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This paper presents an effective single phase grid connected photovoltaic PV
system based on High Efficiency and Reliable Inverter Concept HERIC
transformerless inverter. dc-dc boost converter controlled by incremental
conductance IC maximum power point tracker MPPT is employed to achieve
the maximum extraction power of the PV panels. Proportional integral Pl

controller controls the output voltage of the boost converter to meet the

utility grid requirements. LCL filter is utilized to keep the inverter voltage
very close to sinusoidal shape. Employing the HERIC transformerless
inverter reduces significantly the ground leakage current beyond safe limits.
. Semiconductors losses are studied to investigate the efficiency of the
HERIC transformerless inverter proposed system at different insolation levels. Simulation results verify the
Leakage current high performance of the proposed system when considering leakage current
MPPT and system efficiency.

PV system

Keywords:

Boost converter

Copyright © 2020 Institute of Advanced Engineering and Science.
All rights reserved.

Corresponding Author:

Essam Hendawi,

Electrical Engineering Department,
College of Engineering,

Taif University, Tarif, Saudi Arabia.
Email: esam_hendawi@hotmail.com

1. INTRODUCTION

The Solar photovoltaic (PV) are considered as the most promising renewable energy sources,
which can meet the future energy demands and overcome environmental pollution problems [1-3].
PV systems can deliver energy either to the utility grid or standalone systems. The percentage of PV energy
to standalone loads is very small as compared to the PV energy delivered to utility grid. The optimal
utilization of PV generated power and the absence of storage batteries are the most important advantages of
grid connected systems over standalone ones.

Dc/ac inverters followed with a line transformer are employed [3] to connect PV panels to utility
grid. Either a high-frequency transformer (connected to the PV panels) or a low-frequency transformer at the
output stage of the inverter is used. The line transformer achieves two main goals; the first is the galvanic
isolation between the PV panels and the utility grid and consequently realize personal safety. The second is
raising the output voltage of the inverter to a suitable value to meet the utility grid voltage. The line
transformer attenuates the grid DC injection current and therefore improves the grid’s power quality.
In contrast to line transformer advantages, it has many disadvantages such as large-system volume,
large weight, and high cost. As a result the line transformer are rarely used nowadays in grid connected PV
systems. Unfortunately, the absence of line transformer results in lack of galvanic isolation which in turn
leads to some safety issues. A parasitic capacitor exists between the PV panels and ground where a
leakage current flows through this capacitor. The leakage current increases the system losses, distorts the
output current, induces radiated electromagnetic interference and causes personal safety problems.
Therefore, the leakage current must be reduced to recommended limits [4]. The leakage current exists as the
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common mode voltage (CM) of the inverter changes. Therefore, the changes of the common mode voltage
must be minimized to reduce the leakage current. Transformerless inverters are the best solution to overcome
the problem of leakage current as listed in the literature [5-15]. Transformerless inverters have recently
become more popular owing to its small system volume, low weight and low cost. Several topologies of
transformerless inverters are introduced including single phase and three phase inverters. Each topology has
its own circuit configuration, performance analysis, advantages and disadvantages when the following points
of view are considered: (1) ability of reducing the leakage current, (2) number of switches and their total
losses (3) system complexity, efficiency and cost. Classifications and comparison between different
topologies of transformerless inverters are presented based on the ability of reducing the leakage current,
inverter losses and inverter efficiency [16-20]. One of the most common, perfect and efficient transformerless
inverter is the High Efficiency and Reliable Inverter Concept (HERIC) [21]. HERIC transformerless
inverter is more efficient than many popular transformerless inverters such as H5, H6 and modified H6
transformerless inverters when reduction of leakage current, inverter losses and complexity are taken as
comparison criterion between inverters. With higher power, three phase transformerless inverters are
employed [22]. With transformer-less systems, researches that take into account the maximum power
extraction from the PV panels are very rare although the great importance of this issue in PV systems.
This paper proposes a complete single phase PV grid connected system which can achieve the minimization
of leakage current and maximization of power drawn from the PV panels as well. HERIC transformer-less
inverter is chosen due to its several advantages over its counterparts. dc-dc boost converter is included to
raise the output voltage of PV panels to suitable levels to meet the requirements of connection to utility grid.
Three controllers are employed in the system. The first is the incremental conductance IC maximum power
point tracker. It controls the boost converter switch in such a way that the maximum power is drawn from the
PV panels. The second controller is the boost converter output voltage controller where its aim is to keep the
inverter dc link voltage at a suitable constant value to meet the requirements of connection with grid.
The third controller generate the required control signals to the HERIC inverter switches. LCL filter is
inserted at the outer stage of the inverter to cancel the unwanted harmonics. Losses of inverter and boost
converter are estimated and consequently the system efficiency is calculated at different sun insolation levels.

