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Abstract:

Due to the fast increase of photovoltaic (PV) adoption and utilization, their efficiency
and power quality become of great importance. The grid connected inverter is a basic
part in grid tied solar system. The inverter design has to keep the total harmonic
distortion (THD) under permissible and tolerable limits. In this work, several
techniques have been suggested and employed to mitigate the effects of the THD in the
inverter output. These techniques are based on using both the sinusoidal pulse width
modulation (SPWM) while varying the amplitude modulation index (Ma) for
controlling THD. The full bridge and H5 transformerless topologies has been simulated
at different modulation index Ma using MATLAB Simulink. The simulation shows that
H5 topology has a lower THD than the unipolar inverter. Also, the results verified that
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the best performance of the two topologies occurs at Ma = 1.02.
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I.  INTRODUCTION

In recent years, there are immense endeavours
on the renewable energy sources particularly in
photovoltaic (PV) power system generation due to
their low maintenance cost, the availability of
abundant sun light and the increase of the fuel
cost [1], [2]. Fig. 1 shows a PV grid connected
system. As illustrated power inverter plays an
essential role in the grid connected photovoltaic
power generation. So, power electronics engineers
have focused their attention to the inverters that
resulting an improvement to the overall system
performance.

Earlier, there was a transformer-based inverter
which is considered to be an expensive, large size,
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heavy weight and low efficiency [3]. Since the PV
industry is highly driven by efficiency, there are
many efforts that have been spent to develop the
other type of inverter that is called
“transformerless”  inverter = with  improved
characteristics rather than the previous one such
as efficiency, reliability, reasonable size and lower
cost [3].

To reduce the current harmonics of inverters, one
of the most popular methods is to increase the
inductance in the filters, but it implies higher size
and cost. To overcome this problem, the
switching frequency may be increased. However,
this may result in higher switching loss. This
paper discusses different types of transformerless
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topologies while focusing on improving the
system performance by reducing and mitigating
the harmonic distortion while the modulation
index (Ma) changing. H4&H5 transformerless
topologies

PV panel [ DC-link | Inverter L Filter | Grid

gl L5010

Fig. 1. Overall system structure of grid tied PV
system

have been designed and tested with different
modulation index by MATLAB Simulink
program and the results are discussed and
displayed below.

Il.  HARMONICS IN POWER SYSTEM

In electrical Power engineering, the systems
must be designed to be operated at fundamental
frequencies either 50 Hz or 60 Hz. However, in
power system network there are certain types of
loads called nonlinear loads that produce currents
and voltages with frequencies that are integer
multiples of the 50 Hz or 60 Hz fundamental
frequency. These multiples frequencies create
several problems in power system such as “power
system harmonics” [4]. Therefore, it is important
to gauge the total effect of these harmonics.

Nowadays, grid connected inverters used in PV
power systems installations can be considered as a
source of harmonics [5]. Due to the variation of
the switching frequency, this grid tied inverter
will inject harmonic distortion to the grid side
according to switching frequency of the PWM
that applied to the inverter which has side effects
at the grid side. Once these distortions are entered
into the power network, the power losses of the
system will be increased. Moreover, the efficiency
will be reduced. In addition, miss-operation of
protection devices due to electromagnetic
interference [6].
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Fig. 2. SPWM comparison between
reference signaland triangular signal

Total harmonic distortion (THD) is an improper
and undesirable phenomenon in electric systems
operation and it must be mitigated or reduced as
much as possible. Lower THD in power systems
resulted an improved power factor that will
increase the overall system efficiency as well.
High levels of total harmonic distortion index
THD has negative effect in system equipment
such as in the transformer, capacitor, motor
operation or generator heating, disoperation of
electronic equipment [7].

Therefore, the IEEE and the IEC standards
suggested a limit for the harmonic generated by
Photovoltaic (PV) Systems for the current total
harmonic distortion (THD) factor [8]. The IEEE
929 and IEC 61727 standards specified 4%
limitation for these old harmonics at range of 3rd
to 9th and less than 3% for harmonics between
11th to 15th [9], [10].

