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Abstract: The research significance of various scientific aspects of photovoltaic (PV) systems has
increased over the past decade. Grid-tied inverters the vital elements for the effective interface of
Renewable Energy Resources (RER) and utility in the distributed generation system. Currently,
Single-Phase Transformerless Grid-Connected Photovoltaic (SPTG-CPV) inverters (1-10 kW) are
undergoing further developments, with new designs, and interest of the solar market. In comparison
to the transformer (TR) Galvanic Isolation (GI)-based inverters, its advantageous features are lower
cost, lighter weight, smaller volume, higher efficiency, and less complexity. In this paper, a review
of SPTG-CPV inverters has been carried out. The basic operational principles of all SPTG-CPV
inverters are presented in details for positive, negative, and zero cycles. A comprehensive analysis
of each topology has been deliberated. A comparative assessment is also performed based on
weaknesses, strengths, component ratings, efficiency, total harmonic distortion (THD), semiconductor
device losses, and leakage current of various SPTG-CPV inverters schemes. Typical PV inverter
structures and control schemes for grid connected three-phase system and single-phase systems
are also discussed, described, and reviewed. Comparison of various industrial grids-connected PV
inverters is also performed. Loss analysis is also performed for various topologies at 1 kW. Selection of
appropriate topologies for their particular application is thoroughly presented. Then, discussion and
forthcoming progress are emphasized. Lastly, the conclusions are presented. More than 100 research
publications on the topic of SPTG-CPV inverter topologies, configurations, and control schematics
along with the recent developments are thoroughly reviewed and classified for quick reference.

Keywords: renewable energy resources; solar photovoltaic; single-phase grid-connected;
transformerless inverter

1. Introduction

Long-term national strategies prove that the conventional power generation resources are
unsustainable. In the last decade, extensive installation of renewable energy resources (RERs), i.e.,
hydropower, wind energy, solar photovoltaic (PV) energy, ocean energy, geothermal energy, biomass
energy, tidal energy, and thermoelectric energy, has been enhanced for grid inter-connection [1-3]. Over

Energies 2018, 11, 1968; doi:10.3390/en11081968 www.mdpi.com/journal/energies


http://www.mdpi.com/journal/energies
http://www.mdpi.com
https://orcid.org/0000-0003-1712-1506
https://orcid.org/0000-0002-6103-8470
https://orcid.org/0000-0002-5406-3811
http://dx.doi.org/10.3390/en11081968
http://www.mdpi.com/journal/energies
http://www.mdpi.com/1996-1073/11/8/1968?type=check_update&version=2

Energies 2018, 11, 1968 2 of 34

the past several years, solar PV energy installation is booming at a rapid rate and in some countries,
it plays a vital role in electricity generation [4]. For instance, solar PV systems fulfill approximately
7.9% of annual electricity demands throughout 2014 in Italy. By the end of 2014, its installed capacity
reached to 38.2 GW (mostly for residential purposes) [4-6]. In 2017, the installed capacity of solar PV
and wind energies was 405 GW and 540 GW, respectively [5]. It is forecast that in the near future (2020)
the installed capacity of solar PV (772 GW) will surpass wind energy (735 GW) [7].

The power converters play a key role in the integration of RER, including solar PV, in the
grid [6,8]. Power semiconductor devices are associated with advancement [9], therefore, the power
electronics part is accountable for efficient and reliable power conversion from inexhaustible, clean
and pollution-free solar PV energy. That’s why a large number of PV power converters for grids are
advanced and commercialized [7,10-15]. In the grid-connected PV system, the popularity of inverters
that converts DC power from the PV module into AC power for grid injection is increasing day by day.
Usually a voltage source inverter (VSI) or current source inverter (CSI) in combination with a DC/DC
converter is used for integration of PV systems into the grid. A sophisticated control structure is also
required to achieve better performance and obtain the desired output from the system. In control
mechanisms, an inverter plays an important role in controlling the injection of grid current. Hence,
it maintains the DC link voltage value at the desired level and control the flow of both active and
reactive power to the grid [9,15].

There is a significant variation of grid-connected PV systems from a few hundred Watts
(small-scale DC modules) to hundreds of megawatts (large scale). In comparison to the transformer
(TR) Gl-based inverters its advantageous features are lower cost, lighter weight, smaller volume,
higher efficiency, and less complexity. On the basis of leakage current reduction approaches these
topologies are principally categorized as: GI with common mode voltage (CMV) clamping and without
CMV clamping. By incorporating extra switches, the GI can be acquired either on AC side or DC
side of full bridge (FB) or neutral point clamped (NPC) topology, due to the fact a lower number of
switches in conduction path AC side decoupling offers high efficiency. As stated earlier, a large portion
of residential applications consists of PV systems and these are expected to greatly spread in the near
future. The technological development in the power electronics sector has brought high efficiency and
large varieties of transformerless inverters into existence that are derived from the H-bridge inverter
design. These derived inverter topologies have higher efficiencies and low EMI/CM (H5, HERIC).
This review comprehensively reviews the development and control of transformerless topologies. The
remainder of this survey is systematized as follows: a discussion about power converter technology
for PV systems along with a categorization of transformerless inverter topologies are carried out
in Section 2. H-bridge based inverter structures are investigated in Section 3. Section 4 scrutinizes
the NPC-derived inverter technologies. Regarding transformerless PV inverters, a comparative and
characteristic overview is presented in Section 5. Typical PV inverters structures and detail control
structures for grid connected three-phase system and single-phase systems are explained in Section 6.
Finally, Section 7 concludes this survey with a brief proposal for future work.

2. Power Converter Technology for PV Systems

Referring to progressing technologies to transfer to and organize the PV power in the grid, there
are mainly five configuration concepts [1,10,16,17] available, as presented in Figure 1. According to
the power rating and the output voltage of the PV panels, each configuration comprises a sequence of
parallel strings of PV panels, followed and configured by DC-AC inverters and DC-DC converters
(power electronics converters).

Typically, the power converters are classified into string inverters, multi-string inverters, central,
and module level (AC module and DC module) inverters [10,11]. For solar power farms/plants
configured as three-phase systems, the central and multi-string converters are widely utilized [18-20].
Comparatively, in residential applications configured as a single-phase system, string and module
converters are intensively adopted [21,22]. Though the configuration of the power converters is
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different, the power converters have the same major functions, including islanding detection and
protection, reactive power control, grid code compliance, synchronization, power transfer and DC to
AC conversion, and PV power maximization [10,16-28]. Advanced and intelligent controls are required
for effective incorporation of these functionalities and to fulfill customized demands. Additionally, the
PV integration can be enhanced by forecasting, monitoring, and communication technology [18-22].
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Figure 1. Power converter technology for PV system: (a) Residential/small systems,

(b) residential/small systems, (c) residential, (d) residential /commercial, and (e)
utility-scale/commercial PV applications [29].

