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Abstract— In this research paper design, analysis and 
comparison of single stage and two stages Photovoltaic inverter 
connected to weak grid system is executed in terms of their 
maximum power point tracking, DC link voltage regulation, 
power factor and overall efficiency. Majority of the commercial 
and industrial loads are inductive in nature and result in a very 
low lagging power factor. However renewable energy sources 
have no reactive power generation and lagging power factor 
results in a weak grid system. For this purpose control 
mechanism comprises of three objectives is proposed in this 
research paper. These objectives are to obtain highest amount 
of power from photovoltaic array, the power must be deliver 
from photovoltaic array into the utility grid at unity power 
factor and to maintain desired voltage at the input of the 
inverter. In order to achieve these objectives nonlinear control 
mechanism of Photovoltaic inverter connected to weak grid 
system is established and implemented based on accurate 
mathematical modeling and by using Backstepping technique 
and Lyapunov Stability analysis. PI controller is used for the 
purpose to maintain desired voltage at input of the inverter 
according to the requirement of inverter. Both single stage and 
two stage models are developed and simulated in 
Simulink/Matlab environment. 

Keywords— Photovoltaic (PV), Maximum power point 
tracking (MPPT), Power factor control (PFC) 

 

I.   INTRODUCTION 

There is a rapid increase in population and industrialization 
of the world and due to this increase demand for electrical 
energy increases exponentially. Majority of electrical power 
systems are aiming to reduce their dependency toward fossil 
fuels due to their growing concerns for environment, fuels prices 
and sustainable development. The research in renewable energy 
has become an increasingly important topic in the modern era 
with the problem of energy crisis becoming more and more 
aggravating, resulting in increased exploitation and research for 
new power energy resources such as wind, tide, geothermal and 
solar energy around the world [1]. 

Solar energy generators are extensively used to harness 
power from solar irradiation. Solar power is converted into 
electric power by photovoltaic (PV) panels. The output power of 
the PV panels depends on the surrounding weather conditions 
like sun irradiance levels and temperature. The electric 
characteristics of solar PV panel are affected by these conditions 
[2]. It can be observed that under certain irradiance levels, 
unique points exist where the output power from each solar 
panel is Maximum. These points on the P-V curves are known 
as the maximum power points (MPPs). The idea of MPPT is 
developed in the solar system to utilize PV panels at the optimal 
efficiency by tuning the duty cycles of the power converters 
inserted between PV source and the load. Different MPPT 
techniques have been proposed in the literature for PV power 
generation such as Perturb & Observe algorithm [3], incremental 
conductance, short circuit current, the hill climbing search and 
some other special methods such as fuzzy logic technique, 
neural network etc. The P&O method is mostly used due to its 
ease of implementation. 

The global concern about climate change and the growing 
energy demand of industrialized countries have necessarily led 
to exploring other new sources like renewable energy. The main 
advantage of this type of renewable energy is that it results in 
reduction of pollution caused by production of greenhouse gases 
which alternately affects human health and ozone layer [4]–[6]. 
Among different type of renewable energies the photovoltaic 
energy has attained great attention. Photovoltaic power supplied 
to the utility grid is gaining more and more attention nowadays 
[7]. Numerous inverter circuits and control schemes can be used 
for PV power conditioning system. For residential PV power 
generation systems, single-phase utility interactive inverters are 
of particular interest [8]–[10]. ]. However, depending on the 
characteristics of the PV panels, the total output voltage from the 
PV panels varies greatly due to different temperature, irradiation 
conditions, and shading and clouding effects. Thus, the input 
voltage of a residential PV inverter can vary widely. Therefore, 
a dc–dc converter has been used. Such a dc–dc converter in 
conjunction with a dc–ac inverter arrangement has been widely 
used in the state-of-the-art PV power conditioning system. In 
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grid connected photovoltaic system, the photovoltaic system is 
connected to the grid through three phase or single phase 
inverter to deliver power directly to the utility grid. 

However the effective use of solar energy in a grid connected 
system is a very big problem [11] and availability of solar energy 
depends on weather conditions and time of usage. Grid 
connected photovoltaic is widely used for projects producing 
bulk amount of power. Due to intermittent nature of 
Photovoltaic source, supplies from PV cells are variable in 
nature and must be conditioned as per the demand of the utility 
grid. This can be done in two ways i) Single stage operation and 
ii) Two stage operation[4]-[5]. Single stage operation consists of 
inverter that inverts the DC output voltage provided by the PV 
cells to AC as per the demand of utility grid [9]-[10]. Whereas 
in two stage operation the DC voltage provided by the PV cells 
are first step up by the boost converter and then inverted into AC 
as per demand of utility grid [16]. 

