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Abstract--This paper introduces a new converter
called reconfigurable solar converter (RSC) for
photovoltaic (PV)-battery application, particularly
utility-scale PV-battery application. Maximum Power
Point Tracking (MPPT) algorithms are important in
PV systems because it reduces the PV array cost by
reducing the number of PV panels required to
achieve the desired output power. This paper presents
comparative simulation study of two important
MPPT algorithms specifically perturb and observe
and incremental conductance. These algorithms are
widely used because of its low-cost and ease of
realization. Some important parameters such as
voltage, current and power output for each different
combination have been traced for both algorithms.
Matlab simulink tool box has been used for
performance evaluation by a 70W photovoltaic (PV)
array.
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1. Introduction
Photovoltaic (PV) generation represents
currently one of the most promising sources of
renewable green energy. Due to the environmental
and economic benefits, PV generation is preferred
over other renewable energy sources, since they are
clean, inexhaustible and require little maintenance.
PV cells generate electric power by directly
converting solar energy to electrical energy. PV
panels and arrays, generate DC power that has to be
converted to AC at standard power frequency in
order to feed the loads. Therefore PV systems
require interfacing power converters between the
PV arrays and the grid. Photovoltaic-generated
energy can be delivered to power system networks
through grid-connected inverters. One significant
problem in PV systems is the probable mismatch
between the operating characteristics of the load
and the PV array. The system’s operating point is at
the intersection of the I-V curves of the PV array
and load, when a PV array is directly connected to
a load. The Maximum Power Point (MPP) of PV
array is not attained most of the time. This problem
is overcome by using an MPPT which maintains
the PV array’s operating point at the MPP. The

occurrence of MPP in the I-V plane is not known
priory; therefore it is calculated using a model of
the PV array and measurements of irradiance and
array temperature. Calculating these measurements
are often too expensive and the required parameters
for the PV array model are not known adequately.
Thus, the MPPT continuously searches for MPP.
There are several MPPT continuously searches
algorithms that have been proposed which uses
different characteristics of solar panels and the
location of the MPP [1].
There are different options for integrating
energy storage into a utility-scale solar PV system.
Specifically, energy storage can be integrated into
the either ac or dc side of the solar PV power
conversion systems which may consist of multiple
conversion stages [4]. Every integration solution
has its advantages and disadvantages. Different
integration solutions can be compared with regard
to the number of power stages, efficiency, storage
system flexibility, control complexity, etc.
To extract the maximum power from the solar
PV module and transfer that power to the load, a
MPPT is used. A dc/dc converter (step up/step
down) transfers maximum power from the solar PV
module to the load and it acts as an interface
between the load and the module. Maximum power
is transferred by varying the load impedance as
seen by the source and matching it at the peak
power of it when the duty cycle is changed. In
order to maintain PV array’s operating at its MPP,
different MPPT techniques are required. In the
literature many MPPT techniques are proposed
such as, the Perturb and Observe (P&O) method,
Incremental Conductance (IC) method, Fuzzy
Logic Method etc. Of these, the two most popular
MPPT techniques (Perturb and Observe (P&O) and
Incremental Conductance methods) are studied [2].
The paper has been organized in the following
manner. The proposed RSC circuit, system benefits
and different modes of operation discussed in
section 2. Control of RSC is introduced in section
3. The basic principle of PV cell and the
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characteristics of PV array are discussed in
section 4. Section 5 presents the P&O and In C
MPPT algorithms in detail. The simulation results
of PV array, MPPT algorithms and their
comparison are discussed in section 6. Last section
concludes with the scope for further work.
2. RSC
2.1 Introduction

The RSC has some modifications to the
conventional three-phase PV inverter system.
These modifications allow the RSC to include the
charging function in the conventional three phase
PV inverter system. Assuming that the
conventional utility-scale PV inverter system
consists of a three-phase voltage source converter
and its associated components, the RSC requires
additional cables and mechanical switches, as
shown in Fig.1.

The schematic of the proposed RSC
circuit is presented in Fig.1.

