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Abstract

This paper proposes a new configuration for solar energy conversion systems. One challenging issue of the photovoltaic (PV)
systems is partial shading, and in this paper Module Integrated Converters (MIC) are used to overcome this problem in PV
arrays. A few boost converters are employed as MICs to mitigate the shading effect. Furthermore, to reduce the cost and to
increase the system performance the B4 inverter is used. This inverter is a four-switch, three-phase inverter. To validate the
performance of the proposed system and simulation results, a typical prototype has been made and experimental results have

been carried out. The results confirm the effectiveness of the circuit in mitigating the effects of partial shading.
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1. Introduction

World-wide demand for clean electric energy is
rapidly increasing during last few years and among all
renewable energy sources, solar energy is the most
favorable endless resource, which is most available
and easy to use. The global expectation is that the
Photovoltaic energy sources will become the biggest
renewable energy source to produce electricity by
2040 [1].

To modify the operation of the photovoltaic
interfaces so that the load and the photovoltaic array
match their operating characteristics at the Maximum
Power Point (MPP), and in order to extract the
maximum power delivered by a PV module, there are
Maximum Power Point Tracking (MPPT) control
techniques. P—V characteristic of a typical PV panel
under full solar irradiance have a single power peak
(MPP) which is shown in Fig. 1 [2]. However, there
are some non-ideal conditions that cause problems in
determining and tracking the MPP. One challenging

issue is the effect of the partial shading occurrence on
PV panels.

When this phenomenon is occurred in a PV
module, current of the un-shaded cells passes through
the shaded cells and cause massive power dissipation
in the module resulting in hotspot and cell
breakdown. By using some bypass diodes in parallel
with the connected in series cells, hotspot breakdown
on PV cells due to partial shading can be avoided [3].
However, they cause presence of multiple peaks in
the P—V characteristics of the PV array [4], and they
eliminate the available amount of power that shaded
modules can deliver even in the presence of partial
shading effect. Fig. 2 (b) shows that how the P—V
characteristics of the array with bypass diodes
changes due to partial shading.

There are number of different methods that have
been employed and developed over the last years to
overcome the shading effect problem [5]. Among all
techniques, using the MICs has attracted a lot of
attention from researchers due to its specific
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characteristics. MIC systems present “plug and play”
concept and greatly optimizes the energy yield.
Considering these advantages, the MIC concept has
become the trend for the future PV system
development, but challenges remain in terms of cost,

Fig. 1. V characteristics of a module under full solar irradiation

[2]

Reliability, and stability for the grid connection
[6]. Thus, the cost of using solar energy systems is
rather high.

Although, as the result of increasing production
capacity, prices of the PV panels are decreased in the
last few years, the whole systems costs are still high.
Thus, the power electronics engineers are trying to
reduce cost and power dissipation in PV panel
converters. Considering the cost and power
dissipation challenges, B4 inverter is an interesting
candidate because of reducing number of the power
semiconductor devices. By comparison with B6
inverter, power switch counts of B4 inverter are
reduced to 2/3; hence, the switch gate drives and the
overall conduction loss are reduced, and the circuit
cost is decreased, too. However, one disadvantage of
the B4 inverter is reduction of the voltage gain [7].

According to the above paragraphs, to reduce the
cost and power dissipation, and to mitigate the effect
of partial shading, a series connection of a few
Module Integrated Boost Converters is combined
with the B4 inverter as the interface between PV
array and the grid.

The characteristics and operation of the used
MICs will be discussed in section Il. Then, the B4
inverter operation principle will be demonstrated in
section I11. Next, the topology of the proposed system
is described in section 1V. At the end, the simulation
results are brought to ensure the proper operation of
the proposed system in section V.