2. PROPSED SYSTEM CONFIGURATION

Figure 1 presents the MATLAB/SIMULINK model of the proposed PV grid connected system.
The proposed system consists mainly of PV panels, dc-dc boost converter, HERIC transformerless inverter,
LCL filter and controllers. The following sections describe each part of the proposed system.
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Figure 1. The proposed grid connected PV system

2.1. PV panels

The PV panels consists of 720 series modules to attain the suitable voltage for the boost
converter and in turn achieve the required dc link voltage. The parameters of the PV panels are
presented in Table 1 for 100% sun insolation.
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Table 1. PV array parameters at 100% insolation level

Open circuit voltage (V) 422

Short circuit current (A) 15.2
Maximum power (W) 1209

Voltage for maximum power Vpmax (V) 346.5
Current for maximum power lpmax (A) 3.49

2.2. Boost converter

The conventional boost circuit consisting of inductor, diode, capacitor and switch is utilized.
The relation between the converter input voltage Vj (PV panels voltage) and the converter output voltage
Vo is known as:

Vo =Vij/(1-D) 1)

The duty cycle 'D' of the converter switch is controlled by the maximum power point tracker such
that "V;' is kept at a value corresponding to the maximum power at any sun insolation level.

2.3. HERIC transformer-less inverter
HERIC transformer-less inverter as illustrated in Figure 2 employs two extra switches added to the
conventional full bridge inverter. The additional switches Ss and Sg are connected back to back.

During freewheeling periods, Ss and Sg with their antiparallel diodes disconnect the PV-panels from the grid.

Operation of the inverter is based on the following rules:

a) The signals of Ss and Sg are square waves synchronized to the grid voltage, where Ss conducts during
positive half cycle with the antiparallel diode of switch Sg while Sg conducts during negative half cycle
with the antiparallel diode of switch Ss.

b) The switches S; and S, of the H-bridge conduct simultaneously at the switching frequency during
positive half cycle.

JEBe  JEEs

Figure 2. HERIC inverter

The switches S, and S; of the H-bridge conduct simultaneously at the switching frequency
during negative half cycle. The equivalent circuits of HERIC inverter during modes of operation are
given in Figure 3. There are four modes of operation during each cycle as follows:

Mode 1: Switches S;, S, and S5 conduct together. In this case, the path of the current is (boost converter — S;
— LCL filter and grid — S, — boost converter). This mode is called active mode during positive half
cycle. In this mode the inverter output voltage equals V.

Mode 2: Freewheeling mode in positive half cycle. In this mode the switch Ss with the antiparallel diode of
switch Sg conduct together resulting in grid current freewheeling and in this case the inverter output
voltage equals zero. The PV panels are disconnected from the utility grid during this mode.

