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Abstract—This paper describes the effects of photovoltaic
voltage changes on Multi-level inverter (MLI) due to solar irradiation
variations, and methods to overcome these changes. The irradiation
variation affects the generated voltage, which in turn varies the
switching angles required to turn-on the inverter power switches in
order to obtain minimum harmonic content in the output voltage
profile. Genetic Algorithm (GA) is used to solve harmonics
elimination equations of eleven level inverters with equal and non-
equal dc sources. After that artificial neural network (ANN)
algorithm is proposed to generate appropriate set of switching angles
for MLI at any level of input dc sources voltage causing
minimization of the total harmonic distortion (THD) to an acceptable
limit. MATLAB/Simulink platform is used as a simulation tool and
Fast Fourier Transform (FFT) analyses are carried out for output
voltage profile to verify the reliability and accuracy of the applied
technique for controlling the MLI harmonic distortion. According to
the simulation results, the obtained THD for equal dc source is
9.38%, while for variable or unequal dc sources it varies between
10.26% and 12.93% as the input dc voltage varies between 4.47V nd
11.43V respectively. The proposed ANN algorithm provides satisfied
simulation results that match with results obtained by alternative
algorithms.

Keywords Multi level inverter, genetic algorithm, artificial
neural network , total harmonic distortion.

[.INTRODUCTION

HOTOVOLTAIC power is considered as one of the most

important renewable energy sources [1] that to be
converted into alternative current form (AC) in order to be
connected to the local electrical network at desired voltage and
frequency or to energize isolated loads.

Inverters are power converters that are used to convert the
input DC voltage into AC voltage with predetermined voltage
and frequency. Inverters can be classified into voltage-source,
current-source and resonant inverters [2]. Furthermore, in the
same class they can be found as single-phase and multi-phases
with various control strategies to improve the inverter
performances such as sinusoidal pulse width modulation
(SPWM), space vector modulation (SVPWM), delta
modulation, and recently artificial GA are used to achieve high
quality signals.

Recently, MLI are classified as voltage source inverters
mainly applied in medium and large power applications in
order to reduce the voltage stress on the power switches, and to
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minimize the THD of the output voltage to be closer to
sinusoidal waveform [3]-[10]. In contrary, conventional power
inverters are capable to produce two levels of output voltage
[11].

It is worth mentioning that when shading conditions occurs
the photovoltaic (PV) system generates different voltage levels
energizing the MLI, which in turn causes additional THD
generated and voltage stress across the devices. This problem
can be solved by applying programmable PWM for Cascaded
H-Bridge Multilevel Inverter (CHBMLI) using ANN which
responds to any change in level voltage by adjusting the
switching angles of MLI in order to maintain minimum THD.

II.LMATHEMATICAL MODELING

The proposed mathematical model can be divided into the
following stages:

o Decomposing the output signal into Fourier series, where
Fourier coefficients and harmonic orders are identified;

e Set of harmonic elimination equations are formulated;

e GA is applied to determine the required switching angles
at certain value of THD;

e ANN algorithm is proposed to train the system how to
generate the needed switching angles at any level of
source voltage changes; and finally, comparison analysis
and discussions.

Way out from the periodic integrable function in the
interval [0,2n] combining sum of sine and cosine functions
[12] as expressed in (1)

fx) = % + Z:zl(an cos(nwt) + b, sin(nwt) €))
where, o, «, and b, are the cosine and sine Fourier
coefficients; n is the harmonic order; N is largest harmonic
number; and w is the angular frequency. Now for the output
square waveform of eleven level MLI shown in Fig. 1 with
equal (balanced) dc sources the Fourier series can be
expressed according to (2):

V(wt) = Z [& ((cosn(B1) + (cos n(02) +
n=135 "
(cos n(03) + (cosn(04) + (cos n(05s)) sin(nwt)] 2)

While for unequal DC sources, the output voltage can be
expressed as given in (3):

V(wt) = Zm [ni ((Vdclcosn(61) + (Vdc2cosn(62) +
n=135 "
(Vdc3cos n(03) + (Vdc4cos n(64) + (Vdc5cos n(65)) sin(wt)])(3)
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Fig. 1 Output waveform for balanced DC source

