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Abstract: Due to their small size, minimum cost, and great efficiency, photovoltaic (PV)
grid-connected transformerless inverters have been developed and become famous around the world
in distributed PV generators systems. One of the most efficient topologies of the transformerless
inverter family is H5 topology. This inverter extracts a discontinuous current from the PV panel,
which conflicts with the operation at maximum power point tracking (MPPT) conditions while the
utilization factor of the PV degrades. This paper proposes improved H5 topology featuring a boost
converter inserted in the middle between the PV panels and the H5 inverter. The design of the boost
converter is planned to operate at continuous conduction mode to guarantee MPPT conditions of the
PV. A new and simple off line MPPT algorithm is introduced and performance factors like efficiency
and utilization factors of the proposed and convention H5 topology are compared. The simulation
results indicate that the proposed system provides a preferable utilization factor and a simpler
MPPT algorithm.
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1. Introduction

Among all renewable energy sources, photovoltaic (PV) energy is generally rated as the most
attractive and sustained source because it is available throughout the year. In the future, more than 45%
of the needed power is anticipated to be generated by PV arrays. The cost of these systems depends
on the PV module size. Therefore, to reduce the cost of a PV system, the electric power driven by the
PV must be efficiently consumed. Altered system structures can be used to enhance overall system
efficiency [1-3].

PV arrays can deliver energy to stand-alone applications or utility grids. Delivering power to
a utility grid is becoming an increasingly popular option [4-8]. To connect PV arrays to the utility
grid, the DC/AC inverter followed by a line transformer is used [9]. The line transformer realizes
the following goals: (1) galvanic separation between the PV array and the utility electricity network
and consequently achieves individual protection and safety, and (2) raises the voltage produced
by the inverter to a suitable value to meet the utility grid voltage. These transformers have many
drawbacks including high system cost and decreased efficiency. The transformers are very large and
heavy. Without a line transformer, leakage current forms through parasitic capacitances between
the PV array and the ground [10-12]. The leakage current results in radiated interfering problems
and other severe safety issues; the current must be reduced to limited values [10]. The German DIN
VDE 0126-1-1 standard [13] restricts the values of the leakage current in a PV grid-connected system.
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The leakage current is produced due to the alternation in the common mode (CM) voltage of the
inverter. The variation of the CM voltage must be minimized to diminish the leakage current.

To resolve the issue concerning leakage current, several solutions can be used.
Conventional half-bridge inverters can be utilized, but the main problem involves dc voltage
utilization at 50% and the significant number of PV arrays needed [14]. Conventional full-bridge
inverters with bipolar or unipolar SPWM can solve the problems created by half-bridge inverters [15].
With bipolar SPWM, the current ripples in the filter inductors and switching losses are high while with
unipolar SPWM the common mode voltage changes at switching frequency, something which results
in high leakage current. Another approach to minimize leakage current is to employ transformerless
inverters [16-19]. The basic idea of transformerless inverters is to disconnect the dc side (PV array)
from the ac side (inverter and grid) in freewheeling modes. Consequently, the CM voltage is kept
nearly constant. Transformerless PV systems demonstrate the advantages of lower cost, lower system
size, and higher efficiency when compared to line transformer systems. Several topologies have been
developed in the literature including highly efficient and reliable inverter concept (HERIC) topology,
such as H5 and H6 topologies. Various versions with modifications to those transformer-less inverters
have been introduced [20-22]. Each topology has its own benefits and drawbacks involving the ability
to reduce leakage current, the number of switches and their total losses, and system efficiency and cost.
Among these inverters, an H5 inverter has been chosen as a case of study. These inverters have the
fewest number of switches (5 switches) which leads to a reduced cost and a simpler overall inverter
compared to other inverts. Therefore, H5 topology has been adopted by SMA Solar Technology
AG [23], the world’s biggest producer of inverters. The only problem is the high conduction losses
where three switches conduct together during active modes.

