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Abstract- The ambitious plan exhibited in this paper is to develop a single-phase DC/AC grid-integrated, transformerless and
cost-effective inverter for solar Photovoltaic (PV) systems. The costly combination of the two converters specifically DC/DC
and DC/AC had inspired the development of this new financially cost effective inverter. This novel solitary stage converter has
the capability to operate on both buck mode and buck-boost mode to harvest maximum power from two distinctive PV panels
with the help of Pl and hysteresis controller. The working principle and configuration of the proposed system are verified
under equally, as well as incompatible climatological conditions and hence the system can endure a extensive deviation of
voltage in both the PV panels. This inverter requires just four switches and is also free from the shoot-through problem. Owing
to noticeable features such as dual MPP tracking, omission of transformer, exclusion of diodes, reduced switch count,
negligible losses and wide operating voltage, these PV grid-tie inverters continue to work even during periods of partial
shading due to clouds or dust. In addition, the viability of the inverter has been validated both by detailed simulation and

exhaustive experimental studies on a 230V/50Hz/2000W research centre model.

Keywords- Grid integration, Harmonics, Renewable Energy, Solar Photovoltaic, Transformerless Inverter.

1. Introduction

With the increasing shortage of coal and petroleum
products and growing demand, power generation will stand
out as huge challenge for the government and the energy
industry in the future. In such a situation, the government
may present a proposal that all houses to be installed with PV
panels and should produce power for their own purpose, and
also, surplus energy can be exported to the grid. Focusing on
the high probability of such a situation, this work was begun.
Grid-interactive solar PV systems are gradually becoming a
more feasible substitute for electricity generation due to
technology improvement and drop in component prices in
comparison with the escalating cost of fossil fuels. In this
paper, an innovative tactic to enhance the energy generated
from the PV panels is proposed using novel DC/AC grid tied
inverter.

The AC voltage according to the Indian standard is
230V in the distribution grid. Therefore, the DC voltage
generated from the PV modules cannot be connected directly
to the grid, but must be connected through an inverter.
Generally, DC/DC converters are utilized to interface the PV
panel, keeping in mind the need to harvest the most energy
and DC/AC inverters are utilized for connecting through the
grid to inject a sinusoidal current into the grid. In this work,
the DC/DC converter is eliminated. Tolerance for an
extremely wide range of input voltage variations of the
proposed grid-tie inverter is ready to influence the solar
power system when run even on cloudy days or during early
mornings and late afternoons. Minding the above-mentioned
needs, the literature survey was begun on various types of
grid-tied inverters suitable for PV applications.

The rapid fashion and increased significance of
sustainable power source using solar PV are essential in
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rural/urban areas and in industries to meet the mandatory
power demand in the recent years. The International Energy
Agency (IEA) is the global energy authority with data,
analysis and solutions on all fuels. According to a report
from the IEA, it is estimated that solar PV Electricity
generation is expected to grow by 150% from 2015-2020,
and by mid-century, the sun could be the largest wellspring
of energy by 2050. The electric power provided by a PV
power generation system depends on the solar radiation and
temperature. In tropical countries like India, availability of
solar power is in abundance and a PV system can meet the
emerging power demand. However, there is an initial
expense involved in the installation and erection of solar PV
system, even though, they can operate with nearly nil
running and maintenance cost. The PV panel itself
contributes to about 57% of the total cost of the system, the
cost of battery and inverter (with Maximum Power Point
Tracking (MPPT) control) around 30% and 7%, respectively
[1-3]. Continuous research is going in the area of PV
innovation keeping in mind the end goal to reduce cost
endeavours. It is anticipated that the PV per watt cost will
diminish radically by the year 2020 as per IEEE spectrum
report. To reduce the total initial investment cost of the PV
system, it is mandatory to reduce the cost [4-5] of other
associated components (DC-DC converter, inverter module,
battery backup and instrumentation). The primary goal of this
paper is to produce quality electricity from solar PV to
reduce dependence on fossil fuels and to reduce the cost of
energy consumption by connecting the PV system to grid.
Elimination of usage of storage batteries in on-grid solar PV
system and complicated MPPT control reduces the total cost
investment per watt.