String inverters, multistring inverters, and modular concept inverters are mostly used in
single-phase PV system applications as depicted in Figure 1. In all these inverters the GI for safety is an
important problem to be resolved. Conventionally, isolation is provided by a low frequency isolation
transformer or a high frequency isolation transformer. The low frequency isolation transformer
is used on the grid side while high frequency isolation transformers are used between the power
electronics converters. With an overall efficiency of 93%-95%, both the abovementioned grid-connected
technologies are commercially available, constituted mainly by bulky transformers [30]. A large
number of transformerless PV inverters have been developed [5,7,10] and are progressing daily, in
order to enhance the overall efficiency.

Currently, several manufacturing companies, i.e., Ingeteam, REFU, SMA, Conergy, Danfos Solar,
and Sunways are in the market working on transformerless PV inverters. These inverters have
European efficiency (>97%) and offer maximum efficiencies of up to 98%. The topology development
for the transformerless inverter is based on the following main converter families:

(a) H-bridge or full-bridge (BP)
(b) NPC
Based on these main families, most relevant derived transformerless topologies are discussed and

described in this survey. In some structures, a boost DC-DC converter is essential, which is why the
level of diversity is high.

Classification of Transformerless Inverter Topologies

Transformers inverters are principally categorized on the basis of reduction in leakage current
as: GI with CMV clamping and without CMV clamping. By incorporating extra switches, the GI can
be acquired either on DC side or the AC side of H-bridge or NPC topology. There are low number of



Energies 2018, 11, 1968 4 of 34

switches in the conductive path, therefore, the AC side decoupling offers high efficiency. Additionally,
leakage currents cannot be minimized merely on GI due to stray capacitances formed between the
resonant circuit effect and switch terminals to heat sinks. The leakage current is completely eliminated
through some topologies by fixing the CMV to half of the DC-link using clamping method. Figure 2
presents a categorization of transformerless inverter topologies [10,25-28,30-42].

| Transformerless Inverter Topologies [30] |

| Gl with CMV Clamping | | Gl without CMV clamping |
v | ¥ ¢ | ¥
— Half Bridge Based —  Full Bridge Based — DC Side Decoupling — AC Side Decoupling
|| Active N'F?i]T opology L OH5 topology [35] - H5 Topology [40] L | HERIC Topology [25]
| Diode Clamped | | Passive Clamped H6 || .
Topology [32] Topology [36] — H6 Topology [26, 41] H6-1 Topology [26]
Flying Capacitor || L_| Improved H6 Topology
Topology [33] HBZVR Topology [37] 127, 42] — H6-1l Topology [27]
L_| Conergy NPC Topology | | HBZVR-D Topology
[34] [38] — H6-Ill Topology [28]
L | HERIC Clamped
Topology [39] — H6-IV Topology [10]

Figure 2. Transformerless inverter topologies: A classification overview.

3. H-bridge Based Inverter Structures

In 1965, McMurray first developed the FB or H-bridge inverter family [29]. In power converter
technology, the FB is one of the important developments. The force-commuted semiconductor devices,
also called thyristors was first effectively utilized by this structure. This topology can be implemented
with one switching leg (in half bridge form) or with two switching legs (in FB form), they can be
utilized for both DC-AC and DC-DC conversion, so it’s also a versatile topology. The basic structure of
FB is presented in Figure 3.

We consider a single stage inverter in our analysis for easiness, in single stage inverter MPPT
DC-DC converter is not required. In case of half-bridge (HB) capacitive divider central point is
grounded to limit the leakage current to guarantee the regulation of CMV. This leakage current flows
though the parasitic capacitance of solar PV modules [42]. Low cost is the distinguishing feature, but
the output voltage waveforms with two levels, switches must withstand high potential and highly
distorted output current results in high electromagnetic inference (EMI) emissions and is considered a
drawback of this topology [43]. The multi-level HB suggested by Calais et al. [44] in which he explored
the concerns such as stimulus of the PV array Earth resistance and system power rating, stress and
component count for SPG-C PV structures. For grid-connected PV system, HB is cascaded in five levels,
as suggested in [45]. For PV application, extensively unipolar PWM modulation scheme is utilized in
which CMV (Vdc/2) with high frequency is connected to the PV panels. The presence of non-negligible
leakage current is considered a drawback in this technique due to the parasitic capacitance of PV
panel [46]. To eliminate leakage current, the bipolar PWM modulation scheme is used [47,48].
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Figure 3. Basic structure of FB inverter [43].

3.1. Modulation Strategies

The basic modulation strategies for inverter structure are:

1.  Two-level modulation
2.  Three-level modulation
3. Hybrid modulation

3.1.1. Two Level Modulation

Two level modulation is also known as bipolar (BP) modulation. In the two-level modulation,
the diagonal switches are turned on as S1 with 54 or S2 with 53, respectively. The AC output voltage
can be obtained from these positive and negative output currents of the converter as depicted in
Figure 4a,b [29,49]. This converter is based on the following features:

e The diagonal switches are synchronously switched on ie., S1 with 54 or S2 with S3 at

high frequency.
e  Zero voltage state at the output is not possible.

I. Advantages

The EMI and leakage current is very low as voltage to ground Vpg has no switching frequency
component, while only the grid frequency component is present [49].

II. Disadvantages

The disadvantages of this topology are: (a) the efficiency is low, around 95%, because of
simultaneously switching of the two switches at every period, the output filter core losses are higher
along with exchange of reactive power between Li.,, and Cpy during freewheeling. (b) The filtering
requirement is higher as in the current, the switching ripple is equivalents to 1 x switching frequency.
(c) Due to bipolar voltage variation, i.e., (+Vpy — —Vpy — +Vpy ) the core losses are higher.

III. Analysis

Because of the decreased efficiency, the two-level modulation-based FB is inappropriate for use in
transformerless PV systems although it has low leakage current.
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Figure 4. Two-level modulation scheme for FB in case of (a) positive cycle and (b) negative cycle [29,30].

3.1.2. Three-Level Modulation

Three-level modulation is also known as unipolar (UP) modulation. In this modulation,
the switching signal of each leg is achieved according to its respective reference signal. For the
positive and negative output currents, the AC voltage can be produced as presented in Figure 5 [29,49].
This converter is based on the following features:

e  Switching of leg, A and leg B at high-frequency with reflected sinusoidal reference.
e  Voltage state with zero output is probable: when 51, S3 or S2, 54 are ON.

I. Advantages

Three-level modulation schemes have the following advantages: (a) The filtering requirement is
lower as in the output current, the switching ripple is equivalent to 1 x switching frequency. (b) Due to
unipolar voltage variation i.e., (0 = +Vpy — 0 — —Vpy — 0) the core losses are lower. (c) Because
of reduced losses during zero voltage states, its efficiency is higher, up to 98%.

