equations. The harmonics minimiza-
tion problem of both symmetrical and asymmetrical multilevel
inverter configurations can be solved by this method. Some im-
proved IWO version are also proposed to solve for the harmonics
minimization equations and the performance are compared with
the existing methods in the literature. The convergence rate and
accuracy of the results found better in comparison to the other
optimization techniques. Moreover, the proposed method is ca-
pable in computing switching angles for any inverter topologies
discussed above and for multiple switching of individual cells.
Rest of the paper is organized as follows: In Section 2, math-
ematical modelling of CHB for symmetrical and asymmetrical
configuration with harmonics minimization equations problem
formulation is given, in Section 3, IWO methods and its imple-
mentation in solving system of non-linear equations is given. In
Section 4 computational results and comparative analysis with
other methods is given, in Section 5 experimental set-up and
hardware results is given and finally in Section 6, conclusion of
the work is given.

2. Problem formulation

In CHB, several H-cells are connected in series to obtain multi
level output waveform. If there are n separate DC sources then
2n + 1 level output waveform is obtained. A generalized single
phase symmetrical CHB configuration with n number of separate
DC sources and corresponding multilevel waveform is shown in
Fig. 1(a) and Fig. 1(b) respectively. After the Fourier series analysis
of waveform in Fig. 1(b), the output voltage is given by (1).

Vao = bh

[
∞∑
h=1

sin(hωt)

]
(1)

Where, bh is the peak magnitude of hth harmonics (h = 1,
fundamental component). Since the output waveform is having
both the half wave and quarter wave symmetries, the expression
for bh after simplification will result in (2).

bh =

{ 4Vdc
hπ

[∑n
k=1 cos(hαk)

]
, for odd h

0 , for even h
(2)

For 11-level, three-phase cascaded H-bridge multilevel in-
verter (five switching angles in a quarter period), the harmonics
minimization equations for quarter wave symmetric waveform
considering the elimination of low order non triplen harmonics
such as 5th, 7th, 11th and 13th from the final output waveform
and control over fundamental components is given by (3). If the
non equality coefficients,⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

4VDC
π

[cos(α1) + cos(α2) + cos(α3) + cos(α4) + cos(α5)] − 5 × M ≤ ϵ1

cos(5α1) + cos(5α2) + cos(5α3) + cos(5α4) + cos(5α5) ≤ ϵ2

cos(7α1) + cos(7α2) + cos(7α3) + cos(7α4) + cos(7α5) ≤ ϵ3

cos(11α1) + cos(11α2) + cos(11α3) + cos(11α4) + cos(11α5) ≤ ϵ4

cos(13α1) + cos(13α2) + cos(13α3) + cos(13α4) + cos(13α5) ≤ ϵ5

Where, M =
π V1
4Vdc

and , 0 ≤ M ≤ 1;
π

(3)
0 ≤ α1 ≤ α2 ≤ α3 · · · ≤ αN ≤ 2
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1, ϵ2, ϵ3, ϵ4, ϵ5 are considered to be zero, the harmonics mini-
mization problemwill transformed into selective harmonics elim-
ination problem. Let, the non equal separate DC sources are con-
sidered as VDC1 = σ1VDC , VDC2 = σ2VDC , · · · , VDCn = σnVDC , where
σ1, σ2, . . . , σn. The corresponding, asymmetrical waveforms for
fundamental switching and multiple of switching is shown in
Fig. 2(a) and Fig. 2(b) respectively. In Fig. 2(b), N1,N2, . . . ,Ni
represents the number of switching of cell ‘1’, cell ‘2’...cell ‘i’
respectively. The generalized expression to eliminate non triplen
harmonics in three phase multilevel inverter having balanced
load for multiple switching with non equal dc sources can be
given by (4). Here, L represents the number of levels in the output
waveform and ‘N’ represents the total of switching of all the cell
in one time period.