The investment cost of the on-grid system can also be
reduced by decreasing the number of power conversion
stages [6] and the components count involved with every
stage. As transformers provide an inherent protection against
DC injected into the grid, the inverters without transformer
require extra hardware in order to limit the DC injection to
the lowest permitted limit (also different from country to
country due to their regulations).In any case, the transformer-
less design is electrically more efficient, as the transformer
involves reduction of approximately 2% of peak proficiency.
In this proposed grid-tied (on-grid) inverter, the circuit is
outlined without a transformer. In addition, the
transformerless PV grid-connected inverter topology can
support a wide range of input voltages, high efficiency, lower
cost, smaller size, less weight and high reliability when
compared with transformer based configuration [7-9]. In
audit papers [10-12], a verifiable outline of some past,
present and future power inverter topologies for interfacing
PV modules to the grid were discussed. In review paper [13-
14], the authors focused on small string and module
integrated types of inverter topologies and their efficiency. In
boost half bridge micro-inverter [15-16], for grid-connected
PV systems, has minimal usage of semiconductor devices,
circuit simplicity, and simple control. The boost half bridge
PV based inverter has capable features of low cost and high
reliability. Moreover, the current injected into the grid is
controlled precisely and also, stiff in harmonics free.

From the power source perspective, the traditional
inverters are voltage-source converters (truncated as V-
source converters) and current-source converters (truncated
as I-source converters). The V-source converters and I-
source converters are generally utilized yet, have some
theoretical and practical hindrances and confinement [17-19].
Additionally, the shoot-through issue is involved in a
conventional bridge type voltage source inverter. In order to
overcome the above mentioned problem, a Z-source inverter
[20-22] has been proposed. In any case, the Z-source inverter
needs two input inductors and two input capacitors to boost
the input voltage. In addition, the in-rush current and
resonance between the Z-capacitors and Z-inductors at start
up may wreck the power components, and since, the input
capacitor voltage needs to be controlled, overall control is
more complicated with regular inverters. Finally, for
converter configuration [23-25], the authors clearly provides
group of various high competence solitary stage DC to AC
inverters, and have also discussed the reduction of switching
losses in high frequency switching converters. However, the
number of passive components still cannot be reduced.

Normally, the current generated by a grid interactive
PV-inverter contains harmonics which lead to power quality
problem. For the harmonic issue [26-27], the authors present
a single phase distortion reduction schemes by implementing
generation side power quality conditioner in order to meet
the IEEE and IEC norms.

Keeping in mind the end goal to beat the previously
mentioned  obstructions of  grid-connected inverter
topologies, a novel inverter topology is proposed in this
work. This topology is developed from the scheme exhibited
in [28-29]. The advantages of the proposed work are as
follows:

i. Extraction of power from two distinctive PV panels.

ii. The inverter working in buck mode and buck-boost
mode can support a wide range of voltage variations.

iii. Need only just four switches, and hence, less switching
losses.

iv. No need of bulky transformer, and hence, the weight of
the inverter is less.

v. Reverse power flow can be controlled by this proposed
configuration, and hence, no need of diodes.

vi. The overall cost of the inverter is less because of fewer
components.

2. Operating Principle of the Proposed Inverter
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Fig. 1. Proposed DC/AC grid tied inverter.
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The proposed single stage “DC/AC grid tied inverter”
is presented to demonstrate the elementary concept of the
inverter briefly as shown in Fig. 1. Operating modes of the
converter can be explained in two modes, that is, buck mode
and buck-boost mode. For simplification, voltages from PV
and PV, are considered as E; and E; respectively throughout
this paper. The circuit configuration is similar to neutral
point clamped structure. This structure avoids leakage
current flow due to parasitic capacitances existing between
ground terminal and the PV panels.