II. Disadvantages:
The EMI and leakage current is very high as Vpg has no switching frequency component.
III. Analysis

Because of the large frequency content of the Vpr the three-level modulation-based FB is
not appropriate for use in transformerless PV systems although it has high efficiency and low
filtering requirements.
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AAAAAAAAAAAA > > ey
V,>0,1,>0. $1,53&D3=0N, V4g=0  V, >0,1, >0. SL &S4=0N, Vg =Vp, Y, >0,1,>0. 52,54 &D2=0N, V, =0

Figure 5. Three-level modulation scheme for FB in case of (a) positive cycle and (b) negative
cycle [29,30].

3.1.3. Hybrid Modulation

According to the hybrid modulation (HM) concept, one leg is turned on at a higher frequency
and the other leg is turned on at grid frequency [50,51]. For the positive and negative output currents,
the AC voltage can be produced as described in Figure 6. This converter is centered on the subsequent
features:

e Athigh PWM frequency, leg A is turned on while leg B is turned on at grid low frequency.
e  Voltage state with two zero output is possible: when Sy, S; or Sz, S4 are ON.

I. Advantages:

Its advantages are: (a) Due to unipolar voltage variation, i.e., (0 = +Vpy — 0 — —Vpy — 0)
the core losses are lower. (b) Its efficiency is higher, up to 98% because of no reactive power transfer
between Cpy and Ly(p) during zero voltage and one leg low frequency switching.

II. Disadvantages:

This topology has the following disadvantages: (a) Vpg has square wave variation at grid
frequency, leading to high leakage current peaks and large EMI filtering requirements. (b) The filtering
requirement is higher (in the output no artificial frequency increase) as in the current, the switching
ripple is equivalent to 1 x switching frequency. (c) For two quadrant operation, this modulation only
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works [30]. In addition, for the first quadrant the triggering angle is 0 < « < 90° and for two quadrant
the triggering angle is 90° < a < 180°

III. Analysis:

Because of the square-wave variation of the Vpr the HM-based, FB is unsuitable for use in
transformerless PV systems although it has high efficiency.

© o s3
Dl . D3
v
—r..—,?‘..i—...— ST TS
.. IR IR T
/B ______
|
54:
| D4
|
— ===

V, >0,1, >0. SL&S4=0N, Vyq = V,,.AL6kH2),B(50H2)  V, >0, 1, >0. S1,53,&D3=ON, V,, =0.A(L6kHz), B(50H2)

- — > ———> =
V, <0,1, <0. S2&S3=0N, V,; =V, A(l6kH2),BE0HZ)  V, <0, 1, <0. S2,54&D4=ON, V,, =0.A(L6kH2), B(50H2)

Figure 6. Hybrid modulation scheme for FB in case of (a) positive cycle and (b) negative cycle [29,30].

3.2. H5 Inverter (SMA)

A new inverter topology called H5 was patented by SMA in 2005 [52]. As specified by its name, it
is a modified H-bridge, where in the DC-link (positive bus) an extra fifth switch is added, as presented
in Figure 7. The extra switch has the following two vital functions: (a)The efficiency is increased as
no exchange of reactive power between Cpy and L;(y) during zero voltage occurs and (b) the high
frequency contents of Vpr is eliminated by detaching the power grid from the PV modules during
zero voltage state [31].

Figure 8 presents the generation of AC currents for the positive and negative switching states.
Modeling output filter and advancing switching frequency in the H5 topology of the PV inverter,
has been illustrated in [53] by using power devices based on SiC. The proposed design shows
the dominance of H5 topology based on enhanced SiC, correlating silicon (Si)-based counterparts
and non-optimized with respect to energy production. This converter is based on the succeeding
features [46,54,55].
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e  Voltage states with two zero output are possible, i.e., when S5 OFF and 54 (52) are ON.
e Sland S3 are switched at grid frequency and S2, S4, and S5 are switched at high frequency.

PV Array Filter \55 H-Bridge Inverter Filter Electric Grid

V, >0,1, >0. §5,S4=0FF,S1&D3=0N, V,; =0

(a)

e =
$ =S
BEE

==

-'-_I_____________’.__________IJ

[ » .
V, <0, 1, <0. S5,52&S3=0N, V,; =-V,,,52,55 =1 f,53=Linef V, <01, <0. S5&S2=0FF,D1&S3=0N, V,s =052,55="f,S3= Linef

(b)

Figure 8. Switching positions of H5 (SMA) in case of (a) positive cycle and (b) negative cycle [29,30].
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I. Advantages:

The H5 inverter advantages are: (a) The core losses are lower due to unipolar voltage variation
ie., (0 = +Vpy = 0 — —Vpy — 0), (b) because of no exchange of reactive power between Cpy and
Ly(p) during zero voltage and in one leg, lower frequency switching, its efficiency is higher up to 98%,
and (c) The EMI filtering requirement and the leakage current peaks is lower as Vpg has only grid
frequency component [30].

II. Disadvantages:

Its disadvantages are: (a) The conduction losses are higher as the conducting switches are three
during the active vector, but the overall high efficiency is not affected. (b) Addition of one extra switch.

III. Analysis:

The advantageous features of FB with hybrid modulation technique is combined in the H5
topology. Utilizing the extra switch, the high-frequency component of Vpr is eliminated by isolating
the grid from the PV panels during zero voltage state situations. This scheme is very appropriate for
utilization in transformerless PV system due its high efficient nature, lower EMI, and low filtering
requirement at the output. Currently, it is commercialized by SMA in the SunnyBoy 4000/5000 TL
series, with a maximum efficiency of 98% (Photon International, October 2007) and European efficiency
higher than 97.7% [30].

3.3. HERIC Inverter (Sunways)

A new inverter topology called HERIC was patented by Sunways in 2006. The HERIC is also
a highly reliable and efficient inverter approach. As presented in Figure 9, using two back to back
connected insulated gate bipolar transistor (IGBT) a bypass leg is added to the AC side [57]. The AC
bypass is used to provif4 the same fundamental functions as in the H5 topology with the extra fifth
switch has. The efficiency is improved as no exchange of reactive power between Cpy and L) during
zero voltage occurs. The high-frequency component of Vp is eliminated by isolating the grid from PV
panels during zero voltage state [29].

PV Array Filter H-Bridge Inverter Filter Electric Grid
S1 S3 S+
D1 1 D3

S2 S4r D+t

D2 D4

Figure 9. Schematic diagram of the Sunways HERIC Inverter [43,56].