2. Module Integrated Converters

In MIC topology, a DC-DC converter is combined
with the PV module such that the module is no longer
connected in series with neighboring modules,
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directly. The converter and the module both constitute
an integrated element which can be connected to
other elements in the whole array by output terminals
of the converter, and constitute a series-connected
string. In this topology, each converter is controlled
by a local autonomous MPPT controller in other to
extract the maximum possible amount of power from
each single module [5].
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P—V characteristic of a module with bypass
diodes in partial shading condition [4].

By using MICs, power dissipation resulting from
each unbalancing between modules is eliminated, and
the module level MPPT is provided so that it
contributes to higher efficiency than the central
inverters. In different current levels of every single
module (either the module is prone to the shading or
different level of irradiance) performance of the
system will not be changed, and the current control
will be facilitated because series connection of MICs
has a high degree of controllability. In corresponding
situations compared with other topologies MICs have
more capability of harvesting solar energy. Under
different irradiance conditions, it is demonstrated that
MICs are capable of delivering the output power by
30% more when a single MIC per panel is used and
45% more when there are two MICs per panel [8].

Fig. 2. B4 inverter configuration [12]

The multiple peaks problem is avoided by using
MICs because instead of bypassing the module. The
converter can process the reduced amount of power
until there is no serious harm for cells. Thus, a simple
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algorithm can be exploited to track the single MPP.
For this purpose the conventional Hill Climbing
technique is used in this paper. In this approach,
which is defined in [9], by periodic measurement of
current and voltage of a single module and calculating
the corresponding power, the duty cycle for converter
switches can be determined so that the PV module
always deliver its maximum available power.

3. B4 Operation Principle

Fig. 3 shows the B4 inverter configuration
connected to a three phase load. This inverter uses
four IGBT switches to produce two line-line voltages
namely V13 and V23. Moreover, dc link produces
V12 voltage according to Kirchhoff’s voltage law
[10]. In the other hand, the maximum line-line
voltage is determined by Vdc/2.

In Fig. 3, it is assumed that switching states are
shown by binary variables of Q1 to Q4. Binary code
of “1” represents the close state and binary code of
“0” demonstrates the open state of the switches with
Q1, Q3 pairs and Q2, Q4 pairs being complements of
each other [11, 12]. The following relationships are
defined:

Q=1-Q o)
Q=1-Q, 2

It is assumed that a regulated voltage is available
across the two dc-link capacitors, and their values are
equal to Vc1=Vc2=Vdc/2, in which Vdc is defined as
the regulated dc-link voltage. Pole voltages of V1,
V2and V3 (line voltage to middle point of the dc link
“n”) depend on the states of the switches. They can be
expressed according to the binary variables of Q1 and
Q2 as follows:

Y

V, = (2Q, _1)x% ®3)
Y

V, = (2Q, _1)x% (4)

V, =0 (5)

There are four switching states for Q1 and Q2,
which can be defined as (0,0), (0,1), (1,0), and (1,1).
Based on these conditions the values of V1 and V2
are varied between Vdc/2 and -Vdc/2. Phase to
neutral voltages are defined as follows:

Vor =V =Vig ©)

Voz =V2 =Vio ™

Voz =V3 =Vio )
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The above voltages can be defined by binary
variables of Q1 and Q2, and voltage of the dc link
[10], as demonstrated in equations (9) to (11):

V,

Ve = % x [4Q1 -2Q, _1] ©)
V,

Vy, = % x[4Q, —2Q, -1] (10)
V.

Vs = % x[-2Q, - 2Q, +2] (11)
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Fig. 3. Block diagram of the proposed system.

L boost

fL(f) + ‘L(f) -

icld

o
"-nn- Cboost::

—

Ipy t PWM Generator
| MPPT 1 .
Vey

Fig. 4. Module integrated boost converter with MPPT and PWM
control blocks.
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Fig. 5. Sub-operating modes of B4 inverter (a) mode I, (b) mode
11, (c) mode 111, and (d) mode IV [12].