Fig.1 Schematic of the proposed RSC circuit

Fig.4 Example of different system operation modes of a RSCbased solar PV power plant

2.2 Operation Modes of the RSC

Fig.2 All operation modes of the RSC (a) Mode 1 PV to grid (b)
Mode 2 PV to battery (c) Mode 3 PV/battery to grid (d) Mode 4
battery to grid

All possible operation modes for the RSC are
presented in Fig.2. In Mode 1, the PV is directly
connected to the grid through a dc/ac operation of
the converter with possibility of maximum power
point tracking (MPPT) control and the S1 and S6
switches remain open. In Mode 2, the battery is
charged with the PV panels through the dc/dc
operation of the converter by closing the S6 switch
and opening the S5 switch. In this mode, the MPPT
function is performed; therefore, maximum power
is generated from PV. There is another mode that
both the PV and battery provide the power to the
grid by closing the S1 switch. This operation is
shown as Mode 3. In this mode, the dc-link voltage
that is the same as the PV voltage is enforced by
the battery voltage; therefore, MPPT control is not
possible. Mode 4 represents an operation mode that
the energy stored in the battery is delivered to the
grid. There is another mode, Mode 5 that the
battery is charged from the grid. This mode is not
shown in Fig.2.
2.3 System Benefits of Solar PV Power Plant
with the RSC Concept

Fig.3 Utility-scale PV-energy storage systems with the RSC and
the current state-of-the-art solution

The RSC concept provides significant
benefits to system planning of utility-scale solar PV
power plants. Fig.3 shows examples of the PV
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energy storage solutions with the RSC and the
current state-of-the-art technology. The technical
and financial benefits that the RSC solution is able
to provide are more apparent in larger solar PV
power plants. Specifically, a large solar PV power
plant using the RSCs can be controlled more
effectively and its power can be dispatched more
economically because of the flexibility of
operation. Developing a detailed operation
characteristic of a solar PV power plant with the
RSC is beyond the scope of this paper. However,
different system controls as shown in Fig.4 can be
proposed based on the requested power from the
grid operator Preq and available generated power
form the plant Pgen. RSC-based solar PV power
plant as follows:
1) system control 1 for Pgen > Preq;
2) system control 2 for Pgen < Preq;
3) system control 3 for Pgen = Preq;
4) system control 4 for charging from the grid
(Operation Mode 5).

The RSC dc/dc operation is used for delivering
the maximum power from the PV to the battery
(mode2). The overall control block diagram of the
RSC in dc/dc operation is shown in Fig.6.

3. RSC CONTROL

4. PV array Characteristics

The RSC Control in 4 ways in brief
1. Control of the RSC in the DC/AC Operation
Modes (Modes 1, 3, 4, and 5)
2. Control of the RSC in the DC/DC Operation
Mode (Mode 2)
3. Design Considerations and Modifications to the
4. Conventional Three-Phase PV Converter Mode
Change Control.

The use of single diode equivalent electric
circuit makes it possible to model the
characteristics of a PV cell. The mathematical
model of a photovoltaic cell can be developed
using MATLAB simulink toolbox. The basic
equation from the theory of semiconductors that
mathematically describes the I-V characteristic of
the Ideal photovoltaic cell is given by

Fig.6 Overall control block diagram of the RSC in the dc/dc
operation

I = I pvcell -I d

(1)

Where,

(2)
I d = I 0cell [exp(qv/αkT)-1]
Therefore
(3)
I = I pvcell - I 0cell [exp(qv/αkT)-1]
Where, ‘I PVCell ’ is the current generated by the
incident light (it is directly proportional to the Sun
irradiation), I d is the diode equation, Io, cell’ is the
reverse saturation or leakage current of the diode,
‘q’ is the electron charge [1.60217646* 10−19C], k
is the Boltzmann constant [1.3806503 *10−23J/K],
‘T’ is the temperature of the p-n junction, and ‘a’ is
the diode ideality constant. Fig.7 shows the
equivalent circuit of ideal PV cell.

Fig.5 Overall control block diagram of the RSC in the dc/ac
operation

The RSC dc/ac operation is used for delivering
power from PV to grid (mode1), battery to grid
(mode3), PV and battery to grid (mode4), and grid
to battery (mode5). The overall control block
diagram of the RSC in dc/ac operation is shown in
Fig.5.