Several studies have been reported in the literature regarding H5 inverter. Reference [24], reports
a serious CM current in practical applications due to its asymmetric structure. The authors propose an
electromagnetic interference (EMI) filter to suppress the CM current, but the EMI filter will increase the
size and weight as well as the cost of the inverter. An effective H5 topology [25] called H5-D topology,
is introduced to suppress CM current in the inverter with H5 topology. However, the main weakness
of that topology is its complexity.

When employing transformer-less systems, researchers have considered the maximum power
drawn from the PV system. Hence, it is important to follow up the maximum power to improve the
utilization factor of the PV system. A maximum power point tracker is also used to continuously
draw maximum power from the PV array. Many MPPT techniques have been developed and are
part of the literature [26-30]. There are two ways to track the maximum power point (MPP) of a PV
panel, electrical and mechanical tracking. Electrical tracking depends on the P-V and I-V curves of a
PV panel, while mechanical tracking is based on changing the PV panel orientation according to the
Sun’s position. In practice, fixed PV panels are preferred due to their higher robustness and lower cost.
Usually, electrical MPPT tracking techniques are employed. The MPPT can be categorized into offline,
online, and hybrid method. Some of the MPPT online techniques include the Perturb and Observe
(P&O) method, Incremental Conductance (IC) method, Artificial Neural Network method, and Fuzzy
Logic method [31-35]. The online techniques are precise and compensate for different disturbances.
However, it is more complex and needs higher cost than offline techniques. Offline techniques are
considered the easiest to apply using several algorithms in the literature [28]. The Fractional Open
Circuit Voltage (FOCV) and Fractional Short Circuit Current (FCCC) are common methods of the offline
techniques. Using the FCCC method enhances the system efficiency than FOCV [30]. Unfortunately,
the H5 inverter structure with the conventional operation has a general problem. Which is the H5
structure is disconnected the PV panel from the utility grid during zero state mode. Therefore, the PV
panel utilization factor (Ku) drops to small fractional values, where this factor should be near unity to
improve the cost and the size of the PV panel [36].

This paper proposes an improved H5 topology to increase the PV panel utilization factor and
extract maximum power from the PV panel. The proposed system featuring a boost converter inserted
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between the PV panel and the H5 inverter. The boost converter is used as an impedance matching
device between the PV array on one side and the H5 inverter and the grid on the other side. It is
designed to operate at continuous conduction mode, such that the PV current is continuous at the
MPPT value. The maximum power point tracker is a simple offline technique uses the FCCC method.
However, the FCCC is modified using curve-fitting techniques to generate the duty cycle that drives the
boost converter with the PV at MPPT. On the other hand, the utilization factor of the system is improved
by extracting continuous current from the PV. A theoretical explanation for the system utilization
factor improvement is presented. Also, the reduction of leakage current to reasonable values according
to commonly accepted standards is achieved. The performance factors like efficiency and utilization
factors of the proposed and convention H5 topology are compared. The simulation results indicate
that the proposed system provides a preferable utilization factor and a simpler MPPT algorithm.

This paper is arranged as follows: Section 2 includes discussion of the conventional H5 converter
operation and utilization factor analysis and calculations. Section 3 presents the proposed improved
H5 inverter system. All controllers of the improved H5 and control approaches are found in
Section 4. Simulation results and their discussions are presented in Section 5. Finally, Section 6
shows the conclusions.

2. Conventional H5 Converter

Figure 1 shows the conventional H5 transformerless inverter topology. In the figure,
the conventional H-bridge inverter is connected to the PV panel using the fifth switch. The switch
operates at the same frequency as the utility grid’s frequency. Moreover, it works to disconnect the PV
array from the grid in zero state, something which cuts off the path for leakage current. As a result,
system leakage current is greatly decreased. The H5 topology has fewer power switches than other

topologies like HERIC and H6.
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Figure 1. H5 inverter topology.
2.1. Conventional H5 Converter Operation and Control
The following main operation principles for the H5 inverter are summarized in Figure 2:

e  The upper group switches (Q1 and Q3) operate alternately at the grid frequency. (Q1) is on during
the positive half cycle, while (Q3) is on during the negative half cycle. The control signals of
switches (Q1 and Q3) are pure square waves at the supply frequency.

e  The lower group switches (Q2 and Q4) operate alternately at the grid frequency. (Q4) is on during
the positive half cycle, while (Q2) is on during the negative half cycle. The control signals of
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switches (Q2 and Q4) are square waves at the supply frequency, but are modulated with PWM as
shown in Figure 2.

e  The switch (Q5) operates with PWM simultaneously with either switch (Q4) in the positive half
cycle or switch (Q2) in the negative half cycle.