4. Proposed System

The block diagram of the proposed system is
depicted in Fig. 4. The main purpose of this paper is
to provide a strategy for connecting the possible
amount of power that can be extracted from a PV
module to the grid in a more efficient way. For this
purpose it is necessary to track the real maximum
power point of solar array in every situation including
occurrence of partial shading on PV modules at first
stage. Accordingly, the proposed structured is consist
of series connection of several PV MICs, connected
in parallel with every module, to ensure tracking of
the real MPP with highest efficiency. The circuit
topologies suitable for using as MICs are different
and among the various topologies that are proposed,
in this paper, boost dc-dc converter due to its several
special merits has been exploited. Capability of
increasing the output voltage without using a
transformer makes the boost converter as the most
popular converter for MIC applications.

The boost convert benefits the advantage of
having low part count and simple design. This
converter allows reaching the input voltage required
for the inverter with fewer PV panels. If the desired
converter output voltage is designed so high that the
open circuit voltage of the PV panel sets below it, a
boost characteristic ensures that the maximum power
point (MPP) will always be tracked. The boost
inductor which is located on the PV module side will
reduce electromagnetic interference (EMI) noises and
losses resulting from current ripple in the converter.
The series connection of boost converters causes the
output current for all converters to be the same. Also,
it allows every converter to reduce its voltage
boosting factor, so it will reduce the voltage stress on
the power switches and contribute to higher
efficiency and better performance of the whole
system. The block diagram of the typical boost
converter that is exploited in this paper as MIC is
shown in Fig. 5.
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The block diagram of the typical boost converter
that is employed in this paper as MIC is shown in Fig.
5. The control architecture employed for MPPT
control of the module integrated boost converter uses
a single variable Hill Climbing algorithm which is
experienced in [10]. Inputs of the MPPT unit are
voltage and current of the PV module which are
measured, periodically. The operating point for
maximum power extraction is calculated by the
aforesaid algorithm. The output of the MPPT box
creates the input signal for the pulsed width
modulation (PWM) generator, and it is crisscrossed
by the saw-tooth wave in a comparator. Then, the
PWM generates the duty cycle for the power switch
gate driver so that the converter can run in the
calculated operating point of the algorithm. This
procedure along with the concept of module level
MPPT that is exploited in the system, ensures the
tracking of real maxima in both shading and non-
shading conditions.

In order to reduce the cost, the output of the series
connection of MICs is connected to an efficient B4
inverter as the next step. Values of line to neutral
voltages and the switching functions of the inverter
are tabulated in Table 1. In this inverter, as shown in
Fig. 6 (a) and (c), the third phase of the grid (phase C)
is connected to the point "n" in modes I and 111 ((0, 0)
and (1, 1) state), so in the inverter’s zero state supply
the grid. In other hand, in the modes Il and 1V (states
of (0, 1) and (1, 0)), the currents of the other two
phases flow through dc link, as shown in Fig. 6 (b)
and (d) [12].

Table 1.
Switching functions and output voltages of the B4 inverter.

Switching Function Output Voltage Vector

Q; Qs Vo1 Vo2 Vos
0 0 7Vdc/6 7Vdc/6 Vdc/3
0 1 _Vdc /2 Vdc/2 0
! 0 Vdc/2 _Vdc /2 0
g 1 Vdc /6 Vdc/6 _Vdc /3
Table 2.
Characteristics of the employed PV module in simulation.
Parameter Value
Open circuited voltage 21V
Short circuited current 34A
Vinpo 18V
. 3.2A
a 1.3
K, 0.065
Ky -0.08
Rg 0.221 Q
Rp 116.1 Q

Ng 60




153 International Journal of Smart Electrical Engineering, Vol.3, No.3, Summer 2014

5. Simulation Results

In this paper, the MATLAB/Simulink is used for
simulating the system containing five PV modules
with the characteristics that is given in Table2 (that a
is the diode ideality constant, KV is the open-circuit
voltage/temperature coefficient, the Kl is short circuit
current/temperature coefficient, RS is the series
resistance, RP is the parallels resistance, NS is
number of the connected in series cells).At first, all
PV modules are operating under normal irradiance of
1000 W/m2, at room temperature, i.e., 25° C. So the
system is in its steady state condition. These modules
are connected to five integrated boost converters
which are employed as MICs and provide the dc
voltage for the B4 inverter. Table 3 shows the
parameters of the boost converter, dc link capacitors,
and switching frequency in the simulation. Then, for
validating the correct operation of the proposed
strategy under partial shading condition, the first and
second PV modules’ irradiance is reduced by 100
W/m2, so the current of these modules is reduced,
consequently.