Fig.7 Equivalent circuit of ideal PV cell

Practical arrays are composed of several
connected PV cells and the observation of the
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characteristics at the terminals of the PV array
requires the inclusion of additional parameters (as
shown in Fig.8) to the basic equation:
I = I pv -I o [exp(V+IR s /V t α)-1]-(V+IR s /R p ) (4)
Where Vt = NskT/q is the thermal voltage of the
array with ‘Ns’ cells are connected in series. Cells
connected in parallel increases the current and cells
connected in series provide greater output voltages.
V and I are the terminal voltage and current. The
equivalent circuit of ideal PV cell with the series
resistance (Rs) and parallel resistance (Rp) is
shown in Fig.8.

point when the steady state is reached. The
perturbation size is kept very small in order to keep
the power variation small [1]. The algorithm can be
easily understood by the following flow chart
which is shown in Fig.10.

Fig.8 Equivalent circuit of ideal PV cell with Rp and Rs.

For a good solar cell, the series resistance (Rs),
should be very small and the shunt (parallel)
resistance (Rp), should be very large. For
commercial solar cells (Rp) is much greater than
the forward resistance of a diode. The I-V curve is
shown in Fig.9. The curve has three important
parameters namely open circuit voltage (Voc),
short circuit current (Isc) and maximum power
point (MPP). In this model single diode equivalent
circuit is considered. The I-V characteristic of the
photovoltaic device depends on the internal
characteristics of the device and on external
influences such as irradiation level and the
temperature.

Fig.10 Perturb and Observe Algorithm

5.2 Incremental Conductance (IC) Algorithm
Incremental Conductance (IC) method
overcomes the disadvantage of the perturb and
observe method in tracking the peak power under
fast varying atmospheric condition [2]. The
disadvantage of this algorithm is that it is more
complex when compared to P&O. The algorithm
can be easily understood by the following flow
chart which is shown in Fig.11.

Fig.9 I-V and P-V characteristics of PV cell

5. MPPT ALGORITHMS
5.1 Perturb and Observe (P&O) Algorithm
A slight perturbation is introduced in this
algorithm. The perturbation causes the power of the
solar module to change continuously. If the power
increases due to the perturbation then the
perturbation is continued in the same direction. The
power at the next instant decreases after the peak
power is reached, and after that the perturbation
reverses. The algorithm oscillates around the peak
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Fig.14 Incremental Conductance MPPT

Fig.11 Incremental Conductance Algorithms

6. SIMULATION RESULTS
The simulation circuit of proposed RSC
circuit is shown in Fig.12. The simulation circuit of
perturb and observe MPPT method is shown in
Fig.13. The simulation circuit of Incremental
Conductance MPPT method is shown in Fig.14.

Fig.15 PV output Voltage

Fig.16 DC link Voltage with P&O MPPT

Fig.12 Simulation Circuit of RSC

Fig.17 Inverter Output Voltage with P&O MPPT

Fig.13 P&O MPPT

Fig.18 DC Link Voltage with INC
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Fig.19 Inverter Output Voltage with INC

Fig.15 shows the output voltage of PV. The
DC link voltage with P&O MPPT method is shown
in Fig.16. The DC link voltage with Incremental
Conductance MPPT method is shown in Fig.18. By
comparing Fig.16&Fig.18, the DC link voltage is
high with INC MPPT method. Fig.17 shows the
inverter output voltage with P&O MPPT method.
Fig.19 shows the inverter output voltage with INC
MPPT method. By comparing Fig.17&Fig.19, the
inverter output voltage is high with INC MPPT
method.
7. CONCLUSION
This paper introduced a new converter called
RSC for PV-battery application, particularly utilityscale PV-battery application. The basic concept of
the RSC is to use a single power conversion system
to perform different operation modes such as PV to
grid (dc to ac), PV to battery (dc to dc), battery to
grid (dc to ac), and battery/PV to grid (dc to ac) for
solar PV systems with energy storage. The
proposed solution requires minimal complexity and
modifications to the conventional three-phase solar
PV converters for PV-battery systems. In this paper
a mathematical model of a 70W photovoltaic panel
has been developed using MATLAB Simulink.
This model is used for the maximum power point
tracking algorithms. The P&O and Incremental
conductance MPPT algorithms are discussed and
their simulation results are presented. It is proved
that Incremental conductance method has better
performance than P&O algorithm. These
algorithms improve the dynamics and steady state
performance of the photovoltaic system as well as
it improves the efficiency of the dc-dc converter
system.
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