0 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0016 0.018 002
Time (sec)

Figure 2. Control signals of H5 inverter switches.

The operation of the H5 inverter may be divided to four modes. The first mode is named the
active state mode and the current passes via Qs, Q1, and Q4 from the PV panel to the grid as presented
in Figure 3a. The second mode is named zero state mode since there is no energy transfer from the
PV to the grid. In this mode, the grid current freewheels through Q; and Dj3, but the PV panel is
disconnected from the grid as shown in Figure 3b. Figure 3c demonstrates the route of the third mode,
it is also an active state mode. In which, the current circulates over Qs, Q3, and Q, from the PV unit to
the grid. The fourth mode is also called the zero state mode. In this mode, the grid current freewheels
via Q3 and Dy, and the PV panel is disconnected from the grid as shown in Figure 3d.
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Figure 3. H5 inverter modes of operation (a) mode 1, (b) mode 2, (c) mode 3 and (d) mode 4.

The conventional HS5 inverter has three controllers; namely, the grid current controller, the DC
link voltage controller, and the MPPT controller. The first two controllers are typically the same as the
proposed counterparts that will be discussed with the proposed system. However, the third controller,
the MPPT controller, function is to extract maximum power from the PV. This control loop has a
very slow response compared to the first two controllers, due to the fact that insolation fluctuations
are usually slow. As mentioned before, there are many MPPT techniques in the literature, but, the
incremental conductance method is selected for the conventional system. The details of the incremental
conductance method are presented in [37].

2.2. Utilization Factor of a PV Array Supplies Conventional H5 Inverter

The utilization factor, Ky, is a factor that measures how the PV utilizes the solar incident power.
It is defined as the average generated power from the PV (Ppy) divided by the maximum power that
can be generated Py;ppr and is given by [37,38]:

P
Ky =5 (1)
MPPT

Ppy and Pyppr are approximately calculated to determine K;,,. Knowing the typical currents
supplied by the PV array to the H5 inverter as shown in Figure 4, the average generated PV power
(Ppy) at a certain operating point is given by:

05/f;
PPVZng / Opolpodt 2)

0

where vy, is the PV voltage, iy, is PV current, and f, is the grid frequency.
At maximum power point condition and for simplicity, v, = Vppr, which is a constant value.
Therefore, the average output power of the PV array is:

0.5/f;
Ppy = 2f¢Vimppr / ipodt (3)
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Due to the discrete nature of i), as shown in Figure 4, the integration sign is replaced by

a summation:

Ppy = 2fVimppr Y Siipo(j) 4)
=1
where §; is the pulse width, j is the pulse order, my is the modulation frequency ratio, and m is the
modulation index. Knowing the values of 5]- and iy, (j) for each pulse [37], Equation (4) becomes:

0.5 .

O.Smf ) (5)

m
Ppy = ——IympprV, Y sin?
PV O.Smf MPPT VMPPT = sin”(

By substituting Equation (5) into Equation (1) with the help of trigonometric relations, the result
is:

1 j
K, =05m|1—— cos( ) (6)
mf ]; 0.25H1f

Generally, for unipolar SPWM mf should be an even integer. Therefore, the summation part in
Equation (6) will be zero. Therefore:
u=05m ()

Hence, for a PV-H5 inverter conventional system, the MPPT condition is not precise and the factor
K, is lower. These changes occur as a result of the non-continuous PV current as shown in Figure 4.
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Figure 4. H5 inverter typical.
3. Proposed H5 Converter System

From the previous analyses of the classical H5 inverter connected to a PV system, the utilization
factor K;, is low, and may be equal to 0.5. The MPPT conditions of the PV could not be attained.
The source of the problem is the discontinuous current from the PV panel. The boost converter has the
ability to deliver continuous input current. The cause of the problems can be eliminated by attaching
a boost converter to the system as presented in Figure 5. The boost converter input current value is
adapted to provide the proper MPPT conditions for the PV panel.
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Figure 5. Proposed system with controllers.

