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Abstract:- For the grid connected Photovoltaic (PV)
systems, HERIC transformerless inverter is considered
one of the most efficient, reliable, and nearly leakage
free inverters. Unfortunately, this inverter typically
draws a discontinuous current from the PV. However,
continuous PV current is required to ensure Maximum
Power Point (MPP) operation. Hence, MPP operation
of the HERIC inverter is not a clear issue. Also, the
utilization factor (Kpv) of the PV drops to small value (=
50%), which in turn increases the size and cost of the PV
system. In this paper, a boost converter is inserted
between the HERIC inverter and PV then the system is
modeled, analyzed, and compared to the traditional
topology. Simulations for the traditional HERIC inverter
and the proposed system are done to validate the idea
and the analyses.
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1. Introduction

Photovoltaic system is one of the most promising
renewable energy systems as it is clean and
reliable. It is no longer more expensive than
traditional fossil fuels in many parts of the
world[1]. Canadian Solar, one of the big three
global solar PV manufacturers, delivered a detailed
update of its outlook Fig. 1 [2], including some
interesting forecasts on the future of solar PV costs.
It says that the cost of solar PV modules will likely
fall 25% in the next three years, from 0.47 $/w by
the end of 2014, to 0.36$/w by the end of
2017.This explains the large spread installations
and the worldwide applications of the PV systems.
PV installations are no longer isolated from the grid
but connected to it, seeking to become part of the
electricity generation mix. The power generation of
grid connected PV system is increasing

continuously all over the world, reaching values of
hundreds of mega-watts [3].Thus, making these
systems a crucial part of the future electric energy
systems and smart grids. Nowadays, most of the
PV systems are dedicated to the residential market
with typical system sizes around 2-10kW[4].
Traditional residential PV systems included a
single phase inverter with a transformer between
the inverter and the grid. The transformer is useful
for galvanic isolation thus providing personal
safety. Furthermore, it ensures that no direct
current, which could saturate the distribution
transformer, is injected into the grid. Finally, it can
be utilized to increase the inverter output voltage
level[5]. However, transformers make the system
heavy, increase the size, increase the cost of the PV
system, and reduce its efficiency. Therefore, the
transformerless PV grid connected inverters are
widely installed in the low power PV generation
systems[6].
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Fig. 1 Cost reduction road map of PV modules, by
Canadian Solar Company|[2].
Unfortunately, when the transformer is removed,
varying common mode (CM) voltage that produces
leakage current may appear in the system which
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flows through the parasitic capacitances between
the PV panels and the ground [7]. Moreover,
leakage currents lead to serious safety and radiated
interference issues [7]. Therefore, they must be
limited within a reasonable range [6-8]. In order to
remove leakage currents, the CM voltage must be
kept constant or only varied at low frequency, such
as 50Hz/60Hz [6].

A traditional method to solve this problem is to
apply the full-bridge inverter with the bipolar
sinusoidal pulse width modulation (SPWM). The
CM voltage of this inverter is kept constant during
all operating modes. Thus, it features excellent
leakage currents characteristic. However, terminal
voltage step is twice of the DC-link voltage, which
results in large Electro Magnetic Interference
(EMI) noise, high Total Harmonic Distortion
(THD), large switching losses, and low conversion
efficiency[9,10]. Also, the conversion efficiency is
greatly reduced due to the fact that there is a
reverse power flow associated with this
method[11,12].The full-bridge inverters with
unipolar SPWM control are attractive owing to the
excellent THD current, smaller inductor current
ripple, lower EMI noise, and higher conversion
efficiency. The main drawback is the fact that it
generates a varying CM voltage of amplitude
equals half the DC-link voltage, at the switching
frequency, which leads to high leakage currents [7].
Recently, various topologies have been developed
and researched to solve the problem of keeping the
leakage current lower the standard regulation
values [13]. These topologies tries to gain all
advantages given by the unipolar SPWM, but still
having the CM voltage as in the case of bipolar
SPWM. One of the most efficient and perfect
inverters used for grid connected PV systems is the
High Efficiency and Reliable Inverter Concept
(HERIC) [14]. This topology has been
implemented in some commercial inverters,
especially those from Sunway's converter [12]. It
really has high efficiency and eliminates the
leakage current effectively.

