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Modeling a Grid Connected Photovoltaic 
System with Perturb and Observe based 
Maximum Power Point Tracking

Anant Naik, Udaykumar Yaragatti

ABSTRACT

 This article deals with the integration study of distributed generation 
(DG) in the form of a photovoltaic (PV) plant in a three-phase system. 
Here the active power generated by the photovoltaic (PV) plant is injected 
into the grid system through a current controlled dual inverter topology. 
The main contribution in this article is the dual inverter topology. In this 
topology, a three level inverter output is obtained which reduces the PV 
injected current harmonic distortion into the grid. The control algorithm 
used in this article is simple and easy to implement. The PV system is 
operated through a maximum power point tracking (MPPT) stage. Perturb 
& Observe (P&O) is the modeling approach of MPPT system operation. 
The system is simulated and analyzed for a different set of loads with 
renewable source at different atmospheric conditions using MATLAB/
Simulink tool. The grid current becomes sinusoidal with three levels 
inverter and compared to existing three levels methods the dual inverter 
method is simple and easy to implement.

Keywords: current controlled voltage source inverter, distributed 
generation, dual inverter, maximum power point tracking, perturb and 
observe, photovoltaic, three level inverter,

INTRODUCTION

 The reduction in carbon emissions is one of the primary goals of smart 
energy. Grid-connected renewable power is the main path through which 
such goals can be achieved. The distributed generation (DG) concept is 
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becoming more and more popular as it can provide more reliability, reduced 
emissions and provide additional power quality benefits [1]. Photovoltaic 
(PV) energy is abundant in nature and is available everywhere. Hence 
PV energy is one of the attractive sources of energy. Unfortunately, PV 
generation system suffers from disadvantages such as poor conversion 
efficiency, weather dependant and nonlinear I-V characteristics. Therefore 
it is very much essential to extract maximum available power from the 
PV array. Several maximum power point tracking (MPPT) algorithms are 
reported in the literature [2]-[5]. When operated in grid connected mode 
the inverter is current controlled as the voltage at the point of common 
coupling (PCC) is imposed by the grid. Here the PV system injects only 
the active power to the grid through inverter and the reference current is 
computed from active power that PV system generates at a given time [6].
 In the grid connected renewable sources the major issue concern is 
the quality of current injected at PCC. This injected current also affects 
the grid current and hence it is required to inject current with minimum 
distortion. The quality of current can be improved if we can use multilevel 
voltage source inverters (VSI) at the conversion stage. Cascaded converter, 
together with the diode clamped and capacitor clamped converters, 
makes the three most common types of present multilevel topologies 
[7], [8]. Cascaded converters still receives large attention among these 
topologies, due to the simplicity of the power stage not requiring 
additional components such as diodes and capacitors. Cascaded topology 
provides the same number of output voltage levels using two yet simpler 
multilevel inverters instead of one complex inverter with large number 
of leg levels. In dual inverter topology, the two inverters are connected 
“in opposition” at two ends of the load in order to obtain output voltage 
as a difference of inverter’s leg potentials. The benefit of dual inverter 
arises from the fact that use of components with lower voltage ratings 
enables bigger efficiency. The dual inverter configuration consists of the 
simple connection of two standard 2-level inverters to a three-phase 
open-winding load, and performs as a 3-level inverter. Although it is not 
scalable to get more voltage levels, it represents a viable solution to supply 
transformers and ac motors, especially when the dc source can be easily 
split in two insulated parts, as for batteries and PV panels [9].
 In this article, a three-phase, grid- interactive PV system with dual 
inverter three-level VSI is proposed. The idea is to integrate PV system 
such that the dual inverter feeds the open end primary of a three phase 
transformer which also acts as filter inductor. With this topology, hence 
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more PV power is injected with two sources connected at the inputs of the 
two inverters. The three-phase, grid interactive PV system along with its 
MPPT algorithm and three-level dual inverter is modeled and simulated 
in MATLAB/Simulink environment. Section II covers brief description of 
the system. PV modeling and its characteristics are covered in section III. 
The control method and SV-PWM for dual inverter is explained in sections 
IV and V respectively. Section VI gives simulation results and conclusion 
is given in section VII.