2.1 Buck mode-Negative half and Positive half cycle
operation of the grid voltage

During sunshine condition, the insolation value will be
more. Proportionately the PV panel voltage induced also is
more. If the voltage input given to the converter is higher
than the AC grid voltage Vq (i.e |E1| or |E2| > Vy,) then, the
converter works in the buck mode. Fig. 2(a) shows the
equivalent circuit corresponding to the generation of negative
half cycle of the grid voltage Vg. In this mode, the switches
Si and S; are operated in buck mode and the switches S; and
S, will stay in ‘OFF’ condition. Here, the S; works at higher
frequency to get sinusoidal negative half cycle of grid current
and voltage waveform, and for negative half cycle, E; alone
provides total energy to the grid. Correspondingly, Fig. 2(b)
shows next half of the equivalent circuit which is responsible
for delivering the positive half cycle of the grid voltage V.
In this mode, the switches Sz and S4 work in buck mode and
the switches S; and S, will stay in ‘OFF’ condition. Here the
Ss works at a higher frequency to achieve the sinusoidal
positive half cycle of grid current and voltage waveform
while, E; alone gives total energy to the grid. In this pure
buck mode, the converter switches S; and S; work at the duty
cycle lower than 50 %.

2.2 Buck-Boost mode operation-Negative half and Positive
half cycle operation of the grid voltage

During cloudy condition, the insolation value will be
less. Proportionately the PV panel voltage induced also less.
If the voltage input given to the converter is lower than the
AC grid voltage Vg (i.e |E4| or |[Ez| < Vy,) then, the converter
will work in the buck and boost mode together, then the
converter control becomes a slightly more complex, here the
working process can be divided in to six parts for one cycle
is explained as shown in Fig. 3.

a1 gz
T 1 1.3
E1l L1l vy

i

, —
N\
I/ \
I \
off >
E1
A4
(@)
53 54
T o L4
TFT. i A AN
il P

vy

l

v

Fig. 2. Equivalent circuits and output waveforms when E;
and E; are greater than grid voltage. a. During negative half
cycle. b. Duration positive half cycle.

2.3 Negative half cycle operation of the grid voltage

When the instantaneous value of the grid voltage is
lower than the input DC voltage (during T1 & T3) the
converter operates in buck mode and likewise if the grid
voltage is higher than the input DC voltage (during T») the
converter operates in boost mode. In this both modes of time
intervals the switches S; and S; stayed in turn ‘ON’
condition; other switches are in ‘OFF’ condition. Here the S1
is working at higher frequency to achieve the sinusoidal
negative half cycle. To get negative half cycle E; alone
provides total energy to the grid. In this mode, the converter
switch S; works at the duty cycle lower than that of 50 %.In
this period the energy stored in the boost inductor L; is
utilized and controlled absolutely through S; switch. In this
mode also S; remains in ‘ON’ position but the frequency of
switching alone differs. S, works as a diode to prevent
reverse flow of power from grid and will be operating at the
duty cycle greater than 50 % to a maximum of 99 %.
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Fig. 3. Working sequences when E; and E; are lower than
the grid voltage. a. Time durations of negative cycle. b.
Time durations of positive cycle.

2.4 Positive half cycle operation of the grid voltage

Correspondingly, when the instantaneous value of the
grid voltage is lower than the input DC voltage (during T4 &
Te) the converter operates in buck mode and likewise if the
grid voltage is higher than the input DC voltage (during Ts)
the converter operates in boost mode. In both these modes of
time intervals the switches Sz and S, stayed in turn ‘ON’
condition; other switches are in ‘OFF’ condition. Here, the
switch Sz is works at higher frequency to achieve the
sinusoidal negative half cycle. To get negative half cycle E;
alone provides total energy to the grid. In this mode, the
converter switch Sz will work at the duty cycle lower than
that of 50 %.In this period the energy stored in the boost
inductor L is utilized and controlled absolutely through S4
switch. In this mode also S; remains in ‘ON’ position but the
frequency of switching only differs. S4 works as diode to
prevent reverse flow of power from grid and will be
operating at the duty cycle greater than 50 % to a maximum
of 99 %.