Unfortunately, there are three problems regarding
the power flow from the PV to the grid through the
HERIC topology. The first problem, is that the

HERIC topology, like all the recently developed
topologies, are based on disconnecting the PV from
the grid during the zero states or freewheeling
states. Therefore the utilization factor (K,,) of the
PV drops to small values (= 50%); as will be
explained. This factor should be raised to avoid
over size and cost of the PV system. Typical value
of K, is around 98%/[15].

The second important problem is that the inverters
must guarantee that the PV module(s) is operated at
the MPP, which is the operating condition where
the most energy is captured. This is accomplished
with a MPP tracker (MPPT). This involves that the
PV current, for a certain insolation level, must be
constant at the value of the MPP conditions.
However, this is not the case with the ordinary
galvanic isolation techniques.
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Fig. 3 HERIC inverter switches gate signals

The third problem is that the power flow to the
grid is time varying, while the power of the PV



panel must be constant for maximizing energy
harvest, which results in an instantaneous input
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Fig. 4 Modes of operation of HERIC inverter (a)
mode 1, (b) mode 2,(c) mode 3, (d) mode 4.

Power mismatch with the output instantaneous AC
power to the grid. Therefore, energy storage
elements must be placed between the input and
output to balance (decouple the unbalance) the
different instantaneous input and output powers
[16]. Usually, a capacitor is used to serve as a

power decoupling element. However, the lifetime,
the space, and complexity of the system increased
that conflicts with the requirements of operators
and consumers. Some researchers have explored
various ways to reduce the size of the required
capacitance [16-17]. In order to elevate the PV
captured energy and the K, factor, a boost
converter is added to the HERIC inverter.

In this paper, analyses of the HERIC inverter are
carried out to derive the K,,, factor. Simulations for
the traditional HERIC inverter and the proposed
system are done to validate the idea and the
analyses.

2. HERIC Inverter Operation

The advanced HERIC inverter is simply formed of
the traditional H-bridge while its load terminals are
shunted by an AC switch as shown in Fig.2.This
switch consists of two back to back transistors
Q5&Q6.Each transistor has an antiparallel diode.
Transistors are opposite in operation and operating
at the grid frequency. The functions of the AC
switch are to bypass the current during the zero
state periods and decouple the inverter from the
grid. Assuming that the grid current is of unity
power factor, the inverter operation is as follows:
The gate signals used to drive the inverter switches
are shown in Fig.3.

o The signals of Q5&Q6 are square waves
synchronized to the grid voltage, such that
Q6is on at positive half cycle. While QS5 is
on at the negative half cycle.

e The signals of Q1&Q4 of the H-bridge are
switched simultaneously, with SPWM, at the
switching frequency (only operate at the
positive half cycle).

o The signals of Q2&Q3 of the H-bridge are
switched simultaneously, with SPWM, at the
switching frequency (only operate at the
negative half cycle).

This results in four operating modes, two modes in
each half cycle.

Mode(1)only Q1&Q4&Q6 are on

In this case, the current flow from PV to the grid
throughQ1&Q4, while Q6 does not carry current as
shown in Fig. 4-a. It is called active state mode.



Mode(2) only Q6 is on

In this case, the grid current freewheels through Q6
and D5, while the PV is disconnected from the grid
as shown in Fig. 4-b. It is called zero state mode.
Mode(3) only Q2&Q3&Q5 are on

In this case, the current flow from PV to the grid
through Q2&Q3, while Q5 does not carry current
as shown in Fig. 4-c. It is called active state mode.
Mode(4) only Q5 is on

In this case, the grid current freewheels through Q5
and D6, while the PV is disconnected from the grid
as shown in Fig. 4-d. It is called zero state mode.
The on state losses and switching losses of this
topology is less than that recently introduced
topologies[10].

Also, during the zero state mode, the reactive
grid current is kept away from the PV.This has a
strong impact on the overall system efficiency and
systems design. A further advantage of this
topology is the low leakage current, as the common
mode voltage is constant[11].

2.1 Calculation of PV utilization factor with
HERIC inverter
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Fig. 5 Typical PV current of HERIC inverter.

As shown in Fig. 5, the current delivered by the
PV is not continuous. Hence, the K,, factor is
worse and the MPP tracking isa vague issue, when
used with this loading conditions. Now, we will try
to calculate the K,, factor assuming that the PV
current iyas in case of typical shape shown in
Fig.5. The K,, factor is defined as the average
generated power divided by the theoretical MPP
power Pypp:

Where; Ppy = the average actual PV power and
Pypp = the maximum PV power for a given
insolation.