Because the other modules are working in their
normal conditions, it is favorable that the string
current does not change. The most suitable merit of
this condition is that these two modules work in their
real maximum power points. So, the inverter which is
working in current control mode will force the string
current to be constant by its control loop. On the other
hand, due to the reduction of irradiance on two PV
modules, their currents will reduce proportional to the
reduction in their related irradiances.

Table 3.
Different parameters values used in the simulation.
Parameter Value
Switching frequency 20 kHz
C,& C, (capacitance) 460uF
Lboost 100 uH
Choost 200 uF
80
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Fig. 6. First and fourth PV module’s power.
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Fig. 7. Variation of the output voltage of the first Boost converter
under the partial shading condition.

The boost converter connected to the shaded
module changes its duty cycle to equate its output
current to the string current, while un-shaded module
converters still operate at their nominal operating
points. As shown in Fig.7 in t=3s of operation the
output power of the converter, which is prone to
shading effect, reduces from 57 W in steady state
operation to 46Wdue to the shading condition.
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Fig. 8. Variation of the dc link voltage under the partial shading
condition.
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Fig. 9. Current of the g-axis (lg) in Park Transformation.

It should be mentioned that by using bypass
diodes instead of this boost converter, all of this
power would be avoided. But, the MIC topology can
process this power and deliver it to the next part of
the system.

Considering the fact that the string current will
rarely change, the output voltage of the converter will
reduce to 12 V due to the shading effect and reduction
of its input power. The waveform of the boost
converter voltage is drawn in Fig.8. It can be seen that
the converter changes its output voltage because its
input voltage is changed by the MPPT controller such
that maximum power point is tracked. Fig.9 shows
variations of the input voltage of the B4 inverter
applied across the input capacitors.

The inverter uses current control approach to
control the grid injected currents. They are sensed and
converted to the grid currents reference frame by park
transformation. Then, the difference between idq and
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the reference value (idg™) is applied to a PI controller,
and output of the PI controller is applied to the B4
control unit to identify the switches states. Thus, the
inverter should regulate the injected current to the
grid in an approximately constant value. However, for
the given step change in the capacitor link voltage the
inverter output current slightly changes. Variations in
ig and ic are shown in Figs. 10 and 11. These
variations are quite moderated, as illustrated in these
figures.

As shown in Fig. 12, the current of the proposed
system injected to the grid have an acceptable low
Total Harmonic Distortion (THD). The measured
value of THD for current is equal to 0.54%, which is
a reasonable value for grid connection applications.

Fi

g. 10. Phase C current (Ic) that is inject to grid.

2

25 3 35

Fig. 11. Total harmonic distortion (THD) of phase C current.

6. Experimental Results

The typical prototype used in the laboratory to
validate the simulation results is consisting of two
Boost converters as MICs. These converters are
employed in order to increase the voltage and
decrease the effects of partial shading as described in
previous sections. Also, to inject the extracted energy
from PV panels to the grid, a DC-AC converter
parallel to DC-link of two series Boost converters is
needed. Thus, the B4 inverter is constructed and
connected to the output DC-link of Boost converters.
Fig. 13 shows the laboratory implementation of the
proposed system, and the components used in the
prototype are listed in Table 4. Moreover, Fig. 14
illustrates the waveform of injected current to the grid
for phase a, and the current of two other phases b and
c are displaced by 120 degrees, so these waveforms
are not depicted here due to prevention of repetition.
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Fig. 12. Implementation of the proposed system.