SYSTEM DESCRIPTION

 The system being studied is shown in Figure 1. It consists of a dual 
inverter feeding open end primary of a three phase transformer. The star 
connected secondary of this transformer is connected to PCC. Two PV 
sources are connected at the two inputs of the VSIs. They feed current into 
the grid and the local load through transformer inductance L which acts as 
filter inductance. The output DC voltage of PV cell is maintained constant 
by capacitor Cdc at the input of the inverter.

PV MODELING AND ITS CHARACTERISTICS

 The electrical output from the PV cell is described by the I-V 
characteristics whose parameters can be linked to the material properties 
of the semiconductor. These I-V characteristics of solar cell can be obtained 
by drawing an equivalent circuit of the device as shown in the Figure 2 
[10], [11].
 The generation of current Iph by light is represented by a current 
generator in parallel with a diode which represents the p-n junction. The 
output current Ic is then equal to the difference between the light generated 
current Iph and the diode current Id. In practical applications, solar cells 
do not operate under standard conditions. The two most important 
effects that must be allowed for are due to the variable temperature and 
irradiance. Most frequently, the PV cells in a module are interconnected in 
series. The number of cells in a module is governed by the voltage of the 
module. The three most important electrical characteristics of a module 
are the short circuit current, open circuit voltage and the maximum power 
point as function of temperature and irradiance. To simulate PV array, the 
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mathematical model neglecting shunt resistance Rsh is used according to 
the following set of equations:
 The output voltage of PV cell is a function of photo current and it 
depends upon solar insolation level.

 VC =
AkTc
e ln

Iph + Id – Ic
Id

– Rse + Ic (1)

where, Ic and Vc are cell output current and voltage, respectively; Id is 
the reverse saturation current of the diode; Tc is the cell temperature at 
standard test conditions (STC) in °C; k is Boltzmann’s constant in J/°C; e is 
electronic charge; Iph is the light-generated current; A=1.92 is ideality factor; 
Rse is the series resistance. The array voltage is obtained by multiplying 
equation (1) by the number of the cells connected in series, Ns. The array 
current is obtained by multiplying the cell current by the number of the 
cells connected in parallel, Np. This value of current is valid for a certain 
cell operating temperature Tc and its corresponding solar insolation level 
Sc. A method to include the effects of the changes in temperature and solar 
insolation levels is given in [12]. According to this, a model is obtained for 
known temperature (Tc) and solar insolation (Sc). The solar cell operating 
temperature varies as a function of solar insolation level and ambient 
temperature. The cell output voltage and cell photocurrent are affected 
by ambient temperature. These effects are represented by temperature 
coefficients CTV and CTI for cell output voltage and cell photocurrent 
respectively.

 CTV = 1 + βT(Ta – Tx) (2)

Figure 2. Equivalent circuit of PV module.
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  ϒT CTl = 1 + —— (Tx – Ta) (3)
  Sc

where Ta and Sa are ambient temperature and cell solar insolation level 
at STC, respectively. Tx is any other temperature. βT and ϒT are constants 
specified by the manufacturers. Similarly, the change in solar insolation 
level causes a change in the cell photocurrent and operating temperature. 
Therefore, the change in the cell output voltage and the cell photocurrent 
are corrected by the two factors,

 CSV = 1 + βTαs(Sx – Sa) (4)

  1
 CSI = 1 + —— (Sx – Sa) (5)
  Sc

where, Sx is the new level of solar insolation. αs represents the slope of 
the change in the solar insolation level. Using correction factors given 
in Equations (2)-(5), the new values of cell output voltage Vcx and 
photocurrent Iphx are given for any temperature Tx and solar insolation 
Sx as

 Vcx = CTVCSVVc (6)

 Iphx = CTICSIIph (7)

where, Vc and Iph are the cell output voltage and photocurrent at STC, 
respectively.
 The rating of a PV module is estimated by the maximum power at 
STC which corresponds to an insolation level of 1000 W/m2 and a cell 
temperature of 25°C. The PV cell manufacturers provides its characteristics 
by specifying the parameters given in Table 1.