3. Invasive weed optimization

Invasive weed optimization (iwo) technique was first devel-
oped by Mehrabian and Lucas in 2006 (Mehrabian and Lucas,
2006). The iwo is a population based meta-heuristic algorithm
based on the concept of ecological system that mimics the be-
havioural and survival properties of the weeds to grow, reproduce
and colonize the whole area. The individual weeds in the iwo al-
gorithm is a potential solution of the problem and encoded as row
vector with multiple variables. The main steps in iwo algorithm
includes population initialization, spacial dispersal, reproduction
of offspring’s

4VDC

π

⎛⎝σ1

N1∑
i=1

(−1)i−1 cos(αi) + σ2

N1+N2∑
i=N1+1

(−1)i cos(αi) + · · ·

+ σk

N∑
i=N1+N2+···

(−1)i+1 cos(αi)

⎞⎠ −
L − 1
2

× M ≤ ϵ1

σ1

N1∑
i=1

(−1)i−1 cos(5αi) + σ2

N1+N2∑
i=N1+1

(−1)i cos(5αi) + · · ·

+ σk

N∑
i=N1+N2+···

(−1)i+1 cos(5αi) ≤ ϵ2

...

σ1

N1∑
i=1

(−1)i−1 cos(nαi) + σ2

N1+N2∑
i=N1+1

(−1)i cos(nαi) + · · ·

+ σk

N∑
(−1)i+1 cos(nαi) ≤ ϵn
i=N1+N2+···
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Where, n = 5, 7, 11 · · · and

0 ≤ α1 ≤ α2 ≤ · · · αN1 ≤ αN1+1 ≤ · · · ≤ αN ≤
π

2
(4)

and competitive selection or rejection. The initial population of
invasive weed plants are randomly spread in the search space and
reproduces off-spring seeds within the search space. The initial
random population is generated using (5).

αi =
(
αmax
i − αmin

i

)
× rand(0, 1) + αmin

i (5)

Where, αmax
i is π/2 and αmin

i is 0 for quarter wave symmet-
ical output waveform shown in Fig. 2. After initialization each
eed (parent weed) reproduces new offspring’s seeds depending
pon the relative fitness i.e. the best member weed will produce
ore number of offspring’s than the worst member weeds. These
ewly reproduced are randomly scattered around the parents
eed in the next step. This spatial dispersions are according to
he normal distribution around the parent weeds (Misaghi and
aghoobi, 2019). The number of offspring’s reproduced from the
th parent is calculated using (6).

seed,k =
Ffitness,k − Fmin,j

Fmax,j − Fmin,j
×

(
NS,max − NS,min

)
+ NS,min (6)

Where, Nseed,k is number of seeds from the kth parent and
Ffitness,k, Fmin,j, Fmax,j are the fitness values of kth parent weed,
minimum and maximum fitness values of the parents in the
current iteration respectively. NS,min and NS,max are the minimum
and maximum number of offspring seeds produced by kth parent.

3.1. Exponential seed spread IWO

The modifications in originally proposed IWO algorithm is
made to achieve more robust optimization so that there is a
balance in local and global optimization searches. Moreover, ac-
curate results and faster convergence should also be achieved.
The exponential standard deviation (SD) in the spreading factor
is introduced for this purpose. Therefore, the new SD is defined
as in (7).

γiter,SD =

(
e
[
τ

[
iteri

itermax

]m])
(γinitial − γfinal) + γfinal (7)

Where, γinitial, γfinal and itermax are describing parameter setting
for SD, whereas m and τ describes the shape of the exponential
slope of SD during the iterations. The rate of seed spreading
evolution factor (SSF) is introduced for faster convergence of the
algorithm towards global optimum. The SSF utilize the previous
iterations local knowledge to obtain improved standard deviation.
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Fig. 4. IWO algorithm to compute switching angles.

he SSF is mathematically represented by (8).

=

[
|Fi| − Fworst

Fbest − Fworst

]
(C ′

i − C ′

f ) + C ′

f (8)

Where, C is the normalized SF, Fi is fitness function value
of current weed, Fbest and Fworst are the best and worst fitness
function values up to that iteration, C ′

i and C ′

f are the SSF factors
initial and final values. The rate of SSF is changes accordingly
in the subsequent iterations. Normally the value of normalized
 c

3327
spread factor lies in 0 ≤ C ≤ 1. The magnitude of ‘C’ reflects
the seeds spreading capability and smaller value means faster the
speed. Therefore, the spreading factor is modified as in (9).