Mode 3: Switches S,, Sz and Sg conduct together. In this case, (boost converter — S; — LCL filter and grid —
S, — boost converter). This mode is called active mode during negative half cycle. In this mode the
inverter output voltage equals -V

Mode 4: Freewheeling mode in negative half cycle. In this mode the switch Sg with the antiparallel diode of
switch Ss conduct together resulting in grid current freewheeling and in this case the inverter output
voltage equals zero. Also the PV panels are disconnected from the utility grid during this mode.
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Figure 3. Equivalent circuit of HERIC inverter during modes of operation

3. SYSTEM CONTROLLERS
Methods of controlling the extracted power from the PV panels, boost converter controller and
generation of control signals for HERIC transformer-less inverter switches are proposed in this section.

3.1. Maximum power point tracker (MPPT)
The well-known model of PV panels consists of current source, parallel diode, parallel resistance
and series diode. The equations relating the current, voltage and power of PV panels are utilized in a matlab

m-file to model the PV panels. The P-V characteristics at different insolation levels (100%, 60% and 40%)
are illustrated in Figure 4.
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Figure 4. PV characteristics at different insolation levels
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PV panels can be connected in parallel or series for higher total output current or voltage
respectively. The output voltage is still uncontrolled and it may vary according to environmental conditions
of PV panels. To solve this problem and achieve maximum power extraction from the PV panels, a dc-dc
boost converter is utilized to raise the output voltage at a level that meets the utility grid requirements.
Many MPP trackers are listed in the literature [23-25]. In this research, the incremental conductance (IC)
MPPT is applied to control the duty cycle of the dc-dc boost converter switch so that the output voltage of the
PV panels always follow the value corresponding to the maximum power. The algorithm of IC as presented
in Figure 5 is briefly summarized as follows:

The derivative of PV power (P) with respect PV voltage (V) is

Lov iy @)
av av

I is the PV current. Rearranging the previous equation yields to

ar

I 1 dpP
v vtyew )
The condition of maximum power is:
ap
- =0 4)

The PV power increases as PV voltage increases (dP/dV is positive) until the maximum power point
then PV power decreases as PV voltage increases (dP/dV is negative). Therefore, :—‘I/ is greater than —% at the

left to the point of P,y and 5—; is less than —é at the right to the point of Ppax

Incremental Conductance algorithm is carried out in the following steps:
a) Read the PV output current (l,,) and voltage (Vp,) then calculate the PV output power Pp,.
b) Calculate increment of the three values.
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Figure 5. Maximum power point tracker

Al = Ly nr1y = vy ®)
AV = Viy (n+1) = Vv () (6)
AP = Ppy(na1) = Ppom) ™

Indonesian J Elec Eng & Comp Sci, Vol. 20, No. 2, November 2020 : 602 - 612



Indonesian J Elec Eng & Comp Sci ISSN: 2502-4752 O 607

c) According to the sign of the increments, the duty cycle (D) of the control signal to the boost
switch is updated.

D(n+1) = D(n) +A duty (8)

The output of the MPPT algorithm is the control signal of dc-dc boost converter whose output
voltage is related to the PV panels' voltage as:

Vboost = Vpu / (1'D) (9)

3.2. DC-DC boost converter voltage controller

The output voltage of the boost converter is raised to suitable values for connection to the grid and it
always tracks the value corresponding to maximum power. This output voltage varies as the operating
conditions of PV panels change. These variations result in great problems on the connection with the grid.
Accordingly, a voltage controller is inserted between the boost converter and the HERIC inverter.
This controller as shown in Figure 6 is a PI controller the output of which is the grid reference current Igrr.
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K Ts
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Vb_ref - Gain  Discrete-Time Goto
Integrator

Constant

Figure 6. VVoltage controller of boost converter output voltage

3.3. HERIC control signals generation

The grid voltage (V), reference grid current and the actual grid current are employed with a phase locked
loop (PLL) and PI controller to generate the control signals of switches S, through S,. A comparison of (V) with zero
voltage generates square waves which drive the switches S5 and Sg during positive and negative half cycle
respectively. The phase locked loop achieves the synchronization of connection between the inverter and the grid.