The value of Ppis the average of the
instantaneous PV voltage v,, and current i,
product:

PPV = 2fg vav * ipvdt (2)
0

For simplicity, assuming that v,, has constant
value (Vmpp) at MPP condition. Hence, the average
actual PV power can be written as:

By = 2fg * Vupp Iipvdt 3
0

According to Fig. 5, i,, is a full wave rectified
sine wave at the grid frequency and modulated with
the PWM of the HERIC inverter. The amplitude of
ip, equals to the delivered peak current supplied to
the grid. That current is usually delivered at unity
power factor, as we assume here. With reference to
the method of regular sampling of sinusoidal
PWM, the duty ratio D, of the n switching cycle is
given by [18]:

D, =msin(27 2 n) (4)

Where; n = order of the switching cycle, f; =
switching frequency, f, = grid frequency, and m =
modulation index. Hence, the on time of the active
state current is T,D,, while the on time of the zero
state current is Ty(1-D,). Assuming that the current
is constant during the active state current at:

i,,(n)=1,sin(27 2 n) (5)

Where; I, = the peak current, 1< n < m,/2, and
my = f; / f, is the frequency modulation ratio.
Substitute (5) into (2), the integration sign is
transformed into the summation sign as:

"4
PV_ZfZI VMPPsm( )*DT
m,
(6)
Substitute (4) into (6);
A
P,, = —Zml Vipp SIN (—)
mf n=l1 f

(7



Let I;, = Inpp then substitute (7) into (1);
"4
Ky =— 2 Z (_) (3
My =i my

In trying to plot equation (8), it was found that K,
=0.5m for all values of mj, Therefore, we
investigate that by manipulating equation (8), K,
can be written as following'

K,y =2 Zcos(—) ©)
m, o

For unipolar PWM, m, must be an even integer [9].
Therefore, active current states are distributed
symmetrically around the zero point of the cosine
function. That in turn forces the summation part of
(9) to be zero. Hence,

K,,=0.5m (10)

Equation (10) shows that K,, is as low as 0.5, if
m =1. These analyses will be supported by the
following simulations.

3. Improved HERIC Inverter

The It has been verified, from the previous
paragraphs, that the conventional HERIC inverter
draws discontinuous current from the PV. That
issue degrades K,, and does not assure the
condition of MPP. These problems can be elevated
by inserting a boost converter between the PV and
the HERIC inverter. The boost converter is
designed to operate in continuous conduction mode
with very small current ripple 1%. Hence, the boost
source current which is the PV current is constant.

The boost converter is controlled so as to force the
PV at the MPP condition.
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Fig. 6 The improved HERIC inverter and its
controller.

Another important function of the boost
converter is the ability to capture small generated

power from the PV by boosting V,,. The improved
HERIC inverter system is shown in Fig. 6. To
extract maximum power from the PV array,
mechanical and electrical techniques are applied.
Mechanical techniques are based essentially on the
optimization of the PV array space angles so as to
maximize the incident solar energy. However,
electrical techniques are based essentially on the
optimization of the PV array load in such a way to
generate most of the incident solar energy [15]. In
this paper, the interest is on the electrical MPP
technique. The objectives of the controller are to
maintain MPP condition of the PV, adjust the DC
link voltage, and control the grid current to be
sinusoidal of unity power factor. The voltage and
current of the PV panel is fed to the MPPT loop
that generates the reference current of the boost
converter current controller .The reference value of
Vpc is adjusted to a typical value of 400V. The
HERIC inverter controller is the same as the
conventional except for the value of I, , that is
generated by the PI controller as shown in
Fig.6.The phase locked loop (PLL) synchronizes
PV system with the grid; in a manner such that
unity power factor is guaranteed.

3.1 The PV utilization factor with improved
HERIC inverter

In calculating K, for the improved HERIC
system, shown in Fig.6, the shape and value of i,
have great importance. It was found that i,, has
small ripples. These ripples must be up to 2—4% of
the MPP condition so as not to compromise K,,
significantly [19]. If the boost converter is designed
such that the ripples are so small, i, can be
considered constant. If the set point of the
controller is adjusted to be Iypp, a perfect MPP
operation can occur and the system has nearly

- ] = [PLL] K =100%.