γiter,SDeSSF = C ×

(
e
[
τ

[
iteri

itermax

]m])
(γinitial − γfinal) + γfinal (9)

Here, γiter,SDeSSF is the new SD and C is the SSF value given in
(8). With increase in number of iterations, SD decreases expo-
nentially. If current best and global best differ by large margin,
the factor C will be high and will result large value of SD and
vice-versa. Another modification to expedite, the seed spread
mechanism is proposed by modifying the value of C in (10) in
order to control the changes in SD.

Cnew =
1

e
[

|Fi |−Fworst
Fbest−Fworst

] (C ′

i − C ′

f ) + C ′

f (10)

Therefore, in modified invasive weed optimization (MIWO)
ased on the exponential seed spread factor (eSSF), the SD is
inally given by (11).

iterMIWO = Cnew ×

(
e
[
τ

[
iteri

itermax

]m])
(γinitial − γfinal) + γfinal (11)

The modified expression in (11), ensures better exploration
bility of the seeds in the vicinity of current best and thus
ill converges towards optimum values. The optimum search of
eeds in invasive weed optimization and exponential weed op-
imization (eIWO) with exponential weed spreading is illustrated
n Fig. 3. The radius of the round shapes decreases non-linearly
uring iterations in the search operations, where radius l, of the
ound shapes depicts the standard deviation. However, in (eIWO),
he standard deviation either vary as lai or lbi, further it will vary
ither la(i+1) or lb(i+1) as illustrated in Fig. 3(b) . The magnitude of
tandard deviation in this case will depend on C for IWO variation
sing eSSF or Cnew for MIWO based eSSF given in (8) and (10)
espectively.

.2. IWO algorithm

To compute the wider range of solution from the highly non
inear sets of transcendental equations is important. In this con-
ext the meta heuristic based optimization techniques provides
he requisite solutions. Although these methods do not provide
xact solutions, but by having proper adjustment in objective
unction and the way algorithm is implemented we can ensure
o maintain a minimum magnitude of the certain harmonics to
e minimized. The low switching frequency operation of VSI is
lso ensured by having minimum THD while keeping certain
ower order harmonics at a minimum level. This can be achieved
y incorporating it in the objective function. In this chapter a
etailed analysis of various optimization techniques in solving the
arious cases of sets of non linear transcendental equations have
een carried out. The optimization problem in several variables
ith certain constraints in generic from is expressed by (12).

Minimize f (α)
Subject to gu(α) ≤ 0; u = 1, . . . , p

hv(α) = 0; v = 1, . . . , q
αw ≥ 0; w = 1, . . . , r

(12)

Where, gu(α) and hv(α) are functions of design vectors α =

α1, α2, . . . , αd)T and f (α) is called objective function or cost
unction to be minimized. To incorporate constraints in the op-
imization process, there are many ways such as penalty method,
ransformation method, separation of objective and constraints,
tochastic ranking methods etc. In this work, penalty method is
onsidered for handling the constraints on the switching angles.



S. Ahmad, A. Iqbal, I. Ashraf et al. Energy Reports 8 (2022) 3323–3336
Fig. 5. Computational results for 11-level symmetrical output.
Fig. 6. Switching angle trajectories for 11-level asymmetrical cases.
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Fig. 7. Magnitude of 5th, 7th, 11th and 13th order harmonics.

The penalty method tries to convert a constrained optimization
problem into an unconstrained problem by incorporating defined
constrains into objective function and thus a new objective func-
tion is defined which is optimized using various optimization
techniques. The problem defined in (12) can be converted into
an equivalent unstrained optimization problem by using new



S. Ahmad, A. Iqbal, I. Ashraf et al. Energy Reports 8 (2022) 3323–3336
Fig. 8. Asymmetrical seven level multiple switching trajectories.

Table 2
Main parameter values of IWO.
Parameters Values

Initial population size (npop0 ) 10
Maximum population size (npop) 25
Minimum number of seeds (Smin) 0
Maximum number of seeds (Smax) 5
Variance reduction exponent 2
Initial value of standard deviation (σinitial) 0.25
Final value of standard deviation (σfinal) 0.001

objective function defined in (13).

Minimize

F (α) = f (α) +

p∑
u=1

ru ⟨gu(α)⟩2 +

q∑
v=1

Rv (hv(α))2
(13)

Where, ru and Rv are the penalty parameters linked with
constraints gu(α) and hv(α) respectively and have a fixed value
throughout the optimization process. in (13), ⟨gu(α)⟩, called the
bracket function and is defined as given in (14).