Table 1. Specifications for solar array at STC
———————————————————

  Parameter Value
———————————————————

  Isc 3.74 A
  Voc 21 V
  Pm 61.85 W
  Im 3.5 A
  Vm 17.1 V

———————————————————
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 Module: Solarex MSX60, 60 W PV module at STC irradiance: 1000W/
sq.m, ambient temp: 25°C.
 The maximum power point operation of a PV array is achieved 
by maximizing its output power to load. To obtain a maximized output 
power, controllers are used to minimize the error between the operating 
power and the reference maximum power. The maximum power must 
be determined for the changing temperature and solar irradiation level 
before it is compared with the operating power. The MPPT method used 
here is Perturb & Observe. (P&O)

CONTROL METHOD

 The proposed inverter is used in a grid connected PV system. 
Therefore a PI controller is used to keep the output current sinusoidal and 
to have high dynamic performance under rapidly changing atmospheric 
condition. The amount of electric power generation by solar module is 
always changing with weather condition. To extract the maximum power 
at any given atmospheric conditions, MPPT is used. Therefore MPPT 
algorithm will ensure that maximum power is delivered from solar 
module. Here perturb & observation (P&O) algorithm is used to extract 
maximum power from PV module.
 P&O algorithm as shown in Figure 3 is very popular because of its 
simplicity and ease of implementation [13]. Basically, the module current 
is perturbed by a small increment, and the resulting change in the power 
is observed. If the change in power is positive, the current is adjusted by 
the same increment, and the power is again observed. This continues until 
the change in power is negative, at which point the direction of the change 
in current is reversed.
 The MPPT controller takes Vpv and Ipv as inputs to detect power 
slope and generates Vref to track the maximum power point. This Vref is 
then used to generate firing pulses for the DC-DC converter in closed loop 
system as shown in Figure 4.
 The feedback controller used in this application utilized the PI 
algorithm [14]. As shown in Figure 5 the current injected into the grid Ig is 
sensed and fed back to a comparator which compares it with the reference 
current Iref. Iref is obtained by measuring the grid voltage and multiplying 
it with variable ma. Therefore,

 Iref = maVg (8)
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Figure 3: Perturb and Observe algorithm

Figure 4: control of DC-DC converter to obtain maximum power from PV 
system
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 Here ma is a modulation index obtained from MPPT to generate Iref.
As variable ma is dependent on the solar irradiation, therefore,

ma α solar irradiation

Figure 5. Controller used to generate firing pulses for two inverters

The PI algorithm, can be expressed in the continuous time domain as,

 U(t) = Kpe(t) + Ki e(τ)dt
r–o

l
 (9)

where
 error e(t) = setpoint-plant output
 Kp = Proportional gain
 Ki = Integral gain

SV-PWM FOR DUAL INVERTER

 A new multilevel topology is being used to drive induction motor 
namely open-end winding induction motor drive [15]. Based on similar 
lines a dual fed three phase transformer is used here in place of an induction 
motor. Out of six free terminals of primary winding of this transformer, 
three ends are fed from VSI-I and other three free ends are fed from VSI-II 
as shown in Figure 6. The state phasor locations from individual inverters 
are shown in Figure 7.
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 The control strategy of these two inverters is selected such 
that three level output voltage is generated across each phase of the 
transformer primary. The star connected secondary of this transformer 
is connected to the PCC so that the transformer acts as filter inductance. 
The DC link voltage of each inverter is Vdc/2, which is the output from 
PV panels. The space phasor combinations (23X23 = 26 = 64) as each 
inverter is assumed with 8 states independently of each other) from the 
2 inverters is shown in Figure 8. In the Figure 8, the |OA| represents 
the DC link voltage of individual inverters and is equal to the Vdc/2 
while |OG| represents the DC link voltage of an equivalent single 