4. SIMULATION RESULTS AND DISCUSSION

This section presents performance evaluation obtained through simulation results to verify the
effectiveness of the proposed PV grid connected system. The system is simulated using Matlab/Simulink
software. The incremental conductance method is employed as an MPP tracker. The algorithm of IC as
mentioned in section I11.A is written in an m-file. The algorithm receives the present values of PV current
and voltage and generate the control signal to the boost converter switch with continuous updating the duty
cycle. The boost converter output voltage controller keeps the dc link voltage (input voltage to HERIC
inverter) constant at a suitable level to meet grid connection requirements. The controller compares the
required reference dc link voltage with the actual boost voltage then a proportional integral Pl controller is
applied to the error. The proportional and integral gains are 30 and 1 respectively. The output of this
controller is the grid reference current lg.s The boost converter has an inductance of 100 mH and a
capacitor of 1000 uF. The reference grid current, actual grid current and the phase locked loop circuit are
utilized to generate the control signals of HERIC inverter switches S; to S4. The switches Ss and Sg operate
at the fundamental frequency during positive and negative half cycle respectively. An LCL filter is inserted
between the inverter and grid to get pure sinusoidal voltage V.. The inductance and capacitance of the
filter are 3 mH and 1.5 nF respectively. A series inductor L; (50 pH) is used to limit higher currents
between the PV system and grid. The parasitic capacitance for leakage current path is set at 100 nF.

Figure 7 shows the PV panels voltage, current and power with step change of insolation level from
80% to 100% at t = 1 sec. The IC MPP tracker always tracks the maximum power from the PV panels.
Figure 8 presents the boost converter output voltage Vpoosty HERIC inverter output voltage Vag, and leakage
current. The boost converter voltage controller keeps Vpqost N€arly constant at 450 V. HERIC output voltage
Vg has three levels V., -V and zero where obviously unipolar operation of the inverter is applied to get
the zero voltage level during freewheeling periods.
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Figure 7. PV panels output voltage, current and power with step change in insolation level att = 1 sec
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Figure 8. Boost converter output voltage Vpoost, HERIC inverter output voltage Vag, and leakage current

In addition, the bipolar operation is avoided because it results in high ripples in the filter inductors
and higher switching losses. The leakage current is very small and it is less than the recommended values
(300 mA) [4]. Figures 9 and 10 give the control signals and the currents in the inverter switches respectively
at the maximum extracted PV power (1200 W). The switch S5 and its antiparallel diode conduct in positive
and negative half cycle respectively. The opposite operation occurs for Sg and its antiparallel diode.
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Figure 9. Control signals of HERIC inverter switches
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Figure 10. Currents in HERIC inverter switches

5. EFFICIENCY OF THE PROPOSED SYSTEM

In addition to the system evalution presented in brevious section, the system performance is
evaluated when considering boost converter losses and HERIC inverter losses and consequently the system
efficiency is evaluated in this section. The efficiency of the system ' is defined as:

Pout __ Ppv—Losses

n= (10)

Pin va
The main significant losses are the conduction and switching losses in HERIC inverter, boost converter
switch and diode. The switch and diode conduction losses can be calculated using the following equations:

Switch conduction losses Psc = % foT IZR 45 0n dt (11)

Diode conduction losses Psc = %fOT I,V dt (12)

Where:
Is = switch conduction current
Ip = diode conduction current
Ras.on = SWitch on resistance
Vpr = Diode forward voltage

The switching losses of the switches can be derived with the help of Figure 11 where the switch
current or voltage are approximated by linear lines during the "on" and "off" periods. The switch voltage
goes from Vpeost to 0 during "on" period and from 0 to Vyees during "off" period. The switch current goes
from 0 to is during "on" period and from is to 0 during "off" period. Therefore, the switch voltage and
current during "on" period can be represented as:

