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ARTICLE INFO ABSTRACT

The increasing use of inverters in microgrids and Photovoltaic generation systems
has made it more crucial than ever to achieve low-distortion, high-quality power
export from inverters. The presence of harmonics in the grid's pre-existing
voltage/current distortion will result in poor power quality. A well-designed
inverter impacts minimizing the percentage of total harmonic distortion (THD) in
the power supplied to the grid. This paper proposes H6 inverter topology in
comparison with conventional H4(Full-bridge) topology to reduce the grid
disturbance in the context of THD and maintain good waveform quality. The
Transformer-less Single-Phase Grid-Connected photovoltaic inverter using
MATLAB/Simulation is implemented. The depreciation of %THD and
improvement in the power factor in the proposed system emphasize its
prominence in practical implementation.

Keywords: total harmonic distortion, inverters, photovoltaic (PV) systems.

I. INTRODUCTION

Solar power systems and other renewable energy sources have experienced steady growth in global electrical
energy production. The utilization of solar photovoltaic (PV) systems for generating electricity is on the rise,
driven by decreasing installation costs, rendering it a competitive option among sustainable energy solutions
[1]. Anticipating the grid integration of multiple small inverters (less than 50 kW) with specific features is
feasible for PV systems. However, existing standards and guidelines for grid-connected generators were
developed before the widespread adoption of small-scale systems employing power-electronic interfaces.
Researchers and Distribution network operators (DNOs) researchers in the field highlight power factor
characteristics and harmonic distortion as pressing concerns requiring immediate attention. Harmonic
distortion poses particular risks to distribution losses and potential disruptions to other consumers on the
network when power-electronic sources operate in parallel, two distinct effects, attenuation, and cancellation,
impact harmonic generation (refer to [2] and [3]).

Network service providers often prioritize the power factor of sources and loads because it impacts losses.
Many commercial inverters designed for grid-connected small generators are engineered to operate at a unity
power factor. This concern affects equipment manufacturers, utility companies, and distribution network
operators (DNOSs).

Numerous national and international organizations are actively involved in developing standards for electrical
supply systems. In the USA, such organizations include the IEEE; in the UK, the British Standards Institution
(BSI) and the Electricity Association; and internationally, the IEC. These collective efforts have created two
draft Standards to date: IEEE P1547/D10 [4] and G83 [5].

This paper proposes an H6 grid-connected photovoltaic inverter, a simple LCL filter has traditionally been
utilized. The impetus of this research is to rate the impact of the H6 inverter topology on the overall working of
a photovoltaic system connected to the grid. A single DC-link decoupling capacitor is incorporated into the H6
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inverter to improve the circuit reliability. In section II system configuration is provided with a detailed
explanation. In Section III two types of inverter topologies and their respective modes of operation are
presented. Section IV consists of a phase-locked loop. Section V consists of Grid Requirements and Standards.
Section VI provides the parameters of the system. Section VII provides simulation results and discussion.
Section VIII provides tables and graphs that signify the performance of the overall system. Section IX
concludes the hypotheses followed by the referred citations.

II. SYSTEM CONFIGURATION

IRRADIANCE
INVERTER
TEMPEEATURE
Fig 1. System Configuration
Voltage Controller multipler Current Controller
Vde ref Ede
PI Controller PR Controller [y PWM 4
Vdc act

Vgrid

Vde

s

Grid synchronization

Fig.2. Control Structure

2.1 Single-Phase Grid-Connected PV Inverter Control and Operation

Figure 1 outlines the system's main components. It depicts the connection between the PV array and the
inverter through the DC link, which serves to stabilize the DC voltage and mitigate fluctuations caused by
occasional heavy current demands from the inverter. Subsequently, the inverter interfaces with the grid via a
filter. Key inputs to the PV array include irradiance and temperature data. Within the system, the inverter
plays a crucial role in converting DC voltage to AC voltage. A Maximum Power Point Tracking (MPPT)
technique is incorporated, specifically, Perturbation and Observation (P&O), to determine a reference DC-link
voltage (Vdc*) dependent during operation on the PV voltage. Moreover, a control mechanism, such as a
proportional-integral (PI) controller utilizing a phase-locked loop (PLL), regulates the grid current's
amplitude (ig), derived from the PLL, to modulate the DC-link voltage (Vdc) accordingly.