Based on SPTG-CPV in parallel operation of HERIC topology with joint AC bus and DC bus,
edges in improving the performance and accuracy of the PV generation system with DC module
category expressed in [58,59]. The authors in [60], examined the capability of PV inverter based on the
Low voltage ridethrough (LVRT) potential of HERIC topology under grid support services and grid
faults of PV systems.
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Figure 10 presents the generation of AC currents for the positive and negative switching states.
This converter is established based on the following features: (a) voltage states with two zero output is
possible i.e., when S+ ON and S- are ON (in case for off state of the bridge), (b) S+ (S-) are turned on at
grid frequency and S1—S4 or S,—S3 are turned on at high frequency.

¢
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V, >0,1, >0. S1,54 &S+=0N, Vg = Vi, S1&S4=T1,S+=linef  V, >0,1, >0. $1,94=OFF,S+&D-=ON, V,; =0,51&84="f, S+ = linef

4:11 =

P ——mmm—mmm———q

+

UM
+
-
4
+
-
.

|
i
1
+
i
*
1

.
4.
. .
..
‘.
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V, <0,1,<0. S-,S2&83=0N, Vg =-Vi,$2&83="T f,S—=Linef V, <01, <0. S-&D+=0NS2&S3=0FF, \/,\5:0,52&83:Tf,8—:Line1

(b)

Figure 10. Switching states of the Sunways HEREIC concept in case of: (a) positive cycle and (b)
negative cycle [29,30].

I. Advantages

The HERIC topology has the following advantages: (a) the core losses are lower due to unipolar
voltage variation i.e., (0 = +Vpy — 0 — —Vpy — 0), (b) because there is no exchange of reactive
power between Cpy and Ly(p) during zero voltage and in one leg lower frequency switching, its
efficiency is higher, up to 97%, and (c) The EMI filtering requirement and the leakage current peaks is
lower as Vpg has no switching frequency component and only grid frequency component is present [29].

II. Disadvantages
Addition of two extra switches.
III. Analysis

The efficiency of the HERIC topology is increased by adding a zero-voltage level. This level is
achieved with the help of AC bypass to the performance of FB with BP modulation technique. Due to
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the high efficiency, low filtering requirements, and low EMI, for practical use in transformerless PV
systems, this topology is thus very appropriate. Currently, Sunways commercializes a series called
the AT series (2.7-5 kW), with a maximum efficiency of 95.6% (Photon International, July 2008) and a
European efficiency of 95% [56].

As during the zero-voltage switching the decoupling of the grid from the PV generator on the DC
side and AC side occurs, therefore both H5 and HERIC are quite similar in behavior. HERIC has only
two switches conducting at the same time, while H5 has three. Additionally, of both switches, one
switches at the grid frequency and two switches at high frequency.

3.4. REFU Inverter

A modification of the classical H-bridge design by REFU Solar gives a new layout patented in
2007. This topology usually consists of a by-passable DC-DC converter and a HB within the AC side
bypass as presented in Figure 11 [61]. The same two vital functions of HERIC topology are provided
by an AC bypass. i.e., The efficiency is improved as no exchange of reactive power between Cpy and
L) during zero voltage happens and removes the high-frequency content of Vpg, by detaching grid
from the PV modules during zero voltage state [43].

PV Array DC Link Boost DC Link H H-Bridge Inverter AC Bypass Filter ~ Electric Grid
Gou
D3
D1
y
— [
-IT— A

Figure 11. Schematic diagram of the REFU inverter [43,56].

In comparison to HERIC the AC bypass is implemented differently, e.g. standard IGBT module-
based unidirectional switches are used, a series diode with IGBT is used to cancel the freewheeling path.
In this topology, when the grid voltage is greater than the input DC voltage, only the boost converter
is activated. Modulation techniques comprising double frequency PWM along with unipolar PWM
are applied in H6 topology. Inductive current passing four active switches cause large conductive
losses which are a disadvantage in this topology [39,56,62]. Using Hé6 topology replacing low efficient
IGBTs with MOSFET was suggested [63]. Figure 12 presents the generation of AC currents for the
positive and negative switching states. This converter is established based on the following features,
e.g., (a) when boost is not needed: Vpy > |Vg , then 51 (52) are turned on at high frequency, (b) when
boost is permitted: Vpy < |Vg|, then S3 (54) are turned on at high frequency, (c) based on voltage
polarity, S+ (S-) are switched at grid frequency [30].
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Figure 12. Switching positions of REFU (RefuSol) in case of (a) positive cycle and (b) negative
cycle [29,30].

L. Advantages

The advantageous features of REFU are (a) the core losses are lower due to unipolar voltage
variation i.e., (0 = +Vpy — 0 — —Vpy — 0), (b) because of no exchange of reactive power between
Cpy and Ly(y) during zero voltage and in one leg lower frequency switching and boost only when
necessary, its efficiency is higher up to 98%; (c) the EMI filtering requirement and the leakage current
peaks is lower as Vpg has no switching frequency component and only grid frequency component is
present [62].

II. Disadvantages

The following disadvantageous are noted for REFU i.e.,: (a) addition of two more switches,
although switched at a lower frequency and (b) dual DC voltage is needed.

III. Analysis

The REFU topology increases the efficiency with minimum losses by including the zero-voltage
level with the help of an AC bypass to the performance of HB. Due to the high efficiency, low filtering
requirements, and low EMI the REFU topology is more appropriate for use in transformerless PV
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systems. Currently it is commercialized in the series called RefuSol (11/15 kW), with maximum
efficiency of 98% (Photon International, September 2008) and a European efficiency of 97.5% [56].

3.5. FB-DCBP (Ingeteam) Inverter

The modification of the classical H-bridge by Integeam [64] gives a FB inverter with DC bypass
(FB-DCBP) under a pending patent and described in [65]. This topology usually consists of a
conventional H-bridge with the addition of two extra switches in the DC link and for clamping
the output to the ground two extra diodes are coupled at the middle point of the DC bus as presented
in Figure 13. In contrast to H5 or HERIC where the zero voltage is fluctuating, the zero-voltage
grounding is ensured by the clamping diodes and the panels is separated from the grid by DC switches
during zero voltage states. During zero voltage because of interruption of reactive power exchange
between Cpy1(p) and Ly(y) leads to high efficiency and low leakage current, essentially “jump-free” Vpg
solution is ensured by both. Figure 14 presents the generation of AC currents for the positive and
negative switching states. The main function of FB-DCBP topology is as follows:

e  The switches S1 (52) or 54 (53) are turned on at grid frequency while the switching frequency of
S5 and Sg are high.

e  Zero voltage at the output is attained by turning the DC bypass switches (55 & S6) OFF. The
current divides into two ways, When S5, S6 are turned OFF and 52, S3 are turned ON i.e,, (a)
The freewheeling diode (D2) of S2 and 5S4, and (b) S1 and the freewheeling diode (D3) of S3.
Consequently, no switching losses appear as S2 and S3 are turned ON with no current. The
current path during zero voltage state for negative grid current will be 52-D4 or 5§3-D1, while for
positive grid currents will be S1-D3 or 54-D2. To the half of the DC-link voltage, for clamping the
bypass switches D+ and D- are used [10].