2. Control Strategy

3.1 Converter modelling.

During the time intervals of Ty, T3, Tsand Tg as
shown in Fig. 3, the converter completely acts as a voltage
source inverter connected to the grid through with LC-filter.
The control part is analysed considering current source
inverter as controllable input during the time intervals of T,
and Ts. Here, small signal model is assumed for analysis,
where small signal modelling works only for the constant

signal output. Here, the grid is assumed to be in the steady
state. The only changing factor in the grid is frequency, but
the grid frequency is too small when compared to the
switching high frequency of the inverter.

It is noticed during T2 and Ts, the equivalent circuits
are similar. As shown in Fig. 4 and Fig. 5, the general
common equivalent circuit is followed for modelling, where
E:and E; represents the DC voltages of solar PV, i; denotes
the DC current through the inductor L1, and while,
simplifying the analysis process the semiconductors impacts
are omitted.

Applying KVL

di (t)

L= = RiM)+E () M

I-1 R1 |.2 Rz

-1 -

i1 leil/dt Rlil ig deig/dt Rzig
Cl+

Fig. 4. Equivalent circuit during Sy is ‘ON” at time interval
of ([t, t+DTs]).
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From (1), (2) & (3) the state equation can be described as,

L 0 O Iy -R 0 0 )iy,

0 C O diVC(t) = 0 0 -1 Vc(t)
0 O L, ! ig(t) 0 +1 -R, Ig(t)
1 0 O El(t)
+0 0 O 0 (4)
0 0 -1 Vg(t)
Ly R: L, R:

+
i]_ L1d|1/d Rlil ¢ delg/d RZig

O " v T w(

Fig. 5. Equivalent circuit during S; is ‘OFF’ at time interval
of [t+DTs, t+Ts].
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Applying KVL
LY Ri0-ve()+E,® ®)
cht
c T _i0-i,0 ®
di (t) _
L, ===V -R, i, -V, © Q
From (5), (6) & (7) the state equation represented as,
L 0 0 i b R -1 0 )y,
0 C 0|—|Vyl=| 1 0 -1V,
d| . ,
0 0 L [ 0 1 Ry
10 0)Ey
+0 0 0 O ®)
0 0 -1){V,,

where R; and R; are the equivalent resistors of Ly and L,
respectively, current through L; and grid current are i;(t) and
ig(t) respectively, and the capacitor voltage is V(t).

3.2 Control diagram of proposed grid tied inverter

In this paper, to keep up the AC voltage constant for
line and load variations, a PI controller along with the
hysteresis current controller has been designed and
implemented for solar PV fed grid system. To get the desired
output, the values of K, and K; must be picked by apriori
test. In the closed loop using a Pl controller, the overshoot
and settling time are less compared to the open loop, and
also, less oscillatory.

The hysteretic current control shown in Fig. 6 is
considered here due to the least complex and quickest control
method. This control approach has fast response and robust
with simple design and easy implementation. Owing to the
above mentioned reason this control method requires only
fewer components and lesser theoretical analysis for
implementation, and also, reduces the design effort.

Fig. 7 shows the control scheme for the proposed
converter. The solar PV input DC voltages E1, E, and the
grid voltage V(t) are alone considered. If the PV voltage is
greater than the voltage magnitude of grid, then the “Buck”
mode reference current can be calculated as

» Al |

Iref + @ To switch
> >

J

Fig. 6. Hysteresis current control
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Fig. 7. Control diagram for the proposed converter.

Mo <t>\

I Ref Buck (9)

Similarly, when the solar PV input DC voltage is lesser
than the voltage magnitude of grid Vg, the “Boost” mode
current reference current can be calculated as

2
A N
| Ref Boost ™ R ( )
([E,(orE,)

The grid voltage is sensed and divided into two, (V¢<0)
and (Vg>0). Now,

grld (V >O)
grld (V <0)}

The upper half bridge grid voltage Vg is composed of the
output signal and the error is manipulated with a Pl
controller. The reference current is applied to a hysteresis
band to generate the gate signal to the switches. Here the S;
and S; are operated for buck-boost mode with a high
switching frequency. The switches S; and S, are operated to
avoid reverse flow of power from grid and are operated with
low switching frequency.