Single-phase grid-connected inverters with DC-links are 
widely used in residential PV systems. In such a PV inverter, the 
DC-link capacitor plays an important role of decoupling DC 
power and AC power and buffering energy to ride through 
power disturbances. Reducing the DC-link capacitance helps to 
lower the cost, improve reliability and increase power density of 
inverters, which, however, increases the voltage ripple and 
reduces the ride-through capability. Therefore, a high 
performance DC-link voltage controller with fast response is 
desirable to keep the voltage in a safe operating range when the 
DC-link capacity is small. Conventionally, a PI controller is 
adopted to regulate the DC-link voltage as the outer loop, and it 
provides the AC current reference to the current regulator that 
works as the inner loop. 

Lyapunov stability analysis method is widely used for 
stability analysis of the equilibrium point, Lyapunov direct 
method is used to analyze the stability properties of the 
equilibrium point by studying the energy of the system [17]. 

Grid-connected inverter plays an important role in injecting 
high-quality power into the grid [18]. In the grid-connected 
inverter, an output filter is needed to attenuate the switching 
harmonics. Compared with an LCL filter, an L filter is 
considered to be a preferred option due to the resonance hazard 
of the LCL filter, damping solutions are required to stabilize the 
system [19]. 

II.   MODELLING OF GRID CONNECTED PV SYSTEM 

This section presents the equations used for modeling each 
component in the grid connected Photovoltaic system. The 
primary objective of grid connected PV system is to transform 
solar energy into electrical energy and to deliver this generated 
energy into utility grid efficiently. The grid connected system 
comprises of PV panels arranged in series or parallel fashion or 
combination of both for production of maximum power, DC/DC 
converter for power conditioning, DC/AC inverter and passive 
filter for reduction of harmonics. In this research paper the array 
consists of nine panels arranged in a series fashion, each of 
which are 213.15 Watts delivering total of 1916 Watts into the 
utility grid. To raise the output voltage, each panel comprises of 
60 cells linked in a series fashion. The basic parameter 

temperature and irradiance of the solar panel is fixed and held 
constant at 25 0C and 1000 W/m2. 
 
A. Single stage grid connected PV system 

In single stage operation the photovoltaic array is directly 
connected with the utility power network through PV inverter as 
shown in Fig. 1. In this case the maximum power point tracking 
and delivery of real power to the grid is achieved by the inverter 
stage itself.  

 
Fig. 1 Single stage grid connected PV system 

B. Two stages grid connected PV System     

In two stages operation the voltage from the PV generator is 
first step up through DC/DC boost converter and then the boost 
voltage is sent to the PV inverter for further delivery into the grid 
as shown in Fig. 2. In case of two stages operation the maximum 
power point tracking is achieved by the DC/DC converter stage 
and DC/AC inverter stage delivers real power into the utility 
grid. 

 
Fig. 2 Two stages grid connected PV system 

C. Modeling of boost converter 

The boost converter is a power processing and conditioning 
device used to increase the voltage level to the amount required 
at the input of inverter. The voltage generated by the PV panel 
is low and is step up by DC/DC boost converter, so that inverter 
does not involve any transformer to supply power into the utility 
grid. The operation and controlling of DC/DC boost converter is 
achieved with the help of pulse width modulation (PWM) 
technique in order to obtain highest amount of power from PV 
generator. Switching device is used for ON/OFF purpose, 
inductor for maintaining constant current, capacitor for charging 
purpose and diode to avoid flow of current in the reverse 
direction. Some components employed in the boost converter 
with the aim to increase the voltage level as shown in Fig. 3. 
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Fig. 3 Control of DC/DC boost converter 

D. Modeling of L filter 

The PV inverter is connected into the utility grid through 
passive filter in order to reduce harmonic distortion. In order to 
enhance the quality of output the passive filter used in this 
research work is L filter. The proposed filter is the first order 
filter due to which L filter is simple to design and implement.  

 
Fig. 4 Schematic of L filter 

The current harmonics is due to switches in inverter is 
operating at high switching frequencies which ultimately results 
in high switching losses. In case of L filter switches generate an 
input (voltage) for the inductor and the output of inducor will be 
current. Then the output of the L filter which is actually the 
current to be feed into the grid, serve as the input to the utility 
grid and the output of the utility grid will be in the form constant 
AC voltage suitable for utilization. The schematic of the 
proposed filter is shown in Fig. 4. 