Fourier series [4] can be used for
mathematically describe the harmonics existed in
a given waveform. If the waveform is T-periodic
and continuous, then the waveform can be written
as given by equation (1).

The sequence of Fourier coefficients (ak and bk)
is called the spectrum of the function x(t). THD is
an index that gives indication of the harmonic
distortion. It could be defined as: the ratio of the
summation of the squared of the magnitude of all
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harmonic components to the squared of the
magnitude fundamental frequency.

I11.  SINUSOIDAL PULSE WIDTH
MODULATION

The conventional Sinusoidal Pulse Width
Modulation (SPWM) is the most commonly
operated to control inverter switches. This SPWM
has a sine wave reference and the traditional
triangular carrier is as illustrated in Fig. 2. In grid
connected inverter, the sinusoidal signal that come
from grid voltage is compared to the triangular
carrier signal to give the proper gate signal to
power switches of this inverter [11]. The reference
frequency controls the frequency of the output
voltage and current of inverter whereas, the gate
pulses PWM frequency is controlled by the carrier
frequency. Equation (2) gives the definition of
both Ma (the amplitude modulation index) and Mf
(frequency modulation index). From Fig. 2, we
may conclude that (Ma) and (Mf) affect the total
harmonic distortion of the inverter [12].
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Fig. 3. Structure of Full Bridge (H4) grid-tied
inverter
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IV. INVERTER TOPOLOGIES UNDER
TEST H4&H5

A. Full-bridge inverter (H4)

the structure of Full bridge (H4) PV inverters
mainly contains four switches connected as as
illustrated in Fig. 3, that can be controlled either
by bipolar pulse width modulation (PWM)
scheme or unipolar PWM. The total harmonic
distortion characteristics, power quality and
output efficiency depends on the PWM scheme
used [13].

In bipolar PWM, switches S1 and S3 are
complementary controlled with modulation
frequency. Similarly, switches S2 and S4 are also
oppositely controlled with the frequency of the
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triangular carrier signal. Fig. 4 (A) illustrates
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Fig. 5.Structure of grid-tied H5 inverter
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Fig. 6.PWM of H5 topology

PWM, where it can be seen from the Fig. that
(S1-S4) and (S2-S3) are synchronized with
modulation frequency [14]. As a result of bipolar
modulation, the inverter output will have two
level (+VPV, -VPV). This may cause high core
losses due to the high current ripple across the
filter inductors (L1, L2). Consequently, this may
lead to a reduction in the inverter efficiency and
an increase in the THD of its output [15].

Whereas, the unipolar PWM the switches will
be controlled either with modulation frequency or
grid reference voltage frequency according to the
reference polarity as shown in Fig. 4 (B). S1 and
S2 are complementary switched

Published by: The Mattingley Publishing Co., Inc.

January - February 2020
ISSN: 0193 - 4120 Page No. 5691 - 5697

400 |
E 200
= i ]
=]
> 200 |
-400 ; 1 I I I y
] 0.02 0.04 0.06 0.08 0.1
Time (s)
(A)
20
10
<
= 1]
10
-20 : - - -
o 002 0.04 006 0.08 0.1
Tirme (&)
(B)
0.7
E 0.6
=
ar
E 0.5
o
-
S04
LS
= 0.3
o
EB.E
= 0.1 I
p—=__H = 1 . =m _ 8 [ B |

o 1 2 7 B a 10

3 4 5 L]

Harmonic order
©

Fig. 7. Full bridge unipolar (A) output voltage

(B) outputcurrent after filter (C) FTT analysis

with carrier wave frequency in positive grid
voltage and with reference frequency in
negative grid reference. Whilst, the switches S3
and S4 are commutated with grid frequency in
positive reference cycle. However, they
commutate with modulation frequency in
negative voltage cycle [13]. With this PWM
modulation scheme, the output voltage will be
three level (+VPV,0, -VPV). This will improve
the overall efficiency due to lower core loses
compared with the bipolar inverters. The output
current ripple is lowered and THD is reduced
[15].
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B. H5 topology

Fig. 5 introduces H5 inverter topology that
mainly consists of an extra switch which is
connected to full bridge in positive bus of the
DC-link. This inverter topology was first
invented by SMA solar technology, which is
become one of the world's top producers of PV
application such as inverter [13]- [17].