4. Proposed System Controllers

The control system of the proposed PV-grid connected system is divided into two phases. The first
control phase is the MPPT controller. This step extracts maximum power from the PV panel. Based on
the insolation level, PWM pulses are generated for the boost converter. The duty cycle derives the PV
panel into the MPPT conditions. The second phase is the H5 controller. The controlled parameters
of this stage involve the DC link voltage and grid current. Figure 5 shows the two nested loops of
the stage. The inner loop is the grid current regulation loop and the outer loop is the DC link voltage
regulation loop.

4.1. MPPT Controller

The installation of PV systems has grown due to the increasing demand for energy and
environmental awareness. The variability of solar irradiation has created challenges in extracting
maximum power. Hence, many techniques have been prepared for MPPT [26,27]. The MPPT can
be categorized into offline, online, and hybrid method. This paper focuses on the offline method
which uses a reference signal like a short circuit current, open circuit voltage, solar irradiation,
and temperature to generate the control signal to track MPP [27].

The Fractional Open Circuit Voltage (FOCV) and Fractional Short Circuit Current (FCCC) are
common methods of the offline techniques as they isolate the PV array and determine the operation
point for the MPPT. These techniques are easy to implement, but result in periodic power loss due
to the periodic isolation of the PV array. The FCCC is based on approximating the current at MPP
to be equal to the short circuit current by factor k (I_mpp = kI_sc) where k varies between 0.71 and
0.90 based on the PV array datasheet [28,29]. The main issue of FCCC is the difficulty associated with
measuring the short circuit current when the PV system is operating [29]. The FOCV is based on the
fact that the voltage of the PV array at MPP is approximately linearly proportional to the open circuit
voltage by a factor of k (V_mpp = kV_oc) where k varies between 0.71 and 0.80 based on the PV array
datasheet [30].

One of the offline techniques uses curve fitting based MPPT which uses panel characteristics
curves to find a mathematical model for MPPT. The MPPT in this paper is based on the P-V
characteristic curve. The data sheet for the PV panel is used to generate the P-V curves for different
irradiation points as shown in Figure 6.
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ov)

Figure 6. P-V characteristics curves.

Proposed MPPT Controller

The input for this controller is the insolation level (W), while the output is the boost converter
duty value, d(t), shown in Figure 5. The boost converter output is regulated to be constant at V¢
(Vpc =450 V) by the H5 converter controller. Assuming continuous conduction of the boost converter,
the input-output voltage relation is given in the following equation:

Vbe 1
Vpo — 1= d(7) ®

To operate the PV system at the MPPT conditions, its terminal voltage must be equal to Vi,
the voltage at MPP. The duty cycle at MPPT conditions (dyp) as determined by the following equation:

Vin
dppp =1 — —F 9
mpp Vbe 9)
The voltage value of V, is determined by using the PV characteristic curves for each insolation
level as shown in Figure 6. A table relating the duty cycle, dyyy, to the insolation level is calculated as

shown in Table 1.