PV Array  Filter DC Bypass H-Bridge Inverter Filter  Electric Grid

S

D5

S1

—Cu  p&

Figure 13. Schematic diagram of the Ingeteam FB-DCBP inverter [43,56].
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Figure 14. Switching positions of the Ingeteam FB-DCBP in case of: (a) positive cycle and (b) negative
cycle [43,56].

L. Advantages

The beneficial features of FB-DCBP are: (a) the core losses are lower due to unipolar voltage
variation i.e., (0 = +Vpr — 0 — —Vpg — 0); (b) the DC bypass switches has the half of rating of DC
voltage; (c) because of the low voltage rating of S5 and S6, a lower switching frequency in the FB,
and no exchange of reactive power between Cpy and Ly(y) during no voltage, its efficiency is higher
up; (d) the EMI filtering requirement and the leakage current peaks is lower as Vpr has no switching
frequency component and only grid frequency component is present [56].

II. Disadvantages

The negative features of FB-DCBP are: (a) addition of two extra diodes and two more switches;
(b) without influencing the total high efficiency, the conduction losses are higher due to the fact four
switches are conducting during the active vector.
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III. Analysis

Due to low EMI, Low filtring requirement and high efficiency, the Ingeteam FB-DCBP topology is
therefore very appropriate for practice in transformerless PV system. Currently, the series called Sun
TL series (2.5/3.6/6 kW), is commercialized by Ingeteam in the Ingecon, with an ultimate efficiency of
96.5% (Photon International, Aug. 2007) and a European efficiency of 95.1% [64].

3.6. Full-Bridge Zero Voltage Rectifier-(FB-ZVR) Inverter

The other modification of the classical H-bridge is known as FB-ZVR [56], as presented in
Figure 15. The derivation of this topology is based on the HERIC topology, using a diode clamp to the
DC midpoint and one switch (S5) and a diode bridge, the bidirectional grid short-circuiting switch is
executed. By turning S5 on and turning the FB off the zero voltage is achieved.

PV Array Filter H-Bridge Inverter Filter  Electric Grid

Y Y Y
L
S1 S3
l D1 l D3 L
A

B
s2 r s4 r Vo
D2 D4 N
L,

Figure 15. Schematic diagram of the FB-ZVR inverter [43,56].

Figure 16 presents the generation of AC currents for the positive and negative switching states.
The main function of FB-ZVR topology is as follows:

e  Likeinbipolar modulation, the switches are diagonally switched in FB. The zero state is introduced
by turning off all switches of the bridge except S5.

L. Advantages

For FB-ZVR, the following points were noted: (a) the core losses are lower due to unipolar voltage
variation i.e., (0 = +Vpy — 0 — —Vpy — 0); (b) because of a lower switching frequency in one leg,
and no exchange of reactive power between Cpy and L1(») during zero voltage, its efficiency is higher,
up to 96%; (c) The EMI filtering requirement and the leakage current peaks is lower as Vpg has no
switching frequency component and only grid frequency component is present [56].

II. Disadvantages

Its disadvantages are: (a) addition of four extra diodes and one more switch; (b) filter losses
increases, as bipolar output is obtained during deadtime clamping.

III. Analysis

In terms of low leakage and high efficiency, the advantageous of the HERIC are inherited by the
FB-ZVR. The efficiency is lower than HERIC, because of the high switching frequency of S5, however,
it has the advantage that it can work at any power factor [56].
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Figure 16. Switching positions of FB-ZVR in case of (a) positive cycle and (b) negative cycle [43,56].

3.7. FB-Derived Inverter Topologies: An Overview

Actually, the 2-level FB (or HB) converter can be modified into three level converters by using
FB-DCBP, REFU, H5, and HERIC topologies. The input voltage stress on both output inductor and the
switches are reduced to half thus increasing the efficiency. By using additional DC bypass (FB-DCBP)
or AC bypass (REFU or HERIC) or higher switches of the bridge (H5), the zero-voltage condition is
accomplished by shorting the grid. FB-DCBP and REFU clamp the neutral to the center point of the
DC link while HERIC and H5 isolate the grid from the PV panels at zero voltage. Together HERIC
and REFU use the AC bypass however, HERIC utilizes two switches in series (back to back) and
REFU uses two switches in antiparallel configuration. Therefore, in the AC bypass for the REFU
topology, the conduction losses are lower. The efficiency of H5 and REFU is to some extent higher in
comparison to FB-DCBP and HERIC. H5 and REFU has only one switch that operate on high switching
frequency while two switches are operated with high frequency in case of FB-DCBP and HERIC
converters [43,46,56].

The implementation of the FB-ZVR is different, although it’s derived from HERIC, it uses one
switch and diode bridge as a bidirectional switch. This topology can also work with non-unitary
power factor and have constant Vpg, but moderately high efficiency (higher than FB-BP but lower than
HERIC).
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4. NPC Based Inverter Structures

NPC was first introduced by Takahashi et al. in 1981 [66]. In comparison to the two-level FB
inverter, NPC has lower switching stress as well as dV/dt. Because of the versatile nature of the NPC
topology, it is effective in both three phase and single phase (HB or FB) systems. The NPC topology is
the single-phase inverter operating with multi-level topology applied in high power motor operation.

4.1. NPC Half Bridge Inverter

The NPC HF inverter is based on the concept in which zero voltage is acquired by using D+ or D-
based on the symbol of the current the output is clamped to central point (ground) of the DC bus, as
presented in Figure 17 [67-70]. Figure 18 presents the generation of AC currents for the positive and
negative switching states.

PV Array Filter NPC Inverter

D1

Vo, /2

D+3 D2

Filter Electric Grid

D -3

Vi /2

Figure 17. Schematic diagram of the FB-ZVR inverter [43,56].

The main functions of NPC HF topology are: (a) when boost is not needed: Vpy > |V,
The possible zero voltage conditions are: S3, D- = ON and S2, D+ = ON are switched at high
frequency. In out of unitary power factors operation in resistance for Vg > 0 S1 and S3, and for Vg > 0,
I > 0 switches S2 and 54 are operated; (b) 52 (53) are operating at grid frequency while the switching
frequency of 51 and 54 are high [30].

I. Advantages

The FB-ZVR has the advantageous features: (a) the core losses are lower due to unipolar voltage
variation i.e., (0 = +Vpy = 0 — —Vpy — 0); (b) because there is no exchange of reactive power
between Cpy and Ly(p) during zero voltage and in one leg lower frequency switching, its efficiency
is higher, up to 98%; (c) the EMI filtering requirement and the leakage current peaks is lower as Vpg
is constant and is equal to Vpy /4 has no switching frequency component and only grid frequency
component is present; (d) the reduction in the switching losses is because the outer switches voltage
rating can be reduced to Vpy /4 [67,68].