2.2, MPPT (Maximum Power Point) Operation

Perturb and Observe MPPT is used here due to its simplicity. It is the Perturb and Observe MPPT algorithm
that is most widely used, and it has been around for a long time. As the flowchart in Figure illustrates, the
Perturb & Observe algorithm is widely used due to its simplicity [16]. After a series of observations and
perturbations, the operating point links up to the MPP. An algorithm determines the time needed to reach
MPP by combining the power and voltage of time (K) with samples at a time (K-1). In positive power changes,
a little voltage perturbation affects the panel's power, and the voltage perturbation continues as before. The
MPP lies far from the MPP if delta power is negative, so the perturbation is reduced to approach it. Therefore,
the MPP is discovered by minor perturbations of the PV curve, which amplifies the algorithm's response time.
When perturbation size increases, steady-state oscillations are observed around the MPP.



Repalle Rohit et al / Kuey, 29(4), 4151 1277

Find: V1 and V2

Measure: V(k), I(k)
Compute: P(k)= V(k) x I(k)

[
dP=P(k)-P(k-1)
dv=V(k)-V(k-1)

Yes

[ ot=pik-1400 | | o= Dk-1)-00 || D)= DY1-1)-00 ” D(k)= D(k-1)+dD |

Fig.3.Flowchart of P & O Algorithm

III TYPES OF INVERTERS

3.1. (H-bridge/H4) Inverter

The DC power is converted to AC power using an H-bridge inverter with a full-bridge topology. Four
controlled switches with four diodes contribute to the circuit of a full-bridge inverter, as Figure 4 below
illustrates. The switching sequence of an H-bridge inverter, also known as an H4 inverter, will vary depending
on the type of the output waveform and the modulation used; e.g., sinusoidal PWM, square-wave, etc. In
generating a sine wave output utilizing a sinusoidal PWM method, the following is an example sequence:

Positive Half-Cycle: The output waveform during the positive half-cycle, S1, and S2 are activated to link the
positive terminal of the DC input to the load. At the same time, S4 and S3 are deactivated to prevent any short
circuits across the DC input.

Negative Half-Cycle: the output waveform during the negative half-cycle:

¢ Turning on switches S3 and S4 to connect the negative voltage of the DC input to the load.

¢ S1 and S2 are turned off to prevent a short circuit across the DC input.

When repeated at a high frequency, this switching sequence effectively produces a sinusoidal output waveform
across the load. the magnitude of the output voltage is controlled by adjusting the duty cycle of each switch,
thereby generating a sinusoidal waveform.

Tort Ukt

« LT =04 ==

Fig 4(a) H4 inverter model circuit
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3.2. Proposed H6-Inverter

In Figure 5a, we present the H6 inverter setup. This configuration introduces two extra switches, S6 and S5
are incorporated into the H4 inverter design. Fundamentally in the H4 model, at the grid frequency switches
S1 and S4 operate, while at the switching frequency switches S3 and S2 alternatively operate. The switches, S5
and S6, alternate between the grid frequency and switching frequency to serve as a DC which results in four
distinct modes.