Table 1. Duty cycle ratio at MPPT conditions (dy;p) corresponding to each Irradiation (W, @ 25 °C).

w 50 100 150 200 250 300 350 400 450 500 750 1000
duwpp 0351 0328 0318 0304 029 0287 0278 0273 0267 0262 0247 0.239

To simplify the system and controller, the values provided in Table 1 are converted to a function.
The function uses curve-fitting techniques and the duty cycle that provides dy, as a function of W can
be determined by:

Ampp(W) = 2.266¢” PW* — 6.478¢ W3 + 7.405¢~7W? — 0.0004498W + 0.3698 (10)

The MPPT control loop is commonly much slower than the H5 converter controller, as the
insolation changes are very slow. Referring to Figure 5, the temperature is an input signal to the
controller. The data of table [1] is given at 25 °C. For different temperatures, the data of table [1] differs
for any given temperature. However, in this paper the temperature that used for simulation is 25 °C.
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4.2. H5 Converter Controller

This controller has two objectives. The first objective is to maintain the voltage, Vpc, at a constant
value. The second objective involves forcing the grid current tracking to a certain reference value.
The controller has two nested loops; the inner loop is for the grid current and the outer loop is
for the Vpc. Generally, the inner control loop needed to be quicker than the outer loop for stable
operation [39-42].

e  Outer Loop: The large capacitor value at the H5 converter input slows the speed of response.
A simple PI controller is adapted for this loop. The proportion and integral gains, the PI
controller, are tuned using Niche hols-Ziegler method.

o  Inner Loop: The reference signal for this loop is a sinusoidal wave with a grid current reference.
The magnitude of the wave comes from the outer loop controller and the phase comes from the
PLL synchronized to the utility grid. The Proportional Resonant (PR) controller is often used for
grid-connected inverters [43,44]. This type of controller is very useful with sinusoidal reference
signals which provide a more acceptable response than PI controllers. The PR controller transfer
function, PR(s), is:

(11)

where, k, and k; are the proportional and resonant gains respectively; w, is the resonant angular
frequency. The tunings of the controller parameters are based the techniques in reference [44].

5. Simulation Results

The conventional and proposed transformerless H5 inverter systems attached to the PV array
shown in Figures 1 and 5 are simulated using the Matlab/Simulink software package. The system
parameters are listed in Table 2. The PV array for the conventional and proposed systems has the same
total number of PV modules, but the number of parallel and series PV modules are different to provide
the same DC bus voltage, Vpc. The PV panel structure for the conventional version is 960 series cells
x 3 parallel strings, while the proposed is 720 series cells x 4 parallel strings. The total number of sells
for the two arrangements is the same (2880 cell). The boost converter switching frequency was 10 KHz.

Table 2. System Parameters.

System Parameter Value
PV SC current 11.7 A
PV OC voltage 562 V
Proposed PV SC current 16.35 A
Proposed PV OC voltage 422V
Cf 2nF
L 1.8 mH
Utility voltage 230V
Utility frequency 50 Hz
PWM carrier frequency 10 KHz

DC link capacitor 2000 uF
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The waveforms of the grid voltage, grid current, PV current, and leakage current for the
conventional and proposed systems are shown in Figure 7. In both systems, the grid current is
controlled to ensure it is in phase with the grid voltage to ensure a unity power factor operation.
Also, the earth leakage currents have nearly the same RMS current (18 mA), which is within the
standard recommended values [45]. In the proposed system, the PV current is constant and equal to
the maximum power point current. This set up emphasizes MPPT operation of the proposed system.
The PV current for the convention system is discontinuous, indicating a low Ku value and the MPPT
condition does not work.
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Figure 7. Simulation result of inverter voltage, grid current, PV current, and earth leakage current of
the (a) conventional H5 inverter and (b) H5 proposed inverter.
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Figure 8 shows the utilization factor variations of various output power levels for both the
proposed and conventional systems. Figure 8 shows that the K, of the conventional H5 is as low
as 50%, which is the value predicted by previous analyses. The proposed system has a Ky, of 100%,
which is a natural result for the true MPPT operation. If a coupling capacitor (2000 uF) is added at
the input of the conventional H5 converter, the PV K, is improved as shown in Figure 8. However,
the proposed system K, still better than the conventional though with the coupling capacitor addition.
It is noticed that, for operating powers less than 50% of the rated power, the effect of the coupling
capacitor is weak and Ky, is low. On other hand, for operating powers greater than 50% of the rated
power, the Ky, is near 100%. Also from simulations, it is found that the efficiency of the conventional
system have not been significantly affected by coupling capacitor insertion. The Californian utilization
factor |ky|cr is calculated by the following equation:

kulcg = 0.53ky]750, + 0.04ky 109, + 0.05ky |09, + 0.12ky 509, + 0.21 ky 509, + 0.05ky 1000, (12)