The presented five switching angles 01 to 05 are used to
formulate the five equations needed to find the fundamental
voltage and to minimize the lowest spectrum of harmonics [13]
up to 4th order. In unbalanced dc sources modulation index is
not targeted since the problem becomes very difficult to be
solved. So, the fundamental harmonic will be set to a
predetermined value such as 110 V or 120 V as stated in (4):

Vi(rms) = # ((Vdc1 cos(01) + (Vdcz cos(02) +
(Vdes cos(03) + (Vaca cos(04) + (Vdcs cos(05)) = 120 V (4)

In three phase inverters 3rd, 9th and other triple harmonics
not existed, while in single phase, these harmonics must be
taken into consideration. As previously depicted, the proposed
inverter has eleven levels, therefore five equations can be
solved to determine the first four harmonics 3rd, 5th, 7th, and
9th in addition to the fundamental harmonic.

While (4) is expressed for the fundamental harmonic, (5)
presents the root mean square voltage expression for the high
order harmonics.

V3(rms) = # ((Vdc1 cos(301) + (Vdcacos(302) +
(Vdcscos(303) + (Vdcacos(304) + (Vdcscos(305)) = 0V

Vo(rms) = 9:—\/5 ((Vdc1 cos(961) + (Vdcacos(902) +
(Vde3cos(903) + (Vdcacos(904) + (Vdescos(90s)) = 0 V(5)

III. GA

GA is a method of optimization and research that can be
categorized as an evolutionary algorithm that relies on the
imitation of nature's work from a Darwinian perspective [14].

The GA uses a search technique to find controlled or
approximate solutions. 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 [15] such as
inheritance, mutations, selection and crossover.

In the selective harmonic elimination (SHE) fields, different
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analytical solutions were used to keep the fundamental and
eliminate the lower-order harmonics such as Newton—Raphson
method [16], [17]. But those methods cannot return an answer
if there is no exact solution for the equations.

GA operator is used to minimize the voltage THD as much
as possible by regulating the obtained set of switching angles in
order to obtain best fitness value closed to zero.

The proposed GA is implemented in MATLAB/Simulink
with three main modules, fitness file or module, constraints
module, and main program module as follows:

a) Fitness module has the function of minimizing the THD
according to (6):

THD = —
Vi

Yness,, (V)2 (6)

where V1 is the voltage of fundamental harmonic, and V3, Vs,

... Vn are the voltages of high order harmonics.

b) Constraints module includes the constraints conditions,
where the 3™, 5", 7", and 9™ harmonic equations are set to
zero, taking into account that the switching angles must
satisfy the condition expressed in (7):

0<91<92<93<94<95<§ (7
¢) Main module includes GA operator and parameters such
as crossover, mutation, population size and generation.

Many trials of setting parameters and running program had
been done so the program does not stop or fall in local minima,
and returns best result. It is found that the population size and
generation must be changed for each set of input dc voltage
such as (800, 70) or (750, 30) respectively, otherwise the
algorithm generates incorrect values.

When the program stops, a fitness value of 6.5*107 is
obtained having in mind that the exact solution generates zero
fitness values. Fig. 2 shows that the approximate and stable
solution is achieved after 20 generations.

x10° Best: 6.53667e.07 Mean: 3.66381e.05
20

®  Bestfitness

*  Mean fitness
|

Fitness value

-
*
Rad N e T Spwypovs L NPPaN Sovs (ST
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Generation

Fig. 2 GA average and best fitness

The output results for sample sets of voltages and their
angles are stated in Table I, where the mentioned voltages and
angles are used to train the ANN.
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TABLE I
GA OUTPUT RESULTS
Vdc e(degree) Vdc e(degree)
(volt) (volt)
unequal 39 8.560 unequal 31 9.093
Vde 38 21.601 Vde 33 19.384
37 38.131 35 36.246
36 59.154 37 58.392
35 88.742 39 89.000
unequal 18.35 8.772 equal 39 8.738
Vde 2222 14.084 Vde 39 20.753
27.19 18.221 39 37.421
40.03 36.940 39 58.73
38.56 60.202 39 88.788
IV. ANN

ANN is a computational technique used to simulate the
human brain [18] for dealing with tasks throughout so called
massive parallel processing. ANN found widespread
applications [19]-[22] in pattern recognition, control systems,
classification, etc., where intensive calculations are used to
solve nonlinear complicated problems [23].