In the positive half cycle, switches S5, S1, S2, and S6 are triggered, as depicted in Figure 5b. In the subsequent
freewheeling period, switches S2 and S6 are turned off, enabling the current to freewheel through the
antiparallel diode of S3 and switch S1, as illustrated in Figure 5c.
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Figure 5 showcases the H6 inverter along with its distinct operational modes:

During the negative phase of the grid voltage cycle, switches S5, S3, S4, and S6 are active, as depicted in Figure
5d. In the subsequent freewheeling period, illustrated in Figure 5e, switches S5 and S3 are switched off,
allowing the current to flow through switch S4 and the antiparallel diode of S2. As a result, in both the positive
and negative phases of the grid voltage cycle, four switches are engaged during active operation modes. It's
worth noting that throughout all four modes, the common-mode voltage (Vem) remains consistent at Vpv/2,
effectively eradicating any leakage current.

IV Phase-locked loop (PLL)

For grid-connected operation, an inverter module integrating a phase-locked loop (PLL) is indispensable. This
module utilizes the measured grid AC voltage as a reference to determine both the grid frequency and a
specific phase angle for precise control of the inverter output signal. Under their closed-loop design, PLLs
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effectively minimize errors in both output and reference phases. As a result, the performance of the inverter is
directly influenced by the operation of the PLL module [19].

Table I Grid-Connected PV System Standards and Grid Codes

Standard no Publication Origin THD Power Factor
IEEE 1547 [17] USA (IEEE) Lessthan 5% | 0.9to 0.97
IEEE 929-2000 [20] USA (IEEE) Lessthan5% | >0.85

IEC 61727 [28] Swiss (IEC) Lessthan 5% | >0.90
AS4777[431-145] Australia Lessthan 5% | 0.8t00.95
EN 61000-3-2 [22] England Lessthan 5% | NA

EREC G83 [21] England Lessthan 5% | 0.95

VDE 4105 [18] Germany Less than 5% | 0.89 t0 0.95
BDEW [23] Germany Lessthan 5% | 0.95

GB/T 19964-2012 [24] | China Lessthan 5% | 0.95

JEAC 9701-2012 [25] Japan Lessthan 5% | 0.9 t00.95

V Grid Requirements and Standards

Grid-connected photovoltaic (PV) systems must adhere to various standards set internationally and by
individual countries to ensure safe and efficient integration with the grid. Below is a concise overview of key
grid codes commonly regulated by major countries and associations. More detailed information can be found
in [42].

Adherence to these standards is crucial for ensuring the safe and effective operation of grid-connected PV
systems, and installers and operators must stay informed about and comply with relevant regulations in their
respective regions. When integrating a PV panel with the grid, several parameters must be carefully managed
to ensure satisfactory performance. Among these, two major ones are total harmonic distortion (THD) and
power factor.

In many PV standards, the maximum allowable THD of the output current is typically limited to 5%. This
restriction is aimed at enhancing power quality within distribution feeders. THD refers to the level of
distortion in the electrical waveform caused by the presence of harmonics, which are multiples of the
fundamental frequency. Excessive THD can lead to issues such as voltage distortion and equipment
malfunction.

Additionally, the power factor is another critical parameter to consider. A low power factor can result in
inefficient use of electrical infrastructure and increased losses in the system.

By adhering to standards that limit THD and emphasize a high-power factor, PV systems can contribute to
improved power quality, enhance grid stability, and minimize adverse effects on electrical equipment and
distribution networks.

VI Parameters of the Single-Phase Grid-Connected Photovoltaic System are shown in Table II
Table II Parameters of the 1-Phase Grid-Connected PV System

Photovoltaic Rated Power 3.5 KW
Inverter input capacitor(DC link) Cac = 1100 uF
LCL Filter Liny = 4.8 mH,
Ct = 4.3 nF,
L; =15 mH
Switching Frequency find = 10 kHz
Controlling Sampling Frequency fs = 20 kHz
DClink Voltage Vi =513V
Grid Nominal Voltage (RMS) V.=230V
Grid Nominal Frequency f. = 50 Hz
Load R=72.28 Q
L=220e-3
C=45e-6