As shown in Fig. 6, the switches are operated
independently with carrier or grid voltage
reference frequency according to voltage
polarity. The sinusoidal PWM was applied to
control the five switches. If the reference signal
is greater than zero (positive), the switch S1
become ON and the switch S2 is not operated.
The switches S3 and S4 are controlled
oppositely with the modulation frequency kHz.
However, the switch S5 operated as same as
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Fig. 8. H5 topology (A) output voltage (B)
outputcurrent after filter (C) FTT analysis

S4. In negative grid voltage reference, the switch
S3is become ON for this half period and the
switch S4 is not operated. The switches S1 and S2
are switched complementally with carrier signal
frequency. Whereas, S5 worked similar to the
PWM of switch S2. [14].

Same as unipolar modulation, the output voltage
of H5 topology has three levels, namely,
(+VPV,0, -VPV). The current ripple is low and
the total harmonic distortion will be lower than
the full bridge topology. However, the losses will
be more than the unipolar case since there is one
additional switch that the output current will flow
through it in the active mode. The leakage current
performance will be improved due to the reason
that S5 is being OFF in a freewheeling mode.

V. SIMULATION RESULTS

the overall PV system operation and
performance of transformerless grid tied PV
inverters topologies such as (H4&H5) have been
designed and verified by Simulink software and
the simulation results discussed below. The THD
has been calculated for several values of ma in the
range 0.8< Ma< 1.2.
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Fig. 7 (A) shows the output voltage of H4
inverter with unipolar PWM where it can be seen
that the voltage has three levels as mentioned
above. In addition, there is a little bit ripple in
output current as illustrated in Fig. 7 (B). It can be
noticed that the importance of LCL filter to
decrease the distortion of the output and
improving the shape of the signal to be sinusoidal.

To analyze the THD index, FFT Fast

Fourier Transformation is implemented to
the inverter voltage and current output waves as
shown in Fig. 7 (C) where it can be noticed that
the amplitude of the 3rd harmonic is less than
0.7% RMS of the fundamental 50 Hz and the
THD is at 2.12%.
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As full bridge unipolar inverter, H5 topology has
three level voltage before filter as shown in Fig. 8
(A). However, the current ripple of the output
reduced compared to the unipolar topology due to
the mission of S5 that disconnect the DC side in
freewheeling mode as illustrated in Fig. 8 (B).
Therefore, the THD will be lower than unipolar
technique as displayed in Fig. 8 (C).

Fig. 8 (C) displays the FFT of the grid current to
analyze THD of H5 topology with Ma=0.9 and
switching frequency 10 kHz. It can be seen that
3rd harmonic has the largest magnitude with
0.68% of the fundamental frequency.

Figs. (9-10) shows how the changing in Ma will
affect the THD of Ig. From Fig. 10, it can be
concluded that H5 has better effect than the full
bridge unipolar topology because its low THD
index. The variation of Ma within the interval
[0.8, 1.2] to obtain the proper value of Ma that
gives the lowest THD is displayed in Fig. 10.

VI. CONCLUSION

In this paper, a transformerless full bridge
unipolar and H5 inverter topologies based on
SPWM are designed and tested by MATLAB
Simulink program, in order to verify the effect of
varying the modulation index ma in THD. From
the above results, it can be noticed that H4 and H5
topologies have three level voltage out. However,
it can be verified that the output current of H5 has
low current ripple with less THD compared with
the full bridge unipolar. finally, it can be
concluded that H5 inverter has better performance
than full bridge. Also, the lowest THD index of
the two topologies gave an amplitude modulation
index to be around 1.02.
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