ANN architecture presents how to connect neurons to each
other, relating 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. So
instead of using a lookup table to store the large amount of
information, ANN is a good alternative to do that.

The problem that can be faced is to know how many hidden
layers are needed and how many neurons in each layer are
required to train ANN according to the problem input-output
relationship. The complexity of relationship between input and
output, and their numbers are the main factors that should be
determined using trial and error check approach (many
attempting).

Taking into account up mentioned constrains, ANN is used
to generate a suitable set of switching angles irrespective of
the input voltage variations. The final topology was feed
forward ANN consisting of two hidden layers as shown in Fig.
3.

Hidden Layer 1

Fig. 3 ANN topology

Qutput Layer

The network training program is written using MATLAB m-
file [23] where a set of parameters is processed to achieve best
training. The two hidden layers have 10 neurons with TANSIG
activation function for both, while PURELIN activation
function is used for the output layer.

The training parameters and algorithms are in continuous
change to achieve the best training performance. The training
process stopped after 117 iterations where the validation check
is achieved as shown on Fig. 4, while Fig. 5 shows the final
regression of 99%.
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Best Validation Performance is 0.032794 at epoch 178
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Fig. 5 ANN training regression

V. PULSE WIDTH MODULATION

The ANN are trained to produce five switching angles
depending on the voltage source levels as shown in Fig. 6 [8§],
where there are 20 IGBTs formulating eleven levels inverter
with (2n+1) pulses generated by pulse width modulator as
shown in Fig. 7 for one cycle.

VI. RESULTS AND DISCUSSION

The proposed GA-ANN technique is tested on a single phase
11-level cascade multi-level inverter (CMLI) using MATLAB/
Simulink platform.

In the proposed technique, firstly GA is used to solve the
nonlinear equations and generate the desired switching angles.
Secondly, ANN is trained on the generated angle set produced
by the GA, which optimizes the switching angles of 11 level
inverter so that 3, 5% 7% and 9" harmonics are minimized.

The output voltages in terms of RMS value and total
harmonic distortion depending on the generated switching
angles produced by the ANN algorithm are analyzed for
different dc voltage levels as follows:
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> Sources with equal DC voltage are analyzed and stated in

Table II, where PV system presenting five dc sources are
exposed to the same irradiation levels starting from 1000
W/m? to 100 W/ m? and observing the effect on the output
RMS voltage, and THD for 3Q resistive load. From this

table it is noticed that the obtained THD for equal voltage
sources has negligible changes with average value of
9.37% whatever the DC voltage values are changed.

PV system Eleven MLI
Multi-level output voltage
Waveform
Sunlight T
vaoltm J H Output Voltage displayed on
'3: Figure 8.
< )
‘ ’ Driving pulses
J L
Voltage
5ansors Vpl. Vp5 Switching angles PWM
| generator
(61, 62, ..6n)
Sensing unit . _
ANN topology Pulse shaping unit
Fig. 6 Pulse generation diagram with ANN topology
TABLE I 10 — I > ; T
SET OF FIVE EQUAL DC SOURCES, OUTPUT RMS VOLTAGE, AND THD b o : i ! : !
irradiation (W/mz) PV Source Vde, V Viums, V THD % i ! : ! E i |
1 4 H 1
1000 vl 432 NI i i ! :
1000 v2 432 ni i i i i ! i
1000 v3 432 124.4 9.42% bl i i i i
L H H 1 1
1000 v4 432 & | poio i i i i
1000 v5 432 gaf1 i ! ! 5 '
E ] 1 !
800 vl 42.58 <M i i i !
o 1
800 v2 42.58 ¢ 9 | i ! i !
800 v3 42.58 125.1 9.36% I E : E i : ;
800 v 42.58 Al 8§ ! ! ! i i
800 vs 4258 boE o ; . '
500 vl 41.28 T il . P
500 v2 41.28 0= 1 -Li_—l—i—:l—:———l—._'l——l—l;—l—fw
500 v3 41.28 120.8 9.36%
500 v4 41.28
500 v5 41.28
100 vl 36.81 =0
100 v2 36.81 200
100 v3 36.81 106.2 9.39% 150
100 v4 36.81
100
100 v5 36.81