⟨gu(α)⟩ =

{
gu(α), if gu(α) > 0

0, if gu(α) < 0 (14)

The optimization problem is formulated by first having an ob-
jective function which is to be minimized (Rao, 2019). Here objec-
tive function is constructed by considering lower order harmonics
components to be minimum while controlling the fundamental
component magnitude. The primary objective in formulating an
objective function is to achieve the desired fundamental voltage
component. The next priority is to suppress the lower order
harmonics components as per their rank (lowest order have more
priority).

F = min
αk

{(
100 ×

V ∗

1 − V1

V ∗

1

)4

+

N∑
k=2

1
hk

(
50 ×

Vhk

V1

)2
}

(15)

0 ≤ α1 ≤ α2 ≤ · · · αN−1 ≤ αN ≤
π

(16)

2
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Table 3
Switching angles of 3 − φ, 11 level CHB inverter (Deg.).
M → 0.378 0.453 0.504 0.600 0.650 0.700 0.750 0.800 0.917

α1 35.80 34.49 23.65 25.91 18.89 16.21 11.98 6.36 4.42
α2 49.43 46.17 43.84 42.68 34.50 25.81 20.40 18.37 7.77
α3 64.83 57.97 55.31 49.93 50.16 44.56 34.41 26.31 19.44
α4 83.26 72.43 66.62 60.57 56.29 58.94 54.00 43.74 24.88
α5 87.22 86.46 87.27 70.33 67.50 60.32 60.08 60.34 40.31
THD 10.6% 8.5% 8.1% 6.9% 6.5% 6.4% 5.4% 5.3% 4.5%

Table 4
Asymmetrical cases for 11-level Inverter.
Case Unbalancing factors

I σ1 = 1.08, σ2 = 0.98, σ3 = 0.90, σ4 = 0.86, σ5 = 0.80
II σ1 = 1.02, σ2 = 0.99, σ3 = 0.95, σ4 = 0.89, σ5 = 0.85
III σ1 = 1.10, σ2 = 1.05, σ3 = 0.95, σ4 = 0.90, σ5 = 0.88
IV σ1 = 1.04, σ2 = 1.01, σ3 = 0.98, σ4 = 0.92, σ5 = 0.85

In (15), V ∗

1 is the required fundamental component and hk
kth harmonics magnitude. The 4th degree penalty is applied for
any violation in desired fundamental component by more than
1%. The harmonics magnitude considered for minimization, the
penalty function of degree 2 is considered, whenever its rela-
tive magnitude with fundamental component deviated by more
than 2%. The factor hk provides more weight in minimization of
lower order harmonics component. The objective function and
constraint thus formulated are solved using IWO algorithm. The
flow chart for obtaining switching angles for minimum magni-
tude of selected harmonics and to have control on fundamental
component for various cases of multilevel inverter as function of
modulation index (M) is shown in Fig. 4. The flowchart for mul-
tiple switching cases can be implemented in the similar fashion
with incorporation of number of switching of individual H cells
in the algorithm. The main algorithm parameters are given in
Table 2.

4. Computational results

The computational results for symmetrical and asymmetrical
configurations of multilevel inverter using the IWO technique
are given in this section. The fundamental switching frequency
and multiple of fundamental switching frequency cases have
been considered to demonstrate the effectiveness of the proposed
technique. Harmonics up to order of 49th, i.e. 2450 Hz have
been considered in the formulation of objective function. The
selected non triplen low order harmonics have been taken for
minimization along-with control of the fundamental component
(expressed in terms of modulation index). Since quarter wave
symmetric waveform has been taken, the switching angles must
satisfy the constraints illustrated in (16). The trajectory of switch-
ing angles for 11-level waveform are shown in Fig. 5(a), iterations
as function of modulation index in Fig. 5(b), harmonics profile in
Fig. 5(c) and %THD in Fig. 5(d) respectively. The targeted harmon-
ics for minimization from the output waveform have very small
value as confirmed from the harmonics profile. The switching
angles trajectories for asymmetrical cases given in Table 4 have
been shown in Fig. 6. The trajectories clearly depicts different
number of solutions in different range of modulation index. The
switching angles in degree as function of modulation index and
%THD as function of modulation index for 11-level symmetrical
CHB for fundamental switching frequency have been shown in
Table 3. The magnitude of harmonics considered for minimization
i.e 5th, 7th, 11th and 13th have been shown in Fig. 7.