II. Disadvantages

This topology has the following disadvantages: (a) addition of two more diodes; (b) in comparison
with FB, double voltage input is needed; (c) the switching losses are unbalanced, lower on the middle
switches and higher on the higher/lower switches; (d) in the neutral point addition of any inductance
will lead to leakage current as EMI filters produces high-frequency common-mode voltage.
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III. Analysis

In comparison with REFU, HERIC, and H5, The NPC HB is very similar in performance. Due to
high efficiency, low filtering requirements, and low EMI, for use in transformerless PV system this
topology is very appropriate. Currently, in the series called TripleLynx (three-phase 10/12.5/15 kW),
it is marketed by Danfoss Solar Inverter, having 98% efficiency (Photon Magazine, July 2010) and a
European efficiency of 97% [30,68].
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(b)

Figure 18. Switching positions of NPC HB in case of: (a) positive cycle and (b) negative cycle [29,30].

4.2. Conergy NPC Inverter

The variation of classical NPC yields to the HF topology whose output is clamped to the neutral
using two back-to-back IGBTs based bidirectional switch. This topology is presented in Figure 19 and
patent by Conergy [71]. An alternative of the same concept topology is depicted in [50], where instead
of HB, a FB is used and in place of series connection, a parallel connection of unidirectional clamping
switches is carried out.
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PV Array Filter HB Inverter

o

Filter Electric Grid

Figure 19. Schematic diagram of the Conergy NPC inverter [44,62].

The NPC HF inverter is based on the main concept in which zero voltage is acquired by utilizing
S+ or S- based on the sign of the current, the output is clamped to middle point (ground) of the DC bus,
as presented in Figure 20 [72,73]. The main functions of Conergy NPC topology are: (a) the possible
zero voltage conditions are: S+, D+ = ON and S-, D- = ON, (b) S+ (S-) and S1 (52) are switched at
high frequency.

L. Advantages

The NPC inverter topology is based on the following advantageous features: (a) the core losses
are lower due to unipolar voltage variationi.e., (0 = +Vpy — 0 — —Vpy — 0); (b) because there is
no exchange of reactive power between Cpy and Ly () during zero voltage and losses is reduced as
one switch is conducting during active state, its efficiency is higher, up to 98%; (c) the EMI filtering
requirement and the leakage current peaks is lower as Vpg is constant and is equal to Vpy /4 has no
switching frequency component and only grid frequency component is present; (d) in comparison
with classical NPC the switching losses are balanced [50,71].

II. Disadvantages

This topology has the disadvantages of: (a) in comparison with FB, double voltage input is
required; (b) compared to the outer switches of the NPC the voltage rating of S1 and S2 is dual; (c) in
the neutral point addition of any inductance will lead to leakage current as EMI filters produces
high-frequency common-mode voltage [30].

III. Analysis

Due to the slightly higher efficiency comparative with classical NPC, low filtering requirements,
and low EMI, this topology is thus very appropriate for use in transformerless PV systems. Currently,
it is commercialized by Conergy in string inverter IPG series (2-5 kW), with extreme efficiency of 96.1%
(Photon International, July 2007) and a maximum European efficiency of 95.1% [71,73,74].
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Figure 20. Switching positions of Conergy NPC in case of (a) positive cycle and (b) negative
cycle [29,30].

4.3. Miscellaneous Topologies

Solar PV inverters with the grid-connected feature are characterized with mathematical models,
and their utility in experimental tests and simulations with computer software are presented by
Rampinelli et al [75]. A micro-inverter with grid-connected, phase-shift power modulation scheme,
lesser passive components and with a decreased number of power conversion is suggested in [76].
In [77] an H-bridge multilevel inverter topology is suggested, with enhanced conversion efficiency
from DC to AC storage of battery power to operate 24/7. A grid-connected nine level inverter
topology using a low potential PV module to produce high voltage AC has been suggested in [78].
For the implementation of active power filter having the capability of power injection and static var
compensator (SVC). The authors of [79] suggested an inverter topology having 27 levels. Barbosa et al.
in [80] suggested a multilevel boost current inverter for grid-connected single-phase solar PV systems.
In [81,82] different inverter topologies such as MOSFET inverter topology with H6-type technique,
enhanced H6 topology, HB having a capacitor divider feature, HB designed with control circuit
generation, H5 with optimized technology (oH5), grid connected multilevel inverter topology, high
reliable and efficient (HRE) inverter topology, hybrid zero voltage rectifier topology (HR-ZVR), grid
connected multifunction inverter topology, virtual DC bus topology, buck-boost converter, buck
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converter, boost converter, and related topologies for solar PV grid-connected applications were
addressed. Comparison of numerous transformerless single-phase inverter topologies have been
presented in [76-82], which are applied in grid-connected PV solar systems.

4.4. NPC-Derived Inverter Topologies: An Overview

All the NPC-derived inverter topologies are three-level topologies. The advantageous features of
these topologies are: (a) because of grounded DC link center practically no leakage current; (b) during
the zero-voltage state, its efficiency is higher due to clamping of PV panels, and (c) unipolar voltage
across the filter. In comparison with FB-derived topologies because of the higher complexity, with
ratings over 10 kW (mini-central) three-phase inverters these topologies are typically used. Besides,
in the range of hundreds of kW, i.e., high power (central inverter), where multilevel inverters are too
significant, these topologies are also very attractive [43,76-82].

5. Transformerless PV Inverters: Comparative and Characteristics Overview

5.1. Parameter Comparison

The various topologies discussed, described, and analyzed till now are comprehensively compared
in this section on the basis of different performance parameters such as number of input capacitors
and capacitance, power semiconductors, output voltage, number of MPPTs, and leakage current as
presented in Tables 1 and 2 [83].

Table 1. Comparative assessment of SPGC transformerless inverter topologies [43].