3.2 European utilization& efficiency factors
Usually the actual PV systems operate at
different insolation levels and considered nonlinear
systems. Hence, performance parameters and
factors (such as the efficiency, K,, ...etc) are
nonlinear. In order to make a fair comparison of the



inverters under partial load conditions, the
European factors are defined [20-22]. For example,
the European efficiency is defined as:

Ty = 0.03775,, +0.0677,, +0.1377,, +0.177;5, + 0.48175, + 0277,
(11)

By the same manner, the European K, is defined
as [15]:

k|, =003k, | +0.06k | +0.13k | +0.1k [ +048k | +02k |

(12)

4. SIMULATION RESULTS

The The PV grid connected system with the
conventional HERIC inverter, shown in Fig.2, is
simulated using Matlab. The system parameters are
given in Table [1]. The PV panel of the proposed
system has the same power as the conventional one
but rearranged to have the parameters given by
Table [1].The inverter is as usual a current
controlled inverter operating at unity power factor.
The current controller was a PI controller. The PI
controller generates the modulating signal for the
traditional sine-triangle SPWM unit. In turn, the
SPWM unit produces the gate signals for the H-
bridge switches.

Table 1 System Parameters

Parameters Value

PV SC current 16.35A

PV OC voltage 533V
Proposed PV SC current 32.7A
Proposed PV OC voltage 266 V

Filter capacitance (Cf)  2nF
Filter inductance (Ly) 1.8 mH
Grid voltage 230V
Grid frequency 50Hz
Switching frequency 10KHz
DC link capacitor 2000pF

While the gate signals for Qs and Qg are square
waves synchronized to the grid voltage. The
reference current of the current controller was the

100%

output of MPP tracking unit through a gain. The
filter type was a symmetrical LCL, as
recommended by [12]. The grid current, the PV
current, the inverter voltage, and the earth leakage
current of the simulated system, are shown in Fig.
7. The earth leakage current is 20mA less than the
German VDE -0126 -1-1 standards [12]. Figure 8
shows the grid current, the PV current, the inverter
voltage, and the earth leakage current of the
proposed system. The PV current is constant at
Ivipp, which is 29.7A at this operating point, to
insure true MPP operation. This issue forces the
system to operate at a high utilization factor. The
comparison of the utilization factor K, of both the
conventional HERIC and proposed at different PV
output power levels is shown in Fig. 9. The figure
indicates that K, of the conventional HERIC is low
(around 50%) as depicted by the previous analyses.
If the current absorbed from the PV is set to Ivpp,
then K,, must be 50%. As the MPP operation is
vague, the PV current may take values apart from
MPP condition, which demonstrates K, variations
around 50%. It is also noted that the maximum
output power from the conventional HERIC is
limited to nearly half the PV power rating.

The calculated European K, for the proposed and
the conventional HERIC topologieswere99.9% and
56% respectively. The efficiency comparison
curves of the proposed and the conventional
HERIC topologies are illustrated in Fig.10. Note
that the presented efficiency diagram covers the
total device losses and the output filter losses but it
does not include the losses for the control circuit. It
is clear that the efficiency difference between of the
proposed and the conventional topology is very
small. It also to be noted that the efficiency decays
slightly as the output power increase. The reason
behind this is the increase of the conduction losses
with the increase of the output power. However, the
switching losses are greatly affected by the
switching frequency which is nearly constant at all
power levels. In Fig. 9 and 10 the output power of
the conventional HERIC system is limited to nearly
half the PV rated power. European efficiency of
the proposed and HERIC topologies are 95.5% and



96.6% respectively, which are calculated using

equation (12).
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Fig. 7 The simulated inverter voltage, grid current,
the PV current, and the earth leakage current of the
conventional HERIC inverter.
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Fig. 8 The simulated inverter voltage, grid current,
the PV current, and the earth leakage current of the

proposed HERIC inverter.
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Fig. 9 Variations of K, with P,for the
conventional and proposed systems.

Fig. 10The efficiency comparison curves of the
proposed topology and the conventional HERIC
topology.

5. Conclusions

FOC In this paper, investigations of the
utilization factor of the conventional HERIC
transformerless grid connected inverter are carried
out. Based on some reasonable assumptions, an
expression for the utilization factor is derived. The
result was surprising that the utilization factor of
the conventional HERIC inverter is around 50%.
Also, some problems related to the MPP operation
of the PV with this inverter are discussed. It is also
explained that MPP operation with is it vague and
does not give actual maximum power extraction.
An improved HERIC inverter system is proposed
to elevate these problems. The simulation results
shows that the proposed system has nearly 100%
utilization factor and proofs MPP operation.
However the overall efficiency of the new system

is slightly less the conventional one.
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