Lswitch )= is # (13)

t

Vswiteh (£) = Vioost (1 - _) (14)

tOTL

The energy dissipated of any switch during "on" and "off" periods Wgg is:

ton. t t to t . t
Wss = (fo lsa * Vioost (1 - a) dt) + (fo 1 Vioost m * g (1 - foff) dt) (15)

Solution of the previous integration is very difficult since the level of the switch current always
changes over the fundamental cycle as can be investigated from Figure 10. For simplicity an approximate
value of 6A is assigned to "is" in case of 100% insolation level. Substituting Vst by 450V and is by 6A,
as shown in 15 is reduced to:

rA high performance grid connected PV system based on... (Essam Hendawi)



610 a ISSN: 2502-4752

Wes = 2700 x 12" (1 - =) dt +2700 « fot"ffL(l - )dt (16)

toff toff

L
ton
=2700* (ton + topr) /6 =450 * (ton + torr) a7

ton and t,.r are determined from the data sheet. The suitable n-channel MOSFET switch to
withstand the current as in Figure 10 and voltage Vyeos is SPW11N80C3. This chosen MOSFET switch has a
turn-on delay time (t,,,) and turn-off delay time (t,;¢) of 25 ns and 72 ns respectively. Substituting ¢,,, and
tor in as shown in 17 gives the energy dissipated in one cycle equals 4.365 * 107 J. The switching frequency
is set at 10 kHz. Therefore, the switching power losses Pss equals the energy dissipated in "one second™.

Pss = 4.365 * 10° * 10* = 0.4365 Watt (18)

The conduction losses and switching losses for each element in boost converter and HERIC
inverter are calculated and then the total system losses and system efficiency are calculated and summarized
in Table 2 at different insolation level. Also the utilization factor "K," is considered in the table. K, is
defined as the ratio between the average actual extracted PV power “P,," to the maximum expected PV
power "By max -

K, = 2 (19)

Ppymax

Investigating the results in Table 2 it is noticed that the system efficiency reached nearly 94% at
maximum insolation level. The system efficiency has a high value for 40% insolation level and above but it
decreases for 30% insolation level and below. The European efficiency "ngy" of the PV system takes into
account the changes in insolation level and it is defined as:

Table 2 Maximum PV power, average extracted PV power, output power, system efficiency and
system utilization factor

% insolation level Byvmax Py P n % K,
100 1200 1199 1126 93.9 99.9
90 1080 1078 988 91.7 99.8
80 960 958 873 91.1 99.8
70 840 8335 747 89.6 99.2
60 720 708 620.5 87.6 98.3
50 600 584.5 505.6 86.5 97.4
40 480 461.5 390.7 84.7 96.1
30 360 339 259 76.4 94.2
20 240 219.2 131 59.8 913
10 120 100 223 223 83.3

5 60 45 6 133 75

Switch current

Switch voltage

dn

| ! of;f eri:d
period’ # pene

Figure 11. Representation of switching periods of semiconductor switches

nEU: 0.031’]5% + 0.061"[10% +0. 131"[20% +0.10T‘|30% + 0.48T]50% + 0.2T‘|100% (20)

where the subscript percentage values represent percentage sun irradiation. nsgy is the PV system efficiency
at 50% irradiation. For the presented system, ney is 77.45 %
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6. CONCLUSION

A grid connected PV system is proposed which achieve maximum power point extraction from the
PV panels and realize minimization of ground leakage current as well. HERIC transformerless inverter is
employed for reducing the leakage current because of its high efficiency and reliability. dc-dc boost converter
with incremental conductance MPP tracker achieve maximum power drawn from the PV panels at different
insolation level. Three controllers are employed to the system for tracking the maximum power point,
controlling the output voltage of boost converter and controlling the inverter switches. LCL filter is used to
get sinusoidal inverter output voltage. Simulation results verify the effectiveness of the controllers and the
overall system. Both conduction losses and switching losses of the semiconductor elements are studied and
the system efficiency is estimated.
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