Figure 6. Open end fed primary winding of transformer

Figure 7. Voltage vector locations for inverter –I and II
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inverter drive and is equal to Vdc. It can be observed that the switching 
locations are similar to the conventional NPC inverter scheme. It can be 
also observed that the core hexagon ABCDEF with centered O, can be 
plot by single inverter to obtain the other hexagons with centers A, B, C, 
D, E, F respectively. The hexagons namely OBHGSF, OCJIHA, ODLKJB, 
OENMLC, OFQPND and OASRQE are called as sub-hexagons. The 
centers A, B, C, D, E, F are called as sub-hexagons centers (SHCs). The 
resultant space vector combination locations shown in Figure 8 are 
obtained by superposing the space vector locations resulting from the 
inverter-2 at each space vector location caused by the inverter-1. All the 
seven locations of a given sub hexagonal center (i.e., six vertices and 
the corresponding sub hexagonal center) show redundancy of space 
vector combinations. For the subhexagon OFSGHB, the space vector 
combinations for these seven locations may alternatively be obtained 
by clamping inverter-2 to state -4 (- + +) while the other inverter 
switches in all eight states.

Figure 8. Voltage vector positions in three-level inverter.
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Nearest Sub-hexagon Switching Scheme [16]
 This scheme is based on the observation that the space vector 
combinations at the vertices and the center of a given sub hexagon are 
obtained by clamping one inverter with an active state, while the other 
inverter switches in all eight states. The center of the nearest sub hexagon 
is obtained from the instantaneous reference voltage quantities. In the 
Figure 9, vector OT represents the reference vector with its tip located 
in sector 7 (in the triangle AHG). It is resolved into two components OA 
and AT. The vector OA may be output of inverter-1 which is clamped 
to state 1 (+ - -) through the sampling interval and the vector AT may 
be the output of other inverter-2, which is switched in all eight states. 
In other words, the inverter-2 is switched with center A (the nearest 
sub hexagon center of OFSGHB). Otherwise the first vector OA is the 
output of the inverter-2 which is clamped to the state 1(+ - -) and the 

Figure 9. Switching vector components along d and q axis
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vector AT is the generated by switching the inverter-1. At each step of 
the interval the nearest sub hexagon center is identified by resolving 
the OT vector in to two components and first component is the output 
of the one inverter by clamped to an active state and other inverter 
is switched in all eight centers. In this scheme for the odd numbered 
centers inverter-1 is clamped i.e., for A, C, E sub hexagon centers and 
the inverter -2 is switched, and for the other centers i.e., B, D, F center 
sub hexagons inverter-2 is clamped and inverter-1 is switched. The 
roles of the individual inverters at each center are summarized in Table 
2.
 The instantaneous phase reference voltage denoted by Vas, 
Vbs, Vcs corresponding to the reference voltage space vector OT are 
obtained by projecting the tip of OT onto the respective phase axes and 
multiplying them by a factor (2/3). The symbols Vds and Vqs denote 
the components of OT on the d and q axes, respectively. The reference 
voltages corresponding to the actual switching vector AT, denoted by 
Va, Vb and Vc, are obtained by the following procedure:

1. By using classical 3 phase to 2 phase transformation method we 
can obtain the equivalent two-phase system references Vds and 
Vqs of the reference vector OT from the instantaneous phase 
reference voltages Vas, Vbs and Vcs.

2. The Sub Hexagonal Center situated nearest to the tip of the 
reference vector OT is then determined.

3. The coordinates of the nearest Sub Hexagonal Center (NSHC) 
in the Vd – Vq plane (the point ‘A’ in this example, Figure 9, 
denoted by Vdnshc and Vqnshc are identified for all the six Sub 
Hexagonal Center s. For example, the coordinates of the point 

Table 2. roles of each inverter in NSH centers
————————————————————————————————
NSHC A B C D E F
————————————————————————————————
Inverter - 1 Clamped Switching Clamped Switching Clamped Switching
  to state- mode to state- mode to state- mode
  1(+--)  3(-+-)  5(--+)
————————————————————————————————
Inverter - 2 Switching Clamped Switching Clamped Switching Clamped
 mode to state- mode to state- mode to state-
  2(++-)  4(-++)  6(+-+)
————————————————————————————————
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‘A’ in the Vd –Vq plane are given by (Vdc/2, 0), similarly the 
coordinates of the point ‘D’ in the Vd –Vq plane are given by 
(-Vdc/2, 0).