(11)

4. Simulation Results

To evaluate the performance of the proposed grid-tied
inverter, a detailed simulation study has been carried out in
MATLAB/Simulink platform. VVarious components and
parameters were considered for the simulation studies and
provided in Table. 1. Fig. 8 shows the MATLAB/Simulink
model.

When the instantaneous voltage of AC grid is lesser
than solar PV input DC voltage (buck mode operation), the
steady-state utility grid voltage V,(t) and DC input voltages
(E1=E»=350V) waveforms are depicted in Fig. 9 with the
constant frequency of 50 Hz.
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Table.l Simulation Resu |tS Input DC Voltages(E1 & E2) / Output AC Voltage

300
Description Parameter | Typical Units 200=0) N N N Twme |
DC input Voltage Vin 180-350 \% 100I \ I \ I \ I \ I \
Grid Voltage Vrid 230 \% gp o
Inductor Li=L, 0.1 mH " o
Capacitor Ci=C 56 uF 00 \ I \ I \ I \ I \ I
\V} A\ \4 \V4 VvV

Switching Frequency f 20 kHz

-3000 001 002 003 004 005 006 007 008 009 0.1
Grid Frequency fy 50 Hz Time in secs
Efficiency n >97 % Fig. 10. Simulated output when input DC voltage (E; and Ez)

and grid voltage Vy(t) when E;=E>=190V.

Similarly, when the instantaneous voltage of AC grid
is greater than solar PV input DC voltage (buck-boost
mode), E1=E>=190V, the steady state simulated results are
illustrated in Fig. 10 and grid voltage V,(t) with constant
frequency of 50 Hz. Both light load and dense load

Fig. 13 shows the measured input AC utility grid
voltage ig(t), at full load with constant frequency of 50 Hz,
demonstrates a tendency of good current waveform.

Inductor Currents (L1 & L2)

L 35 ;
conditions are tested to check the performance of the —
controller stability. ° - - - BEN RSN

) 25 I = — — —
Lo | AT TRSAY I TREY O AT RAY N N
g
g7 1B ChT I [ o o | )
L& _--l = — | i I - || || || ||
w13 L . E— J[ 1 05
*jﬁtl I 3_3 = :_:E :‘-_J[—i ‘ﬂ: 0 plm— m— plm— m— —
[ | : ! 0 001 002 003 004 005 006 007 008 009 01
= I Time in secs
| | Fig. 11. DC currents of inductors iL; and iL,, when
= E1=E»=350V.
-~ lf’ ;
] ) Inductor Currents(L1 & L2)
T e O 25 .
.:;g;.;l'.l 1 [:;L;L, h R
= [} ' ) | | | a o
F—&r | - IR a | | | Al
e, S =
c
[
Fig. 8. MATLAB/Simulink model diagram 5! | * * | o
Input DC Voltages(E1 & E2) / Output AC Voltage 05 |
400 “ 9] — — e Sm——
300 — Grid Voltage V()
—DC Input E1 S | | |
200/ Fa\ FaX A | N L L
/ \ / \ / \ / \ / \ 0 001 002 003 004 005 006 007 008 009 01
100 Time in secs
Q
g0 Fig. 12. DC currents of inductors iL; and iL,, when
oV VL VL /L Vi
-200 \V \/ \V/ v AV
Grid Current ight)
-300 1= T
ompEn ey
400 E N A A I A o A A
0 001 002 003 004 005 006 007 008 0.09 0.1 # s
Time in secs + . oy o e EL

Fig. 9. Simulated maximum input DC voltage (E; and Ey)
and grid voltage Vy(t) when E;=E»=350V.

The energy stored in the boost inductors of L; & L, are

Current

controlled absolutely through S, & S4 switches and the i

waveforms are shown in Fig. 11 and Fig. 12 respectively. T e T R
The DC inductor currents iL; and iL, are also shown in that Tirain sees

figures.