The switching angle trajectories for seven level waveform
with three times the fundamental switching frequency are shown
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Fig. 9. (a) Comparison of various algorithm (b) Comparison of cost function at various modulation index by IWO.
Fig. 10. Hardware setup for experimental results.

n Fig. 8. The dc voltages are taken in the ratio given in Ta-
le 5. The targeted harmonics for minimization are considered
o be 5th, 7th, 11th, 13th, 17th, 19th, 23rd and 25th. In multiple
witching cases as well, there are unique solution, multiple solu-
ion and no solution in different range of modulation index. More
umber of harmonics can be eliminated with higher number of
witching of individual H cell, but the switching losses will also
ncrease. So there is a trade-off between switching losses and
utput power quality.
The comparative analysis of various algorithm in terms of

ost function vs number if iteration is shown in Fig. 9(a). The
inimization problem for 11-level symmetrical output at fun-
amental switching frequency has been considered with same
3330
Table 5
Multiple switching 7-level non-equality cases.
Case Unbalancing factors

I σ1 = 1.1, σ2 = 0.97, σ3 = 0.92
II σ1 = 1.02, σ2 = 0.95, σ3 = 0.90
III σ1 = 0.98, σ2 = 0.94, σ3 = 0.85
IV σ1 = 1.12, σ2 = 1.08, σ3 = 1.02

objective function. Also, the cost function values at different
modulation index as function of iteration is shown in Fig. 9(b).
Form Fig. 9(a), it can be observed that the IWO algorithm per-
forms better and therefore it requires lesser computational time
due to fast convergence. In this study, the change in modulation
index is very small (0.0001), despite of the fact that at some
at point the solution does not converges, still we get enough
solution to obtain the desired solution trajectories as function
of M. It is also producing all possible solutions for fundamen-
tal switching frequency and multiple of fundamental switching
frequency. Moreover, the proposed IWO algorithm is capable
in producing all possible results for any inverter topology. The
steps involved in solving are also very less in comparison to the
other optimization techniques proposed in the past for solving
harmonics minimization problem. The real time implementation
of the switching angles computed off-line can be achieved by the
methods proposed in the literatures. The main methods include
artificial neural network (ANN) (Tolbert et al., 2011), adaptive
artificial neural network (Maia et al., 2012) and Hopfield neural
network (HNN) (Balasubramonian and Rajamani, 2014). In these
methods a network is trained from the computed input and
output dataset. The trained network is then utilized for real time
implementation.

5. Experimental results

The prototype is developed in the laboratory to test the com-
putational results discussed in the previous section. The schematic
and actual hardware are shown in Fig. 10(a) and Fig. 10(b)
respectively. The H-bridge controlled switches are bidirectional
IGBT selected from Semikron SKM100GB12T4. The control logic
have been developed and switching angles have been tested using
field programmable gate arrays (FPGA) VIRTEX- 5 XC5VLX50T
based digital controller. The oscilloscope and spectrum analyzer
have been used to record the output waveforms and harmonics
spectrum respectively. The gate control signal from FPGA is given
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Fig. 11. 11-level output voltage and harmonics profile.
Table 6
Prototype components and rating.
Components Ratings

SIC-MOSFET (ST1 − ST4) FDP19N40 (1200V, 40A)
DC Power supply TDK-Lambda GEN (0-100V, 15 A)
Digital Controller Virtex-5 FPGA
Switching frequency (fsw) 50–150 Hz
Load 1.0 kW

to IGBT gate drivers which in turn provides adequate signal to
the switches for proper turn on and turn off. The FPGA board
used in the experiment offers a 50 MHz clock frequency and
therefore a time resolution of 20 nanoseconds of gate signal is
achieved. Since two switches never turned ON simultaneously in
the same leg, the dead time is not required and thus it eases the
control implementation. Moreover, The high time resolution and
absence of dead time requirements eliminates the possibility of
pulse dropping if the difference in consecutive switching angles
is very small. The components rating of prototype is given in
Table 6.