4. Since the vector OA is output by the clamping inverter, the coor-
dinates of the switching vector (AT in the present case) denoted 
by Vdsw and Vqsw are given by

  Vdsw = Vds – Vdnshc (11)

 and Vqsw = Vqs – Vqnshc (12)

5. By using the classical two-phase to three-phase transformation, 
the modified reference phase voltages Vasw, Vbsw and Vcsw for 
the switching inverter are then obtained by transforming Vdsw, 
Vqsw into the corresponding three-phase variables.

6. If inverter-2 is employed as the clamping inverter, the modi-
fied references are used directly to generate the switching vector 
AT with inverter-1. On the other hand, if inverter-1 is used as 
the clamping inverter, it is obvious that the modified references 
must be negated to generate the switching vector AT with in-
verter-2.

7. It is important to note that the most important part of this al-
gorithm is to find the nearest sub hexagonal center to the tip of 
the reference vector OT. By finding the maximum value amongst 
the six phasors (Vas,-Vas,Vbs,-Vbs,Vcs,-Vcs) quantities, one can de-
termine the nearest sub hexagonal center.

 The overall SVPWM algorithm of a dual inverter is shown in 
Figure 10. The reference signal generated by the control method used 
is initially transformed into its 2-phase equivalent. The magnitude and 
angle of this reference signal is obtained using rectangular to polar 
transformation block available in the simulation tool of MATLAB/
Simulink. The angle of the reference signal provides the information 
about the sector in which the reference signal lies at any sampling 
instant. Also the angle information is used to find the NSHC using the 
step 7 of the above mentioned algorithm. The coordinates of each of the 
NSHCs are known in advance and hence this data is used to generate 
switching signals for a clamping inverter. Depending upon the location 
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of reference signal vector, the d and q axis coordinates of the sub 
hexagon centre are subtracted from the coordinates of the reference 
vector. These data are then converted into three phase equivalent and 
samples for switching inverter are generated using normal 2-level 
SVPWM algorithm. In this way the gating signals for the two inverters 
(clamping and switching) are generated at every sampling instants. 
The function of each inverter i.e. inverter-I and inverter-II is again 
decided by the location of reference vector or sector.

RESULTS AND DISCUSSIONS

 The various parameters used for simulation are given in Table 3.
 Figures 11, 12 and 13)show the operation of this system in different 
modes.
 Mode I: Here the system operates without PV power injection. 
From Figure 11 it is clear that the source current is equal to load current. 
This can be seen from t = 0 to t = 0.1 sec. Figure 12 shows that active 
power demand of the load is supplied by the grid. Figure (13) shows 
the dual inverter phase voltage during this interval.
Mode II: From t = 0.1 sec to 0.2 sec, VSI is connected to the system with 
320W of PV power generation. The corresponding grid, PV and load 
currents are shown in Figure 11. Now the grid current is reduced. The 
active power is shared by grid and PV as shown in Figure 12. There is 
slight increase in the grid active power demand as VSI draws fraction 
of active power to overcome inverter losses.

Table 3. Simulation Parameters
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 Mode III: at t = 0.2 sec, the PV system generates power (1500W) 
more than load active power (1100W) demand. As seen from Figure 12, 
the grid active power is now negative which means that PV feed extra 
power generated into the grid. The current direction is reversed as seen 
from Figure 11 for this time interval.
 Mode IV: at t=0.3 sec, the local load on the system is increased 
keeping PV generated power same. Now the extra load power demand 
is partly shared by the PV and the grid. Out of total load power of 1550 
W PV shares 1500W of power whereas remaining load power and the 
loss power is shared by the grid.
 Mode V: at t=0.4 sec, with the increased load, the PV generated 
power is decreased to 700W. Accordingly there is change in grid current 
and active power as seen in Figure 11 and Figure 12. The inverter phase 
voltage in all these modes of operation is shown in Figure 13.

CONCLUSIONS

 This article presents the modeling and simulation of a grid 
connected PV system. The grid current is injected into the grid through 
a three-level dual inverter. The active power supplied by the PV system 
depending on environmental condition is injected into the grid. The 
local load active power is compensated by the PV system depending 
upon the PV power generated at the given instant. All the benefits of 
a multilevel inverter can be used in such a system. Also the control 
algorithm is very simple and easy to implement. An attempt has been 
made here to use the dual inverter topology in a grid connected PV 
system.
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