IT/PI HBT FBT HT H5T He T NPCT A-NPCT FCT C-NPCT
IC 2 1 1 1 2 2 2 3 2
S 2 4 6 5 6 4 6 4 4
D 0 0 2 0 2 2 0 0 0
OVL 2 3 3 3 3 3 3 3 3
NM 1 1 1 1 1 1 1 1 1
LC VL H VL VL VL VL VL VL VL
ME - - - 98.5 97.4 98.16 97.34 - 97.67
TV 800 400 400 400 600 400 400 400 400
IC H L L L H H H H H
C L M H H H M H M M

Note: IT/PIL: Inverter Types/Performance Indices, HBT: Half Bridge Topology, FBT: Full Bridge Topology, HT:
HERIC Topology, H5 T: H5 Topology, H6 T: H6 Topology, NPC T: NPC Topology, A-NPC T: Active NPC Topology,
FCT: Flying Capacitor Topology, C-NPC T: Conergy-NPC Topology, IC: Input Capacitor, S: Switches, D: Diode,
OVL: Output Voltage Level, LC: Leakage Current, NM: Number of MPPT, VL: Very Low, H: High, ME: Maximum
Efficiency (%), TV: Transistor Voltage (V), IC: Input Capacitance, L: Low, C: Cost, M: Medium

The cost of the converter directly affects the number of switches, that’s why a minimum number
of power switches are preferable. A good output current is obtainable from a good output voltage,
which is easy to filter out. To regulate the power acquired from the PV modules, the control of input
voltage is important which is carried out by number of MPPTs. Leakage current reduction in the
transformerless inverters is mandatory.
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Table 2. Comparison of various transformerless inverter topologies [48,63,66,68,84-94].

R T V() LC S E (%) D A
871  HB 700 M 2T * Voltage stress in DC-link 44 16,y
is high
[88] C-NPC 800 VL 3T+4D ** Device stress is high Conduction losses is low
[89] FB 400 M 4T * Leakage current is high -
[90] NPC 400 VL 4T+2D ** Device stress is high Leakage current is very low
[91] D-B 400 L 4T+2D HAEX Extra devices required Efficiency is high
[92] T-LNPC 800 VL 4T+2D o Complexity is high Leakage current is very low
[93] H5 400 L 5T i Switching unbalance Component count is low
[94] S-B 400 M 5T+1D ** Leakage current is high Filter inductor is only one
[95] VDCB 400 L 5T ot Switch 5 current stress Filter inductor is only one
[96] HB-ZVR 400 L 5T+5D * Complexity is high
efficiency is low
[97] H 400 L 6T+2D i Extra devices required Line frequency leakage current
[98] Heé 400 L 6T+2D ** Extra devices required Line frequency leakage current
[99] HRE 400 L 6T+6D L Complexity is high Efficiency is very high
[100] oH5 400 VL 6T i Extra devices required Leakage current is very low
o] C 400 M 8T - Extra devices required -y o THD g commutation

and complex control

Note: R: Reference, T: Topologies, IV: Input Voltage, LC: Leakage Current, S: Switches, E: Efficiency,
A: Advantages, HB: Half Bridge, C-NPC: Conergy NPC, FB: Full Bridge, D-B: Dual-Buck, T-LNPC: Three-Level
NPC, S-B: Single-Buck, VDCB: Virtual DC Bus, H: HERIC, C: Cascaded, VL: Very Low, M: Moderate, T: Transistor,
D: Diode, D: Disadvantageous, A: Advantageous, *: very low, **: low, ***: high, ****: very high.

5.2. Loss Analysis

Using the thermal module in PSIM, loss analysis is carried out. The specifications of the system
and parameters of devices are listed in Table 3. Switching losses and conduction losses are the two
main losses occurs in PV systems. Equations (1) and (2) calculate the switching losses and conduction
losses for IGBT and diode, respectively:

Psw—on = Eon X f X Vee/ Veeyayasneet

Psw—orr = Eorr X f X Vee/ Vecsupagheet )
Psw_168T7 = Psw-oN + Psw—oFF

Psw_piode = PON—Diode + POFF—Diode

where is Psyy_on turn on losses and turn off losses Psy_on, Eon are turn on and Eppp turn of
energy losses:

Pcon—1G8T = VCE(sar) X IF )
Pcon—Diode = VE X IF

Table 3. Specification for loss calculation.

Parameters for Losses Simulation Parameters for Universal Simulation
Parameter Value Parameter Value
Device GT50]325 Input voltage 400 V4
Frequency 50 Hz Load 100 ohm
Saturation voltage Vce (SAT) 2V Rated power 1kW
Forward Voltage, VF 25V Switching Frequency 10 kHz
Junction temperature, Tj (max) 150 °C Dead Time 2.5us
Turn-on energy losses, . . _
Eon@Vdc = 300V 1.30 mJ DC-link capacitors 2200 uF, Vdc =400 V
Turn-off energy losses, _ _
Eoff@de = 300V 1.34 mJ IGBT GT50]325 Vg =600V, Ic =60 A
Pcond_Q calibration factor 1 Fast-recovery diodes RHRP30120 Vgg =1200 V, I =30 A
Psw_Q calibration factor 1 Filter inductors 3 mH
Pcond_D calibration factor 1 Filter capacitors 6nF
Psw_D calibration factor 1 Stray capacitors 100 nF

The AC-decoupling topologies i.e., HERIC, HBZVR, and HBZVR-D have lower losses in
comparison to the DC-decoupling topologies i.e., H5, oH5, and H6. Because of the large components
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in its conduction path the H6 topology has the highest device losses. HERIC has slightly lower losses
than HBZVR, and HBZVR-D. Since VDC is the same, the influence of DC-link voltage is small in all
topologies. Because of three level unipolar output voltage the influence of ripple currents of filter
inductor is negligible. Additionally, switching losses and total losses are also mentioned in Figure 21.

5
20
®HS
g mOH5
a mH6
S 10
W HERIC
5 m HBZVR
¥ HBZVR-D

P_CON P SW PT
Loss Distribution

Figure 21. Loss distribution of various topologies at 1 kW.

6. Control Structure for Single Phase and Three Phase Grid Connected Systems

Transformerless PV based inverter structures are elaborated in this survey. Conversely, the
final structure will be different as most of them require boosting. Subsequently, the power of a
single PV panel is low and strongly reliant on ambient temperature and solar irradiance (ambient
conditions), therefore either a buck-boost or boost converter is required to attain an adequate DC-link
voltage [95-99].

Figure 22 presents a H-bridge boosting PV inverter with low-frequency transformer, with
high-frequency transformer, and without transformer, respectively. Additionally, high-frequency
versions (HERIC or H5) can easily replace the FB inverter.

v
/.

Modv e § |§ Grid
¢ Vv
High frequency

Module
Low frequency
trans former

trans former

(@ (b)

VARIZAE:
wesel—{ /| T 1 /A,

Without
transformer

©

Figure 22. H-Bridge based PV inverter with: (a) low-frequency transformer, (b) high-frequency
transformer, (c) without a transformer [30] Control is important in order to utilize and transfer to grid
the generated power effectively. The following section details the generic, single phase, and three phase
control structures of grid connected PV system.