7. Conclusion

A new strategy for tracking the maximum
power point of PV arrays under partial shading
conditions is investigated in this paper. It has some
benefits such as: reducing the number of active
power semiconductor switches in the inverter
section, a very low THD value, and simple control,
as compared to the other configurations. Also, using
MICs provides the ability to track the real maxima
per module that improves the system performance.
Thus, the whole system is a reliable choice for
household and industrial applications. The simulation
results illustrate that the proposed system
configuration is able to deliver maximum power to
the grid even under partial shading conditions.
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Fig. 13. Current of phase (a) injected to the grid.

References

[1] European Renewable Energy Council , Renewable Energy
Scenario to 2040[Online]. Available: http://www.erec-
renewables.org/documents/targets_2040/EREC_Scenario%
202040.pdf.,May,2014

[2]  Villalva, M. Gradella, and J. RGazoli. "Comprehensive
approach to modeling and simulation of photovoltaic
arrays." Power Electronics, IEEE Transactions . vol. 24,
pp. 1198-1208, Jan-Feb,2009.

[3]  S.Silvestre, A. Boronat, and A. Chouder. "Study of bypass
diodes configuration on PV modules." Applied Energy
.vol. 86, no. 9, pp. 1632-1640, September, 2009.

[4] H. Patel, and V. Agarwal. "MATLAB-based modeling to
study the effects of partial shading on PV array
characteristics." Energy Conversion, IEEE Transactions .
vol. 23, no. 1, pp. 302-310, March 2008.


http://www.erec-renewables.org/
http://www.erec-renewables.org/
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=p_Authors:.QT.Patel,%20H..QT.&searchWithin=p_Author_Ids:37695112700&newsearch=true

155

[5]

[6]

[71

(8]

[9]

International Journal of Smart Electrical Engineering, Vol.3, No.3, Summer 2014

A.Bidram, A. Davoudi, and R. S. Balog. "Control and
circuit techniques to mitigate partial shading effects in
photovoltaic arrays.” Photovoltaics, IEEE Journal ,Vol. 2,
No. 4, October 2012.

G. R. Walker and J. C. Pierce, “Photovoltaic dc—dc module
integratedconverter for novel cascaded and bypass grid
connection topologies—Design and optimisation,” in Proc.
IEEE PESC, pp.3094-3100, 2006.

F. Blaabjerg, S. Freysson, H.H. Hansen and S. Hansen, "A
new optimized space vector modulation strategy for a
component  minimized  voltage source inverter".
IEEETransactions Power Electron , vol. 12, no. 4,pp. 704-
714, 1997.

L. Linares, R. W. Erickson, S. MacAlpine, and M.
Brandemuehl, "Improved energy capture in series string
photovoltaics via smart distributed power electronics.”
Applied Power Electronics Conference (APEC) and
Exposition, pp. 904-910, 2009.

B. Subudhi, and P.Raseswari, "A comparative study on
maximum power point tracking techniques for photovoltaic
power systems." Sustainable Energy, IEEE Transactions

[10]

[11]

[12]

ISSN: 2251-9246
EISSN: 2345-6221
\Vol. 4, No. 1, Jan. 2013.

Uddin M, Radwan T, Rahman MA. "Fuzzy-logic-
controller-based cost-effective four-switch three phase
inverter IPM synchronous motor drive. " IEEE
Transactions, Industry Applications , Vol. 42, No. 1, pp.
21-30, January-February 2006.

Beltrao de Rossiter Correa, Mauricio, et al. "A general
PWM strategy for four-switch three-phase inverters."
Power Electronics, IEEE Transactions , Vol. 21, No. 6, pp.
1618-1627, Nov. 2006.

H.M. Kojabadi,"A comparative analysis of different pulse
width modulation methods for low cost induction motor
drives." Energy conversion and Management , vol. 52,no.
1, pp. 136-146, 2011.