III.   MATHEMATICAL MODELLING AND CONTROLLER 

DESIGNING  

To achieve the purpose and objective this research work 
nonlinear control mechanism is proposed based on accurate 
mathematical modeling of Photovoltaic generator interfaced 
with weak grid system in terms of state space equation by using 
Backstepping technique and Lyapunov stability tool. 
Photovoltaic generating unit connected to weak grid system is 
designed and modeled in MATLAB/Simulink environment. For 
model designing and mathematical modeling it is necessary to 
make some assumptions. First is that consider all switches are 
ideal and their resistance can be easily ignored. Second 
assumption is that consider resistance of all inductors and 
capacitors are very low and can also be neglected. The entire 
system architecture consists of PV panels arranged in a series 
fashion, DC/DC boost converter for increasing voltage 
magnitude, H-Bridge inverter for production of AC output 

voltage and L filter for reduction of harmonics is connected to 
weak utility grid as shown in Fig. 5. 

 

Fig. 5 Grid connected PV system 

Basic circuit laws are applied to figure 5 in order to obtain 
differential equations. By applying KCL at PV side, 

IPV = I0 + ICPV 

ICPV = IPV - I0 

As IC = C dVc/dt 

CPV dVPV/dt = IPV - I0 …. (i) 

By applying KCL at Grid side, 

I0 = I0u1 + IC + Ig u2 

IC = I0 - I0u1 - Ig u2 

  

Cdc dVdc/dt = I0 (1- u1) - Ig u2 …. (ii) 

 

Applying KVL on PV side, 

 

VL0 + Vdc = Vpv + Vdc u1 

L0dI0/dt = Vpv – Vdc (1- u1) …. (iii) 

 

Applying KVL on Grid side, 

Vg + VLg  = Vdc u2 

Lg dIg/dt = Vdc u2 – Vg …. (iv) 

 

 

Fig. 6 Control circuit of grid connected PV system 
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The control circuit schematic of grid connected PV system 
is shown in Fig. 6 help us in designing and implementation of 
various controllers. The block diagram shown is to be simulated 
and implemented in Simulink/Matlab. 

The differential equations obtained from instantaneous 
model cannot be used directly for controller design as it involves 
the binary inputs and in this research work control input needs 
to be of switched nature. For this purpose averaging model is 
used in the form of state space equations. 

The above differential equations (i-iv) of grid connected 
Photovoltaic system can be expressed in the form of state space 
equation as, 

 

                                        Cpv ġ1 = Ipv – g2                               (1) 

L0 ġ2 = g1 – (1-u1) g3                           (2) 

Cdc ġ3 = (1-u1) g2 – u2 g4                          (3) 

Lg ġ4= u2 g3 - Vg                                (4) 

     The g1, g2, g3 and g4 used in the above equations are the state 

variables. Whereas g1 represent voltage produced by PV array 

(Vpv). While g2, g3 and g4 represents input current to the boost 

converter (io), input voltage into the inverter (Vdc) and output 

current of the inverter (igrid) respectively. Whereas u1 and u2 

represents are the switching functions for converters. 

 

A. PV Generator Voltage Controller Designing  

The objective of designing this controller is to enable and 

enforce the voltage produced by the photovoltaic generator to 

follow the reference voltage (g1, ref) generated by the P&O 

MPPT technique. To achieve this objective an error signal is 

generated between the reference value and the actual value. 

Backstepping controller will enable the photovoltaic generator 

voltage to track the reference voltage provided by the P&O 

MPPT algorithm and vanish the error variable. The stability of 

the system is validated by Lyapunov Stability method. 

    Let us introduce an error, e1 between PV output voltage and 

the reference voltage. 

e1 = Cpv (g1 – g1, ref) 

The derivative of e1 w.r.t time is, 

  

ė1 = Cpv ġ1 - Cpv ġ1, ref 

 

Putting the value of Eq. (1) in above Equation, 
  

ė1 = ipv – g2 - Cpv ġ1, ref                               (5) 

 

The stability of Eq. (5) is validated by using Lyapunov 

stability technique. Consider Lyapunov function candidate, 

 

X1 = ½ e1
2 

 

Taking derivatives of X1 w.r.t is, 

 

Ẋ1 = e1ė1 

 

Putting ė1 = -c1 e1 

Ẋ1 = -c1 e1
2                                       (6) 

 

As the Eq. (6) is a negative definite, where c1 is a positive 

design parameter and by putting any positive value in the above 

equation will get Ẋ1 less than or equal to zero, which shows the 

system is stable. 