~ = = | =@=Proposed —
== Conwentional

=== Conentional with coupling Capacitor | _|

| | |
| | |
0 | | |
10 20 30 40 50 60 70 80 90 100
Output Power(%)

Figure 8. The variations of Ky with output power of both conventional and proposed systems.

The Californian utilization factors for the conventional, conventional with coupling capacitor,
and proposed H5 approaches were calculated by using Equation (12) to be 56%, 98.4%,
and 99.9%, respectively.

Figure 9 demonstrates the efficiency variations at various output power levels for both the
proposed and conventional systems. It is noticed that the efficiency in both approaches were close.
The proposed system has slightly lower efficiency than the conventional system due to the added
boost converter losses. The efficiency has a peak value of nearly half the nominal output power.
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Figure 9. The variation of system efficiency with output power of both conventional and
proposed systems.

The Californian efficiencies for the conventional and proposed H5 approaches were calculated
using Equation (13) to be 95% and 93%, respectively:

1ce = 0.5317759, + 0.041710%, + 0.0577209, + 0.121730, + 0.2177509, + 0.05171002% (13)

Figure 10 both proposed and conventional transformerless H5 inverter system. The THD of the
proposed system is usually smaller than the THD of the traditional system. The proposed systems
provide high quality, clean power to the utility grid. At low power levels (<20%), the THD increases
slightly. The slight increase does not create an issue if the injected power is low.

I I I I
| | | | =@ Proposed
| | | | == Conentional

THD (%)

Output Power(%)

Figure 10. The variations of THD with output power of the conventional and proposed systems.

The harmonic spectrums of the grid currents for both systems are shown in Figure 11. The order
harmonics appear in both spectrums and the iy harmonics in the spectrum of the proposed system are
fairly smaller than the harmonics present in a convention system. Generally, the THD of the proposed
system is smaller than that in the traditional system.
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Figure 11. The harmonic spectrum of the (a) conventional and (b) proposed at 75% insolation.

The proposed MPPT algorithm is compared to the traditional MPPT with the Incremental
Conductance (IC) method. Figure 12 shows the MPPT power, output power, and boost converter duty
ratio (d) responses for the proposed system at step insolation changes. It is seen that the output power
tracks the MPPT power with a small steady state error that represents circuit losses. A relatively slow
power response is also noticed due to the large capacitors of the system and the open-loop MPPT
control technique used. The duty ratio (d) generated by the controller changes in a way that forces
the boost converter and PV to operate at MPPT conditions. The duty ratio changes in a narrow range
(20% < d < 34%), for insolation variations (10% < I < 100%). Figure 13 illustrates the MPP power,
output power, and boost converter duty ratio (d) responses for the conventional MPPT control system
at step insolation changes. The output power responses in Figures 12 and 13 are similar; however, the
proposed controller is very simple.
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Figure 12. The MPP power, output power, and boost converter duty ratio (d) for the proposed system
at step insolation changes.
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Figure 13. The MPP power, output power, and boost converter duty ratio (d) for the conventional
MPPT system at step insolation changes.

6. Conclusions

This paper proposes an improved topology for the H5 transformerless inverter supplied by
a PV panel. The proposed topology improves some performance factors like the utilization factor
and maximum power point operation. In addition, a simple off-line MPPT algorithm is introduced.
Simulation results show that the proposed system has a better utilization factor (nearly 100%) than the
conventional system. The proposed system has a small drop in efficiency compared to the drop seen in
the conventional system. The paper also compares the operation of the PV in the proposed system to

the traditional system with MPPT conditions. The comparison has found that the proposed MPPT
algorithm is simpler than the traditional system.
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