The obtained simulation results for the output voltage and
the obtained FFT analysis are illustrated on Figs. 8 and 9
respectively. It is shown that the high order voltage harmonics
31 5% 7% and 9™ are minimized with values less than 1.4%
of the fundamental voltage which presents a good indicator for
enhancing the inverter performances.
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Fig. 8 The output voltage of the CMLI at equal dc sources
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£ Fig. 10 The output voltage of the CMLI at unequal DC sources
= . .
£ 20} : (dc variation = 4.47 volts)
0 o - | | - 200
0 5 10 15 20
Harmonic order

Fig. 9 FFT spectrum of CMLI output voltage at equal dc sources

»  Sources with unequal DC voltage are analyzed and stated
in Table III for the same irradiation levels, the same load
and at different shading scenarios, which in turn lead to
different values of generated dc voltage. The obtained
output RMS voltage of the inverter at unequal dc sources
and related FFT are shown on Figs. 10 and 11 for dc
voltage variation ranging between 4.47 to 11.43V at 1000
W/m” and 100 W/m? irradiations respectively.

Amplitude({volt)

= I S B
[i]

2 4 3 R T R R T
TABLE III A Time (ms)
SET OF FIVE UNEQUAL DC SOURCES, VOLTAGE AND THD )
PV Sources Vde, v Vs,V THD % Fig. 11 The output Voltage (.)f the CMLI at unequal dc sources (DC
variation = 11.43 volts)
vl 36.81
v2 36.81 _ signal
v3 36.81 109.8 9.79% S?Iected sig‘nal: 2 cycles. FFT will1dow (in re‘d): 1 cycles
v4 41.28 100+ A
v5 41.28
vl 36.81 or
v2 36.81 100} 4
v3 43.2 123.3 9.90% . . .
0.015 0.02 0.025 0.03 0.035 0.04

v4 432 I Time (s)
v3 43.2 I Fundamental (50Hz) = 155.4 , THD= 9.79%
vl 36.81 100 . . .
v2 36.81
v3 41.28 120.2 10.26% i 80F
v4 42.58 5
V5 43.2 g 60r

=
vl 24.54 Z
v2 24.54 T 40f

®
v3 27.52 104.4 12.88% =

[i-] 20 L
v4 35.46 =
v5 35.97

o2 5 10 15 20
The FFT analyses of output voltage of both cases are shown Harmonic order
in Figs. 12 and 13 respectively. Fig. 12 FFT spectrum of CMLI output voltage at unequal DC sources

(dc variation = 4.47 volts)
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VIL

By applying GA nonlinear equations for selective
harmonics elimination were resolved, where GA algorithm has
to run many times to get the best solution which in turn needs
huge computational time. Despite that the main parameters
such as population and generation size, operator and fitness
function are optimized, but they have to be set again when the
input dc voltages are changed with respect to the applied
ANN. It is shown that the output fundamental voltage is kept
at fixed value while the high order targeted harmonics are
minimized or even eliminated throughout generating different
switching angles.

CONCLUSION

" Selected signal: 2 cycles. FFT window (in red): 1 cycles

100+

(1]8
-100|

0.015 0.02 0.025 0.03 0.035 0.04
Time (s)
 FFT anay
Fundamental (50Hz) = 147.7 , THD= 12.88%

100 . . .

Mag (% of Fundamental)

0 5 10 15 20
Harmonic order

Fig. 13 FFT analysis of CMLI output voltage at unequal dc sources
(dc variation = 11.43 volts)

The obtained minimum THD for equal source voltage is
9.36% that matches with similar value obtained by using
another GA conducted by other researchers[10]-[13], while for
unequal dc sources due to shading conditions, the value of
THD becomes 9.90%. Both values are detected at the same
irradiation, 800 W/m’

Finally, both GA and ANN techniques can be used to
minimize the THD for equal and unequal dc sources and can
be applied for different kinds of level inverters.
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