5.0.1. Symmetrical stepped waveform
The reference sine signal is compared with a constant line hav-

ng magnitude equal to the sine of computed switching angles.
he 11-level waveform with corresponding harmonics profile is
hown in Fig. 11. The switching frequency in this experiment is
ept at fundamental frequency i.e., 50 Hz. The targeted harmonics
or minimization such as 5th, 7th, 11th and 13th are absent in the
armonics profile.
3331
5.0.2. Asymmetrical stepped waveform
The programmed DC supply tdk lambda with voltage range of

0−100V in a fine step of 0.1V is used for each H-bridge. Unequal
voltages in each H cell is easily obtained to verify the computation
results discussed in the previous section. The computed switching
angles for 11-level asymmetrical H-bridge inverter have been
implemented by comparing with a reference sine signal in FPGA
control board. The output voltage waveform and harmonics pro-
files for M = 0.55 and M = 0.62 are shown in Fig. 12. The
hardware result clearly indicates that the targeted harmonics are
minimum.

The dynamic behaviour of the proposed algorithm has been
shown in Fig. 13 by step change in the load. The no load condition
is first considered, 50% load and then full load. In the experiment,
an RL load is taken and figure shows the increase in load cur-
rent with increase in the load magnitude. Similarly the dynamic
behaviour of the proposed algorithm can obtained by increasing
the load. The sine PWMwaveform for the same inverter at 10 kHZ
switching frequency is shown in Fig. 14 with change in load from
no load to 50% load to full load. The load current is more smooth,
but the switching losses will be more and will be significant in
medium voltage high power application of power converters.

5.0.3. Multiple pulsed multilevel waveform
In multiple switching the individual cells are turned ON and

OFF more than once in a quarter period. The FPGA control
signal is implemented by generating reference sine wave and it
is compared with the sine value of computed switching angles. If
seven level inverter with three times the fundamental frequency
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Fig. 12. 11-level asymmetrical waveform and harmonics profile.
Fig. 13. Dynamic behaviour of the algorithm on step change in load.

in a quarter period is considered, the cell ‘1’ is turned on and
off with angles as α1 ↑, α2 ↓ and α3 ↑. The cell ‘1’ output
voltages have three voltage levels as +Vdc , 0 and −Vdc . similarly
second and third cells switching logics is designed. The logic for
generation of gate pulse of cell ‘1’ with three switching angles is
created by comparing the sine values of switching angles with
a 50 Hz sine modulation reference signal as shown in Fig. 15.
Similarly the gate pulses for cell ‘2’ and ‘3’ are generated. The
3332
Fig. 14. SPWM of the same inverter.

output voltage, current waveform and harmonics profile at M =

0.80, M = 0.85 for the cases given in Table 4 (′I ′ and ′II ′) have
been shown in Fig. 16. It is evident from the harmonics profile
that the targeted harmonics for minimization are absent in the
output voltage waveform. The voltage and current waveforms
along-with harmonics profile for multiple switching of RL load
is shown in Fig. 17.
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Fig. 15. Multiple switching gate pulse generation for cell ‘1’.

Fig. 16. Multiple pulse seven level asymmetric waveforms.
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Fig. 17. Voltage waveform and harmonics profile at RL load.
. Conclusion

In this paper a novel invasive weed algorithm is proposed
or obtaining the switching angles in order to minimize the se-
ected lower order harmonics from the output waveform. The
roposed algorithm have been successfully implemented for fun-
amental to multiple of fundamental switching frequency for
ymmetrical and asymmetrical multilevel inverters. The large size
ranscendental equations in several variables (switching angles
nd dc-voltage) have been solved by the proposed technique,
here other conventional methods fails. The performance of IWO
ethod have been compared with other optimization methods
uch as GA, PSO, DE, ACO, CCA, ABC and TL. The IWO shows faster
onvergence and better accuracy compared to other optimization
echniques. The experimental results have been obtained on 1 kW
rototype created with SIC-MOSFET FDP19N40 of 1200 V, 40 A
atings and gate pulses are generated by Virtex-5 FPGA digital
ontroller. The symmetrical and asymmetrical output waveforms
or fundamental and multiple switching on R and RL load with
tep change validates the accuracy of the computed switching
ngles. The harmonics profile shows that the targeted harmonics
ave been minimized. The harmonics minimization technique are
xtremely useful in medium voltage and high power applications
f voltage source converters such as in variable speed drives,
3334
static compensator, grid integration of solar PV systems with
minimum filtering requirements etc.
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