Ẋ1 ≤ 0 

 

    As g2 is viewed as input and proceeds to the design of actual 

control input, u1, so we take it as a reference. From Eq. (5), 

ė1 = ipv – g2, ref - Cpv ġ1, ref 

-c1 e1 = ipv – g2, ref - Cpv ġ1, ref 

 

g2, ref = c1 e1 + ipv – Cpv ġ1, ref 

Cpv ġ1, ref = ipv + c1 e1 - g2, ref                         (7) 

 

Putting Eq. (7) in Eq. (5), 

 

ė1 = ipv – g2 – (ipv + c1 e1 - g2, ref) 

ė1 = - c1 e1 – (g2 – g2, ref)                            (8) 

 

    As g2, ref is just a variable and not an actual controller. It is a 

reference for boost converter current, g2. 

    Let us introduce new error, e2 between the reference value 

and the desired value. 

   e2 = L0 (g2 – g 2, ref)                                       (9) 

e2/ L0 = (g2 – g 2, ref)                                    (10) 

 

Putting Eq. (10) in Eq. (8) we get, 

 

ė1 = - c1 e1 – e2/ L0                                     (11) 

Take derivative of Eq. (9) w.r.t, 

ė2 = L0 ġ2 - L0 ġ2, ref                                    (12) 

 

Putting values of L0 ġ2 from Eq. (2) in Eq. (12) 

ė2 = g1 - (1-u1) g3 - L0 ġ2, ref                             (13) 

 

To check the stability of the system while defining second 

error variable using Lyapunov stability technique, we use both 

variables. Consider Lyapunov function candidate, 
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X2 = X1 + ½ e2
2 

Take derivative of X2 w.r.t is, 

 

Ẋ2 = Ẋ1 + e2ė2                                   (14) 

 

Ẋ2 = -c1 e1
2 + e2 (-c2 e2) 

   

Ẋ2 = -c1 e1
2 –c2 e2

2                             (15) 

The Eq. (15) is a negative definite, where c1 and c2 are positive 

design parameters. By putting any positive value of c1 or c2 will 

results in Ẋ2 less than or equal to zero, showing the stability of 

the system. 

Ẋ2 ≤ 0 

 

    From the above conclusions controller for PV generator is 

deigned in the following manner by considering Eq. (13). 

ė2 = g1 - g3 (1-u1) - L0 ġ2, ref 

Suppose  – c2 e2 = ė2 - e1/ L0 

ė2 = – c2 e2 + e1/ L0 

 

Putting values of ė2 in Eq. (13) 

 

– c2 e2 + e1/ L0 = g1 - g3 (1-u1) - L0 ġ2, ref 

 

g3 (1-u1) = g1 - L0 ġ2, ref + c2 e2 - e1/ L0 

 

1-u1 = 1/ g3 (g1 - L0 ġ2, ref + c2 e2 - e1/ L0) 

 

u1 = 1 - 1/ g3 (g1 - L0 ġ2, ref + c2 e2 - e1/ L0)             (16) 

 

Eq. (16) is a designed control law for boost converter operation. 

 

B. DC Link Voltage Controller Designing 

The objective of designing this controller is to maintain 

constant voltage at the input of the inverter. The voltage 

available at the input of the inverter serves as the source for the 

grid and any changes in this input voltage vary the current to 

the inverter and hence changes power flow to the utility grid 

system. To achieve the purpose proportional integral (PI) 

controller is used to generate specific value of β and tune that 

value of β to such a degree as to forces the voltage at the input 

of the inverter, g3 to track a given reference value, g3, ref. 

Actually PI controller will regulate the square of output voltage 

to track a demanded reference value. 

PI controller is tuned in such a way, 

 

β = (kp + ki/s) (g3 - g3, ref)                            (17) 

    In case of single stage operation the maximum voltage 

produced by the PV array will be the reference voltage, whereas 

in case of two stage operation reference voltage is taken as 400 

V. 

C. Power Factor Controller Designing 

The main objective of this controller is to deliver power from 

PV array into the utility grid at unity power factor. The 

controller will generate reference value. The reference value is 

the multiplication of grid voltage and the output of the PI 

controller i.e. g4, ref = β Vg. Backstepping controller enable the 

current, g4 at the output of inverter to track the reference value. 

When current at output of inverter succeeds in achieving the 

reference value, then at this point current at the output of 

inverter and grid voltage will be synchronized and in phase with 

each other. 

From Eq. (4) and using Backstepping approach, 

 

Lg ġ4= u2 g3 - Vg 

Let us introduce current, e4 between grid current and reference 

value, 

e4 = Lg (g4 – g4, ref) 

 

Take derivatives of e4 w.r.t is, 

 

ė4 = Lg ġ4 - Lg ġ4, ref                              (18) 

 

Putting the values of Eq. (4) in Eq. (18) 

 

ė4 = g3 u2 - Vg - Lg ġ4, ref                            (19) 

 
    Consider Lyapunov function candidate, in order to check the 

stability of the system. 