VII Simulation Results and Discussion

7.1 Current-Voltage & Power-Voltage characteristics of Photovoltaic module

Figure 6 shows that the alternating current (Isc) increases with temperature due to its positive temperature
coefficient, while the voltage (Voc) decreases as temperature rises, influenced by its negative temperature
coefficient. Additionally, the power output, determined by the product of voltage and current, decreases with
temperature, reflecting a negative temperature coefficient. These observations are based on standard
irradiance (1000 W/m2) and a standard temperature of 25°C.
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Array type: Trina Solar TSM-250PA05.08;
14 series modules; 1 parallel strings
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Fig 6. Current-Voltage & Power-Voltage characteristics of Photovoltaic module

7.2. Grid Voltage and Grid Current using H4 inverter in a Grid-connected Photovoltaic System
Figure 7, Upon connecting the PV system to the grid through the application of pulses to the H-Bridge
inverter, harmonic distortion becomes noticeable in both the grid voltage and grid current waveforms. The
presence of harmonics leads to an escalation in Distortion Power, consequently elevating the Apparent Power
requirements of the system. To mitigate this challenge, improvements in the current waveform are imperative,
potentially through the adoption of a novel inverter topology.

I

250 - ol

| | 1 | | | | | |
0 0.05 01 0.15 02 025 03 035 04 045 05

Fig 7. Grid Voltage and Grid Current using H4 inverter in a Grid-connected Photovoltaic System.

7.3. FFT (Fast Fourier Transform) spectrum for H-Bridge(H4) based Grid-connected
Photovoltaic system

Figure 8 shows the FFT spectrum using an H4 inverter in a Grid-connected Photovoltaic System. The FFT
spectrum for the H4 inverter gives the %THD as 7.59% at 100% loading which is not the acceptable value in
grid-connected photovoltaic systems and signifies the use of other inverter topology has to be made to reduce
the harmonic value.
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Fig 8. FFT spectrum using H4 inverter in Grid-connected Photovoltaic system

7.4. Grid Voltage and Grid Current using H6 inverter in Grid-connected Photovoltaic System
Figure 9 is the Grid Voltage and Grid Current of an H6 inverter in a Grid-connected Photovoltaic System.
when the PV system is connected to the grid by giving the pulses to the H6 inverter there is less distortion or
appearance of low harmonic compared to the H4 inverter. Therefore, the system has been improved by
replacing the H4 inverter with the H6 inverter.
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0 0.05 01 0.15 02 025 03 0.35 04 045 05

Fig.9. Grid Voltage and Grid Current using H6 inverter in Grid-connected Photovoltaic System

7.5. FFT spectrum for a grid-connected Photovoltaic system using an H6 Inverter

Below Figure 10 is the FFT spectrum of a Grid-connected Photovoltaic System using an H6 inverter. The FFT
spectrum for the H6 inverter gives the %THD as 4.96% at 100% loading which is better in performance in
grid-connected photovoltaic systems when compared with the conventional H4 inverter. Comparison of grid
voltage, grid current, THD, and power factor at different loading conditions for H6 inverter are detailed in the
IV section

FFT analysis
Fundamental (50Hz) = 4.318 , THD= 4.96%

Mag (% of Fundamental)
E=N

0 masmasas
0 200 400 600 800 1000

Fig.10.FFT spectrum using H6 inverter in a grid-connected Photovoltaic system
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VIII Comparison of the Inverter Topologies

8.1. Table III: - Results for Grid-Connected Photovoltaic System Using H4 Inverter

The grid voltage (Vg ms), the grid current (Ig rms), the power factor(pf), and % THD for the grid current are
measured at every loading condition. The simulation work for single-phase grid-connected PV systems is
conducted at five different loading conditions (100%, 80%, 60%, 40%, and 20%) for both H4 and H6 inverter
topologies. Grid specification in the production of voltage ranges between 220 to 240 voltages, in both
topologies, the H6 inverter has a good production in voltage in comparison with the H4 inverter as the THD
value is decreasing which in turn increases the apparent power and overall efficiency of the system. In the Hg
inverter Efficiency decreases as the real power decreases because of the reduction of power due to the total
harmonic distortion in the grid current. Grid current value represents the withstand capability for small loads
in the microgrid utilization. The H6 inverter topology has high reliability when compared with the H4 inverter
in the context of supplying power to the load.