Fig. 13. Utility Grid injected current ig(t) at full load.
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The illustration in Fig. 14 shows the Fast Fourier
Transform (FFT) analysis of the grid current ig(t) at steady
state condition. The histogram shows the amplitude of the
fundamental and harmonic components. The distortion value
of the current is presented as Total Harmonic Distortion
(THD). By analysing, one can note that the integrated current
is sinusoidal with low THD with the presence of fewer odd
harmonics, and also, the current THD of the system meets
IEC guidelines limits indicated by the standard IEC 61000-3-
2 (7% for currents up to 16A). Thus, the system improves
harmonic distortion factor by reducing the lower order
harmonics. The grid voltage V(t) and the inverter output
power is then synchronized to the grid through Zero Crossing
Detector (ZCD).

Fundamental (S0Hz) = 0.0885 , THD=647%

—
-

-

Mag (%% of Fundamental)
~
N

0 5 w0 28 2% »

Hanno"nsc order

Fig. 14. FFT analysis of grid current THD.

5. Experimental Results

The anticipated working principles and theoretical
analysis of the proposed novel topology has been realized
with a prototype of 2kW capacity converter along with two
set PV panels capacity of 2kW (8x250 watts) each taken for
experimental study from the research laboratory.

Table.2 Prototype Parameters

Description Parameter| Typical| Units
PV Panel Voltage Vin 50-90 \%
Grid Voltage Vygrid 230 \%
Grid Frequency f 49.6-50| Hz
Power Factor PF >0.95 -
Current THD at Full Load Ithp <7 %
(8.08A)
Input PV Power Mpv.p 2 kw
Output Power Pout 193 | kW
Switching Frequency f 20 kHz
(S1 & S3)
Efficiency at Full load n 96.5 %
(8.08A)

_ -l -
- =
'Y [
N |
N

AC O/P to Crid

A

i1 &
Crid Tie Invereter

Circuit

Fig.15.The hardware setup of the proposed Grid Connected
Inverter System.

VUL 15 FAMPS FHERT S

2388 Thun miw 497 ue

Fig. 16. Photograph of grid voltage and load current
waveform.

100 pF
100 orr
496 H=

FUHDAMEHTAL

Fig. 17. Photograph of output real power, apparent power
and power factor.

HAHMUOH L35

Fig. 18. The THD factor of load current waveform of the
proposed system.
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The experimental results have been taken on the
prototype with parameters listed in Table.2 based on
available research centre facilities. The hardware setup of the
proposed work is depicted in Fig. 15.The quality of the
power extracted from the proposed converter is measured
utilizing the power quality analyser. Here the input power is
taken from two PV panels. The prototype kit is tested on
maximum insolation value of 880 W/m2.The output of the
system seems to be 1.93kW at a full load of unity power
factor load. The Fig. 16 outlines the waveforms for the grid
voltage and inverter injection current respectively. Fig. 17
depicts the real power, apparent power, reactive power and
power factor and efficiency of the system at the most of 96.5
%.The inverter voltage is intended to work with 50Hz grid
frequency. While observing the grid parameters, the current
waveform is sinusoidal, and furthermore, in phase with the
grid voltage. It is evident from the Fig. 18, the THD value
measured using the power quality analyser complies with the
IEC guidelines.

6. Conclusions

The cost-effective novel grid-tied transformerless
inverter, which has the ability to harvest maximum power
from two distinctive PV panels working under equal and in
addition unequal climatological circumstances, is exhibited.
The proposed inverters would upkeep extensive deviation in
panel voltages. Grasped power from two PV panels is
conditioned using Pl along with hysteresis controller is fed in
to the grid all together after confirming the grid
synchronisation conditions. It is realized from the
experimental outcomes that the THD value of the output
current is as per the IEC norms. Thus, it can be said that the
transferred power to the grid is in good quality.
Subsequently, size of the passive filter is considerably
reduced due to the harmonic factor. The simulated
performance of the converter is confirmed using
experimental output proof on a research facility model.
Ultimately, the co-ordinated activity and a blend of
technologies reduced the components count, and this new
converter topology is designed on the premise of cost-
efficiency.
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