X4 = ½ e4
2 

Take derivative w.r.t, 

 

Ẋ4 = e4 ė4 

 
Ẋ4 = -c4 e4

2                                   (20) 

    As Eq. (20) is a negative definite and c4 is a positive design 

parameter. Putting any positive value of c4 in the above 

equation results in Ẋ4 less than or equal to zero, showing the 

system is stable. 

Ẋ4 ≤ 0 

 

Putting ė4 = - c4 e4, in Eq. (19) 

 

- c4 e4 = g3 u2 - Vg - Lg ġ4, ref 

 

u2 = 1/g3 (- c4 e4 + Vg + Lg ġ4, ref)                    (21) 

 

    Eq. (21) is the control law for power factor correction. 
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    The stability of the controller is validated using Lyapunov 

stability technique. Consider Lyapunov function candidate,  

X4 = ½ e4
2 

 

Take derivative w.r.t, 

 

Ẋ4 = e4 ė4                                      (22) 

 

Putting Eq. (19) in Eq. (22) 

 

Ẋ4 = e4 (g3 u2 - Vg - Lg ġ4, ref)                        (23) 

 
Putting Eq. (21) in Eq. (23) 

 

Ẋ4 = e4 [g3{1/g3 (- c4 e4 + Vg + Lg ġ4, ref)} - Vg - Lg ġ4, ref] 

 

 

Ẋ4 = e4 (-c4 e4) 

 

Ẋ4 = - c4 e4
2

                                      (24) 

 

    The Eq. (24) is a negative definite and putting any positive 

value of c4 will result in Ẋ4 less than or equal to zero, showing 

the system is stable. 
Ẋ4 ≤ 0 

IV.   RESULTS AND SIMULATION 

Both single stage and two stages photovoltaic inverter 
connected to weak grid system are simulated in 
MATLAB/Simulink environment and then compare the results 
by evaluating the overall performance. The operation and 
control of grid connected photovoltaic system shown in fig. 3 is 
designed and simulated in MATLAB/Simulink environment. 
The simulation and comparison results are shown in Fig. 7-17. 

The Fig. 7 and Fig. 8 shows comparison of PV voltage 
provided by the PV array and tracking of reference voltage 
provided by the P&O MPPT algorithm. On comparison PV 
voltage in case of two stage operation shows fast and better 
response in tracking the reference voltage.  

 
Fig. 7 PV voltage reference tracking (single stage) 

 
 
 

 
 

Fig. 8 PV voltage reference tracking (double stage) 

The Fig. 9 and Fig. 10 shows regulation of voltage at input 
of the inverter to the desired voltage value. The two stage 
operation has fast and better response in tracking the desired 
voltage value. 

 
 

Fig. 9 DC link voltage regulation (single stage) 

 
 

Fig. 10 DC link voltage regulation (double stage) 

The Fig. 11 shows maximum amount of power generation 
by PV array that is approximately 1916 Watts in case of two 
stage operation. The Fig. 12 shows the amount of real power 
delivery to the weak grid system. In case of two stages operation 
inverter deliver maximum real power to the grid with minimum 
of distortions. 
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Fig. 11 Maximum power generation 

 

Fig. 12 Real power 

 

Fig. 13 Reactive power 

The Fig. 14 and Fig. 15 shows comparison of 
synchronization of inverter output current and grid voltage in 
case of single stage and two stage operation. The inverter output 
current and grid voltage are synchronized and in phase with each 
other in both cases. The current is more sinusoidal in case of two 
stage operation and has better and distortion less response which 
leads to delivery of real power to the grid at unity power factor. 

 

Fig. 14 Output current and grid voltage (single stage) 

 

Fig. 15 Output current and grid voltage (two stage) 

The Fig. 16 shows comparison of power factor in case of 
single stage and two stage operation. In both cases the inverter 
output current and grid voltage are in phase with each other. The 
two stage operation has smooth and better power factor response 
that is power factor is approximately near to unity. 

 

Fig. 16 Power factor 

The Fig. 17 shows the overall efficiency comparison of 
single stage and two stages operation. The two stage operation 
has proved to have better and higher efficiency. 
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Fig. 17 Power efficiency 

CONCLUSION 

From the simulation results it can be easily concluded that 
two stages grid connected PV inverter has better and stable 
response as compared to the single stage grid connected PV 
inverter. Two stages operation has proved to have high 
efficiency, almost unity power factor and higher accuracy of 
tracking reference voltage. However two stages grid connected 
PV system has very complex structure and will have requires 
high investment in the beginning as compared to single stage 
grid connected PV system. 
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