Load Variations Grid Voltage | Grid Current (Ig) | Power Factor % THD for grid
(%) (Vg) (ph current

100 228.3 3.237 0.989 7.59

80 228.4 3.965 0.989 6.72

60 228.5 5.239 0.991 5.92

40 227.4 7-797 0.992 4.25

20 228.1 14.54 0.992 3.25

8.2. Table IV Results for Grid-Connected Photovoltaic System Using H6 Inverter

Load Variations Grid Voltage | Grid Current (Ig) | Power Factor % THD for grid
(%) (Vg) current

100 229 3.27 0.992 4.96

80 228.4 3.96 0.994 4.62

60 228.4 5.239 0.995 3.78

40 228.6 7.824 0.996 2.50

20 228.9 14.62 0.997 1.19

8.3. Power Factor Comparison Between H4 and H6 Inverter

Figure 11 is the power factor comparison of a Grid-connected Photovoltaic System using H4 and H6 inverters.
The power factor defines whether the voltage is in phase with the current or not. From the above figure, we can
say that the grid-connected system using the h6 inverter shows better performance when compared with the
conventional h4 inverter in grid-connected photovoltaic systems.

Power Factor Comparison
Between H4 And H6 Inverter

.992-0.992
.99f0
0.989-0.989

100 8U— Iéﬁ Invarder 20 H6 Inverter
Fig11. Power Factor Comparison between H4 and H6 Inverter

The power factor also signifies the efficiency of the system. If we refer to the causes of the low power factor one
of the fundamental causes is the presence of harmonic current. so, the presence of harmonics directly impacts
the reduction of the power factor as seen in the graph.

8.4 THD Comparison Between H4 and H6 Inverter

figure 12 is the Thd comparison of a Grid-connected Photovoltaic System using H4 and H6 inverters. From the
above figure, the grid-connected system using the h6 inverter performs better in terms of Thd when compared
with the conventional H4 inverter in grid-connected photovoltaic systems. The Thd signifies the efficiency of
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the system. The presence of harmonics directly impacts the reduction of the power factor. In the proposed
model the H6 inverter is used in the grid-connected photovoltaic system which reduces the harmonics.

Comparison of THD for H4 and H6

Inverter
8
6
4.96 4.62
3W8 - 5
5 .
19
0

100-®gH4 INYERTER  75@=H6 INVERTER
Fig12. Comparison of THD for H4 and H6 Inverter

From the graph when the load is 20% the percentage of difference in the value between H4 and H6 is 36.6%
when the load is 100% the percentage of difference in the value between H4 and H6 is 59.4%, therefore when
the load is increasing from 20% to 100 % the difference of the value of THD between H4 and H6 is 22.8%
which emphasis the necessity of using H6 inverter in a grid-connected photovoltaic system.

IX Conclusion

When Photovoltaic systems are connected to the grid, there are several challenges to consider. One of the
challenges, specifically with the large-scale use of PV systems, is harmonics in PV systems. This paper
investigates the use of inverters to reduce harmonics and improvement in the power factor in grid-connected
PV systems.

MATLAB/Simulink was used to create a single-phase grid-connected PV system for both the H4 and H6
inverters. Total Harmonic Distortion was utilized as the performance metric in this comparison (THD). This
study presents the simulation results using the Harmonic spectrum. The H4 inverter has a percent THD of
7.59 percent for single-phase grid-connected Photovoltaic systems during 100 % loading, but the H6 inverter
has a percent THD of 4.96 percent for 100% loading. There is a significant improvement in the power factor
using the H6 inverter When compared to a system utilizing the H4 inverter. The proposed system's reduction
of %THD and enhancement of the power factor highlight its importance in practical usage.
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