6.1. Generic Control Structure

The main purpose of the control for single phase grid-connected systems (SPG-CS) are: (a) to
maximize the power from PV panels, the PV-side control is incorporated; (b) for the purpose of
fulfilling the demands to the power grid, the grid-side control is performed. In order to satisfy the
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requirements/demands, the generic control structure comprises of two cascaded loops [100,101].
The inner control loop is accountable for shaping the current while outer voltage /power control loop
produces the current command. In this way, the quality of power is sustained along with various other
functionalities as depicted in Figure 23 The two-main classifications of the control are:

(a) MPP control: MPP control is used to extract maximum power from solar PV modules.
(b) Inverter control: This control is use to (a) inject quality power and stay synchronize with the grid,
(b) control the power flow to the grid and (c) maintain DC link voltage at desired level.

PV panels/strings Boost

g ) , Cor (optional) Che Inverter Filter Po >

2 Py, Q Grid
25| C — ’ e
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Current/voltage control DC-link v control Grid synchronization ‘

Basic control functions

Mission profile

MPPT Anti-islanding protection ‘ PV panel/plant monitoring ‘

PV system specific functions

N

Grid support (V, £, Q)

Communication

Harmonic compensation

Fault ride through ‘ Energy storage

Flexible power control Reliability

Advanced functions (ancillary services)

Supervisory

command from

DSO/TSO

Figure 23. Generic control structure for Single phase grid-connected system [29,101].

The distributed system connected to the grid is of main importance, the disturbances when no
suitable controllers are designed and grid instability are the problems associated with grid-connected
distributed system. According to their applications, the controllers are separated into six categories i.e.,
Predictive controllers, robust controllers, linear and non-linear controllers, intelligent controllers and
adaptive controllers [29,43].

6.2. Single phase and Three Phase Control Structure

The control structure of PV inverters is composed of two cascaded loops. The response of the
inner loop is faster than that of the outer loop. The inner loop is used to control grid currents that
in turn regulate the injected active and reactive power to the grid, while the outer loop is a slow
voltage regulating loop, that is used to control the DC link voltage of the inverter. The performance of
these loops has a direct effect on the quality of output power and current protection. The significant
characteristics of inner current loop controllers include faster response and harmonic compensation in
the case of distorted grids, while the characteristics of outer loop controllers is to balance the power
flow between the the grid and the PV system. Generally, the main fractures of the outer controller
include optimal regulation and stabilized slow dynamical response of the system. The inner current
control loop is (approximately) 5 to 20 times faster than the outer voltage control loop at achieving
stability of the system. As the grid current and DC link voltage are separately controlled, hence the
transfer function of the inner loop is not required in the design procedure of outer loop controllers,
i.e.,, a DC link voltage controller [101,102]. However, some researchers have also proposed a cascaded
voltage control loop and power control loop. As an alternative to the current control loop, the power
control loop will indirectly control the current injected into the grid. Table 4 shows the detailed
characteristics of control structures for single phase PV inverters, while Table 5 summarize the feature
of three phase inverter control. The 4 and g component shown in Table 5 are used to control active
power plus DC link voltage and reactive power, respectively.
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Table 4. Control configurations for single-phase inverters [103].
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Figure 24. Configurations for single-phase inverters (a) DC/DC converter based single phase inverter;

(b) Single phase inverter without DC/DC converter; (c) Single phase inverter with PCSP.
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Table 5. Control structures for three-phase inverters [55,104].
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Figure 25. Control structures for three-phase inverters. (a) dg control; (b) aB-control; (c) abc control.

7. Conclusions and Future Work

Grid-tied inverters are the vital components for the effective interface of RER and utility in the
distributed generation system. Currently, single-phase transformerless grid-connected photovoltaic
(SPTG-CPV) inverters (1-10 kW) are attracting additional consideration. In comparison to the
transformer (TR) Gl-based inverters, their advantageous features are lower cost, lighter weight, smaller
volume, higher efficiency, and less complexity. Based on leakage current minimization approaches
these topologies are principally categorized as: GI with CMV clamping and without CMV clamping.
By incorporating extra switches, the GI can be acquired either on DC side or the AC side of H-Bridge
or NPC topology.

The technological development in power electronics sector have brought high efficiency and
large varieties of transformerless inverters into existence that are derived from the H-bridge inverter.
These derived inverter topologies have higher efficiencies and low EMI/CM. In this paper, a survey
of grid-connected single-phase photovoltaic inverters based on transformerless topologies has been
presented. The basic operational principle of all SPTG-CPV inverters is presented for positive, negative,
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and zero cycles in details. The advantages, disadvantages, and a complete analysis of each topology
are also reviewed in this survey. A comparative assessment is also performed based on weaknesses,
strengths, component ratings, efficiency, total harmonic distortion (THD), semiconductor device
losses, and leakage current of various SPTG-CPV inverter schemes. Loss analysis for various grid
connected transformerless inverter topologies at 1 kW is presented. Control schemes for grid connected
three-phase system and single-phase PV systems are also discussed, described and reviewed in detail.

The conclusion of the review is that the efficiency of AC side decoupled topologies (HERIC, REFU,
FBZVR) is high in comparison with DC side decoupled topologies (H5, FB-DCBP). This is due to
the independency and isolation of AC bypass switches from the conduction path. This significantly
reduces the conduction losses by providing a freewheeling path. In addition, in terms of loss, the
AC-decoupling device family is superior to the DC-decoupling family. Losses analysis and study
are useful for the engineer to choose and design the high-efficiency transformerless topology. In
comparison with FB-derived topologies because of the higher complexity, with ratings over 10 kW
(mini-central) three-phase inverters NPC topologies are typically used. Besides, in the range of
hundreds of kW, i.e., high power (central inverter), where multilevel inverters are too significant, NPC
topologies are also very attractive.

In the near future, the understanding of power converters is necessary for integration of RER
(i.e., solar PV) with the grid and fulfilling the grid code requirements provided by the grid operator
with a minimum harmonic injection. Currently, low-efficiency PV arrays are available, to ensure
maximum efficiency investigation into the materials for the fabrication of the PV panels is also needed.
Additionally, the overall performance and efficiency of grid-connected solar PV system will improve,
and costs will be minimized. The new topologies of grid connected inverters are in a progressive stage
since last decade. The main focus area of this research is increasing the power density and reliability,
improving the efficiency of overall performance of power converters. There are also certain important
topics in transformerless inverter that are: (a) utilization of multilevel transformerless inverters to
achieve medium voltage for grid connection; (b) future power conditioner Quasi Z Source Network (c)
development of power storage converters having LVRT capability. Furthermore, in the near future SiC
will mostly use as a power device in converters and modification of GaN converters with SiC devices
will usher in a new era of power converters by enhancing the efficiency of converters. In addition, the
emergence of thin-film PV panels and wide-bandgap devices will probably steer the research in new
directions, modifying the landscape of the most effective and most widespread converter architectures.
The authors expect that this survey will prove as a benchmark for researchers, creators, engineers and
designers working in the field of transformerless PV inverters. Furthermore, it will help users select
relevant topologies for their specific applications.
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